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Haemodynamic effect of nickel chloride
In pregnant rats*

Eva Szakmary, Veronika Morvai*, M. Naray, Gy. Ungvary
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Non-pregnant and pregnant CFY rats were given 3 mg/kg nickel chloride or
physiological saline by gavage daily for eight days or during days 7 - 14 of organogenesis. The
haemodynamic investigations were carried out using 113Sn labelled microspheres. Nickel
concentrations in maternal and fetal blood, as well as in amniotic fluid were determined by
atomic absorption spectrophotometry.

It was found, that nickel crossed the placenta, appeared in the fetal blood and amniotic
fluid, where its concentration depended on the dose given to the pregnant animal and the
nickel concentration of the maternal blood.

Nickel chloride influenced neither the systemic haemodynamic parameters (arterial
blood pressure, total peripheral resistance - TPR, cardiac index) nor the values of the organ
(including the placenta) circulation indices, neither in the pregnant nor in the non-pregnant
animals.

It is concluded that in the pathomechanism of embryotoxicity (causing weight gain
retardation) and teratogenicity (causing major anomalies of the uropoietic apparatus) of
nickel, demonstrated earlier, the assumed effects of nickel on maternal and placental
circulation probably do not play role (as such effects could not be detected). The direct
embryo-damaging effect of nickel crossing the placenta (direct cytotoxic effect) may be held
responsible for the embryotoxicity and teratogenicity of nickel.

Keywords: nickel chloride, circulation, pregnancy, rat

Nickel is a widely used industrial metal. On the one hand, it is sensitizing [11]
and carcinogenic [23], on the other hand, it is an essential element for a number of
living organisms [13]. In relation to solubility, the various nickel compounds differ in
toxicity.
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4 Eva Szakmary et al.

The embryoxic and teratogenic effect of nickel may be taken as proven. In the
experiments of Schroeder and Mitchener [19] nickel increased the number of
rudimented newborns in the third generation of rats. Following exposure of rat
fetuses to nickel Sunderman et al. [24] found microphthalmy and anophthalmy. The
exposure was made through a 15-minute inhalation of 0.8- 0.3 mg/1 nickel carbonyl
in air on the 7th or the 8th day of gestation. Lu et al. [8] found teratogenic effect in
mice caused by an exposure to 1-6.9 mg/kg NiCI2 on days 7-11 of gestation.
According to Sunderman et al. [25] nickel is embryotoxic and teratogenic in several
species (chicken, mouse, hamster), but not in rats. According to the investigation of
our team, nickel sulphate is embryotoxic and teratogenic in mice and rats, it is
embryotoxic in rabbits [28]. Perinatal toxicity of nickel chloride has been recently
reported by Smith et al. (21].

A number of literature data prove the cardiovascular effects of nickel. A single
dose of nickel decreases the contractile force of the myocardium [6], chronic nickel
exposure causes the degeneration of the myocardium and changes of the ECG [7, 9,
26].

In vivo and in vitro animal experimental results show that nickel decreases
cardiac contractility and causes vasoconstriction in the coronaries [16, 17, 18, 27] and
myocardial lesions [14, 15].

Data of human examinations show that the concentration of nickel in serum
increases in myocardial infarction and unstable angina [7, 22]. According to Alvarez
et al. [1] acute nickel exposure causes catecholamine release and some of the nickel
effects, such as hyperglycaemia, might be exerted through this.

In our subacute experiments in non-pregnant rats (daily administration of
nickel sulphate for 3 weeks) nickel caused haemodynamic changes and changes in the
fine structure of the myocardium (mitochondria, sarcoplasmatic reticulum) [12].

Investigating the mechanism of the teratogenic and embryotoxic effects of
nickel on the basis of all the above-mentioned data we assumed that it might exert its
teratogenic effect by influencing the maternal cardiovascular system. A redistribution
of the maternal circulation may occur which alters the blood flow of the organs
playing an important role in the "detoxication™ of the organism, such as the liver and
the kidneys. This may result in a nickel concentration reaching the embryonic and/or
teratogenic levels [5, 19]. The blood flow of the ovaries may also change and the
subsequent alteration of the sexual-steroid ratio may exert teratogenic effect [20, 29]
or the blood flow of the uterus and/or placenta may decrease and the following
hypoxia damages the embryo [2, 3, 20].

Acta Physiologica Hungarica 83, 1995



Haemodynamic effect of nickel chloride in pregnant rats 5

Materials and methods

Expérimental protocol

Groups of non-pregnant and pregnant CFY rats were given by gavage 8 ml/kg physiological
saline or 3 mg/kg nickel chloride dissolved in 10 ml/kg physiological saline daily for eight days and
during 7-14 days of organogenesis, respectively. The circulation of the animals was studied in the 24th
hour following the last treatment. Further 2-2 pregnant animals received 0, 12, 25 or 50 mg/kg nickel
chloride on the 19th day of gestation, and 24 hours later the nickel concentrations in the maternal and
fetal blood, as well as in the amniotic fluid were determined by atomic absorption spectrophotometry.

Haemodynamic studies

The rats were anaesthetized with Inactin (Inactin - Byk Gulden Konstanz - 100 mg/kg b.m. i.p.)

Blood pressure in the femoral artery was measured by a Statham P23 Db transducer and
recorded by a Rikandcki B-381 three-chanel polygraph (Kogyo Co. Ltd., Tokyo, Japan).

Blood sample for the reference-flow was also taken from the femoral artery.

The cardiac output and its organ fractions were determined by U3Sn labelled microspheres [10].

The U3Sn labelled microspheres (15+1 [xm, New England Nuclear, Boston, Mass., USA) were
diluted with 1% solution of sterile Tween 80, further dilutions were made with Ficoll-400 (sg: 1077).
Homogeneity of the suspension was maintained by vigorous mixing and ultrasound treatment. A volume
of 0.4 ml of the suspension was injected into the left ventricle through a polyethylene cannula introduced
into heart via the right carotid artery. The number of particles received by one animal was
100 000 - 200 000, radioactivity of the microspheres was 7-16 p.Ci (ICi = 376 GBq)/l x 106. Blood
samples for the determination of the cardiac output were collected (into a preweighed tube) from the
right femoral artery during 60 seconds following the administration of microspheres.

(Cardiac output, ml/min =
administered activity x blood sample - speed of sample taking, ml/min

activity of blood sample

The animals were killed with i.v. KCL. Their organs were separated, and after measuring the wet
weights they were homogenized by boiling in 20% KOH. From the activities measured in the samples
after volume correction the activities of whole organs were calculated.

13Sn content of the organs was measured on Nuclear Chicago gamma spectrometer. Organ
fractions of the cardiac output were calculated on the basis of the total 113Sn activity administered.
Knowing the cardiac output, blood pressure, body mass, organ fractions and organ masses we
determined the cardiac index, the TPR/100 g body mass, the nutritive blood flow and vascular resistance
of the organs.

Statistical evaluation

The results of the animal experiments were evaluated with analysis of variance and Dunnett’s
test [4].

Acta Physiologica Hungarica 83, 1995
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6 Eva Szakmary et al.

Results

Nickel given per os crosses the placenta, appears in the fetal blood and
amniotic fluid; its concentration depends on the dose administered to the pregnant
animal, as well as on the nickel concentration of the maternal blood (Table I).

Table |

Concentration of nickel in maternal and fetal blood and in amniotic fluid

Fetal

Exposure mg/bwkg M aternal
NiCI2 blood (JLg/1 blood (JLg/1 amniotic fluid fllg/1
0 3.8 10.6 25
12.0 185 145 16.5
25.0 90.0 65.5 20.0
50.0 91.5 70.5 17.0

Exposure: day 19 of gestation by gavage
Values are means.

Values for maternal and fetal blood and amniotic fluid represent means of values measured in the blood
of 2 mothers, and in samples collected from 3 members of 3 litters each, respectively

Ni: -
P :p<0.05
-
Cardiac index Blood pressure
j 1 non-pregnant (n=U)
ml/min/t00g tid Ton-pregnanVNI (n=11)

til 111 pregnant (ns 11)
L pregnant *NI (n=13)

Figs 1-3. Haemodynamic parameters of non-pregnant and pregnant rats exposed to nickel chloride.
Pregnant and non-pregnant rats were given 10 ml/kg physiological saline or 3 mg/kg NiCl2 in 10 ml/kg
physiological saline by gavage. Values of significance: Ni: NiCl2, P: pregnancy, I: interaction

Acta Physiologica Hungarica 83, 1995
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HEART
Blood flow Wsm»>once p<0 05
f 1 non-pregnant (n=U
10*cae/tO0a preg (_ )
n non-pregnant.Ni(n=11)
OffiM pregnant (n=11)
UU1 pregnant . Ni (n=13)
20-
>
Fig. 2
OVARY
Ni:-
P :p<0.01
Blood flow Resistance b
Fig 3.
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Total body
Body wt
(BW), g

Cardiac output,
ml/min

Brain
Blood flow
Resistance

Kidney
Blood flow
Resistance

Lung
Blood flow
Resistance

Liver
Blood flow
Resistance

Table 1l

Haemodynamic parameters ofnon-pregnant and pregnant rats exposed to nickel chloride

Non-pregnant

control
n= 14

228.6

60.1

81.6
124.2

422.2
241

46.1
237.6

14.8
775.5

+ +

+ I+

13.7

2.9

35
7.1

20.1
14

5.2
17.9

13
107.3

Non-pregnant

NiCI2
n=11

220.4

64.3

86.5
114.6

378.1
33.7

443
240.1

12.2
838.8

8.4

55

5.0
8.4

47.4
8.1

5.6
19.6

1.0
68.59

Pregnant
control
n=11

258.2

79.0 =

711
125.1

298.7
30.3

76.4
141.2

15.2
647.6

I+

5.4

5.2
9.1

+ I+

10.9
17

+ 1+

+11.5
+ 186

+ 18
+ 57.9

Pregnant

NiCL
n=13

263.0 £ 9.9

77.6

76.2
122.2

328.1
28.3

90.0
128.7

13.6
834.4

+ I+

+ I+

+ I+

+ +

1.9

4.4
7.0

6.6
18

3.6
7.9

2.3
99.8

Values of significance
p (less than)
NiCI2 Pregnancy Interaction

- 0.05 -
- 0.05 -

‘e 18 Arewyezs eng
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Uterus
Blood flow
Resistance

Placenta
Blood flow
Resistance

Gut
Blood flow
Resistance

Skin
Blood flow
Resistance

Carcass
Blood flow
Resistance

Values are mean + SEM. For the organs: blood flow, ml/min per 100 g organ weight, resistance, 103 cgs/100 g organ weight.

60.3
354.4

115.4
94.7

13.9
794.6

16.2
636.8

+

+

13.6
128.3

11.4
7.9

1.1
89.1

0.9
43.7

114.3
202.5

117.5
98.8

133
846.1

19.9
533.9

+ +

+ I+

+ I+

+

53.6
54.4

15.8
14.6

14
134.2

2.2
51.4

38.5
256.0

73.3
134.7

107.8
87.0

125
746.3

19.8
489.3

Degree of difference: not significant (-), Significant, p < 0.05

+ +

+ I+

+ I+

3.8
27.8

71
151

8.9
6.6

0.9
54.4

18
46.6

52.5
197.5

87.8
121.2

94.3
108.8

12.9
754.9

18.8
529.4

+ +

+ I+

+ +

2]

.8

N
[
[

10.2
151

8.1
145

12
61.2

1.6
56.1

sjed JueuBaid Ul apLIOJYd 301U JO 193}J3 dlWeuApowaseH



10 Eva Szakméry et al.

Nickel chloride influenced the values of neither the systemic (blood pressure,
TPR, cardiac index), nor the organs’ (including the placenta) circulation parameters,
neither in the non-pregnant, nor in the pregnant animals (Figs 1, 2, 3, Table II).

Pregnancy increased the cardiac index, decreased the arterial blood pressure
and the TPR (Fig. 1); increased the blood flow and decreased the vascular resistance
of the heart (Fig 2), the lungs (Table Il) and the ovaries (Fig. 3).

Discussion

Our present study indicate, that the haemodynamic changes [12] observed in
pregnant animals following a three-week nickel sulphate administration develop
neither in pregnant nor in non-pregnant animals after a shorter treatment. This could
be explained by the different nickel salts administration. In the previous experiment
nickel sulphate, in the present study nickel chloride was used. It is improbable,
however, that this can be held responsible for the difference, as the toxicity of the two
salts is similar, and can be attributed to the nickel content itself. For this we assume,
that the difference in the exposure time is responsible for the difference in the
effects. In our present experiment we studied the effects of nickel during
organogenesis (7-14 days of gestation). An 8-day administration of the 3 mg/kg
dose not seem to be long enough to develop the cardiovascular effects of nickel.
Nickel affects neither the circulation of organs responsible for detoxication (liver,
kidneys), nor that of the endocrine organs, which play basic role in maintaining the
pregnancy, (ovaries) nor that of the uterus and placenta. So we concluded, that the
cardiovascular effects of nickel do not play a role in the mechanism of its teratogenic
effect. The teratogenic and other embryotoxic effects are rather the result of the
direct cytotoxic effect of nickel [28]. It is all the more probable, because the placenta
of the rat does not make a significant barrier to nickel - as it is proved by our
measurements. Our methods made it not possible to investigate the cardiovascular
effects of nickel, appearing on the foetal side, in the foetus. The question remains,
whether the effects of nickel, found in adult animals - such as the decrease of the
myocardial contractility, coronary vasoconstriction [16, 17, 18], myocardial lesions
[14, 15], - develop also in foetuses. Their possible development might be responsible
for the embryotoxic effect of nickel.

Acta Physiologica Hungariea 83, 1995
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GLG-V-13, a novel 3,7-diheterabicyclo[3.3.1]nonane, was examined both in vivo and
in vitro in order to characterize its electrophysiological, haemodynamic and inotropic
properties. Left ventricular epicardial monophasic action potential (MAP), surface ECG and
mean arterial blood pressure (MBP) were recorded in six pentobarbital-anaesthetized,
artificially ventilated and thoracotomized guinea-pigs. When studied in an intravenous dose
interval ranging between 0.5 pg/kg and 500 pg/kg, GLG-V - 13 dose-dependently lengthened
the MAP duration (p < 0.05 at doses above 5 pg/kg), the atrioventricular conduction time
(p < 0.05 at doses above 1 pg/kg) and the RR interval (p < 0.05 at doses above 25 pg/kg). At
the highest dose (500 pg/kg) these variables were increased by 30%, 13% and 23%,
respectively. Only minor effects were noted on intraventricular conduction time (QRS
interval) and MBP. In rabbit atrial and papillary muscle preparations, GLG-V-13 (0.32 to
3.2 mg/1) did not exert negative inotropic action. In 10 intact anaesthetized mongrel dogs, left
ventricular endocardial MAP at 90% repolarization (MAP) was measured during atrial
pacing before and after administration of GLG-V-13, 3 and 6 mg/kg i.v., respectively.
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Medical School, Szeged, Hungary)
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14 T. Fazekas et al.

Compared to the drug-free state, the agent induced a significant prolongation of the MAP9 at
all pacing frequencies (2.0 to 4.5 Hz). In 15 anaesthetized Harris-dogs, studied 24 - 96 h after
anterior myocardial infarction, the antiarrhythmic/proarrhythmic potential of GLG-V-13
was compared to that of lidocaine. ECG, His bundle, left ventricular infarct (I1Zepi) composite
and normal zone composite electrograms were recorded. Programmed electrical stimulation
and burst pacing (4.0-7.0Hz) were delivered to the right ventricular outflow tract. In the
drug-free state, sustained monomorphic ventricular tachycardia (SMVT) was inducible in 6
dogs (6/15). After lidocaine, SMVT was induced in 7 additional dogs (13/15). GLG-V-13
prevented induction of SMVT in 5/6 dogs, a proarrhythmic action was seen in 1 dog only.
GLG-V-13 slowed the heart rate, increased the AH and the HV intervals, prolonged the
paced (2.5 Hz) QT interval and increased the ventricular effective refractory period (VERP).
These effects were associated with 2:1 conduction block of late potentials in the 1Zepi
electrograms, a phenomenon also observed during rapid atrial pacing (2.5- 3.5 Hz), suggestive
of a marked and partially rate-independent prolongation of refractoriness in the ischemically
damaged myocardium. The high antitachyarrhythmic efficacy, together with the low
proarrhythmic potential and lack of cardiodepressant and reverse use dependent properties of
GLG-V-13, may merit further investigation of this novel Class Il antiarrhythmic agent.

Keywords: GLG-V-13, Class Ill, monophasic action potential, guinea-pig, rabbit,
dog, myocardial infarction, proarrhythmia

Undoubtedly, antiarrhythmic drug research and the clinical use of
antitachyarrhythmic agents have undergone striking changes after the Cardiac
Arrhythmia Suppression Trial (CAST) [21, 49]. Apparently, Na+-channel blocking
antiarrhythmics, especially the types subclassified as Ic, suppressed premature
ventricular depolarizations effectively, but increased the rate of sudden arrhythmic
cardiac death [21, 47]. The proarrhythmic action of Class Ic agents is attributed to a
marked depression of impulse conduction, which becomes increasingly apparent at
rapid heart rates (use-dependence), resulting in functional block and reentrant
ventricular tachycardia [4, 12, 18]. Furthermore, Ic antiarrhythmics either do not, or
only slightly, prolong ventricular refractoriness [4, 49]. Significant prolongation of the
ventricular effective refractory period (VERP) can be a means to prevent or
terminate ventricular tachycardia leading to ventricular fibrillation [23, 31, 38, 44].
Therefore, attention has recently been focused on compounds selectively prolonging
cardiac action potential duration (APD), i.e.,, an action classified as Class Il [45].
Unfortunately, the ability of most of these agents to prolong the APD and the
repolarization time is diminished or disappearing at fast heart rates, an undesirable
phenomenon referred to as reverse use-dependence [23]. On the other hand, the
APD lengthening is exacerbated by bradycardia [23]. Hypothetically, the ideal Class
111 antiarrhythmic agent should prolong atrial or ventricular refractoriness exclusively
at rapid heart rates (positive use-dependence) without any depressant effect on
conduction of the cardiac impulse [23]. At present, available Class Il antiarrhythmics
do not meet both these requirements [5, 23, 39]. Unfortunately, Class Ill action also
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incorporates a potential risk of proarrhythmia, the bradycardia-dependent
prolongation of the APD predisposes Purkinje or subepicardial M cells to early
afterdepolarization-induced triggered firing, clinically manifested as torsades de
pointes [5,11, 26, 51, 53].

The synthesis and development of some novel bispidine-analogues (3,7-
diheterobicyclo[3.3.1]nonanes = DHBNSs) with heart rate lowering, refractory period
prolonging and antiarrhythmic properties (GLG-V-13, GLG-1V-57,
GLG- I11-93) were established [13-16, 46, 48]. The goal of the present work was to
characterize the electrophysiological and inotropic profile of one of these new
compounds, GLG-V-13, in the guinea-pig, rabbit and canine heart. GLG-V-13"s
effect on the duration of ventricular repolarization was measured by registering left
ventricular MAPs from hearts of anaesthetized guinea-pigs and dogs in vivo. The
effects of the novel agent on the mechanical activity of the cardiac muscle was
analyzed in rabbit atrial and ventricular muscle preparations in vitro. Furthermore,
the electrophysiological effects and the antiarrhythmic/proarrhythmic potential of
GLG-V-13 were compared to that of lidocaine in anaesthetized dogs with a 1-4-
day-old myocardial infarction [42]. Based upon its moderate cardiodepressant effects
and its reported low incidence of clinical proarrhythmia, lidocaine was selected as a
prototypical Class Ib agent [17, 26, 47]. Preliminary results of these experiments have
been published in abstract form [13-16].

Materials and methods

Animal studies were performed in accordance with guidelines established by the National
Institute of Health and state regulations from the US Department of Agriculture. In addition, all
protocols were approved by the Animal Studies Subcommittee and Research & Development Committee
at the Department of Veterans Affairs Medical Center, Oklahoma City, Oklahoma, USA and by the
Ethics Committee on animal experiments in Gothenburg, Sweden.

Anaesthetized guinea-pigs

Guinea-pigs (760 - 910 g) were housed in the animal department for at least one week before the
experiment. During that period the animals had free access of food (Ewos K1 pellets) and tap water.
Anaesthesia was induced by an intraperitoneal injection of pentobarbital (40-50 mg/kg) and catheters
were introduced into one carotid artery for blood pressure recording and blood sampling and into one
jugular vein for drug infusion. Needle electrodes were placed on the limbs for recording of ECG (lead
I1). A thermistor was placed in the rectum and the animal was placed on a heating pad, set to maintain a
rectal temperature between 37.5 and 385 °C. A tracheotomy was performed and the animal was
artificially ventilated with room air by use of a small animal ventilator to keep blood gases within the
normal range for the species. In order to reduce autonomic influences both vagi were cut in the neck, and
0.5 mg/kg propranolol was given intravenously 15 minutes before the start of the experiment. The left
ventricular cpicardium was exposed by a left-sided thoracotomy, and a custom-designed suction electrode
for recording of the MAP was applied and left in position as long as an acceptable signal could be
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recorded, and otherwise moved to a new position [10]. A bipolar electrode was clipped to the left atrial
appendage for pacing (2 ms duration, twice the diastolic threshold) by means of a custom-made constant
current stimulator. The pacing rate was set just above the spontaneous sinus rate (interstimulus interval:
258 +10 ms) during 1 minute every fifth minute throughout the study. The mean arterial blood pressure
(MBP), the MAP signal and the lead Il ECG were recorded on a Mingograph ink-jet recorder (Siemens-
Elema, Solna, Sweden). All signals were collected (the sampling frequency was 1000 Hz and each
sampling period 10 seconds) on a Compaq personal computer (Descpro 386s) during the last 10 seconds
of each pacing sequence and the last 10 seconds of the following minute of sinus rhythm. Finally, the
signals were processed using a custom-designed computer program [1]. The test procedure consisted of
two basal control recordings 5 minutes apart during both pacing and sinus rhythm. After the second
control recording the first dose of GLG-V-13 was infused into the jugular vein catheter for 30s
(infusion volume 0.2 ml). Three minutes later pacing was started and a new recording was made. Five
minutes after the previous dose the next dose of test substance was administered. Ten consecutive doses
were given during each experiment.

Of the numerous variables measured in the computer analysis some were selected as more
important for the electrophysiological and haemodynamic characterization of GLG-V-13. Hence, the
MAP duration at 75% repolarization during pacing, the atrioventricular (AV) conduction time (defined
as the interval between the atrial pacing pulse and the start of the ventricular MAP) during pacing, the
QRS interval of the surface ECG and the rise time of the MAP (indices of intraventricular conduction)
at pacing and the heart rate defined as the RR interval during sinus rhythm were measured. The mean of
the two control recordings was set to zero and the effects recorded after consecutive doses of
GLG-V - 13were expressed as percentage changes from this value. By plotting these percentage values
against the cumulative dose administered before each recording, dose-response curves were constructed
by linear connection of the data points obtained.

Intact anaesthetized dogs

The mongrel dogs, weighing 10-16 kg, were anaesthetized with sodium pentobarbital (30 mg/kg
i.v.). A custom-made contact MAP electrode-catheter was positioned in the left ventricle for measuring
the duration of the MAP at 90% repolarization (MAP90, 30,50). An electrode catheter was introduced
into the femoral vein and was advanced into the right atrium for atrial pacing. Following basal recordings
of the MAPQ at pacing rates varying between 2.0 and 45 Hz, GLG-V-13 was intravenously
administered (3 and 6 mg/kg, respectively) and the measurements repeated.

Anaesthetized Harris-dogs

Fifteen mongrel dogs, weighing 15-25 kg, were anaesthetized with sodium pentobarbital
(30 mg/kg i.v.). Using aseptic technique, the heart was exposed by a left thoracotomy in the 4th
intercostal space during positive pressure ventilation (Harvard 607 dual phase control respirator; South
Natick, MA, USA). The left anterior descending coronary artery (LAD) was dissected free and a two-
stage ligation was performed just distal to the takeoff of the first diagonal branch [22]. The chest was
closed and the dog received antibiotic and analgesic therapy post-operatively.

Electrophysiologic studies were performed in the post-absorptive state, 1-4 days (2.4+0.36 days;
mean = SEM) after the occlusion of the LAD. On the day of the study, anaesthesia was reinduced and a
12-lead ECG was recorded to confirm the presence of an anterior myocardial infarction which showed
QS complexes in V2_5. During the experiment, limb lead Il (L-11) and aVR were registered
continuously. The "paced QT interval” was measured in the last stimulated complex of 2.5 Hz atrial
pacing trains (QTp Hz) [28]. To record His bundle activation, a 5 or 6 F electrode catheter was
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introduced into the proximal aortic root through one of the common carotid arteries (Hbeg) [40).
Another electrode catheter was inserted into the femoral vein and was advanced to the right atrium to
deliver atrial pacing stimuli. The MBP was measured by means of a Statham P-24D transducer (Viggo-
Spectramed Inc., Critical Care Div., Oxnard, CA., USA) through a cannula introduced into the femoral
artery. In order to record the activation of the subepicardium overlying the infarct, composite electrodes
[3, 41] were placed onto the ischemically injured anteroapical epicardium (1Zcpj). The non-infarcted
posterior wall (NZepi) of the left ventricle was used as a comparison. The ECG and the electrograms
were recorded continuously on a multichannel oscilloscope (Electronics for Medicine VR-12;
Pleasantville, NY, USA), and recordings were made at paper speeds of 50-250 mm/sec on a Gould ES
1000 paper drive (Gould Electronics, Valley View, OH, USA). The filter frequencies used were 0.1 to
200 Hz for ECGs and 30 to 250 Hz for electrogram recordings, respectively. Measurements were accurate
up to 3msec at a paper speed of 250 mm/sec. For induction of sustained monomorphic ventricular
tachycardia (SMVT = ventricular tachycardia of uniform QRS morphology > 30 sec at a rate of
> 250/min; 43), the heart was electrically stimulated from the right ventricular outflow tract. Two
stimulation protocols were applied: a conventional programmed extrastimulus technique and a fast
(4.0-7.0 Hz) intermittent pacing protocol consisting of 3-beat-bursts [17, 43]. The former protocol
utilized a Medtronic 5328 programmable stimulator, the latter was performed with an S88 Grass
stimulator (Grass Medical Instruments; Quincy, MA, USA). During the programmed electrical
stimulation (PES) using a baseline cycle length of 300 msec, 1 (SjS2), 2 (SjS”) or 3 (SjS”S,,)
premature stimuli were applied. The strength of the stimuli, with a duration of 2ms, was twice the
diastolic threshold. The VERP, defined as the longest S;S2 interval at which S2 failed to result in V2, was
measured by the S(S2 technique. Lidocaine and GLG-V -13 were administered over a period of 1 min
in cumulative iv. doses of 3 and 6 mg/kg, respectively. The latter drug was injected 1 hour after
lidocaine, after which the electrophysiological effects of the former had completely dissipated [34, 43].

Inotropic studies on rabbit atrial and papillary muscle preparations

New Zealand white rabbits (body weight, 2.4-4.0 kg) were anaesthetized with ether and killed
using blunt head trauma. The heart was excised and then rinsed in modified Tyrode’s solution
equilibrated with 100% oxygen. The Tyrode’ solution contained (in mM) 140 NaCl; 5 KC1; 1.0 MgCl2; 10
glucose, 5 HEPES; 2.0 CaCl2, 1.0 Na2HP04; 0.2 aspartic acid. The pH was adjusted to 7.4 using 5 M
NaOH. The atrial appendages and right ventricular papillary muscles were removed and placed in glass
tissue bath (50 ml) containing Tyrode’s solution at 37 °C. These baths were continuously bubbled with
02 The preparations were attached to Grass Fr-03 isometric force transducers via 4-0 suture and
were stimulated to contract isometrically at 0.5, 1.0, 2.0 and 3.0 Hz, respectively; paired pulses stimulation
was delivered at 1.0 Hz [35, 52]. The resting tension was adjusted to produce maximal force development.
The pacing pulse was a unidirectional square-wave of 4 ms duration from a Grass S48 stimulator and
SIU-5 or SIU-7 stimulus isolation unit. Force development was recorded continuously on a Grass 7
polygraph. The preparations were paced at 1 Hz and allowed to equilibrate for one hour before control
measurements were obtained. GL G-V -13 was applied in cumulative half-log units (0.32, 1.0, 3.2, 10 and
32 mg/1). These concentrations were comparable with the canine-effective plasma levels (1.3-2.0 mg/1)
measured in vivo [8]. A period of 20 min was allowed between individual drug concentrations. Return to
control values was determined 20 min after replacement of the bath solution with modified Tyrode’s
solution void of drug (washout).
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Statistical analysis

Quantitative data are presented as the means+SEM and n indicates the number of observations.
Student’s r-test for unpaired or paired observations or one-way analysis of variance (ANOVA) for
repeated measures were applied when appropriate. Ap value less than 0.05 was considered as statistically

significant.

Drugs used

In the guinea-pig experiments a stock solution (2.5 mM) of GLG-V-13 (Fig. 1; 3-[4-(IH-
imidazol-I-yl)benzoyl]-7]isopropyl-3,7-diazabicyclo[3.3.1]-nonane dihydroperchlorate) was prepared by
dissolving the compound in polyethylene glycol, ethanol and distilled water (1:2:3). The stock solution
was then further diluted with physiological saline to the final concentrations used. For dogs,
GLG-V-13 was dissolved in 50:50 95% ethanol/H20, 3 mg/ml. Lidocaine hydrochloride (Vedco Inc.,
St. Joseph, Mo., USA) was dissolved in saline.

Fig. 1L Chemical structure of GLG-V - 13. Molecular weight: 539.37 g/mol
Results

Effects of G L G -V -13 in the anaesthetized guinea-pig

When studied in an intravenous dose interval ranging between 0.5 peg/kg and
500 |xg/kg, GLG-V-13 induced a dose-dependent lengthening of the MAP
duration (p < 0.05 at doses above 5 |xg/kg), AV-conduction time (p < 0.05 at doses
above 1 p-g/kg) and RR interval (p < 0.05 at doses above 25 jxg/kg) (Fig. 2). At the
highest dose, i.e., 500 p-g/kg, these variables were increased by 30%, 13% and 23%,
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respectively. No significant changes were noted on the QRS interval or on the rise
time of the MAP. A minor, transient drop in MBP was observed (data not shown).

-m — MAP75
3 AV lime

-A — RR interval

Fig. 2 Dose-dependent effects of G L G -V -13 on the duration of the monophasic action potential (at

75% repolarization, MAPT75), atrioventricular conduction time (AV time) and RR interval in the

anaesthetized guinea-pig. MAP7 and AV time were measured during a constant atrial pacing frequency

set just above the spontaneous sinus rate. The RR interval was measured during sinus rhythm. Values
shown are means SEM, n = 6

Effects of GLG - V- 13 on the duration of MAP in anaesthetized dog

Both doses of G L G -V -13 induced a statistically significant prolongation of
the MAP9 at pacing rates varying between 2.0 and 4.5 Hz with a slight tendency of
reverse frequency-dependence at the higher pacing rates (Fig. 3).

—L— Control
GLG-V - 13(3 mg/kg )
GLG- V- 13(6 mg/kg )

Fig. 3. Effects of GLG-V - 13 (3 or 6 mg/kg i.v.) on the duration of the monophasic action potential (at
90% repolarization, MAP”) at atrial pacing rates varying between 2.0 and 4.5 Hz (120 to 270 beats/min)
in the intact anaesthetized dog. Values shown are means SEM, n=10. ’;p < 0.05, *';p < 0.001 vs. control
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Comparison of the electrophysiological effects and antiarrhythmic/proarrhythmic
potential of G L G -V -13 and lidocaine in the infarcted canine heart

Compared to baseline (152+25/min), lidocaine did not influence sinus heart
rate (151+26/min). G L G -V -13, however, caused an immediate lowering of the
heart rate (110+20/min, p < 0.01). After bolus administration of lidocaine, a short-
lasting (1.0-1.5 min), but consistent, decrease of the MBP (10517 to
84+18mmHg; p < 0.001) was observed. GLG-V-13 induced a shorter (30-40
sec) and non-significant reduction of MBP (94+17 to 84+24 mm Hg). Lidocaine did
not induce cither AH (baseline 57 £8, post-lidocaine 57 +7 msec), or HV (baseline
30+3, post-lidocaine 33+2 msec) interval prolongation. GLG-V-13, however,
increased both the AH and the HV intervals (66 +7 msec, p < 0.05 and 37 +7 msec,
p < 0.01, respectively). VERP (baseline 142+14msec) was prolonged both by
lidocaine (167+24msec, p < 0.01) and GLG-V-13 (187+18msec, p < 0.001).
Lidocaine did not prolong the QT interval (baseline 199+28, post-lidocaine
200+30msec, NS), whereas GLG-V-13 did (QTp 2sHz = 288+37 msec,
p < 0.005; Fig. 4).

200ms

Fig. 4. Effect of GLG-V-13 on the QT interval of an anaesthetized dog with a 4-day-old myocardial

infarction. Panel A: baseline drug-free state with a heart rate of 110 beats/min and QT = 270 msec.

Panel B: after GLG-V-13, 6 mg/kg, heart rate decreased to 86 beat/min with a QT = 350 ms. Panel C:
QTp 25 Hz measured in the last paced complex of a 150 beats/min atrial stimulation train was 320 ms
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Fig. 5a. Electrogram recorded from the peri-infarction subepicardium (1Zepj)) of an anaesthetized
Harris-dog during sinus rhythm (120 beat/min) demonstrating late potentials (asterisks)

Fig. 5b. Administration of GLG-V-13 (3 mg/kg) in the same experiment (see also Fig. 5a) induced a
2:1 local conduction block of late potentials (asterisks) in the 1Zcp, electrogram
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200ms

Fig. 5c. Persistence of 2:1 conduction block of 1Zepi late potentials (asterisks; see also Fig. 5b) during
atrial pacing at a rate of 35Hz suggesting that the prolongation of refractoriness in the
ischemically-injured epicardium persisted at the higher heart rate

Adapting one or both of the pacing protocols, 6 out of the 15 dogs were SMVT
inducible in the drug-free state. As published previously [17, 34, 43], lidocaine
pretreatment highly facilitates the induction of SMVT in this particular canine model
of myocardial infarction. Hence, in the present study injection of lidocaine resulted in
SMVT induction in 7 additional dogs. Sustained reentry was induced after 3 mg/kg
lidocaine in 4 animals and after 6 mg/kg in an additional 3 dogs. After the
administration of GLG-V-13, 5 of the 6 animals which were inducible in the
control state, did not manifest SMVT. A proarrhythmic response was seen in only
one, i.e., one dog, non-inducible in the baseline, showed SMVT after the
administration of GLG-V-13. GLG-V - 13-induced torsades de pointes VT was
not observed. The duration of heart rate lowering, ventricular refractoriness-
prolonging and SMVT-preventing effects of GLG-V-13 were 1.5-2.0 hours.
G L G-V -13’ antitachyarrhythmic action was associated with 2:1 conduction block
of late potentials in the 1Zepi electrograms (Figs 5a and 5b). During atrial pacing at
rapid heart rates (2.5-3.5 Hz), prolonged refractoriness in the 1Zepj electrograms
with the 2:1 block pattern persisted suggesting a marked and partially rate-
independent prolongation of refractoriness in the ischemically injured subepicardium
(Fig. 5¢).

Inotropic effects of GLG - V - 13 in vitro

No differences in maximal force development and time to peak tension were
observed in the atrial or the papillary muscle preparations during superfusion with
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GLG-V-13 (0.32, 1.0 and 3.2 mg/1) compared to the control. Only at the higher
(therapeutically irrelevant) concentrations (10 and 32 mg/l), was the force
generation, not the time to reach peak tension, of both the atrial and the ventricular
muscles depressed (Tables I and I1).

Table |

Effects of GLG - V - 13 on the maximal force development in rabbit atrial muscle

Stimulation frequency (Hz)

Concentration (mg/1) 0.5 10 2.0 3.0 Paired Pacing
Pre-Drug 3.2£14 41+15 4.6+ 15 45%15 49+1.6
0.32 3315 4.2+ 16 45+1.7 46+1.6 5.0+ 17
1.0 3.0+ 12 3.9+1.4 43+£1.6 41+14 45+1.4
3.2 35+1.3 4.2+ 15 4.7+1.6 4.0+ 16 5.3+ 16
10.0 29#£1.2 3615 4.0+ 16 4.0+ 16 45+1.5
32.0 1.7+0.5* 2.7+ 1.0* 31+1.3*% 34+1.5% 3.3+£1.0*
Washout 29+13 3.6%1.5 4.2+19 45+£1.9 49+ 14

Maximal force development expressed as g. n = 5, * p < 0.05 vs. control

Table 11

Effects of GLG -V - 13 on the maximal force development in rabbit papillary muscle

Stimulation frequency (Hz)

Concentration (mg/1) 0.5 10 2.0 3.0 Paired Pacing
Pre-Drug 0.65+0.09 112+011 1.76+0.14 1.97+0.19 2.21+0.21
0.32 0.60+0.09 112+0.13 181+0.14 2.08+0.20 < 84 2o

10 0.55+0.06 1.20+0.14 2.00+0.23 2.04+0.23 2.24+0.20

3.2 0.47 +0.04 1.09+0.11 1.93+0.15 2.06+0.19 2.27+0.21

10.0 0.41 +0.05* 0.90+0.09 1.72+0.13 1.88+0.24 2.08+0.21
32.0 0.36 £0.03* 0.72+0.11* 1.19+0.17* 1.36+0.23* 1.31+0.23*
Washout 0.61+0.10 1.09+0.11 1.66 +0.12 173+0.10 2.18+0.18

Maximal force development expressed as g/mm2 n = 10, *; p < 0.05 vs. control

Discussion

There is no doubt that the autonomic nervous system via enhanced sympathetic
impulse traffic plays an important role in the development of life-threatening
ventricular tachyarrhythmias (VT/VF) and sudden arrhythmic cardiac death [31, 47].
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Therefore, B-adrenergic blocking drugs (Class Il action in the Vaughan Williams
classification scheme) are able to decrease cardiac mortality and the incidence of
sudden arrhythmic cardiac death despite the fact that they diminish the number of
ventricular premature depolarizations only slightly [47]. On the other hand, it was
elucidated in 1970 that the non-selective R-blocker d,l-sotalol can induce a
lengthening of the cardiac action potential duration (APD) and of the refractory
period without affecting sodium channels designated as Class IlIl action [45].
Therefore, d,l-sotalol should be considered as the first combined Class 1l/111
antiarrhythmic drug [25, 31]. Recently, it came to light that post-infarction cardiac
mortality and possibly the incidence of sudden cardiac death, is reduced solely by B-
blocking agents, d,l-sotalol and amiodarone, but not by Na+- and Ca2+-channel
blocking agents [47]. Based on these clinical observations, efforts to develop
additional Class Il agents with associated/ancillary antiadrenergic properties as is
the case with d,I-sotalol or amiodarone have been undertaken [27, 36]. On the other
hand, the recognition that Class Il agents are very effective in the prevention or
termination of reentrant atrial and ventricular tachyarrhythmias resulted in another
trend, namely to design new Class Il molecules without R-blocking properties [2, 5,
9, 38, 44, 53]. Such compounds have been designated "‘pure’ Class Il agents in which
the primary elcctrophysiological effect is to prolong the cardiac APD [7, 38, 44]. For
most compounds this effect is mediated via blocking one or more K+-channels
without influencing the function of the fast inward Na+-channel and the propagation
of the cardiac impulse [7].

This study demonstrates that the novel compound, GLG-V-13, which
chemically belongs to DHBNs, prolongs the MAP-duration by approximately 20% in
both the anaesthetized guinea-pig and dog, respectively. Moreover, the same degree
of lengthening of the VERP was demonstrated in the normal right ventricular
myocardium of the infarcted canine heart. In the mammalian heart the atrial,
ventricular and His-Purkinje tissues respond with a shortening of their refractory
period when the heart rate increases [23]. Theoretically, an antiarrhythmic drug with
no or minimal effects on conduction velocity, and which induces a rate-dependent
lengthening of refractoriness (positive use-dependence) in the reentry circuit would
approach the ideal antiarrhythmic agent against reentrant tachycardias [23].
Therefore, in the development and evaluation of new Class Ill antiarrhythmic
compounds, the relationship between heart rate and refractoriness must be
evaluated. Most Class Ill antiarrhythmics have the least effect during tachycardias,
i.e, at rapid cycle lengths, because of the reverse use dependent shortening of
APD/MAP and OT interval [23]. In normal dogs treated with GLG-V-13 we
observed the maintenance of a significant MAP90-prolongation also at higher atrial
pacing rates (210-270 beats/min) with a slight tendency of reverse use-dependence.
Moreover, the observation of 2:1 conduction block of late potentials in the 1Zepi
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electrogram after the administration of GLG-V-13 indicated a marked
prolongation of refractoriness also in the ischemically injured subepicardium, an
effect previously reported for another DHBN, BRB - 1- 28, both in vitro [33] and in
vivo [15]. The differential response of normal and ischemic Purkinje fibres and the
higher sensitivity of functionally abnormal cardiac tissue to Class Ill agents was
demonstrated both in vitro [20] and in vivo [19]. The prolongation of 1Zepj-
refractoriness observed by us in the infarcted canine heart should be considered also
as a Janus-faced action, which could play a role in the prevention of pacing-induced
reentrant SMVT on the one hand, and may predispose ischemic Purkinje tissue to
EAD-based triggered firing on the other [20, 39]. It seems to be worthy to mention in
this regard that we did not observe GLG-V-13-induced torsades de pointes VT in
the infarcted canine experiments. One has to consider, however, that some species
(e.g. the rabbit) appear more sensitive to the proarrhythmic effect of K+-channel
blockers than other species [e.g. the dog; 6, 39]. On the other hand, a recent
preliminary study confirms the differential effects of d-sotalol on normal and
infarcted myocardium in a canine infarct model and suggests that as opposed to
normal tissue d-sotalol does not demonstrate reverse use-dependence in the
functionally abnormal tissue [19]. Further studies to elucidate the differential effects
of GLG-V - 13 on normal and ischemically injured myocardium are in progress. The
in vivo electrophysiological profile and the demonstration that G L G -V -13 induces
a significant block of the rapid component of the delayed rectifier K+-current (lkr;
Mattias et al., unpublished observations) provide strong evidence that this compound
is a new lkr-blocking Class 111 agent like almokalant, dofetilide or E-4031 [5, 7].

GLG-V-13’s negative chronotropic effect could be explained by the
prolongation of the APD of sino-atrial (SA) pacemaker cells, which has been
reported for the potassium channel-blocking agents tedisamil [2] and melperone [37].
Furthermore, the observation that G L G-V -13, administered to pentobarbital-
anaesthetized dogs pretreated with propranolol, evokes an additional significant
decrease of the heart rate supports the idea that the negative chronotropic effect is
mainly due to a direct Class Ill action on SA-nodal automaticity (Scherlag et al.,
unpublished observations). On the other hand, the presence of the imidazole-ring has
been shown in cases to convey Class I1/l11 activity on other structural moieties [27]
and DHBNs could respond similarly, i.e., the possibility exists that G L G -V -13 has
associated antiadrenergic property. The cellular mechanism of the heart rate
lowering action of G L G -V -13 remains to be clarified and awaits more appropriate
protocols.

The incidence of proarrhythmic response is greater in patients suffering from
congestive heart failure, and the negative inotropic effect of antiarrhythmics may
contribute to greater susceptibility to proarrhythmia [18, 26]. Hence, it is an
important observation that dosages of GLG- V-13 that can be assumed to be
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clinically relevant, in the present study do not influence the mechanical activity of
rabbit atrial and papillary muscle preparations. Class Il antiarrhythmic agents
increase the amount of Ca2+ entering the cardiac cells due to the prolongation of the
plateau of the action potential and consequently delay the inactivation of the Ca2+-
channel [24]. Such effects could result in a positive inotropic response or counteract a
decrease of the contractility due to any inherent depressive feature of the molecule.

Membran* responsiveness
GLG-V-13
600-,

500-

400-

1%}

300
200-

TOO-

»0
0—
00 90 -80 -70 -60 -50 -40

Membrane potential (mV)

Fig. 6. Membrane responsiveness curve for GLG-V-13 in canine cardiac Purkinje fibers. Membrane
responsiveness curves are shown for control (¢), 1.0mg/1 GLG-V-13 (0) and 3.2mg/1l GLG-V-13
(O) demonstrating the lack of Na+-channel blocking activity of the novel antiarrhythmic compound

The prototypical agent of the new antiarrhythmic DHBN-family, BRB-1-28,
inhibits fast, Na+-dependent depolarization (Class I. action) [32, 33]. The fast Na+-
channel onset/offset kinetics in the presence of BRB-1-28 (the Vnex recovery half-
time is 160+£26 msec), the lack of effect on APD and the use-dependent depression
of Vmax puts BRB-1-28 in the Ib subclass of Na+-channel blockers [32]. Based on
observations in anaesthetized rabbits in vivo [6], one may assume, although
speculative, that additional Na+-channel blocking activity of GLG-V-13 may
attenuate its proclivity to induce proarrhythmia related to delayed repolarization, i.e.,
torsades de pointes. Microelectrode recordings obtained in isolated canine Purkinje
fibers exposed to GLG-V-13 (0.32, 1.0, 3.2 or 10.0 mg/1), however, did not show
any change of Vmex, membrane responsiveness (Fig. 6), action potential amplitude
and resting or overshoot potentials (Patterson et al., unpublished observations).
Furthermore, the agent did not induce widening of QRS complex in the guinea-pig or
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in the dog. These findings are consonant with the lack of Na+-channel blocking
activity of GL G-V -13 and the classification of GL G-V -13 as a pure Class Il
agent thus seems appropriate. The minor prolongation of the AH and HV intervals
observed in the Harris-dog preparation are not, however, a characteristic feature of
the novel investigational Class Il agents [38] and the underlying cause of these
observations are still unclear.

To summarize, GLG-V-13 is a novel and effective Class Ill
antitachyarrhythmic agent lacking negative inotropic and reverse use dependent
properties. In addition, the new agent seems to have a better
antiarrhythmic/proarrhythmic profile than lidocaine in the infarctcd canine heart.
The design and pharmacological characterization of new antiarrhythmics should be
done with the simultaneous consideration of both antiarrhythmic and proarrhythmic
effects in the aftermath of CAST. The high proarrhythmic potential of lidocaine in
the Harris-dog preparation observed by us [17, 29, 43] provides a model which
enables testing of the antiarrhythmic/proarrhythmic profile of new compounds
guantitatively.
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TP4 (Arg- Lys- Asp-Val) is a synthetic immunomodulatory tetrapeptide of Chemical
Works of Gedeon Richter Ltd.

The aim of this study was to give comparative data on the in vitro degradation of
UC-TP4 in plasma of different species at two TP4 concentrations to allow suitable
extrapolation of preclinical data to human system.

The results show that the degradation was very fast in each plasma and varied by the
species and concentrations studied. In rat, dog and human plasma for initial concentration of
80 |ig/ml and 800 |xg/ml the apparent half-life values proved to be 1.4, 18, 2.7 and 3.9, 6.3,
13.6 minutes, respectively. The most susceptible breakdown point was the peptide bond
between Arg and Lys. The correlation between TP4 degradation and arginine formation was
demonstrated by a straightline with a correlation coefficient of 0.99565 and a slope close to

-1

Keywords: immunomodulator, TP4, peptide, plasma degradation, rat, dog, human

Thymopoietin3 s - termed as TP4 - is a synthetic tetrapeptide

Arg- Lys- Asp- Val [3] possessing some immunological effects similar to those of
thymopentin (Arg- Lys- Asp- Val-Tyr) that represents the "active site” of the
immunomodulatory thymic hormon thymopoietin [1]. The stability of thymopentin in
human plasma has been studied and the degradation proved to be very rapid, showed
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an apparent ty 2 °f about 30 seconds [4]. The peptide bond linking Arg and Lys was
most susceptible to the enzymatic hydrolysis. The results led to a very important
conclusion drawn by the authors: "'sustained circulating levels may not be required for
activity of pentapeptide."

This paper presents a comparative study for the TP4 in vitro degradation in
human, dog and rat plasma. The TP4 used for the investigations contained Re-
labelled arginine. The degradation of the compound was followed in time by
guantitating the radioactivity related to TP4 and its arginine containing fragments.

Materials and methods

The TP4, Arg-Lys-Asp, Arg-Lys peptides were synthesized in Chemical Works of Gedeon
Richter Ltd. [2, 3]. 14C-TP4 of 626 MBg/mmol specific activity was synthesized in the Central Research
Institute for Chemistry of Hungarian Academy of Sciences. The nuclide was introduced into delta
position of arginine. The radiochemical purity was >95% as determined by paper electrophoresis. The
14C-TP4 was stored in sterile distilled water solution at 10 mg/ml concentration and -20 °C.

All other chemicals were of analytical grade. Pooled plasma samples were used in the study.

Degradation study

The 14C-TP4 degradation was studied in 0.5 ml of plasma at 37 °C and TP4 concentration of 80
and 800 p.g/ml. 14C-TP4 solution of 10 mg/ml was added to the plasma preincubated at 37 “C for 5
minutes. From the reaction mixtures samples of 50 pl were taken at appropriate times and mixed with
equal volume of 0.5 M perchloric acid solution at 4 °C to stop the reaction and deproteinize the samples.
After rigorous stirring the samples were centrifuged at 4 °C and 4150 g for 30 minutes. The pH of the
supernatants were neutralized by the addition of 2.5 M KOH solution (5-6 (j.1). Because of formation of
insoluble salts, the samples were once more centrifuged. The final supernatants were stored at - 20 °C
till the electrophoretic analysis.

Electrophoresis

For electrophoretic separation of TP4 and its degradation products sodium acetate-acetic acid
buffer of 0.05 M and pH 4.2 was used. The electrophoresis was performed on Whatmann 3 MM paper. A
marker (reference) solution was applied at the two edges and the middle of Whatmann paper to allow
the identification the radioactive TP4 and its degradation products in trial samples. The marker solution
contained 1 mg/ml of TP4 and its possible arginine containing degradation products as A rg-Lys-Asp,
Arg-Lys peptides and arginine. Between the markers two plasma supernatants were applied. The
sample volumes were 5 pl The electrophoresis was carried out at 500 V and 25 mA using Shandon
Vokam 500 power supply Gelman Deluxe electrophoretic chamber. After 30 minutes the paper was
removed and dried quickly, the different sample strips were cut out. The strips of trial samples were
sliced into pieces. These pieces were placed in scintillation vials containing 0.5 ml of distilled water. After
30-min shaking 10 ml of scintillation cocktail was added. The cocktail composed of 1000 ml benzyl
alcohol, 200 ml absolute ethanol and 6 g 2,5-diphenyl oxasol. The radioactivity was measured by LKB
Rackbeta scintillation counter. The marker strips were developed by ninhydrine. The TP4 content of
samples was expressed as percentage of the total recovered radioactivity in samples.
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Results

The precision of the electrophoretic analysis was demonstrated in Table |
which shows the mean TP4 and arginine contents with respective coefficient of
variation for the analysis of the same samples within one run and between different

runs of electrophoretic separations.

Table |

Precision of TP4 and arginine determination in trialplasma supernatants by paper electrophoresis

Intra-run
assay 4
4

Inter-run
assay 2

mean

83.7
10.2

36.1
19.6
9.7

TP4

content of samples

(% of total activity)

CV.

1.0
10.4

7.5
10.5
7.8

Arginine
mean cv
5.64 5.32
78.1 2.23
55.4 8.1
72.0 6.5
79.9 2.0

The precision of the overall procedure of the TP4 degradation study was
presented in Table Il by the mean TP4 and arginine values with respective

coefficients of variation obtained by parallel incubations.

In the studied systems arginine was the only detected degradation fragment
from the possible arginine containing fragments except for the human samples at the
first 30 seconds. In these human samples approximately 5% of the total radioactivity
appeared as arg-lys dipeptide. Apart from this exception, TP4 and arginine content
of samples correlated, as it could be assessed from a high correlation coefficient and
a slope close to -1. This correlation indicated that the rate of decay of TP4 matched
the rate of formation of arginine (Fig. 1).
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Table 11
Precision ofthe overallprocedure ofthe TP4 degradation studies
Incubation TP4 Arginine
time
(minutes) content
(% of total activity)
n mean C.v. mean C.v.
30 2 77.0 3.0 14.0 14.1
60 3 62.7 1.7 24.5 10.9
120 3 46.7 3.8 46.7 4.5

Mean values obtained by parallel incubations in dog plasma at TP4 concentration of 80 pg/ml

1AC-arginine <« of radioactivity

Fig. 1L Correlation between 14C-TP4 degradation and 14C-arginine formation in plasma

Figure 2 shows the TP4 degradation time curves for human, dog and rat
plasma at starting TP4 concentration of 80 and 800 p.g/ml. The rate of degradation in
the three species was demonstrated in Fig. 3 by using semilogarithmic plot. Table 111
presents the estimated apparent plasma half-life values for the three species.
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TP4
800/jg/ml

80 pglm\

Dog

TR«
800 pg/ml

80/jg/ml

Human

Fig. 2. 14C-TP4 degradation in rat, dog and human plasma at concentrations of 80 and 800 |[xg/ml
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human
dog

rat

. incubation time (min)
807N jg/ml

800/jg/ml

Fig. 3. Comparison on 14C-TP4 in vitro degradation in plasma of rat, dog and human at TP4
concentrations of 80 and 800 |xg/ml

Table 11

Apparent half-life of TP4 inplasma for different species

TP4 Half-life
concentration (minutes)
(IXg/m1)
Rat Dog Human
80 14 18 2.7
800 3.9 6.3 136
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Discussion

It can be concluded from the results that the degradation of TP4 in plasma was
rapid and showed differences between the species. The rate of the degradation was
different for the two concentrations investigated (Fig. 3, Table I11). The rat plasma
had the most intensive TP4-hydrolysing activity and the human plasma had the lowest
one. As Fig. 2 shows the decay of TP4 was curvilinear in all species especially for the
80 gg/ml starting concentration. Although the semilogarithmic plots of the data gave
straight lines (Fig. 3) it is possible that the true first order phase of TP4 plasma
degradation falls even below 80 gg/ml and the half-life values may be even shorter
than the ones estimated for the 80 gg/ml TP4 concentration. Since the possible in
vivo concentration values are expected to be lower than 80 gg/ml at the therapeutic
dose, the TP4 disappearance from the plasma might be very fast, even not
considering other factors.

In summary, the results of the present study are consistent with the data
described earlier for TP5 degradation [1]. Our data show that the degradation of TP4
is equally fast and the most susceptible breakdown point of the tetrapeptide is the
peptide bond linking arginine to lysine as it is the case for TP5. On the basis of the
rapid in vitro degradation long lasting in vivo plasma levels can not be expected.
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A sensitive HPLC assay utilising a simple fluorescence pre-column labelling technique
was developed for plasma level monitoring of different types of mono- and dicarboxylic acids.

Carboxylic acids form mixed anhydrides with ethyl chloroformate in the presence of
triethylamine; the mixed anhydrides further react with L-leucine-4-methyl-7-coumarinylamide,
forming highly fluorescent and stable amides. Drugs with no Chromophore (azelaic acid, and
its longer carbon chain analogues) or week UV absorption (artelinic acid, enalaprilat) were
used as model compounds. The plasma samples were extracted using ion exchange solid phase
cartridges. The separation was performed on an Axxiom C18 (5 p.m, 4.6x250 mm) column.
The detector wavelengths were set at 330 nm for excitation and 390 nm for emission.

Keywords: pre-column fluorescent derivatization, mono- and dicarboxylic acids, solid-
phase extraction, reversed-phase HPLC

The concentration measurement of mono- and dicarboxylic acids with low
wavelength UV absorption (enalaprilat) or with no chromophore (azelaic acid)
usually requires high-cost immunoassay [1] or instrumentation, like GC-MS [2], plus

Some results described in this paper were presented in the Symposium on Pharmacokinetics
and Metabolism. Matrafiired, 15-16 April, 1994, Hungary
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in the latter case the synthesis of deuterated standards. For assaying great number of
samples during therapy not a more sensitive, but a less expensive and simpler HPLC
method would be required.

In the mid eighties Bjérkman reported a pre-column derivatization method for
the stereo specific assaying of non-steroid anti-inflammatory drugs (NSAID) [3].
That paper describes a derivatization reaction where the carboxylic acid functional
groups of the molecules react with chiral reagent forming acidamides. The reaction
takes less than 3 minutes to perform.

The above-mentioned reaction is the basis of the new fluorescence
derivatization described in this paper. The paper also describes the application of the
method in the analysis of plasma samples.

Materials and methods

Reagents and chemicals

HO—C— (CHj*- :-oh primetK acid
(0] 1
Ho-¢ —(CHj,- -OH azetaic acid
c- OH  dodtcanedioc acid

T !
-OH tetradccancdioic acid

&oH hexodeconedtoK  acid

HOOC
coon
CH—CH-C—MN, _ 4
H
enalaprilot

Fig. 1. Structure of the test compounds
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Azelaic acid (nonanedioic acid), pimelic acid, dodecanedioic acid, tetradecanedioic acid and
hexadecanedioic acid were supplied by Sigma (St. Louis, USA), artelinic acid by Walter Reed Army
Institute for Drug Research (Washington, DC., USA) and USP standard enalaprilat was used (Fig. 1).
The compounds were dissolved in methanokwater 1:1 v/v and further diluted also with methanokwater
11 v/v. Ethyl chloroformate (ETC), triethylamine (TEA) from Sigma (St. Louis, USA) and the
fluorescent reagent L-leucine-4-methyl-7-coumarinylamid-hydrochloride (L-4) [4] were purchased from
Fluka (Buchs, Switzerland), acetonitrile (HPLC grade), methanol (HPLC grade), phosphoric acid
(Fisher Reagent ACS), hydrochloric acid (Fisher Reagent ACS) and NaH2P 04 (Fisher Certified ACS)
from Fisher Scientific (Fair Lawn, USA), Bondelut NH2and SCX 500 mg cartridges were obtained from
Varian (Harbor City, USA). For controls, standard curve samples blank rat plasma was purchased from
Pel Free Biologicals (Rogers, USA), blank dog plasma from Rockland Company (Gilbertsville, USA)
and blank human plasma from Irwin Memorial Blood Bank (USA).

ETC and TEA were diluted with acetonitrile to prepare 60 mM and 50 mM solution, respectively,
L -4 was dissolved in methanol to prepare 3 mM solution.

Extraction

Azelaic acid, pimelic acid, etc. and artelinic acid determination 1 ml of plasma:

1 Load plasma sample onto NH2 solid-phase cartridges (previously washed with 3 ml of
methanol and 12 ml of 0.1 M NaH2P 04 pH 7 buffer; artelinic acid plasma samples were diluted with the
same buffer prior to the load).

2. Wash cartridges with 3 ml of water and 3 ml of acetonitrile, then dry with vacuum.

3. Elute with 1 ml of 0.5 M formic acid in acetonitrile, and evaporate to dryness under nitrogen
stream

4. Derivatize.

Enalaprilat in 1 ml of plasma:

1 Load plasma sample onto SCX solid phase cartridges (previously washed with 3 ml of
methanol and 12 ml of 1% acetic acid).

2. Wash cartridges with 3 ml of water followed by 3 ml of acetonitrile, and dry with vacuum.

3. Elute with 2 ml of 0.5 M HC1 in acetonitrile, and evaporate to dryness under nitrogen stream.

4. Derivatize.

Derivatization (see reaction mechanism in Fig. 2. Scheme adapted from [5])

1 Add 100 pi of 50 mM TEA solution to the extracted residue, and vortex for 1 minute.
2. Add 50 pi of 60 mM ETC solution, and vortex for 1 minute.

3. Add 200 pi of 3 mM L -4 solution, vortex for 1 minute and wait for 4 minutes.

4. Evaporate to dryness under nitrogen stream.

5. Reconstitute in 200 pi of acetonitrile:water 1:1 v/v.

6. Inject 5-15 pi onto column.

The derivatization is performed at room temperature.
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CH-CH-—0 —COCl

<+bC2>3N
mono,or
dicarboxytic acids ethyl chloroformate triethytamine
CH,CH—0—C
mixed anhydride
H
H2N-, C—N

0
1
R-C-N

rrr

HC CH.,,

product (amide)

Fig. 2. Reaction mechanism of the new fluorescence derivatization method

Chromatography

The chromatographic system used consisted of Milton Roy gradient pump (CM 4000), a WISP
710B autosampler (Waters Associates, Milford, USA), an Axxiom octyl reversed phase column (5 p.m
particle size; 250x4.6 mm; Richard Scientific, Novato, USA), a Shimadzu 535 fluorescence detector,
operating at 330 nm as excitation wavelength and 390 nm as emission wavelength, sensitivity was in high
position, and range was set to 64 (Shimadzu Scientific Instruments, Inc., Columbia, USA) and a Hewlett-

Packard 3390A integrator (Hewlett-Packard Co., Santa Clara, USA).

Table |

Gradient elution program for the HPLC separation o f the test compounds

Fatty acids Artelinic acid
Time (minutes) A% B% A% B%
0 55 45 60 40
15 55 45 60 40
30 10 920 10 920

The compounds were separated by gradient elution. The mobile phase A was 1000 ml water plus
2 ml 85% phosphoric acid, the mobile phase B 1000 ml acetonitrile plus 2 ml 85% phosphoric acid. The

gradient program is shown in Table 1.
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Animal experiment

Different doses of azelaic acid were administered to dogs during a toxicological study. The
plasma concentrations of azelaic acid and pimelic acid (metabolite of azelaic acid) were determined with
a negative ionisation GC-MS method using selective ion monitoring of the pentafluorobenzyl
derivatives of the compounds. Latter method was validated and used for hundreds of samples. Detailed
description is not given here, since this is not topic of this paper. After GC-MS analysis few samples
were reassayed with HPLC to determine the reliability of the new method by comparing GC-MS and
HPLC results.

Results and discussion

Fatty acids and the other test compounds as well are highly polar molecules.
Their extraction with organic solvents from biological fluids would be difficult
because of the interfering endogenous compounds. In addition, fatty acids have no
chromophore and the others have low-wavelength UV absorption maxima, where the
high level endogenous components have. An always returning demand is to develop
simple, reliable and suitably sensitive analytical methods, which do not require
expensive and sophisticated instrumentation. We made attempts to fulfil the above-
mentioned requirements for the measurements of these kinds of compounds in
human and dog plasma.

Speaking about the chemical reaction, one can see that a relatively wide range
of mono- and dicarboxylic acid was successfully derivatized. Figure 3 shows HPLC
chromatograms of the products.

The peaks represent equal amounts of the compounds, thus the yields are
comparable. As it is shown in the first chromatogram the peak height of
dodecanedioic acid (a dicarboxylic acid) is found to be more than twice than that of
artelinic acid (a monocarboxylic acid), while the yield is similar for symmetrical
(azelaic acid and others in the second) and non-symmetrical (enalaprilat in the third
chromatogram) dicarboxylic acids. At room temperature even after 3 days standing
in test tube dry, or dissolved, the fluorescent products were stable. The stability was
not tested for a longer period.

The labelling method is also applicable in the case of plasma extracts of these
carboxylic acids. In Fig. 4 chromatograms of 1 p-g/ml plasma samples are presented.
Calibration curves obtained in human and dog plasma are linear from the low ng/ml
to the low pg/ml range. Even though the theoretical detection limit is 1 ng/ml for
dicarboxylic acids, the actual limit is depending on the fatty acid levels in the plasma
used for the preparation of calibrators and QC samples, thus having a control plasma
containing very low levels of fatty acids is essential in this assay. The fatty acid
concentration in the plasma is depending on the food intake; low fatty acid
concentration plasma can be obtained from animals starved for a longer period. In
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case plasma samples with low fatty acid concentration are not available, water may
be used as control matrix. In latter case though the accuracy of the measurement will
be questionable.

Time(min)

E

25 30 35 40

Time(mm)

Fig. 3. HPLC chromatograms of the derivatized test compounds

0 5 10 15 20

The plasma extracts of artelinic acid and enalaprilat give 10 ng/ml and
20 ng/m1 sensitivity limits, respectively.

Data in Table Il show that the plasma concentrations determined by HPLC
and GC-MS methods are very similar for both azelaic and pimelic acid, confirming
the reliability of the derivatization method.
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Fig. 4 HPLC chromatograms of the derivatized plasma extracts

Table Il

The comparison ofazelaic and pimelic acid concentrations (ng/ml) in dogplasma determined with
GC-MS and HPLC

Azelaic acid Pimelic acid
Treatment # Dog ID GC-MS HPLC GC-Ms HPLC
| 1356 31300 25800 1330 "
2 1356 75500 75600 5850 5300
3 1356 14700 15000 1390 1580
4 1356 52500 40600 3218 2970

' technical problem
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One of the basic principles of the modern pharmacological research is that there is a
close correlation between the chemical structure and the pharmacological effect. In contrast to
pharmacology, in toxicology high doses of the drugs are used in order to provoke toxic
symptoms generally realized through other receptors than the pharmacological effect.

The evaluation of the structure activity relationship (SAR) in toxicology is hindered by
the fact that it is not possible to establish in every case that the toxic effect

1 is developed by the original compound or its metabolite(s)

2. is realized through one or more receptors.

Furthermore it is necessary to take into consideration that the studies in toxicology are
not carried out with so many compounds as the studies in pharmacology and - horribile dictu
- the toxicological data are not always public. Thus the prediction of the toxicity of a
compound on the base of its chemical structure is difficult, and the prediction whether a new
drug is toxic to such an extent that excludes its development, is impossible. What we can do is
trying to predict - in the knowledge of the metabolism of the drug - its possible
carcinogenic, hepatotoxic, CNS etc. toxic effect.

Keywords: chemical structure, toxicology, pharmacology, relationship

One of the most important principles of the modern pharmacological research
is that there is a close correlation between the chemical structure and the
pharmacological effect. This supposition is reasonable if we take into consideration
that the action of most pharmacons becomes realized through specific receptors.
Thus it is well known that one of the methods of planning new compounds is the

Some results described in this paper were presented in the Symposium on Pharmacokinetics
and Metabolism. Matrafiired, 15-16 April, 1994, Hungary
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computer technique where the interaction of the receptor with new molecules can be
simulated.

General aspects. Pharmacology versus toxicology

1. During toxicology studies we must reach the toxic symptoms in animals, and
when possible even in humans during the phase | study. This means the use of high
doses, in animals sometimes extremely high, which are irrelevant to pharmacology
and to the human therapy. It is quite clear that the toxic symptoms are realized - in
most of the cases - through other receptors than the pharmacological response.

2. In toxicology we measure the effect of the drug and all of its metabolites. In
pharmacology we generally measure the effect of the drug itself. Most of the drugs
undergo metabolism in vivo, the structure of the metabolites is not always known,
especially that of the so-called minor metabolites which may be very important in
long-term toxicity, but do not play any role in the pharmacological action.

3. Systematic investigation of the metabolites of drugs for toxicity does not
exist, due to economical consideration. In contrast, pharmacology investigates very
carefully the action of the metabolites, due to economical interest of the company.

4. In pharmacology a lot of compounds with similar structure are screened for
their action, but it is not the case in toxicology, i.e. the data used to draw conclusion
between chemical structure and toxicology action are very poor.

5. Compounds proved to be toxic in animal studies are never administered to
human beings.

6. In many cases toxicological results remain unpublished.

Example of Valproic acid (VPA)

VPA (2-n-propyl-pentanoic acid) was introduced in several countries as an anticonvulsant drug.
Its mechanism of action is unknown, but the ability to elevate brain GABA level has been suggested.
VPA produces some 50 metabolites in rats and humans. The major pathways of metabolism is R-
oxidation with glucuronidation, but w-hydroxylation, ui-l-hydroxylation, R-hydroxylation, 6-
dehydrogenation, -y-dehydrogenation and glycine conjugation also occur [for review see Refs 1and 2].

VPA brings about liver damage and displays teratogenic effect [3, 4, 5]. 2-n-propyl-4-pentenoic
acid has been suspected to be the ultimate toxic/teratogenic compound. This compound when incubated
in vitro with rat liver microsomes has produced 8 metabolites among them 2-n-propyl-hydroxymethyl-y-
butyrolactone, possibly via epoxide intermediate (Fig. 1). 6 metabolites have been tested for
teratogenecity and only 2-n-propyM-pentenoic acid was found to be clearly teratogenic. So it can be
supposed that the final toxic teratogenic compound is 2-n-propyl-4-hydroxymethyl-y-butyrolactonc. From
these results one could conclude that (saturated and unsaturated) fatty acids are potential toxic
teratogenic compounds. If we suppose that this effect requires a carboxyl group and a double bond the
simplest compound would be acrylic acid for liver injury and teratogenecity. But acrylic acid proved to be
inactive in this respect.
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C H — CM — COOH

Valproic acid
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CH

T-n-propyl-t-hydroxymcthyrr-butyrolactone

Fig. 1. Valproic acid and its metabolism to possible toxic/teratogenic compounds
Conclusion

From the example of VPA, a relatively simple compound it can be seen how
difficult it is to draw conclusion on the possible toxic effect of a compound from its
chemical structure. And it is quite clear that without knowing the structure of the
metabolites this conclusion is practically impossible.

The first step in the prediction of the toxicity of a compound must be the
experimental determination or at least computerized calculation of the structure of
the metabolites, and then each metabolite should be investigated for being a
potential carcinogenic, mutagenic, teratogenic, liver, cardiovascular, CNS etc. toxic
agent. The power of the computer programs is based, however, on earlier data
generally obtained in animal experiments, being more or less reliable, therefore their
human relevance may be rather poor.

In my opinion the prediction by computer the toxicity of new drug candidates
might be a useful recommendation for the companies, but the direct toxicity testing
of drugs in animals will be required for a while.
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Determination of the effect of the known enzyme-inducers phenobarbital-Na and
spironolactone on the activity of the MFO was carried out. Male Wistar rats were treated
either with 40 mg/kg phenobarbital-Na or 40 mg/kg spironolactone, and also in combination
with 100 mg/kg of the MFO was inhibitor a-methyldopa. The activity of the MFO was
assessed by changes in antipyrine half-life.

Our results show that given alone both phenobarbital-Na and spironolactone are
potent inducers of the MFO. Co-treatment with the enzyme-inhibitor a-methyldopa, however,
led to different results in two cases: It slightly diminished the enzyme inducing effect of
phenobarbital-Na, while the effect of spironolactone has completely ceased.

These findings may suggest that phenobarbital-Na and spironolactone are acting on
different cytochrome isoenzymes.

Keywords: antipyrine half-life, enzyme inhibitors, enzyme inducers, rats

It is well known that certain drugs are able to induce or inhibit the activity of
the microsomal drug metabolising cytochrome isoenzymes (MFO).

In the present study we have studied the effect of the known enzyme inducers
phenobarbital-Na and spironolactone, as well as the enzyme inhibitor a-methyldopa.
We have also studied the effect of combined treatment with either phenobarbital-Na
and a-methyldopa or spironolactone and a-methyldopa.

Some results described in this paper were presented in the Symposium on Pharmacokinetics
and Metabolism. Matrafiired, 15-16 April, 1994, Hungary
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The drug metabolising activity of the MFO was determined by observing the
changes in the half-life of antipyrine.

Animals and methods

Male Wistar rats weighing 140-160 g were used. The rats were kept in plastic cages and fed with
LATI food pellets. The room temperature was constant and there was a fixed rhythm light regulation as
well. The animals were kept fasting for 16 hours before decapitation.

There were six treatment groups with 30 animals in each: |. a-methyldopa 100 mg/kg, II.
phenobarbital-Na 40 mg/kg, Ill. spironolactone 40 mg/kg, IV. phenobarbital-Na 40 mg/kg+a-
methyldopa 100 mg/kg, V. spironolactone 40 mg/kg +a-methyldopa 100 mg/kg, VI. control.

The drugs were administered through a gastric tube in a watery suspension for a three-day
period. Control animals were given physiological saline of the same amount.

24 hours after the last treatment the animals were given 100 mg/kg antipyrine iv. Ten
animals/treatment group were decapitated 30, 90 or 120 min after the administration of antipyrine.
Blood was collected in heparinised tubes. Antipyrine half-life, apparent volume of distribution was
determined according to Brodie et al. [6]

The measurements were performed on SPECORD -M -40 spectrophotometer.

Results

The results are summarized in Table I. As the apparent volume of distribution
was the same for all treatment groups, it can be safely assumed, that all changes in
antipyrine half-life were due to the effects of pre-treatments.

Table |

Effect ofpre-treatments on biological half-life and on volume of distribution of antipyrine in rats

Antipyrin t1/2 (min) avd (ml/kg) Change

mean +SE mean +SE (0/0)
Control 1225 4.7 994.0 37.4
Methyldopa 2125 6.7 1000.0 28.6 73
Phenobarbital-Na 60.0 7.2 985.0 29.5 -50
Phenobarbital-Na +
a-Methyldopa 71.0 4.6 997.0 40.3 -41
Spironolactone 60.0 5.8 990.0 324 -50
Spironolactone +
a-Methyldopa 119.0 7.0 994.0 30.6 -2
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Discussion

In the present study we have assessed the effect of pre-treatment with known
enzyme inducers and enzyme inhibitors given alone or in combination. As it can be
seen in Table I, our results confirm that given alone a-methyldopa is an inhibitor of
MFO, while phenobarbital-Na and spironolactone are potent inducers of the same
enzyme system.

The combined pre-treatment led to different results, a-methyldopa has been
able to lessen the enzyme inducing effect of phenobarbital-Na only slightly, while it
completely countered the effect of spironolactone. This phenomenon can be
explained by supposing that the two enzyme inducer drug - spironolactone and
phenobarbital-Na - studied in the present study are acting on different cytochrome
izoenzymes.
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Changes in the sensitivity to ouabain of the hypertrophied myocardium were studied in
isolated left ventricular trabeculae of rat heart using conventional microelectrode technique,
and in anaesthetized rats using limb-lead electrocardiography (ECO). Hypertrophy was
induced by administration of 5 mg/kg isoprénaline once daily for 7 days. The age-matched
normal control rats received the same volume of 0.9% NaCl solution. The heart weight to
body weight ratio increased from 3.23+0.07 mg/kg to 4.37+0.12 mg/kg, which means a 35%
hypertrophy. The action potential duration at 50% repolarization (APD50) was 25.1 +2.4 ms in
normal case and 63.5+4.6 ms in hypertrophy. The S-T interval of the ECG was 24.9+1.9 ms
in normal rats and 64.4+3.4 ms in hypertrophy. The toxic effect of ouabain was studied by
determining the concentrations of the drug at which arrhythmogenic transient depolarizations
(TDs; in microelectrode experiments) or sustained ventricular tachyarrhythmias (VTAS; in
ECG experiments) appeared. The dose of ouabain inducing TDs was 34525 p.M in normal
case and 630+40 p.M in hypertrophy. In ECG studies, the dose inducing VTAs was
19.1+3.6 mg/kg in normal rats and 34.3+3.1 mg/kg in hypertrophy. The results suggest that
catecholamine-induced cardiac hypertrophy damages the membrane-bound Na“, K ‘-ATPase,
thus decreasing the number of the ouabain binding sites, which consequently, makes the
myocardium membrane more insensitive to ouabain.

Keywords: cardiac hypertrophy, action potential, ECG, transient depolarizations,
arrhythmias, Na+, K+-ATPase, ouabain

Cardiac hypertrophy is essentially a compensatory mechanism in which the
ventricular muscle enlarges to meet the increased circulatory demands of the body
under a wide variety of stressful situations [20]. Many authors have raised the
possibility that catecholamines play the role of a molecular signal which links the

Correspondence should be addressed to

Janos Mészaros

Department of Comparative Animal Physiology, Kossuth University
11 -4010 Debrecen, P.O. Box 3, Hungary

0231-424X/95/S 4.00 © 1995 Akadémiai Kiad6, Budapest



56 J. Mészaros and Borbala Pasztor

increased work load of the heart to myocardial hypertrophy [5, 8, 14, 19, 23]. It has
also been demonstrated that chronic administration of catecholamines induces
myocardial hypertrophy [6, 9, 10, 16, 21, 22]. In this hypertrophy model, the
myocardial membrane was depolarized, the action potential duration was prolonged
and the Vnex was decreased. Arrhythmogenic transient depolarizations could be
induced by a train of action potentials, which might be due to the hypertrophy-
induced damages in the membrane-bound Na+, K+-ATPase [9].

Since, Chevalier et al. [3] have shown a diminished toxicity of ouabain in
pressure overload cardiac hypertrophy, the present study was undertaken to
determine the changes in the sensitivity of the myocardium to the toxic
concentrations of ouabain in catecholamine-induced cardiac hypertrophy.

Materials and methods

Induction of hypertrophy

Cardiac hypertrophy was induced in male Wistar rats weighing 180- 240 g by intraperitoneal
injection of 5mg/kg isoprénaline once daily for 7 days [16, 21]. Age-matched normal control animals
received the same volume of 0.9% NaCl solution only. The animals were used for experiments 24 hours
after the last injection. The degree of hypertrophy was estimated by measuring the wet heart weight and
the body weight, and calculating the heart weight to body weight ratio (HW/BW).

Electrophysiology

The experiments were carried out on left ventricular trabeculae taken from rats with or without
cardiac hypertrophy. The rats were Killed by a sharp blow on the head and the heart was quickly removed
and transferred into a dissection chamber containing Tyrode solution with the following composition
(m.M): NaCl 118, KC1 4.7, CaCl2 2.5, NaH2PO,, 1.0, MgCI2 1.2, NaHCO03 24.9 and glucose 11.5. The
solution was aerated with a gas mixture of 95% 0 2and 5% C 02, the pH was 7.4 and the temperature was
maintained at 37 °C. The left ventricle was opened and a suitable trabecula was excised and mounted in a
2 ml organ chamber. The preparations were electrically paced by isolated rectangular pulses (1 ms
duration, 3 times threshold voltage, 3 Hz frequency), via bipolar platinum electrodes placed on the tissue.
Membrane potentials were recorded with conventional microelectrodes filled with 3 M KCL1 solution
(5- 15 M, resistance), and connected to a high input impedance amplifier (Axoclamp-2A). The potential
signals were monitored on an oscilloscope (Nicolet type 3091) and recorded on a chart-recorder [9].

Electrocardiography

The generally used limb-lead electrocardiography (ECG) was carried out in rats with or without
cardiac hypertrophy. The animals were anaesthetized with sodium pentobarbital (40 mg/kg, i.p.). The
lead-11 ECG was recorded before and 15 min after application of ouabain. The drug was administered in
increasing concentrations (5 mg/kg steps) through a cannula inserted into the femoral vein. Stainless-
steel needles impaled subcutaneously in the limbs of the rats served as electrodes and were connected to
the head-stage of an electrocardiograph (Medicor MR-11-3). The ECG was recorded on a chart
recorder.
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Drugs and statistics

Drugs used in this study were ouabain (Serva, Feinbiochemica, Heidelberg), dl-isoproterenol
(Sigma Chemical Co., St Louis), all the other reagents were purchased from Rcanal (Budapest).

All values are given as mean +S.E.M. The statistical significance of difference from control was
estimated using Student’s t-test. A P value of less than 0.05 was considered significant.

Results

Transient depolarizations

In accordance with the literature data [16, 21, 22] and our former results [9,
10], chronic administration of dl-isoproterenol (5 mg/kg/day, i.p. for 7 days) induces
about 35% increase in the mass of the ventricular muscle. The heart weight to body
weight ratio was increased from 3.23+0.07 mg/g (in the age-matched normal rats) to
4.37+0.12 mg/g (in the catecholamine-treated rats).

Figure 1 shows representative action potentials and arrhythmogenic transient
depolarizations (TDs) recorded in normal (Fig. 1A) and hypertrophied (Fig. IB) left
ventricular myocardium of the rat. In this example, the cell membrane was
depolarized by about 13% and the action potential duration (APD50) markedly
prolonged, by about 153%, as compared to those of the normal control (Fig. |IAa and
Fig. IBa).

Fig. 1 Induction of arrhythmogenic transient depolarizations (TDs) by different concentrations of

ouabain in left ventricular trabeculae isolated from a normal (A) and from a catecholamine-treated rat

(B). Note that the control action potential is much longer and induction of TD requires much higher
concentration of ouabain in hypertrophy

The concentration of ouabain inducing TDs was 300 p,M in a normal (Fig.
IAb), and 600 p,M in a hypertrophied preparation (Fig. IBc). The data of 9 (normal)
and 12 (hypertrophy) experiments are summarized in Table I. In both normal and
hypertrophy, the early effect of ouabain on the APD50 was a slight increase which
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occurred within the first minute of the application (not shown). Then, the cell
membrane started to depolarize and the action potential became smaller and shorter.
These changes were progressive and within 10 to 15 min, the action potential was
reduced to a spike-like one because the plateau disappeared. The arrhythmogenic
TDs appeared during this late, and toxic effect of the drug (Figs 1A and IB).

Table |

Hypertrophy-induced changes in heart weight to body weight ratio (HW/BW), restingpotential (Vaction
potential duration at 50% repolarization, S-T interval of ECG and ouabain sensitivity of the myocardium.
Means + S.E.M. n: number ofanimals; TD: transient depolarization; VTA: ventricular tachyarrhythmia

Treatment n HW/BW vm apd50 S-T Dose of ouabain
inducing
(m/kg) (mV) (ms) (ms) TD VTA
(IXM) (mg/kg)
Normal 9 3.23+0.12 -83.7+32 251+2.4 24.1+1.9 345425 19.1+3.6
Hypertrophy 12 437+0.16* -72.9+34* 63.5+4.6* 64.4%34* 630+40* 34.3£3.1*
ap < 0.05

Ventricular tachyarrhythmias

The standard body surface ECG (limb-Lead I1) was recorded from 9 rats
(normal) and 12 rats (hypertrophy). The animals were anaesthetized with sodium
pentobarbital (40 mg/kg, i.p.). Typical experiments are shown in Fig. 2 (normal) and
Fig. 3 (hypertrophy), and Table | summarizes the changes in some parameters of the
ECG. Normal rats demonstrated no arrhythmias during monitoring, while it could be
seen in some of the catecholamine-treated animals. Rats showing arrhythmias prior
to ouabain treatment were not used for the experiments. The most pronounced
changes in the ECG configuration in the rats with cardiac hypertrophy, were as
follows: the direction of the T wave became negative and flattened, and the S-T
interval was prolonged by about 167% (Fig. 3A) as compared to those of the normal
control (Fig. 2A; see also Table I).

The arrhythmogenic (toxic) concentrations of ouabain were determined by
adding bolus injections of the drug in 5mg/kg increments, through a cannula
inserted into the femoral vein. The effect of the glycoside appeared within the first
min. The monitoring time was 10 min with each concentration. During this period,
the changes in the ECG reached a steady-state. As shown in Fig. 2 (normal) and Fig.
3 (hypertrophy), the sensitivity of the hypertrophied myocardium to ouabain was
markedly decreased. Animals with hypertrophy required about twice as much
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ouabain to develop arrhythmias as the age-matched normal rats. The toxic
concentration of the glycoside was 19.1+3.6 mg/kg in normal rats and
34.3+3.1 mg/kg in rats with hypertrophy (Table I).

A Control

B Quobain 20 mg/kg

Fig. 2. Induction of ventricular tachyarrhythmias (VTASs) with ouabain in a normal rat. A: Control
recordings of the limb-lead-1l ECG. P, R, S, T show the corresponding waves of the ECG. B: ECG taken
10 min after a bolus injection of 20 mg/kg ouabain

A Control

200 ms

Fig. 3. Induction of ventricular tachyarrhythmias (VTASs) with ouabain in a catecholamine-treated rat. A:

Control recordings of the limb-lead-11 ECG. P, R, S, T show the corresponding waves of the ECG. B:

ECG taken 10 min after a bolus injection of 20 mg/kg ouabain. C: 30 mg/kg ouabain induces only a
single premature ventricular beat. D: Sustained VTAs induced by 35 mg/kg ouabain
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Discussion

The present study provides further evidence in supporting that repeated
administration of low doses of isoproterenol induces marked (about 35%) cardiac
hypertrophy in rats, within a relatively short time period (7 days). This phenomenon
was first described by Rona et al. [16], and recently attracted particular attention,
because catecholamines were thought to play an important role in the development
of cardiac hypertrophy [8]. This hypothesis seems to be confirmed by increasing
number of evidence. Ostman-Smith [14] has demonstrated that exercise-induced
cardiac hypertrophy can be prevented by chemical sympathectomy. Several
investigators have raised the possibility that catecholamines may be one of the
molecular signals which links the increased circulatory demand to myocardial
hypertrophy [5, 19, 23]. All of these reports agree upon that the development of
catecholamine-induced cardiac hypertrophy is mediated by stimulation of myocardial
alfa-adrcnoceptors, and that it is independent of hemodynamic and contractile
changes. The catecholamine-induced cardial hypertrophy has been used as a
laboratory model in biochemical, morphological and electrophysiological
investigations [6, 9, 10, 15, 21, 22].

The present study revealed considerable alterations in the shape of the ECG
recorded from rats in which cardiac hypertrophy was induced by chronic
administration of isoproterenol. The most prominent changes were the inversion of
the T wave and the prolongation of the S-T interval, as compared to the control. T
wave inversion could be attributed to a delayed repolarization process in the
hypertrophied myocardium. It has been demonstrated that the body surface ECG of
many mammals exhibit a concordance in the polarity of the R wave and the T wave.
The explanation for this phenomenon is that some regions of the heart (base) with
longer action potential must be excited earlier and repolarized later than regions
(apex) with shorter action potentials [11]. In hypertrophy, the repolarization is slowed
down, as reflected by a prolonged S-T interval and a longer action potential. This
causes the action potential to propagate more slowly, thus the repolarization of apex
delayes, consequently, the T wave becomes negative and flattened. The marked
prolongation of the repolarization seen in hypertrophy can be explained by a
decreased outward K+ current [1], by an increased inward Ca2+ current [18], or by a
combination of both mechanisms [9, 12].

In our hypertrophy model, the toxicity of ouabain was markedly diminished, as
reflected by the concentration of the glycoside required to evoke arrhythmogenic
transient depolarizations (TDs) and ventricular tachyarrhythmias (VTASs). The
ouabain concentration inducing VTAs was 20 mg/kg in normal case and 35 mg/kg in
hypertrophy. Taking into account that a rat has about 70 ml blood/kg body weight,
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these doses mean 400 [xM and 700 |xM, respectively, which are very close to the
doses inducing TDs, namely, 300 p.M in normal case and 600 |xM in hypertrophy.

These findings are in good agreement with the results of Chevalier et al. [3],
who demonstrated about a 50% reduction in the ouabain toxicity when the cardiac
hypertrophy was induced by aortic stenosis in the rat. As an explanation, the
molecular basis for the reduced toxicity of ouabain in hypertrophied myocardium,
would be a reduced contribution of the membrane-bound digitalis receptors, the
Na+, K+-ATPase. In rat heart, two types of ouabain binding sites have been
identified on the sarcolemma. One with a high affinity for ouabain appears as the
pharmacological receptor related to positive inotropy, whereas the low affinity
enzyme form is associated with toxicity [7]. Chevalier et al. [3] showed that the
functionally available low affinity sites of the enzyme were twofold less in the
hypertrophied than in the normal hearts. The reduced contribution of the low affinity
isoform of the Na+, K+-ATPase could be due to a membrane damage caused by an
intracellular Ca2+ overload during the chronic isoproterenol administration [2, 4].
The fact that the action potential is much longer in the hypertrophied myocardium
could further reduce the effectiveness of the glycoside, because the action potential
must be shortened prior to the appearance of the arrhythmogenic TDs [17].

In summary, it can be concluded that catecholamine-induced cardiac
hypertrophy, similarly to the pressure overload hypertrophy, reduces the sensitivity of
the myocardium to ouabain. This reduction is explained by a decreased contribution
of the low affinity sites of the Na+, K+-ATPase. Our results provide further evidence
to the view that catecholamines might be the molecular signal linking the increased
work load of the heart to myocardial hypertrophy.
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The intravenous administration of the Cyclooxigenase blocking indomethacin results in
a very rapid and sharp decrease of renal blood flow (RBF) and in a decrease of water and
sodium excretion in anesthetized dogs. The result is very similar to that of the angiotensin 11
infusion.

The present study was undertaken to examine in anesthetized dogs, how the
angiotensin Il receptor antagonist salarasin can influence the kidney function and the renal
effects of the intravenously administered indomethacin.

0.2 p.g/kg/min saralasin infused directly into the left renal artery induced a slight drop
in the arterial blood pressure, and a slight but significant decrease in the renal vascular
resistance without affecting other renal parameters.

The intrarenal infusion of saralasin, when it preceded the administration of
indomethacin, almost completely abolished the renal hemodynamic effects of indomethacin
and decreased its effect on the renal water and sodium excretion.

It seems therefore probable that in anesthetized dogs the renin-angiotensin system
may play a role in the development of the renal effects of indomethacin.

Keywords: salarasin, indomethacin, RBE, renal function, anesthetized dog

It is already clear, that certain prostaglandins may alter renal blood flow. PGE2
[54] and PGD2 [5] given directly into the renal artery of the dog produce dose-related
increases in RBF. Arachidonic acid administered in the same way induces a
significant increase in the renal blood flow. This increase in RBF could be blocked by
prior treatment with an inhibitor of PG synthesis [52].

Correspondence should be addressed to

Hilda Tost, MD

Semmelweis University Medical School, Department of Physiology
H-1088 Budapest, Puskin u. 9, Hungary

0231-424X/95/S 4.00 © 1995 Akadémiai Kiad6, Budapest



64 Hilda Tost et al.

The prostaglandin synthesis inhibitors, in particular indomethacin and
meclofenamat given to anesthetized dogs, produce a demonstrable decrease in RBF
[18, 30, 33, 53].

When awake, chronically instrumented animals were given indomethacin,
smaller or no change in RBF was observed [27, 55]. These studies suggest, that
during anesthesia, and particularly following surgery [29], the prostaglandins do play
a role in dilating the renal vasculature. Rather than suggesting a primary role,
prostaglandins might function in modulating manner to attenuate the
vasoconstricting effects of both angiotensin and norepinephrine [10, 19]. There is an
increased sensitivity to exogenous angiotensin Il following the administration of
drugs that inhibit PG synthesis [43]. It has been demonstrated by Burger et al. [6]
that in dogs barbiturate anesthesia induces an angiotensin dependent constriction of
the renal vasculature. In our former experiments we could observe a very rapid and
sharp decrease in the RBF following indomethacin administration in anesthetized
dogs [29, 30].

Intrarenal infusion of angiotensin Il sharply decreases the RBF, urine flow and
sodium excretion [28, 46] and its effect is very similar to that of indomethacin in
anesthetized dogs.

In hypotension and salt depletion the blockade of angiotensin Il receptors
substantially reduced the deleterious action of PG-inhibitory agent on renal function
[4, 25].

The aim of the present study was to investigate, how the blockade of the
angiotensin Il receptors could modify the effects of PG synthesis inhibition on the
renal function in mildly volume expanded anesthetized dogs.

Methods

The experiments were performed on mongrel dogs of either sex weighing between 12 - 20 kg. For
24 hours prior to the experiment the animals were kept on water only. Anesthesia was induced with
sodium pentobarbital (25 mg/kg i.v.) and maintained with periodic additional doses. Immediately after
the anesthesia animals received an infusion of Ringer solution of body temperature equal to 1% of body
weight, containing para-aminohippuric acid (PAH) and inulin ensuring a plasma concentration of 2 mg
and 30 mg per 100 ml respectively, followed by a sustaining infusion of 0.25 ml/kg/min for the remainder
of the experiment.

Cannulation of the femoral arteries and veins on both sides were performed in all animals, for
arterial blood collections and infusions.

Mean arterial blood pressure was measured by a Statham strain gauge transducer connected to a
polyethylene catheter in the right femoral artery and recorded on a RADELKIS recorder.

From a lower midline incision the bladder was exposed and the ureters were catheterized
supravesically using fine polyethylene cannules.

A short segment of the left renal artery was exposed by a flank incision and cleared of adhering
tissue to accomodate positioning of an electromagnetic flow probe. Mean renal blood flow (RBF) was
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measured by connecting the flow probe to a flow-meter (NYCOTRON 375) and recorded by relaying the
signal to a RADELKIS OH 814/1 recorder.

A thin cannula was inserted in the left renal artery and 0.5 ml/min of Ringer solution was infused
by means of a pump directly in the blood following to the left kidney during the experiment.

Approximately 40 min were allowed to elapse following surgery for equilibration of the
preparation.

About 60 min after starting the intravenous infusion urine was collected separately from both
kidneys in 10-min periods.

Blood was taken at the midpoint of each clearance period. After centrifugation the supernatant
plasma was collected and the erythrocytes were reinfused in Ringer solution. In the middle of the periods
the values of the arterial blood pressure and the renal blood flow were registered.

In the first series of experiments, the two control periods (periods 1and 2) were followed by the
infusion of 0.2 M-g/kg/min (2.07 nmol/kg/min) Saralasin (Sarllie8 Angiotensin 1l SIGMA) dissolved in
0.5 ml/min Ringer solution into the left renal artery. Two further 10-min clearance periods were made
(periods 3 and 4).

In the other series, 0.2 (Ag/kg/min Saralasin was infused into the left renal artery, and the renal
parameters were investigated in two 10-min clearance periods (periods 1 and 2) afterwards the intrarenal
Saralasin infusion being kept constant for further 20 min, 4 mg/kg of indomethacin dissolved in 50 ml of
4-fold diluted 0.1 M phosphate buffer solution was infused i.v. within 10 minutes. From the beginning of
the i.v. indomethacin infusion further four (periods 3, 4, 5 and 6) 10-min clearance periods were made.

The results got in these experiments were compared to the results of experiments, where
following the first two control periods, only 4 mg/kg indomethacin was administered intravenously.

PAH concentration in the urine and plasma was determined by the method of Smith et al. [48],
that of inulin by the method of Little [32]. Urinary and plasma sodium and potassium concentrations
were measured by flame photometry. Total osmolarity of urine and plasma was measured by the method
of freezing-point depression in a Fishke osmometer. Hematocrit was determined by means of Hawskley
microhematocrit centrifuge, plasma protein concentration by biuret method [21].

The clearance of PAH (CPAH) and that of inuline (Cmuhne) were determined by the usual
formules. The data for CP/HH, Clnuline, potassium excretion (UKV) were referred to 100 g kidney tissue
weight. The total vascular resistance (RKdnCy/kg) was calculated for 1000 g kidney weight.

Significance of the data was evaluated by paired and unpaired analysis using Student’s t-test. A p
value less than 0.05 was considered significant.

Results

In the first series of experiments, following two control clearance periods,
0.2 p,g/kg/min Saralasin was infused directly into the left renal artery. As it can be
seen in Table | and Figs 1 and 2 Saralasin infused into the left renal artery of
anesthetized dogs induced a slight but significant (p < 0.05) decrease in the arterial
blood pressure, and a significant drop from 1.58+0.09 to 1.42+0.09 in the vascular
resistance of the left kidney (p < 0.01). There was no other change in the parameters
studied cither in the left or the right kidney.
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Table |

Infusion of 0.2 \Lg/kg/min Salarasin into the left renal artery (xxS.E.M., p. = 10)

Control periods Infusion of Salarasin
1 2 3 4

Blood pressure 148 + 4.36 147 + 5.55 143 + 593 140 + 568 *

mm Hg
RBFdir (left) 575 + 253 577 + 27.3 597 + 26.8 602 + 28.1 NS

ml/min
~mkidney/ng 158 + 0.09 157 + 011 148 = 0.10 1.42 £ 0.09 *=
cpah ml/min 280 + 149 281 + 184 299 + 225 293 + 181 NS
¢ muiin ml/min 919 + 3.86 935 + 479 975 + 5.62 90.8 + 481
Urine output 267 + 056 3.03 + 0.80 310 + 0.80 3.07 =+ 0.68 NS

ml/min
UNaxV pmol/min 323 =+ 78.8 346 + 1145 338 + 109.1 342 + 839
UKxV pmol/min 101 = 27.8 119 + 359 114 + 278 105 + 183
U osm mosm/1 463 + 32.8 440 = 474 450 + 556 443 + 57.3
FF 0.263 + 0.017 0.269 =+ 0.017 0.272 + 0.018 0.250 + 0.015

I as comEared to the control values

**p < 001 \

In the second series of experiments the base of comparison was given by the
experiments, when following two control periods (periods 1 and 2) 4 mg/kg
indomethacin was administered intravenously. The infusion of indomethacin resulted
in an increase in the mean arterial blood pressure from 130+5.1 mm Hg to
160+3.1 mmHg (p < 0.001). The RBF in the left kidney decreased from 478 + 14.8 to
136 +26.0 ml/min (p < 0.01), the left renal vascular resistance increased from
1.64 +£0.07 to 3.30+0.34 (p < 0.001). There was no change in the Clmw the filtration
fraction increased from 0.314+0.01 to 0.541+0.03 (p < 0.01). Urine excretion
dropped from 3.00£0.53 ml/min to 1.63+0.33 ml/min (p < 0.01), sodium excretion
from 313170 gmol/min to 196+47 gmol/min (p < 0.05). The urinary osmotic
activity increased from 349426 mosm/1 to 534+71 mosm/1 (p < 0.01). There was no
significant change in the hematocrit values and plasma protein concentration. Our
data are in good agreement with those given in the literature, namely, that in
anesthetized dogs the blockade of PG synthesis increases the blood pressure and
renal vascular resistance and decreases urine- and sodium excretion.
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Soralawr »4o th* left remi artery (0.2/jg/I*g/m»i)
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Fig. L The effect of 0.2 pg/kg/min Saralasin infused into the left renal artery on the left kidney’s
parameters. The average values of 10 experiments and S.E.M. are given. The numbers on the abscissa
represent the 10-min periods following each other

The results of these experiments were compared with those, where in order to
investigate the possible role of angiotensin Il in the development of the indomethacin
effects in anesthetized animal, indomethacin was administered following Saralasin
pretreatment (Table Il, Figs 3, 4 and 5).
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Saralasin into the left renal artery(0.2/jg/kg/min)

Control Saralasin Control Saralasin

ml/perc
mosm/|

Fig. 2. The effect of 0.2 p-g/kg/min Saralasin infused into the left renal artery on the parameters or both
kidneys, The solid line represents the left-, the broken line the right kidney’ parameters. The numbers
on the abscissa give the successive 10-min periods
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Table 1l

Effect of the iv. infusion of indomethacin following the intrarenal infusion of Saralasin (S+1) (n = 8) as
compared to the effect ofi.v. infusion of indomethacin without any pretreatment (I) (n = 11)
left kidney parameters

Saralasin Indomethacin Periods following the iv.
or Rineer intravenously iv. indomethacin administration
1 2 3 4 5 6

Blood pressure S+l 143 + 59 140 + 5.7 146 + 6.2 152 + 4.8 156 + 4.7 158 + 43 *
mm Hg | 130 + 5.1 130 + 56 145 + 5.0 156 + 43 160 + 29 160 + 3.1 e
RBFjjjr ml/min  S+1 597 + 26.8 602 + 281 587 + 254 587 + 26.0 576 + 228 569 + 26.2
1 478 + 14.8 478 £ 157 331 + 190 318 + 200 305 + 21.0 316 + 26.0

Rkidney/kS S+l 148 * 0.10 142 + 0.09 133 + 0.09 138 + 0.09 164 + 0.09 170 + 011
1 164 = 0.07 165 + 0.08 284 + 031 3.15 + 033 338 + 035 330 + 034«

CpAH ml/min S+l 299 + 223 273 + 181 261 + 133 236 + 133 239 + 138 228 + 143
1 271 + 156 260 = 167 212 + 140 176 + 13.0 196 + 121 189 + 123

Cinulin ml/min  S+I 973 * 563 90.8 + 4.82 1013 + 5.63 98.2 + 6.66 1059 + 7.20 105.7 + 9.11
| 918 * 4.26 929 + 462 873 + 4.60 914 + 6.80 106.0 + 5.71 106.0 + 7.91

Urine output S+l 309 + 0.80 3.07 + 0.68 342 + 0.66 3.08 + 0.60 2.66 + 032 237 + 035
ml/min | 300 = 033 311 + 036 2.82 + 049 2.07 + 038 177 + 032 163 + 033 *

UNaxV S+l 339 + 109 343 + 84 426 + 104 439 1 91 344 + 65 291 + 63
jlmol/min 1 313 + 70 300 * 61 278 60 258 + 46 224 + 67 196 + 47 *
U Kxv S+l 114 + 278 105 + 183 114 + 198 108 + 153 99 + 149 101 + 187

@Jimol/min 1 80 + 103 88 + 8.8 83 + 9.0 77 + 83 7% — 70 73 + 52

UOSm mosm/1 S+l 451 + 56 443 £ 57 444 + 58 498 + 59 540 + 72 533 + 78
1 349 = 26 307 + 33 322 = 28 404 + 33 486 + 57 534 + 71 e

ml/min S+l 066 * 032 0.67 + 035 -0.90 i 039 -131 + 049 -130 + 031 -1.09 + 033

| 024 % 031 +034 + 0.40 +001 = 024 034 + 0.13 -0.82 + 017 -0.87 + 0.14

Hematocrit % S+l 39 + 16 39 + 14 39 + 13 39 £ 13 38 + 16 39 + 13

1 39 + 14 39 11 39 + 11 38 + 11 38 + 11 38 + 12

Plasma prot. cc. S+I 480 * 021 4.75 + 0.20 470 + 0.22 464 + 021 436 + 0.19 433 + 019
g/dl | 513 * 035 505 *+ 033 492 = 032 484 + 036 492 + 039 4.85 + 040
FF S+l 0272 + 0.018 0.250 + 0.015 0.284 + 0.013 0.275 + 0.021 0300 + 0.022 0301 + 0.018
| 0314 + 0.012 0318 + 0.014 0.433 + 0.023 0.463 + 0.025 0360 + 0.036 0341 + 0.032

xiS.E.M.
*p < 005 J1

”*p < 0.01 >as compared to the control values
***p < 0.001 1

In this series following the intrarenal Saralasin infusion periods
(0.2 |xg/kg/min Saralasin into the left renal artery) (periods 1 and 2), the Saralasin
infusion being kept constant for further 20 min, 4 mg/kg of indomethacin was
administered intravenously. When the iv. indomethacin infusion followed the
Saralasin pretreatment, under the effect of indomethacin, the mean arterial blood
pressure increased from 143 mm Hg to 158 mm Hg (p < 0.05). The left renal blood
flow did not change (597+26.8 ml/min and 569 +26.2 ml/min respectively), and there
was no significant change in the left renal vascular resistance (from 1.48+0.10 to
1.70+0.11, p > 0.10). The Cinujin remained unchanged and there was no significant
change in the filtration fraction. The drop in the wurine excretion from
3.09+£0.80 ml/min  to 2.57+0.55 ml/min and in sodium excretion from
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339+ 109 (xmol/min to 291463 |xmol/min was mathematically not significant
(p > 0.30 and p > 0.60 respectively). There was no significant change in the urinary
osmotic activity (p > 0.50). The hematocrit value and plasma protein concentration
did not show significant changes throughout the experiment.

Sartdoain  indomathoLn

Sorokin nto ft» ranol arttry {0.2"l1kglrrm)

Fig. 3. The conjugated effect of Saralasin and indomethacin on the kidney function. The Saralasin

infusion preceeds the indomethacin administration. The numbers on the abscissa give the successive 10-

min periods. The percentage given represents the change in the last value, when the control was taken
as 100%
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Saraidon . IndomHhacm
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300-
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Fig. 4 The conjugated effect of Saralasin and indomethacin on the kidney function. The Saralasin

infusion preceeds the indomethacin administration. The numbers on the abscissa give the successive 10-

min periods. The percentage given represents the change in the last value, when the control was
considered as 100%
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Soralasm . Indome«fiacn

Sarakon Mo the lett renal artery(0.2yqI\q/min)

Fig. 5. The conjugated effect of Saralasin and indomethacin on the kidney function. The Saralasin

infusion preceeds the indomethacin administration. The numbers on the abscissa represent the

successive 10-min periods. The percentage given represents the change in the last value, when the control
was considered as 100%

It is therefore evident, that the Salarasin pretreatment abolished or at least
strongly attentuated the renal hemodynamic and antidiuretic effects of the
indomethacin. The figures and tables give always the parameters of the left kidneys.
In the case of the iv. indomethacin infusion the changes were the same in both
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kidneys. The Salarasin infused directly into the left renal artery attenuated also, but
at a lesser extent the effects of the indomethacin on the right kidney function.

Discussion

Our experiments prove that indomcthacin significantly increases renal vascular
resistance and decreases water and sodium excretion in anesthetized dogs. Salarasin,
an angiotensin 1l receptor blocking agent abolishes or at least strongly attenuates the
renal effects of the indomethacin, when its infusion precedes the indomethacin
administration.

Anti-inflammatory drugs can alter sodium excretion through a direct action, by
removal the effects of PG-s on tubular sodium reabsorption [26, 51), by reduction of
RBF with secondary effects on sodium excretion, or competition for mineralcorticoid
receptors [17].

It is well known that PG synthesis inhibitors decrease RBF, renal water and
sodium excretion in anesthetized dogs, but not in rats and hardly if at all in awake
dogs 118, 27, 30, 33, 53, 55].

The species difference can be explained by the differences in receptors,
vascular reactivity or on the basis of secondary effects [33, 53], but even in rats
interaction between the PG-s and renin-angiotensin system could be demonstrated
[37, 44, 47].

The difference in the reactivity to PG synthesis inhibitors in anesthetized and
awake animals can mostly be explained by the presence and interaction of other
hormones or humoral factors.

Now, it is widely accepted, that prostaglandins act mainly in a modulating
manner, attenuating the effect of vasoconstrictor substances [10,19].

In numerous experimental and clinical conditions, when vasoconstrictor
systems are activated, prostaglandins play an important role in controlling renal
hemodynamics [9, 12, 13]. Pressor hormones, including angiotensin Il and
norepinephrine stimulate the synthesis of vasodilator substances, among others
prostaglandins (PGE2, PGI2). The vasodilator substances in turn influence the
production and/or effect of the vasoconstrictors. For example, PGI2 stimulates renin
release, TXA2 influences the effects of PG-s, and on the other hand PG-s facilitate
the dephosphorylation of myosin in the vasoconstriction produced by angiotensin Il
[71

In the case of anesthesia, surgical stress or volume depletion plasma levels of
angiotensin Il, norepinephrine and vasopressin are elevated [11, 25]. Burger et al. [6]
clearly demonstrated, that in the drop of RBF during pentobarbital anesthesia, the
angiotensin Il plays a primary role.
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It is well known that high doses of angiotensin Il reduce RBF and GFR [42,
45]. Lower doses of angiotensin Il selectively reduce RBF and increase filtration
fraction [14], suggesting preferential vasoconstrictor action on the efferent arteriole
[24], however there are several micropuncture studies indicating, that it can influence
the tone of both afferent and efferent arterioles [36, 41]. It has also been
demonstrated that papillary blood flow is selectively reduced in dogs by intrarenal
infusions of angiotensin 11 [8, 16].

Angiotensin Il is known to activate cellular responses through stimulation of
inositols phospholipid metabolism. After receptor binding the response is initiated by
a transient hydrolysis of phosphatidyl inositol 4-, 5-diphosphate (PIP.) to inositol 1-,
4-, 5-triphosphate (IP3) and 1-, 2-diacylglycerol (DG) [1, 22, 23, 49]. In the vascular
smooth muscle angiotensin Il dependent stimulation is associated with sustained
increase in DG formation [23] providing source of arachidonate for the synthesis of
bioactive eicosanoid metabolites. The increase in DG is followed by the release of
arachidonic-acid presumably via activation of the DG lipase [3, 34]. The arachidonic-
acid could either be reesterified into membrane phospholipids or might be rapidly
oxidized via several enzyme systems such as cyclooxygenase, increasing the
production of prostaglandins.

There is already a body of evidence showing that arachidonate metabolites of
the lipooxygenase pathway play role in several angiotensin Il dependent mechanisms
[2, 15, 20, 38, 40]. Recently Stern and co-workers demonstrated a role of the
lipooxygenase pathway in the angiotensin Il induced vasoconstriction [50].

In our experiments, the angiotensin Il receptor blocking Salarasin, when it was
given before the indomethacin administration, almost abolished or at least strongly
attenuated the renal effects of indomethacin.

In pentobarbital anesthetized animals under surgical intervention, the
circulating level of vasoconstrictor substances is elevated [6, 11, 25] meaning an
elevated level of not only the angiotensin Il, but also of norepinephrine and
vasopressin. All these vasoconstrictor substances may increase the production of
vasodilator substances like prostaglandins and kinins attenuating the effect, and
modulating the production of the vasoconstrictors. In our former, till unpublished
experiments we could also decrease the renal action of indomethacin by pretreating
the animal with the a-adrenerg receptor blocking agent phentolamine (Regitin) but
the effect was less expressed. This observation is in good agreement with the findings
of Burger et al. [6], that in the rather complex neurohormonal regulation of the renal
circulation and function during pentobarbital anesthesia and surgical stress the
angiotensin Il and the related mechanisms might play a primary role.

In this situation the administration of cyclooxygenase inhibitors increase the
effects of vasoconstrictors, this way also that of angiotensin Il. That can be the reason
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why blocking the angiotensin Il receptors, one can strongly attenuate the renal effects
of indomethacin in anesthetized dogs.

Our supposition is in a good agreement with the fact, that in intact animals,

having lower circulating levels of vasoconstrictors indomethacin has no, or a less
expressed effect on the renal function.

10.

11

12,

13

14.

15.
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The influence of the herbicide atrazine on the Fischer rat and their offspring was
investigated. Six 120 mg doses of atrazine in paraffin oil per kg body weight were applied every
48 hours to the females in Group A. The females in the control group, Group C, received
paraffin oil only. By the end of the intubation period the rats in Group A weighed less than
those in Group C. Atrazine did not affect the estrus cycle, gestation and delivery, litter size
and pup survival. Adult female offspring of Group A displayed increased activity in the activity
cage and the male offspring avoided more electric shocks during the shuttle box acquisition
trials. In addition Group A offspring had shorter latency time during extinction trials than
Group C offspring.

Keywords: atrazine, s-triazine, reproduction, behavior, rat

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine), a selective s-
triazine herbicide, is one of the most widely used pesticides for treating corn fields.
Therefore the extensive use of atrazine and its degradation in nature within 18
months [11] leads to its possible presence in raw and industrial food products as well
as in agricultural watersheds [20].
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The chemical contamination of the environment presents risks not only to the
current population and to unborn fetuses but is also a hazard to future generations
through possible mutations affecting the reproductive system [16, 24]. Some
chemicals directly affect conceptus while others, like atrazine, alter the reproductive
function of neuroendocrine and target organs at different levels: hypothalamus [1,
13], anterior pituitary [1, 12], prostate [13, 23], uterus [25]. Furthermore atrazine is
biotransformed in mammals [8] and the influence of its biodegradation products in
reproductive organs can be expected. The indirect effect of atrazine on the pituitary-
gonadal axis of male and female offspring was studied by treating rat females during
pregnancy and/or during pregnancy and lactation. In the offspring of both sexes a
slower maturation of the gonadotropic system was evident and as a consequence the
modification of male and female 5-a-reductase activity was detected [14].

This study was encouraged by the previously mentioned data concerning the
influence of atrazine on the gonadotropic feedback mechanisms as well as by the lack
of knowledge of its possible long-term effects. The adult female rats were treated
with atrazine by oral intubation before mating. The primary goal of this study was to
investigate the influence of atrazine on the estrus cycle, the ability of copulation and
conception, the course of pregnancy and delivery. In addition litter size, pup survival,
and body weight of the treated animals and their offspring were analyzed. In
adulthood the offspring were subjected to spontaneous activity and avoidance
conditioning testing. Some consequences of atrazine treatment on the body weight of
the treated females and on the behavior of their adult offspring were found.

Materials and methods

Animals. 75-day old Fischer strain female rats from our own breeding stock were used (mean
weight 140+3g). They were raised under standard controlled laboratory conditions (temperature
22+ 1°C, lighting schedule 12 h light: 12 h dark, laboratory food and tap water ad libitum).

Procedure. Twenty females were divided into two groups (10 animals each). Group A (atrazine)
received six 120 mg/kg b.w. doses of atrazine (2-chloro-4-ethyl-amino-6-isopropylamino-s-triazine,
purchased from Herbos, Sisak, Croatia) in 0.5 ml of paraffin oil by oral intubation at 48 hour intervals.
Before use the atrazine was purified, by recrystallization and TLC. Group C (control) received only
paraffin oil. For investigating the effect of treatments on the rhythm of the estrus cycle vaginal smears
were inspected microscopically twice in the first week and twice in the second week of treatment. After
three days of rest the smear analysis resumed for 12 consecutive days. The smears were obtained
between 9 and 10 am. The following estrus cycle stages were defined: proestrus, estrus, and diestrus.
Thereafter the animals were left undisturbed for 2 weeks after which mating was started. The females
were put in the same cage as males (3-4 females + 1 male). The next morning vaginal smears were
inspected. The day when the smear was sperm positive was considered the first day of gestation. The
animals with sperm negative smears were repeatedly mated over the course of 5 consecutive nights.

Body weights were checked weekly from the beginning of intubation to parturition. The offspring
were weighed at the age of 1, 8, 15, 22, 29, 50, 70 and 90 days. About 24 hours after delivery the litters
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were reduced to 4 female/4 male pups wherever possible. At weaning (30 days) 20 offspring from
atrazinc treated females and 20 from untreated females were randomly selected for behavioral testing.
Thereafter the animals were numbered by ear-clipping, caged 5 per cage according to group and sex and
left undisturbed except for cage cleaning, weighing and behavioral testing.

Behavioral observations. (I) Spontaneous activity. At age of 70 days spontaneous activity of the
offspring was tested in a commercial automatic activity cage (Ugo Basile, Varese, Italy, No. 7400),
described in detail in the literature (10]. The activity cage records spontaneous coordinate activity and
variations of this activity in time. Briefly it consists of a 30 cm x 20 cm x 24 cm plexiglass box with a
grid floor. A very weak electric current passing through the grid provides a count of the ambulatory
activity of the animal. The testing of each individual animal lasted one hour. The number of impulses
indicates the animal’s spontaneous activity [10]. The mean activity of the total time (60 min) and of each
of the four 15 min time blocks (1-15, 16- 30, 31-45, 46 - 60 min successive measurement intervals) were
noted and analyzed.

(1) Shuttle box conditioning. At age of 72 and 73 days the offspring were subjected to active
avoidance conditioning in an automatic two-way shuttle box (Ugo Basile, Varese, Italy, No. 7501). This is
a plexiglass box divided into two equal compartments separated by a 7 x 8 cm opening. The conditioned
(light and buzzer, 90 db) and unconditioned (0.7 mA shock delivered through the elevated grid floor)
stimuli were controlled by an automatic programmer described in the literature [10]. On the first day of
testing (acquisition trials) each animal was allowed 2 min to adapt and then it was subjected to 30
avoidance conditioning trials. During each trial the conditioned stimulus preceded the shock by 3 sec. If
the animal crossed to the opposite compartment within this period, no shock was received. If not the
current remained on until the animal escaped to the safe compartment or for a maximum of 3 sec. The
intertrial intervals lasted for 24 sec. On the second day the animals underwent the same 30 trials but
without the shock (extinction trials). Each testing session consisted of 30 consecutive trials which were
divided into three blocks of 10 trials each (runs 1-10, 11-20 and 21-30). The mean total latency as well
as the total number of avoidance responses during acquisition and extinction trials were recorded [10].
The number of responses for each of these blocks were checked and submitted to analysis.

Statistics. Data on body weight, litter size and estrus cycle were analyzed using the Student’s i-test
and the behavioral data using the analysis of variance (ANOVA) as 2 x 2 factorials (Group x Sex) with
Block included as a repeated measurement variable where appropriate. When significant interactions
were found, subsidiary analysis (ANOVA) and post-hoc comparisons of the means of interest were
carried out using the Duncan’s multiple range test. The acceptable level of significance was established at
p < 0.05. Results are represented as the means +SE.

Results

Body weight. According to Table | atrazine reduced the body weight by the end
of the intubation period. Females in Group A weighed less than females in Group C
(p < 0.05) whereas the treatment did not affect the body weight of the offspring at
any time.
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Table |

Body weight (g)'6f rat females treated before mating with atrazine (A) in intervals of 48 h during 12 days,
and ofthe controlfemales (C)

Female rat body weight (g)

Period Week Atrazine Control group
treated group
(A) (©)
ip | 1411 £ 29 146.0 + 2.8
2 1404 + 3.0* 1492 + 19
SAP 1 1428 + 3.6 1510 + 18
2 159.8 + 31 159.8 + 19
PP 1 185.7 + 6.0 179.7 + 29
2 201.6 = 65 198.0 + 31
3 2331 + 76 2315 + 6.2

Periods: IP = intubation, SAP = smear analysis, PP = pregnancy. Mean + standard error of the mean.
N = 10 females for IP and SAP, N = 6 females for PP, respectively. *p < 0.05 vs. control.

Estais cycle. The inspection of vaginal smears indicated that the atrazine
treatment did not interfere with either the duration of the estrus cycle in days or with
the frequency distribution of its individual phases.

Conception, pregnancy and litter size. Atrazine did not affect conception, course
of pregnancy and delivery, or the litter size and the pup survival. Pregnancy occurred
in 7 (Group A: 70%), and 6 (Group C: 60%) vaginal smear positive females. The
only exception was found in one female from Group A which failed to deliver. An
autopsy on the 23rd day revealed only one dead fetus in the uterus.

Behavior. (I) Spontaneous activity. A decline in the activity from the first to the
last block of trials of all animals was evident. The significant Block effect,
F (3,48) = 220.59, p < 0.001, was qualified by the Group x Sex x Block
interaction, F (3, 48) = 9.95, p < 0.001 (Fig. 1). The subsidiary analysis showed that
during the first block the female offspring of Group A were more active than those of
Group C, Group x Sex interaction, F (3,16) = 6.42, p < 0.05. No differences between
the two groups of male offspring were found (Fig. 1).
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Fig. 1L Spontaneous activity (counts/15 min) in the activity cage of 70 day-old offspring of rat females
treated before mating with atrazine (A) and those of the control (C) offspring. Each point represents the
mean of 10 animals and the vertical lines the standard error of the mean. *p < 0.05vs. C

(I1) Shuttle box conditioning. The male offspring of Group A were more
successful in acquisition trials than the male offspring of Group C indicated both by
the shorter latency time and by the increased number of total shock avoidances,
Group XSex interaction, F (3, 16) = 4.73, p < 0.05, and F (3, 16) = 1142, p < 0.01,
respectively (Fig. 2).

cf 9

Acqu isition Extinction

Fig. 2. latency (s) and avoidance scores (No.) in the shuttle box during acquisition and extinction trials

of 72 and 73 day-old offspring of female rats treated before mating with atrazine (A) and those of the

control (C) offspring. The bars represent the mean of 10 animals and the vertical lines the standard error
of the mean, "p < 0.05, “ p < 0.01 vs. C, respectively
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The difference in the avoidance scores appeared as Block effect,
F (2, 32) =59, 57, p < 0.001, Group x Sex interaction, F (1, 16) = 9.24, p < 0.01, and
Group x Sex x Block interaction, F (2, 32) = 3.90, p < 0.05. The increase in the total
number of active avoidance responses during three blocks of trials occurred in all
offspring and was significant during the second and third block, Group x Sex
interaction, F (3, 16) = 7.70, p < 0.02, and F (3, 16) = 7.20, p < 0.02, respectively
(Fig. 3).

The mean total latency time of Group A offspring during extinction trials was
shorter than that of Group C offspring, Group effect, F (1, 16) = 6.12, p < 0.05, but
the number of active avoidance responses was the same in all comparisons (Fig. 2).

Block of trials

Fig. 3. Avoidance scores (No.) in the shuttle box during three blocks (10 runs each) of acquisition trials

of 72 day-old offspring of rat females treated before mating with atrazine (A) and those of the control

(C) offspring. Each point represents the mean of 10 animals and the vertical lines the standard error of
the mean. *p < 0.05vs. C

Discussion

Atrazine, an s-triazine herbicide, is a compound of low acute toxicity (group IV
of toxicity). Oral LD50 values of 1500 and 2000 mg/kg b.w. have been reported in
rats. Our previous results indicated that atrazine (120 mg/kg b.w.) affects the
reproductive organs at the subcellular levels [2, 12, 13, 14, 15, 23, 25]. Although in the
present study the treatment of female rats was terminated 14 days before mating
several effects on the behavior of their adult offspring were found.

Since it has been shown that atrazine and its metabolite deethylatrazine affect
the hypothalamus-pituitary-gonadal axis in females [15, 25] its interference with the
estrus cycle, copulation and conception was also expected. But none of these
functions were found to be disturbed. The recovery of the hypothalamus-pituitary-
gonadal axis, on the basis of the inhibitory effect of atrazine on cytosol 5 a-
dihydrotestosterone receptor complex formation in the prostate, occurs within 14
days in adult rats and within 22 days in younger rats [23]. In the present study the
reproductive ability following treatment with atrazine in female rats was evaluated.
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The estrus cycle was undisturbed by the treatment. However, according to our
unpublished data, continuous 7-day atrazinc treatment transiently prolonged the
vaginal diestrus stage and reduced the mating ability if both parents were treated
with atrazine prior to mating. Therefore the important factors might be dose,
duration, frequency and treatment period [2,14,17, 27].

The negative effect of atrazine in the present study was indicated by the
depressed body weight at the end of the treatment although recovery occurred soon.
Infurna et al. [9] found that in rats the dose of >70 mg of atrazine/kg/day
significantly decreased the body weight gain and the feed consumption on days 6 and
7 of gestation. The massive dose of 700 mg of atrazine/kg/day induced a high degree
of mortality, increased the incidence of salivation, ptosis, bloody wvulvas, swollen
abdomen, drastic reduction in the feed consumption and body weight gain of the
surviving females. The high incidence of mortality in the previous study suggests that
pregnancy as well as multiple dosing may increase the rats’ sensitivity to the lethal
effects of atrazine in comparison with the LD50 doses between 1200-1500 mg/kg in
nonpregnant rats [9]. Similarly triadomefon, a widely used triazole fungicide, also
reduced body weight and body temperature in a dose-repsonse manner in both
female and male rats [18].

In addition, in the present study no changes in the fetal and pup development
as well as litter size were found. The discovery that in one female there was only one
single dead fetus might be accidental. But the possibility cannot be excluded that in a
more numerous sample the miscarriages might occur more frequently.

Although there were not too many effects of atrazine in the present study the
fact that it reduced the body weight of the treated animals following the termination
of the treatment and that it affected the behavior of the adult offspring of the females
which had ingested the drug even before mating points to the dangers of atrazine and
other so-called low toxicity agricultural chemicals. Offspring of the treated females
were hyperactive to novelty in more or less stressful tasks. The long-term behavioral
effect might be attributed to the alterations in motor capacities similar to those
observed following the acute treatment of adult rats with triadimefon [4, 18, 19, 29].
In the present study both male and female offspring were used in order to examine
possible sex related differences which are of particular interest in behavioral
toxicology and teratology studies [18, 19]. The mild stressful testing in the activity
cage affected the females only. The more stressful testing in the shuttle box affected
only the males during acquisition trials and both sexes during extinction trials.
Probably more complex stressful situations might increase the behavioral response
and make it possible to detect latent neurotoxicity.

To our knowledge a similar observation has not been previously reported.
Therefore we can only compare our behavioral results with those reported in adult
animals immediately after treatment [28] or with those referring to other herbicides
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of the triazine family [2, 17, 18, 19, 29]. Long-term atrazine treatment shortened the
hexobarbital sleeping time but the absence of testing of behavioral alterations in the
open field excludes possible neurological effects [28]. However it has been shown
that triadimefon and its metabolite triadimenol increase the motor activity of male
rats [4]. The stimulant like action of triadimefon on motor activity as a characteristic
neurotoxic syndrome in rats appeared to be unique in pesticide research [18].
Recently it was observed that triadimefon increases locomotion and induces
stereotyped behavior in rodents by the effects involving the central dopaminergic
systems [29]. In experiments in which functional observational battery, motor activity
and operant performance were used for neurobehavioral screening, the effects were
tested on adult rats immediately after treatment. Recovery was evident the day after
administration, but the effect of high doses of triadimefon (> 100 mg/kg) were
prolonged for several days. In many measurements female rats were more sensitive
than males [18, 19]. Prometryne and prometryne/simazine (s-triazines) combination
administered to lactating rats affected the body weight, general somatic development
and neuromuscular maturation of the pups before weaning [2, 17].

The activity of offspring in the activity cage was recorded in four successive 15-
min intervals to analyze the habituation pattern of activity during the 60-min session.
It was only affected in female offspring of the treated females. Their increased
ambulation recorded by activity scores may be explained by the disruption of the
habituation pattern indicating the increased sensitivity to novelty as a consequence of
the maternal atrazine treatment.

Maternally mediated atrazine also affected the ability to avoid electric shock in
the shuttle box both during the acquisition and the extinction trials. Shorter latency
time accompanied by the increased number of active avoidance responses during the
first day of testing indicate the superior learning ability of male offspring of Group A.
In both sexes of Group A offspring atrazine facilitated extinction by shortening the
latency time during the second day of testing. According to Boyd et al. [3] the
learning ability of adult male rats was impaired if they were treated with a triazine
herbicide 4-amino-6-tert-butyl-3-(methylthio)-as-triazine-5(4H)one (metribuzin) at
weaning.

Atrazine exposure may be related to prepregnancy alterations but one can only
speculate about the exact mechanisms involved. In any case atrazine, when present in
the environment, can reach various mammalian tissues through the food chain [7, 11,
20, 24]. It is uncharged at physiological pH and its relative hydrophobicity suggests
that atrazine may be a general membrane poison which can reach and interact with
biomembranes as the primary target [26, 30] or within the target cells with specific
hormone receptor complexes [1, 8, 12, 13, 14, 15, 23, 25]. In our previous experiments
in which the rats were treated with 120 mg/kg b.w. of atrazine daily for 7 days the
accumulation pattern for atrazine and its metabolite deethylatrazine was found to be
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in the following order: kidney, liver, brain [8]. Deethylatrazine was detected in the
same tissues as the parent molecule but in a higher quantity (8]. In another study on
fish, atrazine was detected in the liver, muscle, heart, gonads and brain. The highest
concentrations were recorded in the ovaries and liver [6]. Atrazine can reach and
concentrate in various tissues [6, 8] and can be transferred to the offspring via the
placental and/or the mammary route [2, 14, 17, 27]. The long-term effect in the
offspring might be the consequence of a direct action of atrazine on the maternal
genome and, as a gene activating agent [5], could produce DNA alterations via a
specific hormone receptor complex. In any case a wide range of atrazine effects such
as genotoxic [21], mutagenic [5], tumorigenic and carcinogenic effects [5, 22] require
additional research. In addition, the persistence of atrazine [11] and its strong
liposolubility [26, 30] indicate the possibility of the presence of atrazine in highly
lipid-containing reproductive organs [6, 8]. An additional relevant fact is the strong
synergistic action when s-triazines are used simultaneously in mammals [3, 17, 25].

In conclusion the presented results indicate that atrazine ingested by the
female rats even prior to mating might affect the behavior of their offspring in
adulthood.
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The effect of R-aminopropionitrile on collagen cross-links, lysyl oxidase and prolyl
hydroxylase and particular collagen type content in rat lungs after bleomycin treatment was
investigated.

It was stated, that R-aminopropionitrile significantly diminishes elevated
dihydroxylysinonorleucine to hydroxylysinonorleucine ratio, prevented increase of lysyl
oxidase activity and increase in type | collagen content in the lungs.

It is suggested, that R-aminopropionitrile may be useful in the treatment of lung
fibrosis.

Keywords: 3-aminopropionitrile, lung fibrosis, collagen cross-linking

Fibrotic lung diseases, regardless of the cause, are characterized by a excessive
accumulation of collagen in the lung [13, 56, 60]. Collagen molecules are long, stiff
rods consisting of a triple helix of three polypeptide chains, called a-chains. This
fibrous protein is cross-linked by an unique mechanism, based on aldehyde formation
from lysine and hydroxylysine side chains. There are intramolecular cross-links in
which two a-chains within the same molecule may be covalently linked and
intermolecular cross-links that involve the formation of covalent bridges between
chains in different molecules.

Intermolecular, interchain cross-links are formed, when two residues of
allysine in terminal non-helical peptides of two a-chains combine in an aldol-type
condensation product [6]. Intramolecular covalent bands have been identified only
between amino-terminal telopeptides so far [9].
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The aldehyde-derived cross-links of collagen can conveniently be segregated
into two classes: one based on lysine aldehyde (allysine pathway), the other one on
hydroxylysine aldehydes (hydroxyallysine pathway).

Numerous studies have demonstrated, that the metabolic functions of the lung
fibroblasts responsible for collagen synthesis and deposition are affected by various
factors including inflammation [35], proteases [29], lipid [46], nutritional [36] and
immunologic [21] status.

Studies on the development of an animal model of pulmonary fibrosis using
bleomycin have employed chronic subcutaneous, intraperitoneal, or intravenous
dosing over several weeks in a variety of species, including mice [49], dogs [47],
baboons [31] and pheasants [4].

Recently, the prevalent model of bleomycin-induced lung injury exposed
animals via intratracheal instillation [11, 17, 52].

Lysyl oxidase is the enzyme required for cross-link formation in collagen. This
enzyme catalyzes the oxidative deamination of e-amino groups of lysyl and
hydroxylysyl residues to the corresponding aldehydes, called allysine and
hydroxyallysine, respectively [42]. This is a copper-containing metalloenzyme, and
may require pyridoxal phosphate as cofactor [18]. This enzyme catalyzes a critical
post-translational modification of collagen molecule [48].

Prolyl hydroxylase catalyzes the hydroxylation of specific prolyl residues in
collagen to hydroxyproline, a process that appears to be essential for the active
secretion of the collagen molecule [7]. This processing step is very important in the
regulation of collagen accumulation [28].

Previously, we have described bleomycin-induced changes in antioxidant
enzyme activities in rat lung [23] (the phospholipid composition of lung surfactant
[24], and hydroxyproline content and collagénase and elastase activities [25]).

3-aminopropionitrile is the active principle of the sweet pea (Lathyrus
odoratus), which produces the syndrome of osteolathyrism, inhibiting intra- and
intermolecular cross-linking of collagen [30] and elastin [38].

For this reason, we became interested in the effects of B-aminopropionitrile
(BAPN) on dihydroxylysinonorleucine to hydroxylysinonorleucine (DHLNL:HLNL)
ratio, and on lysyl oxidase and prolyl hydroxylase activities in bleomycin-injured rat
lungs.

Materials and methods

Male Sprague Dawley rats weighing 200-250 g were used throughout this study, housed in a
laminar flow cabinet, three in a cage. They received pelleted rat chow and water ad libitum. After an
adaptive period of 4 weeks the animals were divided as follows: One group (A, n = 10) was instilled
intratracheally with 0.2 ml of 0.9% saline, whereas a second group (B, n = 40) received one single dose

Acta Physiologica Hungarica 83, 1995



Bcta-aminopropionitrilc on bleomycin-induced lung fibrosis 93

of bleomycin sulfate (Bleocine, Nippon Kayaku Co., l.td., Tokyo, Japan, 10 mg/kg). Intratracheal
instillation of bleomycin was accomplished via a stainless steel cannula inserted into the trachea under
intraperitoneal chloral hydrate anaesthesia. To achieve adequate anaesthesia, x ml of 6% solution was
used, where x = body weight:150 [55]. One half of group B was coincidently supplemented with BAPN
(100 mg/kg every 24 hours). After 7 days from the start of bleomycin and BAPN supplementation 20
animals (10 bleomycin - and 10 bleomycin + BAPN treated) were killed, and after 14 days another 20
animals were sacrificed.

The left lungs were minced and washed with 5 mM phosphate buffer containing 0.9% NaCl,
pH = 7.4 to remove blood and soluble proteins. After centrifugation, pieces of about 40 mg wet weight
of lung tissue were incubated in 3 ml of 0.1 M sodium phosphate buffer, pH = 7.4 for 4 h at room
temperature. Then, NaB(3H)4 (142 Ci/mole, Amersham, Aylesbury, Bucks., Eingland) was added at a
ratio of 1:30 (based on dry weight) to the sample. After 1 h reduction was stopped by the addition of
1 ml glacial acetic acid. The tissues were then rinsed with water, hydrolyzed in 6 M HCI for 18 h at 110 °C
in sealed ampoules, evaporated and filtered. Hydroxyproline content in hydrolyzates were determined by
colorimetric procedure of Woessner [59].

The reduced difunctional cross-links DHLNL and HLNL were analyzed by high performance
liquid chromatography of lung hydrolyzate aliquots, containing about 50 g of hydroxyproline on a C18
reversed phase column (Ultrasphere 0.4x5 cm, Altex, Berkeley, USA). The elution buffer consisted of
22.5% propanol in 100 mM phosphate, pH = 2.8, containing 0.3% sodium dodecyl sulfate. Flow rate was
0.8 ml/min. Amino acids and cross-links in the effluent were visualized by their fluorescence (excitation
360 nm emission 455 nm, Gilson Spectra Glo spectrofluorimeter, Gilson, Middleton, USA) after
postcolumn derivatization with o-phthalaldehyde. Fractions (1.3 ml) were collected from the effluent
every minute for the determination of radioactivity by liquid scintillation counting.

The right lungs were homogenized in a Potter-Elvehjem homogenizer in 0.015 M potassium
phosphate + 0.154 M NaCl, pH = 7.7 using 3 ml of buffer per 1g of tissue. The homogenate was
centrifuged at 150009 for 20 min. The supernatant was discarded and the pellet was subsequently
resuspended in buffer, homogenized and centrifuged again. The resulting pellet was finally extracted
twice with 4 M urea buffered with 15 mM potassium phosphate, pH = 7.7. The urea-soluble supernatants
were dialyzed against 0.1 M sodium borate, (pH = 8.0) overnight to remove the urea. Lysyl oxidase
activity was quantified by the standard tritium release assay [42]. Prolyl hydroxylase was quantified by the
method of Hutton et al. [14]. Quantitation of type I and type Il collagen in lungs was made by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) method of Bellon and Borel |5).

Results

The results of difunctional collagen cross-links analysis in lungs of bleomycin-
treated rats and those with BAPN supplementation, are presented in Table I. The
most striking difference between control and bleomycin-injured lungs was in their
total amount of cross-links, which was elevated severalfold and in elevated
DHLNL:HLNL ratio. BAPN administration caused a significant decrease in
DHLNLrHLNL ratio and in total amount of cross-links both in 7 and 14 days after
bleomycin administration.
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Table |

Collagen cross-links in bleomycin-injured rat lungs after 8-aminopropionitrile treatment
(c p T /hydroxyproline)

DHLNL HLNL DHLNL:HLNL
Control 113+ 15 50 + 6 23+ 04
Bleomycin 1week 451 + 27 101 + 15 45 £ 0.6
Bleomycin 2 weeks 893 + 43 183 + 19 49 £ 0.7
Bleomycin + BAPN 1week 382 + 22 76 £ 9 50 £ 04
Bleomycin + BAPN 2 weeks 644 + 3 151 + 16 42 +04

Mean values + S.D. BAPN - R-aminopropionitrile, DHLNL - dihydroxylysinonorleucine. HLNL
hydroxylysinonorleucine

Table 1l shows the effect of BAPN on lysyl oxidase and prolyl-hydroxylase
activity in bleomycin-injured rat lungs. Seven days after bleomycin instillation, a 6.5-
fold increase in lysyl oxidase and 3.6-fold increase in prolyl hydroxylase was observed.
Fourteen days after bleomycin instillation, the activities of these enzymes were 12-
fold and 7-fold greater than in control lungs, respectively. Administration of BAPN
prevented much of the increase in lysyl oxidase activity, without effect on prolyl
hydroxylase.

Table 11

Effect of &-aminopropionitrile on lysyl oxidase and prolyl hydroxylase activities in bleomycin-injured rat
lungs (cpm/mgprotein x 10~3)

Prolyl hydroxylase Lysyl oxidase
Control 84 + 0.6 111 £ 0.9
Bleomycin 1week 325+ 10 725 + 24
Bleomycin 2 weeks 612 + 2.7 1314 + 4.6
Bleomycin + BAPN 1week 304 + 11 342+ 12
Bleomycin + BAPN 2 weeks 575 + 34 66.5 £ 25

Mean values + S.D. BAPN - R-aminopropionitride

Table Il shows collagen types in bleomycin- and bleomycin + BAPN-treated
rats. Bleomycin administration causes an increase in type | collagen content, and a
decrease in type Il collagen. BAPN administration diminishes these changes. Type
I/type 1l collagen ratio increases in bleomycin-injured rat lungs from 1 (control) to 3
(2 weeks after bleomycin administration), in BAPN-treated rats this increase reaches
only 1.5.
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Table 111

Collagen types in bleomycin-injured rat lungs after fi-aminopropiomtrile treatment

Type 1 Type 1l Type IV Type V Type 1/Type Ill ratio
Control 412 +20 386+ 18 141+06 61 +04 1.07 + 0.07
Bleomycin 1week 56.4 + 28 225+ 16 13607 75=*04 251 + 0.16
Bleomycin 2 weeks 613 +30 201 : 15 13708 49: 04 3.05 + 0.22
Bleomycin + BAPN 1week 442 + 21 313+ 19 144+ 0.7 101« 07 141 + 0.10
Bleomycin + BAPN 2 weeks 483 £ 22 334 +17 135+08 48+05 145 + 0.12

Mean values + S.D. Total collagen in each gel is assumed to be 100% and the different collagen types
are calculated as relative percentages. BAPN - R-aminopropionitrile

Discussion

In the early stages of tissue repair there is an increase in the synthesis of type
Il collagen [3, 20]. As this repair progresses, there is a return to a marked
predominance of type I collagen [58].

Changes in the amount of collagen in acquired diseases and repair processes
are, however, more apparent than changes in the types of this protein [53, 54]. In
most repair processes the increase in the amount of collagen synthesis is reflected by
an increase in the activity of prolyl and lysyl hydroxylases, an increase in the rate of
accumulation of soluble collagens and an increase in reducible cross-links in the
tissues [19, 44, 45, 50].

Our knowledge regarding the mechanisms that regulate collagen metabolism
remains incomplete. However, our understanding of the biochemistry of collagen
biosynthesis, deposition and degradation is sufficiently advanced to suggest that it
may be possible to modulate selectively those biochemical processes caused by drugs
to prevent the development of pulmonary fibrosis.

Collagen a-chains are synthesized as precursors which contain large extension
peptides at each end of the molecule [10]. These pro-chains are extensively modified
prior to their association and folding into the triple helical conformation
characteristic of the collagen molecule. During these posttranslational reactions,
about 100 residues of peptidyl-proline and 5-20 residues of peptidyl-lysine, are
enzymatically converted to 4-hydroxyproline and hydroxylysine, respectively. These
hydroxylation reactions are catalyzed by prolyl- and lysyl hydroxylases, which require
oxygen, iron, a-ketoglutarate and ascorbate as cofactors [7]. These post-translational
modifications are crucial to the stability of the collagen molecule and to the strength
of the collagen fibers. A collagen molecule that cannot form a stable triple helix is
functionally useless since it cannot be incorporated into collagen fibrils.
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Inhibition of collagen cross-linking, should have a selective effect on collagen
maturation since they prevent the formation of the covalent cross-links which
stabilize the fibrillar structure of collagen and which are responsible for the high
tensile strength of mature fibers. With the exception of elastin, such cross-links are
not found in any other protein.

BAPN, is one of the earliest agents known to have an effect on collagen
deposition. However, in Syrian hamsters, BAPN was found to cause emphysematous
lung alterations in a CdCI2 model of lung fibrosis [37]. BAPN occurs naturally in
Lathyrus odoratus, the common sweet pea. In growing animals, addition of the sweet
pea to the diet results in a form of lathyrism, usually called osteolathyrism. In 1955
the toxic principle was isolated and identified as R-aminopropionitrile [2, 57].

The acute LD50 of BAPN in the mouse is approximately 6.5 g/kg orally and
1.25 g/kg intravenously. Adult rats were administered BAPN (0.4 - 400 mg/kg/day)
for 5-7 weeks [15]. Animals receiving 160 mg/kg/day had no significant changes in
urinary hydroxyproline excretion.

BAPN was first administered to humans for the treatment of scleroderma [16].
When patients were treated with 1-3 g/day for 22-67 days, clear effects on collagen
metabolism were observed.

Most clinical experience with BAPN has been reached in the treatment of
exuberant surface scars either alone or in a combination with colchicine [39, 40].
There is a considerable interest in the application of ophthalmic preparations of
BAPN to control wound healing in the eye [32, 33, 34].

Large increases in both prolyl hydroxylase and lysyl oxidase activities were
demonstrated in the rat lung after bleomycin administration. Similar changes were
observed for increase in prolyl hydroxylase activity in paraquat poisoning, thus
suggesting acommon mechanism of fibrosis [50].

The dose of BAPN used in this study effectively inhibited lung lysyl oxidase.
Similar results were obtained by Arem et al. [1] for the skin enzyme. It was also been
shown that BAPN reduces collagen deposition in several other models of lung
fibrosis [8, 27, 41].

Cross-linking is affected by BAPN only in collagen undergoing synthesis: there
is little or no effect on molecules fully formed [26]. BAPN administration reduced the
number of aldehydes at lysyl and hydroxylysyl residues available for cross-linking [12].
Kuhn and Starcher [22] have shown impaired cross-linking of elastin by BAPN after
elastase-induced lung injury in hamsters. It is likely that total protein was reduced by
BAPN in some fashion in addition to an effect on cross-linking of fibrous proteins
[43]. It has been shown that lysyl oxidase has broad substrate specificity to lysyl
residues, because the enzyme deaminates simply nonpeptidyl amines in addition to
its effect on lysyl residues in collagen and elastin [51].
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The results of this work strongly suggest, that BAPN may be the useful agent in

the treatment of bleomycin-induced lung fibrosis, diminishing the amount of cross-
links in collagen molecules, and lovering the lysyl oxidase activity in the lungs.
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Effect of vitamin D3 administration (12,000 1U/100 g body wt.) on levels of serum
calcium and inorganic phosphorus levels in the smooth water snake, Enhydris enhydris was
investigated. Hypercalcemia and hyperphosphatemia was observed from day one till the end of
the experiment (day 14). Maximum values were recorded on the 4th day followed by a steady
decline.
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The role of Vitamin D in calcium regulation in the lower vertebrates appears
to be the same as in mammals. However, the metabolism of Vitamin D has not been
well documented in reptiles [3, 11], especially in snakes. In the present study, an
attempt has therefore been made to record the changes in calcium and inorganic
phosphorus levels in Enhydris enhydris after administration of Vitamin D3
(12,000 1U/100 g body wt.).

Materials and methods

Adult specimens of both sexes of E. enhydris were collected from the seacoast near Bombay.
These were acclimatized tor a week prior to use. The snakes were divided into control and experimental
groups. The experimental group was injected intraperitoneally with vitamin D3 (‘ArachitoP Dupar -
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Interfran Ltd. Bombay Batch No. B 2313) at a dose of 12,000 1U/100 g body wt. The control specimens
were injected with the vehicle arachic oil at a dose of 0.01 ml/100 g body wt. by the same route. The
animals of both the groups were sacrificed 4 h after the last injection on the 1st, 4th, 7th and 14th day.
Blood samples were collected by cardiac puncture and the sera separated and analysed for serum calcium
and serum phosphate according to Trinder’s [12] and Gomori’s method [5] respectively. The animals
were not fed during the period of experimentation. The injections were given at approximately the same
time throughout the course of the experiment. Differences in the values of serum calcium and inorganic
phosphorus were tested for statistical significance using Student’s Mcst for group comparison.

Results and discussion

The administration of vitamin D3in E. enhydris resulted in hypercalcemia and
hyperphosphatemia (Table 1). The serum calcium level increased steadily from day 1
and reached its maximum on day 4. Thereafter a gradual fall in the serum calcium
level was noticed, but the values still remained above normal calcium level on the
14th day. The serum inorganic phosphorus level also followed the same trend. These
results clearly show that vitamin D3 is effective in inducing hypercalcemia and
hyperphosphatemia in E. enhydris and concur with similar results in other groups of
vertebrates [1, 4, 6, 7, 9, 10]. The hypercalcemia response is attributed to the
mobilization of calcium from its stores [2] since the snakes were unfed. The decrease
in hypercalcemia observed on the 14th day may be attributed to the possible
stimulation of the secretion of calcitonin, a hypocalcémie factor from the
ultimobranchial gland.

Table |

Effectofvitamin D3on serum calcium and inorganic phosphorus levels (mg/100 ml) o/Enhydris enhydris

Serum calcium Serum inorganic phosphorus
Days 100 mg/100 ml 100 mg/100 ml
Control Experimental Control Experimental
1 11.19 + 0.80 12.71 + 0.30a 414 + 0.50 4.48 + 0.56
4 11.53 + 0.39 14.43 + 0.36b 454 + 0.15 5.38 + 0.13b
7 11.19 + 0.08 13.92 + 0.24b 422 + 0.33 465 = 0.10
14 1121 + 0.26 13.12 + 0.44a 4.06 + 0.33 414 + 0.26

The values are mean + SD of six determinations;
a & b indicate significant responses: p < 0.01 and p < 0.001, respectively

The hyperphosphatémie response in the snake under study after administration
of vitamin D3 may also be due to mobilization of phosphorus from the bones or soft
tissue. Similar results were also observed by Srivastav and Rani [8] after vitamin D3
treatment in the snake, Natrix piscator.
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Experimental study on the kinetics of
mucociliary activity in rabbit airways
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Noninvasive radioaerosol technique was applied to investigate the mucociliary activity
of Dbronchial mucosa using " niTc-labelled homologous erythrocytes for inhalation.
Radioactivity was continuously measured for 60 min with a gamma camera connected online
to the computer. Time-activity kinetic parameters were calculated by a monoexponential
model. Test substance azelastine and bromhexine were used to demonstrate the validity of
experimental method discussed.

Keywords: mucociliary clearance, radiolabelled erythrocytes, elimination Kinetics,
azelastine, bromhexine

Mucociliary clearance is a non-specific defence mechanism, which continuously
removes inhaled particles and cellular debris from the airways. Clearance function
includes two major cooperative mechanisms, i.e. ciliary transport and mucous
secretory system. Pulmonary clearance may be affected by several factors, including
lung diseases and pharmacological agents. Human and animal models have been
used to study these effects. Experimental methods are mainly directed to investigate
the mucus production, rheology of the mucus, as well as the ciliary beating activity.

Estimation of tracheobronchial mucus secretion has been already proposed in
early literature [9]. The main disadvantage of methods lies in the low amount of
mucus (60 - 80 pj/kg per hour) collected during several hours in control experiments
[2]. This fact induced to develop novel methods for estimation of the bronchial
secretion by use of fluorescein [6] or phenol red [4].
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Ciliary beating frequency has been investigated by both in vitro and in vivo
techniques. Ciliary motility can be measured on bronchial expiants in vitro with
photoelectric method [7]. The tracheal-window test is used for in vivo studies
performed in anesthetized animals. The control ciliary beat frequency is
approximately 16 Hz (1000 beats per min) in mammals. This function can be studied
by high-speed cinematography or recently by laser light scattering spectroscopy [11].

Another group of techniques gives information on the linear speed of mucus
transport. Standardized particles (charcoal, teflon discs, radiolabelled-albumin
microspheres) are introduced to the mucus membrane of trachea or bronchi and the
rate of the transport is measured by bronchoscopy, fiberoptics [10] or scintillation
detector [14]. Mean mucus transport rates vary between 5-18 mm per min in
anesthetized animals and normal subjects.

Modern methods have been proposed to study the complex function of the
mucociliary system. These methods are based on the inhalation of monodisperse
particles of appropriate size (2-8 pm), that reach even the peripheral respiratory
pathways. The clearance rate of particles is an appropriate measure of mucociliary
activity of the whole lung. The basic condition of the noninvasive methods is the
selection of the radiolabelled substance, which can be detected from outside of the
thoracic wall. For this purpose iron oxide, sulphur colloid [8], teflon particles labelled
with 9nmiTechnetium have been generally applied. More recently, 99mTc-labelled
erythrocytes ([9mTc] RBC) having homogenous particle size proved to be an
excellent marker in clinical diagnostics [13].

The aim of present study is to demonstrate a method for estimating the
mucociliary activity in rabbit airways using inhalled [9mTc] RBC for inhalation. The
expectorant bromhexine [3], and a novel antiasthmatic drug, azelastine [1, 12] were
used as test substances.

Materials and methods

New Zealand rabbits were anesthetized by iv. pentobarbital (25 mg/kg); and polyethylene
cannula was introduced into trachea and a jugular vein. Drugs and vehicle were injected iv. The labelled
RBC aerosol were inhaled through the tracheal cannula.

The ["mTc] RBC was prepared freshly [5] with an activity of 250- 270 MBg/ml. A sample of
0.6 ml was nebulized to fill up a reservoir of 4 litre volume. The tracheal cannulc of rabbit was
immediately connected to the reservoir and aerosol was administered in 3 minutes. This process was
repeated twice. After inhalation has been stopped, radioactivity was measured for 60 minutes over the
chest of animal by a gamma camera connected online to the computer. In this period 60 images were
successively obtained in one-minute frames and stored for evaluation.

By means of computer program, regions of interest were selected over the peripheral zones of
lung to estimate the bronchial mucociliary activity. Time-activity curves were generated from the regions
and the elimination half-life (t, ~2eff) of the marker was calculated by fitting a monoexponential function
to the experimental data. After correction for the natural decay of the radioisotope, the elimination rate
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constant and biological half-life (tj*biol) of inhaled RBC were determined. The fractions of ["miTc)
RBC eliminated from the region were calculated.

Mucociliary clearance was expressed as the percentage of inhaled marker cleared during a 1-hour
period of time. The increase of mucociliary clearance indicates the enhancement of mucociliary activity
elicited by previous drug treatment.

Results
Control experiment

All experiments were carried out in five-member groups of rabbits. The control
group was treated with physiological saline (1 ml/kg, iv.). Figure 1 shows the
elimination rate of [""mTc] RBC as a function of time. The calculated biological half-
life of the marker was 498.2 min in average. With regard to the mucociliary
clearance, 8.71% per hour mean value was measured (Table I).

Table |

Biological half-life and mucociliary clearance values ofradiolabelled RBC after azelastine treatment

Treatment Dose 1\J2 biol. Clearance
(iv) (mg/ka) (min) (% /hour)
Control - 498.2+70.4 8.71+2.43
Azelastine 1 289.7+63.6 13.86+2.65*
2 231.4+75.2 18.02+6.01*
5 172.6+39.0 22.25+4.70*

* Significance related to control value
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Fig. 1. Elimination curves of " mTc-labelled erythrocytes
Effect of azelastine on the mucociliary activity

Three groups of rabbits were pretreated with increasing dose of azelastine iv.,
30 min prior to inhalation of radioaerosol. A dose-dependent increase was found in
elimination rate of [""'mTc] RBC (Fig. 2); the biological half-life of the marker has
been simultaneously shortened. Following the administration of 1, 2 and 5 mg/kg
doses, the mucociliary clearance increased up to 13.86, 18.02 and 22.25% per hour,
respectively (Table I). The change was significant related to control.
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Fig. 2. Effect of azelastine on the mucociliary activity in rabbit airways

Effect of bromhexine on the mucociliary activity

Another three groups of animals have been selected for bromhexine
administration. The drug was dissolved in solution of glycerin-water (1:5) and
administered as a 20-minute iv. infusion before inhalation of marker.

It was found that bromhexine in a dose-range of 20, 28 and 40 mg/kg
decreased the biological half-life of [""'mTlc] RBC in a significant manner, related to
the control treated with vehicle. Consequently, the mucociliary clearance was
enhanced up to 13.36, 17.13 and 19.73% per hour, respectively (Table I1).
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Table Il

Biological half-life and mucociliary clearance values of radiolabelled RBC after bromhexine treatment

Treatment Dose */2 biol. Clearance
(iv.) (mg/fog) (mm) (% /hour)
Vehicle - 397.8+65.03 10.15+1.62
Bromhexine 20 296.5+48.38 13.36 £2.04'
28 239.2 +67.28 17.1345.22*
40 198.9450.83 19.73 +4.23*

' Significance related to control value

Comparing the effect of two test substances, azelastine proved to be about 10

times more effective than bromhexine. The dose-effect relation of both substances is
demonstrated in Fig. 3.

clearance (s/+/h)

Fig. 3. Dose-dependent mucociliary clearance effect of azelastine and bromhexine

Discussion

Drugs used in the treatment of respiratory diseases often influence the
mucociliary activity of the airways. Clearance may be enhanced by drugs such as
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beta-2-agonists, theophylline and mucolytics; on the contrary, anticholinergic agents
appear to depress this function.

Moreover, stimulant and depressant effects on the mucociliary activity have

been attributed to a number of other pharmacological agents. Cholinergic drugs,
histamine and bradykinin increase the mucociliary transport, too. This effect seems
to be independent of bronchoconstrictor activity of these agents. On the other hand,
general anesthetics, opioids, benzodiazepines are also able to depress the mucociliary
function.

These examples indicate the importance of appropriate methods for evaluation

of the influences on the mucociliary activity.

10.

11.

12.
13.

14.

REFERENCES

Achterrath-Tuckermann, U., Saano, V., Minker, E., Stréman, F., Amy, I, Joki, S., Nuutinen, J.,
Szelenyi, I.: Influence of azelastine and some selected drugs on mucociliary clearance. Lung, 170,
201-209 (1992).

Adams, G. K. Aharonson, E. F., Reasor, M. J.,, Proctor, D. F.: Collection of normal canine
tracheobronchial secretions. J. Appl. Physiol., 40, 247- 249 (1976).

Boyd, E. M., Sheppard, P.: On the expectorant activity of Bisolvon. Arch. int. Pharmacodyn., 163,
284 - 295 (1966).

Engler, H., Szelenyi, I|: Tracheal phenol red secretion, a new method for screening
mucosecretolytic compounds. J. Pharmacol. Methods, 11, 151-157 (1984).

Hamilton, R. G., Alderson, P. O.: A comparative evaluation of techniques for rapid and efficient in
vivo labelling of red cells with 99mTc-pertechnotate. J. Nuclear Med., 18, 1010-1013 (1977).

Kogi, K., Konishi, K., Saito, T.: Pharmacological and toxicological studies on Domiodol, a new
mucolytic agent and expectorant. Arzneim. Forsch., 33, 1281 -1286 (1983).

Mercke, U., Hékansson, C. H., Toremalm, N. G.: A method for standardized studies of mucociliary
activity. Acta Otolaryngol. (Stockholm), 78,118-123 (1974).

Miiller, M., Konietzko, N., Adam, W. E., Matthys, H.: Die mukociliare Klarfunktion der Lunge,
untersucht mit radioaktiv markierten Schwefelkolloid. Klin. Wochenschr., 53, 815 - 822 (1975).

Perry, W. F., Boyd, E. M.: A method for studying expectorant action in animals by direct
measurement of the output of respiratory tract fluids. J. Pharmacol, exp. Ther., 73, 65- 77 (1941).

Sackner, M. A, Rosen, M. J, Wanner, A.: Estimation of tracheal mucous velocity by
bronchofiberscopy. J. Appl. Physiol., 34, 495- 499 (1973).

Svartengren, K., Wiman, L. G., Thyberg, P., Riglcr, R.: Laser light scattering spectroscopy: a new
method to measure tracheobronchial mucociliary activity. Thorax, 44, 539 - 547 (1989).

Szelenyi, I.: Pharmacological profile of azelestine. Drugs Today (Suppl), 6, 3-8 (1989).

Vastag, E., Matthys, H., Kohler, D.: In vivo measurement of mucociliary clearance by 99mTc-
labelled human erythrocytes (in Hungarian). Pncumologia Hungarica, 38, 61-72 (1985).

Yeates, D. B., Aspin, N., Levinson, H., Jones, M. T, Bryan, A. C: Mucociliary tracheal transport
rates in man. J. Appl. Physiol., 39, 487 - 495 (1975).

Acta Physiologica Hungarica 83, 1995






Acta Physiologica Hungarica, Volume 83 (2), pp. 113-119 (1995)
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Compounds with extended conjugated electron-system are under constant study in
view of their numerous biological functions. Among them natural and synthetic porphyrins are
of particular interest because of their activity in photodynamic treatment of cancer and virus
infection. Recently, many modifications in tetrapyrrole ring system have been reported, which
are briefly reviewed. Among the tetracationic porphyrins, TOOPP, a compound having four
electron-sending tentacle side chains, exhibits large aggregation tendency in the presence of
DNA of different base-sequence. The aggregation tendency of TOOPP can be attributed to its
relatively basic core (pKj is - 4.6) which is also responsible for the existence of a
TOOPP-DNA adduct where the core is protonated. This protonation, observed even at
physiological pH, alters TOOPP binding mode on the surface of the DNA.

Keywords: porphyrin, DNA-binding, aggregation

The group of porphyrins includes compounds of vital importance. Chlorophyll,
e.g., in photosynthesis, haemoglobin, in transporting of oxygen, or cytochromes, in
biological redox processes are well known representatives having tetrapyrrole ring
system. Many porphyrins are currently under extensive investigation in view of then-
potential use in solar-energy conversion [7].

In addition, porphyrins or their metallo-derivatives have other biological
effects, even medical applications. They have been found to be active against certain
cancers [2, 3] and viruses [4, 9, 11]. These effects are based on a selective uptake of
porphyrins by the tumor cell followed by photodynamic treatment.

As far as the mechanism of their action is concerned, only some details have
been revealed. The interaction of the porphyrins with DNA is a possible pathway [10,
12] but it must be emphasized that not only cationic porphyrins but neutral, even
anionic, porphyrins are also active [4]. Furthermore, it is not clear if there is any
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114 G. Pethé

relationship between the properties of porphyrins and their activity [12]. Another
problem is that the chemistry and photochemistry of the porphyrins is not completely
understood, e.g. a fundamental question about monomeric or dimeric state of the
well-known TMpyP(4) (m<?io-tetrakis[4-methylpiridyl]porphine, see Fig. 1, I) is still
unresolved [13].

- 4°> =" (CHBNCHD

TOOPP Vi

Fig. 1. Structures of porphyrins and related compounds synthesized recently
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Recently, extensive studies have been carried out on new tetrapyrrole
compounds or related molecules. The substituents on the porphyrin ring have been
modified, e.g. compounds with alkylphosphocholine groups (Fig. 1, Il) [15] or a series
from a chlorophyll derivative (Fig. 1, I11) [8]. Other structures, closely related to the
porphyrin system, are also prepared and studied (Fig. 1, 1V, V, VI) ([1, 6, 16]
respectively), searching for molecules useful for photodynamic therapy. (Porphyrins
are good candidates also for magnetic resonance imaging [14]).

In order to get a better understanding of the porphyrin-DNA interaction, we
synthesized a new tetrapositive porphyrin, TOOPP (me.vo-tetrakis[4-[(3-
trimethylamino-propyl)oxy]-phenyl]porphine, Fig. 1, VII). This compound has two
new features, compared to those studied previously: it bears four "tentacle™ side
chains and has a relatively basic center on nitrogens with an apparent pKg of ~ 4.6
measured at low (< 10 mM) ionic strength. In this paper two major conclusions are
pointed out, both presumably due to the basic characteristic of TOOPP: 1. TOOPP is
unable to intercalate into the Guanine-Cytosine region of DNA under any
experimental condition and 2.it forms a DNA adduct when TOOPP core is
protonated even at physiological pH.

Method

The preparation of TOOPP is described elsewhere [17]. Calf thymus DNA was purchased from
SIGMA, [poly(dG-dC)]2 and [poly(dA-dT)]2 were obtained from PHARMACIA. DNA samples were
prepared in 10 mM NaCl and stored frozen. All other chemicals were used as received from SIGMA.
The typical pH of 7 was adjusted with a 10 mM PIPES (piperazine-N,N™bis(2-ethane-sulfonic acid))
buffer solution.

Visible spectra were taken on a VARIAN Cary3 spectrophotometer. A JASCO 600
spectropolarimeter was used for taking circular dichroism (CD) spectra. Viscosimetric studies were
performed on an Ostwald capillary viscosimeter at 30 °C. For both spectroscopic investigations 1cm
cuvette was used and the temperature was adjusted to 25 °C.

Results and Discussion

As a typical change in vis spectra when 10 mM PIPES was present, the Sorét
band of TOOPP (418 nm at neutral pH) was red shifted by 6 -7 nm, regardless of the
a) ratio of porphyrin: DNA base pairs (R throughout), b) NaCl concentration and c)
the nature of DNA. This suggested an outside binding mode for any base-sequence
since at least 15 nm red shift occurs in the case of intercalation [10]. The CD spectra
were in accordance to the vis results: exciton type curves were induced under any
circumstances. (For intercalation, small negative CD band is expected.) Based on the
exciton curves, stacking of TOOPP on the DNA surface was suggested, a binding
mode similar to that found previously [5]. Figure 2 shows typical spectra for TOOPP
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- [poly(dA-dT)]2 solutions; essentially the same spectra were found for CT DNA
and for the GC polymer. The viscosimetric results (Fig. 3) were supportive in binding
mode: TMpyP(4), a typical intercalator is able to unwind the duplex hence the
viscosity increases. For an outside binder no such effect is expected.

10-
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Fig. 2. Visible (a panel) and CD (b panel) spectra of 5 p.M TOOPP without DNA ( ) and with DNA
at R = 0.05 (--------- ) and at R = 0.01 (- - -). PIPES = 10 mM (pH = 7), NaCl = 10 mM. [0] unit is
deg » cm2+ decimol-1

When the TOOPP-DNA solutions did not contain PIPES, at large DNA
excess (R =0.01) a shoulder developed around 450 nm on the vis spectrum;
simultaneously the original red-yellow color changed to greenish. The R = 0.01
solution was stored in dark for one day and the spectrum was taken again. The

Acta Physiologica Hungarica 83, 1995



The porphyrins in cancer and virus research 117

intensity of the 450 nm band increased further and the green became more intense.
Since the protonated form of TOOPP with no DNA is green and displays a 445 nm
maximum, we attributed this new band observed in the presence of DNA to a species
in which the TOOPP is bound to DNA and is protonated. Generally, from a decrease
in pH protonation of higher degree can be anticipated, thus we repeated the
experiment at pH 6 (Fig. 4). Even at R = 0.5, the shoulder developed around 450 nm
and a large 451 nm band appeared at R = 0.01; simultaneously the 424 nm band
(nonprotonated bound TOOPP) decreased in intensity. In such a protonated species
stacking is impossible. Indeed, the CD spectra (Fig. 4) displayed a combination of an
cxciton signal and a small positive band when R = 0.5 but only a single positive band
could be observed at R = 0.01, indicating an outside binding mode with no porphyrin
stacking for this low R value [10]. Further decrease of pH to 5.5 had only a slight
effect on the 451 nm band, suggesting that protonation is dominantly taking place in
the pH 6 solution. This observation was unexpected with regard to the pKa of ~ 4.6;
a careful spectrophotometric pH-titration gave an apparent pIC, of ~ 6.4-6.6 at
R = 0.01 for all three DNAs, i.e. a large increase in basicity of TOOPP was advanced
by the presence of polymers.

20-

0o

0.5- 3 R
(o] 02 03

Fig. 3. Relative viscosity (7ircl) vs. [porphyrin]/[basc-pair] ratio for titration of a DNA solution with
TMpyP(4) (0) and with TOOPP (m)
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380 420 460 500 nm

Fig. 4. Visible (a panel) and CD (b panel) spectra of SuM TOOPP without DNA ( ) and with DNA
atR = 005( - -—)and at R = 0.01 (— ). pH = 6 (no buffer), NaCl = 10 mM. For [0] unit see Fig. 2

Conclusions

The relatively basic TOOPP has a large stacking tendency in the presence of
DNA with either Guanine- Cytosine or Adenine- Thymine base-pairs. Binding
mode of TOOPP (outside binding with porphyrin stacking) is illustrated as a small
(6 -7 nm) red shift of the Sorét band in vis spectra and an exciton type CD. At pH 6
in large DNA excess, an intense new band evolves at 451 nm band attributable to a
protonated bound porphyrin species, which can observed even at pH 7 but on a lower
extent. The observed increase of ca. 2 log unit in apparent pIC, of TOOPP can be
explained by the large negative environment of DNA duplex.
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We compared two mechanical carotid baroreceptor stimulation techniques, the phase
related external suction (PRES) method and the conventional neck suction techniques
concerning their effects on blood pressure and heart rate responses in a group of 10
normotensive men. The cuff pressure using the PRES method was phase-locked in time to the
R-wave of the ECG. During the conventional neck suction technique the cuff pressure changes
were not related to the cardiac cycle, it was either negative or positive. Blood pressure was
measured in four of the patients both invasively and noninvasivcly to compare the two
baroreceptor stimulating methods.

The results have indicated that (1) both mechanical carotid baroreceptor stimulation
technique showed a significant heart rate deceleration to baroreceptor stimulation. (2) The
heart rate changes were more pronounced during the continuous neck cuff technique, and the
heart rate recovered sooner to the baseline. The variation of baroreceptor activity as induced
by the PRES method seems to prevent habituation much more than the continuous neck
suction method. (3) The systolic blood pressure decrease was significant both during PRES
and continuous neck suction stimulation. A higher decrease in systolic blood pressure was
shown during continuous neck suction stimulation compare to the PRES stimulation. (4) The
diastolic blood pressure changes showed the same alteration for baroreceptor stimulation as
compared to the control condition but there was no difference between the two stimulation
methods. (5) The noninvasive Finapres blood pressure device measures blood pressure
reliably.
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The regulation of systemic blood pressure represents a complex physiological
process involving neuronal and endocrine mechanisms, which, in turn, have short-
and long-term effects on this regulation. An important mechanism in this regulatory
system is represented by the arterial baroreceptors, the most prevalent of which are
found in the aortic arch and the internal carotid artery. By inhibiting sympathetic
vasoconstrictor outflow, the baroreceptors play an important role in compensating
rapid changes in blood pressure induced by orthostatic and other stress-related
factors. There also appear to be differences in the relative contributions of the aortic
and carotid baroreceptors in inhibiting sympathetic outflow. Stimulation of the
baroreceptors induces a deceleration in heart rate and a decline in mean arterial
blood pressure [10].

For studying the arterial baroreceptors, a variety of methods to manipulate
their activation has been developed. Mechanical stimulation with surgically implanted
balloons into the region of the carotid sinus has been used in dogs [8] in order to
study the physiology of the baroreceptors. Pharmacological blood pressure
manipulation under conditions of intact and destroyed baroreceptors have been used
in rats [2] to study effects of baroreceptor activation on central nervous processes like
pain perception. Orthostatic stimulation via body tilt has been used in both animals
and humans [6, 7] to study classical conditioning of the baroreceptor reflex and the
impact of baroreceptor activation on epileptic phenomena.

The carotid neck cuff technique has been developed in order to allow non-
invasive stimulation and inhibition of arterial baroreceptors in humans and animals
[4, 15]. Psychophysiologists are becoming more an more interested in the field of
baroreceptor research since the theories by Lacey & Lacey [9] who postulated
influences of baroreceptor activation directly onto the brain. Toon et al. [16] used the
neck cuff technique in combination with a reaction time task and predicted slower
reaction times during periods in which the baroreceptors were stimulated compared
to inhibition trials. The negative cuff pressure condition (stimulation) is perceived as
being much more aversive compared to the positive cuff pressure condition
(inhibition). This unspecific effect could mask possible "real effects. In order to have
the possibility of a more controlled baroreceptor activation, Rau et al. [12] have
recently developed a modified neck cuff method following an idea by Dworkin [1],
which overcame the disadvantage of having no adequate control condition. The
principle of this method is that the application of short (about 200 ms) intervals of
negative pressure affects the reflexive heart rate responses depending on the location
of this pressure burst within the cardiac cycle [3]. Since the arterial baroreceptors are
stretch receptors located in the arterial wall, they detect transmural pressure changes
independent from the source of pressure changes: Increasing the intravasal pressure
and thus dilating the vessel has similar stimulating effects on the baroreceptors as
decreasing the surrounding pressure, e.g. within a cuff around the neck. The
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baroreceptors are more sensitive to changes in the pressure than to static pressure
levels. For this that PRES not only decelerates the heart rate, but also decreases the
arterial blood pressure, measured invasively or with the Finapres device [11]. The
aim of the present experiment was to compare the PRES technique and the
conventional neck suction method, which applies negative or positive pressure to the
neck for some heart cycles.

Experiment |

In this experiment, only heart rate responses were measured to the baroreceptor stimulation. It
was hypothesized that heart rate would decelerate in response to the baroreceptor stimulation trials
compared to the control trials.

The main question regards possible differences in the size and/or shape of these heart rate
responses between the two baroreceptor stimulation methods PRES and the continuous neck suction
technique.

Methods |

Subjects

Ten male subjects aged from 21 to 32 years (mean = 27.1) and free of any cardiovascular
disorders and drug application participated in the present experiments. The subjects were students from
the Freiburg University or staff members from the Cardiovascular Rehabilitation Center, Bad
Krozingen. Systolic blood pressure as measured before the experiment ranged from 110 to 130 mm Hg
(mean = 117.5), diastolic from 60 to 80 mm Hg (mean = 76). All subjects were informed about every
part of the experiment and they were told that they could finish the experimental session at every time
they wanted. All subjects received a monetary reward of 35 German Marks for their participation.

Ethical approval

Prior to investigation, a research proposal was submitted to the state ethical committee for
approval, which was subsequently granted. Some days prior to the examination, the subjects were
requested to participate in the study. At the time of examination, they were given a written explanation
of the general research aims and possible hazards. At this time they were asked to sign a statement of
informed consent, which was complied to in all cases. Emphasis, however, was placed on the voluntary
nature of their participation, as well as on the possibility to discontinue their participation at any time.

Baroreceptor stimulation

A comprehensive description of PRES including the construction of the valves and the computer
algorithms for the valve switching is given by Rau et al. [12]. Shortly, a malleable neck cuff, fashioned
from lead plate, which was coated to prevent contact with the skin, was designed according to the
description given by Eckberg et al. [4]. A dense, foam rubber strip was attached to the edge surfaces of
the cuff to insure the subjects’ comfort and to maximize the air-tightness of the cuff. The cuff was
positioned on the subject’s neck and secured with an elastic band and Velcro tape. The local relative air
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pressure inside the cuff was recorded during the experiments using piezo-electric pressure transducer.
The PRES neck-suction technique was implemented by a specially designed device. Its basis is an
electrical motor which elicits a continuous air current in a closed chamber (20 cm width, 30 cm long,
15 cm high). This current of air is directed to the neck cuff by opening and closing four different valves,
which regulate air flow into and out of the chamber. Four electromagnetic couplers, under control of the
computer, opened and closed the valves so that the changes in air flow to the cuff could be synchronized
to the heart cycle. Pressure changes in the cuff are triggered upstroke of the R-wave of the
electrocardiogram. Each time a R-wave is detected, a cardiotachometer coupler generates a square wave
which is fed into the computer (via a TTL circuit to the digital input) which then determines the time (to
within 0.5 ms) of the R-wave appearance. For stimulation (systolic negative pressure/diastolic positive
pressure) the cuff pressure begins to drop 100 ms after the detection of a R-wave. About 2/3 of the final
pressure is achieved 180 ms later. The negative pressure remains for an interval which lasts as long as
half of the trial’s mean inter beat interval minus 100 ms. Then, a positive cuff pressure is applied for
exactly the same duration. After this interval, the valves are opened and atmospheric pressure persists
until the next R-wave triggers the valves switches.

The whole sequence is started over and over again, resulting in a continual wave of bipolar
pressure pulses. In the present experiment, this continual wave has been presented for periods of 6s
each. For control trials, the sequence of negative and positive pressure pulses is reversed in time: each R-
wave triggers a positive cuff pressure (again for 50% of the time of the last trial’s mean minus 100 ms).
This period is followed by a negative pressure period of equal duration. If the next R-wave occurred
prior to the completion of the bipolar pressure pulse, 100 ms later the current pulse was interrupted and
the next one was initiated.

The continuous neck suction technique was used similar as described in [13]: During stimulation
trials, a 6 s lasting negative pressure was applied to the neck. During control trials, on the other hand, a
6 s lasting positive pressure was applied. The negative pressure reached about - 30 mm Hg, whereas
positive pressure reached only about +10 mm Hg.

Physiological recordings

The electrocardiogram was measured in all subjects in order to trigger the valves and to compute
heart rate responses to the manipulation. Three Beckman Ag/AgCl electrodes were attached to the
thorax using the position which produced clear R-waves. One lead was amplified with a time constant of
0.3 s and a high frequency cut off 30 Hz. The amplified signal was fed into a modified cardiotachometer
coupler which detects the R-waves and generates a square wave each time it detects an R-wave. The
square wave impulses were fed into the digital input channel of a input-output board (Data Translation
2821) in an IMB-AT compatible computer. The computer measured the interval between successive R-
waves with a precision of 0.5 ms. The computer triggered the valves and stored the time information
about the occurrence of R-wave for the off line calculation of heart rate.

Experimental rrocedure

All subjects underwent a clinical investigation in order to exclude subjects who showed any
cardiovascular risk. The electrodes and the neck cuff were attached to the subjects. Additionally a finger
tip electrode was placed to the left middle finger in order to present weak electric stimuli for testing
detection thresholds. The results involving this part are described elsewhere and are not reported in the
present paper. The subjects were instructed to sit quietly during the experiment. First the PRES
technique was carried out: 128 trials each lasting 9s, were presented the subjects. Half of these trials
were baroreceptor stimulation trials (systolic negative/diastolic positive pressure), the remaining half
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were control trials (systolic positive/diastolic negative pressure). The sequence of the trials were pscudo-
randomized. Intervals between trials has a variable duration between 9 and 14 s. After the PRES phase, a
break between 30 and 45 min was held. Then, the continuous neck suction phase was presented with the
same design as the PRES phase with the exception that the stimulation trials consisted of a 6 s negative
pressure period and the control trials of a 6 s positive pressure period.

Statistical analyses

Heart rate data were averaged, separated for subjects and conditions. For the resulting averages,
scores were built as the mean change in heart rate during the 6 s stimulation period referred to the 2's
pre-trial baseline. The data were entered into an ANOVA consisting of the factors METHOD (PRES vs.
continuous neck suction technique) and CONDITION (stimulation vs. control trial).

Results |

The ANOVA revealed a significant CONDITION effect F(l, 9) = 57.7;
p < 0.0001) indicating a much more pronounced heart rate deceleration during the
stimulation (-5.9 bpm) compared to the control trials (-0.6 bpm). Additionally, the
interaction between CONDITION and METHOD was significant (F(l, 9) = 13.0;
p < 0.01). Post hoc tests revealed that heart rate responses were highly significantly
different between stimulation and control trials for both methods. There was a
borderline significant difference between both methods in regards to the heart rate
deceleration elicited by the stimulation trials (F = 4.7; p < 0.1) indicating a slightly
larger deceleration in response to the continuous neck suction trials (- 6.3 bpm)
compared to the PRES stimulation trials (-5.5 bpm). Both methods were
substantially different in regard of the heart rate responses elicited by the control
trials (F = 8.6; p < 0.05): The continuous neck suction control trials did not changed
heart rate (- 0.0 bpm), whereas the PRES control trials reduced heart rate slightly
(-1.2 bpm) (Fig. 1).
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control

stimulation

Fig. 1. The heart rate responses separated for both methods and conditions are presented. There was

significant difference between the two methods regarding the heart rate decelerations elicited by the

stimulation trials indicating a slightly larger deceleration in response to the continuous neck suction trials

compared to the PRES stimulation trials. The continuous neck suction control trials did not change heart
rate, whereas the PRES control trials reduced heart rate

Discussion |

Both baroreceptor stimulation methods had clear effects on heart rate, heart
rate decelerates for more than 5.5 bpm in response to the baroreceptor stimulation
trials. There was a small advantage for the continuous neck suction technique over
the PRES method. Especially in the control condition, the continuous neck suction
method had the advantage of producing no heart rate changes. The PRES control
condition, on the other hand, produces slight heart rate decreases. Inspection of
Figure 1, however, shows that both methods produce different shapes in heart rate
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response: The continuous neck suction method produces a strong initial decrease in
heart rate followed by a rapid recovery within the ongoing stimulation period. At the
end of the stimulation, the baseline level has been reached. The PRES stimulation
method, on the other hand, produces less rapid decreases with a smaller maximum
decrease compared to the continuous neck suction technique. The heart rate
decrease, however, remained more stable throughout the whole period of
stimulation. This might be due to the fact that rhythmical stimulation within the heart
cycle as applied with the PRES method is a more natural stimulus as compared to
the longer lasting changes as applied with the continuous method. The variation of
baroreceptor activity as induced by the PRES method seems to prevent habituation
much more than the other method.

Experiment Il

The aim of Experiment Il was to compare both baroreceptor manipulation methods regarding
their influence on heart rate responses as well as regarding their impact on arterial blood pressure. In
order to study blood pressure responses to both methods, blood pressure was measured continuously
intraarterially and non-invasively using the Finapres 2300 device.

Methods 11

Subjects

All four subjects were male staff members in the age range from 32 to 51 years (mean = 39.7). In
these subjects, systolic blood pressure ranged from 110 to 130 mm Hg (mean = 122.5), diastolic blood
pressure from 70 to 80 mm Hg (mean 77.5). The subjects received a honorarium of 300 German Marks
for their participation.

Baroreceptor stimulation

As in Experiment I, the PRES method and the continuous neck suction method were presented
to the subjects.

Physiological recordings

In order to screen subjects who could be punctured for the invasive arterial blood pressure
measurement, an Allen test evaluating the efficacy of the collateral of the hand was performed. Subjects
with positive results were excluded. In the remaining subjects, the artéria radidlis of the left forearm was
punctured: the site for the puncture was the most proximal point where the artery was easily palpable.
Local anesthetic solution (1 cc 0.5% lidocain sc.) was applied. The a. radidlis was punctured and the
cannula was introduced with Seldinger technique. A combitrans one way pressure transducer (BRAUN)
was connected to the cannula. The signal was amplified by a HELLIGE polygraph. The amplified signal
was analogue to digital converted with a sampling rate of 100 Hz and stored on the computer’s hard disc
for off line analysis. Additionally to the invasive blood pressure measurement, a non-invasive estimate of
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finger arterial blood pressure was performed using the OHMEDA Finapres 2300 device [14]. Systolic,
diastolic, and mean blood pressure were off line calculated from the digitized signals: The mean of the
last 20 ms before the detection of the R-wave in the electrocardiogram was calculated as diastolic blood
pressure. The maximum value within one heart cycle was taken as systolic blood pressure. The mean of
the blood pressure curve within one heart cycle was calculated as mean blood pressure. These values
were calculated for every cardiac cycle and averaged, separately for the baroreceptor manipulation
conditions.

Procedure

The procedure was comparable to that in Experiment | with the exception that the subjects had
no task during the experiment and there was no electrical stimulus presented to them.

Statistical analyses

Scores from heart rate and the blood pressure variables were built on a second by second basis
beginning with second 0 (the first second after beginning of the stimulation) going to second 5 (the last
second within the stimulation interval). The data were entered into an ANOVA consisting of the factors
SECONDS (second 0 to second 5), METHOD BARO (PRES vs. continuous neck suction),
CONDITION (stimulation vs. control trials), and METHOD BP (intraarterial blood pressure vs.
Finapres). Where appropriate, Geisser-Greenhouse epsilon values were applied to correct for lack of
sphericities in the covariance matrices involving within-subject factors with levels exceeding two (here
SECONDS).

Results 11
Heart rate
The ANOVA calculated a significant CONDITION X SECONDS interaction
(F(5, 15) = 2.9; p < 0.05) which is illustrated in the upper part of Figure 2: Heart

rate decreases during the stimulation trials but remained on baseline level during the
control trials.
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I Istimulation

W oof

Fig. 2. Heart rate, systolic and diastolic blood pressure responses are shown. The heart rate decreased
during the stimulation trials but remained on baseline level during the control trials. Systolic blood
pressure was significantly lower during the stimulation as compared to the control trials. The interaction
between the stimulation methods and conditions proved to be significant indicating a more pronounced
differentiation in systolic blood pressure between the stimulation and control conditions using the
continuous neck suction technique as compared to PRES. Diastolic blood pressure decreases
significantly over the seconds as response to the stimulation trials and increases slightly in response to

the control trials. There were no differences between the two blood pressure measurements techniques
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Systolic blood pressure

The ANOVA confirmed a significant CONDITION effect (F(l, 3) = 16.2;
p < 0.05): Systolic blood pressure was significantly lower during the stimulation as
compared to the control trials. The interaction between METHOD BARO and
CONDITION proved to be significant, too (F(I, 3) = 11.2; p < 0.05), indicating a
more pronounced differentiation in blood pressure between both CONDITIONS
using the continuous neck suction technique as compared to PRES. Finally, the
interaction between METHOD BARO, SECONDS, and CONDITION was
significant (F(5, 15) = 5.1; p < 0.05).

This effect is described in Fig. 3: The blood pressure curves differentiation
across SECONDS differs more between the CONDITIONS in the continuous neck
suction technique as compared to the PRES method. There were no ANOVA effects
including the factor METHOD BP.

Fig. 3. The interaction between the baroreceptor manipulation methods, stimulation time, and conditions

was significant regarding the systolic blood pressure. The blood pressure curves differentiation across

SECONDS differs more between the stimulation and control conditions in the continuous neck suction

technique as compared to the PRES method. There were no differences between the two blood pressure
measurement techniques
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Diastolic blood pressure

For the diastolic blood pressure, the ANOVA calculated a significant
CONDITION effect (F(l, 3) = 9.4; p = 0.05) due to the fact that the stimulation
trials were associated with lower diastolic blood pressure compared to the control
trials. The CONDITION x SECONDS interaction was significant, too
(F(5, 15) = 4.4; p = 0.05). The lower part of Figure 2 describes this effect: diastolic
blood pressure decreases over the SECONDS as response to the stimulation trials
and increases slightly in response to the control trials. There were no ANOVA
effects including the factor METHOD BP.

Discussion 1l

Despite the fact that the number of subjects who have been investigated was
quite low, the results of the present experiment verified that both methods, the PRES
method and the continuous neck suction method, had a reliable impact on both,
heart rate and blood pressure responses. Neither for heart rate nor for diastolic
blood pressure responses, could be found a significant difference between the two
baroreceptor manipulation methods. There was, however, a difference between both
methods on the systolic blood pressure: The continuous neck suction technique
evoked clear decreases in systolic blood pressure in response to the stimulation trials
and, opposite to the PRES technique, it evoked a substantial increase in systolic
blood pressure in response to the control trials.

Thus, it seems to be clear that the control trials in the continuous neck suction
technique were not real control trials but inhibition trials: The inhibitory effect on the
baroreceptor activity evoked blood pressure increases. Systolic blood pressure
responses in the PRES condition were only unidirectional: Whereas the control trials
do not evoke significant changes in blood pressure stimulation trials elicit blood
pressure decreases. The slight, but not significant increase in both diastolic and
systolic blood pressure observed in the first post-stimulation second can be due to the
delay of the vasodepressor effect in response to baroreceptor stimulation.

In the PRES method, the control trials seemed to be real control trials without
any substantial effects on systolic blood pressure. The number of subjects is,
however, too small to draw final conclusions from this experiment. Further
investigations seem to be necessary to evaluate whether the effects reported here
remain stable. If this would be the case, the application of PRES could be
recommended if the application of a real control of placebo condition is to be
achieved. The continuous neck cuff technique, on the other hand, seems to be
advantageous if a real baroreceptor inhibition is necessary.
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Additionally, the absence of any ANOVA effects including the factor
METHOD BP confirm the non-invasive Finapres blood pressure method: Invasive
recordings of phasic blood pressure responses are not substantially different from
non-invasive recordings.

General discussion

Data from Experiment | suggest that the PRES method and the continuous
neck suction method have different impact on the shape of heart rate responses: The
control trials did not reliably influence heart rate in any of the methods. Stimulation
trials, on the other hand, elicited sudden and strong heart rate decreases in the
continuous neck suction technique.

After the second or third heart beat, however, heart rate tended to return to
baseline due to habituation of the baroreceptors and/or counter regulation of the
unloaded aortic baroreceptors. At the end of the 6 s stimulation period heart rate has
nearly approached baseline level. The stimulation trials in the PRES method,
however, seem to produce a slow but consistent heart rate deceleration which is less
than that in the continuous technique. The heart rate remains low during the whole
period of stimulation. The pulsating technique seems to prevent habituation. Data
from Experiment Il suggest that both, the PRES and the continuous neck suction
technique, evoke blood pressure responses which indicate effective baroreceptor
manipulation. Systolic blood pressure responses indicate that the continuous neck
suction control trials inhibit baroreceptors, whereas the PRES control trials have no
effect on systolic blood pressure. Finally, the absence of ANOVA effects including
the factor "METHOD blood pressure™ indicate that the non-invasive Finapres blood
pressure device measures blood pressure reliably and shows no dramatic differences
to blood pressure values measured invasively.

REFERENCES

1 Dworkin, B.: Hypertension as a learned response: The baroreceptor reinforcement. In: T. Elbert
Langosch, W., Steptoe, A., Vaitl, D. eds., Behavioural medicine in cardiovascular disorders.
Chichester: John Wiley & So. 1988, pp. 17-47.

2. Dworkin, B., Filewich, R. J., Miller, N. E., Craigmyle, N., & Pickering, T. G.: Baroreceptor
activation reduces reactivity to noxious stimulation: Implications for hypertension. Science, 205,
1299-1301 (1979).

3. Eckberg, D. L: Temporal response patterns of the human sinus node to brief carotid baroreceptor
stimuli. Journal of Physiology, 258, 769- 782 (1976).

4. Eckberg, D. L, Cavanaugh, M. S., Mark, A. L., & Abboud, F. M.: A simplified neck suction device
for activation of carotid baroreceptors. Journal of Laboratory and Clinical Medicine, 85,167-173
(1975).

Acta Physiologica Hungarica 83, 1995



10.

11

12.

13.

14.

15.

16.

Carotid barorcccptor stimulation techniques 133

Furedy, J., Rau, H. & Roberts, L: Physiological and psychological differentiation of bidirectional
baroreceptor carotid manipulation in humans. Biological Psychology (in press).

Furedy, J. J, & Poulos, C. X.: Heart rate decelerative Pavlovian conditioning with tils as UCS:
Towards behavioural control of cardiac dysfunction. Biological Psychology, 4, 93-106 (1976).

Gellhom, E., Yesinick, L., Kessler, M. & Hailman, H.: Carotid sinus reflexes and convulsions.
American Journal of Physiology, 137, 396 - 403 (1942).

Koch, E. B.: Die irradiation der pressorczeptorischcn Kreislaufreflexe. Klinische Wochenschrift,
2, 225- 227 (1932).

Lacey, B. and Lacey, J: Two-way communication between the heart and the brain: Significance of
time within the cardiac cycle. American Psychologist, 33, 99-113 (1978).

Mancia, G.: Reflex control of circulation in normotensive and hypertensive humans. In: Ganten,
D., Pfaff, D. eds. Central Cardiovascular Control. Spriger-Verlag, Berlin 1983, pp. 63- 86.

Rau, H., Brody, S., Droste, C. & Kardos, A.: Blood pressure changes validate phase related
external suction, a controlled method for stimulation of human baroreceptors. European Journal
of Applied Physiology, 67, 26- 29 (1993).

Rau, H., Elbert, T, Geiger, B. & Lutzenberger, W.: PRES: The controlled noninvasive stimulation
of the carotid baroreceptors in humans. Psychophysiology, 29, 165-172 (1992).

Rau, H., Elbert, T., Lutzcnberger, W., Eves, F., Roclcstroh, B., Larbig, W. & Birbaumcr, N.:
Pavlovian conditioning of peripheral and central components of baroreceptor reflex. Journal of
Psychophysiology, 2, 119-128 (1988).

Settels, J. J. & Wesseling, K. H.: Noninvasive finger arterial pressure waveform registration. In:
Orlebeke, J. F., Mulder, G., van Doomen, L. J. P. eds: Psychophysiology of cardiovascular
control. Models, Methods, and Data. Plenum Press, New York 1985 pp. 267 - 284.

Thron, H. L., Brechmann, W., Wagner, J. & Keller, K: Quantitative Untersuchungen Uber die
Bedeutung der GefalRdehnungs-rezeptorcn im Rahmen der Kreislaufhomdostase beim wachen
Menschen. Pfllgers Arhiv, 293, 68 - 99 (1967).

Toon, P. D., Bergei, D. H. & Johnston, D. W.: The effect of modification of baroreceptor activity
on reaction time. Psychophysiology, 21, 486 - 494 (1984).

Acta Physiologica Hungarica 83, 1995






Acta Physiologica Hungariai, Volume 83 (2), pp. 135-141 (1995)

Gas chromatographic procedure for
simultaneous determination of Selegiline
metabolites, amphetamine, methamphetamine
and demethyl-deprenyl in pig plasma

Gy. Szebeni, J. Lengyel*, G. Székéacs, K. Magyar*, J. Gaal,
I. Szatmari

Chinoin Pharmaceutical Works, Pharmacokinetics and Metabolism Laboratory, Budapest, and
* Department of Pharmacodynamics, Semmelweis University of Medicine, Budapest, Hungary

Received May 30, 1994
Accepted September 16,1994

A sensitive assay for the simultaneous quantitative determination of amphetamine,
methamphetamine and demethyl-deprenyl in pig plasma is described. NP-Gas
chromatography is used to determine the extracted plasma concentrations of the three target
compounds as their N-pcnta-fluoro-benzoyl derivatives. Quantitation is performed using 1-
phenyl-2-pentylamine as internal standard. The derivatives are separated on a phenyl-methyl-
silicone capillary column. Quantitation limit for each target compound was 1.2 ng ml-1. Levels
of amphetamine, methamphetamine and demethyldeprenyl have been determined in plasma
of pigs treated with Selegiline in different formulations and doses.

Keywords: selegiline, amphetamine, methamphetamine, demethyl-deprenyl, GC-NPD
procedure

Selegiline [(-)-deprenyl HCL1; N-methyl-N-2-propynyl-l-phenyl-2-propylamine
hydrochloride) is a selective monoamine oxidase type B inhibitor that has been
proven effective in the treatment of Parkinson’s disease [1-3] and has shown
considerable promise in alleviating the symptoms of Alzheimer-type dementia [4-6].
In vivo metabolic studies [7, 8] demonstrate that the main metabolic pathway of
Selegiline is N-dealkylation. It is mainly and efficiently metabolised to demethyl-
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deprenyl (DMD; I-phenyl-2-(N-2-propynyl)amino propane) and methamphetamine
(MA; I-phenyl-2-methyl-aminopropane) by oxidative déméthylation and
depropynylation, respectively. DMD and MA are then further metabolised to
amphetamine (A; I-phenyl-2-aminopropane) by oxidative depropynylation and
déméthylation, as summarised in Figure 1

Demethyldeprenyt Aﬂj’mnm
Fig. 1. Metabolites formed by N-dalkylation of Selegiline

Each of these metabolites, which are excreted in the urine, has some biological
activity. Determination of metabolite concentrations after Selegiline administration
would provide information on their possible contribution on the observed drug
effects. Previous pharmacological, pharmacokinetic and clinical studies have
indicated that the favourable clinical effect of Selegiline in Parkinson’s disease is not
exclusively due to the selective inhibition of MAO-B but the inhibition of the uptake
of biogenic amines and potential neurotoxins also plays an important role. This
action could be related to the uptake inhibitor potential of metabolites [9-11]. While
a single peak concentration of the parent compound is enough to produce
irreversible MAO-B inhibition i.e. along lasting (and species dependent) decrease in
MAO-B activity, the reversible uptake inhibition requires a steady-state
concentration of Selegiline metabolites, primarily methamphetamine and
amphetamine. So as to fulfil both requirements simultaneously it seemed appropriate
to develop a biphasic dosage form. The probable plasma concentrations of A, MA,
and DMD are to be expected in the ng ml-1 concentration range. For this reason, a
sensitive and specific method was required to assess the bioavailability of novel
Selegiline formulations accurately. Previously, several procedures were developed for
the quantitation of amphetamine and its analogues, including immunoassay
techniques [12], GC with nitrogen-phosphorus detection [13], GC with mass
spectrometric (MS) detection [14] high performance liquid chromatography [15], as
well as a variety of derivatizing procedures for GC with ECD detection [16-17].
Methods describing the determination of A and MA in biological fluids are
numerous, although only few can claim limits of quantitation below 5 ng ml-1. Many
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of these methods previously employed have insufficient selectivity and/or sensitivity
for simultaneous analysis in body fluids of these metabolites. MS procedures,
although highly sensitive and specific, are often outside the financial limits of small
laboratories and require highly trained personnel. In the present report we describe a
GC-NPD procedure for the simultaneous determination of plasma levels of the N-
dealkylated metabolites of Selegiline (A, MA and DMD) as their N-
pentafluorobezoyl derivatives. Plasma was taken from pigs treated orally with
Selegiline in a traditional tablet form and with a new dosage forms, capsule
containing two sorts of pellets (minigranules providing immediate and sustained
release of Selegiline). Pig was chosen because according to relevant studies only this
species has MAO activity (their platelets contain measurable level of MAO-B activity
[18]) and a physiology very similar to that of humans.

Materials and Methods

Materials

Standard materials, (-)amphetamine hydrochloride, (-)methamphetamine hydrochloride,
(- )demethyl-deprenyl hydrochloride and I-phenyl-2-pentyl-amine hydrochloride (ISTD - internal
standard) were obtained from Synthetic Research Laboratory 1V, Chinoin (Budapest). 2,3,4,5,6-penta-
fluoro-benzoyl-chloride (PFBC1 was obtained from Fluka Chemie AG). Further chemicals were of the
highest purity available.

Sample preparation and extraction

To 1ml plasma 40 pl of ISTD solution (0.5 ng pi-1 in bidistilled water), 500 |xI of 10 N NaOH
solution, 700 |U saturated solution of NaCl, and finally 7 ml n-hexane were added then rotated for 20
min. with a Glas-Col rotator. After centrifugation at 3000 rot min-1 until 10 min the organic phase was
transferred into a conically shaped 15 ml test tube and pentafluoro-benzoyl derivatives were prepared by
adding 100 pl of 0.5% PFBCL1 in dichloromethane. The reaction was complete in one hour at room
temperature. After the end of the reaction time, the solvent was evaporated under reduced pressure, and
the samples were reconstituted with 40 ul toluene by vortexing for 1 min and 3 plwas injected into the
gas chromatograph.

Gas chromatography

GC/NPD analyses were performed using an HP 5890 gas chromatograph (Hewlet Packard),
equipped with NP selective detector. Samples were introduced by splitless injection (3 p1 delaying time 1
min) from an HP7673A auto injector onto a fused silica HP-2 capillary column (25 m x 0.2 mm;
0.11 p.m film of a cross-linked 5% Ph-Me-silicone as stationary phase; Hewlet Packard, USA). The initial
oven temperature was 90 °C for 0.95 min. First heating up to 100 °C at 10°C min '1 was followed
immediately by a second heating up to 190 °C at 5 °C min*1and it was maintained for 6 min. A third
heating up to 280 °C at 70 °C min~1was followed by a waiting time of 3 min. The injector port and
detector temperatures were maintained at 250 °C and 300 °C respectively. Both the carrier and make-up
gas was high purity nitrogen at a column head pressure of 15 psi, and 20 ml min-1, respectively. Detector
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gases were hydrogen at a flow rate of 3.8 ml min-1 and air at a flow rate of 100 ml min-1. Under the
above conditions the compounds eluted with the following retention times: amphetamine at 21.4 min,
methamphetamine at 21.6 min, demethyldeprenyl at 24.0 min and internal standard at 25.6 min after
injection. Seven separate sets of calibration standards (1.5, 3, 5, 10, 30, 50 and 70 ng mI-1) were analysed
on seven days for determination of inter-day accuracy and precision. The intra-day validation was
performed then a set of calibration standards and five replicate control samples at six levels was
analysed. The peak height ratios of the test compounds and the corresponding ISTD were calculated for
the quantitation. The concentrations of metabolites were determined for each individual standard data
point using the slope and intercept of the associated calibration curve. The calibration curve was
obtained after a logarithmic transformation of the calibration data, peak height ratio (metabolite/ISTD)
versus known metabolite plasma concentration, and was fitted to the straight lines the calibration points
using the least squares method. This assay method has been applied to determination of A, MA, DMD
in plasma of pigs treated with oral dose of Selegiline in the form of traditional tablet and with the same
oral dose in the form of capsule, containing pellets providing immediate and sustained release form of
Selegiline.

Animal experiments

Female ""Hungarian Big White" Kahyb pigs were used for the experiments in three groups (3
animals each, one group as control). The weight of the animals were in the range of 20- 22 kg, age
approx. 10-12 weeks. Pigs were housed individually in separated boxes and the animal-room was
climatized (20 °C+3, 50-70% humidity). For measurement of target metabolites cca. 5 ml blood samples
- through V cava cranialis - were taken into centrifuge tubes containing 500 IU heparin for analytical
measurement. Plasma was separated after centrifugation at 3000 rpm for 10 min, and was ampoulled and
stored at -20°C till the measurement of metabolites. Following a blank sample, blood samples were
taken at 1, 2, 4, 8, 10, 12 and 14 hours after oral administration of Selegiline. Plasma levels of the
metabolites were compared after a single 0.5 mgkg-1 oral dose of Selegiline tablets (Chinoin) and after
single 0.5 mg kg-1 oral dose - 0.25 mg kg-1 in immediate release and 0.25 mg kg-1 in sustained release
form Selegiline (Sanofi-Winthorp, D ’Ambares) in capsule.

Results and Discussion

The method is selective for the three metabolites in pig plasma because no
other metabolites of Selegiline, or endogenous compounds interfered with the test
compounds. The intra-day precision of the three test materials, showed by the
average CV% values proved to be 12.60%, 12.32% and 8.11% for amphetamine,
methamphetamine and demethyldeprenyl, respectively and even the highest CV%
value at the lowest calibration point did not reach 20%. The inter-day precision for
the three test compounds showed by the average CV% values, proved to be 12.6%,
12.32% and 8.11% for amphetamine, methamphetamine and demethyldeprenyl,
respectively and even the highest CV% value at the lowest calibration point did not
reach 20%. The average deviation % values for inter-day accuracy determination
were 4.11% for amphetamine, 4.18% for methamphetamine, and 3.02% for
demethyl-deprenyl and not even the highest values reached 10%. The average
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deviation % values for intra-day accuracy were 4.14%, 3.93% and 4.62% in case of
amphetamine, methamphetamine and demethyl-deprenyl, respectively and even the
highest values hardly exceeded 10%. Based on values of precision and accuracy the
limit of quantitation of the method is 1.5 ng ml-1 calculated for hydrochloride form
of the test materials which corresponds to 1.2 ng ml-1 base of the compounds. The
range of the calibration curves for 1ml plasma was 1.5 to 70ngml-1 for the
hydrochlorides of the test materials which corresponds to 1.2 to 55-57 ng ml-1 base.
Figure 2 depicts plasma concentrations of methamphetamine (the main metabolite)
versus time profile. These data were obtained by the analysis of pig plasma after
administering the single 0.5 mg kg-1 oral dose of Selegiline applied in traditional
tablet form and in capsule containing the two kinds of traditional Selegiline
formulations (immediate and sustained release). As Figure 2 shows, the capsule
provided prolonged active ingredient release, two concentration maximums (the
tablet had one Cmex), a somewhat lower peak concentration, than the tablet, and
steady plasma levels over a 10-hour period.

Fig. 2. Concentration-time profile of MA in the plasma of pigs given a 0.5 mg/kg oral dose of Selegiline
applied in traditional tablet form and in capsule containing the two formulations of Selegiline
(immediate and sustained release)

In Table I we present the pharmacokinetic parameters obtained from non-
compartimental analysis of the data.

After administration of the tablet Cmaex was higher, than after administration of
the capsule, whereas the Tmex values (first value of the capsule) did not differ. In the
case of the capsule the concentration level of the metabolite reached a second
maximum at 8 hours after the administration. The AUC values showed significant
difference neither in the 0-14 hour nor in the OCinfinity periods. Significant
differences could be observed though in the case of terminal elimination rate
constant, and half life. The MRTO_inf values were found to be different, but these
differences were not significant. From the results described above we can conclude,
that with the tested capsule (a combination of immediate and sustained release
formulations) it was possible to obtain long-lasting concentration levels of
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methamphetamine. This measurement demonstrate the potential of the assay for
mapping the Pharmacokinetic distribution of Selegiline metabolites in pigs in case of
the ng ml-1 concentration range of metabolites in plasma.

Table |

Mean values ofpharmacokinetic parameters (n = 3, £SD) calculated by Non-Compartmental analysis of
concentration data obtained for MA in theplasma ofpigs given a 0.5 mg/kg oral dose o f Selegiline applied
in traditional tabletform and in capsule containing the two formulations of Selegiline (immediate and
sustained release)

0.25 (mg/kg) in imediate
Selegiline Dose 0-5 (mg/kg) release and
0.25 (mg/kg) in sustained
release formulations

Formulation tablet capsule

M ean values of pharmacokinetic parameters (n =3, +SD)

Cmex (ng/ml) 49+3.8 3.4+0.7
T mex (hour)2.0£1.5 2.0+1.2

Term. elim. rate (lambda) (1/hour) 0.216+0.03 0.122+0.04
f1/2 3.241.0 57+2.4

AUC(0_14) (ng*hour/ml) 37.1+22.7 30.9+9.5
ACCfo-mr, (ng*hour/ml) 39.2+27.6 36.1£15.9
MRT((_inf) (hour) 5.8+1.2 84+2.6
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In the present study distribution and elimination of RGH-5002 - a new centrally
acting muscle relaxant - were investigated in rats by using ,4C-labclled compound. Whole-
body autoradiography and quantitative determination of the radioactivity in various organs
following single and repeated oral administration of [14C]JRGH-5002 demonstrated extensive
distribution of the drug with high levels in the gastrointestinal tract, kidneys, liver, endocrine
and exocrine glands and lungs. Minimal accumulation was observed after repeated (8 days)
administration. The same distribution characteristics were observed in both sexes. In pregnant
rats radioactivity appeared in the placenta and fetal tissues. Elimination was investigated by
measuring radioactivity in 24 h fractions of urine and faeces after single dose administration of
the drug. The larger portion of radioactivity was excreted in the urine (81.67+1.61% of the
dose). The faecal recovery was 11.12+ 1.19% of the administered dose. Approximately 80% of
the excreted radioactivity was recovered within the first 24 hours.

Keywords: RGH-5002, rat, distribution, excretion

RGH - 5002 (N-/[dimethyf-4-fluor-benzyl-silil]-methyl/-piperidine hydrochlo-
ride) is a new muscle relaxant acting in the central nervous system. It is being
developed by Chemical Works of Gedeon Richter Ltd. On the basis of
pharmacological studies muscle relaxant activity of RGH-5002 is similar to
tolperisone but has a longer duration of action and much better oral activity. It
presumably will have less CNS depressant and motor side effects in human patients
as compared to other central muscle relaxant drugs [1].
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The aim of the present study was to investigate the distribution and elimination
of the drug in rats and to obtain information on possible accumulation, difference
between sexes and penetration through the blood-brain barrier and placenta.
Investigations involved single and repeated dose whole-body autoradiography studies
on both sexes and a single dose study on pregnant dams, single and repeated dose
tissue distribution studies based upon quantitative determination of radioactivity in
various organs and tissues on male rats, and a single dose mass balance study on
male rats.

Materials and Methods

The radiolabelled compound was prepared by Central Research Institute for Chemistry,
Hungarian Academy of Sciences with specific activity of 607 MBg/mmol, and chemical and
radiochemical purity > 98% (Fig. 1).

Fig. 1. Chemical structure of [14CIRGH-5002

Healthy Wistar rats were used in the studies:
in whole-body autoradiography:

5 males (200- 260 g)

5 females (120-160 g)

2 pregnant females (250 - 260 g)

(obtained from LATI Ltd., G6déll, Hungary)
in tissue distribution study:

12 males (220- 320 g),
in mass balance study:

4 males (160-180 g)

(obtained from Lab-Tech Ltd., Charles River Laboratories, Budapest, Hungary)

Animals were fed by "Altromin’ standard rodent diet (LATI Ltd.), and had free access to water.

The dose administered to rats was 30 mg/kg (the highest dose without toxic effects). The
radioactive dose was 11.2 MBq/kg in whole-body autoradiography, 6.0 MBqg/kg in tissue distribution
study, and 2.4 MBg/kg in mass balance study. Rats were treated orally with an aqueous solution of
[14CIRGH-5002 by gavage. In repeated dose studies animals were administered the compound once a
day on 8 consecutive days. Pregnant rats were treated on the 19th day of gestation.

Whole-body autoradiography was performed in male and female rats at 1, 4, 8 and 24 h after single
and 24 h after multiple administration, and in pregnant dams at 1 and 4 h after single dosing. At
scheduled time points animals under chloroform anaesthesia were freezed in n-hexan cooled with solid
C02 (-70°C) and were embedded in carboximethylcellulose gel. Sagittal 40 u.T whole-body sections
were taken by PMW 450 MP cryomicrotom (LKB, Sweden). Freeze-dried sections were left in contact
with X-ray film (AGFA CURIX XP, Belgium). The exposure time was 5 weeks. The relative density of
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organs and tissues observed in autoradiographic films was scored from 0 to 5. The high density in
autoradiograms represents high level of radioactivity [3].

In tissue distribution study at 1, 6 and 24 h after single and 24 h after repeated dose administration
3 rats were sacrificed. Animals were exsanguinated under ether anaesthesia, then selected organs and
tissues were taken by dissection. The samples were freeze-dried and homogenized. Two aliquots from
each sample were combusted in a sample oxidizer and measured for radioactivity by liquidscintillation
counting (1219 Rackbeta, LKB, Wallac, °coctail A’ = 5gPPO +01g POPOP in 11 toluol).
Radioactivity of samples was expressed as dpm/mg of wet tissue. Compound related material (CRM)
concentrations of organs were derived from the radioactivity values. Accumulation indexes were
calculated as the ratio of 24 h-valuc after multiple administration to that of single dose treatment [2].

In the mass balance study animals were housed individually in stainless steel metabolic cages,
which permitted the separate collection of urine and faeces. Collections were made in every 24 h up to
168 h post-dose. Cages were rinsed after each collection period and the cage-wash was added to the
respective urine samples. Radioactivity of 5 aliquots was measured directly in "coctail B’ (’coctail A’: abs.
ethanol, 8:2 V/V). Faeces samples were freeze-dried and homogenized. Five aliquots were combusted in
sample oxidizer and measured for radioactivity in ‘coctail A’. After the last sample collection animals
were killed and the carcasses were dissolved in 98% sulphuric acid. 5*80-100 pl aliquots were taken and
measured for radioactivity after the addition of 300 pl of 30% H202 300 ul isopropanol, 6 ml
ethylcellosolve and 10 ml “coctail C (11 ’coctail A4 6 g PPO).

Results

Whole-body autoradiograms and quantitative determination of the
radioactivity in various organs after single per os dose demonstrated extensive
distribution of the compounds (Fig. 2). Table 1 presents the mean CRM
concentrations of tissues and organs 1, 6 and 24 h after a single dose.

Fig. 2. Whole-body autoradiogram (up) and histological section (down) of a male rat 1 h after 30 mg/kg
single oral dose of [4ACIRGH-5002
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Table |

Mean CRM concentrations (ng equivalent/mg) at 1, 6 and 24 h after a single 30 mg/kg dose of

organ

stomach
small int.
kidney
liver
large int.
thyroid
lung
prostate
adrenal
pancreas
salivary gl.
epididymis
spleen
sem. ves.
fat

heart
brain
thymus
plasma
skin
blood
muscle
testis
bone
eye

1h

cone.

107.96 £3.58
98.91+77.05
62.55+£34.02
61.44+ 13.47
51.48+60.60
31.88+£23.57
29.79+£8.95
28.52+23.07
17.18 £ 1.51
16.53+2.75
15.90+7.62
15.34+ 11.56
11.75+4.44
11.51+10.68
10.07+6.74
8.41+2.19
8.00+3.57
6.28 £2.29
5.98 £0.49
5.79+£1.22
4.89+0.35
4.78 £0.92
4.68+2.76
4.15+£1.16
2.95+0.65

sem. ves.: seminal vesicle

[UC]JRGH ~5002 *one animal's value

organ

liver
kidney
small int.
large int.
pancreas
salivary gl.
stomach
prostate
plasma
adrenal
epididymis
testis
lung
blood
fat

skin
sem. ves.
spleen
brain
thyroid
thymus
heart
muscle
eye

bone

6h

cone.

23.81+1.
15.42+5.

7.63£3.
.45

7.25 %5

4.68 0.
4.28 3.
3.39+1.
.51
.61

2,931
2.74 0

2.55=+1.
.51
2.43 1.
2.01 £0.
1.68+0.
.49

2.55+0

1.66+0

1.41 0.
1.28 0.
1.04%0.
.45

0.89 0

0.86 +0.
0.83x0.
0.82 £0.
0.59£0.
0.59 £0.

23
14
33

79
62
05

04

16
14
15

37
14
18

23
16
11
11
05

0.58 +0.04

2h

organ

liver

large intestine
kidney
small int.
thyroid
pancreas
prostate
adrenal
plasma
salivary gland
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One hour after administration the highest level of radioactivity could be
detected in the gastrointestinal tract and excretory organs: liver, kidneys and in
urinary bladder. In endocrine and exocrine glands (hypophysis, thyroid, salivary
gland, adrenal, pancreas, prostate) as well as in lungs considerable radioactivity could
be detected, too. Relatively low levels were detected in blood, plasma and CNS.

There was no significant change in the 1-hour pattern of distribution at 4, 6 and
8 h after dosing, but the level of CRM decreased considerably. Relatively high
concentration remained in the liver and kidneys and in the gastrointestinal tract.
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Twenty-four h after treatment considerable radioactivity was detected only in
the liver, gastrointestinal tract (first of all in the large intestine) and urinary tract.

The level of CRM in the central nervous system was similar to that of plasma
at 1 h, but it was lower at 6 and 24 h after the treatment.

There was no significant difference between sexes in the distribution pattern at
the examined time-points.

The distribution of CRM in pregnant dams was very similar to that of
nonpregnant animals. The radioactivity penetrated through the placenta and there
was a weak uptake in the fetuses.

The repeated applications did not cause any specific cumulation of
radioactivity. Significant levels could be detected in liver, gastrointestinal tract,
kidneys and bladder. Other tissues showed weak or background density on
autoradiograms (Fig. 3).

kidney large intestine stomach liver

Fig. 3. Whole-body autoradiogram (up) and histological section (down) of a male rat 24 hours after
repeated oral treatment with [14CIRGH-5002

Figure 4 presents the comparison of mean CRM concentrations 24 h after
single and repeated administration. The quotient of CRM concentration of an organ
at 24 h after multiple to single administration is given as the accumulation index of
the drug for the tissue (Fig. 4). The accumulation index of 1.6 can be estimated from
the indexes of individual organs.
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CRMcox.(ng/mg organ)

1 23456 78 91011213 H 151617 18 1920 21 222324 25

Fig. 4. CRM concentrations 24 h after single and multiple dose administration of [14C]RGH-5002
(accumulation indexes in (1))

Radioactivity was eliminated mainly via the wurine: 82.67+1.61% of the
radioactive dose was recovered in urine. The mean faecal recovery was 11.12+ 1.19%.
The radioactivity remained in the carcass was negligible (0.6+0.15% ). Excretion of
CRM was fairly rapid since the majority (approximately 80%) of the excreted
radioactivity was recovered within the first 24 h after the administration of the drug
(Table Il and Fig. 5).

Fig. 5. Recovery in urine and faeces following a single 30 mg/kg per os dose of RGH -5002
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Table 1l

Excretion of radioactivity in urine and faeces expressed as % ofthe administered dose

Time period Excretion in urine Excretion in faeces
0-24 h 73.500£1.79 8.078+1.42
24 - 48 h 4.780+1.41 0.923+0.27
48 - 72 h 1.370+0.40 0.433+0.09
72- 96 h 0.878 +0.31 1.205+1.94
96 - 120 h 0.503+0.14 0.193+0.08
120 - 144 h 0.408 £0.14 0.175+0.08
144 - 168 h 0.235+0.02 0.113+0.02
Total 81.67 +1.61 1112 +1.19
Cage-wash 1.50£0.50
Total recovery 94.30+0.84
Discussion

The fate of [14C]JRGH - 5002 in rat can be characterized by rapid absorption,
distribution and elimination from the body.

The distribution studies indicated that RGH-5002 and its metabolites were
distributed mostly in the gastrointestinal tract and the organs of excretion: liver and
kidneys. Endocrine and exocrine glands and lungs must be highlighted as well, due to
the relatively high CRM concentration. CRM level in the CNS, the target organ, was
similar to that of plasma at 1 h after administration, indicating the penetration of the
compound through the blood-brain barrier.

The compound passes through the placenta and appears in the fetus.

There was no significant accumulation after repeated administration. The
estimated accumulation index of the drug indicates, that at the dose regimen used in
the study the Cmin values of the CRM in steady state are about 1.6 times higher the
corresponding values obtained after a single dose.

The total recovery of the single 30 mg/kg dose in urine and faeces was
94.30+0.84%. Radioactivity was eliminated mainly via the urine (81.67%). Complete
elimination of the CRM can be demonstrated by the very low residual 14C-levels
measured in the carcasses (0.6%0).
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The in vitro effect of chlorpromazine (CPZ) on the biosynthesis of various neutral and
phospholipids of the 8-10 week old human placenta from [3H]glucose has been studied. Time
course (with 0.5 mM CPZ) and dose-response (with 0.1-1.0 mM CPZ) experiments were
performed. In order to investigate the significance of the cationic nature of CPZ, the effects
were compared with those of 0.05% (v/v) Triton X-100, a nonionic amphiphile, and with the
effects of the combined treatments with CPZ and Triton. The results provide evidence that (1)
CPZ and Triton stimulate the formation of phosphatidic acid (PA) from glucose, (11) CPZ but
not Triton inhibits the activity of phosphatidate phosphohydrotase (PPH), (I11) both
compounds inhibit the activity of diacylglycérol (DAG)-acyltransferase with an attendant rise
of the levels of DAG and phosphatidylcholine (PC), (1V) the combined treatment decreases
PC formation presumably due to inhibition of citidylyl transferase activity, (V) CPZ treatment
leads to accumulation of labelled phosphatidylinositol (PI) irrespective of the presence or
absence of Triton, and (V1) CPZ cannot promote the formation of Pl from PA accumulating
in response to Triton. The cationic nature of CPZ seems to play specific roles in the inhibition
of PPH activity and in the activation of phosphatidyltransferase, both of which direct
intermediates toward Pl. On the other hand, the amphipathic nature of CPZ and Triton
appears sufficient to account for the inhibited DAG-acyltransferase and citidylyl transferase
activities.
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Phenothiazines form one of the most potent family of major tranquillizers, and
chlorpromazine (CPZ)+ is one of the oldest but still widely used member of this
family. In addition to antidopaminerg activity, the amphipathic nature of this drug
may also be an important property without which penetration through the blood-
brain barrier and access to cerebral sites of action could not be possible. Moreover,
CPZ is a cationic amphiphile which can exert a multitude of effects on the activity of
enzymes of lipid metabolism [3, 5, 10, 12-14, 16-18, 23], and on the signal-
transducing [10, 15] or carrier [8, 19] function of membrane-bound proteins. The
question whether these interactions contribute or not to the pharmacological effects
or to the side effects of this and structurally related drugs is not yet unequivocally
answered.

The inhibitory effect of CPZ on the reaction catalyzed by Mg2+-dependent
phosphatidate phosphohydrolase (PPH) has been demonstrated in several papers [3,
5, 18, 23]. The increased rate of synthesis and accumulation of Pl is a characteristic
response in many tissues to CPZ treatment [1, 3, 6, 7,18, 24]. This is believed to stem
from a change in the direction of PA metabolism resulting in an enhanced rate of
formation of PI [1, 5-7, 18, 24]. The concomitant decrease in the rate of synthesis of
TG and PC is consistent with this view, since the formation of 1,2-DAG, the
immediate precursor of these lipids in the de novo synthetic pathway, is generated
from PA by Mg2+-dependent PPH.

Despite efforts to elucidate the mechanism of action of CPZ on lipid
metabolism, little information has accumulated for human tissues. Although CPZ is
still a drug of choice for the treatment of seizure of pregnant women with ecclampsia,
data concerning the effects of CPZ in the human placenta are still lacking. Previously
we have demonstrated marked stimulatory effects of Triton X-100, a nonionic
detergent, on the accumulation of PA and DAG in minced fust trimester placenta
tissues [11, 20, 21]. The aim of the present study was to examine the effects of CPZ
on the formation of various glycerolipids from [3H]glucose. Furthermore we wished
to evaluate the significance of the cationic nature of CPZ by comparing its effects
with those of Triton and by studying the effects of combined CPZ-Triton treatments.

Materials and Methods

Radioactive isotope and chemicals

[2-3H]glucose (20 Ci/mmol) was purchased from the Radiochemical Centre (Amersham, UK).
Chlorpromazine, Silicagel H, and diolein were from Sigma (St. Louis, MO), various phospholipids from
Serva (Heidelberg, Germany). HEPES was from Calbiochem (La Jolla, CA) Triton X-100, triolein and
oleic acid and other chemicals were obtained from Reanal (Budapest, Hungary).

Tissue - Primordial human placenta fragments were collected during legal instrumental
interruption of normal 8-10 week old pregnancies at the 2nd Department of Obstetrics and Gynecology,
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Semmelweis University of Medicine, Budapest. The tissue was placed in ice cold 0.9% NaCl/40 mM
HEPES-Na (pH 7.4), 1 mg/ml glucose solution and transported without delay to the biochemical
laboratory where the experiment started immediately.

Incubations and lipid extraction - The tissue fragments were rinsed with ice cold physiological
saline, chopped up with a pair of scissors and 500 or 600 mg tissue mince (in the same experiment always
identical amounts) was incubated in 2.0 ml glucose-deficient Hanks medium buffered with 40 mM
HEPES-Na (pH 7.4). The incubates contained 10 pG [3H]glucose and CPZ and/or Triton X-100 as
indicated in the captions to figures or tables. The incubations were conducted in open vials shaken
continuously in a 37 °C water bath for 60 min. Where specified 30 min long incubations were also
included in the experiment. When added, various concentrations of CPZ (0.1-1.0mM) were present
from the zero time of incubation. Triton X-100 was always added at 30 min of incubation and in 0.05%
(v/v) final concentration. Incubations were terminated by adding 5 ml ice-cold 0.9% NaCl/0.1 M acetic
acid solution; the tissue was collected by low speed centrifugation and homogenized in methanol. Lipids
were extracted using a modified method [20] of Bligh and Dyer [4]. Extracted lipids were dissolved in
5.0 ml chloroform/methanol (1:1, v/v) and 2x0.5 ml portions were withdrawn to determine the total
extracted radioactivity. The solvent from the residual 4 ml extract was evaporated in N2stream, the lipids
were dissolved in 200 plchloroform/methanol (2:1, v/v) and aliquots were used for TLC analysis.

Radio TLC ofphospholipids and neutral lipids - For chromatography 0.25 mm thick Silica-gel H
thin layers and various solvent systems were employed [11, 20-22]. PA was separated from other
phospholipids and from acylglycerols (AGs) using chloroform/pyridine/formic acid = 100:60:14 (v/v/v)
solvent mixture. For separation of PC and Pl chloroform/methanol/acetic acid/water = 100:50:14:6
(v/v/iviv) solvent system was applied. Using a two-dimensional phospholipid TLC procedure [2], PS and
PE were found to contain negligible radioactivity. Therefore, data referring to these phospholipids are
not documented in the paper. 1,2(sn)-DAG was separated from TGs using petrolether/diethylether/
acetic acid = 70:30:1 (v/v/v) solvent system. PA and DAG standards were routinely run together with
the samples in the respective TLC separation. For identification of various lipids, standards were
chromatographed in separate lanes as well. Extracted (Pl, PC and TGs) and standard lipids were made
visible by brief exposure of the gels to iodine vapor. After localization of separated lipids and
evaporation of iodine, gel portions were scraped off into counting minivials. After addition of 2 ml
scintillation solution [20], the radioactivity was counted with 32% efficiency using a Beckman LS 7800
liquid scintillation spectrometer.

Calculation of results. From the cpm associated to silica-gel scrapings, the total cpm along the
lane of migration was determined, and the percentage distribution of radioactivity among the separated
neutral and phospholipids was calculated. Finally, from the the percentage value and the total extracted
cpm, the cpm associated with a particular neutral or phospholipid was computed as cpm/500 mg tissue or
cpm/600 mg tissue [20]. To calculate the percentage distribution of cpm among acylglycerols, cpm
associated with phospholipids in TLC of neutral lipids was left out from calculation and the total cpm
present in AGs was determined by TLC employed for separation of PA [11].

Results

In the first series of experiments time course studies were performed using
0.5 mM and 0.05% (v/v) final concentrations of CPZ and Triton X-100, respectively.
CPZ was present from the onset of incubation, whereas Triton was added to control
and CPZ-treated tissue at 30 min, and the total incubation time was 60 min.
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Experiments were performed three times with different pools of placentae and the
results of a representative experiment are shown in Figs 1 and 2. Triton inhibits the
formation of [BH]TG with an attending rise of [BH]DAG (Fig. 1) and CPZ exhibits
similar effects. It is also shown that Triton enhances somewhat the effect of CPZ, but
the combined effect of the two compounds on DAG accumulation is roughly
identical with that of Triton alone (Fig. 1). Comparing to control incubations, CPZ
results in an about 2.5-fold increase of [3H]PA level, and this increase is augmented
further about 3-fold by the addition of Triton (Fig. 2). Triton, when added alone, also
causes a marked, about 5-fold increase of [BH]PA level (Fig. 2). CPZ has a great
stimulatory effect on the accumulation of [3H]PI, and this effect is only marginally
enhanced further by Triton (Fig. 2). Again, when added alone, Triton stimulates the
formation of [BH]PI (Fig. 2). Relative to [BH]PA formation, the effect of 0.5 mM
CPZ on [3H]PI accumulation is greater, whereas for 0.05% Triton the reverse is true:
its effect on [BH]JPA exceeds that on [3H]PI (Fig. 2). Under identical conditions,
labelling of [BH]PC was enhanced about 2-fold by CPZ and about 1.5-fold by Triton
(results are not shown).

Fig. 1. Separate and combined effects of chlorpromazine (CPZ) and Triton X-100 on the conversion of
pHJglucose into 1,2-diacylglycerol (1,2-DAG) and triacylglycerol (TG).
Mince of primordial placenta (600 mg) was incubated in 2.0 ml Hanks medium (prepared without
glucose) with 10 pCi pHjglucose, in open vials shaken continuously at 37 °C for the time intervals
indicated. Controls are denoted by open circles, solid circles refer to incubations with 0.5 mM (final
cone.) CPZ. Triton X-100 (0.05%, v/v, final cone.) was added at 30 min (indicated by arrow). The effect
of Triton in both control and CPZ-treated tissue is represented by dashed lines. Mean value from
triplicate incubations +SD (shown by error bars) are presented. The experiment has been repeated twice
with similar results
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In the second series of experiments the effect of increasing concentrations of
CPZ in the presence and absence of 0.05% Triton was studied. Again, three sets of
experiments were done using different pools of placenta tissue and results of a
representative experiment are demonstrated by Figs 3-6. CPZ in 100- 200 p.M
concentration exerts slight stimulatory effect on the labelling of TG, 500 jjM is
inhibitory and 1 mM causes an almost complete inhibition (Fig. 3). It is also shown
that inhibition of TG-formation is accompanied by an accumulation of DAG. It is
noteworthy that elevation of [3BH]DAG is observed at concentrations of CPZ where
the drug-effect on TG formation is stimulatory (for example at 200 [xM in Fig. 3). In
agreement with our previous findings [11, 20, 21] 0.05% (v/v) Triton increases the
labelling of DAG at the expense of TG labelling (Fig. 3).

Fig. 2. Separate and combined effects of CPZ and Triton X-100 on the conversion of [3H]glucose into
phosphatidic acid (PA) and phosphatidylinositol (PI).
For experimental conditions and explanation of symbols and lines, see the legend to Fig. 1. Two
additional experiments have given similar results

In response to 0.1-1.0 mM CPZ concentrations, there is an increase in [3BH]PA
levels (Fig. 4). This increase is attended by a gradual rise in [3H]PI, reaching the
maximum at 0.5 mM CPZ, where it is 15-fold greater than the control value. It is
noteworthy that elevation of [3H]PI is detectable at those concentrations of CPZ
which stimulates TG formation too. Triton again exerts a major, 5-6-fold effect on
[BH]PA accumulation, but causes only a 3-fold rise in [3H]PI formation.
Furthermore, Triton stimulates only slightly the synthesis of [3H]PI when measured
in CPZ-treated tissue. It is evident that increasing concentrations of CPZ (up to
0.5 mM) leads to gradual increase of the [BH]PI/[3H]PA ratio irrespective of the
presence of Triton. Characteristically, between 0.5 and 1.0 mM CPZ concentrations,
accumulation of [BH]PA still continues, whereas the formation of [3H]PI turns down.
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Fig. 3. Effects of increasing concentrations of CPZ on the conversion of pHJglucose into TG and DAG
in the absence and presence of Triton X-100.
Mince of primordial placenta (500 mg) was incubated using the standard conditions (see the legend to
Fig. 1) few60 min. CPZ was present from zero time, whereas Triton (0.05%o v/v, final cone.) was added
after 30 min incubation. Dose-response curves for CPZ added alone are represented by open symbols
and solid lines, whereas those for CPZ added in combination with Triton are shown by filled symbols and
dashed lines. Circles: TG, squares: DAG. Each point is the average +SD (error bars) of triplicate
incubations. Results shown are a representative set out of 3 experiments

chlorpromazine
Fig. 4. Effects of increasing concentrations of CPZ on the conversion of pHJglucose into PA and PI in
the absence and presence of Triton X-100.
For experimental details, see the legend to Fig. 3. Dose-response curves for CPZ added alone are
represented by open symbols and solid lines, whereas those for CPZ added in combination with Triton
are shown by filled symbols and dashed lines. Circles: PA, squares: Pl. Each point is the average +SD
(error bars) of triplicate incubations. Two additional experiments have given similar results
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In the range of zero up to 500 pM CPZ concentration the labelling of PC
increases continuously (Fig. 5). Triton when given alone, increases the labelling of
PC too, but reduces it when added to tissue incubated with 0.5 mM CPZ.
Furthermore, 1 mM CPZ is strongly inhibitory for PC synthesis from [3H]glucose
(Fig. 5). Considering that in the de novo pathway, activity of PPH determines the rate
of formation of acylglycerols (AC) and PC, the sum of radioactivities that accumulate
in AC and PC can be used as an index of this activity. CPZ exhibits biphasic effect on
this index: in 100- 500 pM concentration range it is stimulatory, whereas 1 mM of
the drug is inhibitory (Fig. 6). Triton causes a shift to the left of this dose-response
curve, with the biphasic nature of the effect being sustained. In the presence of
Triton, stimulation by CPZ is observed at 100 and 200 pM whereas inhibition is
evident at 500 pM and 1 mM concentrations (Fig. 6).

Fig. 5. Effects of increasing concentrations of CPZ on the conversion of [3Hjglucose into PC in the
absence and presence of Triton X-100.
For experimental details, see the legend to Fig. 3. Data obtained with CPZ added alone are represented
by open circles, whereas those for CPZ added in combination with Triton are shown by filled circles.
Each point is the average +SD (error bars) of triplicate incubations. Results of a representative
experiment are presented; two others have given similar results
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Fig. 6. Effects of increasing concentrations of CPZ on the conversion of pHJgiucose into AG +PC in
the absence and presence of Triton X-100.
For experimental details, see the legend to Fig. 3. Data obtained with CPZ added alone are represented
by open circles, whereas those for CPZ added in combination with Triton are shown by filled circles.
Each point is the average +=SD (error bars) of triplicate incubations. Results of a representative
experiment are presented: two others have given similar results

Discussion

Considering the amphipathic structure of CPZ, its various effects on the
activity of a number of enzymes involved in lipid metabolism [3, 5, 12, 14, 16, 18, 23]
as well as on a variety of membrane enzymes [8, 10, 13, 19, 24] are not surprising.
The present findings indicate two characteristic responses of the primordial placenta
to treatment by CPZ: (I) the inhibition of acylglycerol and PC accumulation and (1)
the enhanced rate of formation of Pl and PA. These responses can be accounted for
by the inhibitory effect of the drug on the activity of PPH, an effect that has been
documented widely in the literature [1, 3, 5-7, 18, 23]. In our experiments, CPZ
provoked such response in the primordial placenta tissue when it was applied in
1 mM final concentration, whereas in the range of 0.1-0.5 mM, the observed effects
could not be explained by this simple inhibition theory.

In 0.1-0.2m M concentrations, CPZ stimulates the synthesis of TG and PC
(Figs 3 and 5). Furthermore, at 0.5 mM CPZ, the formation of PC is stimulated
about 3-fold (Fig. 5), whereas that of TG is already inhibited (Fig. 3). The labelling of
PC + TG, an indicator of M g2+-dependent PPH activity, exceeds the control activity
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about 35% even at 0.5 mM CPZ concentration (Fig 6). These effects are attended by
the increased labelling of 1,2-DAG, the immediate precursor of TG (Figs 1 and 3),
and the accumulation of Pl and PA (Figs 2 and 4). Collectively, these results suggest
that in the 0.1-0.5 mM concentration range CPZ stimulates the de novo formation
of PA from glucose with the consequent accumulation of some typical end products
such as TG, PC and Pl of lipid biosynthesis de novo. Apparently, CPZ exhibits some
inhibitory action on DAG-acyltransferase (catalyzing the conversion of DAG to TG)
which may explain the rise in the DAG level (Fig. 3). Expectedly, our data reflect the
sum of the stimulatory effect of CPZ on the conversion of glucose into PA and the
inhibitory effect on PPH activity. Probably, at lower CPZ concentrations the former,
whereas at higher concentrations the latter effect predominates.

Our present (Fig. 5) and previous results [11, 21] also demonstrate that 0.05%
(about 0.08 mM) Triton X-100 stimulates the labelling of PC from [3H]glucose. This
effect is attended by an increased labelling of PA and PI, while the labelling of
acylglycerols (Fig. 3) remains unchanged. Therefore, low concentrations of both
Triton and CPZ promote the biosynthesis of various neutral and phospholipids from
glucose in the primordial placenta. Although the mechanism of this effect is still not
clear, orie may suppose that some membranolytic actions of these amphiphiles lead
to enhanced glucose permeability of placenta cells. However, our previous results
showing a major effect of Triton on [32P]PA accumulation in placenta fragments
dispersed in a medium containing [32P]phosphate but no glucose disagree with this
explanation [20].

Triton X-100 (applied in 1% concentration) has been reported to inhibit
Mg2+-dependent PPH activity [23]. The present finding that inhibitory effect of CPZ
on the labelling of AGs+PC is potentiated by 0.05% Triton X-100 (Fig. 6), appears
to be consistent with such an effect. Considering our previous findings [11, 20, 21], it
seems more plausible, however, that inhibition of CDP-choline production (vide
infra) by Triton with a consequent decrease in CPZ-stimulated PC formation (Fig. 5)
is the major cause of the Triton-induced shift to the left of the dose-response curve
depicted by Fig. 5.

The nonionic Triton and the cationic CPZ cause similar DAG accumulation
(Fig. 3) which is the reflection of the inhibited activity of DAG-acyltransferase. Our
present (Figs 1 and 3) and previous results [11, 20, 21] indicate that 0.05% Triton or
1mM CPZ inhibits the activity of this enzyme almost completely. Therefore,
inhibition of DAG acyltransferase activity by CPZ is due to the amphipathic nature
of the drug, and the cationic property is not essential for this effect to occur.

It has been reported that both CPZ [16] and Triton X-100 [9] inhibit the
production of CDP-choline by CTP: phosphorylcholine cytidylyl transferase, the
putative regulatory enzyme of PC biosynthesis. Indeed, we have reported the marked
inhibition by 0.05% Triton of the labelling of PC with [32P]phosphate [20]. Similar
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effects have been found using 0.5-2.0 mM CPZ (Téth, unpublished results). It is
important to observe that [32P]phosphate incorporates into PC via the formation of
labelled CDP-choline, whereas in the present experiments [3H]DAG, formed from
[BH]glucose during incubation, supplied the label to PC. Hence, we can conclude that
CPZ and Triton lead to increased labelling of PC from [3H]glucose by promoting the
formation of [BH]DAG which then reacts with CDP-choline synthesized
predominantly prior to the addition of these amphiphiles to the tissue. This
explanation is consistent with previous findings in this laboratory, characterising PC
formation as a reaction that is suitable for efficient attenuation of DAG-signals
generated in the primordial human placenta [22].

glucose

. © ©
phosphocholine

Fig. 7. Summary of the effects of chlorpromazine (CPZ) and Triton X-100 (TRI) on the rate of
conversion of PH] glucose into various lipids in the primordial placenta. Stimulation is shown by + and
inhibition by - signs. Abbreviations of the names of lipids: PA = phosphatidic acid;

Pl = phosphatidylinositol; PC = phosphatidylcholine; DAG = 1,2-diacylglycerol; TG = triacylglycerol.

Previously, we have reported that Triton in 0.01% (approximately 0.15 mM)
subcellular concentration is unable to stimulate the incorporation of [32P]phosphate
into PA and PI [20]. Here we report that 0.1-1.0 mM CPZ stimulates efficiently the
formation of Pl from [3H]glucose in the presence or absence of 0.05% Triton (Fig.
4). It seems suggestive to believe that the positive electric charge of CPZ plays some
roles in the stimulated conversion of PA into Pl. We speculate that neutralization of
the negative charge of phosphatidate by CPZ may favor transphosphatidylation
leading to CDP-DAG and then to PIl, whereas it is not favorable for the
phosphohydrolase-catalysed reaction. Finally, it is of interest that CPZ does not
promote the conversion of PA, accumulated in the presence of Triton, to Pl (Fig. 4).
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One may think of a separate pool of PA that is not available readily for the formation
of CDP-DAG. Such a pool might be generated by DAG-kinase acting on DAG that
accumulates in the presence of Triton [11, 20, 21].

The proposed effects of chlorpromazine and Triton X - 100 on the formation of
various lipids from glucose are illustrated by the flow-sheet shown by Fig. 7.
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The beneficial effect of beta-blockade has been reported in acute myocardial ischemia
as well as in the postinfarction period. Recent interest focused on the special effect of beta-
blocking agents regarding the changes of lipid metabolism, free radical mediated reactions and
arachidonic acid cascade. In previous experiments on dogs we have shown that ultrashort-
acting beta-blocker (Brevibloc) could modify production of prostacyclin and thromboxane in
ischemic heart tissue. The purpose of this study was to investigate the effect of Brevibloc on
the function of isolated neutrophils and platelets during myocardial ischemia and reperfusion.
In mongrel dogs the left descending coronary artery (LAD) was ligated for 1 or 2 hours
followed by one hour reperfusion. Animals were divided into two groups: Group | control
dogs (n = 21) no drugs were given; in Group Il. (n = 20) short half-life beta-blocker esmolol
HC1 (Brevibloc) was administered intravenously. Polymorphonuclear leukocytes (PMN) were
isolated from venous blood before and after LAD ligature and following reperfusion.
Spontaneous and phorbol myrystate acetate (PMA) stimulated superoxide radical generation
of isolated PMN was measured. Platelets were separated at the same periods and maximal
aggregation was determined in platelet rich plasma (PRP) after stimulation with collagen,
adrenaline and ADP. There was no spontaneous radical production of PMN neither in the
control, nor in the Brevibloc treated animals. Neutrophil superoxide production after
activation in Group | was 9.54+0.3 O”/min/1.5 x 106 before LAD ligature, and significant
elevation was present following one hour reperfusion (14.8+0.8 OJ/min/1.5x 106). Increased
production of neutrophils was inhibited by beta-blocker therapy (9.32U.05, 8.25+0.82
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respectively). Collagen and ADP stimulated platelet aggregation increased more than 20%
during ischemia in Group |, which elevated further after reperfusion. Administration of
Brevibloc diminished maximal aggregation in both cases, after 1-2 hours of LAD ligature and
after reperfusion, compared to the initial value. Our findings suggested that ultrashort-acting
beta-blocker has in vivo inhibitory action on neutrophil superoxide generation and platelet
aggregation influencing the pathological cellular interactions.

Keywords: beta-blocker, isolated neutrophils, free radicals, platelets

Experimental studies demonstrate that neutrophil leukocytes play an important
role in the pathophysiology of myocardial infarction [7, 8, 22, 23]. The infiltration of
neutrophils is the next step when the migrating cells discharge oxygen-free radicals,
proteolytic enzymes and arachidonic acid metabolites to damaged heart tissue [2, 15,
20, 21]. Platelets are able to accumulate in the ischemic myocardium as well
enhancing/amplifying the development of vascular clumping [1, 6, 19, 24]. Recent
investigations suggest that beneficial action of different cardioprotective drugs such
as beta-blockers and Ca2+-antagonist [4, 9, 13, 15, 31, 32] can be explained by then-
effect on the lipid metabolism and generation of free oxygen radicals [20, 27]. In
previous experiments we have demonstrated that selective, ultrashort-acting beta-
blocker Brevibloc could modify the arachidonic acid metabolic pathway and free
radical mediated membrane damages during heart ischemia and reflow [28, 29]. The
aim of our present study was to investigate the influence of Brevibloc on neutrophil
superoxide production and platelet aggregation during experimental myocardial
ischemia and reflow.

Materials and Methods

Surgical preparations

Forty-one mongrel dogs of both sexes were used in the study: with the average weight of 17 kg.
Anesthesia was induced with sodium hexobarbital (20 mg/kg) and maintained throughout the surgery
with narcotan and oxygen nitrous oxide in a ratio of 1:3. Positive pressure ventilation was used via
endotracheal intubation. A branch of left femoral artery and vein were exposed and cannulated for
monitoring of arterial pressure and for collection of venous blood samples. After thoracotomy the left
anterior descending artery (LAD) was dissected free just distal to the first major diagonal branch.
Temporary ligature was placed around the LAD, which was followed by reperfusion. BCG and systemic
blood pressure were recorded in every 15 minutes with Biomedica six channels polygraph.

Experimental protocol

The dogs were devided into two groups as follows: Group | (n = 21) LAD occlusion lasted 1 or 2
hours, followed by one hour reperfusion; no drug was given. Group Il (n = 20) occlusion and
reperfusion as in Group |; animals were treated with ultrashort-acting cardio-selective beta-blocker
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esmolol HC1 (Brevibloc), which was kindly supplied by Du Pont-Pharma GmbH (Bad Homburg,
Germany).

Protocolfor the drug studies

After the registration of baseline hemodynamic parameters, esmolol was administered in a two-
stage infusion [5]. There was an initial loading phase of 500 |xg/kg/min for 1 min, followed by a
maintenance infusion of 50-100-150 pg/kg/min for4 min. This protocol was repeated until the blood
pressure and heart rate decreased about twenty-five percent. After the titratable period Brevibloc was
administered in a dosage of 100-150 u-g/kg/min. The administration of esmolol had to be stopped in
only a few cases for a short time, because of seriously lowered blood pressure.

Preparation of neutrophils

Peripheral blood polymorphonuclear leukocytes (PMN) were prepared by Guamieri’s [10]
method from venous blood treated with EDTA. Following dextran sedimentation and hypotonic lysis (to
remove contaminating erythrocytes), Ficoll Hipaque gradient centrifugation was performed. Resulting
cells (95% PMN) were washed twice in phosphate buffered saline consisted of 5 mM glucose at pH 7.4
the PMN (1.5x10s cells/ml s 40 pg protein) were incubated at 37 °C in the presence of 0.1 mM
ferricytochrome c in phosphate buffer. After an initial 3 min incubation period the spontaneous radical
productign was measured. Also the phorbol myrystate acetate (PMA 0.1 |ig/ml) stimulated activity was
tested. Reaction was recorded with double blind spectrophotometer (Specord M40). Release of 0 2" was
calculated from the linear portion of the cytochrome c reduction plot using a molar absorption
coefficient of 21.1 x 103 ‘em .

The protein quantity was determined by Bradford’s [3] method using bovine serum albumin as a
standard.

Preparation ofplatelets

For the isolation of platelets venous blood was drawn without stasis into 0.13 M sodium citrate.
Platelet-rich plasma (PRP) for the platelet aggregation test was prepared within 30 minutes. Platelet
activity was measured in PRP with aggregometer (Mikron M 304 Diatron Kft. Hungary). The extent of
aggregation to a single dose of one of the three reagents was measured in PRP and adjusted to
200 000+£50 000 platelets/VI then compared to autologous platelet-poor plasma (PPP). The reagents
included collagen (cc. 2.5 (sg/ml), adrenaline (cc. 7 pg/ml), and adenosine diphosphate (cc. 30 p.g/ml)
[19]. We also performed measurements involving the determination of the spontaneous aggregation of
PRP without stimulants. In each of the tests the platelet aggregation a maximal optical density was
estimated and compared to the PPP value and finally expressed in percentage.

Statistical analysis

The results were expressed as mean +standard deviation (SD). All data were compared by
Student’s r-test, taking p < 0.05 as the limit of significance.
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Results

No spontaneous 0 2~ production was detected in any experiment (non-treated
and Brevibloc treated dogs). The PMN radical production can be measured only
after stimulation with PMA. Table | shows the generation of superoxide radicals in
non-treated and Brevibloc treated animals in different stages of experiments. These
data show that without infusion of beta-blocker reperfusion can significantly increase
the superoxide production following the activation of isolated neutrophils. On the
other hand PMN, prepared following Brevibloc treatment show decreased radical
generation after one hour of LAD ligature, and the reperfusion does not raise the
0 2~ production.

Table |

PMA-stimulated 0 2~production (nmol 0 2~min/1.5x 106 PMN) during
myocardial ischemia and reflow

Group | Group Il
Before LAD ligature 9.54 (0.9) 9.32 (1.05)
60°LAD ligature 11.35 (1.1) 6.88 (0.9)*
120°’LAD ligature 10.2  (0.92) 7.98 (1.0)
60’LAD ligature +
60’ reperfusion 14.85 (1.3)* 8.25 (0.82)

Values represent means (SD) of experiments in non-treated (Group 1)
and beta-blocker treated (Group Il) animals.

Asterisk denotes p < 005 when compared to control values.
(PMA = phorbol myrystate acetate;, PMN = polymorphonuclear
granulocytes).

Measuring stimulated aggregation of platelets in PRP proves that both
ischemic and reperfusion state can lead to increased platelet aggregation. Table Il
shows that in non-treated animals the first stimulus can be detected in ischemic
period, and reperfusion further aggravates the collagen and adrenaline initiated
aggregation of platelets. In contrast, after the administration of Brevibloc (Table I11)
the level of initial aggregation decreases even after two hours of LAD ligature and
reperfusion can cause only moderate elevation after ADP and collagen stimulation.
The strongest effect of beta-blocker can be demonstrated after adrenaline
stimulation following reperfusion.

Acta Physiologica Hungarica 83, 1995



Effect of bcta-blocker on neutrophil superoxide generation and platelet aggregation 167

Table 11

Stimulated aggregation ofplatelets in non-treated group during myocardial ischemia and reflow

Collagen Adrenaline ADP
Before LAD ligature 82% (12) 37% (2.5) 69% (5)
60°’LAD ligature 92% (15) 42% (5.1) 102% (13)*
120°'LAD ligature 95% (14) 48% (9.2) 101% (12)*
60°’LAD ligature +
60’ reperfusion 102% (11)* 59% (8.5)* 102% (11)*

Values represent mean (SD) of experiments in control non-treated animals (Group ). Asterisk denotes
p < 0.05 when compared to control values.

Table 111

Stimulated aggregation ofplatelets in Brevibloc treated group during myocardial ischemia and reflow

Collagen Adrenaline ADP
Before LAD ligature 82% (10.3) 36% (2.8) 59% (8.9)
60°LAD ligature 58% (5.2) 22% (1.8) 32% (5.4)*
120°LAD ligature 51% (5.9)* 18% (1.2)* 30% (2.8)*
60’LAD ligature +
60’ reperfusion 62% (6.8) 19% (0.8) 48% (8.6)

Values represent mean (SD) of experiments in beta-blocker treated animals (Group II). Asterisk
denotes p < 0.05 when compared to control values.

Discussion

The short half-life cardio-selective beta-blocker esmolol HC1 (Brevibloc) has
been safely used in patients with acute myocardial infarction or in unstable angina
pectoris [14, 16]. We have previously reported that Brevibloc during myocardial
ischemia and reperfusion can modify the ratio of prostacyclin and thromboxane in
the injured area and can significantly diminish the thromboxane release during
reperfusion [29]. Our data suggest that after administration of this drug, endogenous
scavengers are better preserved and peroxidation of membrane system is reduced in
ischemic heart tissue [28].

In our present experiments we have studied the influence of Brevibloc on
isolated neutrophil superoxide radical generation and stimulated platelet aggregation
during experimental myocardial ischemia followed by reperfusion. These cells are
responsible for the progressive increase of coronary vascular resistance and edema
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formation during ischemia, producing oxygen-radicals and different metabolites
which are directly toxic to myocytes [7,17,18, 30].

Our present results showed that in non-treated animals stimulated superoxide
production of PMN increased at the time of coronary ligature and the generation of
radicals almost doubled after reperfusion. Guarnieri [10] demonstrated that different
concentrations of catecholamines cause increased radical production of human PMN,
which can be decreased by beta-blocker (propanolol). Our results are in agreement
with Guarnieri’s data. We also demonstrated the reducing effect of Brevibloc on
superoxide radical production of isolated dog PMN during ischemia and reflow.
Decrease of symphathoadrenal activity together with depletion of catecholamine
level after beta-blocker therapy may partly explain this beneficial effect of Brevibloc.

The interaction of platelets with leukocytes and with the blood vessel wall plays
significant role in the pathogenesis of thrombus formation [12, 20, 21]. Experimental
data indicates that platelet activating factor (PAF) released from ischemic
myocardium can also trigger the platelet-neutrophil interaction [1, 6, 32]. Platelet-
endothelial interactions [19, 25, 26] are controlled by prostacyclin and thromboxane
and different mediators (PAF, leukotrienes, complement, free radicals).

Our previous experimental data showed that Brevibloc modified the
prostacyclin-thromboxane ratio in ischemic heart tissue with predominance of
prostacyclin [29]. Present findings confirm that decrease of stimulated platelet
aggregation after administration of beta-blocker may be in close correlation with this
alteration of prostacyclin content. Intraplatelet cAMP level which is the most
powerful inhibitor of platelet aggregation can also be raised after elevation of
prostacyclin. Such a way it can be supposed that Brevibloc which stimulates
endogenous prostacyclin synthesis can elevate cAMP level inhibiting aggregation of
platelet response to stimulated agents.

Based on our results, it is pointed out that Brevibloc has a beneficial effect on
the pathological leukocyte-platelet-endothelial interaction during early ischemic and
reperfusion state. We can conclude, as if was previously confirmed by others as well,
that beta-blockers may protect the myocardium from deleterious consequences of
ischemia and reperfusion.
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Administration of estrogen as well as prolactin to B. melanostictus resulted in
hypercalcemia. Parathyroids and ultimobranchials of the toad were hypertrophied and the
secretory epithelium reflected hyperplasia. Histophysiological manifestation of the
parathyroids of treated toads suggests that estrogen and prolactin bring about hypercalcemia
by stimulating the parathyroids. Changes in the ultimobranchials suggest hyperactivity of the
gland to combat estrogen- and prolactin-induced hypercalcemia.

Keywords: estrogen, prolactin, hypercalcemia, parathyroid glands, toad hypercalcemia

In amphibia, parathyroids and ultimobranchials are the principal glands which
regulate the plasma levels of calcium, the former secreting parathormone, the
hypercalcémie principle, and the latter secreting calcitonin, the hypocalcémie
hormone [7]. However, in their evolutionary predecessors, viz., the fish, which lack
parathyroids, prolactin has been shown to be the hypercalcémie hormone [7, 28], and
it has also been shown that prolactin retains this role in amphibia as well [10, 12, 23,
25] but it is not definitely known whether prolactin acts directly on the principal sites
of calcium metabolism viz.,, the bone and the paravertebral lime sacs, or through
modulating the secretory activity of parathyroids and ultimobranchials.

Further, it has been shown that the egg laying vertebrates, including amphibia,
maintain high levels of plasma calcium during the period of sexual activity; higher
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titres of estrogen appears to be the basis of this hypercalcemia [2, 3, 13-15, 17-19,
26, 27, 33, 41, 43].

There have been attempts to find whether such an estrogen-induced
hypercalcemia is mediated through the parathyroids or if comes about independently
of the latter; vertebrates appear to differ in this regard, in the bullfrogs, Japanese
quail [6], chicken [34] and the garden lizard [2, 3] the former, and in several other
cases is the latter mechanism takes place [13, 33, 38, 30].

Thus, the objective of the present study is to find the response of the
parathyroids and ultimobranchials to exogenous prolactin and estrogen in the toad
Bufo melanostictus (Schneider) so as to infer if the hypercalcémie action of these
hormones in this toad is mediated through these glands. Gross morphology,
histology, seasonal changes and role in calcium homeostasis of parathyroids and
ultimobranchials of this toad have already been worked out and conform to the
general anuran pattern [1, 4, 20 - 22, 24, 25].

Materials and Methods

Adult female toads, of body weight 30.00+1.25 g, were collected locally and maintained in the
laboratory for one week with free access to food and water. To minimise the endogenous hormonal
effects, the experiments were conducted during the non-breeding season (Dec.-March). The toads were
divided into four groups of ten each and treated as follows:

Group I:  Received 0.2 ml of olive oil and served as control for estrogen treatment.

Group IlI: Received 0.2 ml of stilbesterol dipropionate (0.2 mg) (Vetosterol, May & Baker,

India) every day, for 15 days.

Group IlI: Received 0.5 ml of 0.9% saline and served as control for prolactin treatment.
Group IV: Received 50 pg of ovine prolactin (Sigma, USA) in 0.5 ml of 0.9% saline, every day,
for 15 days.

The administration was made through intramuscular route

Three hours after the last dose, under mild ether anaesthesia blood was drawn by cardiac
puncture in heparinized syringe and centrifuged for 15 minutes at 1500 x g. The plasma was separated
and wused for the determination of calcium spectrophotometrically [42]. Parathyroids and
ultimobranchials were excised, fixed in aqueous Bouin’s fixative and processed for routine histological
preparations. Serial sections at 6 pm thickness were stained in haematoxylin and eosin. Diameter of the
nuclei of parathyroids and ultimobranchials were measured using a calibrated ocular micrometer; cell
population of the former was determined using an ocular grid. Student’s i-test was employed for
statistical comparison.

Results

Treatment of estrogen and prolactin for 15 days elevated plasma calcium to
significant levels (Table I).
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Table |

Plasma levels ofcalcium and data on the histometric parameters o fparathyroids and ultimobranchials of B.
melanostictus following treatment with estrogen and prolactin (values are mean +SE of10 animals each)

Group Plasma calcium Parathyroid Ultimobranchial
(mg %) Nuclear diameter (JXm) Cell population (/mm*) Nuclear diameter (Lian)
Control 6.98+0.03 4.52+0.03 110+2.16 3.89+0.08
Estrogen 9.47+0.05* 6.23+0.01* 90+1.24* 5.20+0.12*
Prolactin 8.26 £0.06* 5.27+0.01* 92 +1.09* 5.61+0.07*
*p < 0.01

Changes in the parathyroid gland

Parathyroid gland of control toad was formed of the chief cells, arranged as
scattered peripheral cells and dense central cells. Peripheral chief cells had spherical
or oval nuclei where as central chief cells had elongated nuclei. In both cases, the cell
membrane was obscure. The gland was surrounded by a thin capsule of connective
tissue. The characteristic whorl-like arrangement of cells as seen in frogs was not
observed. Mean diameter of nuclei was 4.52 |[xm and cell population was 110/mm 2
(Figs 1, 2; Table 1).

Treatment of toads with estrogen as well as prolactin resulted in hyperactivity
of the parathyroids as reflected in the histophysiological picture (Figs 3-6).
However, such a hyperactivity was more pronounced in estrogen-treated toads than
in the prolactin-treated ones; in the former, mean nuclear diameter increased to
6.23 (LU, and cell population decreased to 90/mm 2, where as in the latter the values
were 5.27 gm and 92/mm2, respectively. In estrogen-treated toads, cells
corresponding to central chief cells were absent and the entire gland consisted of the
peripheral type (Figs 3, 4); while such a cellular transition was evident in the gland of
prolactin-treated toads also, it was not as prominent following estrogen treatment
(Figs 5, 6).
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Fig. 1. T. S. of parathyroid of control toad
Fig. 2. Part of Fig. 1 enlarged showing peripheral chief cells and central chief cells
Fig. 3. T. S. of parathyroid of estrogen-treated toad
Fig. 4. Part of Fig. 3 enlarged, showing enlargement of nuclei
Fig. 5. T. S. of parathyroid of prolactin-treated toad
Fig. 6. Part of Fig. 6 enlarged, showing enlargement of nuclei
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Fig. 7. T. S. of ultimobranchial of control toad
Fig. 8. Part of Fig. 7 enlarged, showing epithelium lining the follicle
Fig. 9. T. S. of ultimobranchial of estrogen-treated toad
Fig. 10. Part of Fig. 9 enlarged, showing proliferation of epithelium and formation of secondary follicles
Fig. 11. T. S. of ultimobranchial of prolactin-treated toad
Fig. 12. Part of Fig. 11 enlarged, showing a trend as in Fig. 10
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Changes in the ultimobranchial gland

The ultimobranchials of the control toads consisted of one or two large
follicles, with a distinct lumen filled with a colloidal material, ladened with
degenerating cells. The follicle was lined with pseudostratified epithelium and
showed three types of cells, viz., the basal cells, secretory cells and degenerating cells.
The mean nuclear diameter was 3.89 jim (Figs 7, 8 and Table ).

In the toads treated with estrogen as well as prolactin, the ultimobranchials
displayed heightened activity, as evidenced by proliferation of the secretory cells,
leading to the formation of cord-like cellular arrangement, and several secondary
follicles; degenerating cellular elements were hardly encountered in the colloid (Figs
9-12). Mean nuclear diameter of the epithelium was increased to 5.20 jxm and
5.61 [xm in estrogen- and prolactin-treated toads, respectively (Table I).

Discussion

Parathyroids of anura consist of two kinds of cells, peripheral chief cells and
central chief cells; several studies have shown that the peripheral type is the active
component, and any physiological demand for more calcium would result in the
transformation of central resting chief cells into the peripheral type; it has also been
reported that the parathyroids of anura would respond to experimental hypo- and
hypercalcemia with alterations in their histophysiological status [1, 4, 9, 16, 39, 40].
On the other hand, the ultimobranchials of anura contain one or two large follicles,
lined by a pseudostratified epithelium, formed of three types of cells of which only
one, forming about 60% of the total population, is classified as the secretory type [31,
32]. As in the case of parathyroids, ultimobranchials also have been known to
respond to experimental hypo- and hypercalcemia with alterations in their
histophysiology [21, 29, 31, 32, 37].

Considering the results of the present study in this background, it is evident
that estrogen as well as prolactin bring about hypercalcemia in B. melanostictus
through activation of parathyroids, which is inferred from the increased diameter of
the peripheral chief cell nuclei and decreased cell population reflecting increased
cellular diameter. This inference supports the view of Baksi et al. [2, 3, 6] that
estrogen-induced hypercalcemia is mediated through the parathyroid. It also suggests
that prolactin, in retaining its hypercalcémie action in anurans, bring about this action
through stimulating the parathyroids. The study further suggests that compared to
prolactin, estrogen is more potent in stimulating the parathyroids.

It has been reported that exogenous 1.25 dihydroxycholecalciferol (1.25
(OH)2D3, the hormonal form of vitamin D3) is hypercalcémie in anura through
increased intestinal absorption of calcium [7] and that anuran kidney contains the
enzyme la-hydroxylase which mediates the final step in the activation of vitamin D3
to its hormonal form [5] Baksi et al. [6] in bullfrogs and Japanese quail, and Spanos
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et al. [34] in chicken, have attributed the hypercalcémie action of estrogen and
prolactin to increased renal production of 1.25 (OH)2D3. Therefore, it could be
suggested that estrogen and prolactin bring about hypercalcemia by stimulating the
parathyroid, to increase its output of parathormone, which would in turn enhance the
formation of 1.25 (OH)2 D3 mediated by the appropriate enzyme systems, leading to
increased intestinal absorption of calcium and hypercalcemia (Fig. 13).

ESTROGEN Il PROLACTIN

Fig. 13. Model depicting the probable mechanism of action of estrogen and prolactin in bringing about
hypercalcemia

The present study also shows that experimental hypercalcemia induced by
estrogen and prolactin is accompanied by hypertrophy of the ultimobranchials and
hyperplasia of its epithelium, resulting in the obliteration of the primary follicles,
generation of several small secondary follicles and the organization of the gland to
contain a cord-type arrangement of the epithelium. This could be explained on the
basis of the fact that exogenous estrogen and prolactin, in acting through the
stimulation of the parathyroids, cause hypercalcemia, which is not the consequence of
any physiological demand for higher level of calcium; therefore, it could be suggested
that the ultimobranchials are stimulated into hyperactivity to combat the resultant
hypercalcemia, as has been suggested in several other instances of experimental
hypercalcemia [11, 21, 29, 32, 36].
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The influence of Ambroxol on bleomycin-induced changes in lung surfactant
phospholipid composition in rats was examined. Bleomycin alone (intratracheally 10 mg/kg,
single dose) produces a significant fall in phosphatidylcholine (especially in disaturated
species) and phosphatidylglicerol content in both lavage and postlavaged lung tissues
surfactants. Ambroxol (8 days, 2 mg/kg s.c. per day) normalizes these changes. Thus,
Ambroxol has an salutary effect on bleomycin-induced changes in lung surfactant
phospholipids.

Keywords: lung injury, surfactant phospholipids, bleomycin, Ambroxol

Bleomycin, a polypeptide antibiotic from Streptomyces vesticillus is widely used
as an antineoplastic agent [9]. Unfortunately the drug provokes a cumulative dose-
dependent interstitial lung fibrosis [6, 15, 28]. Intratracheal administration of
bleomycin is a widespread model, suitable to investigations on the pathogenesis of
lung fibrosis [28, 31] since the histopathologic and biochemical features are similar to
interstitial pulmonary fibrosis seen in humans [1]. Biochemical mechanism
responsible for bleomycin-induced lung fibrosis are not yet fully understood.

It is known, that bleomycin is capable of generating reactive oxygen species in
the presence of molecular oxygen [23, 29, 32] causing DNA strand scissions [7, 33]
and cell membrane lipid peroxidation [18, 35]. Microscopic evaluation of the lung
from mice treated with bleomycin revealed that the primary lesions were endothelial
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swelling, interstitial oedema, thickening of the alveolar wall, and proliferation of type
Il pneumocytes containing giant lamellar bodies [8]. These bodies are considered to
be the main storage granules of surfactant in type Il cells [11].

There are conflicting reports with respect to changes in the level of surfactant
in the lung of bleomycin-treated animals. As Burkhardt [4] and Gebbers [10] have
shown, the pathogenic basis for bleomycin-induced lung damage is a reduction in
lamellar bodies and in consequence, a surfactant deficiency. This is diametrically
opposed to the findings of Fasske and Morgenroth [8], who reported proliferation of
the type Il pneumocytes with overproduction of surfactant. In previous publication
[17] we have shown that endotracheal bleomycin instillation of 10 mg/kg bleomycin
cause after 7 days a great fall in phosphatidylcholine, desaturated ones and
phosphatidylglycerol, both in the extra- and intracellular pool of the surfactant.

Ambroxol, trans-4[(2-amine-3,5-dibrombenzyl)amine]cyclohexanole hydrochlo-
ride has a bronchosecretolytic activity [5, 27] and is used in the treatment of
respiratory distress [19, 26]. Winsel et al. [36] have shown, that Ambroxol diminishes
oxygen-derived free radical production in yeast glucan-stimulated alveolar
macrophages. In previous publication [16] we have also shown that Ambroxol
lowered the Fe3+/ADP/dihydroxyfumarate-induced malondialdehyde production in
dog lung mitochondria.

The aim of this study was to investigate the effect of Ambroxol on phospholipid
composition of bronchoalveolar lavage surfactant and post-lavaged lung tissue
surfactant in rats on the 8th day after intratracheal administration of 10 mg/kg
bleomycin.

M aterials and Methods

The investigations were carried out on Sprague-Dawley male rats (CD strain, 250- 300 g body
wt.) from Laboratory Animal Breeding Centre, Agriculture-Technical Academy, Olsztyn. Rats were
provided with water and food (LSM mix), housed in wire cages without bedding (maximal 3 animals in a
cage) and maintained on a 12 h light/dark cycle. All animals were free from pulmonary pathogens.
Bleomycin sulfate (Bleocina, Nippon Kayaku Co., Ltd., Tokyo, Japan) and Ambroxol (Mucosolvan, Dr.
Thomae GmbH, Biberach Deutschland) were used throughout the study. After an adaptative period of 2
weeks intratracheal instillation of bleomycin was accomplished via a stainless cannula inserted into the
trachea under general anaesthesia (Ketamine 100 mg/kg + Diazepam 5 mg/kg).

One group Of rats (A, n = 20) remained untreated. A second group (B, n = 20) was instilled
intratracheally with bleomycin (10 mg/kg). A third group (C, n = 20) was instilled with bleomycin as
above and simultaneously injections of Ambroxol (2 mg/kg, i.m.) were repeated every day for the 8 days
of experiment. Two hours after the last Ambroxol injection, bleomycin group (B) and bleomycin +
Ambroxol group (C) were decapitated and lungs removed for biochemical assays.

Preweighed lungs were lavaged via trachea and bronchi with 6 portions of 0.154 M NaCl, 5 ml
each. Pooled lavages were centrifuged (5 min, 200 g) to sediment desquamated cells and supernatant was
centrifuged again in sucrose density gradient according to Oulton et al. [24]. After a new weighing of the
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lung (to quantify lavage solution retained), 0.01 M Tris-HCI buffer containing 0.145 M NaCl and 1 mM
EDTA was added, to obtain a 10% homogenate and tissues were homogenized in all-glass homogenizer.
The homogenate was centrifuged (5 min, 200 g) and the supernatant was centrifuged again (30 min at
10000 g). The sediment thus obtained was washed further as described above for bronchoalveolar
lavage.

Protein content was measured as described by Lowry et al. [28] with bovine serum albumin as a
standard.

Lipids were extracted with chloroform-methanol 2:1 mixture, phospholipids were separated by
thin layer chromatography on precoated silica gel G plates (E. Merck, Darmstadt, Germany) as
described previously [35]. In individual phospholipid fractions phosphorus was estimated according to
Bartlett [3]. Disaturated phosphatidylcholines were estimated according to Mason et al. [22] with
osmium tetroxide.

Statistical significance was determined using Student’s f-test for unpaired data.

Results

The chemical composition of both pools of the surfactant is shown in Table I.
Post-lavaged lung tissue surfactant shows a slight minor value of fraction weight to
phosphorus content ratio, higher phosphorus, phospholipids and protein content, as
compared to bronchoalveolar lavage surfactant.

Table |

Rat lung surfactant isolated from bronchoalveolar lavage (BAL) and post-lavaged lung tissue (PLUT)

composition
BAL PLLT
Weight/phosphorus, pig/nM 1.20+0.15 1.16+0.13
Phosphorus, % of dry wt 2.92+0.30 2.98+0.35
Phospholipids, % of dry wt 72.5+3.4 75.1+4.3
Protein, % of dry wt 6.1+0.8 75%1.1

mean £ SD

Table 11 shows phospholipid composition of bronchoalveolar lavage surfactant.
Bleomycin causes a significant increase in  phosphatidylethanolamine,
phosphatidylserine, phosphatidylinositol and lysophosphoglycerides with concomitant
decrease in phosphatidylcholine, especially in its content of disaturated fractions.
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Table Il

Phospholipid composition oflung surfactant in bronchoalveolar lavage ofrats (%)

A B C
Phosphatidylethanolamine 05+0.1 1.3+0.2* 0.8+0.1
Phosphatidylserine 22403 5.0+0.3* 2.6+0.4*
Phosphatidylinositol 3.4+0.5 5.840.6* 4.0+0.4
Phosphatidylcholine 751+2.3 63.2+2.5* 72.0+2.6
Disaturated phosphatidylcholine 522+1.9 44.1+1.9* 50.0£2.0
Phosphatidylglycerol 10.7+0.7 8.6+0.6* 10.9+0.6
Sphingomyelin 81+0.7 14.2+0.9* 95+0.8
Lysophosphoglycerides 0 19+0.2* 0.2+0.1*

Mean + S.D.
Group designation as in Materials and Methods.
*- p<00lBvsAandCvs A

Similar changes were observed in post-lavaged lung tissue surfactant (Table
111). In both cases, Ambroxol administration strongly diminishes these changes.

Table 111

Phospholipid composition oflung tissue rat lung surfactant following lavage (%)

A B c
Phosphatidylethanolamine 0.8+0.1 2.0+0.2* 1.0+0.2
Phosphatidylserine 22+0.3 4.8+0.5* 25+0.3
Phosphatidylinositol 3.6+0.4 6.5+0.9% 3.8+0.5
Phosphatidylcholine 732+2.3 51.4£1.9* 70.0£2.5
Disaturated phosphatidylcholine 52.6+2.6 41.242 5% 49.7+2.7
Phosphatidylglycerol 121+0.3 7.5+0.8* 11.4+0.4
Sphingomyelin 8.1+0.2 20.3+1.4* 10.7£0.6*
Lysophosphoglycerides 0 7.5+0.7* 0.6+0.1*

Mean % S.D.

Group designation as in Materials and Methods.

*- p<001BvsAand CvsA

Discussion

Lavage of lungs via the trachea an bronchi to obtain an extracellular alveolar
lining gave preparation contaminated with lung surfactant [12,30]. First Macklin [21]
has shown that two pools of surfactant exist, one pool as a silver-stainable
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mucopolysaccharide alveolar lining and another one as pneumocyte Il lamellar
bodies. The introduction of the methods for selective isolation of highly defined
fraction containing lung surfactant made if possible to isolate an extra- and
intracellular surfactant pool [24, 25].

None of the pools of rat lung surfactants obtained in our work have shown
differences in their composition, as compared to surfactants of another animal
species [14, 34].

In this work, as well as previously [17] we have observed a great decrease in
phosphatidylcholine, disaturated phosphatidylcholine and phosphatidylglycerol
content in both bronchoalveolar lavage surfactant and post-lavaged lung tissue
surfactant of rats after endotracheal bleomycin instillation. Similar changes in
pulmonary surfactant composition in human adult respiratory distress syndrome were
observed by Ashbaugh et al. [2] and Hallman et al. [13].

Giri [12] has examined the uptake of [14C]lacetate’ by lung slices and its
incorporation into lipids at various times following intratracheal administration of a
fibrogenic dose of bleomycin in hamsters. Separation of lipids into various fractions
revealed that bleomycin specifically inhibits the synthesis of phosphatidylcholine and
neutral lipids. It is concluded that one of the reasons why synthesis of these lipids is
depressed, may be the inhibition of fatty acid synthetase complex, a cytosolic enzyme
which is responsible for conversion of acetate to fatty acid. It has been shown, that
80- 90% of bleomycin present in the lung is covalently linked with the cytosolic
proteins [12].

The results of our work strongly suggest that Ambroxol greatly diminishes the
deteriorating changes in lung surfactant caused by endotracheal instillation of
bleomycin in rats.
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The effect of WR-2721 against cyclophosphamide-induced cytotoxicity was studied
using the mouse micronucleus test. Adult male Swiss mice were treated intraperitoneally with
a dose of 200 mg/kg or 400 mg/kg bw. WR-2721, 15 or 30 minutes prior to
cyclophosphamide administration, with a dose of 200 mg/kg b.w. The frequency of micronuclei
in polychromatic erythrocytes and the number of polychromatic erythrocytes in the peripheral
blood were determined 24-hours after CP treatment. In comparison with the controls, in mice
injected with cyclophosphamide, the number of micronucleated polychromatic erythrocytes
was increased, and the number of polychromatic erythrocytes was decreased. In mice treated
with WR-2721 and CP, in relation to those injected with cyclophosphamide alone, the
frequency of micronuclei in polychromatic erythrocytes was lower, but the number of
polychromatic erythrocytes was found to be greater. The protective effect of WR-2721
against cyclophosphamide-induced clastogenicity and suppressing mitotic activity of the
erythropoietic system caused by the alkylating drug was shown. The effect was dependent on
the dose of the thiol compound applied and it was more expressive when WR - 2721 was given
in the higher dose, 400 mg/kg b.w. However, the protection by aminothiol appeared not to
depend on the time intervals between WR-2721 and CP administration into mouse organism.
The result may be useful for therapeutic application of WR-2721 with cyclophosphamide
therapy.

Keywords: WR-2721, cyclophosphamide, mouse micronucleus test, peripheral blood
During the last decade, the mouse micronucleus test has become increasingly
popular as a primary assay for detecting genotoxic agents [7, 9, 10, 12, 20]. The

Correspondence should be addressed to
Lidia Mazur

Jagiellonian University, Institute of Zoology,
R Ingardena 6, 30- 060 Cracow, Poland

0231-424X/95/S 4.00 © 1995 Akadémiai Kiadd, Budapest



190 Lidia Mazur, A. Czyzewska

micronucleus test is regarded as a sensitive and rapid in vivo method for measuring
certain types of chromosomal aberrations induced by ionizing radiation or chemical
clastogens/aneugens [8, 10-12, 23, 29].

Cyclophosphamide, one of the biological alkylating agents is widely used to
treat a variety of malignant and nonmalignant disorders. Although CP has a wide
spectrum of clinical uses, it also possesses a wide spectrum of toxicity [1, 2, 4, 14, 17,
22]. The acute toxicity of this compound is related to its cytotoxicity. Like other
alkylating drugs, cyclophosphamide is most toxic to rapidly proliferating tissues such
as the haematopoietic system [1, 2, 4,10].

The aminothiol compound WR-2721 (S-2-/3-aminopropylamino/ethyl-
phosphorothioic acid) is known to protect cells from the cytotoxic effects of ionizing
radiation and chemotherapeutic cytostatic agents [3, 6, 13, 15, 18, 21, 24, 26- 28].
However, little information is available on the influence of WR - 2721 on the effects
of the chemotherapeutic drugs and especially cyclophosphamide [6, 18, 24, 25, 27,
28].

The purpose of the present experiments was to study possible protective effect
of WR-2721 against cyclophosphamide-induced cytotoxicity in the mouse
erythropoietic system. In the investigations the micronucleus test was used.

Materials and Methods

The experiments were carried out on adult male Swiss mice. All were kept under constant
environmental conditions with a 12/12-h light/dark cycle (light: 08.00- 20.00, dark: 20.00- 08.00). They
were fed standard granulated chow and given drinking water ad libitum.

WR-2721 (S-2-/3-aminopropylamino/ethyl-phosphorothioic acid, Institute of General
Chemistry, Warsaw Agricultural University, Poland) was administered intraperitoneally, in a single dose
of 200 mg/kg or 400 mg/kg body weight, 14 or 30 minutes prior to cyclophosphamide (Endoxan 200, CP,
Asta Pharma AG, Germany) treatment. Cyclophosphamide was injected intraperitoneally, in a single
dose of 200 mg/kg body weight, always at about 10.00 a.m. The doses of WR-2721 and CP applied in the
present experiments, and the time intervals between the thiol administration and cyclophosphamide
injection into mouse organism coincide with those used in experimental biology [1, 5, 13, 30). WR-2721
was dissolved in aqua pro injectione (Polia, Poland) and CP was diluted in physiological saline (Polfa,
Poland). The injected volume of each agent analysed was 300 pl per mouse. All solutions were freshly
prepared immediately before treatment of the animals. Untreated mice served as controls. Each
experimental group of mice consisted of 3-5 animals. The control group counted 7 mice.

Peripheral blood samples were collected 24 hours after CP treatment of mice. Peripheral blood
smears were prepared (two slides per mouse) using blood obtained by snipping off the end of the tail.
After air-drying, the smears were stained with May-Grunwald and Giemsa combination [16, 19]. With
this method polychromatic erythrocytes (PCEs) stain reddish-blue and normochromatic erythrocytes
(NCEs) stain orangey while nuclear material shows a dark purple color.

The number of micronucleated polychromatic erythrocytes (MNPCES) among 2000 PCEs per
mouse (1000 PCEs per slide) and the number of PCEs among 2000 erythrocytes per animal
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(1000/PCEs+NCEs/ per slide) were determined twice by two persons. The slides were examined under
1250 x magnification using a light Zeiss microscope (Germany).

Differences in the incidence per animal of MNPCEs per 1000 PCEs and of PCEs per 1000
erythrocytes /PCEs+ NCEs/ were compared using an analysis of variance and the Duncan’s new multiple
range test.

Results

The experimental groups of mice showed statistically significant differences
(P < 0.05) in the number of micronucleated polychromatic erythrocytes and the total
number of polychromatic erythrocytes in the peripheral blood (Table I).

Table |

Number of MNPCEs per 1000 PCEs and PCEsper 1000 (PCEs+NCEs) in the peripheral blood o f the
particular groups of mice

Group characteristic Number of PCEs per
MNPCEs per 1000 PCEs 1000 (PCEs + NCEs)
(mean * SD) (mean = SD)
| C P 200 mg 56.80 + 10.75 18.10 = 3.51
Il W R - 2721200 mg, _ 1Smin
+ CP200mg 35.25 + 11.18 2255 + 3.05
Il WR - 2721200 mgi -30 min
+ 7200 mg 33.57 £9.16 25.64 + 6.10
IV W R - 2721400 mg, - ts min
+ CPjoo mg 25.00 £ 2.53 28.14 + 6.82
V W R-2721400 mgi -30 mi,,
+ 1-P 200 mg 22.71 + 4.07 30.14 + 7.24
VI control 3.67 £ 1.23 36.70 + 2.50
VIV IV Il v v vi

Significant differences at P < 0.05

Number of MNPCEs per 1000 PCEs

The number of micronucleated polychromatic erythrocytes among 1000
polychromatic erythrocytes was the greatest in Group |, intermediate in Groups I,
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I, 1V, and V, and the smallest one in Group VI. In this respect, there were no
differences between Groups Il and 111, and Groups IV and V, respectively.

Number of PCEsper 1000/PCEs+NCEs/

The number of polychromatic erythrocytes among 1000 polychromatic and
normochromatic erythrocytes was the smallest in Group I, intermediate in Groups Il,
111, IV and V, and the greatest in Group VI, however no differences between Groups
I and 11, Groups Il and 111, and Groups 111, IV and V, respectively, were found.

Discussion

The results of the present study have shown the protective effect of the
aminothiol compound W R-2721 against cyclophosphamide-induced clastogenicity
and suppressing mitotic activity caused by the alkylating drug in the mouse
erythropoietic system. The effects of WR-2721 administration prior to
cyclophosphamide injection were observed in the peripheral blood at 24 hours after
CP treatment of mice. In relation to the controls, in mice treated with
cyclophosphamide, in a dose of 200 mg/kg b.w., the number of micronucleated
polychromatic erythrocytes was increased, and the number of polychromatic
erythrocytes was decreased. In mice injected with WR - 2721 and CP, in comparison
with those treated with cyclophosphamide alone, the frequency of micronuclei in
polychromatic erythrocytes was lower, and the number of polychromatic erythrocytes
was found to be greater. The protection by WR-2721 against cyclophosphamide-
induced cytotoxicity was dependent on the dose of the thiol agent given, and it was
more expressive when WR - 2721 was applied in the dose of 400 mg/kg than in the
dose of 200 mg/kg b.w. However, the effect caused by the aminothiol appeared not
to be dependent on the time intervals between WR-2721 and CP administration into
mouse organism.

The cytotoxicity induced by cyclophosphamide is directly connected with its
metabolism and toxic reactions of its metabolites. It is accepted that the alkylating
agent can bind to a variety of molecules including water, amino acids, proteins, and
peptides, but the most important site of binding is DNA where cross-linkages occur.
This can lead to DNA strand breaks, inability to synthesise DNA, disruption of cell
growth, mitotic activity, differentiation and function of cell, and ultimately to cell
death [1, 2, 4,10, 14, 17].

The proposed mechanisms for protection by WR - 2721 are considered at the
molecular and biochemical-physiological level as well as at the organ level.
W R-2721’s dephosphorylated metabolite, WR-1065, is thought to be the active
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protective agent. However, the exact mechanisms by which the aminothiol produces
protection against toxicity by the alkylating agents are still unclear [14, 21].

Considering the results obtained in the present investigations, it can be
concluded, that WR-2721 offers protection for the normal tissue against the
cytotoxic effects of the alkylating drug. So, a therapeutic application of WR - 2721
with CP administration may provide a remarkable decrease of the adverse effects on
normal cells, and especially cells of the rapidly proliferating tissues. Clinical
significance of these findings with regard to the utilization for patients undergoing
cyclophosphamide treatment has to be considered.
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The influence of 3,4-dehydro-DL-proline and 3,4-dehydro-L-proline on lysyl oxidase,
prolyl hydroxylase activities, collagen cross-linking and types of collagen in bleomycin-induced
lung injury was investigated.

Both proline analogs cause a great fall in prolyl hydroxylase activity without effect on
lysyl oxidase, diminish the number of cross-links and normalize the type 1/type Ill collagen
ratio.

It is suggested that praline analogs may be valuable agents in lung fibrosis treatment.

Keywords: praline analogs, lung fibrosis

At the present time, there is only poor understanding of the series of events
which in some cases of acute lung injury lead to a rapidly developing pulmonary
fibrosis [39], with an irreversible loss of respiratory function and death [25, 29]. In
these instances, acute lung injury, regardless of the cause, sets in motion a series of
metabolic events which ultimately result in an abnormal healing process with
excessive or inappropriate deposition of collagen fibers.

Several classes of pharmacologic agents have been employed in efforts to limit
the deposition of excessive amounts of collagen. Among these are proline analogs.
These chemicals, such as cis-4-hydroxy-L-proline, azetidine-2-carboxylic acid, 3,4-
dehydro-L-proline, cis-4-bromproline and cis-4-fluoro-L-proline have been studied
extensively over the past decade as inhibitors of collagen synthesis both in vitro [12,
37] and in vivo [14, 28]. These analogs are incorporated in place of proline during the
biosynthesis of proteins. The first experiments demonstrated clearly that collagen
synthesized in the presence of proline analogs was secreted from connective tissue at
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a reduced rate [33, 34]. The inhibitory effects of the proline analogs on collagen
synthesis were greater than those on protein synthesis in general [15, 32].

It was demonstrated, that proline analogs either directly, or indirectly affect the
stability of the collagen triple helix [12].

The proline analogs incorporated into proteins contain either a modified
pyrrolidine ring or substituents on C -4 of the pyrrolidine ring and thus cannot serve
as substrates for prolylhydroxylase. Thus the molecules synthesized in the presence of
these analogs are secreted at a reduced rate [13] and are more easily degraded [4, 5].
Of the proline analogs so far studied, 3,4-dehydro-L-proline is the most potent. This
may be partially related to the fact, that of the proline analogs, 3,4-dehydro-L-proline
is the most potent competitive inhibitor of prolyl-t-RNA synthetase [16]. Treatment
with 3,4-dehydro-L-proline, more than with any of the other proline analogs,
decreases the activity of prolyl hydroxylase [14, 17] and reduces the extent to which
the normal proline residues in newly synthesized procollagen were hydroxylated [8].

The prevalent model for bleomycin-induced lung injury exposes animals via
intratracheal instillation [3, 36]. This is an accepted general model for fibrogenic
pulmonary toxicity widely used, because fibrosis readily occurs.

Some of the morphological and biochemical events associated with the fibrotic
phase of the injury have been examined [19, 20]. There is an early inflammatory
phase with a marked influx of neutrophils. Fibrosis develops with maximal collagen
deposition 2-4 weeks after administration. Collagen synthesis rates are also raised,
and there may be a reduced rate of collagen degradation [21]. It is also known that
the relative ratios of the two major collagen types of the lung, types | and Il are
altered in patients that died of idiopathic pulmonary fibrosis or of the adult or infant
respiratory distress syndrome. In animal models of acute lung fibrosis it has been
established that comparable shifts in collagen type ratios are the result of excessive
deposition of newly synthesized type I collagen in affected lungs [26].

The mode of investigation of the reducible cross-links has been the use of
tritiated borohydride, but it should be remembered, that cross-links exist as the
unreduced form in collagen [23]. Dehydrohydroxylysinonorleucine is an aldimine
bifunctional cross-link which is formed by condensation of an allysine residue with a
residue of hydroxylysine. Dehydrodihydroxylyxsinonorleucine results from the
condensation of a hydroxyallysine residue with a residue of hydroxylysine and
undergoes an Amadori rearrangement to the ketoimine form [27].

In previous work [22] it was demonstrated, that R-aminopropionitrile reduces
the number of cross-links in collagen molecules and normalizes the collagen
type l/type Il ratio in bleomycin-injured rat lungs.
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In this experiment, the influence of 3,4-dehydro-DL-proline and 3,4-dehydro-
L-proline on collagen metabolism in bleomycin-induced lung fibrosis in rats is
investigated.

Materials and Methods

3,4-Dehydro-DL-proline and 3,4-dehydro-L-proline were purchased from Sigma, St. Louis, USA.

Studies were carried out on 320- 350 g male Sprague Dawley rats, certified free of specific
pathogens. Rats were provided with food and water ad libitum, housed in laminar flow cages with
bedding, and maintained on a 12 h light/dark cycle. Bleomycin sulfate (Bleocina, Nippon Kayaku Co.,
Tokyo, Japan) was used throughout this study. After an adaptative period of 4 weeks, intratracheal
instillation of bleomycin was accomplished via a stainless steel cannula inserted into the trachea under
general anaesthesia (Ketamine 100 mg/kg + Diazepam 5 mg/kg).

One group of rats (n = 10) remained completely untreated. A second group (n = 10) was
instilled intratracheally with saline (0.2 ml), whereas another group (n = 30) received one single dose of
bleomycin (10 mg/kg) in a volume of 0.2 ml. On this day an intraperitoneal injections of proline analogs
in the doses of 100 mg/kg were started. These injections were repeated every 24 h thereafter during the
14-day experiment. Two hours after the last proline analogue injection (day 14 after bleomycin
instillation) the rats of all groups were decapitated, the lungs were perfused through the pulmonary
artery with 0.154 M NaCl to remove blood for the biochemical measurements.

A 10% homogenate of the left lung was prepared in 50 mM Tris-HCI buffer, pH = 7.2 containing
1x104M dithiothrcitol. IxI0-5M EDTA and 0.1% Triton X-100 using a Waring Blendor
homogenizer. The homogenate was centrifuged at 30 000 g for 30 min and the clear supernatant was
assayed for prolyl hydroxylase activity by the method of Hutton et al. [11] as modified by Cutroneo et al.
[7]. Lysyl oxidase activity was measured according to Harris and Garcia de Quevedo [10].

Fine pieces of the right lung (about 40 mg) were washed with 5 mM phosphate buffer containing
0.9% NaCl, pH = 7.4 and incubated in 3ml of 0.1 M sodium phosphate, pH = 7.4 for 4 h at room
temperature. NaBpH]4 (142 Ci/mole, Amersham, England) was then added at a ratio of 1:30 (based on
dry weight). After 1 h the reduction was stopped by the addition of 1 ml of glacial acetic acid. The tissue
was then thoroughly rinsed with water, hydrolyzed in 6 M HC1 for 18 h at 110 °C, evaporated to remove
HC1, filtered and in the filtrate hydroxyproline content was estimated according to Kivirikko et al. [18].

The remained portions of right lungs were homogenized in a meat grinder and treated by a three-
step pepsin digestion (0.5%). After centrifugation at 10 000 g, the supernatants were pooled and a crude
mixture of collagens was precipitated from the 0.5 M acetic acid by addition of NaCl up to 1.2 M. The
precipitate was dialyzed against distilled water and lyophilized. Lyophilized samples of purified collagen
were digested by CNBr according to Bellon and Borel [2].

Sodium dodccyl sulfate-polyacrylamide gel electrophoresis of collagens was performed in
cylindrical tubes with a stacking gel of 3.5% and a separation gel of 5% acrylamide in 50 mM phosphate
buffer, pH = 7.2, containing 0.1% sodium dodecyl sulfate. A current of 1 mA per tube (i.d. 7 mm) was
used for 1.5 hour. Electrophoresis of CNBr-peptides was performed in gels of 12.5% acryl-amide in
0.37 M Tris-HCI buffer, pH = 7.8 containing 0.1% of sodium-dodecyl-sulfate. After electrophoresis, the
gels were stained with Coomassic brilliant blue G 250 for 30 min and destained in 10% acetic acid for
two periods of 24 h each. Then, the gels were sliced with a razor blade and every stained zone was
transfered to a test tube to which 1 ml of 6 M HC1 was added. The tubes were sealed and the content was
hydrolyzed for 24 h at 110 °C. The hydrolyzates were evaporated to dryness under a nitrogen stream. The
residues were dissolved in hot distilled water and then passed through a 6.5 cmx 1.0cm (i.d.) column of
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Dowex 50W-X2 in the H + form. Bound amino acids were then eluted with 15 ml of 2 M NH4OH, which
was then evaporated under a nitrogen stream. The residue was treated by a 7-chloro-4-nitrobenzo-2-oxo-
1,3-diazole (Aldrich, Milwaukee, USA) solution and chromatographed on silica gel G precoated plates
(E. Merck, Darmstadt, Germany). The plates were developed with the solvent system acetone-toluene-
methanol-triethylamine  40:40:15:5 v/v/v/v. Fluorescent spots were scanned in a Farrand
spectrofluorimeter equipped with a thin-layer attachment. As collagen standards Type | from bovine
Achilles tendon, Type Ill from calf skin, Type IV from human placenta and Type V from bovine Achilles
tendon (all from Sigma, St. Louis, USA) were used.
Statistical evaluation was accomplished by the Student’s i-test for unpaired data.

Results

As shown in Table | lung lysyl oxidase and prolyl hydroxylase activities increase
significantly in lung tissue of bleomycin-treated rats. Both 3,4-dehydro-DL-proline
and 3,4-dehydro-L-proline cause a great fall in activity of prolyl hydroxylase, without
effect on lysyl oxidase.

Table |

Effect ofproline analogues on lysyl oxidase and prolyl hydroxylase activities in bleomycin-injured rat lungs
(cpm/mgprotein x 10~2).

Lysyl oxidase Prolyl hydroxylase
Control 10.6 + 0.8 8.7 £ 05
Bleomycin 122.7 £ 5.1* 65.3 £ 4.1*
Bleomycin + 3,4-dehydro-DL-proline 1194 + 48* 334 + 1.6*
Bleomycin + 3,4-dehydro-L-proline 1252 + 5.3* 2006 + 1.1%

Mean values + S.D. * - p < 0.002 treated vs control

Table 1l shows collagen cross-links in bleomycin- and proline analogs-treated
rats. Cross-link  numbers measured as dihydroxylysinenorleucine and
hydroxylysinenorleucine contents were greatly increased in bleomycin-treated rats.
Both proline analogues diminish, the number of cross-links, although its level
remains elevated as compared to the control.

Table 111 shows collagen types in rat lungs examined this way. In fibrotic lung
an increase in type | collagen with decrease in type Il collagen were observed.
Supplementation with proline analogues normalizes the type I/type Il collagen ratio.
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Table Il

Collagen cross-links in bleomycin-injured rat lungs after the treatment with proline analogues
(cpm/yg hydroxyproline)

DHLNL HLNL DHLNL:HLNL
Control 108 + 8 54 £7 20+ 03
Bleomycin 882 + 56* 178 + 21* 5.0 + 0.6*
Bleomycin + 3,4-dehydro-DL-proline 541 + 32* 132 + 9* 41 + 0.5*
Bleomycin + 3,4-dehydro-L-proline 422 + 27* 117 + 10* 3.6 + 0.5*

Mean values + S.D. DHLNL - dihydroxylysinenorleucine. HLNL - hydroxylysinenorleucine.
* - p < 0.001 treated vs control

Table I11

Collagen types in bleomycin-injured rat lungs after proline analogues treatment

I 1l v \% 1
Control 40.2+3.1 375+1.7 14.8+0.8 75+0.9 1.07+0.08
Bleomycin 62.3+3.4 206+1.4 13.2+1.0 38+0.5 3.03+0.24
Bleomycin +3,4-dehydro-
-DL-proline 51.6%4.1 30.3+1.8 12.6+0.9 55+0.7 1.70+0.22
Bleomycin +3,4-dehydro-
-L-prolinc 45.2+2.8 34.0+2.0 13.8+ 11 7.0+0.8 1.33+0.16

Mean values + S.D. Total collagen in each gel is assumed to be 100% and the different collagen types
are calculated as relative percentages

Discussion

Attempts to prevent or to reverse pathophysiology of fibrotic diseases by
altering the metabolism of fibrous tissue represent a relatively new area of
pharmacologic interest. Because the physical characteristics of all fibrous lesions
seem to depend on the physical properties of collagen fibers, investigators have
concentrated on developing methods of affecting collagen metabolism. In order to be
useful clinically, anticollagenous agents must specifically affect collagen without
influence on the metabolism of other biologically important molecules and selectively
affect collagen in pathologic lesions without influencing the structural integrity of
normal mesenchymal tissues.

Acta Physiologica Hungarica 83, 1995



200 A. Ledwozyw

The most promising method of inhibiting collagen synthesis involve attempts to
block specifically the hydroxylation of proline and lysine. Because collagen is the only
protein containing significant amounts of hydroxyproline and hydroxylysine, a specific
inhibition of hydroxylation should produce few, if any, effects on other biologically
important proteins. It was shown, that with prolonged inhibition of hydroxylation,
synthesis of collagen slows significantly [9], and underhydroxylated collagen seems to
be degraded more rapidly than normal collagen [6].

Theoretically, the efficiency of proline analogs in inhibiting collagen
hydroxylation depends on the magnitude of incorporation into collagen peptides.
Under these assumption that both proline and its analog are incorporated randomly
into protein, analog: free proline ratio should determine relative incorporation rates,
although Thompson et al. [35] showed, that fasting animals reduce the free proline
pool in the liver more than the level of other free amino acids. Madden et al. [24]
demonstrate that eliminating dietary proline has no effect on free proline pool size.
The endogenous production of proline from glutamate, ornithine and arginine seems
sufficient to replace the endogenous source [1].

The assumption that incorporation of proline or its analogues into protein is
random may not be valid. Rosenbloom and Prockop [30] using chick embryo
cartilage, have shown that 3,4-dehydroproline is incorporated into protein at a rate
one-fifth that of proline. This observation was confirmed by Kerwar and Felix [15]
using L929 mouse fibroblasts, 3T3 mouse fibroblasts and WI- 38 human diploid lung
fibroblast cell cultures.

In addition to their effects on collagen biosynthesis, proline analogues may also
have an effect on the proliferation of the fibroblasts which synthesize collagen. In
vitro experiments with cis-4-hydroxyproline and azetidine-2-carboxylic acid have
demonstrated that these analogues inhibit the proliferation of fibroblasts in culture
[38].

In rat studies, the D-isomer of 3,4-dehydroproline had only a small inhibitory
effect upon collagen synthesis which possibly was due to its conversion to the L-
isomer in vivo [32].

Toxicity of 3,4-dehydroproline is relatively low. In the rat, the acute intravenous
LD50 dose was significantly higher with the D-(800 mg/kg) than with L-isomer
(400 mg/kg). In 2-month-old rats of both sexes, the administration of 25 and
50 mg/kg/day of 3,4-dehydro-L-proline did not cause microscopic or clinical
chemistry changes of concern. Beginning signs of toxicity were observed in rats
administered 100 mg/kg/day and these become more severe at 200 mg/kg/day [31].

As far as we know there is the first time to give evidence that both 3,4-dehydro-
DL-proline and 3,4-dehydro-L-proline reduce the number of collagen cross-links and
normalize the type I/type 111 collagen ratio in bleomycin-induced lung fibrosis in rats.
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In Memoriam Professor Laszlo Harsing,
M. D., D. Sc. Med. (1920-1995)

Professor Laszl6 Harsing died in Budapest on April 8 1995 at the age of 75. He
graduated in 1944 at the Medical Faculty of the Pazmany Péter University in
Budapest, Hungary. His interest in the field of physiology commenced at the 1st
Department of Internal Medicine working on the pathomechanism of tubular
azotaemia, under the influence of Professors Istvan Rusznyak, Pal Goméri and Péter
Balint.

He then moved to the Institute of Physiology, in 1950, where he became
interested in renal physiology. Indeed, he was the first scientist to describe the
functional aspects of the tubuloglomerular feed-back mechanism, which was based
on the morphological findings of DeMuylder and Peters. This important classical
finding was the first observation of this later widely investigated phenomenon in the
field of nephrology.
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Later in his life, he worked in many other fields. For example, he investigated
the effect of hypothermia on renal circulation and later developed a new radioactive
method measuring the intrarenal distribution of blood flow in different normal and
pathological states.

He obtained his Ph. D. degree in 1955, his D. Sc. degree in 1969. Then in 1974
he became Professor and Director of the Institute of Pathophysiology of the
Budapest University (in 1969 renamed the Semmelweis University Medical School)
and remained at this post until his retirement in 1990. In his new Institute he once
more developed a flourishing school of renal physiology. In these years he turned to
the problem of compensatory renal hypertrophy. Although he remained an
international expert in nephrology, he also served as Scientific Counsellor of the
Department of Oral Biology since 1990.

He was a memorable teacher, and an excellent lecturer, he encouraged a high
standard of teaching in his Institute. He promoted a new curriculum in
pathophysiology as a modern, functional scientific subject. He emphasized the value
of preclinical lecturers who were best suited to convey to vocational students the
clinical relevance of the preclinical subjects. In the mid-80s he was one of about
dozen experts who have founded the International Society for Pathophysiology.

In 1948 he was elected ordinary member of the Hungarian Physiological
Society; he served between 1966-1982 as General Secretary, and between
1982-1990 as President of the Society. His most important achievement was to
continue the traditional society-life environment, unique in Hungary at that time, of
free discussion and debate, and in which all members, whatever position they held at
the time, might join.

Another of his important efforts was to promote the participation of young
Hungarian physiologists in international congresses. He was General Secretary of the
XXVIlIth International Union of Physiological Sciences Congress held in Budapest,
in 1980 with more than 6000 participants. The Congress which was the first large,
international scientific event organized in the Central European territory, was
exceptionally well-organized and gained wide international acknowledgement.

He was respected and well-liked as a colleague. He combined a formidable
intellect with deep humanity, wisdom, and optimism.

He will be well remembered by his many colleagues, students and friends.

Emil Monos Lajos Szollar

Professor of Physiology Professor of Pathophysiology
President of the Hungarian General Secretary of the
Physiological Society Hungarian Physiological Society
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The effect of long-term tilting on capillary
supply in rat hindlimb muscles
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Rats were kept for three weeks tilted head-up at 45° and their capillary supply
(capillary density CD, number of capillariessmm2, and capillary/fibre ratio C/F), fibre density
FD, and muscle weights were compared with a group of animals with similarly restricted
movement but at horizontal position, and with control freely moving animals. Movement
restriction caused loss of muscle (but not body) weight in fast muscles in all rats, and gain of
weight in slow postural soleus in the tilted group. Neither of these changes were due to
changes in the content of water. Loss of weight was accompanied by increased fibre density
indicative of muscle atrophy due to movement restriction. Capillary supply was not affected by
movement restriction, but was significantly decreased, particularly in the oxidative part of
tibialis anterior and in the soleus of tilted animals (C/F: 1.78+0.11 vs 2.11+0.05 and
2.06£0.08 vs 2.29+0.10). It is assumed that this reduction might be explained by changes in
hemodynamic characteristics of the wvenous vascular bed due to a chronic increase in
hydrostatic pressure load.

Keywords: angiogenesis, gravitational load, muscle vascularisation, oxidative muscles,
vascular rarefaction

Capillary growth in skeletal muscles can be achieved by mechanical forces
resulting from increased blood flow [3, 10] which include either increased shear stress
or increased capillary wall tension [4]. Capillary wall tension is quite clearly
dependent on capillary diameter and transcapillary pressure, but there are very few
data relating the latter parameter to possible capillary growth. There is no evidence
for capillary growth in hypertensive animals [5, 7] where capillary pressure may be
increased [20], and there is no reference towards growth in skin capillaries in cases of
increased venous pressure (e.g. in case of vein valve insufficiency). In skeletal
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muscles, capillary growth can be elicited within 2-4 days by chronic electrical
stimulation [9], it starts at the venous end of capillaries which have wider diameters
[15] but it is not known whether this can be due to increased venular pressure.
Monos et al. [14] described an experimental model where hind-limb venous pressure
was doubled when animals were kept chronically in 45° head-up tilted position. The
purpose of this tilt investigation was to establish the effect of the tilt procedure on
capillary supply in hind-limb skeletal muscles.

Methods

Nine male Sprague-Dawley rats (initial body weight 290.5 +5.1 g) were divided into three groups.
The control group was kept in regular cages of horizontal position, chronically tilted animals were kept in
tube-like plastic cages maintained at 45° for three weeks, similarly as described previously [14], and the
last group (restricted animals) was kept for three weeks in similar tubes in a horizontal position. Animals
with restricted movement were allowed one hour of free movement for grooming each day, and had
normal intake of water and food.

After three weeks, all animals were anaesthetized with sodium pentobarbitone (5 mg/100 g body
weight) and fast (tibialis anterior TA, and extersor digitorum longus EDL), as well as slow (soleus)
muscles were taken out from both limbs (n = 54 muscles total). All muscles were weighed, the middle
part of each muscle was taken for histology and the rest was minced and dried to estimate the content of
water. Samples intended for histochemical examination were mounted on corks using OTC medium,
frozen in isopenthane, precooled in liquid nitrogen and stored at -70°. Cryostat sections 10 [xm thick
were stained for alkaline phosphatase (which depicts all anatomically present capillaries as black dots)
using tétrazolium method [21] and for ATPase after acid preincubation (pH 4.35) to estimate the
proportion of fast glycolytic, fast oxidative, and slow muscle fibres [1]. The number of all capillaries and
muscle fibres were counted using an unbiased method in two square field (each 0.2 mm2) in EDL and in
soleus, and separately in a predominantly glycolytic cortex and oxidative core (two fields in either region)
in TA. Capillary supply was then expressed either as capillary density CD/mm2, or capillary/muscle fibre
ratio C/F. Fibre density FD, was expressed as number of fibres/mmz2 Care was taken to select areas
without connective tissue or larger vessels.

All results are presented as means =SEM and were analysed using Student’s unpaired t-test.

Results

The results are presented in Tables I, Il and Ill, and in Fig. 1. Body weights
were slightly but not significantly lower in rats with restricted movement but not in
tilted rats compared to controls. In contrast to body weights, fast muscles were
lighter in both restricted and tilted rats while the postural slow soleus was
significantly heavier in tilted and slightly but not significantly heavier in the restricted
animals (Table 1). The changes in muscle weights indicating artophy of fast and
hypertrophy of slow muscle were not due to a change in the content of water which
was not significantly different from controls in any of the muscles studied in either
experimental group (Table II).
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Table |

Body weights, muscle weights, and muscle/body weights
(Means + SEM)

Body weights (g)
n = 3in each group

Control Restricted Tilted

363117 324 +5 350 +4*
*P < 0.05 vs restricted

Muscle weights (mg)
n = 6 in each group

Control Restricted Tilted
TA EDL SOL TA EDL SOL TA EDL SOL
691 191 160 534 168 ' 178 600 177 188
+32 5 8 13 2 7 19 4 5
NS * * *x
***p < 0.005vs C **pP < 0.02vs C *P <0.05vsC

T vs R NS with the exception of TA P < 0.02

Muscle/body weights (mg/g)
n = 6 in each group

Control Restricted Tilted
TA EDL SOL TA EDL SOL ™ EDL SOL
1900 0524 0.442 1651 0520 0549 1719 0506 0.540
+0.04 0.006 0.02 0.039 0.007 021 0.045 0.008 0.016
. NS *%x NS *kk
***P < 0.005vs C **P < 0.02vs C
Tvs R: NS

The loss of muscle weight was linked with muscle fibre atrophy: fibre density,
and thus number of fibres per area was slightly increased in fast muscles in all
animals with restricted movement irrespective of position, but the difference was only
significant in the glycolytic cortex of TA which has larger fibres than the oxidative
core or than EDL. The small increase in FD in soleus was not significant, and it
could thus be assumed that the increase in muscle weight in this muscle in the tilted
animals could be due to hyperplasia rather than hypertrophy.
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Table 11
% water content in rat muscles
(Ail values are based on an average of 6 muscles from 3 rats and given as means + SEM)
TA EDL SOL
Control 74.67 + 0.14 71.36 + 0.79 70.75 = 1.74
Restricted 71.98 + 1.43 71.10 + 0.42 73.60 £ 0.65
Tilted 7431 + 0.48 7125 + 1.24 7195 + 117
Proportion of slow fibres
(All values are based on counting fibres in 20 muscle bundles from one animal)
TA EDL SOL
Core Cortex
Control 65+ 11 0 83+ 11 786 * 19
Restricted 10.6 £ 1.5** 136 + 20 75 + 0.6 88.7 + 1.6™*
Tilted 104 + 1.7* 0 95 + 13 86.6 + 1.9*
*P < 0.02vs C **P < 0.01vsC
Table 111
Capillary density, fibre density and capillary/fibre ratio
CDh
TA EDL SOL
Core Cortex
Control 1073 + 71 228 + 23 552 * 49 685 + 29
Restricted 1141 + 33 345 + 17 508 * 35 688 + 26
Tilted 980 68 + 325+ 35 555 + 72 624 + 33
FD
Control 495 + 23 203+ 11 295 + 14 282+ 11
Restricted 542 = 15 293 + 13** 309 £ 21 311 +22
Tilted 549 + 19 261 + 18 337 £ 32 317 £ 32
C/F
Control 217 £ 0.11 1.40 + 0.07 185 + 0.11 245 +0.10
Restricted 211 + 0.05 122 £ 0.10 1.68 + 0.12 2.29 £ 0.10
Tilted 178 + 0.11* = 118 + 0.07** 1.60 + 0.08 2.06 + 0.08+**
+P < 0.05vs R *P<00lvsR **P <002vsC

CD = cap/mm2 FD = fibres/mm2
(Ail values are from 6 muscles in 3 animals of each group, 2 fields per muscle - 144 fields total, each

field 0.4 mm2
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L] control
restricted
tilted
p<0.02
vs control

p<0.05
VS restr.

Fig. 1L Capillary/fibre ratio (C/F) in hindlimb skeletal muscles: oxidative (core) and glycolytic (cortex)
part of tibialis anterior (TA), mixed extensor digitorum longus (EDL) and oxidative soleus (SOL)

Capillary supply was assessed both as CD and as C/F (Table IllI). CD was not
changed in EDL or soleus, and was slightly but not significantly increased in the
glycolytic part of TA in both groups; however, in view of fibre atrophy this increase
was solely due to the fact that capillaries were closer to each other because of smaller
muscle fibres, and capillary supply assessed as C/F ratio in tilted rats was actually
significantly lower in comparison with controls (Fig. 1). CD in the oxidative muscles
was either not significantly changed (soleus) or decreased (TA core), and C/F was
significantly lower in these muscles not only in comparison with controls, but also
with respect to animals with restricted movement (Fig. 1). Thus only tilting but not
movement restriction resulted in a change in capillary supply with a decrease
occurring preferentially in oxidative muscles.

Discussion

Restriction of movement caused a mild but not significant slowdown of
physiological body weight increase which was not evident in tilted rats. Although the
number of animals in each group in this series of experiments is rather small, the
results are in accordance with those reported earlier [14].

Muscle weights were affected in the restricted as well as in the tilted group,
with significant loss of weight in fast muscles (TA and EDL) in comparison with
controls, and gain in weight in the postural slow oxidative soleus; however, the gain of
weight in soleus was significant only in the tilted rats.
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Muscle/body weight ratio reflected changes similar to muscle weights, i.e. loss
of weight in the fast tibialis (but not EDL), and gain in soleus which was significant in
restricted as well as tilted rats in comparison with controls. The difference between
the tilted and restricted animals was in most cases not significant, with the exception
of a smaller loss of weight in TA. This, together with a greater weight gain in soleus
in tilted rats, indicates that tilted animals were using the postural muscle to a grater
extent, but this was not accompanied by fibre hypertrophy.

Loss of weight in tibialis anterior and in EDL was accompanied by a higher
density of muscle fibres indicative of fibre atrophy, in TA this was significant only in
the glycolytic cortex and was probably due to movement restriction. There was an
increase in the proportion of slow fibres both in TA and soleus which is consistent
with a greater usage of these fibres in animals with restricted movement.

Capillary supply was not affected by movement restriction, but was decreased
in tilted rats and this was more obvious in highly oxidative muscles. Although most
changes in muscle weight and fibre composition may be attributed to the restriction
of movement, decreased capillary supply-rarefaction of capillaries-was specific for
tilting and is certainly contrary to the expected findings with prediction of increased
capillary filtration due to increased capillary pressure and thus increased volume of
interstitial fluid. This obviously did not happen since there was no evidence of
oedema formation.

There are at least two possible explanations of decreased capillary supply after
chronic tilting-one connected with changes in microcirculatory hemodynamics and
the other one includes humoral mediators. Although the venous pressure is increased
by tilting, itis possible that this might result in a veno-arterial reflex and limitation of
flow through the capillary bed described earlier by Henriksen et al. [8]. Capillary
pressure and wall tension would then be descreased and this could lead to lack of
flow through some capillaries with their consequent closure and disappearance as it
was described during development by Clark [2]. Simulation experiments in a network
model applying a stress-growth principle suggest that circumferential wall stresses
above an upper threshold cause vascular growth while stresses below a lower
threshold cause resorption and thus microvascular rarefaction [17]. Since the
difference between arterial and venous pressure in soleus is less than in EDL [19], it
is possible that flow from soleus would be affected more and more capillaries would
collapse. The decrease in capillary supply of certain muscles in tilted rats is similar to
rarefaction of capillaries and arterioles found in various types of hypertension [6]
where it was explained by a decreased perfusion possibly due to increased
contraction to e.g. oxygen or decreased response to dilators such as adenosine [13].
We do not know whether tilting affects the reactivity of arterioles and/or venules to
various metabolites, but it could alter the hormonal balance. In hypertension,
microvascular rarefaction can be explained by increased levels of angiotensin Il
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which is supposed to stimulate TGF-beta [11, 12]-a factor which inhibits
angiogenesis [16, 18]. Although it has been shown that tilting does not produce
permanent stress and does not increase the levels of ACTH and corticosterone [14],
there is so far no information about possible changes in angiotensin 11 or other
factors which might be involved in growth or involution of capillaries in this specific
model of vascular adaptation.

Acknowledgement

We acknowledge the technical help of Mrs. D. Rushton, and the support by OTKA 1113-91/94,
CO 194/B, and ETT 291/93.

REFERENCES

1 Brooke, M. H., Kaiser, K. K.: Some comments on the histochemical characterization of muscle
adenosine triphosphatase. J. Histochem. Cytochem. 17, 431 -432 (1969).

2. Clark, E. R.: Studies on the growth of blood vessels in the tail of the frog. Am. J. Anat. 23, 37-88
(1918).

3. Dawson, J. M., Hudlicka, O.: The effect of long-term administration of prazosin on the
microcirculation in skeletal muscles. Cardiovasc. Res. 23, 913- 920 (1989).

4. Dawson, J. M., Hudlicka, O.: Can changes in microcirculation explain capillary growth in skeletal
muscles? Int. J. Exp. Path. 74, 65- 71 (1993).

5. Gray, S. D.: Morphometic analysis of skeletal muscle capillaries in early spontaneous hypertension.
Microvasc. Res. 27, 39- 50 (1984).

6. Greene, A. S., Lombard, J. H., Cowley, A. W. Jr., Hansen-Smith, F.: Microvessel changes in
hypertension measured by Griffonia Simplicifolia | lectin. Hypertension 15, 779- 783 (1990).

7. Henrich, H. A., Romen, W., Heingarter, W., Hartung, E., Maumer, F.: Capillary rarefaction
characteristic of the skeletal muscle of hypertensive patients. Klin. Wochenschr. 66, 54 - 60 (1988).

8. Henriksen, O., Seijsen, P., Paaske, W. P., Eickhoff, J. H.: Effect of chronic sympathetic denervation
upon transcapillary filtration rate induced by venous stasis. Acta Physiol. Scand. 117, 171-176
(1983).

9. Hudlicka, O., Dodd, L., Renkin, E. M., Gray, S. D.: Early changes in fiber profiles and capillary
density in long-term stimulated muscles. Am. J. Physiol. 243, 11528 - 535 (1982).

10. Hudlicka, O.: What makes blood vessels grow? J. Physiol. Lond. 444, 1-24 (1991).

11. Koibuchi, Y., Lee, W. S, Gibbons, G. H., Pratt, R. E.: Role of transforming growth factors beta-1,
in the cellular growth response to angiotensin Il. Hypertension 21, 1046-1050 (1993).

12. Krieger, J. E., Dzau, V. J.: Molecular biology of hypertension. Hypertension 18, 13-17 (1991).

13. Lombard, J. H., Hinojosa-Laborde, C, Cowley, A. W. Jr.. Hemodynamics and microcirculatory
alterations in reduced renal mass hypertension. Hypertension 13, 128-138 (1989).

14. Monos, E., Contney, S. F., Cowley, A. W. Jr.: Effect of long-term tilt on mechanical and electrical
properties of rat saphenous vein. Am. J. Physiol. 256, H1185-1191 (1989).

15. Myrhage, R., Hudlicka, O.: Capillary growth in chronically stimulated adult skeletal muscle as
studied by intravital microscopy and histological methods in rabbits and rats. Microvasc. Res. 16,
73-90(1978).

16. Pepper, M. S., Vassali, J. D., Orci, L., Montesano, R.: Biphasic effect of transforming growth factor
beta 1on in vitro angiogenesis. Exp. Cell Res. 204, 356 - 363 (1993).

Acta Physiologica Hungarica 83, 1995



212

17.

18.

19.

20.

21

O. Hudlicka et al.

Price, R. J., Skalak, T. C: Circumferential wall stress as a mechanism for arteriolar rarefaction and
proliferation in a network model. Microvasc. Res. 47, 188-202 (1994).

Roberts, A. B., Sporn, M. B.: Regulation of endothelial cell growth, architecture and matrix
synthesis by TGFbeta. Am. Rev. Resp. Dis. 140, 1126-1128 (1989).

Williams, D. A., Segal, S. S.: Feed artery role in blood flow control to rat hindlimb skeletal muscles.
J. Physiol. Lond. 463, 631-646 (1993).

Williams, S. A., Boolell, M., MacGregor, G. A., Smaje, L. H., Wasserman, S. M., Tooke, J. E.:
Capillary hypertension and abnormal pressure dynamics is patients with essential hypertension.
Clin. Sei. 19,5-8 (1990).

Ziada, A., Hudlicka, O., Tyler, K R., Wright, A.: The effect of long-term administration of apha 1
blocker prazosin on capillary density in cardiac and skeletal muscle. Cardiovasc. Res. 18, 724 - 732
(1984).

Acta Physiologica Hungarica 83, 1995



Acta Physiologica Hungarica, Volume 83 (3), pp. 213- 221 (1995)

The role of urokinase-type plasminogen
activator and its inhibitor PAI-1
In gastric cancer

L. Herszényi***, M. Plebani**, Romilda Cardin*, P. Carraro**,
M. De Paoli**, G. Roveroni**, R. Naccarato*, F. Farinati*

* Cattedra Malattie Apparato Digerente, Istituto di Medicina Interna, Université di Padova, Italy;
** Dipartimento di Medicina di Laboratorio, Laboratorio Centrale, Université di Padova, Italy;
*** 2nd Department of Medicine, Semmelweis University Medical School, Budapest, Hungary

Received February 9, 1995
Accepted May 23, 1995

Background: It has been proposed that the serine protease urokinase-type
plasminogen activator (UPA) and its inhibitor type-1 (PAI-1) may play an important part in
cancer spread and metastasis.

Aims of the study: 1 To determine the UPA, PAI-1 antigen levels in gastric cancer
(GC) and in normal gastric mucosa far from the tumor (NORM). 2 To evaluate changes
related to the presence of metastasis, tumor differentiation (grading) and histotype.

Patients and methods: Samples of tumor and of normal mucosa were obtained from 25
GC patients undergoing surgery (17 males, 8 females, mean age 62, range 31-84). Antigen
concentrations were measured using the ELISA method.

Results: Significantly higher UPA and PAI-1 antigen levels were found: 1 in GC vs.
NORM tissue; 2.in patients with poorly and moderately differentiated GC vs. well-
differentiated GC. UPA was significantly higher in GC with vs. without metastasis. PAI-1 was
also higher, though not significantly so, in GC with metastasis than in GC without metastasis.

Conclusion: Our results confirm that the serine protease UPA and its inhibitor PAI-1
play an important role in GC progression. Considering the higher protease levels detected in
GC with métastasés and poorer differentiation, UPA and PAI-1 might be useful for
identifying gastric cancer patients with a poor prognosis.

Keywords: gastric cancer, protease, urokinase-type plasminogen activator, plasminogen
activator inhibitor type-1, prognosis
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Proteolytic enzymes, such as serine proteases, play an important part in
physiological (e.g. protein turnover) and in pathological processes [8]. The
proteolysis of tissue barriers is an essential step in tumor spread and has been linked
to the production by cancer cells of degrading enzymes [23].

Plasminogen activators (PA) form part of the group of serine proteases and
are involved in many protein-degrading processes, converting plasminogen into active
plasmin, which degrades fibrin, leading to fibrinolysis. The tissue-type plasminogen
activator (TPA) is a key enzyme in the fibrinolytic cascade, while the urokinase-type
plasminogen activator (UPA) plays a major part in extracellular matrix degradation,
tumor invasion and the metastatic spread of malignant cells [5, 11, 24, 31, 37]. PA
activity is controlled by serine protease inhibitors (serpins) [42]. The plasminogen
activator inhibitor type-1 (PAI-1) is produced by vascular endothelial cells and
inhibits both TPA and UPA by forming a covalent inhibitor-enzyme complex [13, 42].

A large number of solid tumors such as those of the breast [1, 2, 7, 9, 16], lung
[25], prostate [17], brain [21] and colon [6, 10, 26, 38] were found to correlate with
raised concentrations of UPA.

An increased PAI-1 has also been found in patients with cancer of the breast
[1, 9, 16], brain [21] and colorectum [4, 15, 18, 38, 45], strongly suggesting that PAI-1
may be very important in tumor invasion and metastasis, too. The best evidence to
support a role for PA in metastasis comes from experimenting with malignant cell
lines in vitro and with tumor cells transplanted into laboratory animals, in which
increased levels of UPA correlate with the invasive and metastatic potential of
malignant tumor, and anti-UPA antibodies strongly inhibited metastatic spread
[32, 34].

In the case of gastric cancer, relatively few studies have been published on
serine proteases: elevated UPA [12, 30, 31, 39, 44, 46] and PAI-1 [30, 45] have been
described, but mostly in the references cited, activity tests were applied for UPA and
only Nekarda [30] evaluated UPA and PAI-1 together in the same cancer patients
and also only findings reported by Nekarda [30] and by Umehara [46] have
demonstrated the clinical and possible prognostic significance of the correlations of
histomorphological data with UPA and PAI-1 levels.

The aim of the present study was therefore to determine, using the ELISA
method, the antigen concentrations of the serine protease UPA and its inhibitor
PAI-1 in gastric cancer (GC) and in normal tissue obtained far from the tumor
(NORM) and to evaluate any relationship these proteases may have with the
prognostic parameters such as the presence of métastasés, the differentiation
(grading) and histotype of the cancer.

Patients and methods

The study involved 25 gastric cancer patients undergoing gastroresection (17 males, 8 females,
mean age 62, range 31-84). Informed consent was obtained from all patients taking part in the study.
Immediately after removal of the stomach, fresh samples of tumor and of normal tissue (taken more
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than 10 cm from the macroscopic border of the tumor) were obtained. After removing fat and muscle
layers, the samples were frozen at - 70 °C until needed. All patients had histologically-confirmed
advanced adenocarcinoma. Pathologic staging was done for the presence (n = 13) or absence (n = 12) of
metastasis; differentiation-grading (well-differentiated, G1 (n = 4); moderately-differentiated, G2
(n = 14); and poorly-differentiated, G3 (n = 17); histotype (intestinal-type (n = 13) and diffuse-type
(n = 12)) according to Lauren [22].

Specimens were homogenized for 2 min in melting ice using a teflon homogenizer in 1 ml Tris
Tween buffer (0.1 M, 0.1% Tween 80, pH 7.5). After centrifugation for 10 min at 10.000x g at 4 °C, the
supernatants were stored at -70 °C in 200 pl before assay. Protein concentrations of the supernatants
were determined by the Bradford method [3] (Bio-Rad, Miinchen, Germany). The antigen levels were
measured using the ELISA method as follows:

Assay for urokinase-type plasminogen activator (UPA)

Antigen quantification was performed using the TintElize uPA ELISA (Biopool, Umea, Sweden)
[40]. Briefly, a mouse monoclonal anti-urokinase-type plasminogen activator was used as a catching
antibody. After incubation with the tissue homogenates, a second goat anti-human UPA, conjugated with
horseradish peroxidase, was used to form a "sandwich" ELISA and ortho-phenylene diamine was added
as a substrate. The amount of UPA antigen in the samples was calculated from a six-point standard curve
of UPA (0-4 ng/ml). The detection limit is about 0.1 ng/ml for UPA.

Assay for plasminogen-activator inhibitor type 1 (PAI-1)

PAI-1 antigen was determined using Asserachrom PAI-1 - ELISA (Diagnostica Stago, Asnieres-
sur-Seines, France) [40], with mouse monoclonal anti-human PAI-1 as a catching antibody. A second
mouse monoclonal anti-PAI-1 is coupled with peroxidase and binds to another antigenic determinant at a
distance from the first one, forming the "sandwich". The bound enzyme peroxidase is then revealed, in
the same way as for UPA, in the presence of hydrogen peroxide. Absolute quantities of PAI-1 antigen on
the samples were calculated from a five-point standard curve of PAI-1 (0-100 ng/ml). The detection
limit is about 2.5 ng/ml for PAI-1.

Antigen concentrations were expressed as ng of antigen per mg of protein. Results are given as
mean values + SD. Differences between groups were statistically tested using Student’ f-test on paired
and unpaired data, or the Mann-Whitney U test where applicable. Differences were considered as
significant with p < 0.05.

Results

For the 25 patients, the antigen concentrations for UPA and PAI-1 in the
gastric cancer tissue and normal mucosa, expressed in ng/mg protein, are shown in
Table I. UPA and PAI-1 were significantly higher in gastric cancer tissue than in
normal mucosa.
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Table |

UPA and PAI-1 in gastric cancer and in normal tissuefar from tumor

GC NORM *p
(n =25)
UPA 185 + 1.05* 0.45 + 0.37 p < 0.001
PAI-1 2.35 + 2.69* 0.50 + 0.30 p < 0.001
[ng/mg protein] [*p: GCvs. NORM]

[mean + SD]

UPA was significantly higher in specimens from patients with lymph node
(n = 11) or liver métastasés (n = 2) than in specimens from patients without
métastasés (1.88+0.82 vs. 1.36+0.72 ng/mg protein) (Fig. 1). PAI-1 was also higher,
though not significantly so, in GC with metastasis than in GC without metastasis
(2.54£3.06 vs. 2.14+2.35 ng/mg protein).

Significantly higher UPA and PAI-1 antigen levels were seen in poorly- and
moderately-differentiated than in well-differentiated tumors (Table II).

m 1 WITH METASTASIS ES3 NO METASTASIS

mean . SD

Fig. 1. UPA, PAI-1 in gastric cancer: correlation with the presence or absence of métastasés
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Table Il

UFA, PAI-1 and differentiation (grading) ofgastric tumors

Well Moderately Poorly
Gl (n =4) G2 (n = 14) G3(n=7)
UPA 0.86 + 0.34 229 + 091 194 + 2.03
PAI-1 0.79 + 0.30 3.00 £ 321 1.53 + 0.99
[ng/mg protein] UPA: G2 vs. GI: p < 0.005
[mean + SD] G3vs. Gl: p < 0.05

PAI-1: G2 vs. GI: p < 0.01
G3vs. Gl: p <005

No significant differences were observed with respect to the histotype
according to Lauren (intestinal vs diffuse type GC: UPA = 1.90+1.19 vs 1.80+0.94;
PAI-1 = 2.80+3.46 vs 1.87+ 1.49 ng/mg protein).

A significant correlation was found in GC levels of UPA and PAI-1 (r = 0.50;
p = 0.01).

Discussion

Proteolytic mechanisms have been suggested to represent important factors in
the process of tumor invasion and metastasis [5, 11, 23, 24, 31, 37]. A number of
studies have also been published on gastric cancer, but in most of the relevant
references cited here, activity tests were applied for UPA. In contrast to activity tests,
in which only free, enzimatically active UPA can be determined, the most accurate
UPA ELISAs may recognize various forms of UPA, including the enzymatic inactive
precursor pro-UPA, free and complexed form of activated form of UPA, and
(pro)UPA bound to its receptor UPA-R [16, 30]. Likewise, various inactive and
active forms of PAI-1 are recognized by the PAI-1 ELISA used [16]. ELISA tests for
UPA and PAI-1 have been used previously in prognosis-related breast cancer studies
and were found to be superior to activity assays [7, 16].

In the present study we therefore surveyed the relationship between the
antigen concentrations (determined by ELISA method) of the serine protease UPA
and its inhibitor PAI-1 in human gastric cancer tissues and the antigen levels of UPA,
PAI-1 were also considered in correlation with clinical and pathological parameters
of prognostic relevance (the presence of métastasés, GC differentiation-grading and
histotype).

We demonstrated that the antigen levels of UPA and PAI-1 are significantly
higher in homogenates of GC tissues than in those of non-cancerous samples
obtained from the same stomach. Our results therefore confirm earlier studies
reporting increased levels of UPA [12, 30, 31, 39, 44, 46] in GC tissue, also
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confirming clearly that this enzyme is involved in the process of gastric cancer
development and growth. In our experience, PAI-1 antigen was also found
significantly increased in gastric cancer tissue, confirming findings reported by
Tanaka [45] and Nekarda [30]. Under normal physiological conditions indeed, UPA
forms inactive enzyme complexes with the inhibitor PAI-1, when the latter is present
[13, 42]. The exact functional role of PAI-1 in tumor biology is however not well
established. It has been suggested that PAI-1 may represent a specific protein of
transformed malignant tissue [33, 35], or PAI-1 may serve to protect cancer tissue
against the proteolytic degradation triggered by the tumor on surrounding normal
tissue [4, 19]. Another possible explanation for the significance of PAI-1 is that the
inhibitor might play a role in angiogenesis, thus favouring tumor spread and
metastasis [23, 28]. UPA was significantly higher in specimens from patients with
lymph node or liver métastasés than in specimens from patients without métastasés
and this confirms the correlation between the protease synthesis and tumor invasion
potential [40]. PAI-1 was also higher, though not significantly so, in GC with
metastasis than in GC without metastasis.

Significantly higher UPA, PAI-1 antigen levels were found in poorly- and
moderately-differentiated tumors than in well-differentiated cancers, thus indicating
that the more aggressive tumors are characterized by a more enhanced protease
synthesis. UPA, PAI-1 antigen levels were not significantly changed in the different
histological subtypes of gastric cancer.

The importance of our data from the biological and clinical point of view is
relevant. Gastric cancer is one of the most lethal gastrointestinal cancers in terms of
cure rate and survival [29]. It would therefore be most useful for clinicians to give
more accurate prognostic indications on patients in order, for instance, to identify
those needing adjuvant treatment.

Our findings concerning gastric cancer appear to be supported also from
experience regarding other tumors. In fact, recent studies on breast carcinoma have
shown that high UPA and PAI-1 in tissue extract were associated with tumor
aggressiveness and poor prognosis, and appeared to be independent prognostic
factors [2, 7,16].

Obviously, the determination of proteases is not the only approach to this
problem. Intracellular mucus production, the DNA contents of the cancer cells, the
presence of vascular invasion and ploidy, has been suggested to be the most
significant prognostic parameters after histomorphological staging [27, 36, 43]. It is
foreseeable that determining the levels of tissue UPA and PAI-1 will also facilitate
the identification of high-risk gastric cancer patients who are candidates for extensive
resection and/or adjuvant or neo-adjuvant therapy [14, 20, 41, 47].

In conclusion, our results confirms that the serine protease UPA and its
inhibitor PAI-1 may have a crucial role in gastric cancer progression. Considering the
higher antigen levels detected in gastric cancer with métastasés and poorer
differentiation, UPA and PAI-1 might prove of great value in identifying patients
with a poor prognosis.
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Antiarrnythmic activity of oximethers
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More than  sixty  2-substituted-cycloalkanone-oxim-/2-hydroxy-3-dialkylamino/-
propylethers were investigated on aconitine induced ventricular arrhythmia model in rats.
According to the structure-activity relationships cyclohexanes containing diisopropylamine in
the basic group were the most effective derivatives. Based on the highest per os activity and
lowest toxicity EGIS-3966 (ED50values 1.21 mg/kg iv. and 27.3 mg/kg per os) was selected for
further development.

Keywords: rats, aconitine arrhythmia, structure-activity relationship

During the last few years more than sixty analogues of the 2-substituted-
cycloalkanone-oxim-/2-hydroxy-3-dialkylamino/-propylethers [1] were synthetized
and tested in our pharmacological screening program.

The general structure of the compounds:

The majority of the derivatives studied showed activity in different test systems,
but the highest effect was found on the aconitine induced ventricular arrhythmia
model in rats. Aconitine induces serious ventricular arrhythmias on rats, therefore
this simple and quick test was chosen to screen molecules for antiarrhythmic activity.
Based upon the results of the antiarrhythmic test we described the structure-activity
relationships for the oximether derivatives. The most effective compound was
selected for further development.
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Method

Aconitine-induced arrhythmia in rats

Experiments were carried out in Wistar rats of either sex weighing 160 to 300 g according to the
modified method of Marmo et al. [3]. The animals were anaesthetized with 1.2 g/kg ethylurethane
(Fluka) intraperitoneally. Aconitine (Fluka) was administrated as a bolus injection in a dose of 75 pg/kg
into the tail vain of rats. Each test compound was administered to 6 rats in a dose of 4 mg/kg
intravenously, 2 minutes before the aconitine injection. The ECG changes were monitored for 5 minutes
after aconitine injection in standard lead Il and scored from zero to 5 points.

Score points:

0 - absence of extrasystoles

1- sporadical incidence of extrasystoles
2 - bigeminy

3 - groupwise extrasystoles

4 - continuous extrasystoles

5 - fibrillation, death

Mean score values in the fifth minute were calculated for each group and the effects of the test
compounds were expressed as a percent inhibition compared to the control group. Those compounds
exhibiting more than 50 percent inhibition in the screen dose, EDS values were determined by
regression analysis.

Results and discussion

The results of some compounds are presented in Table | in order to
demonstrate the most characteristic examples of the structure-activity relationship.

1. Among the different cycloalkanes, cyclohexanes (n = 2) seem to be the most
preferable. Ring enlargement (n = 3, 4), or contraction (n = 1) impairs the activity
studied.

2. In the case of cyclohexane compounds containing different basic groups (R1,
R2) the diisopropylamine derivative proved to be the most effective. The 4-benzyl-
piperidyl substitution decreased the activity.

3. Examining the role of R3 substitution, Cl in position 2 enhances parenteral
antiarrhythmic activity, however CI in position 4 ceases it.

4. The benzoyl group in R4 position nearly abolishes the efficacy.

According to these results, and per os antiarrhythmic activities (EG1S-4887 in
50 mg/kg per os dose: -12%), EGIS-3966 (ED?50 values 1.21 mg/kg iv. and
27.3 mg/kg per os [2]) was chosen for further development. In our experiments EDS0
values for chinidine, propranolol, and pindolol, drugs used for the treatment of
ventricular arrhythmias, were 9.73 mg/kg, 5.83 mg/kg, 1.81 mg/kg respectively [5].

In conclusion, the aconitine arrhythmia test seems suitable for determining
structure-activity relationships.

A Dbrief account of some of this work has been published previously [4].
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Studies were carried out in anaesthetized dogs, to determine the effects of volume
expansion induced by Ringer’s solution, plasma taken from non-hydrated or previously
volume expanded animals on the natriuretic response of the kidney.

When the animals were infused with Ringer’s solution(0.25 ml/kg/min iv.) water and
sodium excretion increased gradually reaching a peak value at about 70 min. after starting the
infusion (3.01+0.21 ml/min and 329+23.9 mmol/min, respectively).

Infusing the dogs with plasma taken from non-hydrated animals (0.25 ml/kg/min iv.)
water and sodium excretion showed a small increase in the first 15 min, but afterwards there
was hardly any change in them, and water and sodium excretions were significantly less in the
remaining part of the experiment than in with Ringer’s solution expanded animals. (Peak
values 1.44+0.53 ml/min and 193+85.3 mmol/min.)

In animals infused with plasma taken from previously hydrated dogs (0.25 ml/kg/min
iv.) water and sodium excretion were already after the first 15 min significantly higher than in
the two other groups, they increased further in the following 15 to 30 minutes and remained
elevated during the time of the study. (Peak values for water and sodium excretion being
3.30£0.58 ml/min and 344 +73.5 mmol/1.)

Blood pressure, CPAH and glomerular filtration rate were the same and did not change
in either of the experimental series.

We concluded, that besides the physical forces playing certainly a role mainly in the
Ringer’ solution hydrated dogs, some humoral natriuretic factor liberated in the volume
expanded animals plays also a role in the diuretic-natriuretic response. This humoral factor
can be released from the atria or other organs, but its production is not primarily regulated by
intravasal volume/or pressure changes.

Keywords: volume expansion, sodium and water excretion, natriuretic factor,
anaesthetized dog
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Fluid and electrolyte regulation is accomplished by complex interactions of
physical factors, neural and endocrine systems, and intrarenal paracrine-autocrine
mechanisms [5, 11].

Sodium excretion by the kidney increases significantly during acute volume
expansion, this increase in renal sodium excretion is mediated by multiple regulatory
mechanisms. The renin-angiotensin system, arginine vasopressin (AVP), renal
sympathetic nerve activity, atrial natriuretic factor (ANF), physical factors (blood
pressure, colloid osmotic pressure) and the urodilatin produced by the kidney itself
are all clearly capable of importantly influencing sodium and water excretion under
various conditions.

It has already long ago been demonstrated in rats, that blood from volume-
expanded donor animals induced natriuresis in the cross-circulated recipient,
furthermore blood and uric extracts from volume-expanded subjects caused
natriuresis in assay animals [2, 28, 34].

Despite of the description of the numerous overlapping mechanisms, their
relative importance in the acute regulation of sodium and water excretion is not yet
really cleared up. Recently, Cowley et al. [7] demonstrated that during acute volume
expansion, the increase in the urine-, and sodium excretion was minimally affected
when the various neural and endocrine controllers were fixed or eliminated. They
emphasized the role of the physical factors.

The aim of our studies was to reinvestigate in dogs, how the intravenous
infusion of the same amount of Ringer’s solution, or plasma taken from non-
hydrated or previously volume expanded animals can influence the diuretic and
natriuretic response of the kidneys. We also intended to follow the time course of the
changes observed.

Methods

The experiments were carried out on mongrel dogs of both sexes, under Nembutal anaesthesia
(30 mg/kg given intravenously).

During the last 24 h prior to the experiments the animals were given water alone.

Following the anaesthesia the femoral arteries on both sides and the femoral vein on one side
were exposed for taking blood samples and recording the blood pressure, in the case of the vein for
giving the infusions.

Arterial blood pressure was measured by an electronic tonometer inserted into the femoral
artery, and recorded continuously on a RADELKISZ OH 814/1-type recorder.

From lower median laparatomy the bladder was exposed and the ureters were cannulated
supravesically.

The urine from both kidneys was collected for 10 minutes in order to have the initial values for
urine and sodium excretion.

The experiments were carried out in three series. Following the initial urine collection the
animals of each series got the clearance substances (PAH and inulin at an amount to reach a plasma
concentration of 2 mg/dl and 30 mg/dl respectively) in 40 ml of Ringer’ solution intravenously. The
maintaining dose of the clearance substances was administered in a continuous iv. infusion of 1 ml/min.
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This volume infused was substracted from the calculated infusion rate of 0.25 ml/kg/min, so the rate of
infusion per body weight was the same in each case.

Afterwards in the first experimental series an intravenous infusion of 0.25 ml/kg/min of Ringer’s
solution of body temperature was started an maintained through the experiment.

In the second experimental series, the administration of the clearance substances was followed by
an intravenous infusion of 0.25 ml/kg/min of plasma taken from non-hydrated dogs (no previous
intervention, no water intake 12 hours prior to the experiment).

In the third experimental series, the animals were volume expanded with the infusion of
0.25 ml/kg/min of plasma taken from previously hydrated dogs (before taking the blood these animals
got 0.25 ml/kg/min iv. Ringer’s solution for one hour).

In each series, the first 15 minutes were left to elapse, afterwards urine of both kidneys was
collected in three subsequent 15 min [1, 2, 3] followed by three subsequent 10 min (4, 5, 6] periods. At
the midpoint of each period arterial blood sample was taken. At the end of the experiment the animals
were killed the kidneys were weighed.

PAH concentration in urine and plasma was determined by the method Smith et al. (43] that of
inulin by the method of Little [32]. Urinary and plasma sodium and potassium concentrations were
measured by flame photometry. Total osmolality of urine and plasma was measured by the method of
freezingpoint depression in a Fiske osmometer. Hematocrit was determined by means of Hawskley
microhematocrit centrifuge, plasma protein concentration by the biuret method [24].

The clearances of PAH (CPAH) and of inulin (Clnulln) were calculated by the usual formules. The
data for CPAH C,nuhn, urine flow, sodium excretion (UNaxV), potassium excretion (UKxV), free water
clearance (c n20) were referred to 100 g kidney tissue weight.

Statistical evaluation of the data was made by paired and unpaired analysis using Student’s r-test.
A p value of less that 0.05 was considered significant.

Results

In two of three experimental series the initial (preinfusion) values for urine
output, sodium-, and potassium excretion have been determined. (Values are
depicted on the ordinata on the Figure 2.) The initial urine output was
0.27 £0.06 ml/min in the animals volume expanded later on with plasma taken from
non-hydrated dogs, and 0.22 +0.04 ml/min in those volume expanded later on with
plasma taken from previously hydrated animals. The respective values for sodium
excretion were 33.7£7.12 mmol/min and 33.8+5.86 mmol/min, those for potassium
excretion were 28+4.9 mmol/min and 29+5.3 mmol/min, showing that there was no
appreciable initial difference in the state of the animals of different groups.

There was no difference in the starting blood pressure, CpAll and Cinulin values
between the animals of the three experimental groups and these parameters
remained unchanged throughout the experiment (Fig. 1).
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Fig. 1. Values for the blood pressure, CPAH and Cinulm in the three series of experiments. Broken line:

results obtained in animals volume expanded with Ringer’s solution; Solid line: with plasma taken from

non-hydrated animals; Dotted line: those with plasma taken from previously hydrated animals. Average
values and S.E.M. are given

Acta Physiologica Hunganca 83, 1995



Volume expansion and renal natriuretic responc 231

In the first experimental series (volume expansion with Ringer’s solution), the
urine output in the first period was 0.84 ml/min, then it increased gradually, reaching
a peak value of 3.01+0.21 ml/min in the last period p < 0.001 (Fig. 2, Table I). The
sodium excretion in the first period was 110+ 12.2 mmol/min, reaching the maximal
value of 329+23.9 mmol/min in the 4 period (p < 0.01), afterwards it remained
practically unchanged (Fig. 2, Table 1). Potassium excretion increased from
47+3.51 mmol/min to 70+3.95 mmol/min (p < 0.05) while urinary osmolality
decreased from 725+16.6 mosm/1 to 353+ 14.0 mosm/1 (p < 0.001) (Fig. 3, Table II).
~HXY increased gradually, sodium and potassium rejection values changed parallelly
with the sodium and potassium excretions.

In the second experimental series (volume expansion with plasma taken from
non-hydrated animals), the urine excretion in the first period was practically the
same as in the former group; 0.92+0.17 ml/min and did not show any significant
change during the experiment, in the last period it was 1.09+0.32 ml/min (Fig. 2,
Table 1). The sodium and potassium excretions were in the first period
143+35.1 mmol/min and 65+15.8 mmol/min respectively, and these values again did
not show any change during the experiment. Only a small, not significant drop in the
urinary osmolality and increase in cH could be observed. The sodium and
potassium rejection values changed parallelly with the sodium and potassium
excretion (Fig. 4, Table I).

In the third experimental series (volume expansion with plasma taken from
previously hydrated dogs), the urine excretion in the first period was
1.99£0.41 ml/min, significantly higher than the corresponding values in the other two
experimental series (p < 0.01). It increased further on reaching the maximal value of
3.30+0.58 ml/min in the 3 period, being till significantly higher than the values of the
two other series. Afterwards it showed a very small decline, the last two values being
not different from those measured in the with Ringer’s solution volume expanded
group. The urine excretion through the whole experiment was significantly higher
than the corresponding values of the second experimental serie (from the third
period p < 0.001).

The sodium excretion in the first period was 296+61.5 mmol/min, also
significantly higher, then in the other two series (p < 0.01). In the second period it
increased to 344 +73.5 mmol/min, afterwards it declined very slowly remaining till
the end of the experiment significantly higher than in the second group (p < 0.01).

Potassium excretion was also higher than in the other two groups through the
whole experiment (Fig. 2, Table I).

Urinary osmolality decreased, CHXQ increased gradually during the study.
Water and sodium rejections changed parallelly with the urine, and sodium excretion.

Comparing the plasma parameters (Table II) in the three series of
experiments, one can conclude, that they are - within the limits of error - identical
in the three series and do not show any significant change during the study with the
only exception of the plasma protein concentration being significantly (p < 0.05)
lower in the with Ringer’s solution hydrated animals than is the two other groups.
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Table |

Blood pressure and renal parameters in dog volume expanded with Ringer's solution, or plasma taken from previously non-hydrated or hydrated animals

Blood pressure
mmHg

Cc

ml/min/100 g

Mnulin

ml/min/100 g

Urine output
ml/min/100 g

UNaXV
/imol/min/100 g

UKXV
/xmol/min/100 g

HP

e Y

HP

HP

126 + 14
130 = 6.7
127 + 5.7

250
284
291

7.8
18.4
22.6

+ 1+ -+

93.5 2.8
915+ 87
104.0 = 4.7

[

0.84 =+ 0.07
0.92 + 0.17
199 + 041

+

110 £12.2
143 +£35.1
269 +61.5

47 + 35
65 +15.8
84 +11.6

128 + 16
126 + 6.3
129 = 5.7

284
294
285

7.7
20.5
23.5

+ I+ +

1011 + 2.9
86.5 + 41
96.4 + 5.7

3

133 : 011
119 + 0.27
2.67 + 0.52

193 +18.3
167 +49.0
344 +73.5

53 +
60 £12.4
94 +

(x = SEM)

130+ 1.6
125+ 6.0
126 + 6.0

281 *
321 +
328 +

96.4 + 2.6
89.6 = 4.9
96.5: 51

219+ 0.15
1.44 + 0.53
3.30 = 0.58

285 +21.5
193 +85.3
339 £60.6

65+ 35
65 +13.6
110 +11.4

Periods

128+ 1.6
124+ 6.6
128 + 54

278 + 6.2
321 +13.2
325 +18.7

93.8 =
93.8

2
+ 6
90.0 £4

5
9
6

2.80 =+ 0.18
143 + 0.48
3.15 + 0.50

329 +23.9
181 +78.8
302 £38.7

69+ 3.7
66 +£13.3
109 +£11.5

125+ 17
123: 7.4
127 + 54

270 = 6.1
310 +17.1
326 £18.7

91.7 + 25
858 + 6.9
918 : 6.1

289+ 0.19
115+ 0.34
3.04+ 044

320 +22.8
139 +60.5
283 +29.4

72+ 35
61 +10.6
102 + 9.1

121+ 22
121+ 7.9
127 + 54

268 + 81
323 +17.0
305 +16.9

914 : 28
883 : 59
89.9 + 4.0

301 + 021
1.09 + 0.32
270 + 0.34

291 +£22.8
132 +57.4
235 +24.2

70+ 4.0
60 + 11.0
B+ 7.8

(474

J9AOM 'O 1501 H
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U osm
mosm/1

Water rejection
%

Sodium rejection
%

Ch2o
ml/min/100 g

)

P
HP

725
699
577

-0.86
-1.37
-1.21

+16.6
+38.9
+53.3

0.02
0.10
0.18

0.03
0.11
0.21

0.05
0.26
0.50

656
617
525

1.32
1.38
2.77

1.30
1.36
2.96

-1.03
-1.44
-1.01

R = volume expansion with Ringer's solution (n = 60)
P = volume expansion with plasma taken from non-hydrated dog (n = 10)
HP = volume expansion with plasma taken from hydrated dog (n = 11)

Table | (corn.)

Periods

2 3 4
+19.5 522 +16.3 456 +14.9
+34.5 590 +£50.7 542 +28.0
+55.4 459 +55.2 415 +£49.7
+ 0.03 2.27 + 0.05 2,98 £ 0.03
+ 011 161 + 0.12 152 + 0.12
+ 0.20 341 £ 0.22 3.50 + 0.26
+ 0.06 2.00 + 0.05 2.37 =+ 0.08
+ 0.12 156 + 0.13 1.36 + 0.14
+ 0.22 241 + 0.25 250+ 0.19
+ 0.05 -0.92 = 0.07 -0.65 = 0.08
+ 0.30 -1.15 + 0.30 -1.02 + 0.20
+ 0.60 -0.68 £ 121 -0.38 + 1.35

416 +14.3
554 +23.5
396 £45.2

3.15
1.34
3.31

2.35
1.18
2.33

-0.35
-0.91
-0.32

+

+
+

+
+

+

+ + I+

0.06
0.14
0.25

0.10
0.15
0.18

0.09
0.19
141

353 £14.0
565 +26.5
386 +44.0

3.29 £+ 0.07
123 + 0.16
3.00 + 0.18

214 =+ 0.09
1.09 + 0.12
215=: 0.16

+0.02 £0.11
-0.94 £ 0.21
-041 £ 1.26
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Fig. 2 Values for urine output, UNaxV and UKxV. For designations see Fig. 1. The stars indicate the

level of significance between the data obtained with Ringer’s solution and with plasma taken from non-

-hydrated animal volume expanded dogs. The surrounded stars indicate the level of significance between

data received in dog volume expanded with plasma from non-hydrated, and with plasma taken from

previously hydrated, animals. In both cases *p < 0.05; **p < 0.01; ***p < 0.001. The filled and empty

circles on the ordinate show the initial (preinfusion) values obtained in the second and third
experimental series
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Table 1l

Plasma parameters in dog volume expanded with Ringer's solution on plasma taken from previously non-hydrated or hydrated animals

Hematocrit
%

Plasma protein
concentration
g/dl

Plasma Na+
concentration
mmol/l

Plasma K+
concentration
mmol/Il

Plasma
osmolality
mosm/I

R = volume expansion with Ringer's solution (n = 60)

-

w
oo
[FCS

5.02
5.50 &
5.44

13

13

147
143
142

o

3.9
3.8
4.2

+ + I+

319
295
295

+ + I+

0.5
15
12

0.07
0.25
0.23

121
2.00
1.52

0.08
0.12
0.30

2.6
5.4
31

38
38

491
5.45
5.41

146
142
141

3.8
35
3.8

318
291
299

IN)

+ + I+

13

+ + + + + +

+ + I+

0.5
1.6
0.9

0.08
0.23
0.20

1.76
1.90
1.60

0.07
0.12
0.20

2.7
5.6
2.5

x t S.EM)

w w
(8] 8 o
+ + I+ w

oo A~
Ay 0
oo oo N
+

148 +
139 +
142 +

35
3.9

+ + |

317 +
294 +
300 +

P = volume expansion with plasma taken from non-hydrated dogs (n = 10)

HP = volume expansion with plasma taken from hydrated dogs (n = 11)

0.5
17
10

+ 0.08
+ 0.28
+ 0.19

1.18
2.10
161

0.07
0.11
0.25

2.8
5.3
2.2

Periods

4.82 =+
548 .
553 .

0.6
18
1.0

0.07
0.22
0.19

131

+ 151

1.50

0.06
0.11
0.18

+ 25
+ 24

14

w
w
+ + I+

0.6
19
12

0.07
0.20
0.16

1.24
1.49
1.58

0.06
0.07
0.10

+ 25
+ 2.7

14

o

w W
0 ©

o+

[o8)
a1

481 +
533 &+
5.67 +

149 +

= e
59
+

o w o

+ H+ I+

309

+ + I+

0.6
18
12

0.11
0.19
0.16

0.81
1.58
1.49

0.05
0.10
0.13

18
2.7
18
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Fig. 3. The figure shows the urinary osmotic activity, the CH2 and the plasma protein concentrations.
Designations are the same as in Figs 1and 2
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Fig. 4 Values for water rejection, Na-rejection and hematocrit in the three series of experiments.
Designations are the same as in Figs 1and 2
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Discussion

The effect of isotonic volume expansion on the kidney function has widely been
investigated and it has been reported to produce diuresis and natriuresis. The
diuretic and natriuretic response can be iniciated by a lot of overlapping mechanisms.
The decrease in plasma renin activity, drop in circulating levels of aldosterone and
vasopressin, changes in physical factors influencing glomerular and tubular function,
changes in the intrarenal distribution of blood flow, circulating and local natriuretic
factors may all be determinants of the natriuretic response.

The atrial natriuretic factor was described by De Bold et al. [8]. The working
hypothesis supported by circumstantial evidences [20, 38, 40] was, that the atrial
factor is released into the blood in greater amount, when atrial pressure is elevated.
Its primary function - it was postulated - was to cause natriuresis thereby reducing
blood volume (and atrial pressure) closing a negative feedback loop involved in the
regulation of body fluid balance. Later on the chemical structure, the binding sites,
the second messenger mechanism for the ANP were discovered [9, 10, 14, 26, 47]. A
lot of evidences accumulated proving the role of ANP in inducing natriuretic
response [9, 30, 31, 41, 42, 44, 47]. A little bit later it was demonstrated, that "the"
natriuretic peptide can also be produced in several other organs [17, 18, 33, 36, 45,
46]. More recently numerous evidences have shown, that the atriopeptin is not the
primary physiologic regulator of sodium excretion [1, 3, 12, 19, 22, 23, 27, 35, 37].
Consequently, even after more than a decade of intensive investigation there is no
consensus concerning neither, the factors regulating ANP release, nor its primary
physiological effects, but it is postulated, that atriopeptin is primarily a regulator of
the cardiovascular system with relatively minimal direct effects on the kidneys under
normal physiological conditions.

Extracellar volume expansion with saline has been reported to produce a
diuretic and natriuretic response in renal denervated dogs in the absence of changes
in plasma renin activity and circulating levels of aldosterone, vasopressin and atrial
natriuretic peptide (ANP) [4, 6, 7].

The urodilatin, a member of the natriuretic peptide family produced by the
kidney has also been postulated to be the intrarenal mediator of the regulation of
Na+ and CI- transport in the kidneys within various conditions. It was discorved by
Schultz-Knappe et al. in 1988 [39]. In contrast to atriopeptin it is resistant to the
action of peptidases of cortical membranes obtained from dog kidney [25]. Uridilatin
has an affinity for the same binding sites as ANP in several tissues, and activates
guanylate cyclase generating cGMP [25, 48]. It accounts largely for the ANP
immunreactivity in human urine but cannot be detected in the plasma [13]. The
regulation of the urodilatin release is not sufficiently cleared up, but it has already
been demonstrated that left atrial distension through cardiac neural pathway, volume
expansion independently of the cardiac neural pathways, and elevated plasma sodium
concentration stimulating cephalic receptors and using neural or humoral efferent
pathways can increase its excretion and induce natriuretic response [13, 21].
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In our experiments extracellular volume expansion with Ringer’s solution
induced a gradual increase in urinary water and sodium excretion, and water and
sodium rejection. When the same amount of plasma taken from non-hydrated
animals was infused only a small increase in the first 15 min was observed, afterwards
urine and sodium excretions remained unchanged in spite of the fact, that in this case
much more of the infused fluid remained within the vascular bed than in the case of
Ringer’s solution infusion [7]. The blood pressure, CPAH, GFR, and plasma
parameters (plasma osmolality, sodium and potassium concentrations) were - within
limits of error - identical in the two series and did not change during the
experiment, with the only exception of the plasma protein concentration being
significantly lower in the animals infused with Ringer’s solution. These findings are in
good agreement with the data in the literature pointing out, that changes in physical
factors, like decrease in plasma colloid osmotic pressure (COP), a consequent
increase in the renal interstitial pressure (RIP) and perhaps intrarenal redistribution
of blood flow [7, 14, 29] may play an important role in the development of natriuresis
following isotonic volume expansion.

In the third experimental series the same amount of plasma taken from
previously hydrated animals was infused intravenously. In this case, again without any
significant difference in blood pressure, CPAH, GFR and without any significant
difference in the measured plasma parameters, the water and sodium excretions,
were already in the first 15 min significantly higher than the corresponding values in
the animals infused with plasma taken from non-hydrated dogs, and remained
significantly higher throughout the whole experiment. These results point to the
probability of the presence of a circulating factor in the plasma of the hydrated
animals, being at least partially responsible for the development of the
diuretic/natriuretic response. This factor cannot be the urodilatin because it does not
circulate in the plasma [12]. On the base of our experiments we cannot tell what this
factor can be, it can be a natriuretic factor liberated from the atria or from other
organs, or it can be some humoral factor increasing the release of urodilatin in the
kidneys. Whatever this factor can be, the stimulus for its release cannot be the
increased intravascular volume/or pressure, because the intravascular volume must
have been about in the same magnitude in the two groups of plasma infusion, and
certainly much higher in the plasma infusion series than in the case of Ringer’s
solution infusion.

We can conclude from our experiments, that besides the physical forces playing
certainly a role mainly in the Ringer’s solution hydrated dogs, same humoral factor
liberated in the volume expanded animals plays also a role in the diuretic-natriuretic
response. This humoral factor can be released from the atria of other organs, can be
natriuretic itself or can increase the release of the urodilatin, but its production is not
primarily regulated by intravasal volume/or pressure changes.
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The theory and practice of a novel spectrophotometric method for the enzymatic
determination of NAD+ and NADH is described. The method can not discriminate between
NAD+ and NADH, but determines the concentration of the sum of both nucleotides. The
method is based on the bleaching of p-nitroso-N,N-dimethylaniline (NDMA)
(E440 NMm = 35400 M 'em ') with NADH, in the presence of ethanol and yeast alcohol
dehydrogenase, under the conditions of enzymatic cycling (ethanol > NDNA > NAD/H).
The initial rates of -NDM A bleaching are proportional to the concentration of NAD+ or
NADH, in a broad range from 10 nM to 100 p.M.

Keywords: NAD +, NADH, spectrophotometry, enzymatic determination, nucleotides,
ethanol

Quantitative determination of NAD+ (B-nicotinamide adenine dinucleotide)
and NADH (B-nicotinamide adenine dinucleotide, reduced form) in micromolar
concentrations is usually performed enzymatically. Detection and quantitation of
NADH is based on its strong absorption band at 340 nm (e = 6200 M-1cm_1) and
of NAD+ on its absorption band at 260 nm (e = 18000 M-1cm-1); for the
guantitative determination, NAD+ is usually reduced enzymatically to NADH [1]. A
10 to 100-fold increase in sensitivity is obtained by measuring the concentrations of
NADH fluorimetrically; excitation of NADH at 340 nm affords a strong fluorescence
at 430 nm [2, 3].

Further increase in sensitivity is obtained by the method of enzymatic cycling;
this method is reported to increase the sensitivity of determination of coenzymes into
the picomolar range [1, 4]. The disadvantage of this method is the high cost of
chemicals [1].
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In 1971, Dunn and Bernhard discovered a novel substrate of liver alcohol
dehydrogenase - /)-nitroso-AiA'-dimethylaniline [5, 6]. Recently, we have found that
NDMA is also a good substrate of yeast alcohol dehydrogenase [7]. NDMA has
excellent spectral properties, with a strong absorption band at 440 nm
(e =35400M_1 cm*“1, pH-independent) and a low absorbancy at 340 nm
(e = 1000 M“1 cm-1) [5, 7]. For this reason, NDMA is uniquely suited for the
enzymatic determination of NAD+ and NADH.

In this communication, we have described a novel spectrophotometric method
for the enzymatic determination of NAD+ and NADH, with NDMA and yeast
alcohol dehydrogenase. The method is effective in a broad range of coenzyme
concentrations, from 10 nM to 100 p.M.

Materials and methods

Yeast alcohol dehydrogenase (EC 1.1.1.1), NAD+ and NADH of the highest grade purity, were
obtained from Boehringer GmbH, Mannheim (Germany). p-Nitroso-7V,IV-dimethylaniline was obtained
from Aldrich-Chemie GmbH, Steinheim (Germany). All other chemicals were of analytical grade purity,
obtained from commercial sources.

The concentration of enzyme protein in solution was estimated according to Hayes and Velick
[8] , the concentration of enzyme active sites was determined by the fluorescent method of Leskovac et al.
[9] , and expressed in [xM in the text. Specific activity of enzyme on ethanol was 300 U/mg estimated at
pH 9, according to Bergmeyer [1].

All reaction rates were determined in a self-recording double-beam spectrophotometer
SPECORD UV VIS, Carl Ziess, Jena (Germany), in thermostated cuvette holders, at 25 °C. All kinetic
measurements were performed in 0.1 m sodium phosphate buffer pH 6-8, 0.1 M sodium pyrophosphate
pH 9, or 0.1 Msodium glycinate pH 10, supplemented with 0.5 mM EDTA.

Extraction of NAD + from the human blood was performed according to Bergmeyer [1]. Human
blood was obtained from a voluntary blood donor in the University Hospital Novi Sad, and stabilized in a
usual manner. One ml of fresh blood was pipeted directly into 5 ml of cold 0.6 N perchloric acid, and the
protein precipitate removed by centrifugation. To 5 ml of the clear supemate, 1 ml of 1M K2HP04 and
0.65 ml of 3N KOH were added to bring pH exactly to 7.0. The solid KC104 was centrifuged and the
clear supernate was used as an extract of human blood for the enzymatic determination of NAD +; the
dilution factor human blood/extract was 1:7.75.

Results and discussion
Chemical and kinetic properties of the enzymatic reaction

NDMA is very slowly reduced by NADH in neutral aqueous solutions, with a
bimolecular rate constant of 0.4 M_1 s_1. This redox reaction is greatly accelerated
in the presence of yeast alcohol dehydrogenase [7].

In aqueous buffers, from pH6-10, NDMA is enzymatically reduced by
NADH into two types of stable reaction products: /f-amino-iV.A-dimethylaniline and

Abbreviations-. NDMA, p-nitroso-A(N-dimethylaniline; ADMA, p-ammo-N,N-
dimethylaniline; DPD, A(iV-dimethyl-p-phenyl-enediamine
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IV,jV-dimethyl-/?-phenylenediamin radical cation. Under the steady-state conditions,
ADMA and DPD-radical are the only chemically and kinetically competent products
of enzymatic reaction. The stoichiometry of the enzymatic reaction depends on the
molar ratio of reactants; if the molar ratio NADH/NDMA > 2, the stoichiometry is:
2NADH + H+ + NDMA * 2 NAD+ + ADMA + OH", and the reaction
proceeds via the following mechanism [6, 7, 10]:

\' / OH
N N NH NH2

Scheme |

If the molar ratio of NADH/NDMA < 2, substantial concentrations of DPD-
radicals develop in the steady-state below pH 7.5. DPD-radicals arise from the facile,
non-enzymatic one electron transfer dismutation reaction [6, 11]:

nr2

Scheme 11

The favourable spectral properties of this system allows the independent
observation of NADH (absorption maximum at 340 nm) NDMA (440 nm) and
DPD-radical (split peak at 515 nm and 555 nm); the molar extinction coefficient of
DPD-radical at pH 7 was estimated at 8350 M ‘em 1 [11]. Formation of DPD-
radicals is pH-dependent (Scheme II); below pH 7.5 they are stable for several
minutes under the steady-state conditions, and above pH 7.5 their formation cannot
be detected [10]. A detailed chemical and enzymatic mechanism of reactions
presented in Schemes | and Il is described elsewhere [10].

Determination of NAD <and NADH by enzymatic cycling

The condition of enzymatic cycling [1, 4] is met when the yeast enzyme is mixed
with NDMA, high concentrations of ethanol and low concentrations of NAD+ or
NADH. Under the conditions of enzymatic cycling (ethanol > NDMA > NAD/H),
the chemical potential of the ethanol-acetaldehyde redox couple is used to recycle the
catalytic amount of coenzyme present, and thus drive the reduction of NDMA to
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completion [1, 5]. Under these conditions, the rate of the NDMA-bleaching at
440 nm is directly proportional to the concentration of coenzyme; this observation
afforded the bases for the development of the novel spectrophotometric method for
the enzymatic determination of NAD’ and NADH.

Under the conditions of enzymatic cycling, the initial rate of NDMA-bleaching
(vo/e0) is directly proportional to the concentration of NAD + or NADH, according
to eqn (1):

L°g (vo/eo) = A + B.log [coenzyme] ()

where VO = initial rate of NDMA-bleaching at 440 nm (M. s_1) and e0 = the
concentration of enzyme active sites (M). The linear relationship of eqn (1) is valid
only in a restricted range of coenzyme concentrations, and is strongly pH-dependent;
the slope factor B decreases slightly with increasing pH. Figure 1 shows such linear
relationships obtained at pH 7 and pH 9.

logNDIM

Fig. 1 Calibration graphs Left: NDMA (10.2 LUM), ethanol (170 mM), enzyme (0.96 pM - o - ; 3.6 (M
- [ -), and variable concentrations of NAD+ (abscissa) were mixed at pH 9, and v0/e0 determined
from the rates of NDMA-bleaching at 440 nm (ordinate). Right: NDMA (25.2 p.M), ethanol (170 mM),
enzyme (2.1 p.M), and NAD + (abscissa) were mixed at pH 7, and the values of vO/e 0 measured as above

Under the conditions of enzymatic cycling, a constant steady-state ratio of
NAD+/NADH is rapidly reached and maintained until the end of reaction [10].
Therefore, egn (1) is obeyed irrespective of the redox state of coenzyme (NAD+ or
NADH), with which the reaction is started. Under the conditions of enzymatic
cycling (NDMA > NAD/H), small concentrations of DPD-radicals appear below
pH 7.5, which, however, does not invalidate eqn (1) and consequently does not
interfere with the determination of coenzymes.
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Practical application of the method

For the practical determination of NAD+ or NADH, a self-recording double-
beam spectrophotometer is required. The novel method is effective in a broad range
of concentrations, from 10 nM to 100 p.M NAD+ or NADH. At pH 6, eqn (1) is
valid in the concentration range 1Q-100nm; at pH 7: 0.1-1.5 pM; at pH &:
1-10 |xM; at pH 9 4-40 gM; and at pH 10: 20-100 p.M. For the practical
determination of NAD+ an NADH concentrations, a calibration graph must be
prepared for the desired concentration range, at a constant pH value; usually, 7-8
concentrations of coenzyme for one calibration graph are required (Fig. 1). The
concentration of coenzymc must be determined twice, and a mean value calculated.
The concentrations of NDMA, enzyme and ethanol in the test are arbitrary, but the
recommended concentrations of ethanol are 100- 200 nM and of NDMA 10-30 p.M
(Fig. 1).

The rates of NDMA-bleaching at 440 nm are strictly constant for at least 10
min, between pH 6 and pH 10, under experimental conditions of Fig. 1; this makes
possible a very accurate determination of v0 in eqn (1).

Cur method cannot discriminate between NAD+ and NADH; if a mixture of
NAD+ and NADH is measured, the method will give the sum of concentrations of
both. NAD+ and NADH can be separated and estimated independently by an acid
or an alkaly treatment, respectively, as described by Bergmeyer [1]. The method is
absolutely specific for NAD +/NADH, and the presence of NADP+/NADPH does
not interfere.

Table |

Determination of NAD4 in an acid extract of human blood

Volume of extract Vo/'oXIO3 [NAD +]in extract
(mh)a 0’) (4-M)b
0.1 154 4.05
0.2 2.55 4.135
0.3 3.46 411
0.4 4.365 4.28
0.5 4.89 3.96
0.6 5.62 4.00
0.7 6.48 4.17
x+S.E.M. odio

a Milliliters of extract in a total volume of 1.96 ml of test mixture; extract was prepared as described in
the Methods section, and neutralized to pH 7.

bThe unknown concentrations of NAD+ in blood extracts were determined from eqn (1), using the
constants A (2.05) and B (0.727) obtained independently from the calibration graph with known
concentrations of NAD4 at pH 7.0, shown in Fig. 1
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In order to test the precision of the method, the concentration of NAD + in the
acid extract of the fresh whole human blood was determined. Table | shows the
experimental data and the mean value + standard error, from seven determinations.

An acid extract of blood destroys NADH [1, 12] and only NAD+ is
determined. If the concentration of NAD+ in the acid extract (4.1 (xM) is multiplied
with the dilution factor (7.75, Methods section), the concentration of 30.8 jxM of
NAD+ in the fresh whole human blood is obtained. The standard error of the
method was calculated at +2.7% (Table 1), which indicates a satisfactory precision of
this method.

Interference with the method

Aqueous or alcoholic solutions of NDMA are stable for two weeks in the cold.
Traces of heavy metals are inhibitory for enzyme, but they are easily removed by
including 0.1-1 mM EDTA in the buffer [13]. Thioalcohols (reduced glutathione, R-
mercaptoethanol) readily reduce NDMA non-enzymatically, and their presence
interferes with the method; the proteins rich in -SH groups, if present in high
concentrations, are also able to slowly reduce NDMA. Yeast alcohol dehydrogenase,
in concentrations above 5 mg/ml, reduces slowly NDMA, which usually does not
interfere with the method, since the required concentrations of enzyme are much
lower. The interference of other reducing agents has not been investigated.
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The effect of hypoxia on isolated rabbit vessel reactivity to vasoconstrictive agents was
studied. Short-lasting hypoxia (30 min.) enhanced the responses to noradrenaline, 5-
hydroxytryptamine, histamine and endothelin in the ear artery. Increased reactivity was also
found with KC1 depolarization solution. Deendothelization of the ear artery did not influence
the enhanced responses to noradrenaline and endothelin in hypoxia. In similar experimental
conditions the femoral artery reactivity to noradrenaline was not affected by hypoxia, the
constrictory responses to 5-hydroxytryptamine were decreased. It can be concluded that
hypoxic facilitation of vasoconstrictive activity is probably independent on receptor-related
mechanisms and/or on the presence of endothelium. The results obtained confirm also the
difference in reactivity of rabbit vessels from two vascular beds to vasoconstrictive agents
under hypoxia.

Keywords: rabbit ear and femoral arteries, hypoxia, enhanced reactivity, endothelium

Studies on reactivity of different types of vessels under hypoxia led to
contradictory results. Earlier findings [8] have shown decreased reactivity of aorta to
noradrenaline in hypoxia. Recently, several data have suggested that hypoxia
increases the reactivity of vessels to various vasoconstrictive agents. Hypoxia or
anoxia augmented the contractibility of isolated canine arteries and veins to
noradrenaline, 5-hydroxytryptamine, PGF2afa and KC1 [23, 5, 20]. Facilitation of
vasoconstrictive responses under hypoxia was found in human, monkey and dog
coronary arteries [22] and other types of vessels [15, 18]. Although hypoxia mostly
causes facilitation of vasoconstrictive responses, in some studies hypoxia-induced
vasodilatation was found [3, 17]. The cause of increased or decreased responses
under hypoxia is not fully understood. In the last decade the role of endothelium in
hypoxic responses has been thought into focus [5, 13, 22].
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In many studies isolated artery strips and rings were used for evaluating
hypoxic responses. The perfusion method of isolated vessel segments has not been
applied so frequently. It is considered to be more physiological than the method of
strips and rings. Therefore, this work was designed to study the reactivity of rabbit
vessels taken from two vascular beds (ear artery, femoral artery) to vasoactive agents
in hypoxia by the method of in vitro vessel perfusion. Furthermore the evaluation of
the role of endothelium in vascular responses to hypoxia was carried out.

Materials and methods

Male rabbits (Cincilla) weighing 2.5-3.0 kg were killed by cervical dislocation. The following
experimental procedures were used:

Ear artery preparation: The artery was isolated after the ear had been amputated. Polyethylene
cannula was introduced into the vessel lumen, leaving a 5 mm long free segment.

Femoral artery preparation-. The artery was carefully removed and cannulated using a procedure
that minimizes vessel damage [2]. The free segment was cut up to a constant length of 5 mm.

The preparations were mounted in vessel chamber and perfused at a constant flow with Tyrode
solution (composition in mM: NaCl 137, KCL 2.7, MgCI2 1.1, NaH2P 04 0.32, CaCl2 0.9, NaHC03 11.9,
glucose 5.5). The perfusion solution was saturated with either 95% 025% CO02 (normoxia) or 95%
N2/5% CO02 (hypoxia) in both the vessel chambers and reservoir, maintained at 37 °C and at
pH 7.25- 7.35. The pressure changes were measured by means of tensometric transducer (LDP 102,
Tesla) and registered on recorder (TZ 4200, Tesla).

Experimental protocol'. After an equilibration period of 30 minutes, the basal perfusion pressure
was adjusted to 30 mm Hg in the ear arteries with the corresponding flow rate of 2.5-3 ml/min. In the
femoral artery, the basal perfusion pressure was set to 18-20 mm Hg at a flow rate of 25 ml/min.
Vasoactive agents (noradrenaline, histamine, 5-hydroxytryptamine, endothelin, acetylcholine) were
injected directly into the cannula in a constant volume of 0.1 ml during normoxia, hypoxia and after
deendothelization. Hypoxia was induced by a 30-minute lasting saturation of the "perfusion solution with
N2/C 02 Deendothelization of ear arteries was performed with air bubble perfusion for 10 minutes as
described previously [2].

Isolated ear artery-. The reactivity to series of noradrenaline (0.01, 0.05, 0.1 p,g), histamine (0.01,
0.1, 1, 10 p.g) and 5-hydroxytryptamine (0.1, 1, 10, 50, 100 |xg) doses in both normoxia and hypoxia was
evaluated. For evaluation of a functional state of endothelium, acetylcholine in a dose of 10 p,g was
administered to the vessel preconstricted with 2x10 6 M of noradrenaline (added to the reservoir
solution) at the end of the experiment (Fig. 1).

Furthermore, reactivity to endothelin in intact and deendothelized vessels under hypoxia was
studied with administration of a single bolus of endothelin (4 x 10-9 M -4x 10 6M). Potassium chloride
(85 mM) was added to evaluate the ear artery responses under normoxic and hypoxic conditions.

Isolated femoral artery: The reactivity to noradrenaline (0.1, 1, 5, 10 g.g) and 5-hydroxytryptamine
(0.1, 1, 10, 100 g.g) in both normoxia and hypoxia was studied. In some experiments the free vessel
segment was cut up for histological examination after 30-min. perfusion in hypoxic solution.

Immunochemical examination: The vessel specimens were fixed in formalin, processed with the
routine paraffin technique and cut perpendicularly. Deparaffinized rehydrated 5 p.m thick sections were
digested for 10 min. by pronase (Dako) and immunochemically stained with anti-FVIII-RAg (Factor
VIlI-Related Antigen) antibody (Dako).

Drugs: Noradrenaline hydrogentartarate (Spofa), Histamine (Spofa), Acetylcholine chloride
(Dispersa AG), 5-hydroxytryptamine (Sigma), Endothelin-1 (Sigma). The substances were dissolved in
physiological saline solution. For dilution of drugs Tyrode’ solution was used. All solutions were
prepared fresh before each experiment.
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Fig. L Representative record from the perfusion experiment. Reactivity of the rabbit ear artery to

single doses of noradrenaline and to acetylcholine in the vessel precontracted by noradrenaline

(2x 10 6 M) in both normoxic and hypoxic conditions. P = perfusion pressure, NOR = noradrenaline,
ACh = acetylcholine

Evaluation of results: All results are expressed as mean + standard error of the mean (S.E.M.).
Statistical significance was determined by the paired Student’s r-test. P values less than 0.05 were
considered as significant.

Results
Ear artery

The reactivity of ear arteries to noradrenaline (Table 1), histamine (Table II)
and 5-hydroxytryptamine (Table IIl) in hypoxia increased significantly. More
pronounced facilitation of responses in hypoxia was found to noradrenaline than to
histamine and 5-hydroxytryptamine. The dilatory responses of ear arteries to
acetylcholine were decreased during hypoxia to 27.9+3.8% if compared with the
reactivity in normoxia (Fig. 1).

Table |
Responses of rabbit ear arteries (n = 6) to noradrenaline under normoxia and hypoxia (intact (+E)

and deendothelized (-E) vessels)

Noradrenaline Normoxia Hypoxia Hypoxia
(dose in [Xg) (+E) (+E) (-E)
(responses in mm Hg)

0.01 355 + 592 725 + 8.91%** 740 +45
0.05 72.0 £10.76 116.5 +15.75*** 107.0 £ 7.1
0.1 104.0 +14.89 142.5 +17.33*** 129.0 £ 7.4

mean + S.EM.,, ***p < 0.001
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Table 1l

Responses of rabbit ear arteries to histamine under normoxia and hypoxia

Ear arteries Histamine Normoxia Hypoxia
(n) (dose in pig) (responses in mm Hg)
0.01 2325 £4.21 62.63 *5.63*
8 0.1 2475 +2.98 39.38 £4.29
10 48.38 +4.52 69.75 * 6.26*
10.0 111.75 £ 6.07 140.06 + 3.56*

mean + SEM., *p < 0.05

Table 1l

Responses ofrabbit ear arteries to 5-hydroxytryptamine (5-HT) under normoxia and hypoxia

Ear arteries 5-HT Normoxia Hypoxia
('f) (dose in Lg) (responses in mm Hg)
0.1 19.0 £ 1.78 60.0 +4.20**
10 29.0 £2.23 65.0 £4.55**
6 10.0 51.0 £ 2.97 86.5 +4.95**
50.0 825 +4.34 112.0 +£5.00***
100.0 100.0 £5.20 129.5 +5.46**

mean = SEEM., *p < 0.01, ***p < 0.001

The removal of endothelium had no effect on hypoxia-induced increased
reactivity to noradrenaline (Table I).

Constrictive responses of the ear arteries to endothelin were significantly
enhanced in hypoxic conditions. Deendothelization did not produce further
potentiation of the responses to endothelin (Fig. 2).

Potassium chloride-induced contractions of the ear arteries were significantly
enhanced in hypoxia from 33.5+3.1 to 55+3.9 mm Hg (n = 6, p < 0.001).

Acta Physiologica Hungarica 83, 1995



Different reactivity of rabbit vessels under hypoxia 253

ET
(normoxia)

ET
(hypoxia)

ET
(-E, hypoxia)

Endothelin Cmol/I]

Fig. 2 Graph comparing the effect of endothelin (HT) on isolated rabbit ear arteries (n = 8) in normoxic
and hypoxic conditions and after endothelium-removal (- E). Significant greater constrictory responses
under hypoxia compared to that under normoxia (*p < 0.05)

Femoral artery

Contractile responses of femoral arteries to noradrenaline were not
significantly higher in hypoxia when compared with the reactivity under normoxia
(Table 1V). The reactivity to 5-hydroxytryptamine significantly decreased during
hypoxia (Table V).

Table IV

Responses of rabbitfemoral arteries to noradrenaline under normoxia and hypoxia

Femoral arteries Noradrenaline Normoxia Hypoxia
(n) (dose in |Xg) (responses in mm Hg)
0.1 9.0 £129 9.92 £ 145
6 1.0 16.0 + 1.34 17.50 = 1.03
5.0 344 +23 40.25 * 3.66
10.0 55.5 + 3.09 52.13 +5.47

mean + S.H.M.
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Table V

Responses of rabbit femoral arteries to 5-hydroxytryptamine (5-HT) under normoxia and hypoxia

Femoral arteries 5-HT Normoxia Hypoxia
(n) (dose in (L9 (responses in mm Hg)
0.1 10.0 £ 10 35 +128
10 21.25 + 185 4.25 £0.99"
6 10.0 25.75 £ 2.6 55 +1.23"
100.0 30.25 +2.63 525 £ 1117

mean + SEM, "p <0.01

The results obtained by immunohistochemical examination of the vessels
showed immunopositivity of FVIII-RAg in endothelial cells and indicated that after
30 min. perfusion with hypoxic solution the endothelium was well preserved (Fig. 3).

Fig. 3. Rabbit femoral artery after a 30-min. perfusion under hypoxia. Endothelium lining is well
preserved. Anti-FVI111-RAg antibody, immuno-peroxidase technique, 200x

Acta Physiologica Hungarica 83, 1995



Different reactivity of rabbit vessels under hypoxia 255

Discussion

Our results have shown that short-lasted hypoxia increased the reactivity of
isolated rabbit ear artery to various vasoconstrictive agents. The finding of enhanced
responses of the ear (cutaneous) artery during hypoxia was in agreement with the
data found in literature [19]. Similar results were obtained in different types of
vessels and to administration of several vasoactive agents. Facilitation of
vasoconstrictive responses under anoxia was found in the canine femoral artery [5],
under hypoxic conditions in human, monkey and dog coronary arteries [22] and in rat
aorta and canine coronary arteries [15]. In the human internal mammary artery, the
initial transient relaxation under hypoxia was followed by contraction of the vessel
[18]. In another type of vessel - the rabbit femoral artery - under similar
experimental conditions, we did not confirm the increased reactivity to
noradrenaline, while the responses to 5-hydroxytryptamine decreased. These results
were not surprising with regard to some data demonstrating that hypoxia induced
also relaxation in some types of vessels, e.g. precontracted canine coronary arteries
[3, 16], rabbit basilar and carotid arteries [17], and rabbit aorta [14]. The results
obtained support the theory of organ differences in vessel reactivity to hypoxia and
vasoactive agents. ¢

We found increased reactivity not only to noradrenaline, 5-hydroxytryptamine
and histamine, but also to endothelin and KCI1. Hypoxic facilitation of
vasoconstrictive responses suggests a more universal phenomenon which is not
bound specifically to receptor-related mechanisms. This conception imply data on
anoxic and hypoxic facilitation of responses to other substances, e.g. 5-
hydroxytryptamine, PGF24/fa [23, 5, 20], histamine [19].

The increased constrictive activity of the ear artery to K+ depolarization
solution indicates that hypoxia might affect the processes of excitation-contraction
coupling in the vascular smooth muscle. Reduction of p02 (below 35 mmHg) causes
depolarization and contraction in isolated canine carotid artery and human coronary
artery, as Siegel et al. [21] demonstrated by measuring the membrane potential of
smooth muscle cells in relation to the oxygen partial pressure. The effect of hypoxia
on depolarization and ion transportation could be considered as another possible
mechanism.

The vasoconstrictory effect of endothelin remarkably increased under hypoxia.
This fact implied a speculation that the peptide, produced by endothelium, could
mediate vasoconstrictive endothelium-dependent response in hypoxia. Hypoxia-
induced increase in vessel reactivity to endothelin in our experiments was not
significant after endothelium removal, thus it was not endothelium-dependent.

Since both, the isolated ear artery and the ear vascular bed, did not enhance
responses to noradrenaline after deendothelization under normoxic conditions [12],
the results obtained in this study of vessel reactivity in hypoxia support the theory of
endothelium-independent hypoxic facilitation of reactivity. Some authors, using
different types of vessels, have shown the endothelium-dependence of increased
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reactivity in hypoxia [11, 13, 6]. It was previously supposed that endothelium releases
vasoconstrictive substances during anoxia and hypoxia [5, 20, 11]. This theory was
supported mainly by the results with the abolished hypoxic contraction of vessels by
endothelium removal.

Besides the possibility of increased production of vasoconstrictive agents by
endothelium under hypoxia, decreased production of endothelium-derived relaxatory
factors could be involved in the mechanism of enhanced vasoconstrictive responses in
hypoxia. As we found in our experiments, the relaxatory responses of rabbit ear
artery to acetylcholine decreased during the short-lasting hypoxia. Inhibition of the
endothelium-dependent relaxation to acetylcholine, and to other vasoactive agents as
ADP, thrombin and vasopressin in hypoxia have been previously reported [4, 11].
Reduction in either generation or release of EDRF in hypoxia is closely related to
the lower activity of guanylatcyclase and cGMP reduction in vascular smooth muscle
cells [10]. It is unlikely that this is the only mechanism depending on the endothelium
that would plausibly explain the increased reactivity of the ear arteries in hypoxia.

Results of the present study indicate that hypoxia-induced increase in reactivity
of rabbit ear vessels could be related to multifactorial mechanisms. For further
explanation of these mechanisms additional studies are going to be performed.
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On the basis of literary data is made a profound survey of the place of the final stages
of the sugars and peptides hydrolysis in the small intestine. It is pointed out that whereas it
has been proved for the oligosaccharides to be situated on the surface of the enterocyte
membranes the discussion on the cytoplasmic and membrane localization of the most
dipeptidases has not ended up yet. In our own experimental investigation it has been
established that the repeated washing of the small intestine with Ringer solution reduces the
maltasc activity whereas the glycyl-glycin dipeptidase activity does not change. This confirms
the surface membrane localization of the disaccharidase while the dipeptidase is evidently not
there. Due to the low pH in the cytoplasm the glycyl-glycin-dipeptidase is considered hardly
likely to be localized intracellularly. A hypothesis is advanced according to which this enzyme
is structurally related to the enterocyte membranes, his catalytic centre being in the
membranes themselves. In this way hydrolysis is realized in the membrane pores as well, which
allows the supposition that there exists intramembrane digestion.

Keywords: intramembrane digestion, disaccharidases, dipeptidase, transmembrane
proteins, membrane pores

Nowadays it is considered as already proved that the enzymes realizing the
intermediate and final stages of carbohydrate hydrolysis are localized in the
premembrane structures of the apical enterocyte membranes. It is marked using the
methods of preparative isolation of the brush border surface at high speed gradient
centrifugation and with electronic microscopy that these structures in higher animals
and man contain up to 90% of the disaccharidase activity of the enterocytes [7, 8, 10].
On the basis of these proofs of surface localization of oligosaccharidases the
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conception for the intracellular hydrolysis of oligo- and disaccharidases has lost its
practical significance.

For more than 25 years, however, has continued the discussion on the exact
localization of some dipeptidases, and respectively, on the place of the final phases of
the corresponding substrate hydrolysis. Some of the authors think that the
dipeptidases are situated mainly on the outer surface of the apical enterocyte
membranes [4], others claim that they have cytoplasmic localization [9], and still
others assume that there is a double localization of the enzymes - both on the
membranes and intracellularly [5j.

Directed investigations have established that the membrane peptidases are
more resistant to a number of unfavourable factors of the environment (high
temperature, detergents and others) than the enzymes of cytosol but the latter are
less sensitive to the changed conditions of nutrition [6]. These data show that the
membrane and intracellular peptidases are different in some of their basic
characteristics, which according to us, makes their identity doubtful.

According to some authors the intracellular enzymes are proenzymes of the
membrane ones and that is why they cannot have an essential nutritious importance
[1]. Apart from that a statement has been made according to which the intracellular
peptidases take part mainly in the catabolism of the plasmic proteins, i.e. these are
enzymes related to the cellular metabolism.

It is known that the pH of the intracellular space is in the range of 3.5-5.5,
which is necessary for the optimal function of the lysosomal hydrolytic enzymes [1]. It
is accepted that the optimum of peptidase activity is at pH about 7.5- 8.0. Such is pH
on the surface of the enterocyte membranes [3]. Consequently, it is hardly probable
for the intracellular peptidases to take part in the hydrolysis of intact peptides,
penetrated intracellularly as the peptidases function only at low values of pH. Our
experiments with alkalic-acid models also registered inhibition of the dipeptidases
activity at low levels of pH [12].

All these data lead to the conclusion that the intracellular peptidases have a
double function: part of them are proenzymes of the membrane enzymes and their
presence in the cytoplasm is justified as a place of synthesis and not of action; the
other part is connected with the catabolism of the plasmic proteins. In both cases,
however, the peptidases do not have a real significance in the digestive process.

It is interesting to note that most of the authors have an opinion that glycyl-
glycin-dipeptidase is one of the most probable enzymes with an intracellular
localization. According to us this is the least probable as in all our experimental
investigations using the method of accumulating preparation of mucosa [14] we
practically prove that it is not possible for this enzyme to be localized intracellularly,
because this method registers the enzymatic action only in the premembrane layers
of the intestinal mucosa or in the membrane structures of the enterocytes. In order to
demonstrate the membrane localization of some disaccharidases an dipeptidases we
made our own investigation in this direction.
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M aterials and methods

The experimental investigation was carried out on white rats "Wistar" with average weight
180-200 g. For marking of the enzymatic activity was used the method of accumulating preparation of
mucosa [17]. In order to prepare the preparations of intestinal mucosa the experimental animal is
decapitated after which its small intestine is quickly extracted and put on glass in ice bath. Beginning
from the proximal end the intestine is cut into segments with a length of about 3 cm. Then every segment
is turned with the mucosa outside and both its ends are tied with thread. The incubation of the
preparations takes-place in 5 mmol solutions of maltose and glycyl-glycin at a t° of 37 °C for a period of
60 min using continuous aeration of the medium with oxigén. The maltase and glycyl-glycin-dipeptidase
activity is registered by the increase of the accumulated glucose and glycin in the intestinal mucosa as a
result of the enzymatic hydrolysis of maltose and glycyl-glycin. The quantitative analysis on the
accumulated glucose and glycin is determined according to the modificated methods of Ugolev et al. [16].
The data from the experiment are statistically processed using the method of variational analysis and are
to be found in Table I.

Results

The method of accumulating preparation of mucosa requires after the
separation of the small intestine from the abdominal cavity to be washed twice with
cooled Ringer solution for washing away the adsorbed enzymes. In our experiment
the small intestines of the controlled group were washed 5 times, and those of the
other 10-times with cooled Ringer solution. The investigation of the activities of the
disaccharidases and dipeptidases established that the maltase activity is reduced with
the number of washings while the glycyl-glycin-dipeptidase activity does not change
even after the 10-times washing of the small intestine (Fig. 1).

4
12
10
8
0o 6 . .
e LLiwithout washing
@ 5 times washed

O 10 times washed

Fig. 1. Disaccharidase and dipeptidase activities in the small intestine without and after its washing
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Intramembrane digestion

Maltose activity

n x 1 SD t p
1 Control (without washing) 6 9.7 +£0.81 - -
2. Experiment (5-times washed) 6 6.6 +0.54 3.16 <001
3. Experiment (10-times washed) 6 22 £0.39 8.3 < 0.001

Glycyl-glycin-dipeptidase activity

n x = SD t p
1. Control (without washing) 6 124 + 054 - -
2. Experiment (5 times washed) 6 115 +0.71 101 > 0.05
3. Experiment (10 times washed) 6 13.1 +0.67 0.81 > 0.05
Discussion

The data from the experiment show that the repeated washing with Ringer
solution separates the lightly fixed maltase from the surface of the intestinal mucosa
which undoubtedly speaks for its premembrane localization. The lack of changes in
the dipeptidase activity shows that the enzyme is strongly fixed to the enterocyte
membrane or it is not there at all.

The difficulties we met in the interpretation of these data were reduced by
using the investigations in this field of Ugolev et al. [18]. In a methodology developed
by them the entire separation of the apical glycocalyx from the plasmatic membrane
is achieved. In their investigation they noted that in it there were not more than 10%
dipeptidases, glycyl-glycin-dipeptidase being absent among them.

This means that as this enzyme is not to be found on the surface of the
enterocyte membranes and having in mind that we have excluded its practical
importance for the intracellular digestion, the only place for its optimal action should
be somewhere in the middle, i.e. in the lipoprotein membranes themselves.

Our conception for the intramembrane localization of some dipeptidases
respectively of the existence of intramembrane digestion has been confirmed so far
by some indirect data. In this aspect we could apply the anoxic criterion which
includes the following arguments: if the degradation of some dipeptid precedes its
absorption then the absence of active transport in the conditions of hypoxia will not
affect the intensity of its hydrolysis. If, however, there exists active transport of intact
dipeptide, the inhibition of this process at hypoxia will be accompanied by a
decreasing in the rate of its hydrolysis. The application of hypoxic models in our
experiments led to the conclusion that the hypoxia inhibits the activity of glycyl-
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glycin-dipeptidase [13]. This criterion confirms our opinion that the enzyme or its
catalytic centre is localized in depth from the apical surfaces of the enterocyte
membranes where is realized the hydrolysis of the intact dipeptidases penetrated
through the membrane pores.

A serious argument in favour of the intramembrane localization of some
peptidases are the investigations of Peters [10] who using differentiated
centrifugation of homogenate of intestinal mucosa from experimental animals found
out that the activity of most dipeptidases is concentrated to the side of greater density
in the intestinal homogenate. Namely in the membranes themselves the density is
greatest.

With the conception of intramembrane digestion it is assumed that the
enterocyte membranes are not only the place of transport of nutrients but also of
enzymatic hydrolysis. This possibility is confirmed by the modern molecular structure
of the membrane enzymes for which it is accepted that they are transmembrane
proteins, part of them partially included, and others fully included in the lipoprotein
membranes [2]. It is known also that the enterocyte membranes have an excess of
negative charges, which have an adverse effect on the catalytic parts of the enzymes
situated on the surface [15]. On the other hand, if the active centres of the enzymes
are in contact with the intracellular space, their function will be inhibited by the low
values of pH there. So, according to us, the localization of the catalytic part of the
enzymes in the membranes themselves is most favourable for their optimal function
because it is exactly there that they are best defended against adverse external and
internal influences.

Fig. 2 Two models for premembrane and intramembranc localization of the catalytic part of the enzyme
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In one of his latest works Ugolev [19] assumes that some of the enzymes have
an intramembrane localization but he considers that their active centre is on the
surface of the membranes. According to our conception, the active centre of the
enzymes is localized in the membranes themselves and the realized digestion is
principally not premembrane but intramembrane (Fig. 2).

With the conception for intramembrane hydrolysis the chain of successive
digestive processes is not interrupted and the integration of the hydrolytic and
transporting processes is preserved at the different levels. Using a precise
experimental technique in the future which would allow the isolation of "pure”
enterocyte membranes, the enzymatic spectrum in them realizing this principally new
type of digestion will be exactly determined.
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Selected serum parameters of metabolic profile and distribution of cadmium in
reproductive organs in rabbits were studied after an acute and subchronic administration.

After an i.p. application of cadmium (1.5 mg.kg ') a significant increase of glucose
(5.90 mmol.l1-1) and cholesterol (2.22 mmol.L1) was observed. There were no significant
differences in these parameters after the subchronic (5 month) p.o. application. The
concentration of AST and ALT significantly decreased after a subchronic p.o. administration
(1.0 mg.kg1) but not after an acute i.p. application. There were no significant differences in
the level of total proteins and total lipids.

The highest accumulation in reproductive organs (testis, ovary, uterus) was observed
after i.p. administration. The level in the testis was 40 times higher than in the control group
(0.04 mg.kg'1, 1.93 mg.kg-1), 174 times higher in the ovary (0.03; 5.21) and 65 times higher in
the uterus (0.04; 2.59). After a subchronic p.o. application, the concentration was only 2.5
times higher in the testis (0.04; 0.10), 16 times higher in the ovary and 6 times higher in the
uterus than in the control group.

Keywords: rabbits, cadmium, metabolic profile, reproductive organs

Cadmium is a relatively volatile element and is, from present knowledge, not
essential for plants, animals and human beings. Since eight times more cadmium has
been consumed in the last years than in the entire history of mankind before,
problems associated with cadmium have accelerated only since about 1950. Global
emission of cadmium compounds into the atmosphere is estimated to be around 7000
metric tons per year with more than 90% coming from anthropogenic sources [16].
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Cadmium as metal has mainly been used as an anticorrosive, electroplated onto steel.
The absorption of cadmium compounds through skin is negligible, the main routes of
exposure for human, being are via respiration and ingestion. Due to the long half-life
of cadmium in the critical organs and the irreversibility of the critical effect, primary
prevention is essential [3, 4].

Long-term cadmium exposure may lead to disturbance of calcium metabolism,
osteoporosis and osteomalacia. This has been seen both after occupational and
general environmental exposure. The syndrome of cadmium induced proteinuria,
glucosuria, and osteomalacia and/or osteoporosis was epidemic in the 1950s in a
cadmium polluted area of Japan and it was called ltai-itai disease [3]. The most
typical feature of chronic cadmium intoxication is kidney damage. Cadmium affects
reabsorption function of the proximal tubuli. Glomerular damage causes enhanced
excretion of high molecular weight proteins in urine. Tubular damage can be
recognized by an increased excretion of low molecular weight proteins in urine due
to the decreased reabsorption of these proteins that can pass the glomerular filter
and occur in the primary urine [16]. The liver is the major storage organ for cadmium
and may be adversely affected by this metal. Single i.p. injection of cadmium chloride
at doses 2.5 or 3.75 mg.kg-1 to male Wistar rats produced significant inhibition of
aniline hydroxylase and nitroreductase activity and also lowered the microsomal
cytochrome P-450 content to 50% of the control value [19].

An accumulation of cadmium occurs in many tissue, and particularly long half-
lifes, 10-30 years, have been reported for muscles [3]. Many authors have described
that cadmium accumulates in the liver and kidneys [3, 4, 14]. Cadmium injected
subcutaneously accumulates at high levels and is retained in the liver and kidneys
[25]. From 50 to 60% of ingested cadmium is stored mainly in the liver and kidneys
[9]. Very strong relationship of the concentration of cadmium in liver and the and the
administered dose in rats were reported [5]. The highest levels were reported in
kidneys (10.0-35.0 pg.g“1of tissue) and in the liver (0.5-5.0 |xg.g_1). By comparing
the amount of cadmium in the kidney of several species of farm animals the highest
levels were accumulated in the kidneys of horses [14]. In acute poisoning, higher
concentration in liver than in kidneys was recorded and after chronic poisoning the
opposite occurred.

The aim of this study was to study selected parameters of a metabolic profile
and the distribution of cadmium in the reproductive organs of rabbits after an acute
and subchronic application.

Material and method

All experiments were conducted in rabbits (Hyla, vUuzZv Nitra). All animals were devided is
three groups (K, A, B). Eight female and eight male rabbits received cadmium intraperitoneally (i.p.)
(1.5 mg.kg- ! body weight). These animals (group A) where killed 48 hours after an application of
cadmium (GdCb, Sigma Chemical Company, St. Louis). A chronic experiment (group B) was conducted
with the same number of animals. Cadmium was administered the dose of 1.Omg.kg- ~ b.w. for five
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month in their pelletized food. The food and the water was available for all animals ad libitum. All
animals were killed after an application period. Cadmium was diluted with the physiological solution to
the claimed concentration. The last group (K) served as control, without administration of cadmium.

During killing, the blood from the vena jugularis was used for evaluation of selected parameters
of metabolic profile (glucose, cholesterol, AST, ALT, total proteins, total lipids). The serum was
obtained by centrifugation at 3000 rpm for 30 minutes. All parameters were rated by spectrophotometry
(Unicam SP 1800). Levels of cadmium in selected reproductive organs of rabbits were determined by
atomic absorption spectrophotometry (AAS, Perkin Elmer mod. 760).

From the final data, basic statistical characteristics were calculated (Std Dev, Mean) and an
analysis of variance by Scheffe’s test for each variable was done (SAS).

Results
Changes in selected parameters of the metabolic profile

In a comparison of average values of the glucose concentration, we found a
significant increase of the concentration in group A (i.p.) in comparison with group K
and group B. Levels in group K and group B were very similar.

The same image was seen in the evaluation of the cholesterol concentration.
The highest concentration (2.22 m.mold“1) was in group A which was significantly
(P < 0.05) higher than in group K and group B (1.78 and 1.80 m.mol.I*J).

Determination of AST showed that the level was highest in group K
(0.70 ixkat.I-1), followed by group A (0.64 p,kat.l_1) with the lowest level found in

Table |

Average values ofselected parameters of metabolic profile

Group

Metabolite control acute subchronic
Glucose
(mmol.l "m 4,90 5.90* 4.88
Cholesterol
(mmol.1-1) 178 2.22* 1.80
AST
(p-kat.1-1) 0.70 0.64 0.33*
ALT
(ixkat.I-1) 0.51 0.51 0.40*
Total proteins
(gi-1) 64.20 63.23 65.57
Total lipids
(93*)) 172 241 2.95
*P < 0.05
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group B (0.33 p.kat.1-1). A significant decrease was in the group B in comparison
with the group K and also with the group A.

The average values of ALT were the same in group K and group A
(0.51 gkat.l-1). In group B, the level was the lowest (0.40 gkat.1-1) and furthermore
this value was significantly lower than that in group K and group A.

The highest concentration of total proteins was found in group B (65.57 g.I-1).
Lower levels were found in group K (64.20 g.I-1) and group A (63.23 g.1-1). This
decrease was not significant.

The level of total lipids proved to be similar in all groups (from 1.72 to
2.95 g.I-1) and there were no significant differences (Table 1).

Distribution of cadmium in reproductive organs

We found that in the control group the concentration of cadmium was the
lowest in the ovary (0.03 mg.kg-1 wet tissue) and the concentrations in the testis and
the uterus were nearly the same (0.04 mg.kg-1). After an i.p. administration of
cadmium (1.5 mg.kg-1), the level in the testis was 48 times higher, in the ovary 174
times higher, and in the uterus the concentration of cadmium was 65 times higher
than in the control group. Exact data are recorded in Table Il. After a chronic p.o.
application of cadmium for 5 month daily (1.0 mg.kg-1) the highest concentration
was measured in the ovary (0.47 mg.kg-1), followed by the uterus (0.25 mg.kg-1),
and the lowest accumulation was found in the testis (Table II).

Table 11

Average concentration ofcadmium in reproductive organs

Group
Organ control acute subchronic
(mgkg-1) (mgkg-1) (mg-kg-1)
Testis 0.04 1.93 0.10
Ovarium 0.03 5.21 0.47
Uterus 0.04 2.59 0.25

Discussion

Our study has shown a significant increase of glucose and cholesterol after in
i.p. administration of cadmium. Generally, it is known that the hyperglycaemia is
caused by a stress situation [23], which might be present in an i.p. application. Stress
causes sympaticotonia. This tonia of sympatic nerves urge the function of the cortex
of adrenals, which is manifested by immediate secretion of adrenaline. On the other
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hand, higher levels of cholesterol are a sign of liver disturbance (damage of
parenchyma, cirrhosis).

Significantly lower concentrations of AST and ALT after chronic application
are evident, but the decrease of enzymatic activity has no diagnostic importance [23].

Our results concerning the distribution of cadmium in reproductive organs
confirm the data of early reports [3, 4] and have described the increasing tendency of
cadmium accumulation. The age dependent accumulation in the human ovary has
already been reported [22]. A linear increase between 30 and 65 years of age was
found. A rapid incorporation of cadmium into the corpora lutea of the ovary was
described [11]. The average level of cadmium in the human ovary was detected to be
0.31-0.75 Mg-g'"l wet tissue [10, 17, 20]. In the study of distribution of cadmium in
ovaries, adrenals and pituitary gland after chronic administration of cadmium the
lowest level was found in ovaries and cadmium accumulated time- and dose-
dependently [21]. Our results show that the accumulation of cadmium in ovaries is
dependent on time and dose, when the level increases after a high single i.p. dose.
After subchronic p.o. application the concentration is much lower (Table I1I).

Table 111

Concentration ofcadmium in reproductive organs [10]

Mean range ’‘Best’ mean
Tissue
Caucasian Japanese Caucasian Japanese
Testis 011 - 12 05- 19 0.25 10
Ovarium 0.10 - 0.65 0.75 - 13 0.25 0.8
Uterus 0.09 - 0.52 - 0.15 -

Many authors described very relevant embryotoxic effects of cadmium.
Toxaemia of pregnancy is phenomenally induced by cadmium salts [13].
Malformations of fetuses found during the poisoning of the maternal organism by
cadmium are caused by a deficiency of zinc in developing fetuses [24]. Fetuses with
limb defects (oligodactyly, polydactyly), exencephaly, open eyes, but their incidence
differed in relation to the day of administration of cadmium [15]. After relatively high
levels of cadmium (100 ppm 30 mg.kg-1) all of examined fetuses had malformations
2.39 and 5.62%, respectively [8]. At a dose of cadmium 12 and 24 jxmol.kg-1 29.7 and
70.6% of malformed fetuses were reported, from which 24.1 and 68.4% respectively,
had limb defects [6]. Fetal death is not the result of direct effects of cadmium on the
fetus. Histologic examination of placentae indicated that the placental necrosis, fetal
death and utero-placental blood flow alterations occurred over a similar time period.
It is not apparent whether placental necrosis was a cause of an effect of the decrease
in utero-placental blood flow [7]. A possible ability of cadmium to pass from the
yolk-sac cavity into the primitive gut before the closure of the vitelline duct but not
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later was described [2]. Cadmium appeared to inhibit the cleavage of embryo from
the 8-cell to 16-cell stage, but not from the 4-cell to 8-cell stage [27]. The declining
ratio of cadmium in progrediating pregnancy is probably the result of the increasing
synthesis of metallothionein which binds cadmium [18].

The uterus of a rat is more sensitive to the effects of estrogens between birth
and puberty [1]. On Day 4 of pregnancy, a significant drop in secretion rate and in
the level of progesterone was detected [12]. Cadmium given on the Day 8 of
pregnancy in the hamster heavily accumulated in the primitive gut of embryos, the
decidua, the yolk sac, the ectoplacental cone and later in the chorioallantoic placenta;
possibly disturbing the maternal-embryonic relationship and fetal nutrition [2].

In our experiment the level of cadmium in testes ranged from 0.04 to
1.39 mg.kg-1. Biochemical changes that occur in the rat or mouse testis after a single
s.c. injection of a sub-toxic dose of CdCI2 include decrease in the content of DNA,
RNA and in the activity of certain Zn2+-containing enzymes. The protein content is
increased, although the rate of protein synthesis is reduced. Uptake of Cd2+ by the
testis is small and does not cause the displacement of Zn2+ [26]. The degeneration of
the seminiferous epithelium and all the biochemical and physiological changes known
to occur in the testis following cadmium treatment can be considered rather a
secondary than a direct effect. The are supported to be induced by ischemia.

Our results show that the accumulation of cadmium in the testis, ovary and
uterus is depending on the dose and the time. The concentration after an i.p.
injection is much higher than after a p.o. application.
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BOOK REVIEWS

Regulation of breathing

2nd Edition, revised and expanded Lung Biology in Health and Disease. Series 79.
Edited by Jerome A. Dempsey and Allen |. Pack.
Marcel Dekker Inc., New York, Basel, Hong Kong
ISBN: 0-8247-9227-0 1244 pp. 1995. $ 195.00

The reviewer has just finished his chapter on the regulation of respiration in a textbook of medical
physiology, and deeply regrets that he did nod see this volume somewhat earlier. It is an excellent source
of information in a difficult field, where the gathering of data started nearly 200 years ago but the final
picture has not emerged yet.

Part | has the title: Overview, and the single chapter it contains is entitled:... "An uninhibited survey
from the perspective of comparative physiology". It is a fascinating text and it really gives impetus for
reading the chapters to follow. The questions how and why are raised and mostly also answered.

Part 1l deals with central nervous control. It gives an excellent coverage of both anatomical
organization and description of events at the cellular level, including electrophysiology, transmitters and
receptors. It is an extra advantage that it goes beyond the usual brain stern approach and higher parts of
the CNS are widely covered: there are separate chapters on the hypothalamus and the cerebral cortex.
The schemes illustrating pathways and relays are self-evident and informative.

Part Il deals with afferent systems. Cellular and subcellular analysis of chemoreceptor function, both
peripheral and central is given. Non-chemical afferentation is covered by looking at the responses they
elicit. In this part are the responses to hypoxia detailed. Fortunately, human aspects are also covered and
| enjoyed also a drawing on the famous experiment of the Rev. Stephen Hales of 1773 (Chapter 15,
"Respiratory modulation of autonomic outflow").

Part IV is on developmental and hormonal influences. It focuses very much on human data and much
neonatal pathology is included. It is in this Part that a detailed analysis of sex steroid action is given. Part
V has the title of "Loads, sensations and failure". The part is heterogeneous but interesting. Part VI,
"Metabolic state effects" includes in effect much more than the title promises, including respiratory
changes during REM sleep, but metabolic correlates are also well treated. Exercise is covered in several
chapters, but this is more of advantage than a drawback.

There are some more merits of the book. The list of references is extensive, starting with classical
data and ending with the most recent ones. The indexes (authors an subjects) are adequate.

The price of the book is certainly not low, but it is an indispensable volume for those who do research
in the field as well as for those who reach physiology at university level. It is a work on broad biological
basis, but also of a medical approach.

A. Fonyo
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David Male, Brian Champion, Anne Cooke and Michael Owen
Advanced Immunology

2nd edition, Gower Medical Publishing, London, New York 1991.
ISBN 0-397-44586-5. 250 pages, 228 figures (inch 6 colour figs). Price: 24.95 GBP.

The new, second edition of Advanced Immunology is a useful textbook. The book, containing also
glossary and index, is a concise, well-illustrated publication. It consists of five parts and 18 chapters. The
first part contains the introductory chapter. The second part (Chapters 2-5) discusses the structure of
various antigen binding molecules. In the third part (Chapters 6-10) the initiation of the immune
response is analysed while in the fourth part (Chapters 11-13) the authors deal with the interactions of
immunologically active cells. The final part (Chapters 14-18) writes about the immunological effector
systems. The authors successfully realized their declared purpose to provide the latest information for
people possessing the basic knowledge in immunology. Since the first edition in 1987 the text has not
only been revised but completely rewritten following the rapid development in certain fields of
immunology and missing other areas faded from prominence. Most of the chapters are improved by
selecting particular experiments from journals to acknowledge the work of the most important authors
showing their way which led to their results. A short Summary found at the end of each chapter is very
useful for the reader, and who is interested in greater depth in a given area, will find a long list of
references, up to 1990. The reviewer, being a biochemist, found mot interesting the chapters discussing
the MHC molecules, lymphocyte activation and cytokines and immunoregulation, but other parts like
advances in immune recognition and in molecular mechanisms of leukocyte migration are also
noteworthy for the experts in these fields.

In Summary: this excellent, concise book is a useful help for English-speaking students, their teachers
and theoretical or clinical immunologists to deepen their knowledge in basic immunology acquired
during their education. It is advisable to have it on the shelves of our libraries.

A. HrABAK

David Male

Immunology (an illustrated outline)

2nd Edition, Gower Medical Publishing, London New York. 1991
ISBN 0-397-44825-2, 128 pages, 97 figures Price: 9.95 GBR

This excellent, short, well-illustrated book was written by David Male, one of the authors of
"Advanced Immunology”. The author pointed out the double aim of his work: on the one hand, it is a
glossary of immunology, on the other hand it is a concise revision guide or study aid. The book consists
of six chapters each of which discusses related topics; The Immune System; Immune Recognition;
Immune Responses; Inflammation and Cell Migration; Immunopathology, Immunological Tests and
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Techniques. The reader can easily find anything by using the term index at the beginning of the book.
This small book is recommended to all English-speaking Hungarian students in medicine or biology, it is
an excellent help during preparation for an examination on basic principles of immunology. Although the
price seems to be high for a Hungarian student, those can buy it, should not by all means miss it. This
pocket book is also an important item in the libraries of our University departments together with its
similarly edited counterparts (Clinical Chemistry, Biochemistry, Medical Genetics).

A. Hrabak

Endotoxin and the lungs

Lung Biology in Health and Disease. Series 77. Edited by Brigham KL. Marcel
Dekkcr, Inc., New York, Basel, Hong Kong, 1994. 549 pp., 175 US$

"Endotoxin and the lungs" is the 77th volume of the series on "Lung biology in health and disease",
edited by Claude Lenfant (NIH, USA). The 48 contributors, all of them acknowledged experts of
experimental and clinical research, mostly from the USA, others from Canada, Japan and Germany,
discuss the subject in 18 chapters. They accomplish this task in a comprehensive way, starting from the
structure of endotoxins as far as designing therapy.

Lipopolysaccharides (LPS) are dominating constituents of cell membrane of Gram negative bacteria.
Interaction between free lipid A, the endotoxically active centre of LPS and a defined cellular recognition
molecule (LPS binding protein = LBP) represent the main event in endotoxin action and are responsible
for deleterious effects in Gram negative sepsis and ARDS. LPS-LBP complex activates macrographes
via CD14 antigen: This provides possibility of early host-defense response as well as it can initiate
inflammatory action, vascular complications, hypotension and DIC. LPS induces rapid expression of
different gene products in susceptible cells (i.e. vascular endothel in the lung) through signal transducing
pathways which is not yet completely understood and needs further research. Human pulmonary
circulation responds to endotoxin by vasoconstriction and ventilation/perfusion mismatch. Obstruction
and occlusion of pulmonary vessels by inflammatory cells and thrombosis result increased pulmonary
resistance. Increased lung vascular permeability deteriorates gas exchange. Ixing-term effect of
endotoxins on airway function may involve structural changes (inflammation, edema, wall-thickening).
Metabolites of arachidonic acid cascade (cyclo-oxigenase, lipoxigenase) are involved in oxygen-free
radical formation but their relationship in ARDS needs further clinical research. Haemostasis disorders
(microvascular thrombosis, DIC) and other alterations associated with Gram negative sepsis in ARDS
can combine with hyaline membrane formation in alveoli: Mechanism of this phenomenon was examined
in primate model. A delicate balance between oxidants and antioxidants is essential for the normal
function of the lung since oxygen radicals can damage vital cellular DNA and protein molecules. There
are experimental and clinical evidences that in acute lung injury (ARDS) oxidant activity is increased,
antioxidant enzymes are perturbed. On the other hand, recent evidence suggests that endotoxin can
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reduce damages to oxidants through stimulating tolerance mechanism. Similarly, phagocytes which are
critical in the host - defence mechanism of lung may also contribute to lung injury.

For the clinician novel therapeutic approaches are the most exciting parts of the book. Conventional
therapy of Gram negative sepsis and its complications (ARDS...) too, often fail to improve/restore
patients’ condition. Immunological therapy is at its onset: cross-reactive endotoxin antibodies and
antagonists of host-generated cytokines produced contradictory results. Administration of exogenous
surfactant proved beneficial in infant RDS, in adults’ experiences are limited but promising, mainly in
aerosol form. Highly invasive therapies of acute lung injury (extracorporeal membrane oxigenization or
carbon dioxide removal, intravascular oxigenization, etc.) have serious side-effects but such heroic
techniques are under consideration as implantable artificial lung or lung transplantation, too.

The final chapter refers to the hopeful future dealing with the prospects of gene therapy. Genes
cloned to protect lungs from endotoxin injury may provide an entirely new category of therapy.

In summary, it can be concluded that we are halfway in progress on understanding pulmonary effects
of endotoxin. Considerable knowledge has been accumulated in the past decade on pathomechanism and
its biochemical background. The next step would be the practical application of this knowledge.
Abundant references complete all chapters. Indexes of authors and subjects facilitate the use of the
book. Treatment of subjects is concise and clear, even the clinician reader, who was afraid of the
relatively abstract subject, enjoyed the book. Taking into consideration the great number of contributors,
the uniform structure of the chapters is remarkable and praises the editor. There are no more
overlappings than unavoidable considering again the multi-author character. "Endotoxin and the lungs"
provides a good example how basic research can contribute to clinical investigation and its integration
into clinical practice.

The book is highly recommended for investigators and clinicians, mainly for intensive therapists.

l. Vadasz
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There are numerous controversial data published on muscle transformation in pathologic
endocrine states. Information is consistent in respect of slow muscle sensitivity to diabetes, but
data concerning characteristics of fast muscles are contradictory under the same conditions.

Sensitivity of fast and slow muscles to diabetes was examined and compared in this
study. Diabetes was induced by a single intravenous dose of Streptozotocin in Wistar rats.
Contractile parameters of soleus and extensor digitorum longus muscle were determined by in
vitro measurements. We collected data on reversibility of diabetic transformation using
exogenous thyroxine and insulin treatment. Insulin was used both to prevent and revert diabetic
transformations.

We found that, according to the data previously published, soleus muscle is more
sensitive to diabetes than the extensor digitorum longus (EDL). Changes in the EDL muscle
proved not to be statistically significant, but the comparison of hyperthyroid and diabetic
muscles to controls led us to the conclusion that there is a sublimital transformation in the EDL
in diabetes.

T4 and insulin were effective in preventing diabetic muscle transformation. Application
of insulin not only prevented diabetic complications, but its use in animals suffering from
diabetes for a longer time (8 weeks) resulted in a successful recovery of the muscle
transformation.

Keywords: diabetes, skeletal muscle, contraction, rat

Diabetes mellitus is frequently associated with transformation of skeletal
muscles. Prolongation of the contraction curve was found to be characteristic to insulin
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dependent diabetes [2, 4, 6, 12]. It is widely accepted that slow muscles, like soleus
are more sensitive than fast ones, like extensor digitorum longus (EDL). These
differences are supported by morphological and biochemical abnormalities explored by
comparative analysis of slow and fast muscles in diabetic animal models [4, 14].
Presence and absence of altered contractility was reported in soleus and the EDL
muscle, respectively, under diabetic conditions [2, 4, 12]. In some cases altered
biochemical functions are reported in both EDL and soleus muscles [5, 7, 15]. It is
hard to understand why mechanical parameters are found to be unaltered if EDL is
subject to biochemical changes during diabetes?

In medical practice insulin therapy is widely used in diabetes to successfully
maintain normal plasma glucose level. Normalized plasma glucose provides safe and
valuable life style to diabetic patients. In spite of the efforts invested into diabetes care,
complications (hypertension, myopathy, glomerulopathy) of diabetes will ascend
sooner or later. Usefulness of insulin therapy in prevention or reversion of diabetic
complications is not explored in detail. There are numerous publications reporting
successful insulin therapy in different complications of diabetes [3, 9, 13], but in
respect of muscle transformation, reversibility remains to be determined. Furthermore,
some authors claim specific insulin effects on skeletal muscle [1, 8, 10, 11] which
makes the problem even more complicated.

Hyperthyreosis is known to accelerate contraction process. Shortened twitch
time of the hyperthyroid muscle is caused by altered mechanical properties of
contractile proteins, and modification in the function of the second messenger chain of
myocytes. It would be worthwhile to see if induction of hyperthyreosis can revert or
not diabetic changes in skeletal muscles.

Considering gaps listed above we felt obliged to take steps to cease discrepancies
and hiatus. Using Streptozotocin (STZ) treated rat as experimental model, we
compared the time to peak (ttP) and half relaxation time (HRT) in soleus and EDL
muscle. Diabetic animals (D8) were compared to age matched controls (YC).

The goal of this study was to compare the sensitivity of the EDL and soleus to
diabetes and hyperthyreosis, and testing the reversibility of changes found.

Methods

Animal model

Adult, randomly selected Wistar rats from both sexes weighing 120-150 g were used in the
experiments. Animals were fed on standard laboratory diet (ALTROMIN, produced by LATI) receiving
water and food ad libitum and maintained under controlled environmental conditions (natural light and dark
cycle 24 °C constant temperature).

Induction of diabetes

Rats chosen to be made diabetic were treated with 65 mg/kg Streptozotocin (ZanosarR, Upjohn)
i.v. into the tail vein. Control animals were injected with vehicle. Hyperglycaemia was confirmed by blood
glucose test using enzymatic technique. The first blood glucose test was performed 48 hours after STZ
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treatment, then the test was repeated weakly. Animals treated with STZ exhibited a blood glucose level
higher than 10 mM. Rats were sacrificed at the 8th week following STZ treatment in all cases, except
group R8, in which experiments were performed at the 16th week (8 weeks diabetes + 8 week insulin
therapy).

Induction of hyperthyreosis and thyroxine treatment

To assess the sensitivity of EDL and soleus to T4, and testing the effect of thyroxine on diabetic
muscles, two separate groups were used. In the first group (hyperthyroid: HT) exogenous T4 was
administrated to healthy animals as long as 8 weeks, followed by the measurement of muscle mechanical
parameters. In the other group (thyroxine treated diabetic: DT), from the second day of STZ treatment T4
was applied for 8 weeks to prevent the onset of diabetic transformation. Thyroxine (SIGMA) was freshly
dissolved, just before administration and injected intraperitonially once a day. The daily dose was 300
microgram/kg b.w. in either hyperthyroid and thyroxine treated diabetic group.

Insulin treatment

Bovine insulin (ULTRALENTE, HUMAN) was employed to prevent diabetic muscle
transformation in some cases. Following the confirmation of diabetes insulin was supplied subcutaneously
in a dose of 4 units/day/animal. Blood glucose was tested weekly, and the daily insulin dosage was adjusted
to maintain 5 mM blood glucose concentration. Effectiveness of insulin therapy was tested by two ways. In
the first insulin treated group, referred to as insulin prevented group (P8), insulin therapy was introduced
on the day following STZ treatment. Animals in this group virtually never displayed elevated plasma
glucose concentration. The goal with this group was to test the possibility of prevention of diabetic muscle
transformation. In the other insulin treated group, insulin therapy was introduced 8 weeks after STZ
treatment. During this 8-week period in all of the animals collected in this group an elevated plasma
glucose level was found. Insulin therapy was continued in another 8-week long period. The aim of this
particular experiment was to study whether diabetic alterations following their complete improvement (R8)
are reversible.

Measurement of contractility

Following ether anaesthesia rats were decapitated and bled out. Muscles were removed and
transferred to the preparation dish. Short loops from surgical thread were applied onto both ends linking the
muscle to a capacitive transducer in the experimental chamber. The chamber was thermoregulated (32 °C)
and continuously perfused with oxygenated Tyrode solution (NaCl 150 mM, KC1 5 mM, MgCI2 1.5 mM,
CaCl22.5 mM, HEPES 5 mM, pH: 7.24) refreshing the chamber volume 9-11 times per minute. Parallel
platinum electrodes were used for field stimulation (40 mA/cm2), pacing the muscle continuously with 2 ms
long electric square pulse at a constant rate. Muscle length was adjusted for maximal twitch tension. The
capacitive transducer used in our experiment provides analogous electric signal proportional to the isometric
tension of the muscle in a range of 1-100 mN.

Analogous electric signals were digitalized and evaluated by a computer. Cardinal contractile
parameters (developed peak tension [P], time interval between stimulation and peak tension [ttP], rising rate
of developed tension [dP/dt], time interval between peak tension and 50% relaxation [HRT], and area
under the contraction curve [Int]) were calculated and stored for further analysis.

Experiments were repeated on 7-15 animals and results were united. Collected data were averaged
and standard error was calculated to illustrate scattering. ANOVA and Student-Newsman-Keels test were
used to compare groups. All statistical analyses were done on IBM compatible PC using SIGMASTAT
(Jandel) software.
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This investigation conformed to the guidelines for the care and use of laboratory animals published
by the US National Institute of Health as well as the principles outlined in the Declaration of Helsinki.

Results

Results for soleus muscles are shown in Figs 1-2. Both ttP and HRT was found
to be lengthened by 8 weeks of diabetes, while T4 treatment resulted in significant
shortening in the contraction curve. Thus one might conclude that, soleus muscle is a
sensitive organ, to either diabetes or hyperthyreosis. T4 treatment of diabetic animals
resulted in an intermediate state between diabetes and hyperthyreosis. Both ttP and
HRT was found to be similar to the control group. This recovery in contractile
parameters suggests that the slowing down of the contraction observed in diabetes was
fully prevented by T4 treatment.

Despite the successfully prevented muscle transformation, T4 treatment failed to
normalize several other biological parameters of the experimental animals. Blood
glucose concentration was still increased in DT group and loss in body weight was also
considerable (data are not shown). Cardinal symptoms of diabetes (polyuria,
polydipsia, polyphagia) were still present in thyroxine treated animals in a great
extent.

Contraction parameters were normalized in both insulin treated groups. Insulin
therapy seems to be successful in both prevention and reversion of diabetic muscle
transformation. Indeed, average values of ttP and HRT were found to be less than
those in YC. This shortening was statistically not significant, but it undeniably existed.
Pairwise multiple comparison revealed that there is no statistically significant
difference among insulin or T4 treated and control groups, while diabetes or
hyperthyreosis established the base of muscle transformation.

Insulin treatment successfully normalized blood glucose concentration, and body
weight. Chief symptoms of diabetes were also diminished.

EDL muscles were found to be less sensitive to diabetes or hyperthyreosis than
soleus (Figs 3-4). Both ttP and HRT were prolonged in diabetes, and shortened in
hyperthyreosis, but these differences proved not to be statistically significant. In a first
approach one might deduce that no muscle transformation occurred. This conclusion is
mathematically highly supported, but some other observations seem to contrast this
statement. There were manifest differences between groups T4 and D8, which was
strongly significant statistically. Moreover, while P8 and R8 groups were found to be
identical, both of them displayed dissimilarity comparing to D8 groups in respect of
ttP. HRT failed to show a similar relation between D8 and insulin treated groups. It is
hard to understand, if hyperthyreosis and diabetes caused no alteration in muscle
function, where the difference between T4 and D8 groups came from? In addition,
what is the origin of the significant alterations of ttP between either D8 and R8 or D8
and P8?
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Groups

Fig. 1. Alteration in time to peak (ttP) value of rat soleus muscle in different endocrinological states. (YC:

control; HT: hyperthyroid; D8: diabetic; DT: T4 treated diabetic; R8: diabetic with insulin reversion; P8:

diabetic with insulin prevention) In diabetes, but not in hypothyreosis ttP was found to be lengthened. This

prolongation coinciding with diabetes was found to be fully reversible by administration of either T4 or
insulin

There were apparent differences in sensitivity between soleus and EDL. HRT
and ttP displayed parallel and proportional alterations in soleus muscle, nevertheless
hyperthyreosis affected HRT in greater extent than ttP. In case of the EDL muscle,

HRT was found to be altered exclusively by T4 treatment, while ttP was sensitive to
the diabetic condition.

160
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YC HT 08 DT R8 P8
Groups

Fig. 2. Alteration in half relaxation time value of rat soleus muscle in different endocrinological states. For
abbreviations see Fig. 1. Similar to ttP, HRT was found to be sensitive to both hyperthyreosis and
diabetes. T4 and insulin can successfully return HRT to control value in diabetic animals
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YC HT D8 DT R8 P8
Groups

Fig. 3. Alteration in time to peak value of rat extensor digitorum longus muscle in different

endocrinological states. For abbreviations see Fig. 1 Hyperthyreosis and diabetes were found not to alter

this parameter. Nevertheless, there were significant differences between insulin or T4 treated groups and
D8. This shows, muscle transformation has to be present in diabetes

Groups

Fig. 4. Alteration in half relaxation time value of rat extensor digitorum longus muscle under different
endocrinological states. For abbreviations see Fig. 1 HRT displayed similar changes like ttP, but only T4
and not insulin treatment turned out to be successful in producing muscle transformation
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Discussion

Our findings can be summarized as follows. The time-course of contractions is
subject to characteristic alterations under both diabetes and hyperthyreosis in slow and
fast skeletal muscles of rat. EDL and soleus muscles were found to be responding in
parallel direction but in various extent. Hyperthyreosis resulted in shortening of
contraction curve in both EDL and soleus. Under diabetic conditions contraction
curves were found to be lengthened. Detailed analysis revealed that changes are
unmistakable in soleus muscle, while in case of EDL the transformation remained
sublimital. Application of both thyroxine and insulin to diabetic animals uncovered
that functional parameters of both soleus and EDL are sensitive to diabetes.

Our observation is in apparent contradiction with earlier publications [4, 12]
reporting studies in respect of skeletal muscle contractility in diabetes. There are other
observations published supporting insensitivity of EDL. Stephenson and her coworkers
[14] reported altered calcium sensitivity in diabetic muscles, which was more
pronounced in soleus than in EDL. Lacking effect of diabetes on EDL was pointed out
in Cameron's paper [2]. All of these authors agreed in that twitch time of EDL is not
altered by diabetes. These conclusions led to the conclusion that slow skeletal muscles,
but not fast ones, are subject to muscle transformation during diabetes.

In spite of these consistent reports, we believe that EDL is subject to muscle
transformation during diabetes, but individual fluctuations of ttP and HRT in animals
obscure differences, making changes invisible. Our observations are supported by
numerous publications reporting definitive alterations in EDL muscle during diabetes.
Eibschutz and his group found altered Ca++ uptake on diabetic EDL muscle [5].
Defective Ca++ homeostasis was found in hamstring muscle of diabetic rat [15].
Hamstring muscle is known to contain predominantly fast fibres. Ca++ stimulated
ATP-ase activity was reported to be increased in soleus, hamstring and gastrocnemius
muscles [7]. Gastrocnemius muscle, like hamstring and EDL, is also known to be fast
type. These observations, listed above are highly consistent with our conclusion that
fast muscle function is altered by diabetes.

Another less doubtful finding revealed by our experiment concerns the
reversibility of diabetes. Insulin treatment, applied either before or following the
development of diabetes, resulted in complete recovery in the parameters studied.
There were no signs of specific insulin effect resulting in transmutation different from
the control state. Streptozotocin is a popular drug in induction of experimental
diabetes, but the mechanism of its effect is not fully understood. Successful insulin
reversion of diabetic transformations is a direct proof of the usefulness of the STZ
model. Full recovery from all symptoms is an explicit evidence that all diabetic
alterations manifested in STZ diabetes are the consequence of insulin deficiency.
Furthermore, our results clearly show that these changes are reversible, and
preventable on the time scale tested in our work.

Concentration of thyroid hormones are reported to be decreased in the sera of
diabetic animals, while insulin treatment can increase plasma T4 and T3 contents even
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more than the control value [16]. Thus, diabetic animals can be regarded as
hypothyroids. One might suppose that diabetic muscle transformation is caused by the
hypothyreosis present in diabetes. We have found that exogenous T4 can protect
skeletal muscles against diabetic transformation. This observation strongly supports the
concept that hypothyreosis is a cardinal component of those elements which play a key
role in muscle transformation present in diabetes mellitus.
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Stretching helical strips of porcine a. carotis comm, to 1.7 times the resting length
increases myosin light chain phosphorylation from 0.22 to 0.67 mol phosphate/mol light chain.
While stretch is maintained, the stretch induced light chain phosphorylation decreases and
reaches the resting level over a period of 60 minutes.

The fully stretched arterial strips containing maximally phosphorylated myosin light
chain cannot generate active tension which indicates, according to the sliding filament theory,
the lack of overlap between actin and myosin filaments.

When stretch is released from these muscle strips active tension develops. The amplitude
of this stretch-release induced tension depends on the level of myosin light chain phosphorylation
related to the time interval between stretch and release as well as on the extent of the overlap
zone related to the length of the released strip.

Three-dimensional graphic representation of both measured and interpolated data points
in an active tension-light chain phosphorylation-muscle length space reveals a contractility
surface which demonstrates that active tension appears as a sigmoidal function of light chain
phosphorylation, on the one hand and shows maximum as a function of muscle length, on the
other hand.

Keywords: active tension, a. carotis, light chain phosphorylation, passive tension,
sliding filament theory, smooth muscle, stretch-release

Bayliss proposed first that stretch may activate constriction of blood vessels [1].
Since then changes in both electrical and mechanical properties of vascular smooth
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muscles during or following stretch have been reported in numerous cases (for reviews
see [7, 13]). The biochemical events behind these myogenic reactions were clarified by
Barany and coworkers [3, 4, 14]. They demonstrated the following: stretch induces
phosphorylation of 20 kDa light chain of myosin (LC); the extent of phosphorylation
is a function of the applied stretch reaching a maximum at 1.7 times the resting length;
the stretch induced phosphorylation is catalyzed by myosin light chain kinase, not by
protein kinase C and decays as a function of time. The fully stretched arterial strips
cannot generate active tension even in the presence of any exogenous stimulating
agents which indicates the lack of overlapping filaments. When stretched arterial strips
are released active tension develops without any exogenous stimulating agents.

During our experiments reported in this paper helical strips from pig carotid
arteries were activated by stretching them to 1.7 times their resting length then the
stretched muscle strips were released. The developing active tension was recorded. The
extent of release as well as the time interval between stretch and release were varied
systematically. In this way we were able to investigate the active tension development
at different muscle lengths and at different myosin light chain phosphorylation levels.
Our results demonstrate that the amplitude of the stretch-release induced active tension
is a monotonous function of light chain phosphorylation and shows a maximum as a
function of muscle length. These data are presented in a three-dimensional active
tension-light chain phosphorylation-muscle length space.

Materials and Methods

Carotid arteries were obtained from freshly slaughtered pigs. Helical strips were prepared and
mounted in a water jacketed organ bath [14] containing physiological salt solution (130 mM NaCl, 4.7 mM
KC1, 1.17 mM MgSOi, 1.6 mM CacClj, 149 mM blaHCOs3, 5.5 mM glucose, 0.03 mM CaNajEDTA
equilibrated with 5% C02-95% O2. pH 7.4 at 37 °C) [6]. A resting tension appropriate to each strip's
geometrical dimensions was applied to simulate 100 mmHg mean arterial pressure [8]. The length of strips
was measured and considered as resting length (Lo).

Following a 30 minute incubation the strips were stimulated with K+ challenge solution (100 mM
KC1 and 35 mM NaCl in the above-described physiological salt solution). The K+ challenge-induced active
tension was considered as a reference tension of the given muscle strip [3].

The strips were washed with physiological salt solution until the active tension disappeared then
they were stretched to 1.7 times the resting length by means of the device shown in Fig. 1 Stretch was
maintained for different periods of time then it was partly released. Stretch-release induced active tension
was recorded and its amplitude was expressed as a percentage of the K+ challenge induced tension [3].

For quantitation of myosin light chain phosphorylation the muscle strips were frozen by immersion
in liquid N2, then pulverized and solubilized. The solubilized samples were subjected to two-dimensional
gel electrophoresis. The gels were stained with Coomassie Brillant Blue and the staining intensity of the
myosin light chain spots was scanned. Light chain phosphorylation was calculated as described previously
[2. 5. 6].

The curves fitted through experimental data were calculated using the cubic spline interpolation
method [17].
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Fig. 1. Scheme of the stretch-release device. 1: stretch controller, 2: locker, 3: thread which connects the
muscle srip to the isometric transducer, 4: release controller, 5: spring. A: start state, B: stretched state, C:
released state. Proper positioning of the stretch controller allows stretching arterial strips exactly to 1.7
times their resting length. In the stretched strips light chain phosphorylation can reach maximal level and
the overlap between the thin and thick filaments is abolished. The stretched state can be maintained by
means of the locker, meanwhile myosin light chain phosphorylation spontaneously decreases. Release of
the stretch provides an overlap zone between the actin and myosin filaments. The extent of this zone can be
varied systematically by changing the position of the release controller at any phosphorylation level

Results

Figure 2 shows the tension record of a typical organ bath experiment. As a
reference, maximal active tension was induced by K+ depolarization of an arterial
smooth muscle strip at resting length. This tension was taken as 100%. The K+
challenge was removed by rinsing the strips with physiological salt solution several
times. The relaxed arterial strip was then stretched to 1.7 times its resting length over
3-4 seconds and released to 1.4 times its resting length within 15 seconds.
Consequently, active tension developed which attained 56% of the reference tension.
Spontaneous active tension generation was followed by tension maintenance for at least
30 min (data not shown).
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Fig. 2. A representative tension record. After adjusting the resting tension and measuring the resting length,
the arterial smooth muscle strip was contracted with the K+ challenge solution (K+). When maximal active
tension developed the strip was washed (W) until tension declined to resting tension. The strip was
stretched to 1.7 times its resting length (S), then the stretched strip was released to 1.4 times its resting
length (R). The amplitude of stretch-release induced tension reached 56% of the amplitude of the K+
challenge induced tension and remained maintained during the observed 30 min period (not shown)

The stretch-release device (Fig. 1) constructed in our laboratory allowed to
investigate the stretch-release induced tension as a function of release length. Our
experimental data presented in Fig. 3 can be considered as length-tension curve and
imply the sliding filament theory for arterial smooth muscle.

Our stretch-release device also allowed us to investigate the stretch-release
induced tension as a function of time interval between stretch and release. Figure 4
demonstrates that the longer the interval between stretch and release, the smaller the
stretch-release induced active tension.

We have supposed that spontaneous decay of stretch induced myosin light chain
phosphorylation already described [3] is responsible for the observed time dependence
of stretch-release induced tension. To verify this hypothesis arterial strips were
stretched, their stretch was maintained for different periods of time then the myosin
light chain phosphorylation was determined. Figure 5 indicates that myosin light chain
phosphorylation exponentially decays reaching the resting value over 60 min.
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Fig. 3. Stretch-release induced active tension as a function of relative muscle length. Arterial smooth

muscle strips were stretched to 1.7 times their resting length over 2-4 s. The stretched strips were kept at

this length for 12-14 s, then each strip was released to the length shown on the abscissa. The stretch-release

induced active tension was monitored and expressed as a percentage of K+ challenge induced active

tension. (Lo: resting length, at which passive tension is equal to about 100 mm Hg mean arterial blood

pressure, L: release length.) Each symbol represents the mean of 3-9 separate experiments, the error bars
indicate the standard error

The experimental data presented on Figs 4 and 5 provided the possibility to
replot stretch-release induced tension as a function of myosin light chain phosphoryla-
tion. In Fig. 6, relative tension appears as a sigmoidal function of LC phosphorylation.

The above-mentioned results clearly indicate that stretch-release induced tension
of arterial smooth muscle depends on both myosin light chain phosphorylation related
to the time interval between stretch and release and on the extent of overlap between
actin and myosin filaments related to the release length. To show these relationships as
a two-variable function three additional length-tension curves were constructed using
stretch-release induced tension values measured after 10, 30 and 60 min stretch main-
tenance, respectively. Cubic splines were fitted through experimental points in order to
generate a 25 rows by 25-column matrix containing data points for Fig. 7 which intro-
duces the stretch-release induced active tension as a two-variable function. The inde-
pendent variables are the time interval (left panel) or light chain phosphorylation (right
panel) and muscle length, the dependent variable is the relative tension on both panels.
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Fig. 4. Stretch-release induced tension as a function of time interval between stretch and release. Arterial

smooth muscle strips were stretched to 1.7 times their resting length over 2-4 s. The stretched strips were

kept at this length, then at the time shown on the abscissa each strip was released to 1.2 times its resting

length. The stretch-release induced active tension was monitored and expressed as a percentage of K+

challenge induced active tension. Each symbol represents the mean of 3-9 separate experiments, the error
bars indicate the standard error

Discussion

The arterial smooth muscle normally responds to stretch by means of
mechanical, structural and biochemical modifications.

The stretch-induced mechanical response has two components: passive (i.e.
Ca2+ independent) tension and active (i.e. Ca2+ dependent) tension. Passive tension
has been termed either viscoelasticity (if rate dependent) or plasticity (if not rate
dependent) [16]. The active component of the stretch-induced tension is a suitable
material for investigating the mechanism underlying the myogenic theory of blood
flow regulation [1, 15]. In our experiments excessive elongation of helical strips from
porcine carotid artery produces only passive tension (S in Fig. 2).
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The absence of stretch-induced active tension is the consequence of the stretch-
induced structural modification. According to Huxley's sliding filament theory [12] the
lack of an overlap zone between the thick and thin filament is responsible for the
absence of active tension [3, 14]. The stretch-induced structural modification is
reversible: the release of the stretch provides the necessary overlap between actin and
myosin filaments for active tension development (R in Fig. 2).

The amplitude of stretch-release induced active tension depends on the release
length. The length-tension curve presented in Fig. 3 is similar to that determined in
Barany’s [14] and Murphy's [11] laboratory and further supports the sliding filament
theory for smooth muscle. The descending limb of the curve reflects a decrease in the
number of crossbridges with increasing length. The ascending limb (i.e. the decline in
isometric active tension at short length) may also occur through a reduction in the
number of attached crossbridges caused by excessive contractile filament overlap and
steric hindrance of crossbridge attachment [10].

Fig. 5. Spontaneous dephosphorylation of stretched arterial strips. Arterial smooth muscle strips were

stretched to 1.7 times their resting length over 2-4 s. The stretched strips were kept at this length, then at

the time shown on the abscissa each strip was frozen. Myosin light chain phosphorylation was measured as

described in Experimental procedures. Each symbol represents the mean of 3-9 separate experiments, the
error bars indicate the standard error
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Among the stretch-induced biochemical modifications phosphorylation of the
myosin regulatory light chain in the key event necessary to initiate active tension
development in arterial smooth muscle [3, 14]. The stretch-induced light chain
phosphorylation catalyzed by Ca2+, calmodulin dependent myosin light chain kinase
[4] decreases over time (Fig. 5 and Ref. 3) while stretch-release induced active tension
remains maintained (Fig. 2). The maintenance of active tension can be explained by
the latchbridge hypothesis which postulates that tension is maintained by
dephosphorylation of attached, phosphorylated crossbridges thereby forming attached,
dephosphorylated crossbridges (latchbridges) that maintain tension but do not cycle [9,
16]. This model also account for the observed nonlinear active tension-light chain
phosphorylation relation in arterial smooth muscle (Fig. 6).

Fig. 6. Stretch-release induced active tension as a function of myosin light chain phosphorylation. Curves

were fitted through the experimental data points presented in both Figs 4 and 5 by means of the cubic spline

interpolation method. The curve fitted through the points of Fig. 4 was replotted replacing the time values

on the abscissa by the corresponding phosphorylation levels obtained from the curve fitted through the
experimental points of Fig. 5
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Fig. 7. 3-dimensional presentation of contractility surface of stretch-activated arterial smooth muscle. Left panel: the contractility surface is shown in a
time-relative length-relative tension space. Right panel: the contractility surface is shown in a LC phosphorylation-relative length-relative tension space
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Figure 7 summarizes both the light chain phosphorylation and the length

dependence of stretch-release induced active tension of porcine arterial smooth muscle.
It would be of interest to compare contractility surfaces in the case of smooth muscle
tissues from different species and/or with different physiological or pathological
background.
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The hypoglycaemic sulphonylurea gliquidone and glibenclamide exerted a partial
uncoupling effect on mitochondrial respiration of liver under in vitro conditions using various
citrate cycle intermediates as substrates. Besides the uncoupling effect, gliquidone and
glibenclamide caused a direct inhibition of ATP - as well as DNP - stimulated oxigén
consumption. Both phenomena proved to be dose dependent. Respiratory control ratio decreased
progressively with increasing concentrations of sulphonylureas mainly through the inhibition of
ADP-stimulated respiration. Basal and DNP-stimulated ATP-ase activity of isolated mitochondria
changed similarly to the respiratory parameters. Changes in membrane permeability of
mitochondria and the inhibition of substrate uptake further support the assumption of structural
and functional alteration of mitochondria by the hypoglycaemic compounds tested.
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In the last decades several sulphonylurea antidiabetic drugs have been
synthetized which effectively lowered the level of blood glucose, inhibited the hepatic
gluconeogenesis and influenced the peripheral glucose utilization [6, 9, 10, 14, 15, 27,
34-361.
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Most peroral antidiabetica have a lipophyl character, thus they may cause
disturbances in the structure and function of biomembranes. These compounds,
depending on their concentration applied either in vitro or in vivo, may influence the
mitochondrial oxidative processes and the energy household of the cells [3, 8, 12, 21,
23].

The widely used sulphonylurea, glibenclamide inhibited the pyruvate
carboxylase in liver mitochondria [12] and this effect was associated with the reduction
of mitochondrial ATP-ase activity [8]. The sulphonylureas could also interfere with the
mitochondrial substrate uptake processes [23].

The side-effects mentioned above have been already described in the case of
most sulphonylurea antidiabetica including glibenclamide. Interestingly, no data are
available, whether the newer sulphonylurea compound gliquidone might similarly
influence the mitochondrial bioenergetic processes. This question seems to be
important, since the effective dose of gliquidone is at least 5 times higher, than that of
glibenclamide [5, 36].

The present study was designed to examine a presumable interference of
gliquidone with mitochondrial bioenergetics. The widely known hypoglycaemic agent,
glibenclamide served as a reference substance.

Materials and Methods

Animals

Male CFY rats weighing 150-180 g (LATI, Godoll6, Hungary) were used for experiments. The
animals were appropriately housed and fed by corresponding laboratory diet supplemented with vitamin
premix and water ad lib.

Chemicals

Gliquidone (I-Cyclohexyl-3-[<p-[2-(3,4-dihydro-7-methoxy-4,4-dimethyl-I,3-dioxo-2(IH)-iso-
chinolyl)ethyl] phenyl >sulphonyl]-urea) and glibenclamide (N-4-[2-(5-chloro-2-methoxybenzmido)-ethyl]-
phenyl-sulphonyl-N-cyclohexylurea) were obtained from Dr. Karl Thomae GmbH, Biberach an der Riss,
Germany. L-(UuC)-malic acid (40 mCi/mmol) was purchased from Amersham, England, and (1-414C)-
succinic acid (40 mCi/mmol) was obtained from New England Nuclear, Dreieich, Germany. All other
chemicals and biochemical products were of the highest purity commercially available.

Preparation of liver mitochondria

Mitochondria from rat livers were isolated by the method of Schneider [29] with minor
modifications. Briefly, the livers were washed in preparation solution (0.25 M sucrose, 0.005 M Tris-HCI,
0.001 M EGTA, pH 7.2), cleaned and minced. Homogenization was carried out by 6 to 10 strokes in a
glass/teflon homogenizer. Nuclei and non-disrupted cells from the 10 per cent homogenate were sedimented
by 500xg for 10 min. The supernatant was centrifuged for 20 min at 4000xg. The pellet was resuspended
in the preparation solution, homogenized and recentrifuged at 4000xg for 15 min. This washing procedure
was repeated once more. The final pellet was resuspended in a minimal volume of preparation solution.
After determination of protein content (20), the final concentration was adjusted to 60 mg protein/ml. Only
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those preparations were used, where the respiratory control ratio reached the minimal value of s with
glutamate + malate as respiratory substrates.

Measurement ofthe mitochondrial respiration

O2 uptake was measured polarographically using a Clark type oxygen electrode. The registration
was carried out in 2.0 ml of standard medium (80 mM KC1, 20 mM Tris-HCI 5 mM KH2Pos, 1mM
EGTA, pH 7.2) previously equilibrated with air. 2.5 mg mitochondrial protein was pipetted into the glass
chamber which was kept in thermostat at 37 °C. Further additions were performed by microsyringes
through the central hole of the stopper in a minimal volume. The following substrates were used in the
experiments: 5 mM glutamate + 1mM malate, 5 mM pyruvate + 1mM malate; 5 mM succinate with
1.5 pM rotenone. ADP and DNP were added at final concentrations of 0.4 mM and 40 pM, respectively.
Gliquidone and glibenclamide were dissolved in dimethylsulphoxide (DMSO), if not otherwise indicated
10 p\ of dissolved drugs or DMSO alone were added to the glass chamber.

Determination of ATP-ase activity of mitochondria

ATP-ase activity was measured in 2.0 ml standard respiratory medium without KH2PO4
supplemented with 5 mM MgCl2 and 5 mM Na-ATP, pH 7.2 and 40 pM DNP if indicated. The reaction
was initiated by the addition of 0.5 mg mitochondrial protein. After 10 min incubation at 37 °C 1.0 ml 20
per cent TCA was added and the Pj liberated was estimated in the protein free filtrate according to
Lohmann and Jendrassik [19].

Measurement of mitochondrial swelling

Mitochondrial osmotic volume changes were estimated by measuring the apparent absorbance
changes at 540 nm spectrophotometrically. The measurements were carried out in 3.0 ml of appropriate
isoosmotic media at 25 °C as indicated in the legends to the Figures.

Measurement of substrate uptake

Mitochondria were suspended in a loading medium containing 225 mM mannitol, 75 mM sucrose,
20 mM Tris-HCI pH 7.4, 0.5 mM EDTA, 5 mM malonate. The suspensions were preincubated for 20 min
at 0 °C. After centrifugation with 4500xg for 10 min the pellets were suspended in the above-mentioned
medium at a concentration of 50 mg/ml. The substrate uptake of mitochondria was measured in 0.3 ml
reaction volume containing 0.27 ml incubating solution (15 mM KC1, 5 mM MgClz2, 2 mM EGTA, 50 mM
Tris-HCI pH 7.4, 1aM Na2 arsenite, 0.2 pM mersalyl and 1/xM rotenone), 30 p\ mitochondrial
suspension (1.5 mg protein), 10 p\ of 30 mM lsC-malate or uC-succinate and 3 p\ glibenclamide or
gliquidone dissolved in dimethylsulphoxide. After a 5 or 20 s incubation at 0 °C, 2.7 ml incubating
medium (containing 25 mM phenylsuccinate) was added to the mixtures and the media were filtered
through Whatman glass GF/F filters and the radioactivity of the filters was measured by liquid scintillation.
Substrate uptake was calculated from the difference of radioactivity between the 20 sand 5 s values.
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Results
The influence of gliquidone and glibenclamide on mitochondrial respiration capacity

To test whether gliquidone as well as glibenclamide influence the mitochondrial
ATP generation and therefore the energy dependent metabolic pathways of the cells,
their effects were investigated on respiration capacity of isolated rat liver
mitochondria.

Under in vitro conditions both gliquidone and glibenclamide exerted a dual
effect on mitochondrial respiration. As it is shown in Fig. 1 after the addition of the
drugs at increasing concentrations, the basal respiration was progressively enhanced in
a concentration dependent manner, under the same condition the ADP - as well as
DNP - stimulated 02 uptake was gradually decreased reaching the value of the basal
respiration when glutamate and malate substrates were used. Although the basal
respiration by 50 yM gliquidone was only slightly affected, gliquidone at this
concentration caused an approximately 50 per cent inhibition of ADP-stimulated
respiration. 100 /xM gliquidone produced more than 70 per cent inhibition of ADP-
dependent 02 uptake, and increased the basal respiration threefold. These changes
indicated a certain uncoupling of the mitochondrial oxidative phosphorylation besides
the direct inhibition of the respiratory capacity. As a result, the respiratory control
ratio (RCR) also progressively decreased, causing a 50 per cent reduction at about
50 uM gliquidone (Fig. 1). The ADP/O quotient decreased similarly (data not shown).
Glibenclamide elicited a similar, but somewhat more pronounced effect on the
respiration parameters than gliquidone. 100 fiM glibenclamide caused a total
uncoupling of oxidation from phosphorylation. Similar gliquidone - as well as
glibenclamide - induced alterations were observed when the oxidation of pyruvate +
malate (Fig. 2) and that of succinate (in the presence of rotenone) was measured

(Fig. 3).

Effect ofgliquidone and glibenclamide on the mitochondrial ATP-ase activity

Gliquidone and glibenclamide induced similar changes of the ATP-ase activity of
liver mitochondria to those of respiration.

Under in vitro conditions both gliquidone and glibenclamide exerted a dual
effect on mitochondrial ATP-ase activity. After the addition of the drugs at increasing
concentrations, the basal ATP-ase activity was progressively enhanced in a
concentration dependent manner, under the same conditions the DNP-stimulated ATP-
ase activity decreased gradually reaching the basal value. These changes supported
further a potential damage of structural integrity of mitochondria due to sulphonylureas
investigated. No significant difference was observed between gliquidone and
glibenclamide in their inhibitory actions upon mitochondrial ATP-ases (Fig. 4).
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Fig. 1 Effect of gliquidone and glibenclamide on the mitochondrial respiration in the presence of glutamate

+ malate. A: effect of gliquidone; B: effect of glibenclamide; Basal respiration +—-e; ADP-stimulated

respiration A—A; DNP-stimulated respiration 0 —o; respiratory control ratio (RCR) m—m; The details of
the experimental conditions were as described in Methods
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Effects of gliquidone and glibenclamide on mitochondrial swelling

Both sulphonylurea compounds investigated caused a slight but measurable
progressive swelling of isolated mitochondria in isoosmotic KNO3 indicating an
enhanced K+-permeability. However, this swelling was not comparable to the effect of
the K+-ionophore valinomycin (Fig. 5).
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Fig. 2. Effect of gliquidone and glibenclamide on the mitochondrial respiration in the presence of pyruvate
+ malate. For symbols and experimental details see the legend of Fig. 1
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e

Fig. 3. Effect of gliquidone and glibenclamide on the mitochondrial respiration in the presence of succinate
with rotenone. For symbols and experimental details see the legend of Fig. 1

When the mitochondria were suspended in isoosmotic NaN03 no significant

swelling could be observed (not shown). Mitochondrial swelling can be also observed
when the mitochondria are suspended in isotonic ammonium phosphate. NH3 can
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Glibenclamide ipm)

Fig. 4. Influence of gliquidone and glibenclamide on the mitochondrial ATP-ase activity. A: effect of
gliquidone; B: effect of glibenclamide; basal ATP-ase activity *—-«; DNP-stimulated ATP-ase activity
A—A; The experimental details were as described in Methods
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penetrate the membrane freely, and H2P 04~ will be transported together with a proton
via the phosphate carrier system [11]. When the phosphate carrier is blocked by
mercurials or N-ethylmaleimide (NEM) no osmotic volume change can occur.
Gliquidone and glibenclamide caused only a partial inhibition of the swelling in
ammonium phosphate medium indicating a depressed penetration of phosphate into
mitochondria which may also contribute to the decreased activity of oxidative
phosphorylation (Fig. 6).

Effect of gliquidone and glibenclamide on the substrate uptake of mitochondria

Ten jxM gliquidone caused an approximately 10 per cent inhibition of malate and
succinate uptake into mitochondria. Fifty per cent inhibition was produced by 50
gliquidone while 70 per cent inhibition was observed in the presence of 100 /xM.
0.5 mM gliquidone practically abolished the substrate uptake into mitochondria. No
significant difference was found in the gliquidone sensitivity of malate and succinate
uptake (Fig. 7). Glibenclamide resulted in similar changes in substrate uptake
processes as gliquidone (Fig. 8).

Control

25 /UM

50 IvM

100 lilM

1/pg /3ml Valmomycin

Fig. 5. Influence of gliquidone and glibenclamide on the mitochondrial swelling in isoosmotic KNOs3

medium A: effect of gliquidone; B: effect of glibenclamide; mitochondria (1 mg protein) were suspended in

3 ml medium containing 5 mM Hepes, 135 mM KNOs, 0.1 mM EDTA, and 2 pM rotenone (pH 7.2). All
other experimental details were as described in Methods
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200 /ptf
100 |v
50 lv
25 t\iM
10 /pM

Control

Fig. 6. Influence of gliquidone and glibenclamide on mitochondrial swelling in isoosmotic

ammoniumphosphate medium. A: effect of gliquidone; B: effect of glibenclamide; mitochondria (1 mg

protein) were suspended in 3 ml medium containing 5 mM Hepes, 135 mM (MHgbPO,), 0.1 mM EDTA
and 2 ;iM rotenone (pH 7.2). All other experimental details were as described in Methods

Fig. 7. Effect of glibenclamide on succinate and malate uptake into mitochondria; succinate ¢—-¢;
malate 0 — 0 ; The experimental details were as described in Methods
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Gliquidone

Fig. s. Effect of gliquidone on succinate and malate uptake into mitochondria; For symbols and
experimental details see the legend of Fig. 7

Discussion

In spite of many detailed investigations, the exact mechanism of the antidiabetic
action of sulphonylurea compounds remains to be clarified. Besides the effects on beta-
cells of pancreas [5, 13, 16, 19], different extrapancreatic actions of sulphonylurea
compounds were also demonstrated in various tissues [2, 17, 18, 28, 31]. Among these
effects the potentiation of insulin action and the reduction of glucose production of
liver seem to be undoubtedly the most important [1, 4, 7, 16]. Since the
gluconeogenesis is a highly energy consuming process, it can be supposed that the
reduction of gluconeogenesis by sulphonylureas may be partially due to the available
energy sources [30]. In this connection the inhibitory action of antidiabetic
sulphonylureas on the bioenergetic processes in the liver should be taken into
consideration.

The antidiabetic sulphonylurea compounds tested in this study caused a direct
inhibition of ADP-stimulated respiration and exerted a partial uncoupling effect on
oxidative phosphorylation in liver under in vitro conditions using various citrate cycle
intermediates as substrates. In this respect not only the damage of citrate cycle but the
inhibition of the oxidation of long chain fatty acids by the sulphonylurea compounds
seems to be also important [26]. In an earlier study we could detect glibenclamide in
liver and kidney mitochondria even one hour after intra-peritoneal administration of
the compound [32]. The mitochondrial effects of sulphonylureas seem not to be very
specific, because they are not limited to the electron-transport chain. These
hypoglycaemic agents can interfere with mitochondrial substrate uptake processes [23].
In this study we have also demonstrated the inhibition of substrate uptake process by
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gliquidone and glibenclamide. Furthermore, changes in the K+-permeability of
mitochondrial inner membrane under influence of both sulphonylureas produce further
evidence that due to their lipophylic character these compounds may cause disturbances
in the structure and functions of the mitochondria.

The question arises whether the alterations in the mitochondrial functions
described here could take place also under in vivo conditions. In this connection the
chronic treatment with hypoglycaemic sulphonylureas should be taken into
consideration especially in the case of liver damage. In the forthcoming paper we try to
give an appropriate answer to this problem [33].
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Sulphonylurea antidiabetica effectively inhibits the basal hepatic glucose production.
Since it has been firmly established that lipophylic sulphonylurea drugs exerted an uncoupling
effect on mitochondrial oxidative phosphorylation, a relationship between the reduction of
hepatic gluconeogenesis and the insufficient energy supply due to sulphonylureas could be
supposed. In this study we have investigated the effects of glibenclamide and gliquidone on
mitochondrial bioenergetics in liver after peroral treatments of normal rats with different doses.
The treatment of rats with 5 mg/kg glibenclamide or gliquidone daily for 14 days elicited only a
marginal inhibition on mitochondrial oxidation capacity and remained without any effect on
mitochondrial ATPase activity. Only the supermaximal dose 50 mg/kg for 14 day produced a
significant damage in the mitochondrial functions. The basal respiration increased with 60-80
per cent, whereas the ADP- or DNP-stimulated oxygen consumption significantly decreased
independently from the respiratory substrates investigated. Similar alterations were found in the
mitochondrial ATPase activity after treatment with these drugs. No essential differences have
been observed in the actions between glibenclamide and gliquidone.

However, the lowest dose applied in this study is many times higher than the usual
therapeutic dose. Consequently, glibenclamide and gliquidone do not interact with mitochondrial
bioenergetic processes under therapeutic conditions. On the other hand, in different liver and
kidney damages we have no sufficient knowledge whether these drugs can be accumulated in
these organs and therefore their elevated concentration may interfere with the mitochondrial
energy metabolism.
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Sulphonylurea antidiabetic drugs are widely used in treatment of non-insulin
dependent diabetes mellitus to stimulate insulin release from pancreatic cells [1, 2].
This effect is associated with an increased number of insulin receptors [3, 18, 42, 49]
and an enhanced insulin mediated glucose utilization [2, 5, 14, 26, 31, 37]. Further-
more, sulphonylureas reduce the basal hepatic glucose production [5, 26].

Not only the anti-hyperglycaemic action of sulphonylurea but their pharmaco-
kinetics and metabolism have been also intensively studied [6, 7, 10, 11, 21, 22, 28,
43, 44]. The widely used sulphonylureas gliquidone and glibenclamide are rapidly
absorbed, their elimination from plasma occurs also quickly [13, 28, 46]. The
biological half-life proved to be similar in both cases [10, 20, 28]. Both drugs are
extensively metabolized in the liver. Three main metabolites of glibenclamide and four
dérivates of gliquidone were isolated. The metabolites had no hypoglycaemic effect.
Elimination of glibenclamide is equally mediated by the urine and faeces. However,
excretion of gliquidone occurs in 90 per cent via bile, in the urine no more than 5 per
cent of its inactive metabolite can be detected [13, 28, 36].

In our previous paper the possible interference of gliquidone and glibenclamide
with mitochondrial bioenergetics was studied [45]. We have established that under in
vitro conditions these sulphonylureas exerted a partial uncoupling effect on
mitochondrial respiration of liver and they inhibited the DNP-activated ATPase and
the substrate uptake into mitochondria. These effects proved to be dose dependent
[45]. Although many changes in mitochondrial functions under in vitro conditions have
been published [15, 32, 34, 45, 47], a detailed analysis of in vivo alteration of
mitochondria following sulphonylurea treatment has not been performed so far. In this
study the effects of glibenclamide and gliquidone on the mitochondrial bioenergetics of
rats are investigated after peroral treatment with different doses of sulphonylurea
tested.

Materials and Methods

Male CFY rats weighing 150-180 g (LATI, G&doll6, Hungary) were used for experiments. The
animals were appropriately housed and fed a corresponding laboratory diet supplemented with vitamin
premix and water ad lib.

The rats were treated with a single dose of 50 mg/kg of the respective sulphonylurea
intraperitoneally, suspended freshly in 1 per cent methylcellulose (Aldrich Chemical Co.). Two hours after
the drug administration the rats were killed and liver mitochondria were isolated. Other groups of rats were
treated with 5mg or 50 mg/kg drugs per os for two weeks once daily. To control animals only
methylcellulose was administered. All other methods used in this study were described previously [45].
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Results
The influence of gliquidone and glibenclamide on mitochondrial respiration capacity

To test whether gliquidone as well as glibenclamide influence the mitochondrial
ATP generation and therefore the energy dependent metabolic pathways of the cells
under in vivo conditions, their effects were investigated on respiration capacity of rat
liver mitochondria after treatments with different doses of the drugs.

An administration of 5 mg/kg glibenclamide or gliquidone to the rats for 14
days, did not alter the basal as well as the ADP- or DNP-stimulated respiration in
comparison with the control values using different respiratory substrates (Tables I—HI).

When a supermaximal dose (50 mg/kg) of gliquidone or glibenclamide was
administered to the rats intraperitoneally, the respiratory parameters of the isolated
liver mitochondria were only slightly affected two hours after the treatment.
Glibenclamide caused a little but measurable increase in the basal respiration,
gliquidone treatment was without effect in the case of all respiratory substrates tested.
In the ADP- as well as DNP-stimulated 0 2-uptake no changes was observed at these
doses of both drugs (Tables 1-HI).

Table |

Mitochondrial respiration of liver mitochondria with glutamate + malate

Oxygen uptake

No. of Prctreatment (nAtom O/mg protein/min)
experiments Basal ADP-stimulated DNP-stimulated RCR
10 Control 14+ 2 195 + 20 188 + 19 13.9
6 5 mg/kg glibenclamide
p.o. 14 days 15+ 2 196 + 21 186 + 18 131
10 50 mg/kg glibenclamide
i.p. 2 hours 17+ 3 198 + 19 191 + 19 11.6
6 50 mg/kg glibenclamide
p.o. 14 days 23» £ 3 157» + 17 146» + 15 6.8
6 5 mg/kg gliquidone
p.o. 14 days 142 196 . 18 187 + 18 14.0
12 50 mg/kg gliquidone
i.p. 2 hours 15+ 2 199 + 18 191 £+ 19 13.3
6 50 mg/kg gliquidone
p.o. 14 days 23» + 3 170* + 17 164* + 17 7.4

* Significance: p < 0.05

Acta Physiologica Hungarica 83. 1995



316
Mitochondrial respiration
No. of Pretreatment
experiments
10 Control
6 5 mg/kg glibenclamide’
p.o. 14 days
10 50 mg/kg glibenclamide
i.p. 2 hours
6 50 mg/kg glibenclamide
p.o. 14 days
6 5 mg/kg gliquidone
p.o. 14 days
12 50 mg/kg gliquidone
i.p. 2 hours
6 50 mg/kg gliquidone
p.o. 14 days

* Significance: p < 0.05

Mitochondrial respiration of liver mitochondria with succinate (in the presence of rotenone)

No. of Pretreatment
experiments

10 Control
6 5 mg/kg glibenclamide
p.o. 14 days
10 50 mg/kg glibenclamide
i.p. 2 hours
6 50 mg/kg glibenclamide
p.o. 14 days
6 5 mg/kg gliquidone
p.o. 14 days
12 50 mg/kg gliquidone
i.p. 2 hours
6 50 mg/kg gliquidone
p.o. 14 days

* Significance: p < 0.05
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Table 1l

of liver mitochondria with pyruvate + malate

Basal

10 £ 2
11 * 2
12 + 2
17+ 3
11 *+ 2
1 * 2
18* + 3
Table 111

Basal

40 + 5
41 + 6
44 + 5
47* + 6
41 + 5
41 + 4
46* + 5

Oxygen uptake
(nAtom O/mg protein/min)
ADP-stimulated DNP-stimulated

102 £ 9 98 + 10
102 * 2 98 + 10
98 + 10 g6 = 9
75* + 9 69* £ 8
102 + 9 98+ 9
104 + 10 83+ 9
76* + s 71* + 8

Oxygen uptake
(nAtom O/mg protein/min)

ADP-stimulated DNP-stimulated
290 £ 31 264 + 28
293 + 32 264 + 27
301 + 32 264 + 27
239* + 26 201* + 23
291 + 30 265 + 28
297 £ 30 239 £ 25
283* + 31 231* + 25

10.2

9.3

8.9

4.4

9.3

9.5

4.2

7.3

7.1

51

7.1

7.2
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Table IV

ATPase activity of isolated liver mitochondria

No. of Pretreatment ATPase activity
experiments (/imoles Pj/mg protein/h)
Basal DNP-stimulated
8 Control 174 £ 0.21 18.93 + 2.11
6 5 mg/kg glibenclamide
p.o. 14 days 172 + 0.19 18.84 + 2.06
6 50 mg/kg glibenclamide
i.p. 2 hours 189 + 0.34 1861 + 2.43
6 50 mg/kg glibenclamide
p.o. 14 days 2.27 + 0.41« 12.39 + 2.08*
6 5 mg/kg gliquidone
p.o. 14 days 1.69 £ 0.20 18.96 + 2.10
6 50 mg/kg gliquidone
i.p. 2 hours 165 + 0.33 18.90 + 2.11
6 50 mg/kg gliquidone
p.o. 14 days 197 + 0.34 12.35 + 1.83*

* Significance: p < 0.05

After a treatment of 14 days with the same doses of both glibenclamide and
gliquidone substantial alterations were seen in the mitochondrial respiration. The basal
respiration increased by 60-80 per cent when glutamate or pyruvate with malate were
used as substrates. Interestingly, the one-step oxidation of succinate was elevated less
than 20 per cent under the same conditions (Tables I-111). The ADP- as well as DNP-
stimulated respiration was reduced by 25 per cent maximally. As a result of the
opposite changes of the respiration values with and without added ADP, the
respiratory control ratios decreased significantly. With glutamate or pyruvate in the
presence of malate, the decrease of RCR value exceeded 50 per cent, while the change
in the RCR value with succinate was less pronounced (Tables I-111).

Effect of gliquidone and glibenclamide on the mitochondrial ATPase activity

Gliquidone and glibenclamide induced similar changes of the ATPase activity of
liver mitochondria to those of the respiration. After two hours of the intraperitoneal
administration of 50 mg/kg glibenclamide or gliquidone, no substantial alteration of
mitochondrial ATPase activity was observed. Similarly, no changes in ATPase activity
of mitochondria were observed when 5 mg/kg of the drugs were administered to the
rats for 14 days (Table 1V). A treatment of 14 days with supramaximal dose
(50 mg/kg) of the drugs caused a 15-30 per cent increase in the basal ATPase activity
and a near 40 per cent reduction in the DNP-stimulated ATPase activity (Table V).
No significant difference was observed between gliquidone and glibenclamide in their
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inhibitory potential upon mitochondrial ATPase. The alterations in mitochondrial
ATPase activities observed supported further a potential damage of structural integrity
of mitochondria due to sulphonylureas under in vivo conditions.

Discussion

In the last more than 30 years sulphonylurea compounds have been widely used
in the treatment of patients with non-insulin-dependent diabetes mellitus. These drugs
act at both pancreatic and extrapancreatic sites. However, it seems likely that the initial
and quantitatively most important action of the sulphonylureas is the stimulation of
insulin secretion [3, 9, 12, 19, 27, 30]. Among the extrapancreatic effects the
reduction of hepatic glucose production and the increase of the insulin dependent
glucose uptake into the insulin sensitive tissues are the most important [2-4, 8, 11, 16,
40, 48]. Using cultured rat hepatocytes the stimulation of glycogenesis and lipogenesis
under influence of sulphonylurea drugs was also observed [14, 17, 37, 38, 39, 41]. In
the hepatic glucose production the gluconeogenesis plays the cardinal role. This
process involves both the mitochondrial and cytosolic compartments of the cells and
can be influenced at many different sites. The transport of metabolites between cytosol
and mitochondria, the availability of precursor molecules and reducing equivalents,
and the supply with ATP are probably the most important factors which can alter the
intensity of the gluconeogenesis. On the other hand, the actual concentration of
fructose 2,6-bisphosphate determines the direction of metabolic processes to synthesis
or to degradation of glucose. For the synthesis and breakdown of fructose
2,6-bisphosphate the same bifunctional enzyme is responsible, the phosphorylated state
of this enzyme determines in which direction the enzyme acts. It was demonstrated
from many sites that sulphonylureas can stimulate fructose 2,6-phosphate formation in
liver even in streptozotocin induced diabetic rats [4, 23-25, 33, 35].

The energy supply of gluconeogenesis meet demands by the intensive oxidation
of fatty acids as well as citrate cycle intermediates in mitochondria. Different
uncouplers of oxidative phosphorylation increase the utilization of mitochondrial
metabolites without utilisable energy production. In the previous paper we have
demonstrated that sulphonylurea compounds can cause a partial uncoupling of
oxidative phosphorylation [45]. This finding was supported by earlier observations,
too [15, 32, 47]. Sulphonylureas can penetrate through plasma membrane and are
detectable also in mitochondria [46]. It can be supposed that the mitochondrial inner
membrane can bind the lipophyl sulphonylurea compounds and the non-specific
interference with the lipid bilayer can cause disturbances in the function of the integral
membrane proteins.

Although the therapeutic dose is less for glibenclamide than for gliquidone, we
have not found a significant difference in their inhibitory capacity upon mitochondrial
bioenergetic processes either in vitro or in vivo. The daily treatment with 5 mg
glibenclamide or gliquidone/kg of the normal rats for 14 days elicited only a marginal
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inhibition in the mitochondrial oxidation capacity. Only the supermaximal dose from
these drugs (50 mg/kg) produced a significant inhibition of oxidative parameters. The
concentrations of sulphonylureas investigated in this study are not comparable with the
usual therapeutic doses, therefore the relevance of the mitochondrial effects to human
clinical pharmacology remains to be clarified. Certainly, our results suggest that both
gliquidone and glibenclamide do not interact with the mitochondrial bioenergetic
processes in therapeutic dosages under in vivo conditions. However, in different liver
or kidney damages we have no sufficient information whether these drugs can be
accumulated, and therefore their local concentration may interfere with mitochondrial
bioenergetics in these organs.
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The maximal capacity of low affinity ouabain binding sites in kidney medulla was found
to be increased by 20 + 3.8% after 2 weeks, and by 35 + 4.5% in 4 weeks diabetes. However,
in kidney cortex no similar changes could be detected. Western blot analysis of Na+/K+-ATPase
subunits in kidney medulla indicated a significant enhancement of both the cq and R\ subunit in
two and four weeks diabetic rats (cg: 35 + 3.1, 51 + 58% and R\: 31.3 £ 5.2 and
43.2 + 6.8 %, respectively). However, kidney cortex showed no significant change in any
condition tested. In diabetes we could detect a significant change only in the medulla in case of
the b subunit mRNA transcript, which showed 1.69 + 0.59 and 2.89 + 0.81 times increased in
two and four weeks diabetic state, respectively. There was no change in the cq subunit mRNA
abundance. Insulin treatment of diabetic animals did not result in a complete reversal of diabetes-
induced changes in ouabain binding capacity or in the amount of Na+/K+-ATPase cq and R\
subunit protein and mRNA levels. Our data indicate a good correlation between changes in low
affinity ouabain binding capacity and the level of cq isoform in diabetic rats, and suggest an
important role of the b subunit in the regulation of enzyme quantity.

Keywords: streptozotocin-induced diabetes, Na+/K+-ATPase, cq and R\ subunit,
mMRNA, kidney

Human and experimental diabetes is accompanied by an early, prominent and
persistent renal hypertrophy [6, 22]. However, there are some evidence in
experimental animal models of diabetes that early insulin treatment can prevent or
reverse renal hypertrophy [15]. Nephromegaly has been associated with a renal
hyperfunction (increased glomerular filtration rate of Na+ and water reabsorption,
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increased Na+/H+ exchange and Na+/K+-ATPase-activity) [6, 14, 31]. The increased
activity of Na+-pump can be considered as a biochemical sign of renal hypertrophy
[15]. This phenomenon represents a paradoxical response of kidney to the lack of
insulin compared to other tissues [13-15].

Na+/K+-ATPase is a transmembrane enzyme primarily responsible for the
active transport of sodium and potassium in mammalian cells [25, 28]. The enzyme
exists as a heterodimer, there are three isoforms of the catalytic alpha (a) subunit and
at least two of the beta (B) chain [29]. The alpha isoforms differ from each other in
several biochemical and physiological characteristics and display a cell and tissue
specific distribution [19, 29]. The < isoform is widely distributed in all tissues, while
a2 and a3 expression is mostly limited to excitable cells [12, 21, 23]. The distribution
of R subunit isoforms in different cells is less well characterized. /3, has a broad
distribution, while 2 is localized mostly to glia [24]. The significance of the tissue
and cell specific distribution of the subunit isoforms is not known, but evidence is
slowly accumulating to suggest that a isoforms may be differentially regulated by
physiological and pathological stimuli [2, 10, 19].

Some data show that Na+/K+-ATPase isoform ratio changes during
development in brain and heart, furthermore certain hormones alter both isoform ratio
and isoform abundance [8, 9, 20]. It has been demonstrated that insulin stimulates
Na+/K+-ATPase activity in a variety of tissues [8, 9, 17, 32].

In rats with experimental and spontaneous diabetes mellitus Na+/K+-ATPase
activity and maximal ouabain binding capacity have been reported to be decreased in
heart, retina muscle and kidney glomeruli but to be increased in kidney tubules and
intestines [3, 4, 13, 27, 30]. The aim of this study was to investigate whether the
change in Pj facilitated ouabain binding is the consequence of changes in enzyme
protein abundance in kidney cortex and medulla derived from normal and
streptozotocin-induced diabetic rats with and without insulin treatment. We further
examined whether the alteration in protein abundance correlates with the expression of
Na+/K+-ATPase subunits’ mRNAs.

Methods*

One group of non-diabetic male rats was used as control (C). 60 mg/kg i.v. streptozotocin (STZ)
was given to an other group and diabetes was verified 24 h later by the appearance of hyperglycaemia and
glucosuria. A group of the diabetic animals was sacrificed after two weeks (Dj), another group after 4
weeks (D4) of STZ administration. In insulin replacement studies insulin was administered to diabetic rats
in an individual dose to normalize blood glucose level 2 and 4 weeks after STZ injection for 2 weeks before
the time of the assay (D2R, D4R) [30]. Kidneys were removed and the cortex and medulla layers were
separated and stored at -80 °C until use for the assays. Crude microsomal fractions were prepared by

* Abbreviations: C, control rats; D2, 2 weeks diabetic rats; D4, 4 weeks diabetic rats; D2R, 2 weeks
diabetic + 2 weeks insulin reverted rats; DaR, 4 weeks diabetic + 2 weeks insulin reverted rats; STZ,
streptozotocin; Na+/K+-ATPase, Na+ and K+-dependent ATPase (EC3:6.1.37)
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differential centrifugation [30]. Protein content was assayed by the method of Bradford using ovalbumin as
standard [5]. (3H)ouabain binding was measured as previously described [3, 18]. (3H)ouabain
(1.22 TBg/mmol) and unlabelled ouabain were applied in final concentrations of 2x 10“8-10“< M (spec,
act. 500-15 000 cpm/pmol). Nonspecific (3H)ouabain binding was measured in the presence of 1mM
unlabelled ouabain. The samples were filtered through Whatman GFC filters. Filters were washed and
radioactivity counted by liquid scintillation method. Maximal binding (Bmel) expressed in picomol per
milligram of protein, and the dissociation constant (K*) expressed in nanomol or micromol per liter, were
calculated according to the methods of Scatchard using a computer program ENZFITTER (version 1.05
EGA single ligand one binding site model, Elsevier-Biosoft, Cambridge, UK) [11]. Solubilized microsomal
proteins were analyzed on 10% SDS polyacrylamide gels [16] and transferred to nitrocellulose sheets for
Western blot analysis [23]. These membranes were incubated with isoform specific Na+/K+-ATPase
antibodies (UBI, USA), and a peroxidase conjugated second antibody. The reaction was detected using an
ECL Western blotting detection kit (Amersham), and the film negatives were analyzed by laser
densitometry. Total cellular RNA was purified by the guanidium isothiocyanate method [7]. RNA
electrophoresis, blotting and hybridization were performed according to general protocols [1].
Autoradiograms were analyzed by laser densitometry, and each peak of Na+/K+-ATPase gene transcript
was related to the area of the ethidiumbromide stained 18S rRNA band. cDNA probes specific for cq and 8
isoforms were a generous gift of Dr. J. B. Lingrel (Univ. Cincinnati). For the statistical analysis a Student's
i-test was used throughout this study to compare the differences in various parameters examined. The
difference between the means was considered to be significant if p < 0.05. Data were analyzed by non-
linear least squares procedure.

Results

All animals treated with STZ, developed hyperglycaemia on the following day
(the blood glucose level of the animals was minimum 25 mM). Body weight of STZ-
diabetic rats was significantly lower after 2 and 4 weeks diabetic state than that of the
age-matched non-diabetic controls (Table 1). The kidney shows a significant
hyperplasia both in 2 and 4 weeks diabetes. The kidney/body weight ratio was also
enhanced during diabetes and was not reversed on insulin treatment. The blood glucose
levels of the STZ-diabetic groups were 3.7- and 4.2-fold higher than those of age-
matched non-diabetic controls. Blood glucose was decreased close to the control level
by insulin administration and a relative body weight gain was also observed during two
weeks of insulin administration.

The basic characteristics of [3H]Jouabain binding to kidney cortex and medulla
microsomes from control, diabetic and diabetic insulin-treated groups were assessed in
a series of experiments. We defined relative [3H]Jouabain affinities over the
concentration of 2x10~8 to 10"5 M to evaluate the binding sites and to determine the
Kd values. In this concentration range a Scatchard type plot gives one population of
binding sites with apparent dissociation constant in the control group
(Kd =52.4 + 5.9, 59.6 £ 4.8 /zmol in the case of kidney cortex and medulla,
respectively). Maximal [3H]ouabain binding capacity of the kidney medulla layer was
increased in STZ-induced diabetes compared to the control and to the insulin-treated
diabetic animals. Changes in ouabain binding capacity proved to be significant in
kidney medulla of both two- and four-week diabetic animals. The enhancement in
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ouabain binding was partly reversed by insulin treatment. The Kd values did not
change significantly (Table I1). No significant changes were detected in kidney cortex
between the control, two- and four-week diabetic as well as insulin-treated diabetic
groups.

Na+/K+-ATPase isoforms. Immunoblotting with anti-aj, a2 and a3 as well as
R { and 82 monospecific antibodies were performed on protein from kidney cortex and
medulla microsomal membrane prepared from control and diabetic rats. We have found
a, and g1 subunits but not a2, a3 and #2 isoforms in the cortex and medulla layers.
The sensitivity of the antibody probes for a2 and a3 as well as 82 was checked on
immunoblots containing different amounts of partially purified brain (ctj, a2, a3, g1
and R2), heart (ctj and a2 R1 and R2), liver and kidney (a, and Rj) Na+/K+-ATPase
preparations. Anti-a2 and anti-a3 antibodies did not cross react with the «j subunit in
liver and kidney preparations (not shown). Isoenzyme specificity of the kidney did not
change after streptozotocin and/or insulin treatment. Figure 1A shows a representative
Western blot of a: and g1 subunits of kidney medulla, while panel B contains the
results of the densitométrie analysis of all the data in kidney medulla and cortex.

Table |
Body and kidney weight and blood glucose levels in control, STZ-diabetic and insulin-treated STZ-diabetic
rats

Groups C 02 d4 BR d4r

™ an B (16) 14 14
Body weight (g)
Initial 190 + 24 196 + 18 218 + 20 187 + 19 198 + 20
2 weeks 211 +24 176 + 18* 196 + 19* 167 + 15* 178 + 15*%*
4 weeks 227 + 24 - 183 + 19.8** 181 + 20** 166 + 18**
6 weeks 236 + 24 - - - 188 + 21**
Kidney weight (g) 1.25 1.52% 1.49* 1.42* 1.45%
Kidney/body 0.0053 0.0086* 0.0081* 0.0079* 0.0077*
Glucose (raM) 7.8 + 15 28.7 £ 35**  32.8 + 3.6** 8.8 £ 2.6* 9.8 + 2.5%

Experimental diabetes was induced by streptozotocin injection (60 mg/kg body weight i.v.). Diabetic rats
were killed either after 2 weeks (D2 group) or after 4 weeks (D4 group). Insulin treatment was started after
2 or 4 weeks of STZ administration (groups D2R, DasR, respectively) and continued for 2 weeks as
described in Materials and Methods. Data are means + SE, n = number of experimental animals.
Statistically significant (p < 0.05) differences between the age-matched controls and either STZ-diabetic or
insulin-treated STZ-diabetic rats are denoted by *. Statistically significant (p < 0.05) differences between
STZ-diabetic (D2 and D4) and insulin-treated STZ diabetic (D2R, D4R) rats are denoted by *
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Table 11

Maximal ouabain binding capacity and Kd values ofkidney cortex and medulla microsomesfrom control,
STZ-diabetic and insulin-treated STZ-diabetic rats

Kidney cortex Kidney medulla

Groups Kd Bmax Kd Bmax

(fimol) (pmol/mg protein) 0*mol) (pmol/mg protein)
C (n = 16) 52.4 £ 5.9 43.1 £ 4.3 59.3 + 8.8 35.9 + 4.3
D2 (n = 5s) 546 £ 5.9 39.1 = 4.9 61.3 £+ 53 43.3 £ 3.9**
Ds (n = 7) 50.6 =+ 9.7 41.2 £ 3.9 57.7 £ 7.2 48.6 + 3.6**
D2R (n = 5) 49.9 + 8.3 43.8 £+ 4.9 64.6 + 7.8 37.7 £ 7.2*
D4R (n = 5) 47.2 £+ 8.3 448 £ 4.2 62.5 + 8.3 41.9 + 4.6*°

Maximal ouabain binding capacity (BnmexX) of kidney cortex and medulla microsomes was determined as
described in Section 2. Values are means + SE, n = number of experiment. The Bnax and Kj values were
the same in the two, four and six weeks control groups, therefore C denotes all the age-matched control
groups. Statistically significant (p < 0.05) differences between control and STZ-diabetic (p., D) are
denoted by *. Statistically significant (p < 0.05) differences between control and insulin-treated STZ-
diabetic (D2R, D«R) rats are denoted by *. Statistically significant (p < 0.05) differences between STZ-
diabetic (D) and insulin-treated STZ-diabetic (DR) rats are denoted by ¢

After two weeks of streptozotocin treatment there was a significant (35 £+ 3.1%,
p < 0.05) increase in the amount of the al subunit and a 31 + 52% (p < 0.05)
increase in the case of j8 subunit in kidney medulla. The enhancement of the amount
of a, and /3j subunit proteins was more predominant in the four-week diabetic state
(51 + 5.8% and 3.2 = 6.8%, respectively p < 0.01). Insulin treatment decreased the
amount of both subunits in two-week diabetic animals and restored the relative
abundance of both a] and /3, subunits to the control level in case of four-week
diabetes. The relative amount of e and /3j isoform did not change significantly in
cortex in any conditions tested.

Northern blots. To determine whether the increase in ouabain binding capacity
and a, and /3, subunit abundances seen in diabetes are associated with increases in
mMRNA transcripts encoding the subunits, total cellular RNA was probed with 32P
labelled isoform specific cDNAs. As shown in Fig. 2 we found differences in the
isoform specific mMRNA transcription between cortex and medulla. In diabetes the only
significant change could be detected in the medulla in case of the & isoform transcript,
which showed a 169 + 35.8% and 289 +43.1% (p < 0.05) increase in the two- and
four-week diabetic state compared to the control, respectively. Insulin administration
could totally (D2) or partially (D4) reverse the alterations observed. There was no
difference in ex subunit MRNA abundance in any state of diabetes. The a, mMRNA
transcription was not significantly affected.
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C D2 D4 D2R D4R
MEDULLA

Fig. 1. Abundance of Na+/K+-ATPase cg B\ subunit isoforms in kidney of control, STZ-diabetic insulin-
treated rats. Microsomal membranes (50 4 g) of kidney cortex and medulla from control (C), 2 weeks STZ-
diabetic rats without (D2) and with insulin treatment (D2R), 4 weeks STZ-diabetic rats without (D4) and
with insulin treatment (D4R) were subjected to SDS-PAGE. Relative abundance of cq and B\ were
quantitated by immunoblotting using isoform specific antisera and peroxidase conjugated antirabbit 1gG as
primary and secondary antibodies, respectively. A: a representative photo of an ECL developed Western
blot,of aj and O\ subunit isoform detected in kidney medulla. B: relative densities of Na+/K+-ATPase cq
and 0! subunit isoform in kidney medulla and cortex. Closed bars: cq, open bars: 0\. Data are means + SE
of 5 experiments. Statistically significant (p < 0.05) differences between controls and either STZ-diabetic
or insulin-treated STZ-diabetic rats are denoted by *. Statistically significant (p < 0.05) differences
between STZ-diabetic and insulin-treated STZ-diabetic rats are denoted by x
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® C D2 D4 D2R D4R . C D2 D4 D2R D4R
CORTEX MEDULLA

Fig. 2. Densitometrie analysis of Northern blot of Na+/K+-ATPase aj and B subunit mRNAs prepared
from kidney cortex and medulla of control, STZ-diabetic and STZ-diabetic insulin-treated rats. Relative
densities of Na+/K+-ATPase «1 and 0 subunit isoform. Closed bars: aj, open bars: B\. Data are means
+ SE of 5 experiments. Statistically significant (p < 0.05) differences between controls and either STZ-
diabetic or insulin-treated STZ-diabetic rats are denoted by *. Statistically significant (p < 0.05)
differences between STZ-diabetic and insulin-treted STZ-diabetic rats are denoted by x

Discussion

Streptozotocin-induced diabetes in rats results in the increase in kidney mass.
Kidney weight gain developes within the first two weeks of STZ-caused experimental
diabetes. The main histological characteristic of this state is medullar hyperplasia [6].
The Na+/K+-ATPase activity is concomitantly increased [14] and as our experiments
proved so is the maximal ouabain binding capacity. The a subunit of Na+/K+-ATPase
is responsible for ouabain binding, and the different isoforms of a subunit show
different ouabain binding affinities [29]. There are only one low affinity ouabain
binding isoform (at) and two high affinity ouabain binding isoform (a2 and a 3) [12,
29]. According to our results in agreement with the earlier data in kidney cortex and
medulla only the low affinity binding sites (at isoform) are present. In kidney cortex
the number of ouabain binding sites did not change significantly in diabetes, however,
there is a significant enhancement in kidney medulla.

The question arises whether the changes in ouabain binding capacity in diabetes
is due to alterations of biochemical properties of the enzyme or derive from the
guantitative changes of the transport molecule. To evaluate the expression of Na+/K +-
ATPase isoforms, antisera specific for a,, a2, a3, /3,, and 2 subunits were used to
probe Western blots of kidney cortex and medulla microsomes prepared from control,
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STZ-treated diabetic and STZ-treated insulin injected rats. The major changes were
observed in kidney medulla, while the cortex in accordance with the histological
findings turned to be less affected. We could detect a concomitant increase in both a,
and /3, protein level in diabetic states while was could only prove a parallel change in
B mRNA level. Ouabain binding data confirm our results concerning the af protein
level. There is other report showing that the synthesis and degradation rate of og
isoform are enhanced in the nervous system of spontaneously diabetic rats [27]. In
contrast to other tissues, where a2/3j isoform composition was regulated by insulin
[17], our results show that isoform level changes in diabetic kidney medulla and
is affected by insulin similarly as we reported on brain cortex [26, 30].

The question is whether the observed alterations in experimental diabetes are
derived from the absence of insulin, from the relative overflow of glucagon and other
hormones or from other metabolic disorders is not resolved in this study. From our
data we concluded that the activity changes of Na+/K+-ATPase as well as the
alteration of ouabain binding capacity in experimental diabetes and in case of insulin
administration is a result of the change of protein amount. The mRNA transcription
showed a good correlation with the 8 but not with the a, protein subunit. There are
also data showing a prolonged latency of changes in the synthesis of Na+/K+-ATPase
catalytic subunit after insulin administration [27], and these results suggest that the
regulation of Na+/K+-ATPase activity in diabetes does not directly take place through
insulin response elements in case of a subunit. However, these are the first data
concerning the changes in expression of B subunit, which is supposed to have a
regulatory function in the enzyme activity.
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The 78 kDa glucose-regulated protein (grp78) is an abundant member of the 70 kDa
molecular chaperone family in the lumen of the endoplasmic reticulum participating in the
quality control of secretory proteins. In the present paper we have analysed the synthesis and
level of grp78 in livers of control, streptozotocin-diabetic, and the spontaneously diabetic Zucker
rats. The level of grp78 mRNA significantly decreased in streptozotocin-diabetic rats. The effect
was reversed by insulin treatment. In case of Zucker rats we did not detect any significant
change in grp78 mMRNA, grp78 protein level showed opposite changes being essentially
unchanged in streptozotocin-diabetes and significantly reduced in Zucker rats. Autoradiograms
of Ca-dependent phosphorylation of postmitochondrial supernatants of control and
streptozotocin-diabetic livers indicated no significant changes in the 70 kDa region. Decrease in
the availability of grp78 may participate in the attenuation of hepatic protein secretion in
diabetes.
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The 78 kDa glucose-regulated protein (grp78, BiP)* is an abundant member of
the 70 kDa molecular chaperone family in the lumen of the endoplasmic reticulum.
grp78 synthesis is induced after either glucose starvation or treatment with calcium
ionophores. The protein was shown to bind the immunoglobulin heavy chain and its
possible involvement in the quality control of secretory proteins was also suggested
[13-16, 19, 25, 44].

Diminished extracellular glucose level induces the synthesis of numerous
glucose-regulated proteins such as grp78, grp94 and GLUT-1 [13, 19, 44, 45]. Parfett
et al. [27] reported a transient increase of grp78 MRNA in NOD mice. GLUT-1
MRNA as well as GLUT-1 protein levels were also reported to increase in diabetic
animal models [39, 40]. In spite of the intimate link between changes in extracellular
glucose level and the regulation of the synthesis of glucose regulated proteins, our
knowledge of their function in diabetes is rather limited. As an initial attempt to
characterize the effect of diabetes on molecular chaperones we analyzed the mRNA,
protein levels of grp78, as well as its autophosphorylation in the liver of control and
diabetic rats. Our results suggest that a decreased availability of grp78 may participate
in the impaired protein secretion of diabetic livers.

Materials and Methods

Chemicals

The chemicals used for polyacrylamide gel electrophoresis were from Bio-Rad (Richmond, CA).
Streptozotocin was purchased from Boehringer Mannheim (Germany). Anti-KSEKDEL and anti-
CTGEEDTSEKDEL [38] antibodies (recognizing the endoplasmic reticulum retention signal present in
grp78) were obtained from Stressgen (Victoria, B.C., Canada) and from Affinity BioReagents (Neshanic
Station, NJ), respectively. The grp78 (clone p3C5) and /3-actin (clone R/3A-1) cDNA probes were generous
gifts of drs. Amy S. Lee [201 and Laurence H. Kedes (both from the Univ. of Southern California, Los
Angeles), respectively. Chicken blood DNA, Sail was a GIBCO BRL (Berlin, Germany) product. The
Multiprime random oligonucleotide priming system, ECL immunodetection Kkit, [alpha-32P]-dCTP
(110 TBg/mmol) and [gamma-32P]-ATP (185 TBg/mmol) were from Amersham Life Science
(Braunschweig, Germany). All the other chemicals used were from Sigma Chemicals Co. (St. Louis, MO).

Animals

Eighteen weeks old (200-220 g) male Sprague-Dawley rats (LATI, Godollé, Hungary) were treated
with 50 mg/kg i.p. streptozotocin under ether anaesthesia. A group of six diabetic rats was sacrificed 2
weeks, another 4 weeks after streptozotocin treatment, respectively. Six animals received daily insulin
injections of an individual dose to normalize their blood glucose level for two weeks prior sacrification. The
weight and blood glucose levels of the animals were monitored and showed characteristic changes of

* The abbreviations used are: dnaK, Escherichia Coli 70 kDa heat shock protein homologue; GLUT-1,
glucose transporter; grp78, 78 kDa glucose-regulated protein (BiP); Hepes, 4-(2-hydroxyethyl)-I-
piperazine-ethanesulphonic acid; PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl
sulphate.
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diabetic and "reversed” state, respectively [43]. Twelve weeks old spontaneously diabetic male Zucker
(fa/fa) and lean (fa/0) rats (IFFA-CREDO, 1'Albresle, France) were also examined.

Measurement of grp78 mRNA levels

The recombinant pBR322 plasmid (clone p3C5) containing the grp78 specific 2.5 kbase long insert
[20] was opened by Sail digestion for 60 minutes at 37 °C. The opened plasmid was labelled with [alpha-
32P]-dCTP by the random oligonucleotide priming system (Multiprime) of Amersham overnight at room
temperature. The radiolabelled probe was separated on a Sephadex G-50 column. Total cellular RNA was
isolated from rat livers by the method of Chirgwin et al. [7]. RNA was quantitated by measuring its
absorbance at 260 nm. 20 pg of RNA was subjected to electrophoresis on a 1.2% agarose-formaldehyde
gel and the gel was blotted onto Amersham Hybond-N nylon filters by capillary transfer. RNA blots were
stabilized by heating in vacuum at 80 °C for 2 hours and by UV light transillumination for 15 min. The
blots were prehybridized at 42 °C for 60 min in a mixture containing 5 x SSC (0.75 M NaCl, 75 mM
sodium-citrate, pH 7.0), 5 x Denhardt solution (1 mg/ml each of bovine serum albumin, Ficoll 400 and
poly-vinyl-pirrolidone), 50% deionized formamide and 1% SDS. After the addition of approximately
10s cpm of alpha-32P-dCTP labelled grp78 specific ¢cDNA probe and 200 /d/ml chicken blood DNA,
hybridization was performed at 42 °C for 16 h. The filters were washed for 2 x 10 min at room
temperature with 2 X SSC and 0.1% SDS, and for 2 X 5 min at 65 °C with 0.2 x SSC and 0.1% SDS.
mRNA levels were quantitated by autoradiography and densitometry on an LKB-laserdensitometer. Results
were normalized to the amount of /3-actin mRNA. Full length rat /3-actin cDNA probe was excised by Bgll
digestion from clone pROA-I and was used for hybridization utilizing a procedure identical to that of grp78.

Quantitation ofgrp78 and Ca-dependent phosphorylation

Livers of control and diabetic rats were homogenized in two volumes of a buffer containing 20 mM
Hepes, pH 7.4, 30 mM KC1, 2 mM PMSF, 100 jig/ml aprotinin, 2 mM dithio-threitol and 1 mM EDTA.
Postmitochondrial supernatants were obtained by sequential centrifugation of the samples at 2,000 x g, 10
min, 4 °C and 15,000 X g, 20 min, 4 °C, respectively. Protein concentration was determined by the
Bradford method [3] using bovine gamma-globuline as a standard. 200 pg of proteins were subjected to
SDS-PAGE [18] and transferred to nitrocellulose filters [42]. grp78 levels were analysed by probing the
Western-blots with anti-grp 78 antibodies [38] recognizing the endoplasmic reticulum retention signal of
grp78. Immunocomplexes with peroxidase-conjugated anti-rabbit antibodies were quantitated using the ECL
immunodetection kit and by densitometry with an LKB laser-densitometer.

In phosphorylation assays 200 pg protein of hepatic postmitochondrial supernatant was incubated in
50 mM Hepes buffer, pH 7.4, at 37 °C for 20 minutes in the presence of 5 mM CaCf and 400 kBq of
0.1 mM [gamma-32P]-ATP. Reaction was stopped with boiling for 5 minutes in Laemmli sample buffer and
samples were subjected to SDS-PAGE [18] and autoradiography.

Statistics

Data represent means + SDs. Levels of significance were determined using the Student's r-test.
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Results
Changes ofgrp78 mRNA in diabetic rats

Rat hepatic grp78 mRNA levels were significantly decreased both 2 weeks and 4
weeks after streptozotocin injection (to 47 and 38% of control level, respectively).
Normalization of blood glucose level by 2 weeks insulin treatment completely reversed
the effects observed. In contrast to the results in streptozotocin-diabetes, the
spontaneously diabetic Zucker (fa/fa) rats did not show any significant decrease of
hepatic grp78 mRNA (Fig. 1).

Q Q

Fig. 1. Changes of grp78 mRNA in diabetic rats Hepatic grp78 mRNA levels were determined as described
in Materials and Methods. Experimental groups: C, control;’D2, two weeks of streptozotocin-diabetes; D4,
four weeks of streptozotocin-diabetes; D2+Ins, two weeks of streptozotocin-diabetes + 2 weeks of insulin
treatment; D4+Ins, four weeks of streptozotocin-diabetes + 2 weeks of insulin treatment; Zu,
spontaneously diabetic Zucker (fa/fa) rats. Data are means + SDs of the densitométrie analysis of three
autoradiograms of mMRNA-s from two animals per each group compared to their respective controls

Changes ofgrp78 level in diabetic rats

Levels of hepatic immunodetectable grp78 were essentially unchanged in
streptozotocin-diabetic rats and significantly (p < 0.025) diminished in spontaneously
diabetic Zucker (fa/fa) rats (Fig. 2). In some samples from livers of Zucker rats more
than one anti-KSEKDEL immunopositive lanes could be detected in the 70-80 kDa
region, which may reflect an increased posttranslational modification (limited
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+
a

Q

Fig. 2. Changes of grp78 level in diabetic rats grp78 levels were determined by subjecting 200 \i% protein

or rat liver postmitochondrial supernatant from control and diabetic animals to SDS-PAGE and Western-

blot analysis as described in Materials and Methods. Western blots were probed with an anti-KSEKDEL

antibody recognizing grp78. Experimental groups: C, control; D2, two weeks of streptozotocin-diabetes;

D2+ Ins, two weeks of streptozotocin-diabetes + 2 weeks of insulin treatment; Zu, spontaneously diabetic

Zucker (fa/fa) rats. Data are means + SDs of the densitométrie analysis of three Western blots from five
animals per each group

proteolysis?) of grp78 in diabetes. Similar grp78 levels could be detected using two
antipeptide antibodies (anti-KSEKDEL and anti-CTGEEDTSEKDEL) against the C-
terminus of grp78 (data not shown). In Zucker diabetic rats a 57 kDa anti-KSEKDEL
immunopositive lane (detecting possibly protein-disulphide isomerase) was also
diminished compared to the respective controls (to 31 + 18% p < 0.005). The
observed decrease noes not reflect an overall attenuation of protein levels of all
molecular chaperones, since the levels of immunodetectable 27, 70 and 90 kDa heat
shock proteins (hsp27, hsc70 and hsp90) did not change significantly in diabetic liver
(data not shown).

Ca-dependent phosphorylation ofpostmitochondrial supernatant in control
and diabetic rats

Ca-ATP-dependent phosphorylation is a sensitive tool to discriminate between
the general (Mg-ATP-dependent) phosphorylation of proteins and the Ca-ATP-
dependent (auto)phosphorylation of various molecular chaperones including hsp90
[10], grp94 [11] and grp78 [22]. Phosphorylation of postmitochondrial supernatants
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from livers of control, streptozotocin-diabetic and insulin-treated diabetic rats in the
presence of Ca-ATP did not reveal any major differences in the 70-80 kDa region
(data not shown) which indicates no major changes in the autophosphorylation rate of
hepatic grp78 in streptozotocin-diabetes.

Discussion

Exposure of cells to glucose starvation and calcium ionophores stimulates the
synthesis of a specific set of proteins including grp78 [19]. However, the situation
seems to be more complex, since dietary glucose restriction leads to a decrease in the
MRNA of hepatic grp78 [36] and Parfett et al. [27] reported a transient increase of
grp78 mRNA in spontaneously diabetic NOD mice. Our results show a significant
decrease in grp78 mRNA in rat livers after streptozotocin treatment which was
reversible after insulin treatment. Two and four week streptozotocin-diabetic rats may
better correspond to the overt diabetic NOD mice, where the increase in hepatic grp78
MRNA has been already levelled off [27]. As a further example for the complex
regulation of grp-genes in various models of diabetes, in case of Zucker (fa/fa) rats we
found no significant change in grp78 mRNA compared to control rats. Heat shock is
known to increase the stability of grp78 mRNA [32]. Different changes of grp78
MmRNA stability may also contribute to the differences of grp78 mRNA levels in
various models of diabetes.

Synthesis of grp78 mRNA is known to be mediated by an ER-resident protein
kinase [9, 26]. The fact that protein kinase inhibitors were reported to prevent, and the
phosphorprotein phosphatase inhibitor ocadaic acid promoted the induction of glucose
regulated proteins [29, 30] also indicates the involvement of protein phosphorylation in
the process. Protein kinases, and phosphatases such as the insulin receptor tyrosine
kinase itself, are differently affected in various models of diabetes [17] which may
indicate the involvement of a phosphorylation-dependent signalling step in changes of
grp78 induction in diabetes.

grp94 mRNA was also decreased in livers of streptozotocin-diabetic rats.* The
similar regulation of grp78 and grp94 mMRNA in diabetes may reflect the high
similarity in their promoter region [19, 23, 37].

grp78 protein levels showed opposite changes in spontaneously diabetic Zucker
(fa/fa) and streptozotocin-diabetic rats than the corresponding mRNA levels. Decrease
of grp78 in spontaneously diabetic Zucker (fa/fa) rats cannot be explained by a
transcriptional defect, since the corresponding mRNA level was unchanged. Both
increase [4] and decrease [35] of hepatic translation rates of various proteins have been
reported in diabetes. Thus the observed changes may result from the impaired
translation of the protein but may also reflect a shortening of the extraordinarily long

*P. Csermely, P. Gergely, I. Szant6, Z. Marcsek, T. Banyasz and J. Somogyi, manuscript in
preparation.
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half-life (> 48 hours [14]) of grp78 in diabetes. Similar findings were reported in the
case of hepatic 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase where the
diabetic enzyme level has been decreased parallel with an unchanged mRNA level [8].
An increased susceptibility for proteolytic degradation may reflect a defect in the
structure of the protein and may account for the decrease of grp78 protein levels in
spontaneously diabetic Zucker (fa/fa) rats all the more, since grp78 mRNA uses both
cap-dependent scanning and internal ribosome binding mechanisms for translation [24,
31] which makes a translational defect in this case less likely. On the contrary, the
extraordinarily stable translational mechanism of grp78 (together with the possible lack
of accelerated proteolysis) may account for the preservation of grp78 protein levels in
spite of reduced mRNA in streptozotocin-induced diabetes.

An increase of malfolded proteins in the lumen of endoplasmic reticulum (which
is supposed to occur in diabetes) should provoke an increase in the synthesis and level
of glucose regulated proteins. However, grp synthesis - and glycosylation - may itself
be influenced by diabetes, worsening the adaptation of hepatocytes to the presumably
increased demand of the "'quality control™ of secretory proteins.

grp78 is known to phosphorylate itself [22]. The autophosphorylation of grp78
plays a role in the dissociation of grp78 from other proteins [5, 12, 41] in the analogy
of similar effects on hsp60 [33] and hsp90 [21].* On the other hand, heat-induced
phosphorylation of the hsp70 homologue, dnaK is reported to increase its binding to
polypeptides [34]. Phosphorylation may impair the activity of grp78 [37]. In spite of
these intimate links between the phosphorylation and activity of grp78, we did not
observe any change in Ca-dependent (auto)phosphorylation in the 70 kDa region. This
might reflect a true lack of detectable grp78 phosphorylation but fluctuations in overall
grp78 levels may also obscure some minor changes in the phosphorylation of the
protein in diabetes.

We have no direct information on the possible alterations of hepatic protein
secretion in diabetes. Though the secretion of numerous proteins, such as albumin [28]
and the VLDL constituent apolipoproteins B and E [35] are markedly decreased, these
effects are largely attributed to defects of mMRNA synthesis and translation, respec-
tively. Glycoproteins seem to be less sensitive to diabetes-induced attenuation of pro-
tein secretion [2]. Studies on pancreatic protein secretion of streptozotocin-induced dia-
betic rats indicate an inhibition of amylase secretion and a higher amount of immuno-
detectable pancreatic lipase along the secretory pathway [1, 6].

These findings may indicate an increased retention of abnormal proteins by the
endoplasmic reticulum. Reduced availability of grp78 may contribute to impaired
functioning of the "'quality control" mechanisms of the endoplasmic reticulum resulting
in the accumulation of abnormal proteins in the luminal compartimentum.

*M.S.Z. Kellermayer and P. Csermely, BBRC, 211, 166-174 (1995).
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The membrane bound form of the catalytic subunit of adenylate cyclase of chicken
embryo brain has been found earlier to be rather radioresistant [28].

The radiation induced changes of G proteins of membrane preparations of 19 day old
chicken embryo brains were investigated in this work. The activation of catalytic subunit of
adenylate cyclase by G protein dependent activators (Gpp/NH/p and NaF) was found elevated at
lower radiation doses (0-400 Gy), while both basal enzyme activity (measured without any
activator) and the activity measured in the presence of activators decreased at higher doses
(above 800 Gy).

Heterogeneity of GTP binding sites measured with 3-H-Gpp/NH/p a GTP-ase resistant
GTP analogue was observed in the case of control (with Kdl = 0.0663 + 0.034 /wol/1,
Bmax = 0.0079 £ 0.0022 nmol/ml and Kd2 = 2.038 + 0.4779 jimol/1, Bmax2 = 0.0291 +
0.0017 nmol/ml). The lower affinity high capacity binding sites seemed to be more
radiosensitive, than the higher affinity sites. A marked decrease was observed in the number of
low affinity binding sites above 200 Gy and these low affinity binding sites practically
disappeared after irradiation with 400 Gy. At high doses (above 1600 Gy) the catalytic subunit
was damaged, too.

On the basis of the decrease of low affinity binding sites together with an increase in
activation of the catalytic subunit via G proteins one can conclude that it is caused by radiation
induced damage of Gi protein that can be more radiosensitive, than Gs protein.

Keywords: G proteins, Gpp/NH/p binding kinetics, irradiation, chicken embryo brain

The effect of ionizing radiation on the cellular membranes have been widely
reported in the last decades [8, 14]. The radiosensitivity of different membrane
functions (fluidity, ionic channels 8, 16) and components (lipids 18, 26; enzymes e.g.
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Ca2+ ATPase 9, 25) has been investigated. Many papers have been published about
effects of gamma or X irradiation on the adenylate cyclase activity both in vivo and in
vitro [6, 7, 23, 24, 27, 28, 30, 31].

Adenylate cyclase system is a membrane associated complex of catalytic subunit
and heterotrimers of regulatory GTP binding proteins (Gs and Gi) and plays an
important role in signal transduction [1, 11]. Changes in the adenylate cyclase activity,
or levels of cyclic AMP can be good markers of radiation-induced alteration of cell
function. In an earlier work we have found a low dose x-irradiation-induced adenylate
cyclase activation, and an increase in cyclic AMP level of fibroblasts [24]. Both the
catalytic activity and SH groups of chicken embryo brain adenylate cyclase proved to
be rather radioresistant in vitro [27, 28]. Similarly, other investigators found
differences in the radiosensitivity after in vivo and in vitro irradiation [2]. Elevation of
catalytic activity was observed at low doses and an inhibition at higher doses [27, 28].
In contrast a well-known SH reagent N-ethylmaleimide (NEM) caused a parallel
decrease in the number of SH groups as well as in the enzyme activity. Recently, we
have found a relationship between the radiosensitivity of adenylate cyclase and its
membrane association i.e. the membrane associated adenylate cyclase was less
radiosensitive, than the free catalytic subunit [28]. Adenylate cyclase as a multimeric
enzyme complex could be a good model for investigation of radiation induced
alterations in the membrane functions, or radiation-inactivation of enzymes [31]. Some
papers have been published about the effects of different agents on G proteins, and
therefore on the activation of adenylate cyclase [3, 12, 13, 19, 27, 28, 31].

In the present work the potential radiosensitivity of G protein complexes of
chicken embryo brain membrane preparations was investigated including either the
effect of gamma irradiation on the G protein-involved activation of the catalytic
subunit (Gpp/NH/p, NaF activation) and on the binding kinetics of GTP (using a
GTP-ase insensitive GTP analogue, the 3-H-Gpp/NH/p as marker).

Methods

Preparation ofplasma membranes

Partially purified membrane fraction was prepared from 19 day old chicken embryo brain
homogenate. The supernatant following a centrifugation at 3000 g for 15 min was overlayered on a
discontinuous sucrose density gradient and was ultracentrifuged at 88,000 g for 90 min a 4 °C. The
interphase of 24 and 40 percentage sucrose was used as partially purified membrane fraction. The protein
content was determined by the method of Bradford [4].

Irradiation of membranes

Gamma irradiation of purified membrane fraction was carried out at 0 °C, with a dose of
0.36 Gy/sec in NORATOM Gamma 350 C.
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Enzyme assay

Adenylate cyclase activity was measured by the method of Brooker et al. with some modifications
[5, 29]. The reaction mixture contained 50 mmol/1 Tris-HCI (pH 7.5), 5 mmol/l MgCl2, 0.4 mmol/1 Na-
EDTA, 1mg/ml BSA (bovine serum albumin), 12 mmol/l1 creatine phosphate, 1mg/ml creatine
phosphokinase, 0.5 mmol/1 3-isobutyl-I-methyl-xantine, 8-10 fig membrane protein (depending on the
preparation) in a final volume of 100 ul. The reaction was started by the addition of membrane fraction and
was incubated at 30 °C for 20 min with constant shaking. The reaction was stopped by addition of
50 mmol/1 Na acetate (pH 4.7). The amount of other adenine nucleotides was decreased by addition of
Al203. The amount of cyclic AMP produced was measured by modified cAMP radioimmunoassay method
of Brooker et al. [5 28]. The 183 cAMP was labelled in our laboratory (Succinyl-cAMP-tyrosyl
methylester was purchased form Sigma St. Louis MO USA and 1A from Amersham, England). The bound
and free radioactivities were separated by 30% PEG (polyethyleneglycol) in the presence of 0.5% BSA.
The radioactivity was measured in a gamma counter (Gamma Co., Budapest).

3H-Gpp/NH/p binding assay

The procedure was carried out according Salomon et al. with some modifications [20, 29]. The
assay solution contained Tris-HCI buffer (50 mmol/1, pH 7.5), 5 mmol/1 MgClz, 0.4 mmol/1 Na-EDTA and
varying concentrations (10'9-10-s mmol/1) of sH-Gpp/NH/p. The reaction was started by the addition of
20 fi\ membrane preparation (20-30 fig protein), and was carried out in a final volume of 200 u\ at 30 °C
for 60 minutes. Equilibrium was obtained after 5-6 minutes. The assay was stopped by adding 1 ml of cold
0.9% NaCl solution, and the plasma membrane bound radioactivity was separated from the unbound by
rapid filtration through Sartorius filters (Sartorius No. 113 07). The filters were washed twice with 1 ml
cold 0.9% NaCl solution, and dissolved in 0.5 ml methylcellosolve. The radioactivity bound on the filter
was measured in 5 ml toluene-dioxane scintillation cocktail in LKB Rackbeta liquid scintillation
spectrometer. The non-specific binding was measured in the presence of 2 x 10«4 mol/l unlabelled GTP,
and it did not exceed the 30% of the total binding at near saturation (10-6 mol/l Gpp/NH/p) and was less at
lower concentrations. All results were prepared with non-specific bindings values subtracted from the data.

The results of saturation were represented on Scatchard plot [21] and analysed by the Gra-Fit
program of Leatherborrow (Sigma St. Louis, USA).

Results

In an earlier work we found that gamma irradiation of plasma membrane of
chicken embryo brain enhanced the G protein dependent activation of adenylate cyclase
at lower doses (200-400 Gy, 27). The basal enzyme activity (measured without any
activator) proved to be rather radioresistant (Fig. 1) and it was inhibited at higher
doses (above 800 Gy) where the activated form of adenylate cyclase was also inhibited.
As it can be seen in the Fig. 1, the activation ratio caused by 5 mmol/1 NaF (maximal
activation of adenylate cyclase of chicken embryo brain was 2.3-2.5-fold found at
10 mmol/1 NaF - higher concentration of NaF can inhibit the enzyme) was 1.6 fold in
the case of control, and was further elevated to 4-5-fold by radiation. The MnCI2
activation (direct activation of catalytic subunit) did not change after irradiation, and a
radiation-caused inhibition was observed in the presence of MgCI2. Irradiation of
membrane fraction had less effect on the forskolin (which activates directly of the
catalytic subunit) activation of adenylate cyclase (data not shown). These results
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Fig. 1. The radiosensitivity of the adenylate cyclase activity of chicken embryo brain membrane measured
without any activator (basal activity, o—o ) and measured in the presence of activators (5 mmol/1 NaF: T -
-T, 5 mmol/1 MnCI2: 10 mmol/1 MgCl2: respectively). The enzyme assay was carried out by
the modified method of Brooker et al. [5, 28), see Methods), and the amount of cyclic AMP was
determined by radioimmunoassay [5, 25, 27]. The points represent a mean value of three experiments, two
parallels in each. The inlet contains "the fold activation" as the ratio of adenylate cyclase activity in the
presence of activators and the basal activity in controls (Control = nonirradiated sample)

suggested the possible role of G proteins in the radiosensitivity of adenylate cyclase.
Therefore one function, the GTP binding activity of G proteins was used to follow the
effect of irradiation on G proteins. 3H-Gpp/NH/p a GTP-ase resistant GTP analogue
was used as substrate. The saturation binding kinetics was detected on control
membrane preparation and on membrane preparations subjected to various doses
(100-3200 Gy) of gamma irradiation.

Two types of GTP binding sites were found in control (see Fig. 3) with
0.0663 + 0.034 /zmol/1, Bmaxj = 0.0079 + 0.0022 nmol/ml and
2.038 + 0.4779 /zmol/1, Bmax2 = 0.0291 + 0.0017 nmol/ml (Table I). High

Kdl
Kd2
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affinity binding sites proved to be radioresistant. Neither they binding capacity Bmax,
nor their GTP affinity (Kd) changed after gamma irradiation doses of 100, 200, 400,
800, 1600 and 3200 Gy, respectively (Figs 2, 3/A-F and Table I). However, the low
affinity binding sites seemed to be radiosensitive. The Kd values of low affinity
binding sites increased markedly showing the decrease in the binding affinity, while
their binding capacity decreased (Figs 2, 3A-F, and Table I). Virtual Kd values with
high standard error were detected at 800 Gy and at higher doses indicating the
disappearance of the low affinity binding sites, i.e. losing their GTP binding capacity.

Table |

Changes in the 3H-Gpp(NH)p binding capacity (Bmax) and affinity (Kd) of chicken embryo brain membrane
after 60Co-gamma irradiation

Irradiation Bmax| Kd| Bmax2 Kd2

dose (nmol/ml) % (pmol/1) % (nmol/ml) % (/zmol/ty %

Control 0.0079 100 0.0663 100 0.0291 100 2.038 100
+ 0.0022 + 0.034 + 0.0017 + 0.4779

100 Gy 0.0098 125 0.0579 87 0.0216 74 2.145 106
+ 0.0018 + 0.028 + 0.0018 + 0.9734

200 Gy 0.0082 104 0.0685 103 0.0085 29 2.1592 107
+ 0.0017 + 0.0259 + 0.0013 + 15751

400 Gy 0.0062 76 0.0663 100 0.0090 31 7.9743 394
+ 0.0006 + 0.018 + 0.0025 + 57571

800 Gy 0.0117 148 0.0701 106 0.0090 31 5.2471 259
+ 0.0010 + 0.0128 + 0.0018 + 3.9314

1600 Gy 0.0100 127 0.0583 88 0.0084 29 5.3776 266
+ 0.0009 + 0.0119 + 0.0017 + 3.8063

3200 Gy 0.0100 127 0.0727 110 0.0103 35 8.4253 416
+ 0.0007 + 0.0119 + 0.0031 + 6.0962

There is the characterization of binding sites of control and irradiated membrane preparations of 19-day old
chicken embryo brain based on binding experiments which appear in Figs 2-3. Kd + S.D. and
Bmax + S.D. values are presented together with percentual changes. The high affinity low capacity
binding sites (Kd|, Bmaxi) seem to be radioresistant, while low affinity high capacity binding sites (Kdz,
Braxr) were damaged by gamma irradiation above 100 Gy. The binding assay was carried out as it is
indicated in Fig. 2 and in Methods

A significant decrease in the total GTP binding capacity (sum of Bmaxj and Bmax2)
was observed even after irradiation with 100, 200 and 400 Gy doses (Fig. 2). In spite
of the complete disappearance of low affinity binding sites no further decrease in the
total binding capacity was observed at higher doses (800 Gy or more). However, some
remainder binding capacity was detectable at this high dose range (Bmax2), but with
very high standard deviation.
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Fig. 2. The effect of gamma irradiation on 3H-Gpp/NH/p saturation of membrane preparations of 19-day

old chicken embryo brain. A: Control (+--+), 100 Gy (x~x), 200 Gy (0--0) and 400 Gy (e*—)

irradiated, respectively. B: Control (H— 1) 800 Gy (x--x), 1600 Gy (¥ -v¥)and 3200 Gy (O--0) irradiated,

respectively. 3H-Gpp/NH/p binding assay was carried out modified method of Salomon et al. [20, 29]. The

non-specific binding (measured in the presence of 10“4 mol/l GTP). The points represent a
mean value of three different experiments, two parallels in each
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Bound/free

Bound/free

Fig. 3. Scatchard plot of 3H-Gpp/NH/p saturation kinetics of membrane preparation of 19-day old chicken

embryo brain. GraFit method (SIGMA Co.; Leatherborrow) was applied for analysis. A: Control, 100,

200, 400 Gy irradiated samples. B: Control, 800, 1600 and 3200 Gy irradiated samples. The binding
experiments were carried out as it is indicated in the legend of Fig. 2
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Discussion

High radioresistance of the membrane-bound catalytic subunit of adenylate
cyclase was observed earlier [28]. However, gamma irradiation of membrane
preparation of chicken embryo brain resulted in a mixed picture in an increase of
catalytic activity at lower doses (under 800 Gy), while higher doses (800-3200 Gy)
inhibited both the basal activity (measured without any activator) and enzyme activities
measured in the presence of activators.

Activation of catalytic subunit of adenylate cyclase may occur either directly
(forskolin, MnCl2), or via G proteins (hormones, GTP, GTP analogues, NaF etc.). G
protein dependent activation and inactivation have different ways. The GTP activated
Gsa binds directly to the adenylate cyclase, while Gi protein inhibits the enzyme by
deliberation of § and y subunits. These common subunits of Gs and Gi complexes bind
to Gsa. However, both activation and inactivation of adenylate cyclase need GTP
binding [1, 11]. During activation/inactivation of adenylate cyclase and GTP/GDP
binding *circle™ many connections may occur between the subunits themselves, too.
There are also some movements in the membrane depending on the membrane fluidity,
which is also radiosensitive [16]. The GTP binding affinity of alpha subunits of Gs and
Gi proteins may' have different radiosensitivity. On the basis of the activation of
adenylate cyclase by lower doses of gamma irradiation the Gi protein seems to be more
radiosensitive [28], and its inhibition can cause the activation of the enzyme [19]. The
increase in the G protein dependent activation potentiated by irradiation [28], can also
be caused either by higher radiosensitivity of beta and gamma subunits or by the
decrease in the affinity of alpha subunit of Gs protein to beta and gamma subunits.

The appearance of the radioactivation of adenylate cyclase and decrease in the
low affinity high capacity binding sites seem to occur at the same radiation doses
(100-400 Gy). It can be postulated that there is some kind of connection between the
damage of low affinity binding sites and increase in activating susceptibility of the
catalytic subunit of adenylate cyclase. A part of radioresistant high affinity low
capacity binding sites can be other GTP binding proteins [17, 22].

The radiosensitivity of GTP binding activity of plasma membranes may depend
on many factors, including the multimeric enzyme complex of adenylate cyclase [31],
the presence of other GTP binding proteins [17, 22], the anchoring fatty acids [17],
membrane fluidity [16], and other factors, too.
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The intestinal metabolism and metabolite transport of p-nitrophenol (PNP), as a model
compound have been investigated in an in vivo isolated intestinal loop preparation in the rat.
Different PNP concentrations (20 pM, 100 pM and 500 pM) were recirculated to determine the
formation and transport of PNP-metabolites (PNP-glucuronide: PNP-G and PNP-sulphate: PNP-
S) in the jejunal loop. It was found that the jejunum of the rat was able to metabolize PNP
rapidly and to transport the metabolites efficiently back into the luminal solution. About 21, 16
and 6% of recirculated amount of PNP could be detected in 90 minutes as PNP-G in the lumen
ofjejunal loop when 20, 100 or 500 pM PNP was perfused. These results show that the luminal
appearance of PNP-G tended to saturability. Sulphate conjugate of PNP was undetectable in the
intestinal lumen at 20 and 100 jtM PNP concentrations and PNP-S amounted to 0.07% of
recirculated amount of PNP when it was used in a concentration of 500 M. These results
indicate that the intestinal metabolism and the excretion of metabolites may play a role in the
elimination of xenobiotics containing phenolic hydroxyl groups and that the small intestine of the
rat forms predominantly PNP-G after luminal administration of PNP.

Keywords: p-nitrophenol, small intestine, biotransformation, intestinal drug elimination

The role of hepatic biotransformation of drugs has been already studied
extensively and it was only recently recognized that extrahepatic, including intestinal
metabolism may also significantly influence the disposition of xenobiotics [2, 5-9, 11,
13]. A very important aspect of intestinal conjugation is its location at the site of entry
of exogenous compounds, because the metabolites of drugs formed in the small
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intestine can be excreted by enterocytes back into the intestinal lumen [10, 12, 14, 15],
which means a defence against xenobiotics or a presystemic elimination of drugs.

It is known that p-nitrophenol (PNP) is conjugated almost exclusively with
glucuronic acid and sulphate to be produced to PNP-glucuronide (PNP-G) and PNP-
sulphate (PNP-S), therefore PNP has often been used as a model compound in
conjugation studies [1, 3].

The present investigations were designed to study the intestinal metabolism of
PNP and the transport of PNP-G and PNP-S in the jejunum in the rat in vivo.

Materials and Methods

Chemicals

p-nitrophenol, its glucuronide, the monopotassium salt of p-nitrophenol sulphate were obtained from
the Sigma Chemical Co., St. Louis, MO. All other chemicals and reagents were analytical or HPLC grade.
The standard isotonic perfusion medium had the following composition (mmol/1): NaCl 96.4, KCI 7.0,
CaCb 3.0, MgSOi 1.0, sodium phosphate buffer (pH 7.4) 0.9, TRIS buffer (pH 7.4) 29.5, glucose 14.0,
mannitol 14.0.

Animals and experimental procedure

Male Wistar rats weighing 220-260 g, were used. The animals were unaesthetized with urethane
(1.2 g/kg i.p.). The abdomen was opened by a mid-line incision, a jejunal loop (distance from the duodeno-
jejunal flexure about 15 cm; length of jejunal loop about 10 cm) was cannulated. The lumen of the jejunal
loop was gently flushed with warmed isotonic perfusion medium to remove digesta and food residues and
then blown empty with 4-5 ml air. Perfusion through the lumen of intestine with isotonic medium
containing PNP was carried out at a rate of 13 ml/min in a recirculation mode. The volume of samples
obtained from the perfusion medium coming out from the jejunal loop was 250 pi, the initial perfusion
volume was 15 ml. The temperature of perfusion medium was maintained constant at 37 °C. When the
biliary excretion was investigated the bile duct was cannulated with a PE-10 tubing and the bile collected in
15 min periods.

Sample analysis

PNP and its metabolites were separated and quantitated by reverse-phase HPLC with absorbance
detection at 280 and 305 nm. The analytical system was comprised of: a Gynkotek gradient HPLC pump
(model M 480 G), a Gynkotek variable wavelength detector (model UVD 160 S) and a NucleosilR5C 18
5 pm (Macherey-Nagel GmbH, Diren, Germany) column. Samples were eluted with water: acetonitrile:
ortho-phosphoric acid 85% (730:250:2) at a flow rate 1.1 ml/min. Quantitation of PNP, PNP-G and PNP-S
was based upon integration of absorbance peak areas using a Gynkosoft PC-integration-software PC 1and a
Gynkosoft PC. The concentration of PNP and its metabolites was determined from the standard calibration
curve using external standards.

Statistics

Data are expressed as the mean + SEM. Significant differences were calculated by Student's /-test.
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Results

The luminal disappearance of PNP and the cumulative luminal appearance of
PNP-G are shown in Figs 1-3 at luminal perfusion of PNP in a concentration of
20 /xM, 100 /xM or 500 /xM. A continuous and relatively rapid fall was observed in the
amount of PNP of perfusion medium, at the end of experiments (at 90 min) these
values amounted to 30.5, 301 and 1098 nmol which represent 10.2, 13.2 and 14.6
percentages of PNP administered to luminal perfusion solution at the beginning of
experiments. A continuous elevation of luminal appearance of PNP-G was found,
21.4, 16.1 and 5.66% of the recirculated amount could be detected in 90 min in the
lumen of jejunal loop when 20, 100 and 500 /xM PNP was administered, respectively.
Peak of the luminal appearance of PNP-G was reached at 36 minutes after the luminal
administration of 20 /xM PNP. Maximum values of PNP-G were detected at 60 min
when higher concentrations of PNP (100 and 500 jxM) were perfused, no significant
increases were found in the luminal appearance of PNP-G in 60 and 90 min periods.
PNP-S was not detected in the intestinal lumen when it was recirculated with perfusion
medium containing 20 or 100 jxM PNP concentration, however, a small amount
(5.29 nmol) appeared in 90 min when 500 /XM PNP was used (this value represents
0.07% of the originally administered PNP in these experiments, PNP-S values are not
shown in Fig. 3).

Fig. 1. Cumulative luminal appearance of PNP-G (o) and luminal disappearance of PNP (¢) at luminal
perfusion of the jejunal loop with isotonic medium containing 20 PNP. Values represent the mean
+ SEM of five rats
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Fig. 2. Cumulative luminal appearance of PNP-G (o) and luminal disappearance of PNP (¢) at luminal
perfusion of the jejunal loop with isotonic medium containing 100 uM PNP. Values represent the mean
+ SEM of seven rats

The dose-dependent changes of the cumulative luminal appearance of PNP-G are
demonstrated in Fig. 4. These results indicate that the luminal appearance of PNP-G
was elevated by increase of the dose of PNP, however, it tended to saturability: 5-fold
higher PNP concentration (100 uM) produced 3.8-fold increase compared to the values
measured at 20 pM PNP concentration in 90 min and it was found only 76%
difference between the values of luminal appearance of PNP-G measured in 90 min at
100 and 500 /xM PNP concentration, respectively.

In a series of experiments the biliary excretion of PNP and its metabolites was
investigated during the luminal perfusion of PNP in a concentration of 100 /xM, these
results are shown in Fig. 5. It can be seen that the highest biliary excretion rate was
measured at PNP-G (96.3 + 11.3 nmol in 90 min) and a small fraction of PNP
(9.11 + 1.87 nmol) appeared in the bile in 90 min. In contrast to the undetectable
amount of PNP-S in the lumen of jejunal loop, PNP appeared in sulphoconjugate form
in the bile (18.2 £ 6.82 nmol in 90 min) when PNP was luminally perfused in a
concentration of 100 /xM. However, the total elimination capacity of the intestinal loop
for PNP was significantly higher than that of the liver measured at these experimental
conditions.
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Fig. 3. Cumulative luminal appearance of PNP-G (0) and luminal disappearance of PNP (¢) at luminal
perfusion of the jejunal loop with isotonic medium containing 500 /XM PNP. Values represent the mean
+ SEM of six rats

Fig. 4. Dose-dependent luminal appearance of PNP-G at luminal perfusion of the jejunal loop with isotonic
medium containing 20 (m), 100 (B) and 500 (O) /xM PNP. Values represent the mean + SEM of five to
seven rats
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min

Fig. 5. Biliary excretion of PNP-G (O), PNP-S (@) and PNP (m) at luminal perfusion of the jejunal loop
with isotonic medium containing 100 /XM PNP. Values represent the mean + SEM of seven rats

Discussion

It was found that the small intestine of the rat metabolized the luminally
administered PNP with a significant rate and the predominant metabolite (PNP-G) was
rapidly transported back into the lumen of jejunum, e.g. 21% of the recirculated
amount of PNP could be detected as PNP-G in the jejunal loop in 90 min when 20 /XM
PNP was perfused. The cumulative luminal appearance rate of PNP-G reached its peak
in 36 min at 20 /xM PNP and in 60 min when PNP was luminally perfused at higher
concentrations (100 and 500 jxM). The appearance of PNP-G in the intestinal lumen
depended on the substrate (PNP) concentration of the luminal perfusion medium and
tended to saturability: 5-fold higher PNP-concentration (100 /xM) produced 3.8-fold
increase compared to the value measured at 20 /XM PNP concentration in 90 min and
the luminal appearance of PNP-G using 500 /xM PNP was only 1.8-fold greater than
the corresponding value found at 100 /XM PNP concentration perfused in 90 min. It is
interesting to note that no sulphoconjugate of PNP was detected in the luminal
perfusion medium when PNP was administered in 20 and 100 /xM concentrations,
however, a small amount of PNP-S was detected in the lumen of jejunal loop after the
perfusion of PNP in a concentration of 500 /xM. This finding may indicate an
alternative metabolic appearance of PNP which means a compensatory pathway in the
intestinal elimination of PNP when the glucuronidation tends to saturability. Similar
compensatory rise of intestinal sulphatation of acetaminophen has been previously
found with increment of the dose of this drug [6]. However, in the guinea pig a
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significantly greater luminal appearance of PNP-S was detected than that of PNP-G
and interestingly a compensatory increase in the luminal appearance of PNP-G was
observed in these experiments when the luminal appearance of PNP-S tended to
saturability with elevation of luminal PNP concentration [4].

The biliary excretion of PNP-G was significantly lower (96.3 + 11.3 nmol) than
the luminal appearance of this metabolite (241.4 + 18.0 nmol) when 100 fiM PNP
was luminally perfused in 90 min, on the other hand, the biliary excretion of PNP-S
(18.2 + 6.82 nmol) exceeded the luminal appearance of sulphoconjugate of PNP
which was undetectable in the jejunal lumen in these experiments. PNP was excreted at
a relatively low rate in unconjugated form into the bile (9.11 + 1.87 nmol) at luminal
perfusion of 100 /xM PNP in 90 min.

Theoretically it is possible that the metabolites of PNP formed by extraintestinal
biotransformation can also appear in the intestinal lumen. However, a very low (about
1%) permeation of PNP-G in the jejunal mucosa was found when 1/xM PNP-G was
administered to the blood side [10]. In the present experiments we have found PNP-S
in the bile which was produced by the liver after luminal administration of 100 /xM,
however, PNP-S did not appear in the intestinal lumen under these experimental
conditions. These findings indicate that metabolites of PNP found in the intestinal
lumen in our experiments have been really formed by the jejunal loop which was
luminally perfused with isotonic medium containing PNP.

These results show significant qualitative and quantitative differences between
the intestinal and hepatic elimination of PNP after luminal perfusion of ajejunal loop.
The total amount of PNP metabolites appeared in the intestinal lumen exceeded the
sum of PNP-G and PNP-S which was excreted by the liver into the bile which
indicates that the small intestine may play an important role in the overall elimination
of phenolic compounds after oral or luminal administration.
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The biliary excretion of drugs has been investigated in hyperglycaemic male Wistar rats.
Hyperglycaemia was produced by a continuous infusion of glucose in different concentrations.
To examine the effect of hyperglycaemia on the biliary excretion rate of xenobiotics, one repre-
sentative of non-metabolizing exogenous organic anions (rose bengal) and metabolizing phenolic
drugs (p-nitrophenol) as model compounds were used. A dose-dependent increase of blood and
bile glucose level was found after the continuous infusion of glucose in a concentration of 10, 20
or 30%. Biliary flow and biliary excretion of rose bengal were significantly depressed in hyper-
glycaemic rats. Hepatic conjugation of p-nitrophenol with glucuronic acid appeared to be
decreased, however, a compensatory increase of sulphoconjugation of p-nitrophenol was
observed in hyperglycaemic rats. Biliary excretion of unconjugated p-nitrophenol was negatively
influenced by high blood glucose level and the overall hepatic elimination of p-nitrophenol was
also diminished by hyperglycaemia. Insulin (1 U/kg i.v.) compensated partly the depressive
effect of high blood sugar level on the biliary excretion rate of rose bengal, however, it was
unable to abolish completely the negative effects of hyperglycaemia. These results indicate that
hyperglycaemia does alter the hepatic elimination of xenobiotics.

Keywords: p-nitrophenol, rose bengal, hepatic metabolism, biliary excretion,
hyperglycaemia

Although diabetes is known to cause alterations in transport function of small
intestine, in hepatic structure and function and in intracellular metabolism in most
tissues including the liver, little definitive data are available concerning the effects of
diabetes, hyperglycaemia and insulin on the hepatic drug metabolism and excretion
[4, 9, 11, 13, 16, 18, 19].

*This work was supported by Hungarian Research Fund (OTKA) No. 017001 and by Scientific
Research Council, Ministry of Welfare (T 03 730/93).

This paper is dedicated to the memory of Professor Ferenc Varga (1929-1994)
Correspondence should be addressed to
Emil Fischer
Department of Pharmacology, University Medical School of Pécs
H-7643 Pécs, P.O. Box 99, Hungary

0231-424X /95 /$5.000 1995 Akadémiai Kiadé, Budapest



364 E. Fischer et al.

The present experiments were designed to study the effect of hyperglycaemia on
the hepatic elimination of xenobiotics. In order to eliminate the complications caused
by biotransformation, in a series of experiments the biliary excretion of rose bengal
was investigated which is a model compound of exogenous organic anions excreted by
the liver into to bile without metabolism [12]. On the other hand, to examine the
alterations of hepatic biotransformation and the biliary excretion of metabolites, p-
nitrophenol (PNP) was administered, because it is well known, that this drug is
conjugated with glucuronic acid and sulphate producing PNP-glucuronide (PNP-G)
and PNP-sulphate (PNP-S) and therefore PNP has often been used as a model
compound in conjugation studies [2, 8].

Biliary and fecal concentrations of diazepam were reduced in streptozotocin-
induced diabetes and these changes were reversible after insulin administration [1],
therefore the effect of insulin on the biliary excretion of hyperglycaemic rats was also
studied in the present experiments.

Materials and Methods

Chemicals

Rose bengal was obtained form Fluka A.G., Buchs G, p-nitrophenol, its glucuronide, the
monopotassium salt of p-nitrophenol sulphate from the Sigma Chemical Co., St. Louis, MO., insulin from
Richter Gedeon Rt., Budapest. All other chemicals and reagents were analytical or HPLC grade. The
standard isotonic perfusion medium for luminal drag administration had the following composition
(mmol/1): NaCl 96.4, KC1 7.0, CaCh 3.0, MgS04 1.0, sodium phosphate buffer (pH 7.4) 0.9, TRIS buffer
(pH 7.4) 29.5, glucose 14.0, mannitol 14.0.

Animals and experimental procedure

Male Wistar rats weighing 240-260 g were used. The animals were unaesthetized with urethane
(1.2 g/kg i.p.). The abdomen was opened by a mid-line incision, the bile duct was cannulated with a
polyethylene tubing (PE-10), and the bile collected in 20-min periods after the i.v. (femoral vein)
administration of rose bengal. When the hepatic metabolism and excretion of PNP were studied, a jejunal
loop (distance from the duodeno-jejunal flexure about 15 cm; length of jejunal loop about 10 cm) was
cannulated. The lumen of the jejunal loop was gently flushed with warmed isotonic perfusion medium to
remove digesta and food residues and then blown empty with 4-5 ml air. Perfusion through the lumen of
intestine with isotonic medium containing PNP (100 AiM) was carried out at a rate of 13 ml/min in a
recirculation mode. The volume of samples obtained from the perfusion medium coming out from the
jejunal loop was 250 p\, the initial perfusion volume was 15 ml. Bile was collected in these experiments in
15-min periods. Body temperature of rats was maintained a 37 °C. The animals were fasted 16-20 hours
prior to the experiment, water was given ad libitum. Hyperglycaemia was maintained by a continuous i.v.
infusion of glucose in different concentrations (10, 20 or 30%) after the administration of a priming dose of
glucose infusion solution (about 1.0 m1/100 g body wt) enabling a high blood glucose level (15-50 mM) to
be reached right at the start of glucose infusion.

Sample analysis

Concentration of rose bengal was measured spectrophotometrically after an appropriate dilution of
bile samples. PNP and its metabolites were separated and quantitated by reverse-phase HPLC with
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absorbance detection at 280 and 305 nm. The analytical system was comprised of: a Gynkotek gradient
HPLC pump (model M 480 G), a Gynkotek variable wavelength detector (model UVD 160 S) and a
NucleosilR 5 C|g-5 fim (Macherey-Nagel GmbH, Diren, Germany) column. Samples were eluted with
water: acetonitrile: ortho-phosphoric acid 85% (730:250:2) at a flow rate 1.1 ml/min. Quantitation of PNP,
PNP-G and PNP-S was based upon integration of adsorbance peak areas using a Gynkosoft PC-integration-
software PC 1 and Gynkotek PC. The concentration of PNP and its metabolites was determined from the
standard calibration curve using external standards. Glucose was determined enzymatically using glucose
oxidase (Boehringer Mannheim GmbH).

Calculations and statistics

Biliary excretion rate of rose bengal, PNP and its metabolites was calculated as a product of biliary
concentration and bile volume. Data are expressed as the mean + SEM. Significant differences were
calculated by Student's f-test.

Results

Blood glucose level is shown in Fig. 1 after a continuous glucose infusion in
different concentrations. Infusion of glucose in a concentration of 10% produced a
significant elevation of blood glucose level which reached a steady state in 2 hours and
amounted to about 300 mg/dl (17 mM). Blood glucose concentration was further
elevated when 20 or 30% glucose was infused, this increase seemed to be roughly a
dose-dependent change in blood sugar level. The range of blood glucose concentration
measured at 20% glucose infusion was similar to the blood glucose level of
experimental diabetic rats (between 300 and 600 mg/dl which means 17-34 mM).

Fig. 1 Blood glucose level after a continuous glucose infusion in a concentration of 10% (o), 20% (m) and
30% (O), control:». Values represent the mean +SEM of six to eight rats
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Bile glucose concentration is demonstrated in Fig. 2. Glucose was infused for 2,
4 or 6 hours in separated groups of rats and bile was collected in 120 min in the first,
second and third-two hours of infusion periods. A low glucose level was measured in
control rats and a dose-dependent elevation was found in the bile glucose concentration
after the infusion of 10, 20 or 30% glucose solution. The tendency of changes was
similar to that of blood glucose, however, a longer period of time was needed to reach
a steady state.

Fig. 2. Glucose level in the bile after a continuous glucose infusion in a concentration of 10% (0 ), 20%

(m) and 30% (O), control: <. Glucose was continuously infused for 2, 4 or 6 hours in separate groups of

rats, bile was collected in the last two hours of infusion periods. Values represent the mean + SEM of six
to eight rats

Changes in the biliary flow produced by hyperglycaemia are summarized in Fig.
3, experimental conditions were the same as it was described at Fig. 2, data are
expressed in percentages of control. It can be seen that only a moderate decrease of
biliary flow was detected after the infusion of 10% glucose solution. Significant
depression of biliary flow was observed when higher glucose concentrations were
administered, however, no considerable differences were found among the values of
bile volume after the infusion of 20 and 30% glucose solution, respectively. A longer
duration of hyperglycaemia provoked more pronounced decrease in the biliary flow.

Biliary flow and biliary excretion of rose bengal are shown in Fig. 4 expressed
in percentages of control. Considerable depression could be seen both in the biliary
excretion rate of rose bengal and in the biliary flow measured during the excretion of
this drug. Changes in biliary flow seemed to be parallel with those of biliary excretion
of rose bengal, the most remarkable alterations were detected during the second and
third 2-h infusion periods.
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Fig. 3. Biliary flow after a continuous glucose infusion in a concentration of 10% (O0), 20% (o) and 30%

(*) expressed in percentages of control (biliary flow in control rats: 53.7 £ 1.86 fd/kg/min = 100%).

Glucose was continuously infused for 2, 4 or 6 hours in separate groups of rats, bile was collected in the
last 2-h periods of glucose infusion. Values represent the mean + SEM of six to eight rats

Figure 5 shows the biliary appearance of PNP, PNP-G and PNP-S in control and
hyperglycaemic rats. Hyperglycaemia was maintained by glucose (30%) infusion for 4
hours, PNP was luminally perfused in the jejunal loop in a concentration of 100 /xM
during the last 90-min period, bile was collected when PNP was perfused. PNP
appeared in the bile in unchanged form at a significantly lower rate in hyperglycaemic
rats than in controls. Similar tendency was seen at the biliary excretion of PNP-G,
hyperglycaemic rats excreted less amount of PNP-glucuronide than controls did. In

Fig. 4. Biliary flow (¢) and biliary excretion of rose bengal (o) in hyperglycaemic rats expressed in

percentages of control (biliary flow in control rats: 53.7 + 1.86 fd/kg/min = 100%; biliary excretion of

rose bengal in control rats: 152.3 + 10.2 /xg/kg/min = 100%). Glucose (30%) was continuously infused

for 2, 4 or 6 hours in separate groups of rats, bile was collected in the last 2-h periods of glucose infusion.

Rose bengal (100 mg/kg i.v.) was administered before the bile collection. Data represent the mean + SEM
of seven rats
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contrast to the changes found in the biliary excretion of PNP and PNP-G, a definitely
higher biliary excretion rate was produced by hyperglycaemia compared to the
appropriate values of control rats. The total biliary excretion of PNP and its
metabolites is demonstrated in Fig. 6, these results showed a decrease of overall
hepatic elimination in hyperglycaemic rats when PNP was luminally perfused.

Time: min

Fig. 5. Biliary excretion of PNP, its glucuronide (PNP-G) and sulphoconjugate (PNP-S) in control (O0) and

hyperglycaemic (m) rats. Glucose (30%) was continuously infused for 4 hours, bile was collected in the last

90-min period of glucose infusion. PNP was luminally perfused in a concentration of 100 p.M during the

time of bile collection. Bile was collected in these experiments in 15-min periods. Values represent the
mean + SEM of five to seven rats
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Fig. 7. Effect of insulin on the biliary excretion of rose bengal in hyperglycaemic rats (O0: control; =
hyperglycaemic; (WU hyperglycaemic + U/kg insulin i.v.). Glucose (30%) was continuously infused for 6

hours, bile was collected in the last two hours, insulin and rose bengal (100 mg/kg i.v.) were administered
before the bile collection. Values represent the mean + SEM of six to eight rats
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Effects on insulin on the biliary excretion of rose bengal in hyperglycaemic rats
are summarized in Fig. 7. Insulin was administered in a bolus injection (1 U/kg i.v.)
simultaneously with rose bengal at start of bile collection. These data show that insulin
elevated the depressed biliary excretion of rose bengal produced by hyperglycaemia,
however it was unable to abolish completely the negative effects of high blood glucose
level in the biliary excretion rate of this exogenous organic anion.

Discussion

The effect of hyperglycaemia on the hepatic elimination of drugs has been
investigated in rats. Hyperglycaemia was produced by a continuous glucose infusion,
different levels of hyperglycaemia could be reached and maintained by the change of
the concentration of glucose solution. Hyperglycaemia is one of the most important
leading symptoms of diabetes and it can be easily reproduced by glucose infusion
without insulin deficiency which occurs obligatory in experimental diabetes provoked
by streptozotocin [4, 14, 21].

Biliary flow was considerably reduced by hyperglycaemia in these experiments
in spite of the significant elevation of glucose level in the bile. It is interesting to note
that a definite increase (40-60%) was found in bile flow after long-term diabetes
produced by streptozotocin [21] and one of the possible mechanisms that could be
involved in explaining this phenomenon is the osmotic effect of glucose in the bile.
The reason and exact mechanism of these discrepancies are not known, however, the
pathophysiological changes are also different: streptozotocin produces insulin
deficiency, whereas hyperglycaemic rats are able to release insulin. In addition, the
effects of experimental diabetes are equivocal, e.g. a negative influence on the bile
flow was detected after short time diabetes produced by streptozotocin [3].

A significant decrease was found in the biliary excretion rate of the non-
metabolizing anionic rose bengal in hyperglycaemic rats. Similar results were observed
in the biliary excretion of diazepam [1] and sulphobromophthalein [3] at 1 and 7 days
after streptozotocin diabetes. However, the biliary excretion of phenol red was
unchanged, procainamide ethobromide and ouabain excreted at a slightly elevated rate
in the first 15 min and at a lower rate after 1 h in rats treated 28 days earlier with
streptozotocin [21]. Results obtained in our acute experiments in hyperglycaemic rats
resemble to changes observed in short term diabetes, in long term diabetes several
other factors (e.g. change in steady state volume of distribution and in pharmacokinetic
parameters) may influence the elimination of xenobiotics [5, 6].

Biliary excretion of PNP in unchanged form was depressed by hyperglycaemia,
this change is similar to the action of high blood glucose level on the biliary excretion
of rose bengal. However, PNP is metabolized in the liver and the metabolites appeared
also in the bile. It was found that hyperglycaemia decreased the biliary excretion of
PNP-G and increased that of PNP-S. Cumulative excretion of PNP and its metabolites
over 90 min was decreased by hyperglycaemia. Stimulation of sulphoconjugation of
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PNP and the higher biliary excretion of this metabolite mean probably a concomitant
reaction with compensation of depressive effects of hyperglycaemia on the hepatic
elimination of PNP and PNP-G. Similar compensatory increase in the excretion of a
drug or its metabolites was observed in other experiments, as well [1, 10]. Increased
conjugation of phenol red with glucuronic acid was detected in diabetic rats, however,
the biliary excretion of phenol red-glucuronide remained unchanged [21].
Discrepancies between this finding and the decreased biliary excretion of PNP-
glucuronide in our experiments can be explained probably by differences in the insulin
level. Glucose flux in diabetic rats (in insulin deficiency) is shunted to insulin-
insensitive pathway when insulin-dependent routes are inhibited, thereby elevating the
activity of UDP-glucose dehydrogenase, which is the rate-limiting step in UDP-
glucuronic acid synthesis [15]. It is known that change of UDP-glucuronic acid level
may influence the rate of glucuronidation of drugs and the biliary excretion of
glucuronides [7, 17].

Insulin elevated the biliary excretion of rose bengal in hyperglycaemic rats,
however, it was unable to eliminate the negative effects of high blood sugar level
completely under these experimental conditions. Insulin has been reported to stimulate
bile flow [11, 13, 18] and biliary excretion of drugs [20] in control animals.
Mechanism of action of insulin is not known, it is possible that insulin is involved in
the synthesis of carrier proteins or the enzymes that catalyse biotransformation of
drugs. Further investigations are needed to clarify the role of insulin under normal and
hyperglycaemic of diabetic conditions, furthermore to study the importance of changes
in insulin level and dose-dependent actions of insulin.
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Conventional and saturation transfer electron paramagnetic resonance spectroscopy (EPR
and ST EPR) and differential scanning calorimetry (DSC) were used to study the motional
dynamics and structural stability of cardiac myosins.

Cardiac myosins isolated from bovine and human heart muscle were spin-labelled with a
maleimide- or an iodoacetamide-based probe molecule at the reactive sulhydry! sites (Cys-697
and Cys-707). The probe molecules rotated with an effective rotational correlation time of
0.04 /xs which was at least six times shorter than the rotational correlation time of the same label
on skeletal myosin. In the presence of MgADP, flexibility changes in the multisubunit structure
of myosins were detected, but this did not lead to changes of the overall rotational property of
the myosin heads.

Temperature dependence of the EPR spectra of maleimide spin-labelled myosin showed
continuous decrease of the spectral parameters (amplitude ratio of the diagnostic peak heights in
the ST EPR time domain and hyperfine splitting constant) at increasing temperature. In contrast,
marked changes were obtained at about 17 °C in light chain-2 deficient myosin. DSC
measurements supported the view that the removal of the light chain-2 produced additional
loosening in the multisubunit structure of cardiac myosin. It is postulated that the light chain-2 is
an integral part of myosin, and there is an intersite communication between light chain-2 and the
20 kDa subunit.

Keywords: cardiac myosin, spin-labelling, DSC-measurement, flexibility of myosin
heads, effect of nucleotides

Current models of muscle contraction assume that force is generated by myosin-
actin interaction coupled to the ATPase cycle. The head of myosin molecule
(subfragment one, S 1) is rigidly attached to actin and forms a complex in the absence
of nucleotides. In the presence of MgATP, the chemical energy liberated from ATP
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hydrolysis produces conformational changes in myosin. The structural change might
induce rotation of myosin head while bound to actin, and it makes the muscle to
shorten [7, 19]. This mechanism of the energy transduction is a crucial question of the
muscle contraction.

It is well-known that the biochemical characteristics of cardiac muscle is
different from skeletal muscle. The myosin of cardiac muscle have greater
susceptibility for alkaline dénaturation [25], and exhibit different amino acid
compositions [20, 31] and/or amino acid sequence [1, 18]. Little is known about the
molecular dynamical background of these different characteristics. In this study an
attempt is made to gather data about the different molecular behaviour of cardiac- and
skeletal muscle myosin using EPR technique and paramagnetic probes which report
upon molecular motions, and applying DSC which provides information about the
structural stability. From earlier studies it is known that (i) maleimide (MSL) and
iodoacetamide (IASL) spin labels attach to the Cys-707 and Cys-697 residues which
are located in the 20 kDa segment of the myosin motor domain [1, 9, 23]; (ii) light
chain-2 (LC-2) can be easily separated from skeletal muscle myosin by DTNB
treatment; in the case of cardiac myosin it can be removed only by proteolytic
digestion [31]; (iii) the greatest difference between the two kinds of myosin is
suggested in the 50 kDa domain which contains the actin binding site [29].

It was also known from hydrodynamic measurements [16] that there were
differences in the sedimentation of LC-2 deficient and intact cardiac muscle myosins;
intact cardiac myosin showed a conformational change at 18 °C which could not be
detected after removal of the LC-2 light chain. The main functional difference was
assigned to the 50 kDa domain and/or to the interaction of heavy chain with the LC-2
light chain. It seems to be disadvantageous that the paramagnetic probe molecules
attach to the largely conserved region of the 20 kDa domain that involves the
sulfhydryl sites. However, it was also reported that the 20 kDa domain is extended and
flexible enough, therefore marked effects in mobility of the attached labels are
expected after modification [11, 23, 37].

Using IASL and MSL paramagnetic probes attached to the myosin thiol groups,
the globular head portion of cardiac muscle myosin containing the catalytic and
transmission domains proved to be less rigid than that of the skeletal muscle; the MSL
probes reflected the rotational motion of the entire globular subunit, whereas IASL was
a sensitive detector of the local conformational changes in interaction with ADP. The
removal of light chain-2 resulted in the destabilization of the structural rigidity. The
internal molecular arrangement of actin filaments was influenced by attachment of
myosin to actin.
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Materials and Methods

Preparation of myosin

Bovine and human heart myosin was prepared by the methods described by Shiverick [28] and
Léger and co-workers [6]. After washing of the tissue, myosin was extracted in buffer consisting of 0.6 M
KCI, 20 mM imidazol, 1 mM dithiothreitol (DTT), 1 mM EDTA, pH 7.0. After centrifugation for 4 hours
at 0 °C with 100 000 x g, the crude myosin was purified using Sepharose 4B chromatography.

Preparation ofLC-2 deficient myosin

Cardiac myosin was cleaved with a-Chymotrypsin (400:1) for 1.5 minutes at 25 °C in buffer
containing 0.12 M NaCl, 20 mM phosphate, 1mM EDTA, 1mM DTT, at pH 7.0. The product was
purified by column chromatography on Sepharose 4B. Protein concentrations were determined either by the
method of Lowry [21] or by reading the absorption at 280 nm using absorption coefficients
0.55 mg.mT'cm-1 for myosin and 0.56 mg.mT'cm'1for LC-2 deficient myosin.

Spin-labelling

The isolated proteins were labelled either with 4-maleimido-2,2,6,6-tetramethylpiperidinooxyl (4-
maleimido-TEMPO) or with 4-iodoacetamido-2,2,6,6-tetramethylpiperidinooxyl  (4-iodoacetamido-
TEMPO). Myosin suspended in 0.5 M KCI, 50 mM TRIS, 1mM EDTA at pH 8.0 was reacted for 60-90
minutes with 2-4 moles of MSL or with 3.5 moles of IASL per mole of myosin for 10-14 hours over ice.
The reaction was terminated by precipitation of myosin with ice cold water, and thereafter the protein was
collected by centrifugation and dissolved in 0.5 M KCI, 25 mM HEPES, 1 mM EDTA at pH 7.0. In some
cases myosin was treated with 5 mM Kj(Fe(CN)6) to reduce the signal intensity arising from weakly
immobilized labels [15]. The protein was clarified by centrifugation at 50 000 x g for 1 hour and used at a
final concentration of 9.6 mg/ml (20 pM).

EPR measurements

The EPR measurements were taken with ERS 220 (Centre of Scientific Instruments, Germany) or
ESP 300 E (Bruker, Germany) X-band spectrometers. For conventional EPR technique 100 kHz field
modulation (0.1-0.25 mT amplitude) and 2-20 mW microwave power were used. Second harmonic
adsorption, 90° out-of-phase spectra were recorded with 50 kHz field modulation (0.5 mT amplitude) and
detection at 100 kHz out-of-phase. The microwave power was 85 mW (ERS 220) or 63 mW (ESP 300 E),
which corresponds to an average microwave field amplitude of 0.025 mT in the central region of the flat
cell of Zeiss (Germany). The microwave magnetic field intensity was determined with peroxylamine
disulphate ion radicals in the same sample cell as for the myosin samples following Fajer and Marsh [10].

Signals due to EPR absorption were detected by microcomputer system interfaced to the ERS 220
spectrometer. The spectra were recorded on a digital transient recorded and stored on diskettes. Usually,
200 scans (scan time: 2.0 s) were done on samples and, in some cases, the signal to noise ratio was
improved by the Fourier self-deconvolution procedure. Recording the spectra with the ESP 300 E
spectrometer, the standard WIN EPR software was used for evaluation. The double integrals of the spectra
were normalized to unity for spectrum manipulation.
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Fig. 1. Conventional (upper) and ST EPR spectrum (bottom) of human cardiac myosin labelled with MSL.

The spectra were recorded at 20 °C. The concentration of myosin was 20 uM. The spectral parameters (the

low-field peaks hi and hj, the hyperfme splitting constant 2A'Z and the diagnostic peaks of the ST EPR
spectrum L, L”, C and C) used to characterize the EPR spectra are also shown

Results and Discussion
Characterization of the labelled sites

The method used to label the reactive thiol sites of cardiac myosins was essen-
tially the same as described earlier by Thomas and co-workers [33] and Belagyi et al.
[2] for skeletal muscle myosin. The degree of labelling was 0.1-0.15 mol label/mol
protein for IASL and 0.5-0.75 mol label/mol protein for MSL. The EPR spectra of
both MSL- and IASL-cardiac myosins showed the superposition of spectra from
strongly and weakly immobilized labels (Figs 1 and 2). The fractions of labels attached
to weakly immobilizing sites varied a little from batch to batch, but never exceeded
10% of the total EPR absorption. The conventional EPR spectra were characterized by
the distance between the outermost hyperfme extreme 2A'ZZand the rotational correla-
tion time of the labels. For determination of the rotational correlation time the method
of Goldman et al. [14] was used. The EPR spectra were recorded with increasing
concentration of glycerol or sugar (Fig. 3). The rigid limit value for 2A'ZZ at r;-»00
was obtained by a least square fit procedure, and was (6.674 + 0.03) mT for MSL.
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Fig. 2. Conventional (A) and ST EPR spectrum (B) of bovine cardiac myosin labelled with MSL. Spectra
were taken at 20 °C. The concentration of myosin was 20 uM

This value was significantly larger than the 2A'ZZ value which was measured on
myosin ~ minifilaments  (2A’Z= 6.484 mT) or on myosin  precipitate
(2A'Z= 6.510 mT). Since the labels were strongly immobilized at ir*oo, but not at
side-by-side aggregate of myosin molecules, therefore the former value (6.674 mT)
was used as rigid limit. In contrast, 2AZ = 6.875 mT was obtained for maleimide
labelled skeletal myosin at tj-»oo and 6.800 + 0.025 mT at 1cP and 20 °C. The
rotational correlation times of MSL myosins at room temperature and 1 cP were 42 ns
(cardiac myosin) and 260 ns (skeletal myosin), respectively. Addition of glycerol to
myosin precipitate resulted in a large increase of the hyperfine splitting indicating a
strong effect of glycerol on the rate of rotational motion of labels in the head region of
cardiac myosin, or at least in the environment of the attached labels. It should be noted
that we did not observe remarkable change of the rotational correlation time for intact
myosin and LC-2 deficient myosin evidencing that the removal of the LC-2 light chain
from cardiac myosin did not affect the rotational motion of the attached MSL label
[22]. The results suggest that (i) significant rotational mobility of the attached labels
exists even in minifilament form and in the side-by-side aggregate of myosin
molecules; (ii) there is a substantial difference in the flexibility of cardiac and skeletal
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myosins; the effective rotational correlation time for cardiac myosin was 6 times
shorter than that of for skeletal muscle myosin assuming that the labels were located on
the same sites of myosin.

At low ionic strengths, where cardiac myosin was in filament form, the
hyperfine splitting constant increased significantly and the value attained to
2A'Z= 6.484 + 0.03 mT at room temperature (€2 = 70 ns). From ST EPR spectra
of myosin filaments we calculated the spectral parameters L'VL and C7C, they were

L7L = 0.24 = 0.1 (n = 4) and
C'/C = 0.041 + 0.15 (n = 4)

which correspond to rotational correlation times of 6 /xs and 2 /xs, respectively (Figs 1
and 2). These values indicate that the self-organization of myosin into filaments is
accompanied with a strong immobilization of the labels in the head region of the
myosin. It suggests that a significant portion of the mobility originates from the
segmental flexibility of the protein.

The low-field spectral parameter, L'VL, in the ST EPR spectrum of glycerinated
muscle fibres took up a value of

L'VL = 1.22 + 0.06 (n = 10) for skeletal muscle whereas

L'VL = 0.83 + 0.1 (n = 4)

2A'z2(mT)

Fig. 3. Variation of spectral parameter 2A'H as function of viscosity (T/jj)0-735, T is the absolute

temperature. Intact bovine cardiac myosin was spin-labelled with MSL, and the conventional spectra of

myosin samples were taken at different viscosities. Viscosity was increased by addition of different amount

of sucrose to the buffer solution. The extrapolated value of the hyperfine splitting at 4-*ao gives the rigid
limit value
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was calculated for cardiac muscle fibres in rigor [4]. The values of r2 showed that the
rate of the reorientation of the label in cardiac muscle fibres was faster approximately
with one order of magnitude in rigor, evidencing some internal flexibility of cross-
bridges even in their attached state.

Interaction of spin labelled myosin with ADP

The binding of ATP or ADP to IASL skeletal myosin resulted in a significant
decrease in the proportion of the strongly immobilized label. The experimental data
could be fitted by curves predicted for either one or two independent ADP binding
sites and association constant in the range of 10-12.4 x 102 M~*. It was reported that
the changes in the ratio of the first-two peak heights depended on whether the myosin
was skeletal or cardiac myosin, the ratio at cardiac myosin was significantly lower
indicating different local conformational changes in the two classes of myosins [29].
Since the reactive sulfhydryl sites are near the nucleotide binding pocket in the crystal
structure of myosin [23], changes are expected in the environment of the probe
molecules.

Our results on cardiac myosins showed that the conformational changes obtained
after MgADP binding depended strongly on the probe molecules (Fig. 4). In these
experiments we used the hyperfine splitting parameter as a measure of the rotational
mobility. The increase of the mobility induced by MgADP varied with the
concentration of nucleotide and it attained to a saturating level independently of the
chemical structure of the spin label. The conformational change induced by ADP was
significantly higher for IASL labelled myosin. Calculations gave evidence that cardiac
myosins bound two moles of MgADP per mol of myosin. It is known that
iodoacetamide probe molecules exhibit larger flexibility of the attaching linkage in
comparison with maleimide molecules, therefore we can state that the myosin (MSL)-
MgADP complex behaves like a rigid moiety on the time scale of the conventional
EPR, whereas the IASL probe molecule is a sensitive monitor of the nucleotide
binding, and its binding is accompanied with a local conformational change in the
environment of the reactive sulfhydryl sites. Experiments performed on glycerol-
extracted muscle fibres showed that the addition of MgADP to maleimide spin labelled
fibres in rigor buffer did not result in significant axial rotation of the cross-bridges
[34], but in the case of an isothiocyanate-based spin label, the nucleotide binding
produced a remarkable change of the distribution of the attached labels with respect to
the longer axis of the filaments, but no measurable change of the rate of rotational
motion was observed in the ST EPR time domain after addition of MgADP [2]. We
came to the conclusion that MgADP produced an intrinsic change in the multisubunit
structure of the myosin head region, but this did not lead to the changes of the global
rotational properties of the myosin heads.
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Fig. 4. The change of spectral parameter 2A'blas function of the MgADP concentration. Conventional

EPR spectra of cardiac myosin labelled with either MSL or LASL spin labels were recorded after addition of

MgADP at 20 °C. The incubation of samples lasted for 5 min. Symbols: * IASL bovine cardiac myosin,

+ MSL bovine cardiac myosin. From the experimental data the molar ratio of ADP bound to myosin was

calculated. The intersection point of the dotted lines corresponds to about 2 moles of ADP to 1 mol of
myosin

Orientational dependence of EPR spectra in macroscopically aligned actin filament
system

It is known from earlier results that spin labels (MSL or IASL) attached to the
fast reacting thiol sites of myosin in glycerinated muscle fibres in rigor exhibited large
orientational order with respect to the fibre axis [32]. It is also known that the same
orientational distribution of spin labels was detected when spin-labelled HMM
penetrated into the muscle fibres and bound to actin [3]. The results indicated the
particular attachment of myosin heads to actin in the absence of ligands as ATP, ADP
or PPj. It is expected that in macroscopically aligned actin filament system an
orientation dependence of spin labels can be measured when spin labelled myosin or its
fragments are allowed to bind to the filament system.

Our experiments on maleimide spin labelled myosin bound to actin have shown
that 2A’Zdepended on the orientation of the aligned actin filaments with respect to the
laboratoiy magnetic field. The measurements were performed in two orientations H || K
and Hzk, where K is the filament long axis. The orientational order was small, but
differed significantly from zero. The ordering of spin labels did not depend on the
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molar ratio of myosin to actin which showed that the orientational distribution of the
of myosin heads/labels was determined entirely by the binding process on aligned actin

filaments. In contrast, the binding of myosin or HMM to aligned actin filaments
affected the distribution of labels located on actin.

2A2Z h,/h,

Fig. 5. Temperature dependence of 2A'bland h2/h|. Intact and LC-2 deficient myosins were labelled with

MSL, and conventional EPR spectra were measured at different temperatures. At about 17 °C, abrupt

changes in both spectral parameters were obtained on LC-2 deficient myosin. Symbols: 2A'ZZ « intact
myosin, X LC-2 deficient myosin; h2/hi1: o intact myosin, ® LC-2 deficient myosin
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Temperature dependence of spectral parameters

The results on intact myosin and LC-2 deficient myosin labelled either with
iodoacetamide or maleimide spin labels are presented in Fig. 5. Both the hyperfine
splitting constant (2A'Z) and the ratio of the peak heights (h2/h1) were used to
characterize the temperature induced changes in the environment of the bound labels. It
is assumed that the probe molecules bind to the same sites which can be controlled by
measuring the ATPase activity of myosin in high ionic strength medium [9, 24].
However, the EPR spectra at different temperatures reported two resolved populations
differing in rotational mobility. This conformational heterogeneity suggests two
different populations of myosin heads which are in thermal equilibrium at a particular
temperature, and transitions are allowed between the two forms of myosin. The
structural change is the consequence of the intrinsic flexibility of the protein structure
[12, 36]. At increasing temperature, a redistribution of the conformational substates
can be observed: the population of myosin heads with smaller restriction of the rate of
reorientation increases at the expense of the other population.

On myosin samples labelled with MSL we observed a continuous decrease of the
hyperfine splitting together with a similarly continuous increase of the peak height
ratio at rising temperature, evidencing the slowly loosening of the protein structure
which was produced by the continuous heat absorption. In contrast, we could detect a
rapid change of the peak height ratio at about 17 °C on LC-2 deficient myosin labelled
with MSL, and simultaneously at the same temperature we obtained a large alteration
in the shape of the curve for 2A'ZZ The measurements in the ST EPR time range
support the view that no sudden change in the domain motion (submillisecond time
range) exists (Fig. 6). The results show that only the internal motion of the myosin
heads is affected by the temperature.

Removal of the LC-2 light chain influenced greatly the motional dynamics of
myosin heads labelled with MSL. Both 2A'ZZ and h2/h[ spectral parameters showed
significant changes at about 17 °C. This finding supports the conclusion that the

Fig. 6. ST EPR spectral parameter L"/L as a function of temperature. LC-2 deficient cardiac myosin
labelled with MSL measured at different temperatures. The calculated spectral parameter decreases
continuously with rising temperature
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predominant change of myosin structure induced by temperature was a local confor-
mational change in the neighbourhood of the thiol sites. Recent experiments showed
that the segment containing the essential thiols, SHI and SH2, is highly flexible [17].
Very likely, the LC-2 light chain modulates the flexibility of the 20 kDa segment of
cardiac myosin that holds the label, and its removal affects the attaching linkage or the
environment of the probe molecule. This suggests an intersite communication between
LC-2 light chain and the 20 kDa segment of the motor domain.

DSC measurements

To gain further insight into the structural properties of cardiac myosins, DSC
measurements were performed on intact and LC-2 deficient myosin in the temperature
range of 5-60 °C. It is known that myosin is a multisubunit protein consisting of
several domains, therefore a rather complex thermogram comprising at least four
endothermic transitions are expected, corresponding to the thermal transition of the
myosin rod with a-helical structure, and to those of the structural domains in the head
region of myosin originally reported by Balint and co-workers [1].

The complex heat capacity profile of intact myosin is shown in Fig. 7. Three
major transitions could be observed with Tm= 17.5, 45 and 54.5 °C, as transition
temperatures. Removal of the LC-2 light chain was accompanied with the
disappearance of the 17.5 °C transition. The total enthalpy of the transitions was
1738 kcal/mol, similar results were obtained on skeletal myosin [5]. Studying the

Table |

Transition temperatures and enthalpies of myosin unfolding

Structural subunit Transition Transition enthalpy
temperature (°C) (kcal/mol)
HMM 20 kD or LC-2 17.0 150*
HMM S-2 41.5 163
HMM 50 kD domain 45.0 377
HMM 27 kD + 20 kD 48.0 301
LMM 54.5 47

Intact and LC 2-deficient cardiac myosin was measured in buffer solution
containing 500 mM KC1, 25 mM HEPES and 1mM EDTA, pH 7.0. The
concentration of the samples was 20 pM. The thermograms were taken with
DASZM-4 Privalov-type differential scanning calorimeter with a scan rate of
0.25 °C/min.

Total enthalpy: 1738 kcal/mol

* The transition at 17 °C could not be detected on LC 2-deficient myosin.
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melting profile of cardiac myosin we could identify five endothermic peaks at peak
maximum of 17.5, 41.5, 45, 48 and 54.5 °C, the transition enthalpies were
150kcal/mol, 163 kcal/mol, 277 kcal/mol, 301 kcal/mol and 747 kcal/mol. Our
suggestion for the assignment of the transitions to the substructure of myosin are given
in Fig. 7 and Table I. An accurate analysis by deconvolution allowed the identification
of six transitions with total enthalphy of 1884 kcal/mol calculated from the part areas
of the melting profile. The contribution of the LC-2 light chain was 151 kcal/mol.

According to the recent model of myosin, it is believed that it comprises
structural units that fold up independently into a stable domain structure [1, 23, 35].
The measurements performed on skeletal myosin showed that the highest transition
temperature could be assigned to the unfolding of the coiled-coil a-helix rod portion of
the protein moiety [13]. More recent experiments provided evidence that the melting
profile of myosin rod could be resolved into six quasi-two state transitions [5].

By examining the effect of mild heat treatment on ATPase and proteolytic
sensitivity of myosin S 1, it was concluded that the 50 kDa segment of the myosin
head could be preferentially unfold during heat treatment at 35 °C, while the 20 kDa
and 27 kDa fragments remained unchanged [26]. It was shown by limited tryptic
digestion that - in term of thermal stability - the head region of myosin comprised of
two domains, the unstable 50 kDa domain which unfolded independently of the
remainder structure, and the more stable 20 kDa and 27 kDa segments of the heavy
chain [8]. It was proposed that the latter two segments and the light chain could melt

200

150

100 [tt |
HMM 20k HMM  LMM
LC-2 $-2 s1

10 20 30 40 50 60
t(°C)

Fig. 7. DSC profile of intact cardial myosin. The heating current (I) in arbitrary units is plotted against
temperature. Five transitions were identified, the assignment of the different peaks to the subunits of
myosin is designationed by arrows
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together as a cooperative unit. Recent measurements on the thermal unfolding of
skeletal myosin gave evidence that the first transition of the profile 41 °C was very
likely due to the thermal transition of the S2 region [27]. Considering all the
experimental data it seems to be not unreasonable to assign the thermal transitions to
the following structural subunits: HMM S2 at Tm=41.5°C, HMM 50 kDa at
Tm = 45 °C, HMM 20 kDa + 27 kDa at Tm = 48 °C and LMM at Tm= 54.5 °C
(Table I). The higher Tm values calculated for the domains of HMM in our
experiments can be explained by the difference of the conditions of the measurements
(sensitivity of the DSC apparatus, different buffer solution, protein concentration).
Observations performed on subfragment 2 region of myosin showed an endotherm
peak at 55 °C as well, arising from the melting of helical regions of S 2 [30]. The peak
of this transition might interfere with that of LMM.

For the interpretation of the lowest endothermic transition we have two
possibilities: (i) conformational change in the LC-2 light chain of the myosin; (ii) more
likely it could be related to the inherent instability of the 20 kDa segment. This region
is stabilized by the interaction of the LC-2 light chain and the 20 kDa segment of the
myosin, the stabilization energy might correspond to the transition enthalpy. This
assumption might correlate with the EPR observation on the conformational transition
at 17 °C. The removal of the LC-2 light chain increases the instability of the 20 kDa
domain which is accompanied with the increase of the flexibility and with the
enhancement of the rate of motion. The larger mobility is quenched in the presence of
the LC-2 light chain. We can only speculate that the flexibility changes observed here
are of importance to the transmission of signals from regulatory domain to the catalytic
domain allowing the switching of the myosin motor. The mechanism by which the
conformational changes are directly induced in the large myosin head remains to be
established.
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Aminothiol radioprotectors (MEA, AET, WR-1065) were found to be inhibitors of
platelet aggregation. The aim of this study has been to clarify the potential involvement of the
adenylate cyclase-cAMP system in this effect.

In vitro aminothiol compounds (>1 mmol/1) inhibited platelet function as well as AC-
activity, i.e. significantly reduced their cAMP content. In less than 1 mmol/1 concentration WR-
1065 elevated the cAMP content of PGI2-stimulated platelets, while basal cAMP level mainly
remained unchanged. On the effect of WR-1065 the level of non-protein thiols (NP-SH)
markedly elevated in the platelets, while their protein-bound thiol content (PB-SH) either
decreased or remained at control level. The phosphorothioate WR-2721 was effective only after
in vitro or in vivo déphosphorylation. Although the amount of NP-SH slightly increased, the PB-
SH content decreased in the platelets isolated after intravenous administration of WR-2721.
Moreover, platelet-poor plasma samples of WR-2721 treated animals also inhibited both the AC-
activity and function of control platelets, too.

Based on these results it is suggested that aminothiol radioprotectors non-speciftcally
inhibit platelet functions forming mixed disulfides with endogenous, mostly protein-bound thiols.
The slight elevation of AC-activity caused by low doses of WR-1065 also suggest that the AC-
complex consists of unevenly sensitive subunits (G-proteins, catalytic subunit).

Keywords: radioprotective compounds, blood platelet aggregation, adenylate cyclase,
CAMP, SH-content

Jokay et al. reported first that the agglutination of thrombocytes (blood platelet
aggregation) obtained in vitro by the addition of bacterial endotoxins could be
inhibited by L-cysteine, /3mercaptoethanol and glutathione. At the same time a
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reduction in the liberation of histamine and serotonine (5-HT) which accompanied
agglutination was observed [19]. Sztanyik et al. found that S-2-aminoethyl-
isothiuronium (AET) and some other radioprotective aminoalkylthiol compounds
increased the clotting time of the recalcified rabbit plasma [29]. During further
research evidence of hypocoagulability was proved in rats after intraperitoneal
injection of cystamine [38] and AET [23], respectively. Mixed disulfide formation
between the thiol (SH) groups of the radioprotector and pro-coagulant proteins were
supposed as to be the reason of this effect at that time. After intraperitoneal injection
of AET, we really observed local subcutaneous bleeding rather often in the
neighbourhood of the site of the injection, indicating local hemostatic disturbances
caused by the radioprotector. It was also found that AET, cysteamine
(mercaptoethylamine or MEA) and S-2-(3-aminopropylamino)-ethylthiol (WR-1065)
but not WR-2721, phosphorothioate derivative of the latter, decreased prostacyclin
formation in rat aorta rings and malondialdehyde (MDA) formation from arachidonic
acid by blood platelets, respectively [16, 17, 18]. Based on these data, aminoalkylthiol
radioprotective compounds were expected to inhibit arachidonic acid-induced blood
platelet aggregation, too. Indeed, recently we proved their anti-aggregating
effectiveness against various platelet activators (pro-aggregators) including adenosine-
diphosphate (ADP), arachidonic acid (AA), thrombin, collagen as well as the calcium
ionophore A-23187. However, the mechanism of their anti-aggregating effect has not
been revealed so far.

It is known that aggregability and adenylate cyclase (AC) activity is inversely
proportional in platelets [1, 4, 11, 13, 14]. Elevation of the cAMP content in platelets
will inhibit the phospho-inositol metabolism [10, 39], i.e. the other main signal
transduction mechanism, as well as promote the sequestration of the intracellular
ionized calcium into inner granules or storage pools [41].

The aim of our present work was to evaluate the potential involvement of this
well-known platelet aggregation regulatory system in the in vivo anti-aggregating effect
of this type of radioprotectors. As in other experiments AC enzyme complex proved to
be rather sensitive to different thiol blocking agents [31, 32], along with cAMP level
and the stimulability of AC by prostacyclin (PGI2), platelet thiol content was also
studied following intravenous WR-2721 treatment or after in vitro incubation with
elevating concentrations of WR-1065, respectively.

Methods

RAXLE/F| and Wistar strain male rats and New Zealand male rabbits were used in these
experiments. Animals were kept on standard diet and supplied by tap water. In order to prevent the
dismrbing effect of the large size plasma lipids, especially chylomicrons, animals were starved for 24 hours
before the experiment.
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Blood collection and platelet isolation [6]

Under diethyl ether anaesthesia blood was collected from rabbits by cardiac puncture or from the
abdominal part of the aorta in the case of rats into plastic syringes containing ACD (2.5 g of trisodium
citrate, 1.5 g of citric acid, 1.0 g glucose/100 ml H20) anticoagulant in the ratio of 1:10. In order to get
platelet rich plasma (PRP), blood was centrifuged at 150 g for 20 minutes at room temperature. To remove
the remaining red and white blood cell contamination PRP was centrifuged at 100 g for further 10 minutes.
Platelet poor plasma (PPP) was obtained after the removal of PRP by centrifuging the remaining blood at
1500 g for 10 minutes.

Platelet suspension was prepared from the PRP by differential centrifugation and washing procedure
described by Mustard [21] with some modifications. As rat platelets do not tend to activate spontaneously
during gentle sedimentation, lowering the pH of the blood and the washing buffer to 6.5 by the use of ACD
was generally enough to avoid unwanted platelet aggregation. Therefore, in contrast to the original method,
inhibitors such as apyrase and heparin were not used during platelet isolation. In the case of rabbit platelets
either the original centrifugal procedure, or gel-filtration method using Sepharose 2B [30, 35] was followed
for platelet isolation. Washed or filtrated platelets were resuspended in calcium-free Tyrode-Hepes buffer
(137 mmol/1 NaCl; 2.7 mmol/1 KC1; 11.9mmol/l blaHCO3; 0.5 mmol/l NafyPO,!; 1.0mmol/l MgClz;
191 dextrose; 10 mmol/l Na+-Hepes; pH = 7.4) containing 2 mg/ml bovine serum albumin (BSA).
Platelets were counted by Laborscale (Medicor, Hungary) cell counter, then the platelet suspension was
diluted to the final platelet count 5 x 108/ml in the different incubation media.

Measurement ofplatelet aggregation

The in vitro effect of radioprotectors on platelet aggregation was tested on rat PRP using Chronolog
(M 300) one-channel aggregometer. According to the original platelet aggregation method described by
Bom [2], stirred PRP samples were incubated with increasing concentrations of different radioprotectors at
37 °C for three minutes before inducing platelet aggregation by 25 pmol/l ADP. The nadirs of the
aggregation curves were compared to the appropriate control and were expressed as percentage inhibition.
On the basis of the anti-aggregating dose-effect curves, 1CsosSconcentration of the different aminoalkylthiol
radioprotectors and their non-thiol derivatives was computed.

Measurement ofplatelet cCAMP content

The in vitro and ex vivo effects of radioprotectors on the basal cAMP content and on the
stimulability of AC by prostacyclin were studied. In the case of in vitro experiments aliquots of platelet
suspension were incubated with WR-1065 at 37 °C. In order to stimulate adenylate cyclase 100 ng/ml
prostacyclin (PGl2) was added td one half of the samples one minute before terminating the incubation.
Optimal prostacyclin concentration and incubation time were based on experiments (see Fig. 1). In some
experiments a known phospho-diesterase enzyme inhibitor 1-methyl-3-isobutylxanthine (MIX) was used to
get further elevation of platelet CAMP.

In the ex vivo experiments rats were treated with 200 mg/kg WR-2721 intravenously. Then a 10-
min blood sample was collected, and isolated platelets were incubated with the same amount of platelet-
poor plasma (PPP) prepared from either control or treated animals. In one half of the samples platelet AC
was also stimulated by prostacyclin as described before.

Incubation was terminated by the addition of the same amount of ice-cold 10% (w/v) trichlor-acetic
acid (TCA). After a few seconds of further stirring, samples were placed in ice-cold water bath until cooled
down to O °C, then quickly sedimented by an Eppendorf-type centrifuge. In order to remove TCA,
supernatants were extracted three times using water-saturated diethyl-ether. Finally, diethyl-ether
contamination was removed by bubbling the samples with N2 gas for ten minutes. The CAMP content was
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determined by the RIA method of Brooker et al. [5, 33]. The amount of cCAMP was expressed as pmol/108
platelets or as the percentage of the appropriate control.

Measurement ofplasma and platelet thiols

Total thiol (T-SH) content of the different samples was determined as originally described by
Ellman [12], using 5,5'-dithiobis-(2-nitrobenzoic acid) or DTNB thiol reagent. Non-protein SH (NP-SH)
subfraction was measured by the method of Sedlak et al. [25]. Protein-bound (PB-SH) content was
computed as the difference of the former two. Either the SH-content or its change was expressed as
nmol/mg protein.

Results

The in vitro 50 percent inhibitory concentrations (IC50%9 of some aminoalkyl-
thiol compounds and their non-thiol derivatives made on the adenosine-diphosphate-
induced aggregation of rat platelets are listed on Table I.

It seems evident from the list that all compounds, which have at least one free
SH-group was able to inhibit platelet aggregation at some extent. AET, which
spontaneously transforms to the free SH-derivative, mercaptoethyl-guanidine (MEG),
in waterous solutions around neutral pH proved to be the most effective with its 1C50%
of 2.52 £ 0.39mmol/l. The least effective thiol-compound was WR-151326 with its
1C50% value of 12.14 + 0.61 mmol/1. For the datailed explanation of the reduced or
lacking anti-aggregatory effectiveness of the non-thiol derivatives we refer to the
discussion part of this article.

Figure 1 shows the in vitro effect of prostacyclin (PGI2), a well-known
adenylate cyclase challenger, on the cAMP content of rat blood platelets. Being a
rather unstable metabolite of the arachidonic acid, prostacyclin caused the rapid but
transient activation of platelet AC, as it is indicated by the elevated level of cAMP.
Therefore, it was very important to determine the concentration and incubation period
of prostacyclin that provided optimal AC stimulation further on. Based on the curves
depicted in Fig. 1, we generally added 100 ng/ml prostacyclin to the platelet samples
at the beginning of the last minute of incubation.

The upper part of Fig. 2 shows the in vitro effect of 25 /unol/1-20 mmol/1 WR-
1065 on the cAMP content of rat blood platelets.

Cyclic AMP content of 108 platelets was 3.783 + 0.45 pmol in resting
conditions and 92.6 + 7.65 pmol after challenging platelet adenylate cyclase by
100 ng/ml prostacyclin for one minute, respectively. Basal platelet cAMP level did not
differ from control until WR-1065 concentration exceeded 1 mmol/1. Beyond this drug
level, a concentration-dependent decrease occurred resulting in the almost 60% loss of
the starting platelet cCAMP content at 20 mmol/1 WR-1065. In contrast, stimulation of
platelet adenylate cyclase by prostacyclin during the last minute of the incubation
caused a relatively higher and statistically significant (p < 0.01) cAMP increase when
WR-1065 was present at less than 0.5 mmol/1 concentration. The highest CAMP ratio
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of the treated versus control platelets was 1.35 + 0.13 at 0.1 mmol/l WR-1065. In
higher than 0.5 mmol/1 the radioprotector caused a more pronounced decrease in the
platelet cCAMP ratio than it occurred in resting platelets. Although only the elevated
dose-range of WR-1065 was used, the same inhibition was observed in rabbit platelets,
as it is indicated on the bottom of Fig. 2.

Table |

Effect of aminothiol radioprotective agents and their non-thiol derivatives on the ADP-induced platelet

aggregation in rats

Aminothiol compounds Free SH Anti-aggregating
and derivatives Chemical structure groups >Cs0%
(mmol/1)
NH2-C(NH)-S-(CH2)2-NH2 -
AET - MEG NH2-C(NH)-(CH2)2-SH Yes 2.52 + 0.39
GED (-S-S-) [NH2-C(NH)-(CHz2)2-S-12 No 9.95 + 0.45
CH2sS .
2 -aminothiazoline c-nh2 No Ineffective
(2-AT) ch2n”
Cysteine COOH-CH(NH2)-CH2-SH Yes 381 = 041
Cysteamine (MEA) nh2-ch2-ch2-sh Yes 5.53 + 0.30
Cystamine (-S-S-) nh2-ch2-ch2-s-s-ch2-ch2-nh2 No ND*
Thiola (MPG) CH3s-CH(SH)-CO-NH-CH2-COOH Yes 4.08 £ 0.53
Glutathione (GSH) Propionyl-cysteiny 1-glycine Yes 3.42 £ 0.29
WR-2721 (Ethiofos) NHHCH~”-NH-fCH”-SPO~ No Ineffective
WR-1065 NH2-(CH2)3-NH-(CH2)2-SH Yes 8.18 + 0.53
WR-3689 CH3-NH-(CH2)3-NH-(CH2)2-SP03H2 No Ineffective
WR:151326 CH3-NH-(CH2)3-NH-(CH2)3-SH Yes 12.14 + 0.61
*: No Data

Platelet-rich-plasma (PRP) was prepared from rat blood as described in Methods. Stirred PRP samples
(0.5 ml) were incubated with the radioprotective drugs at 37 °C for three minutes before the addition of
25 fimol/1 adenosine-diphosphate aggregating agent. Anti-aggregating dose-effect curves were completed
using five different concentrations of each compounds and ICso* concentrations were computed. Average
values represent the means + SD of at least three different experiments with multiple determinations.
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a: Time course of the PGI3stimulation

Fig. 1. Effect of adenylate cyclase stimulation by prostacyclin (PGI2) on the cAMP content of rat blood

platelets. Aliquots of rat blood platelets were incubated without or with elevating concentrations (a) of

prostacyclin (PGl2) for different time (b), and platelet cCAMP content was determined. Based on these

results, a one-minute incubation with 100 ng/ml PGIl2 was applied further on to reach optimal stimulation
of platelet adenylate cyclase
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WR 1065 concentration (mmol/l)

a: Rat blood platelets

b: Rabbit blood platelets

Fig. 2. In vitro effect of WR 1065 on the cAMP content of blood platelets in rats and rabbits. Aliquots of
rat and rabbit washed platelet suspensions were incubated with elevating concentrations of WR-1065 at
37 °C for 10 min. In order to stimulate platelet adenylate cyclase, 100 ng/ml prostacyclin was added to one
of the series of the incubates at the end of the ninth minute. In case of rabbit platelets, a further series was
also included, using 0.1 mmol/l I-methyl-3-isobutylxanthine (MIX) as phosphodiestrase inhibitor to avoid
the subsequent cAMP metabolism. The values are expressed as the percent of controls to facilitate the
comparison of the effect of WR-1065 on the cAMP levels measured without and in the presence of PGl2.
Controls were incubated under the same conditions as treated samples but without WR-1065. For the
absolute values of the appropriate controls, see the text

Acta Physiologica Hungarica 83, 1995



396 Gy. Horvéth and A. Takats
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Fig. 3. In vitro effect of WR-1065 on the SH-content of rat blood platelets. Platelet suspension was

incubated with elevating concentration of WR-1065 for 10 minutes at 37 °C under continuous stirring.

Aliquots taken from the incubates were immediately cooled down to 0 °C and platelets were separated by

an Eppendorf-type centrifuge. Total (T-SH) and non-protein (NP-SH) thiol content of the platelets were

determined as described in Methods. Protein-bound thiol (PB-SH) content was computed from the above
two values

Time and concentration dependent changes of the total (T-SH), non-protein (NP-
SH) and protein-bound (PB-SH) thiol contents are depicted in Fig. 3 after incubating
rat blood platelets with WR-1065 in vitro.

The drug uptake by the platelets seems evident even from the time and
concentration dependent increase of the total and non-protein thiol content of the
centrifuged and washed-out platelet pellet. Considering the mean volume and protein
content of platelets, one can conclude that platelets are able to concentrate WR-1065
inside, i.e. the computed ratio of the intracellular versus outer concentration of the
radioprotector was 2-5. On the other hand, the in vitro incubation of platelets with
elevating concentrations of WR-1065 for different times did not affect the protein-bond
thiol fraction as consequently as in the case of T-SH and NP-SH. Nevertheless, the
main tendency has either remained unaffected or it has even decreased, suggesting the
formation of mixed disulfide bounds.

When platelets were incubated with WR-2721 instead of WR-1065, none of the
thiol fractions has changed significantly. However, after hydrolysing the washed-out
platelet pellet with 0.1 mol/1 HCL at 70 °C, the NP-SH content of the hydrolysate was
significantly higher in comparison with the untreated control, i.e. the phosphorothioate
derivative was taken up by platelets, as well. The reason for the in vitro ineffectiveness
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of WR-2721 on platelet function might be their inability to dephosphorylate the drug
to the effective thiol-compound (WR-1065) due to the lack of alkaline phosphatase
activity.

In order to study whether the usual radioprotective dose of WR-2721 can alter
cAMP formation in vivo, rats were treated with 200 mg/kg WR-2721 intravenously,
then ten minutes later plasma and platelet thiol fractions as well as platelet cAMP
contents were measured, respectively. Figure 4 summarizes the results of our cross-
incubation experiments aimed at proving both the in vitro and in vivo effect of the
radioprotector or its thiol derivative.

Platelets and platelet-poor plasma (PPP) samples were isolated from the treated
and control animals. As the black columns indicate in Fig. 4 both the basal and PGI2-
challenged cyclic AMP content of platelets obtained from the WR-2721 treated
animals, significantly decreased irrespective of being incubated in the PPP of either the
control or the treated animals. On the other hand, cAMP formation also damaged in
control platelets when they had been incubated in the PPP of the treated group. It

cAMP content (pmol/loS platelets)

i Control platelets AW Treated platelets

Fig. 4. Effect of WR-2721 treatment on the cAMP content of blood platelets in rats. 200 mg/kg WR-2721
was added intravenously to Wistar rats. Control animals were treated with physiological salt solution. After
10-min blood was collected, platelets were isolated by centrifugation and resuspended in calcium-free
Tyrode-Hepes buffer (pH = 7.4) containing 2 mg/ml BSA with a platelet count of 10s/ml. Platelet-poor
plasma (PPP) was also preserved for later usage as incubation medium. The same amounts of platelet
suspension and PPP were mixed and incubated at 37 °C for 10 minutes with continuous stirring in - as we
called it - cross-incubation experiments. Platelets isolated from both the control and WR-2721 treated
animals were incubated either in their own and the other group's PPP, respectively. In order to stimulate
platelet adenylate cyclase, 100 ng/m! PGIj (prostacyclin) was added to one series of incubates at the end of
the ninth min
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Fig. 5. In vivo effect of WR-2721 treatment (200 mg/kg i.v.) on the SH-content of the plasma and blood

platelets in rats. Rats were treated with 200 mg/kg WR-2721 i.v. Following a 10-min blood collection was

platelets were isolated from the plasma by centrifugation and resuspended in calcium-free Tyrode-Hepes

buffer (pH = 7.4) with a platelet count of 109ml. Total (T-SH) and non-protein (NP-SH) thiol content of

the platelets as well as platelet-poor plasma samples (PPP) were determined and expressed in nanomol/mg
protein

suggests that after ten minutes the amount of the effective, dephosphorylated thiol-
metabolite in the PPP has been sufficient to inhibit adenylate cyclase, or to increase the
cAMP metabolism by phosphodiesterase [34].

In Fig. 5 plasma and platelet thiol fractions are compared in control and WR-
2721 treated rats. In the plasma the level of all thiol fractions slightly increased in the
treated animals, however, it was not statistically significant. In contrast, under the
effect of WR-2721 treatment, the amount of protein-bound thiols and consequently the
total-SH content of the platelets markedly decreased, meanwhile their non-protein-SH
content remained unchanged.

Discussion

Our first results that confirmed the cyclo-oxigenase inhibitory and anti-
aggregating effectiveness of the best-known and formerly broadly investigated two
aminoalkylthiol radioprotective compounds, AET and MEA date back to the mid
eighties. Similar but weaker effects were observed with WR-1065 somewhat later.
Since that time, further aminoalkylthiol compounds and a few of their non-thiol
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derivatives have been studied in order to evaluate the possible involvement of the SH-
groups in this process. Indeed, their anti-aggregating effect highly related to the
presence or intactness of the free thiol groups, as it was emphasized in Table I. In the
case of the phosphorothioate compounds, such as S-2-(3-aminopropylamino)-ethyl-
phosphorothioic acid (WR-2721), or its methylamino relative, W R-3689, the
appropriate as well as effective free thiol derivatives are only formed when the
thiophosphate compound is subjected to enzymatic dephosphorylation. Nevertheless,
our previous experiments proved that although blood platelets can take up significant
amounts of WR-2721, they cannot convert it to WR-1065 due to the lack of platelet
alkaline phosphatase activity (not reported data). On the other hand, symmetric
disulfides of certain aminothiol compounds - especially cystamine - can be reduced
even by platelets, hence inhibiting their response to pro-aggregators. During these
experiments cystamine was not investigated, but previously we had found on rabbit
PRP, that its anti-aggregating effectiveness was stronger than the appropriate free-SH
derivative, cysteamine. A moderate reduction of guanido-ethyl-disulfide (GED) may
also occur in platelets resulting in some amounts of the free SH-form of AET.

The role of cyclic nucleotides in chemical radioprotection, especially their
involvement in the protective effect of aminothiol compounds is still debated, based on
the diverse and rather contradictory experimental data reported so far. Treating animals
with cAMP or dibutyryl cAMP prior to irradiation a significant protection was
provided to various tissues, including bone marrow stem cells [24] and parotid gland
[9, 27]. The increase of the survival of irradiated mice also was noted [20]. There is a
body of clear evidence supporting the existence of a direct relationship between
radioprotection provided by beta-adrenerg compounds (first of all isoproterenol), and
their stimulating action on the AC-cAMP system [8].

As for the aminothiol radioprotective compounds, the picture is not so uniform.
Langendorff et al. reported that the beta-adrenerg blocking Visken decreased the
radioprotective effectiveness of AET, cysteamine and even of the E. coli endotoxin. As
they achieved increased survival with cAMP and ATP treatment, they also suggested
that "direct relation exists between the radioprotectors and the cyclic AMP
mechanism"™ [20]. Some further results seemed to support this idea, as either the cyclic
nucleotide content or the cAMP-dependent protein phosphorylation was found to be
elevated in mouse tissues after aminothiol treatment [7]. The other half of the
experimental results rather contradict the concept of cyclic nucleotide involvement in
aminothiol radioprotection. Sodicoff et al. found that the radioprotection conferred by
WR-2721 was not reduced by propranolol, showing that the beta-adrenerg receptors
and consequently the AC activation played no part in WR-2721's action [28]. Trocha
et al. observed a fluctuation with dominating decrease in cyclic nucleotide levels of rat
liver and spleen after ip. administration of WR-2721 [36, 37]. It was also reported that
iv. infusion of WR-2721 decreased the urinary excretion of cCAMP in a patient with
parathyroid carcinoma [15]. In vitro, 0.02-2.0 mmol/1 WR-2721 caused a progressive
decrease in intracellular cAMP in dispersed bovine parathyroid cells. In plasma
membranes of the same cells a dose-dependent decrease in AC-activity was noted. WR-
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2721 inhibited both basal and NaF, Gpp(NH)p, forskolin and pertussis toxin-
stimulated adenylate cyclase [40]. Finally, in contrast to the in vivo cAMP elevation,
neither AC nor cAMP phosphodiesterase activities of membrane preparations from
various tissues had been affected by the in vitro administration of aminothiol
radioprotectants [26]. These results suggest rather an indirect (due to occasional beta-
adrenerg stimulation as pharmacological side-effect of some aminothiols) influence on
the AC-cAMP system than a direct stimulation of the enzyme complex.

In our experiments we found that both the basal cAMP content of blood platelets
and the effectiveness of the in vitro prostacyclin stimulation decreased following the
intravenous administration of 200 mg/kg WR-2721. In contrast to the moderate
increase of plasma thiols, platelet T-SH and PB-SFI content also decreased at the same
time.

In vitro WR-1065 - the thiol-derivative of WR-2721 - within the dose-range of
0.025-0.5 mmol/l did not affect the basal cAMP content of platelets, while the
prostacyclin-induced AC stimulation increased. In the case of higher WR-1065
concentration both the basal and especially the stimulated cAMP levels dropped in a
dose-dependent maimer. In addition to the AC inhibition, the amount of protein bound
thiols also decreased.

It is known that the different subunits of AC complex (the stimulatory and
inhibitory G proteins, catalytic subunit) contain a significant amount of SH amino
acids, especially cysteine. Reduction of the disulfide bounds of the inactive enzyme by,
for example, prostaglandins or other reducing agents seem to be essential for activity
and stimulability [22]. In contrast, thiol blocking agents such as N-ethyl-maleimide
cause the non-specific inhibition of AC-complex [31, 32]. Our results suggest that
aminothiol radioprotective compounds may also exert their AC-blocking effect by the
so-called 'mixed-disulfide’ forming mechanism [3]. The increased stimulability of AC
caused by low WR-1065 concentrations also suggests the existence of unevenly
sensitive compartments within the enzyme complex. On the basis of our results,
obtained on chicken embryo brain membrane preparate [32, 33], inhibitory G proteins
of the AC complex are supposed to be the most sensitive ones against thiol blocking.
At higher radioprotector concentration the inhibition tends to become more general
resulting in the progressive decrease of platelet cCAM P content.

Since WR-1065 concentrations necessary to inhibit platelet aggregation also
decrease the AC activity and consequently the cAMP content, it is more likely that
other mechanisms than AC-system are responsible for the anti-aggregating effect of
aminothiol compounds.
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The effects of acute and chronic inhibition of endothelium derived relaxing factor
(EDRF/NO) synthesis were investigated on the intrarenal blood flow in anaesthetized rats.
Nu-nitro-L-arginine methyl ester (L-NAME, 10 mg/kg) was used for inhibition of NO-synthase.

In acute experiments L-NAME was infused, while in chronic experiments L-NAME
(4-day pretreatment) was dissolved in the drinking water. Blood flow was measured by
86-Rubidium accumulation method.

Renal blood flow decreased markedly after both acute and chronic L-NAME treatment.
(Acute: RBF-control: 679+122, RBF-L-NAME: 333+65 ml/min/100 g, pCO.Ol; Chronic:
RBF-control: 527+133, RBF-L-NAME: 315+75 ml/min/100 g, p<0.01). The consequences of
the NO-synthase blockade are different in the cortical and medullary vessels. The increase in the
vascular resistance in the medulla (in acute experiments 228%, R-control: 2.76+0.76,
R-L-NAME: 9.08+4.36 R, p<0.01; in chronic experiments 113%, R-control: 3.89+1.20,
R-NAME: 8.31+3.75 R, p<0.01) is appreciably greater than in the cortex (acute blockade:
112%, R-control: 1.12+0.29, R-L-NAME: 2.38+0.47 R, pCO.Ol; chronic blockade: 62%,
R-control: 1.61+1.03, R-L-NAME: 2.61+0.61 R, pCO.Ol).

The percentile distribution of intrarenal blood flow shifts from the medulla toward the
cortex following acute NO-synthase blockade (MBF-control: 16.8+1.11%; MBF-NAME:
12.3+2.66%, pCO.Ol). The proportion of cortical and medullary blood flow remains unaltered
after chronic NO-synthase inhibition.

Conclusion: The nitric oxide plays an important role in determining the renal, cortical
and medullary blood flow. The effect of EDRF in influencing the vascular resistance is more
pronounced in the medulla than in the cortex.
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It has been proved by a great number of investigations the after inhibition of
endothelium derived relaxing factor (EDRF/NO) synthesis the renal blood flow
decreases as a consequence of an elevated renal vascular resistance. The decrease of
blood flow was established after acute inhibition of nitric oxide synthesis in vivo [5-7,
9, 10] and in vitro [8], and following chronic inhibition of synthesis, too [3, 12]. The
renal vasoconstriction following the diminution of nitric oxide synthesis has been
described to be independent of the experimental conditions (either in anaesthetized [5,
4, 10] or in conscious [2, 3, 12] animals).

The studies mentioned above contain no data concerning the regional renal blood
flow (intrarenal circulation). Factors influencing the intrarenal haemodinamics are of
importance, since sodium and water output of the kidney can be influenced per se by
change of distribution of the cortical and medullary blood flow.

Therefore, in the present study the renal, cortical and medullary blood flow were
simultaneously investigated after treatment with nitric oxide synthesis blocker
L-NAME (N~-nitro-L-arginine-methyl ester) either as a bolus injection (acute
experiment), or in the drinking water for four days (chronic experiment).

The following questions arose
¢ Are the consequences of nitric oxide synthase inhibition in the cortical and

medullary vessels during acute and chronic synthesis-blockade the same?
¢ Is there any alteration in the distribution of intrarenal blood flow following acute
and long term blockade of nitric oxide synthesis?

Materials and Methods

The experiments were carried out in female Wistar rats weighing 200-250 g. Before the
experiments rats were fed a normal diet and tap water ad libitum. The animals were divided in four groups.

1. Acute experiment

These experiments were carried out in sodium penthobarbital anaesthesia
a. L-NAME-treated rats (n= 10)
L-NAME was infused (10 mg/kg/7.5 ml 0.9% NaCl/30 min).
b. Control group (n= 11)
The animals were infused with saline (7.5 ml 0.9% NaCl/kg/30 min)

2. Chronic experiment

The animals were kept in individual cages for four days.
a. L-NAME-treated animals (n= 16)
The drinking water contained L-NAME (0.1 mg L-NAME/ml H20). As the mean daily
water intake of the rats amounted 9.47+3.41 ml/100g, the calculated mean L-NAME
uptake of the animals was about 10 mg/day.
b. Control group (n= 13)
Animals were kept on a normal diet and tap water ad libitum.
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The circulatory parameters in the chronic experiments were estimated on the fifth day in the same
manner as they were in the acute experiments described later.

Bloodflow investigations
Surgery

In anaesthesia (sodium penthobarbital 42 mg/kg) from cervical midline incision the right external
jugular vein and the left common carotid artery were exposed, and a polyethylene cannula was introduced
into the right atrium through the right external jugular vein. The cannula inserted into the common carotid
artery served for measuring the mean arterial blood pressure and for collecting blood samples. The mean
arterial blood pressure was continuously measured by an electric manometer (Medicor EM-61) and
recorded (Radelkis OH-827). Blood clotting was prevented by heparin (250 U/kg, i.v.). The infusion was
given into a tail vein after the stabilization of mean arterial blood pressure.

Cardiac output, renal and intrarenal blood flow was determined 30 min after starting the infusion.
86-RbCI (0.5 MBq) dissolved in 0.15 ml physiological saline was injected via the jugular cannula into the
right atrium, and arterial blood samples were collected at a rate of 0.75 s for 10 s. In the 90th sec following
86-Rb administration animals were decapitated and the kidneys were removed. Renal cortical, external and
internal medullary zones were separated under macroscopic control. The radioactivity of blood samples and
kidney specimens were determined by Beckman gamma scintillation counter. Among the experiments those
were evaluated, in which the decrease of the blood pressure following the blood sample collection was less
than 10 mmHg.

Calculations

Cardiac output was estimated on the basis of Stewart-Hamilton's principle [15], renal and intrarenal
(cortical and medullary) blood flow was calculated according to Sapirstein [14] using the following
equation:

co. orBF X

where

CO: cardiac output

BF:  blood flow (renal, cortical or medullary)

Q: - radioactivity injected (at the calculation of cardiac output, cpm)

- the radioactivity of the kidney, or the cortex, or the medulla (at the calculation of renal,
cortical or medullary blood flow, cpm/100 g)

The denominator represents the area of the first arterial dilution curve during the first circulation.

The renal fraction of cardiac output (%) was calculated as a quotient of radioactivity of the kidney and
the radioactivity injected.

The total peripheral resistance (TPR) was calculated as a quotient of the mean arterial blood pressure
and the cardiac output. The renal, and regional vascular resistances were calculated as a quotient of
mean arterial blood pressure and renal, or cortical, or medullary blood flow.

The percentile distribution of renal blood flow was calculated assuming that the renal cortex is 69%,
the outer medulla is 28%, and the inter medulla is 32% of the kidney mass.

Statistics

Values are given as means + SD. Data were analysed by analysis of variance. Student's unpaired
/-test was used where appropriate. Statistical significance was considered to be p<0.05.

Acta Physiologica Hungarica 83, 1995



406 J. Bartha et al.

Results

1. Effect ofa single dose ofL-NAME (acute experiment) on the renal and intrarenal
bloodflow (Table I)

The mean arterial blood pressure and the TPR increased, the cardiac output
decreased significantly following L-NAME infusion.

The renal blood flow diminished to 49 % of the control value under the effect of
L-NAME treatment (RBF-control: 697+122; RBF-L-NAME: 33365 ml/min/100 g,
p <0.001). The renal and cortical blood flow decreased in equal proportion (51 %), but
the decrease in the medullary blood flow (to 37 % of the control level) was greater than
the decrease in the cortical blood flow (MBF-control: 349+86, MBF-L-NAME:
130+50 mI/min/100 g, p<0.001).

After L-NAME infusion the renal vascular resistance was enhanced by 114%
while the cortical vascular resistance by 112%, respectively, but the increase of the
medullary vascular resistance (228%) was remarkably greater than the cortical one.
(R-medulla-control: 2.76+0.76, R-medulla-L-NAME: 9.08+4.36 R, p<0.01).

A larger ratio of RBF flows through the cortex in acute inhibition during
L-NAME infusion, it means, that in this case the blood flow shifts from the medulla
toward the cortex. (Intrarenal distribution of RBF. Cortex control: 83.2+1.13%,
cortex L-NAME: 87+2.66%, p<0.001; medulla control: 16.8+1.11%, medulla L-
NAME: 12.9%£2.66%, p < 0.001, respectively.)

2. Effect of long term L-NAME treatment (chronic experiment) on the renal
and intrarenal bloodflow (Table 1)

The degree of blood pressure elevation was the same on the occasion of chronic
NO-synthase blockade than it was observed during acute synthesis blockade. The
diminution of cardiac output (to 59% and 64% of the control level), and the increase
in the TPR (by 82% and 85% as compared to the control level) are practically the
same in acute and chronic nitric oxide blockade in spite of the fact that the controls in
the two types of experiments differ from each other. (CO acute-control: 33.1 £7.95,
CO chronic-control: 22.8+4.13 ml/min/100 g, p<0.001; TPR acute-control:
29.5+£10.6 R, TPR-chronic-control: 39.9+7.67 R, p<0.02.)

The renal, cortical and medullary blood flows decrease under the effect of
chronic L-NAME treatment, but this decrease was slighter than that observed in acute
experiments. The decrease in the renal and regional blood flow was proportional in
chronic experiments (to 59% of the control level in the kidney and the cortex, and to
55% in the medulla) in contradiction with the acute experiments where the inhibition
of acute nitric oxide synthesis fades to induce a proportional diminution in renal and
regional blood flows.
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Tabic |

Effect ofacute and chronic L-NAME treatment on the intrarenal haemodynamics

Acute Chronic
Control, n = 11 Name, n m 10 Control, n * 13 Name, n = 16
x+ SD x+SD X+ SD x+ SD
Blood pressure 150+ 13.7 166+6.21* 150+19.8 167+13.6 +
Cardiac output 33.1£7.95 19.6+4.72** 22.8+4.13 14.6+4.69+ +
TPR 29.5+ 10.6 53.8+12.9** 39.9+7.67 74.2+21.3+ +
RBF 679+122 333+65.7*%* 527+133 315+75.2+ +
CBF 850+181 435+ 65.7** 674+173 403+91.5++
MBF 349+ 86 130+50** 254+79 140+ 51 + +
R-kidney 1.38+0.32 3.10+0.62** 1.81+0.49 3.34+081 + +
R-cortex 1.12+0.29 2.38+0.47** 1.61+ 1.03 2.61+0.61 +
R-medulla 2.76+0.76 9.08 +4.36* 3.89+1.20 8.31£3.75+ +
Renal % of CO 13.4+1.64 12.3+1.89 13.6+2.02 12.9+2.62
Intrarenal distribution

Cortex % 83.2+1.13 87.1+2.66** 84.2+2.34 85.5+3.42
Medulla % 16.8+1.11 12.9+2.66** 15.7+2.34 145+ 3.40
* Acute experiment, NAME vs. control *p<0.01  **p<0.001
+ Chronic experiment, NAME vs. control +p<0.01 ++p<0.001
Cardiac output, blood flow: ml/min/100 g
TPR, R: mm HgXmC'xsxkg-1 Blood pressure: mm Hg

As a result of the chronic L-NAME administration a 113% increase in the
vascular resistance of the medulla could be recorded. (R medulla-chronic-control:
3.89+1.20R; R medulla-chronic-L-NAME: 8.31 £3.75 R, p<0.01). This increase is
significantly smaller than it has been established in the acute experiment (228%b).

From the results described above follows that the chronic inhibition of NO-
synthase fails to influence the distribution of cortical and medullary blood flow (no
blood flow redistribution), while this influence after an acute NO-synthase blockade
can be observed (intrarenale blood flow redistribution).

Discussion
In the present study the acute inhibition of nitric oxide synthase decreased the
renal blood flow to 49% of the control value, while the blood pressure increased.

These findings are in good agreement with the results of Tolins et al. [16],
Beierwalters et al. [4] and Baumann et al. [1]. In their experiments the renal blood
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flow decreased, the mean arterial blood pressure increased and they have concluded,
that a basal secretion of nitric oxide has a tonic effect on the resistance vessels of the
kidney [1].

According to our simultaneous investigation in the cortex and the medulla the
vasoconstriction induced by a single dose of L-NAME proved to be more pronounced
in the medulla than in the cortex: the vascular resistance increased by 112% of the
control value in the cortex and by 228% of that in the medulla, respectively.
According to the altered vasoconstriction in the cortex and medulla the decrease of the
regional blood flow was different, too: the decrease of the medullary blood flow
exceeded the decrease of the cortical blood flow. Following a single dose of L-NAME,
the percentile distribution of the intrarenal blood flow indicates a shift from the
medulla towards the cortex.

Only a few experiments investigating the blood flow in the renal cortex and
medulla after nitric oxide synthase blockade have been known so far. A 39.5%
decrease of the blood flow in the outer renal cortex has been reported by Chen at al.
[2] in anaesthetized rats after NLA infusion, while a 29% decrease of renal cortical
blood flow has been found by Walder et al. [17] using an other blocker of nitric oxide
synthase. In our experiments a 51% decrease of the total renal cortical blood flow
could be recorded. According to Majid et al. [10] the intrarenal infusion of NLA
caused a 25% decrease of the renal outer cortical blood flow in dogs. The renal
medullary blood flow was not determined in the experiments above.

The renal medullary blood flow has been investigated by Mattson et al. [11]
with an excellent special technique. It was found that the medullary vasodilation
following bradykinin is nitric oxide dependent. This study, however, does not include
data concerning the cortical blood flow.

To our knowledge we determined at first in the same kidney simultaneously the
cortical and the medullary blood flow investigating the role of nitric oxide. It was
found that the acute blockage of the nitric oxide synthase shifted the blood flow to the
cortex from the medulla (intrarenal redistribution of renal blood flow).

Following a semi-chronic (4 days) L-NAME administration the decrease of renal
blood flow was smaller than in acute experiments, although the decrease of renal blood
flow was 59% vs. control after a 4-day pretreatment. The enhancement of the vascular
resistance in the medulla was smaller than after acute nitric oxide synthase inhibition.
The difference is especially large in the medulla: in chronic experiments the increase in
the medullary vascular resistance proved to be only 113%, vs. to the 228% measured
in the acute investigations.

In chronic experiments a lower plasma level of L-NAME might cause a smaller
increase of renal and regional vascular resistance. (In acute experiments 10 mg
L-NAME/kg b.m. was infused in 30 min, while in chronic ones a daily dose of 10 mg
L-NAME/kg b.m. was taken in the drinking water.) The enhancement of TPR,
however, was the same in the two series (82% or 85%). It seems that the increase in
the vascular tone after acute or chronic inhibition of nitric oxide synthase is similar in
most of the organs, but not in the kidney. In the kidney, especially in the medulla, the
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vessels are less sensitive to the decreased secretion of nitric oxide if the nitric oxide
synthesis is chronically blocked; or other vasoconstrictor effects may be involved in
the case of acute nitric oxide synthase inhibition, too.

The mechanism of the various vasoactive effects of acute and chronic L-NAME
treatment is not known yet. Our results presented fail to clarify it; the aim of this study
has been only to describe this phenomenon.

The vasoconstrictor effect of L-NAME lasts long. Long-lasting high blood
pressure (Pm =170 mm Hg) developed in the experiments of Ribeiro et al. [13], in
which rats were infused 50 mg L-NAME/day for 4-6 weeks. A five-day long
L-NAME infusion into the renal medullary interstitium of conscious dogs caused a
selective decrease (30%) in medullary blood flow, a rise in blood pressure and sodium
retention in the investigation of Mattson et al. [12]. They supposed that the medullary
NO plays an important role in the regulation of renal blood flow, sodium excretion and
blood pressure. In our experiments a higher decrease of medullary blood flow (45%)
was obtained after a 4-day L-NAME pretreatment. The difference could be explained
by  species differences (dog-rat), dissimilar  experimental conditions
(conscious-anaesthetized) and various application of L-NAME (infusion-per 0s).

In conclusion, the acute and chronic inhibition of nitric oxide synthase is
followed by a pronounced increase of the renal and renal regional vasoconstrictor tone.
The decrease of renal, cortical and medullary blood flow is higher in the case of acute
nitric oxide synthase blockade. The redistribution of intrarenal blood flow to the cortex
develops only in acute but not in chronic inhibition of nitric oxide synthase.
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In memoriam Tibor Kovacs (1929-1994)

We are saddened and terribly shocked by the news of the sudden death of
Professor Tibor Kovacs who was active for over 40 years at the Department of
Physiology, University Medical School, Debrecen, Hungaty.

He was bom in Debrecen and after finishing the primary and secondary schools,
he studied medicine at the University Medical School, Debrecen. He got his M.D.
degree in 1954. Professor Kovacs obtained two further scientific degrees from the
Hungarian Academy of Sciences, Ph.D. in 1968 and D.Sc. in 1980.

As a student he became coworker of Professor Went and was researching the
possible role of humoral counterregulation in the cardiovascular system. Later on
Tibor Kovacs was involved in comparative physiological, biochemical and
immunological studies on contractile proteins of striated muscle under different
conditions. Professor Kovacs's main research topic was the study of both passive and
active ion transport processes in the skeletal muscle and in the heart. In the last period
of his life he turned toward investigating the changes in ion transport processes,
excitability and contractility of different types of muscle in streptozotocin induced
diabetes. Over 200 publications, posters, oral presentations and 3 books reflected his
activity.

In 1972-73 Tibor Kovacs was a research fellow of Richard D. Keynes at the
ARC Institute of Animal Physiology, Babraham, Cambridge. From this time on he
built fruitful relations with many leading representatives of physiological and
molecular biological research.

He was also a very good and highly popular organizer, lecturer, chairman and
speaker at many conferences and symposia in different professional meetings in
Hungary or anywhere abroad.

He, as one of the staff-members of the Physiological Department, had interest
not only in broadening the scientific theoretical background of students, but also in
preparing them for the next century, making their knowledge versatile and capable of
development. He extended his activities to the postgraduate, and later to postdoctoral
education, attracting many young scientists from abroad.

He was the first head of the Educational and Admission Office of his University
helping foreign students not only in their studies but in all aspects of life. Several years
ago he was elected president of the Membrane Transport Division of the Hungarian
Physiological Society and that of the curatory of the foundation in the memory of
Professor Gy. Romhanyi to support a honourable membrane researcher every year for
delivering a plenary lecture at the Membrane Transport Conference in Simeg. His had
distinctive merits in the maintenance of our interdisciplinary meetings.

He could visualize the future direction of medicine and education. His personal
dedication highly contributed to disseminating knowledge, promoting the welfare of

0231-424X /95 /$5.0001995A kadém iai Kiadé, Budapest



412 A. Kovér and J. Somogyi

the society and a better understanding between people all over the world. He fought
for these goals in all walks of life: as a simple member or as president of various
scientific societies or even as initiator to organize conferences. He was also a good and
devoted husband, father, grandfather.

During his life he was many times honoured with several awards, medals,
acknowledgements, scientific grants evaluating his professional activity and his
personalments.

For him the fight ended in the December 1994, and we must say that he emerged
victoriously. He had accomplished many things in life - more than one can hope for -
even though he probably wished to do more. Losing him has been a painful blow that
one can never recover from. We only hope that we will be capable of following in his
footsteps and fulfilling the dreams he could not.

The following papers are dedicated to the memory of our friend and colleague,
Tibor Kovécs.

Andras Kovér Janos Somogyi
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In memoriam Ferenc Varga (1929-1994)

Ferenc Varga was bom on April 20, 1929 in Péterréve. After the primary and
secondary schools he studied at Pécs University and got his M.D. degree in 1954. He
began working in the Department of Pharmacology already as a medical student and
was working there really up to the last minute of his life. He was appointed chairman
of the Department of Pharmacology at University Medical School of Pécs in 1975.
During the years of his chairmanship (1975-1994) he created a friendly but stimulating
environment. He was very patient and helpful with all members of the staff and
faculty, especially with young colleagues and coworkers. He was a member of the
leadership of University Medical School of Pécs for six years (1985-1991). He was
extremely successful in the organization and management of research work in different
fields of medical sciences.

His research area was the study of the role of pharmacokinetic parameters in
drug actions, especially the investigation of intestinal absorption, biotransformation
and biliary excretion of drugs. The study of these questions are closely related to
problems of toxicology, therefore he was an active participant of scientific meetings of
toxicology, as well. For several years he was the president of the Hungarian
Toxicological Society.

Ferenc Varga was one of the 13 researchers who founded the Hungarian
Membrane Transport Conferences. His contribution to the organization and
continuation of this conference series proved to be very significant.

The teaching activity of Ferenc Varga was really excellent and unforgettable for
the medical students and his colleagues, as well. He was a rigorous and consistent
teacher, he tried to reach and keep the highest level of teaching activity of the
Department of Pharmacology with undiminished energy. The students realized and
respected his effort and personality. He received the posthumous appreciation "The
best lecturer of the University Medical School of Pécs".

Ferenc Varga died suddenly on August 29, 1994. He was 65 years old and full
of energy and plans. After the termination of his chairmanship he hoped to devote
more time to summarizing some aspects of his research and teaching activity and to
enjoying more family life with his wife, children and lovely grandchildren.
Unfortunately, he was already unable to realize these ideas. His loss is most acutely
felt by those of us who knew him personally and respected his honest and modest
personality, but his loss is felt by several generations of medical students, as well.

Emil Fischer
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In memoriam Lysle Henry Peterson
(1920-1994)

Honorary Member of the Hungarian Physiological Society

Lysle Henry Peterson, M.D., died November 11, 1994, while visiting in
Baltimore. Bom Minneapolis, Minnesota, January 21, 1920, the son of Oscar Emil
and Lucy Ireland Peterson. He graduated from the University of Minnesota in 1943,
served in the U.S. Navy in the Pacific Theater during World War Il and graduated
from the University of Pennsylvania School of Medicine in 1950 where he served as a
member of the faculty for more than 25 years. During this period he was director of
the Bockus Research Institute and the Philadelphia City Science Center. He then served
as Vice President of the University of Texas Health Science Center in Houston and
later as Chairman of the Houston Cardiovascular Rehabilitation Center. During his
long professional career he was the recipient of many honours, including honorary
membership in scientific organizations in Hungary, Czechoslovakia, Argentina,
France, Mexico and the Philippines. He was recently made an honorary citizen of
Hungary. He was a Fellow of the American College of Cardiology and was President
of the International Society of Cardiology, 1975-76. He was a Board member of the
Downtown Kiwanis Club and a member of the Houston Committee on Foreign
Relations, which he chaired in 1993-94. He was a member of the Texas Corinthain
Yacht Club, the Houston Yacht Club and the Cosmos Club, Washington, D.C. Dr.
Peterson was the author of more than 150 scientific articles and of a major textbook on
cardiovascular rehabilitation. He is survived by his wife, Sara Meredith Peterson; his
children, Christopher, New Orleans; Nancy Hallett and her husband, Robert,
Baltimore; Douglas, London, England; and Hope, Houston; his grandchildren, and
nephews. Dr. Peterson’s contribution to the field of cardiovascular physiology both as
scientist and organizer is recognized worldwide. His attention toward his Hungarian
colleagues and friends has always been highly appreciated. The members of the
Hungarian Physiological Society shall keep his memory.

Emil Monos M.D.
President of the
Hungarian Physiological Society
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