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Abstract: Nitric oxide (NO) is a widespread biological mediator involved in many physiological
and pathological processes, eg, in the regulation of vascular tone and hypertension. Chronic
inhibition of NO synthase by N¢-nitro-L-arginine methyl ester (L-NAME) hydrochloride results
in the development of hypertension accompanied by an increase in vascular responsiveness to
adrenergic stimuli. Recently, we developed a novel sulfur-containing angiotensin-converting
enzyme inhibitor: 3-(3-thienyl)-L-alanyl-ornithyl-proline (TOP). Our previous studies indicated
a superior nature of the molecule as an antihypertensive agent in spontaneously hypertensive
rats (showing the involvement of renin—angiotensin—aldosterone system) in comparison to
captopril. The aim of the present study was to investigate the effect of TOP on NO pathway
in L-NAME-induced hypertensive rats, and captopril was included as the standard treatment
group. Treatment with both TOP (20 mg/kg) and captopril (40 mg/kg) prevented the develop-
ment of hypertension in L-NAME model, but TOP showed better restoration of NO and normal
levels of angiotensin-converting enzyme. In addition, in vitro vasorelaxation assay showed an
improvement in endothelium-dependent vasodilation in both the cases. Further, the biochemical
(malondialdehyde, alanine aminotransferase, and aspartate aminotransferase) and the histopatho-
logical effects of TOP on rat liver tissues revealed a protective nature of TOP in comparison
to captopril in the L-NAME model. In conclusion, TOP at 50% lesser dose than captopril was
found to be better in the L-NAME model.
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Introduction

Hypertension affects ~33% of the population of the USA aged =20 years and more than
one billion people throughout the world with increasing prevalence among children.
It brings, along with it, an increasing risk of concomitant diseases such as cardiovas-
cular diseases, stroke, and kidney disorders.!? Renin—angiotensin system (RAS) plays
a vital role in the regulation of vascular function and blood pressure® and, therefore,
provides potential target sites for the development of antihypertensive drugs. An
example of such a target site is angiotensin-converting enzyme (ACE), ACE which is
a membrane-anchored zinc metallopeptidase whose levels are increased in hyperten-
sion and cardiovascular disorders such as myocardial infarction and atherosclerosis.
ACE inhibitors such as captopril have been adopted as a preferred therapy to treat the
aforementioned disorders. In addition to the inhibition of ACE, it prevents the break-
down of bradykinin, a potent endothelium-dependent vasodilator,* further decreasing

submit your manuscript
Dove

http:

Drug Design, Development and Therapy 2016:10 15331542 1533
© 2016 Seth et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY NG

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/DDDT.S77761

Seth et al

Dove

the blood pressure. Although the elevated bradykinin levels
were not always found during ACE inhibitor treatment, the
increased bradykinin production was accompanied in most
of the cases by a potential enhancement of subsequent nitric
oxide (NO)® and prostaglandin synthesis,* leading to vasodila-
tor effect. Among the currently available ACE inhibitor, cap-
topril inhibits ACE by chelating Zn in the active site, which
is involved in the hydrolysis of angiotensin I. However, the
oxidation of the free mercapto group limits its usability due
to a number of side effects such as dry cough, skin irritation,
angioedema, and multiple dosing due to less bioavailability.”
Hence, a novel peptidomimetic ACE inhibitor, 3-thienylala-
nine-ornithine-proline (TOP), devoid of free sulthydryl group
was designed and synthesized in our laboratory.® The presence
of a cyclic sulfur-containing ring and an unnatural amino acid
ornithine confer resistance against proteolysis.

Despite the RAS system, L-arginine NO° pathway plays
a major role in the regulation of blood pressure. It is an
important regulatory system in the circulation and a well-
established regulator of cardiovascular system.!®!" Endog-
enous NO is synthesized in vascular endothelial cells by the
conversion of L-arginine to L-citrulline using the enzyme NO
synthase." NO is continuously released from the endothe-
lium and participates in the regulation of vascular tone.'?
In addition to its direct effect on the vasculature, NO also
modulates sympathetic neurotransmission.' In fact, it is an
acetylcholine (ACh) receptor that relies on NO mechanism
to cause vasorelaxation. In addition, there are several other
agents (histamine, bradykinin, 5-hydroxytryptamine, throm-
bin, etc) that produce relaxation of arteries either by direct
action on the smooth muscles or by indirect action mediated
by the activation of endothelial receptor, the indirect action
being stronger than the direct one.'* Chronic administra-
tion of L-arginine analog, N%-nitro-L-arginine methyl ester
(L-NAME), blocks all three NO synthase isoforms of the
pathway, resulting in increased blood pressure and oxidative
stress in rats,’ and hence forms a well-established model of
experimental NO-deficient hypertension.

Oxidative stress has been reported to be involved in the
pathophysiology of various forms of hypertension.'> The
principle free radicals, such as superoxide (O,), hydroxyl
(OH), and peroxyl (COO-) radicals, play major roles in tissue
damage. The damage may be qualitatively determined by the
measurement of the levels of malondialdehyde (MDA), which
is a product of membrane lipid peroxidation. Further, to assess
liver damage, the levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) can also be monitored.

In our previous studies on spontaneously hypertensive
rats (SHRs), TOP showed a significant and an extended

antihypertensive action than captopril. In spite of decreasing
the ACE levels that are highly elevated in SHRs,” it increased
the levels of various oxidative parameters such as NO levels
and antioxidants such as superoxide dismutase, catalase, and
glutathione, thereby indicating the involvement of TOP in
another pathway known as L-arginine NO pathway.’ Further,
in 1996, Bernatova et al'® reported that the chronic admin-
istration of ACE inhibitor such as captopril prevents the
development of L-NAME-induced hypertension indicating
the role of ACE inhibitors in the NO pathway.

The aim of the present study was to 1) investigate the
role of thiophene-ring-containing peptidomimetic TOP in the
L-arginine NO pathway using L-NAME-induced hypertension
model in rats by various biochemical parameters (NO and
ACE levels), endothelial nitric oxide synthase (eNOS) expres-
sion studies, and in vitro functional assays (thoracic aortas)
and 2) compare its hepatotoxicity with the standard sulfur-
containing compound captopril using various biochemical
(MDA, ALT, and AST) and histopathological studies.

Materials and methods

Peptidomimetic synthesis

TOP was synthesized by the solid phase method using ACT-90
peptide synthesizer (Advance ChemTech, Louisville, KY,
USA) with the standard chemistry of 9-fluorenylmethoxycar-
bonyl amino acids (Novabiochem; Laufelfigen, Switzerland)
and 1-hydroxybenzotriazole/diisopropylcarbodiimide activa-
tion method on the chlorotrityl resin.® The peptide was purified
on semi-preparative reverse phase high-performance liquid
chromatography (Waters 600) by using a reverse phase C18
column (mBondapak 10 mm, 7.8x300 mm; Waters Corpo-
ration, Miliford, MA, USA with a 40-minute linear gradient
from 10% to 50% acetonitrile; containing 0.05% trifluoroa-
cetic acid) in water. The mass analysis was performed in a
linear positive ion mode by (matrix-assisted laser desorption/
ionization-time of flight)/time of flight (Bruker Optik GmbH,
Ettlingen, Germany) with 2,5-dihydroxybenzoic acid as the
matrix. The peptide sequence was confirmed by automated
peptide sequencing (Procise 491; Thermo Fisher Scientific,
Waltham, MA, USA).

Experimental animals

Male Wistar rats, 180-200 g, were housed two per cage in
polyethylene cages and kept on a 12-hour light/dark cycle at
25°C+£2°C. They were given standard rat chow and water ad
libitum. They were kept in accordance with the guidelines of
the Committee for the Purpose of Control and Supervision
of Experiments on Animals, India, and the Animal Ethical
Committee of the Institute of Genomics and Integrative
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Biology (New Delhi, India). The rats were divided into six
groups of six animals each. The first group served as the
control. The second group was given L-NAME at a dose
of 40 mg/kg per day (L-NAME group). The third group
was simultaneously treated with L-NAME at a dose of
40 mg/kg per day and TOP at 20 mg/kg per day (L-NAME
+ TOP group). The fourth group was treated with L-NAME
at a dose of 40 mg/kg per day and captopril at 40 mg/kg
per day (L-NAME + captopril group). The fifth group was
treated with TOP at a dose of 20 mg/kg per day (TOP
group), and the sixth group (n=6) was given captopril at a
dose of 40 mg/kg per day (captopril group). The substances
were dissolved in tap water and given orally via gavage for
5 weeks. Systolic blood pressure (SBP) was measured by
noninvasive tail-cuff plethysmography (ADInstruments,
Sydney, NSW, Australia) at the end of first, third, and
fifth weeks. At the end of the fifth week, the animals were
sacrificed by intraperitoneal administration of thiopentone
(300 mg/kg), and the heart, aorta, brain, and kidney were
excised and used for biochemical, molecular, organ bath,
and histopathological studies. Blood sample was collected
for biochemical assays.

Estimation of biomarkers

NO levels were measured in rat plasma using Nitric Oxide
Detection Kit (iNtRON Biotechnology, Inc., Seongnam-si,
Gyeonggi-do, Korea), which is based on the diazotization
assay (Griess method)."” Standard protocols were used to
measure the ACE activity's and enzymatic antioxidants such
as MDA levels."” The levels of (MDA) were determined
using Teco Diagnostics kit (Teco Diagnostics, Anaheim,
CA, USA). All the measurements were performed using
SpectraMax Plus384 Spectrophotometer (Molecular Devices
LLC, Sunnyvale, CA, USA).

In vitro experiments: vascular responses

Rats weighing between 200 and 300 g were sacrificed under
deep anesthesia (thiopentone; 300 mg/kg body weight
intraperitoneally). Thoracic aorta was carefully dissected,
cleaned of adhering connective tissue, and cut into rings of
3—4 mm length. Tissues were mounted vertically under 2 g
tension in a 10 mL organ bath chamber containing Krebs—
Henseleit solution (pH 7.4, 37°C) and bubbled with 95%
0, and 5% CO,. The tissues were connected to an isotonic
force transducer that was linked to eight-channel organ baths
(ADInstruments) and allowed to equilibrate for 1 hour with
washes every 10 minutes before exposure to drugs. Only the
tissue preparations that responded to 2x10~* mol/L of ACh
by producing contractions of >1.5 g tension were used.

Concentration—response curves of ACh (107'>-10~* M)
were obtained in endothelium-intact aortic rings that were
precontracted with 107 M phenylephrine for different treat-
ment groups.

Real-time polymerase chain reaction
Single-strand cDNA was reverse transcribed using a First
Strand cDNA Synthesis Kit (Amersham Biosciences,
Buckinghamshire, UK) and gene-specific antisense primers
(the Centre for Genomic Application, New Delhi, India).
Primers for real-time reverse transcription polymerase chain
reaction (RT-PCR) were designed for eNOS and cyclophi-
lin A using Primer Express™ Software (PerkinElmer Inc.,
Waltham, MA, USA) and are listed in Table 1. Real-time
RT-PCR reactions were performed using SYBR Green PCR
Master Mix (Thermo Fisher Scientific) on ABI Prism 7300
Sequence Detection System (Thermo Fisher Scientific).
For each 25 pL of PCR reaction, 1.0 UL of cDNA, 1.0 uL
of sense and antisense primers (2.5 UM each), 12.5 uL of
SYBR Green PCR Master Mix, and 10.5 UL of PCR grade
water were used. The cycling conditions were 94°C for
10 minutes, followed by 40 cycles of 94°C for 15 seconds
and 59°C for 30 seconds. The PCR reactions were performed
in five replicates for each gene. Relative transcript quantity
was calculated using the AAC, method, with cyclophilin A as
the endogenous reference gene amplified from the samples.
A validation experiment for AAC, calculation was performed
for each target by plotting the AC, (C, target — C, reference)
values versus log input amounts to create a semilog regression
line. The slope of the resulting semilog regression line was
used as a general criterion for the validation experiment. The
absolute value of the slope was <0.1. Finally, the amount of
target (drug treatment) normalized to the endogenous refer-
ence and relative to a calibrator (saline-treated control) was
calculated by 2744¢t 20

Histology
Liver tissues were isolated and fixed in 10% formalin buffer
overnight. The tissues were embedded in paraffin, sliced into

Table | Details of primers used for real-time RT-PCR

S no Genes Primers

| Cyclophilin A 5’-CAAACACAAATGGTTCCCAG-3’
5-ATGCTCATGCCTTCTTTCAC-3"

2 eNOS 5’-ACCGATACAACATACTTGAGGA-3’

5-AGCCACGTTAATTTCCACTG-3’

Notes: Primers were designed by Primer Express™ Software and were synthesized
at The Centre for Genomic Application, New Delhi, India.

Abbreviations: eNOS, endothelial nitric oxide synthase; RT-PCR, reverse transcription
polymerase chain reaction; S no, serial number.
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4 um-thick sections, and stained with hematoxylin—eosin for
the light microscopic study. The cross-sectional area of liver
was evaluated from the photographs of whole tissue section
taken at x40 magnification.

Statistical analysis

The data are presented as mean + standard error of the mean.
Statistical analysis was carried out by the analysis of vari-
ance followed by Turkey’s multiple comparison tests and
Student’s -test (Origin Version 7.1). P-values <0.05 were
considered significant.

Result

Systolic blood pressure

SBP was measured at the end of first, third, and fifth weeks
of drug administration. The L-NAME-treated rats showed
a progressive increase in the mean SBP compared with the
control rats (P<<0.05; Figure 1). After 5 weeks of L-NAME
treatment, SBP reached ~187 mmHg. Concomitant treat-
ment with TOP and captopril reduced the blood pressure in
L-NAME-induced hypertensive rats to 136 and 153.5 mmHg,
respectively (P<<0.05). TOP and captopril treatment did
not show any significant change in SBP when administered
alone.

ACE activity and NO levels

ACE activity was measured in the rat serum. As shown
in Figure 2, the ACE levels were significantly higher in
the L-NAME group (94.3+4.7 mU/L) than in the control
group (63.8%£1.8 mU/L). Oral supplementation of TOP
(10 mg/kg, twice a day) to the L-NAME-treated rats
resulted (68.2+0.9 mU/L) in a complete reversal of the

H Control B .-NAME M -NAME + TOP
M .-NAME + captopril @ TOP & Captopril

250

200

Systolic blood pressure
(mmHg)

o

First

Third
Week

Fifth

Figure | Mean systolic blood pressure level (P<<0.05).
Abbreviations: L-NAME, N¢-nitro-L-arginine methyl ester; TOP, 3-thienylalanine-
ornithine-proline.

L-NAME-induced increase in ACE levels, while a less
decrease was observed with captopril (74.9£3.5 mU/L).
Chronic L-NAME administration for 5 weeks resulted in
a significant depletion of plasma NO levels (55.415.4 to
20.8£1.9 uM; Figure 3). The treatment with TOP and cap-
topril in combination with L-NAME resulted in the elevated
plasma NO levels (4012.4 and 32+3.7 uM). TOP and capto-
pril treatment did not show any significant effect on the ACE
activity and NO when administered alone.

In vitro vasorelaxation assay

Precontracted endothelium-intact aortic rings were used to
study the concentration-dependent vasorelaxation response
of ACh (Figure 4). ACh induced a significantly weak relax-
ation in the I-NAME group (16% at 10 M) compared with
the control group (58% at 10~* M). When administered
along with I-NAME, both TOP and captopril improved the
relaxation response of Ach with TOP (40%) being slightly
better than captopril (36%). No significant difference in
vasorelaxation was observed when TOP and captopril were
administered alone.

eNOS mRNA expression studies

eNOS mRNA expression (Figure 5) was studied in aorta,
heart, and kidney using cyclophilin A as the internal standard.
During the treatment with L-NAME, eNOS mRNA expres-
sion decreased significantly in all the three organs, whereas
it increased during the treatment with TOP and captopril in
L-NAME-induced hypertensive rats with TOP showing better
results in kidney. In kidney, no significant difference was
observed between the mRNA levels of TOP and the control
group, while the decrease was significant in the case of the
captopril group.

Toxicity biomarkers

The levels of MDA in the rat serum increased signifi-
cantly in the L-NAME-treated rats compared with those
of the control group (P<<0.05; Figure 6). Simultaneously,
captopril reduced the levels of serum MDA from 0.692
to 0.52 uM, and TOP reduced the levels of serum MDA
(0.405 uM) to the levels of the control group (0.387 uM)
in L-NAME-induced hypertensive rats. There was a slight
decrease in the levels of MDA when TOP (0.31 uM)
and captopril (0.33 uM) were given alone. As shown in
Table 2, an approximately three- and twofold increase in
the levels of ALT and AST was observed in the L-NAME
group, with respect to the control group, thereby disturbing
the AST/ALT ratio (1.20) from the normal levels (1.77).
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H Control B .-NAME M .-NAME + TOP M L.-NAME + captopril B TOP M Captopril

Figure 2 Serum ACE activity levels of groups (P<0.05).

Abbreviations: ACE, angiotensin-converting enzyme; L-NAME, NC-nitro-L-arginine methyl ester; TOP, 3-thienylalanine-ornithine-proline.

The concomitant treatment with TOP lowered the ALT
levels to the normal levels, hence increasing the ratio to
1.66 in the L-NAME-induced hypertensive rats, whereas
the co-treatment with captopril led to a further decrease in
the ratio to 1.04. No significant changes in the levels were
observed when TOP was administered alone. On the other
hand, captopril led to a significant increase in the levels and
decrease in the ratio.

Histopathology

Control groups (Figure 7A) showed normal hepatic tissue,
while a slight mononuclear infiltration was observed in the
L-NAME-only group (Figure 7B), and the samples from the
L-NAME + TOP (Figure 7C) and TOP-only (Figure 7D)
groups showed normal hepatic tissue. In L-NAME +
captopril groups (Figure 7E) and captopril only groups
(7F), prominent periportal lymphocytic collection with
infiltration of the inflammatory cells into adjacent hepatic

[l Control M L-NAME M L-NAME + TOP
70| M L-NAME + captopril M TOP B Captopril

50 -
40~
30+
20 I I

Treatment

-
o o

1

Plasma NO (pmol/L)

Figure 3 Plasma NO level of groups (P<<0.05).
Abbreviations: L-NAME, NC¢-nitro-L-arginine methyl ester; NO, nitric oxide; TOP,
3-thienylalanine-ornithine-proline.

parenchyma showed significant histological changes in
liver tissue.

Discussion

The endothelium-derived vasodilatory factor, NO, is a cru-
cial regulator of vascular tone and a widespread biological
mediator involved in many physiological and pathological
processes.22* A complex set of interactions between the
neural and endothelial mechanisms plays a critical role in
maintaining the vasculature. Any long-term disturbance in
the balance of these interactions may lead to the development
of cardiovascular diseases.”® L-NAME, an established NO
synthase inhibitor, is known to induce hypertension, which
is characterized by endothelial dysfunction and perivascular
inflammation®*** along with marked deficiency of NO. The
present study was carried out to investigate the effect of TOP on

—+— Control == .-NAME -+ L-NAME + TOP
=== |-NAME + captopril —e— Captopril only === TOP only

120

100

(o]
o

Relaxation (%)
5 8

N
o

-2 -1 10 -9 -8 -7 -6 -5 4
Concentration of acetylcholine (log M)

Figure 4 Concentration response to ACh (10'>-10~* M) in 10° M contracted
intact endothelium aortic rings in all groups (P<<0.005).

Abbreviations: ACh, acetylcholine; L-NAME, NS-nitro-L-arginine methyl ester;
TOP, 3-thienylalanine-ornithine-proline.

Drug Design, Development and Therapy 2016:10

submit your manuscript

1537

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Seth et al

Dove
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Relative expression of eNOS

0.2+

0.0 -

Aorta

Heart Kidney

B .-NAME W Control

B .-NAME + TOP M -NAME + captopril

[l TOP M Captopril

Figure 5 eNOS mRNA expression in aorta, heart, and kidney of the groups.
Note: Values are expressed as mean + SEM (P<<0.001).

Abbreviations: eNOS, endothelial nitric oxide synthase; L-NAME, NG-nitro-L-arginine methyl ester; SEM, standard error of the mean; TOP, 3-thienylalanine-ornithine-proline.

the L-NAME-induced hypertension model of rats in compari-
son to captopril, existing sulfur-containing ACE inhibitor.
Six groups of animals, namely control, L-NAME-,
L-NAME + TOP-, L-NAME + captopril-, TOP-, and captopril-
treated animals, were used to assess the effect of TOP on
L-NAME-induced hypertension, taking the control (without
any treatment) and L-NAME-treated groups as negative and
positive controls. It is well documented that the inhibition of
NO synthase results in an increase in the blood pressure. '3
As expected, 5 weeks of chronic treatment with L-NAME
showed a significant increase in SBP, while the treatment with

l Control B -NAME
B .-NAME + captopril M -NAME + TOP
W Captopril m TOP
0.8
0.7 -
~ 067
|
]
o 057
S
= 044
é 0.3
=
0.2 -
0.1
0.0 -
Treatment

Figure 6 Serum MDA levels of groups (P<<0.05).
Abbreviations: MDA, malondialdehyde; L-NAME, NC-nitro-L-arginine methyl
ester; TOP, 3-thienylalanine-ornithine-proline.

TOP and captopril alone did not show any significant increase
in SBP compared with the control group. Blood pressure was
more potently reversed with the concomitant treatment of TOP
with L-NAME than captopril with L-NAME. Demonstration
of'advanced antihypertensive activity at halfthe dose suggests
better efficacy of TOP in comparison to captopril.

In accordance with the literature, the level of biochemi-
cal parameter NO was significantly decreased in the serum
of L-NAME-treated group. Captopril given with L-NAME
showed a significant recovery in NO level, but TOP given
with L-NAME showed much better results in normal-
izing NO levels. There is sufficient data available which
reveal the reciprocal relation between ACE inhibition
and NO level.**?*!32 ACE inhibition effectively prevents
left ventricular hypertrophy, even without a reduction in
afterload* > and coronary artery hypertrophy.*® Reports
suggest that both local and systemic RAS may be involved
in the proliferative effects of Ang II or anti-proliferative
effects of ACE inhibition.'® However, the mechanism of the
proliferation and growth-modifying effect of NO and Ang I1

Table 2 Mean ALT and AST levels of groups (P<<0.05)

Groups ALT (U/L) AST (U/L) AST/ALT
Controls 55.2317.8 95.33+8.3 1.77
L-NAME 145.95+5.1 174.65+4.6 1.20
L-NAME + TOP 66.1314.9 107.28+6.5 1.66
L-NAME + captopril 112.613.1 118.0£3.8 1.04
TOP 60.98+1.8 105.35+3.2 1.73
Captopril 98.98+4.5 145.58+3.7 1.48

Note: Data are presented as mean = standard deviation.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
L-NAME, N¢-nitro-L-arginine methyl ester; TOP, 3-thienylalanine-ornithine-proline.
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Figure 7 Histopathology picture of liver tissues with different treated groups (HE x400).

Notes: (A) Control group. (B) L-NAME group. (C) L-NAME + TOP. (D) TOP group. (E) L-NAME + captopril. The arrow indicates moderate inflammatory infiltration in
portal and periportal area. (F) Photomicrograph of section of Liver from Captopril only group. The arrow indicates portal area with heavy lymphocytic infiltration.
Abbreviations: L-NAME, N°-nitro-L-arginine methyl ester; TOP, 3-thienylalanine-ornithine-proline; HE, hematoxylin and eosin; PV, portal vein; HE, haematoxylin and eosin

stain; BD, bile ducts.

is not yet satisfactorily understood and varies depending on
the model of the hemodynamic overload, period of overload,
and the particular organ investigated.'

RAS system is known to play a predominant role in
SHRs, a model of genetic hypertension. In spite of that,
there exists an ambiguity about the role of RAS- and NO-
dependent ACh-mediated endothelium-receptor activation
in SHRs. In our previous studies on the SHR model, we
found that persistently high levels of ACE and treatment with
TOP resulted in a significant decrease in the ACE activity.
Our results have also shown moderate changes in NO levels

which may be due to the accumulation of bradykinin®’* or
may be due to homeostasis. These observations were fur-
ther supported by organ bath experiments using SHR aortic
rings, where concomitant treatment of TOP with L-NAME
showed 100% relaxation at much lower concentration of
ACh (1077 M; unpublished data).

In the L-NAME-induced hypertensive rats, the involve-
ment of RAS system is bare minimum as not much increase
in the ACE activity is observed when compared with SHRs.
However, a significant fall in NO level indicates that NO-
dependent ACh-mediated endothelium-receptor activation
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is predominant for this type of hypertension. TOP was also
found equally effective in this case, as it demonstrated a
complete reversal of NO level to normal when compared
with the L-NAME-treated group.

Furthermore, the results of the in vitro vasorelaxation
assay performed using the aortic rings from animals of the
various experimental groups suggest that NO production
affects the vasorelaxation of aorta receptor through ACh as
the L-NAME group showed 100% relaxation response at a
much higher concentration of Ach (10~ M) when compared
with SHRs (107 M). ACh concentration-dependent vas-
orelaxation in animals treated with only TOP and captopril
showed no change in response to its effect in rat aorta when
compared with the control group. The results also demonstrate
an improvement in endothelium-dependent vasodilation
during the concomitant treatment of TOP and captopril with
L-NAME when compared with L-NAME-treated animals,
which showed significantly reduced vasorelaxation. Our
results corroborate with previously reported data on the
involvement of ACh-mediated receptor in vasorelaxation in
the NO model.

Decreased functional activity of NOS in the long-term
L-NAME-treated rats is well established.'®** TOP and
captopril almost homogeneously increased the levels of
eNOS mRNA expression in the tissues of the L-NAME-
induced hypertension model, which was contradictory to
the effect of L-NAME. These findings are in well agreement
with the previously reported ACE inhibitors.* Additionally,
our present findings were also validated by the potency of
TOP and the standard compound captopril to restore eNOS
mRNA expression in rat aorta, heart, and kidney with the
effect being more prominent in kidney tissues.

In addition to a decrease in NO levels, L-NAME-induced
hypertension also leads to the development of oxidative
injury in various tissues and organs such as kidney and
liver.*4! The generation of reactive oxygen species is one
of the major mechanisms involved in the tissue damage with
enhanced superoxide anion activity.*> Oxidative stress facili-
tates damage of the membrane lipids, resulting in decreased
membrane fluidity. MDA is a breakdown product of the major
chain reactions leading to the oxidation of polyunsaturated
fatty acids and, hence, serves as a reliable marker of lipid-
peroxidation-mediated oxidative stress.** A number of previ-
ous reports suggest an association between increased liver
peroxidation and hypertension.*** Our data support these
findings, as it clearly shows the increased levels of serum
MDA in the L-NAME-induced hypertensive rats. Further, it
also indicates that the administration of TOP reduces lipid

peroxidation and brings the levels of MDA down to normal;
hence, it must be quite effective in minimizing ROS-mediated
oxidative injury in tissues.

To further investigate the liver tissue damage caused by
L-NAME, TOP, and captopril, ALT and AST levels were
recorded. AST and ALT are the members of the transami-
nase family of enzymes which facilitate various reactions
within the cells. Under damaged conditions, these enzymes
are leaked out of the cells into the blood. Thus, they serve
as important markers for tissue damage. ALT is produced
mainly in liver, while AST in heart, kidney, and muscle tis-
sues. An increase in the level of these enzymes along with
the ratio of the two (AST/ALT) helps in the prediction of
the type and extent of tissue damage with liver tissue dam-
age being closely associated with the elevated serum ALT
levels.*4” The present study clearly associates hepatotoxicity
with L-NAME-induced hypertension, as a threefold increase
in the levels of serum ALT was observed with a significant
drop in the AST/ALT ratio. Captopril lowered the levels of
ALT in hypertensive rats, but the ratio was further decreased
indicating severe damage in organs other than liver such as
heart and kidney. In the hypertensive rats, TOP normalized
the levels of the both the factors, further supporting the previ-
ous results. Although TOP alone did not show any significant
variation in the levels of AST and ALT, captopril resulted in
an increase in both indicating tissue damage.

Additionally, hepatic changes were also studied to assess
the extent of liver damage using hematoxylin—eosin-stained
liver sections. Mononuclear cell infiltration in periportal
areas and hepatocellular degeneration are common findings
associated with hepatotoxicity.*® In the present study, peri-
portal mononuclear cell infiltration was the only significant
histological finding. Moderate mononuclear cell infiltration
was observed in the L-NAME group, while higher levels were
observed in the L-NAME + captopril group confirming that
captopril causes damage to liver tissues. Although captopril
alone was found to be hepatotoxic, TOP alone was not
affecting liver tissues. Furthermore, TOP reduces the levels
of infiltration in the hypertensive rats, again indicating its
protective effect against L-NAME-induced hepatotoxicity.

Such a difference in the hepatotoxicity profile of capto-
pril and TOP may be attributed to the nature of the present
sulfhydryl group® or their different modes of involvement
in the NO pathway. Another suggested mechanism is the
variation in the activation of bradykinin, resulting in an
increased conversion of arachidonic acid to prostaglandins.*
Therefore, it can be concluded that TOP prevents various
structural and biochemical changes in hepatic tissues in the
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L-NAME-induced hypertensive rats with several underlying

mechanisms playing a role in it.

Conclusion

In conclusion, TOP at 50% less dose than captopril was found
better in all the tested aspects in the L-NAME-induced hyper-
tension model of rats suggesting its active role in improving

endothelial vasodilation.
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