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ABSTRACT: Hypertension is a common disease that affects many organs including heart, vessel, and kidney.
Moreover, chronic hypertension can lead to hepatic impairments accompanied by oxidative and inflammatory
disturbances. In present study, the effects of regular exercise and resveratrol on hepatic alterations caused by
hypertension were comparatively examined. Hypertension was produced by deoxycorticosterone-acetate and salt
application in male Wistar rats for twelve weeks. In the last six weeks, resveratrol was given in the drinking water and,
the exercise training was applied on a rat treadmill at 20 m/min, 5 days a week, for 45 minutes. At the end of the
treatment, blood and liver samples were collected for molecular and biochemical analysis. Regular exercise reduced the
elevation in liver weight, liver weight/body weight ratio and plasma lipid levels, while resveratrol only improved
elevated plasma triglyceride and LDL cholesterol in hypertensive rats. Both treatments enhanced the hepatic total
antioxidant capacity of hypertensive animals. Resveratrol repressed hypertension-triggered NLRP3 inflammasome
activation by reversing the increase in hepatic Nod-like receptor protein 3 (NLRP3), nuclear factor- kB (NF-xB), p-NEF-
kB, tumor necrosis factor-a (TNF-a) expression and the cleaved-caspase-1/procaspase-1 ratio. Similarly, regular
exercise inhibited stimulation of NLRP3 inflammasome in hypertensive liver by suppressing the elevation of NLRP3,
p-NF-xB, NF-«B expression and the mature-IL-1p/pro-IL-1p ratio. Both interventions prevented the reduction in the
mitophagic biomarker PTEN-induced putative kinase 1 (PINK1) level in the hypertensive groups. These findings
revealed that resveratrol supplementation and regular exercise have beneficial effect on hypertension-induced hepatic
changes by regulating antioxidant status, NLRP3 inflammasome-induced inflammation and mitophagy.
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1. INTRODUCTION

Hypertension, one of the most common cardiovascular diseases, is an important public health challenge
with high morbidity and mortality worldwide [1,2]. According to the guideline of World Health Organization
(WHO), approximately 1.4 billion people worldwide suffer from high blood pressure [3]. Chronic
hypertension notably increases the risk of heart, vessel, and kidney disorders [4]. In addition to cardiovascular
and renal changes, studies using different experimental models have shown that hypertension can also cause
hepatic alterations [5-8]. However, the mechanisms underlying the causal link between hypertension and
hepatic impairments are not completely understood.

The liver is responsible for the production of systemic antioxidant molecules (glutathione etc.,) and thus
is considered the most crucial organ involved in the regulation of redox metabolism [9]. Therefore, the hepatic
antioxidant defense system contributes to the systemic redox state. Excessive increase of reactive oxygen
species (ROS) and/or decline of antioxidant defense systems trigger oxidative stress, which plays an
influential role in the pathogenesis of hypertension and hypertension-related organ damage [10]. It is well
known that the increase in vascular ROS production and the decrease in nitric oxide bioavailability is an
essential mechanism leading to endothelial dysfunction and elevated blood pressure. Hypertension has been
demonstrated to enhance vascular ROS production as well as alter the hepatic redox balance [11,12]. It can be
thought that the disturbance in the hepatic redox system affects the vascular redox regulation and contributes
to the pathogenesis of hypertension.

Overproduction of ROS leads to organ damage by activating inflammatory signaling pathways. It is
shown that low-level chronic inflammation plays an influential role in the pathogenesis of hypertension [13].
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Recent investigations have indicated that Nod-like receptor protein 3 (NLRP3) inflammasome-mediated
inflammatory response contributes to the progression of hypertension and development of hypertensive end-
organ injury [14,15]. NLRP3, apoptosis-associated speck-like protein (ASC) and caspase-1 proteins constitute
this inflammasome complex. Activation of the NLRP3 inflammasome complex mediates cleavage and
activation of caspase-1, which causes the maturation and release of the proinflammatory cytokines IL-18 and
IL-1P. These cytokines exacerbate the inflammatory response through stimulation of the proinflammatory
transcription factor NF-xB [16]. In addition, disruption of redox balance results in mitochondrial dysfunction.
A particular type of autophagy called mitophagy eliminates damaged mitochondria thereby preserving
mitochondrial function and homeostasis [17]. Evidence have demonstrated that the removal of dysfunctional
mitochondria by mitophagy and the decrease of ROS overproduction can reduce both NLRP3 inflammasome-
induced inflammation and tissue damage [18,19]. Previous research using the DOCA-salt model have revealed
that the development of hypertension and its associated cardiac and renal inflammation are partly due to the
stimulation of the NLRP3 inflammasome complex and failure of mitophagy [20-22]. Although it has been
reported that inflammatory pathways are triggered in the liver in hypertensive state [8], it is not known
whether NLRP3 inflammasome activation and mitophagy contributes to this process.

It is recognized that lifestyle modifications (such as regular exercise, dietary supplements), which are
considered as non-pharmacological interventions, have positive effects in the prevention or management of
numerous diseases [23]. Resveratrol supplementation and regular exercise training have been displayed to
have antioxidant and anti-inflammatory effects in different pathologies [24,25]. These favorable effects have
been also accompanied by suppression of NLRP3 inflammasome activation and regulation of mitophagic
deterioration [22,26,27]. However, the effects of resveratrol and regular exercise on the hepatic antioxidant
status, NLRP3 inflammasome-mediated inflammation and mitophagy have not examined in hypertensive
state. In the present study, the effects regular exercise and of resveratrol administration on liver function
enzymes, plasma lipid profile, hepatic antioxidant status, and expression of NLRP3 inflammasome and
mitophagy-related marker proteins were comparatively evaluated in the DOCA -salt hypertensive rats.

2. RESULTS

Systolic blood pressure markedly enhanced in the hypertensive rats when compared to the control
animals (Control group 120,47+4,90 mmHg; DOCA-salt group 218,50+4,96 mmHg, p <0.05). Regular exercise
and resveratrol administration significantly reduced the systolic blood pressure of hypertensive rats (DOCA
+ Resveratol group 150,10+4,42 mmHg; DOCA + Exercise group 142,81+2,78 mmHg, p <0.05), but did not alter
the normotensive groups (Resveratrol group 115,33+2,28 mmHg; Exercise group 111,14+2,98 mmHg, p> 0.05),
as shown in our earlier study [22]. The last body weight of the hypertensive rats was smaller than the those of
control animals (Control group 478,41+11,9 g; DOCA-salt group 409,4£26,8 g). However, this decrease was not
seen in the exercise and resveratrol-treated groups (DOCA + Resveratrol group 448,8+21,0 g; DOCA + Exercise
group 419,719,7 g; Resveratrol group 494,3+13,5 g; Exercise group 441,4t12,9 g, p> 0.05), as displayed in our
previous study [22].

The liver weight of DOCA-salt animals was notably higher than those of the control group. While
regular exercise training diminished liver weight only in the hypertensive group, resveratrol administration
did not change the liver weight in either group (Figure 1la). The ratio of liver weight/body weight of
hypertensive rats was greater than that of control rats. While resveratrol supplementation did not alter this
ratio, regular exercise declined it in hypertensive rats (Figure 1b).

http://dx.doi.org/10.29228/jrp.669
J Res Pharm 2024; 28(1): 29-39

30


http://dx.doi.org/10.29228/jrp.669

Bal and Demirel-Yilmaz Journal of Research in Pharmacy

Effect of resveratrol and regular exercise on hepatic alterations Research Article
a) b)
25000+ 601
—_ *
e =)
£ 20000+ * _—
= # < E 404 #
- [=:] —
£ 15000 ° e
R= =z o
2 100004 58
z £ F 201
@ i
Z 5000 3
-~ o
0- 0
b Y ™ ~ ~ Y
I A & & & &
°® th g -&e“ ¢,+ (,;\' ® o(,?' g 4% Q}? Q}'e
&£ Cd o x < 3 & X
& A W &f ¥
ha &~ ¥
& S s
& ®

Figure 1. The effect of resveratrol supplementation and regular exercise training on liver weight and ratio of liver
weight/body weight ratio in rats. Regular exercise reduced the increased liver weight and liver weight/body weight ratio
of hypertensive animals *Differences from control group and #differences from DOCA-salt group, p <0.05, (n = 7-8).

Plasma ALT level was greater in hypertensive rats compared to control group and, regular exercise
alleviated ALT level in normotensive rats (Figure 2a). While plasma AST was similar in all groups, LDH level
was lower only in the exercise-treated normotensive group (Figure 2b and 2c).
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Figure 2. The effect of resveratrol supplementation and regular exercise training on plasma ALT, AST and LDH

levels. Plasma ALT increased in the hypertensive group, and plasma AST and LDH decreased in the exercise-treated
normotensive group. *Differences from control group, p <0.05, (n = 6-7).
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Plasma triglyceride, low density lipoprotein (LDL), and total cholesterol levels significantly elevated in
DOCA-salt hypertensive rats. Regular exercise training attenuated all plasma lipids, while resveratrol
supplementation declined triglyceride and LDL cholesterol levels (Figure 3).
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Figure 3. The effect of resveratrol supplementation and regular exercise training on plasma triglyceride, LDL, and

total cholesterol levels. Resveratrol and regular exercise treatments improved the elevated plasma lipid levels of
hypertensive rats. *Differences from control group and #differences from DOCA-salt group, p <0.05, (n = 6-7).

http://dx.doi.org/10.29228/jrp.669
J Res Pharm 2024; 28(1): 29-39

31


http://dx.doi.org/10.29228/jrp.669

Bal and Demirel-Yilmaz
Effect of resveratrol and regular exercise on hepatic alterations

Journal of Research in Pharmacy
Research Article

Total antioxidant capacity (TAC) level of liver tissue was unchanged in the DOCA-salt hypertension
model. However, both treatments significantly enhanced hepatic TAC levels in hypertensive animals (Figure

4).
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Figure 4. The effect of resveratrol supplementation and regular exercise training on hepatic TAC levels. Resveratrol
administration and regular exercise training markedly enhanced hepatic TAC levels. #Differences from DOCA-salt group,

p <0.05, (n = 6-7).

NLRP3 protein expression, cleaved-caspase-1/pro-caspase-1 ratio and mature-IL- 1p/pro-IL-1p ratio
were greater in the DOCA-salt animals than in the control animals. Both treatments alleviated hepatic NLRP3
protein levels. In hypertensive groups, regular exercise training restored the with ratio of mature-IL-1p/p-IL-
1P and, resveratrol supplementation improved the ratio of cleaved-caspase-1/pro-caspase-1. ASC protein
expression was not different between the groups (Figure 5).
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Figure 5. The effect of resveratrol supplementation and regular exercise training on NLRP3, ASC, Caspase-1 and
IL-1P protein expressions. In hypertensive liver tissue, resveratrol and regular exercise applications reduced NLRP3
inflammasome-related marker protein expressions except ASC. *Differences from control group and #differences from

DOCA-salt group, p <0.05, (n =5-7).
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NF-«B, p-NF-xB and TNF-a protein levels remarkably increased in the hypertensive liver tissue.
Exercise training reversed all these alterations, while resveratrol diminished expression of NF-xB and p-NF-
kB. The reduction in hepatic PINK1 protein expression caused by hypertension was prevented by both

application (Figure 6).
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Figure 6. The effect of resveratrol supplementation and regular exercise training on NF-xB, p-NF-xB, TNF-a and
PINK1 protein expressions. Resveratrol and regular exercise prevented the increase in p-NF-«xB, NF-xB and TNF-a
expression and the decrease in PINK1 expression in hypertensive groups. *Differences from control group and

#differences from DOCA-salt group, p <0.05, (n = 5-7).
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Figure 7. The schematic representation of the experimental protocol.

3. DISCUSSION

The findings of current study demonstrated that DOCA-salt hypertension leads to an increment in liver
weight, liver weight/body weight ratio, plasma ALT and lipid levels and hepatic expression of some
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inflammatory molecules (NLRP3, cleaved-caspase-1, IL-1p, p-NF-xB, NF-xB, TNF-a) and a decrease in
expression of mitophagic marker PINK1, accompanied by unchanged hepatic TAC levels. Regular exercise
reduced plasma lipids, elevated hepatic TAC levels, and improved hepatic inflammatory and mitophagic
changes in hypertensive rats. Also, exercise training diminished plasma ALT and LDH level in normotensive
animals. While resveratrol supplementation did not affect liver function enzymes, it decreased plasma
triglyceride and LDL concentrations, increased hepatic TAC levels, and restored hepatic inflammatory and
mitophagic alterations in the hypertensive group.

Hypertension is a common serious public health challenge and is a progressive disease. It has been
reported that chronic hypertension causes hepatic changes as well as cardiovascular, renal, and cerebral
alterations [5-8]. Lifestyle modifications such as alteration of dietary habits and regular exercise, known as
non-pharmacological interventions, are seen as beneficial approach in the management and delay of
hypertension and hypertension-related pathologies. Although resveratrol supplementation and regular
exercise are described to have positive effects in hypertension due to their antioxidant and anti-inflammatory
properties [33,34], their effects on hepatic changes in the hypertensive state have not been comparatively
examined.

The liver is the main organ responsible for systemic redox balance and lipid metabolism. Plasma levels
of biochemical markers involving ALT, AST and LDH are used routinely for assessing liver function [35]. An
elevation in liver function enzyme levels have been shown in different hypertension models [36-38]. In this
study, only the plasma level of ALT, which is primarily produced in the liver and catalyzes the transfer of
amino groups, was elevated in DOCA-salt hypertensive rats. Moreover, previous studies have indicated that
the hypertensive liver resembles the early phase of hepatic steatosis [6-8]. In our study, plasma triglyceride,
LDL and total cholesterol levels were markedly augmented in hypertensive rats. In parallel to our results, the
undesired changes in plasma lipids and liver functions have been observed in same hypertension model
[8,39,40]. These alterations showed that there are irregularities in liver functions and lipid metabolism in the
hypertensive state. While resveratrol and regular exercise applications did not affect liver function tests in
hypertensive animals, both treatments reversed the increase in plasma lipid levels. These interventions, which
are recognized to have a hepatoprotective effect, may have ameliorated the deterioration in the plasma lipid
profile that occurs earlier in the hypertensive state, but may not have been sufficient to prevent the elevation
in plasma ALT levels of hypertensive rats. This also may be due to the protocol of resveratrol administration
(dose and duration) and exercise (exercise intensity, period, and frequency) used in present study.

Antioxidants are powerful defense system that limit toxicity and tissue damage associated with free
radicals and the failure of these defense mechanisms contributes to the pathogenesis of several diseases. TAC
level is considered a general indicator of antioxidant status. Previous studies have shown that hypertension
alters hepatic redox status [11,12]. Although there was a tendency to decrease in hepatic TAC level in
hypertensive rats, it was not statistically significant. It is well known that resveratrol administration and
regular exercise training have a positive effect on many pathologies by affecting antioxidant enzymes and
mechanisms [22,24,25]. Accordingly, both applications markedly enhanced hepatic TAC levels of hypertensive
rats.

Accumulating evidence have revealed that the inflammation is implicated in the pathogenesis of
hypertension and accompanying organ dysfunctions [13,22,41]. Lately, it has been demonstrated that the
NLRP3 inflammasome-associated inflammatory response prompted by danger signals such as mitochondria-
derived excessive ROS production plays an influental role in the development of hypertensive organ injury as
well as hepatic disorders [20,21,42-44]. When NLRP3 is stimulated, NLRP3 interacts with pro-caspase-1 and
ASC to activate caspase-1 and then active caspase-1 leads to maturation and release of proinflammatory
cytokines IL-18 and IL-1pB, thereby aggravating inflammation through the activation of the NF-xB pathway
[16]. NLRP3 inflammasome stimulation also leads to caspase-1-dependent mitochondrial impairment and
mitophagy blockade [45]. Mitophagy, a mitochondria-specific form of autophagy, is mainly regulated by the
PINK1-Parkin pathway and decrease or loss of PINK1 causes damaged mitophagy [17]. Disruption of
mitophagy may result in the accumulation of impaired and ROS-producing mitochondria, thereby promoting
NLRP3 inflammasome activation. Our previous research has demonstrated that hypertension causes
inflammatory and fibrotic changes in the liver [7,8]. In this study, NLRP3, p-NF-kB, NF-xB, TNF-a protein
expression and the cleaved-caspase-1/procaspase-1 and the mature-IL-13/pro-IL-1 ratio increased and
mitophagic marker PINK expression decreased in hypertensive liver. Our study results shown for the first
time that activation of NLRP3 inflammasome and suppression of mitophagy may contribute to hepatic
alterations induced by hypertension. Considering the above results, it can be suggested that excessive ROS
production in hypertension may lead to activation of NLRP3 inflammasome and caspase-1-mediated impaired
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mitophagy. On the other hand, it can also propose that decreased mitophagy may cause increased ROS
production due to the disturbance of mitochondrial oxidant/antioxidant balance and, subsequently activation
of NLRP3 inflammasome in hypertensive liver. Consequently, ROS overproduction, NLRP3 inflammasome
and defective mitophagy, which trigger each other, could be implicated in hepatic damage induced by
hypertension. Resveratrol supplementation and regular exercise training have positive effects on both NLRP3
inflammasome activation and impaired mitophagy in different pathologies [22,26,27]. Consistent with these
studies, both treatments ameliorated NLRP3 inflammasome-induced inflammation and damaged mitophagy
caused by hypertension in current study. These results indicate that the hepatoprotective effects of resveratrol
and regular exercise in hypertension could be mediated by the regulation of NLRP3 inflammasome and
mitophagic process.

4. CONCLUSION

This study revealed that resveratrol and regular exercise decreased plasma lipid levels and only exercise
training diminished liver weight and liver weight/body weight ratio in hypertensive animals. These favorable
impacts on the hepatic parameters might be associated to the regulation of the antioxidant system and
mitophagy and the suppression of NLRP3 inflammasome-mediated inflammation. In conclusion, our data
indicate that resveratrol supplementation and regular exercise training, recognized as non-pharmacological
interventions, have positive effects on the hepatic changes induced by hypertension, in addition to other
known beneficial outcomes on cardiovascular, renal, and central disorders.

5. MATERIALS AND METHODS
5.1. Animals and DOCA-salt hypertension model

The experimental protocols of this study were performed according to the principles of Local Ethics
Committee for Animal Experiments of Gazi University (G.U.ET-23.003) and Guide for the Care and Use of
Laboratory Animals (NIH).

Male Wistar albino rats (eight weeks old) were housed in a temperature-controlled room with a 12:12 h
light/dark cycle with free access to standard chow and tap water throughout the experimental period. After
a one-week adaptation period, animals were randomly separated following groups: Control (n = 7),
Resveratrol (n = 7), Exercise (n =7), DOCA-salt (n = 8), DOCA + Resveratrol (n = 8), and DOCA + Exercise (n
= 8). Since there is a risk of death in approximately 10-20% of the rats during the 12-week experimental period
in the DOCA-salt hypertension model, the number of rats in the hypertensive groups was set to 8 for the
current study.

To induce hypertesion, the subcutaneous DOCA injection (20 mg/kg, twice weekly) and salt
administration in drinking water (1% NaCl and 0.2% KCl) for twelve weeks were treated to rats as recently
published [22]. Systolic blood pressure of all animals was monitored with using the tail cuff technique
(NIBP200A, COMMAT, Turkey).

5.2. Resveratrol and regular exercise interventions

In the last 6 weeks of the experiment, resveratrol was added to the drinking water of the rats in the
resveratrol groups, at a level adequate to provide the proper dose (roughly 15 mg/kg) based on the
consumption. The dose and duration of resveratrol was determined according to previous studies in which
antioxidant and anti-inflammatory effects were observed [28,29]. The body weight and daily water
consumption of rats were recorded. All rats in the exercise groups ran for 45 minutes at 20 m/min (0~ incline)
on a horizontal treadmill 5 days a week for the last 6 weeks, after acclimating to the rodent treadmill for one
week. The treadmill exercise protocol (moderate exercise) was decided by examining previous investigations
[29,30]. The schematic representation of the experimental protocol was shown in figure 7.

At the end of the study, blood samples were rapidly collected from abdominal aorta of rats under
anesthesia (60 mg/kg ketamine and 10 mg/kg xylazine mixture, i.p.) and, plasma was separated for
biochemical measurements. Liver was quickly removed, weighed, and stored at -80 °C for biochemical and
molecular examinations.
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5.3. Biochemical measurements

Plasma ALT, AST and LDH levels as indicators of liver function were measured by standard enzymatic
techniques. Also, plasma triglyceride, LDL and total cholesterol levels were determined using colorimetric kits
(Rel Assay Diagnostics Kkits).

For hepatic TAC measurement, the liver tissue (80-100 mg) was homogenized in assay buffer (900 pL
assay buffer for 100 mg tissue). The homogenates were centrifuged at 10.000 g for 20 min, at 4 -C. Later, the
supernatant was carefully taken and total protein concentration was determined by the Lowry method [31].
The level of TAC was spectrophotometrically measured in tissue homogenates by using trolox as antioxidant
equivalent according to previous method [32]. In this assay, Cu*? was reduced to Cu* by the antioxidants of
the tissue, and the absorbance was read at 455 nm.

5.4. Western Blot experiments

Liver tissue samples were homogenized in buffer that contained 50 mM Tris, 1 mM PMSF, 2 mM EDTA,
1% NP40 (v/v), 10% sucrose (w/V), protease and phosphatase inhibitors. After centrifugation (at 2.000g for 15
min at 4 °C), supernatants were carefully collected, and total protein concentrations was determined by using
the Lowry method [31]. After the proteins were denatured in boiling water for 5 minutes, an equal amount of
protein (30-40 pg) for each sample were separated by SDS-PAGE and then electroblotted PVDF membranes.
The blots were blocked with 5% nonfat dried milk or 3% bovine serum albtimin for 1 h, followed by incubation
at 4 °C overnight with primary antibodies NLRP3 (PA1665, 1/500), caspase-1 (sc-56036, 1/500), IL-1p (ab9722,
1/500), ASC (sc-514414, 1/1000), TNF-a (ab6671, 1/500), NF-kB p65 (Biolegend-622602, 1:250), p-NF-kB p65
(sc-136548, 1:100), PINKT1 (sc-517353, 1/1000) and GAPDH (sc-32233, 1/2000) in Tris-Buffered Saline (TBS).
After being washed with TBS-T (with tween 20), membranes were subjected with horseradish peroxidase-
conjugated secondary antibody (1/10000) for 1 h and proteins were visualized with enhanced
chemiluminescence with ChemiDoc™ MP chemiluminescence detection system. The intensities of blotted
bands were calculated with the software (ImageLab4.1 software), and normalized to GAPDH.

5.5. Data analysis

All data were given as mean * standard error of the mean (SEM). One-way ANOVA followed by the
Dunnett post-hoc test was used for all statistical comparisons. At a level of p<0.05, values were accepted as
statistically significant. All analyses were performed using the statistical program GraphPad Prism (version
8.0, GraphPad Software, La Jolla, CA, USA).
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