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Objective: To investigate the effects of resveratrol on
multiple organ injury and energy metabolism and its
possible mechanism in preeclampsia model. Methods: A
total of 45 clean-grade female adults Sprague Dawley
(SD) rats (weight 270-320 g) were randomly divided into
three groups: a control group, preeclampsia group (PE),
and Preeclampsia with resveratrol treatment group (RE).
Preeclampsia was induced in rats by administering 200
mg/kg/day L-NAME. Expression levels of TNF-a and IL-6
in the lungs and kidney tissues were analysed by ELISA,
while the activity of superoxide dismutase (SOD) and
malondialdehyde (MDA) was determined by biochemical
assays. The levels of lactic acid and pyruvate were de-
tected using biochemical assays, while the epinephrine
level in the kidney and heart tissues was determined
by the ELISA method. Reverse transcription polymerase
chain reaction and the western blotting were used to de-
tect the expression of pyruvate dehydrogenase kinase 4
(PDK4) in the myocardial tissues. Results: We found that
resveratrol treatment inhibited the levels of IL-6, TNF-q,
and MDA in the lungs and kidney tissues, while the SOD
activity was increased. Treatment with resveratrol re-
duced the levels of lactic acid, pyruvate, and epineph-
rine in the kidney and heart tissues. Furthermore, res-
veratrol treatment significantly increases the expression
of PDK4 myocardial tissues in RE group compared to PE
group. Conclusion: Resveratrol may inhibit the release
of tissue inflammatory factors, regulate the body’s en-
ergy metabolism, and ultimately protect tissue damage
caused during Preeclampsia.
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INTRODUCTION

Pregnancy is associated with many complications like
polycystic ovarian syndrome (PCOS), Dysmenorrhea and
Preeclampsia. Among them, Preeclampsia is a very fa-
tal and multifactorial disorder and is strongly associated
with other entities such as hypertension and proteinu-
ria that can occur within 20 weeks of gestation (Ding
et al., 2017). According to the World Health Organiza-
tion (WHO), only 10% of pregnant women suffer from
preeclampsia but the mortality rate associated with the
disease can be as high as involving one-seventh of the
affected women (Say ef al, 2014). The pathogenesis of
preeclampsia associated with pregnancy is due to limited
perfusion of the placenta causing hypoxia and subse-
quently apoptosis. The affected placenta in turn causes
an increased oxidative stress, leading to the release of
the various inflammatory mediators and anti-angiogen-
ic proteins (Roberts & Escudero, 2012). The increased
blood pressure demands the need for application of
anti-hypertensive drugs, namely Labetalol, Nifedipine
and Hydralazine. Compared to other drugs, Nifedepine
is safer due to less side effects related to the maternal
or fetal development (including control of arterial pres-
sure and maintenance of urine output) (Zuo ef al., 2021;
Childress & Katz, 1994). Antihypertensive drugs are
effective, but some adjuncts can provide additional ef-
fects. There are expectations from adjuncts to modify
the destructive processes in the body. Among the ad-
juncts, resveratrol (potent inhibitor of the nuclear factor
kappa B-NF-»B) could prove to be an adjunct to current
therapy of preeclampsia. It was found that RE has the
capacity to lower the blood pressure along with several
other beneficial effects related to promotion of healing
and modulation of inflammatory mechanisms (Novako-
vic et al., 2022).

The origin of resveratrol is purely natural as it is
found exclusively in selected products such as red wine,
grapes, peanuts, and in limited types of plants. In 1939,
RE was extracted for the first time from Veratrumgran-
diflorum and was later, found in dried roots of Polygonum
cuspidatum. Initially, resveratrol was utilized for the treat-
ment of injuries but later used for to manage various
cardiovascular diseases (Novakovic e al., 2022). Resvera-
trol was initially used to treat injuries but later was also
utilized for the management of the cardiovascular diseas-
es (Novakovic ef al., 2022). Resveratrol has the capabil-
ity to repress the p38-Mitogen-Activated Protein Kinase
(MAPK)/NF-xB pathway and produce several Reactive
Oxygen Species (ROS) such as anti-angiogenic molecule
(FMS-like tyrosine kinase 1 and sFlt-1) through which, it
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mediates anti-inflammatory and anti-oxidative stress ac-
tivities (Zuo et al., 2021; Novakovic ¢f al., 2022).

The evidence present in the past literature shows that
resveratrol can also suppress various factors such as
Transforming growth factor (TGF-8), Matrix metallo-
proteinases (MMP), Cyclic oxygenase (COX-2), Tumour
necrosis factor (INF-«), Intetleukins (IL-13 and IL-6),
and Intercellular Cell Adhesion Molecule (ICAM-1). The
effects of resveratrol can be broadly classified into two
major mechanisms. The first one is the p50/p65 mecha-
nism that controls the signaling cascade IKKBa/I »Bo
and activator protein-1 complex of MAPK/ERK/p38/c-
Jun N-terminal kinase (JNK) (Wang ez al., 2017). Second
mechanism is the inhibition of the p65 subunit translo-
cation but it is based on the experimental model of hep-
atocarcinogenesis. Basically, resveratrol leads to decrease
in two processes namely — phosphorylation (both IxB
and normal) and acetylation (Chavez et /., 2008). Fur-
ther reduction of IxB phosphorylation leads to variation
in p65 protein levels, causing resveratrol-induced apop-
tosis. Resveratrol also mediate mi-RNAs by suppressing
miR-21 expression and inhibition of the NF-»B.

Studies have shown some beneficial effects of res-
veratrol in complicated pregnancies associated with ges-
tational diabetes, malnutrition/obesity, any teratogen ex-
posure or placental insufficiency) (Zielinsky & Busato,
2013). It resulted in improvement of sub-optimal fetal
development. Even in the treatment of polycystic ovari-
an syndrome, this product is providing synergistic effects
with metformin through #za SIRT1 and AMPK activa-
tion (Pan et al, 2016). It is probably the inherent prop-
erties of RE (including the anti-inflammatory and anti-
cancerous capability) which enable it to be a treatment
modality for endometriosis. It was found that resveratrol
has the potential to discourage the process of invasion,
adhesion, and angiogenesis of endometria-related lesions,
thereby, slowing the process of inflammation and oxida-
tive stress (Vian e al, 2018). Even with the involvement
of cutopic endometrial stromal cells, resveratrol could
definitely, cause several valuable effects by altering the
gene expression and inhibiting the insulin-like growth
factor (IGF-1) and hepatocyte growth factor (HGF) (Ta-
guchi ez al., 2016).

The inhibitory effects of resveratrol can prove to be a
useful tool for the management of cancers and chronic
diseases. Like in diabetes mellitus type 1, resveratrol has
been shown to attenuate testicular apoptosis while in
terms of respiratory diseases, there is inhibition of LPS-
induced inhibition on SIRT1 expression (Novakovic et
al., 2022; Pan et al., 2016). In addition to them, there is
repression of activation effects of LPS on MAPKSs and
NF-xB activation also. Due to the inhibition of inflam-
matory responses leading to a complete perfusion, the
healing of kidney is also promoted. Colorectal cancer
is another example associated with induction of apop-
tosis and resveratrol provides suppression of NF-xB
activation and finally relief to the devastating condition
(Chavez et al., 2008). Similarly for Thyroid and breast
cancer, resveratrol shows marked improvement by inhib-
iting the NF-«B/p65 signaling in which levels of IL-6
and Cyclooxygenase (COX-20) are also affected. Lastly,
it induces pancreatic apoptosis so it is also proven to be
helpful in prevention of pancreatic cancer.

The NF-xB plays a mighty part during the treatment
of preeclampsia by exhibiting the inflammatory factors.
The benefits of resveratrol along with proven clinical
studies are useful in managing many clinical problems.
These can range from chronic diseases like Diabetes
mellitus, Respiratory diseases, Hypertension, Reproduc-

tive problems and lastly, various types of cancers. It
has both modulatory and attenuated effects. No doubt
we have a variety of medications for all of the above
mentioned critical conditions, yet the beneficial effects of
resveratrol cannot be matched easily. Hence, resveratrol
can be assumed to be a good adjunct for the prevention
of complications and therapies of the human diseases in-
cluding preeclampsia. The present study aims to explore
the possible role of resveratrol in inhibiting multiple or-
gan injury in preeclampsia rat model.

MATERIAL AND METHODS

Animal preparation and grouping

A total of 45 healthy female adults Sprague Daw-
ley (SD) rats (weight 270-320 g and aged 2-3 months)
and were provided by the Experimental Animal Center
of the Shanghai Jiao Tong University (China). The ani-
mals were maintained in fully ventilated rooms with free
access to pellet diet and fresh water. The photoperiod
used for keeping animals was 12 h day and 12 h night
cycle. Standard institutional ethical guidelines were fol-
lowed in performing vatious experimental procedures
on the rats. The rats were divided into three groups: the
control group (n=15), Preeclampsia group (PE) (n=15),
and Preeclampsia with Resveratrol treatment (RE) group
(n=15). The animals received humane care in compli-
ance with the principles of laboratory animal care.

Induction of the animal model

To induce preeclampsia, nitric oxide synthase (NOS)
inhibitor namely N(gamma)-nitro-L-arginine methyl ester
(L-NAME) (obtained from Sigma-Aldrich) at the dose
of 200 mg/kg/day was administered to the rats. Res-
veratrol, dissolved in distilled water were given to rats
at the doses of 20 mg/kg/day orally by oral gavage for
4 weeks. Systolic blood pressure (SBP) was monitored
continuously through the experimental period by using
a blood pressure recorder using tail-cuff method. The
protein level in urine (proteinuria) was measured by the
Coomassie blue method.

After completion of experimental periods, rats were
sacrificed using pentobarbital sodium anesthesia. The liv-
ers, kidneys and hearts were collected rapidly and pre-
pared for mRNA and protein extraction.

TNF-q, IL-6, MDA, and SOD detection

In accordance with the instructions on the operating
kits, enzyme-linked immunoassay (ELISA) (SOLARBIO,
China) was used to detect TNF-a and IL-6 in the kid-
ney and myocardial tissues, the xanthine oxidase method
(Sun e# al., 1988) was used to detect the content and ac-
tivity of SOD, and the thiobatbiturates method (Draper
et al, 1993) was used to determine the MDA content.
The SOD and MDA content in the lung and kidney
tissues were calculated according to the formula and
Coomassie Brilliant Blue detect protein content.

Detection of lactic acid, pyruvate, and epinephrine
levels

In accordance with the instructions on the operating
kits, biochemical methods were used to detect lactic acid
and pyruvate levels, and ELISA was used to detect epi-
nephrine levels in the heart and kidney tissues.
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Reverse transcription polymerase chain reaction (RT-
PCR)

RNA from tissues were obtained using TRIzol meth-
od and then reversed to cDNA with RT Kit. Quanti-
tative PCR was carried out using SYBRGreen (Takara)
with appropriate primers designed by Primer 5.0 ac-
cording to the conditions, including an initial step of
10 minute in 95°C, and then 40 cycles of amplification,
which includes 10 s in 95°C, 20 s in 55°C and 25 s in
72°C. Quantification was determined by 2722¢T (Livak &
Schmittgen, 2001). The internal control used was GAP-
DH.

Western blot

The tissue was treated with RIPA lysis buffer for the
isolation of total cellular proteins. Following, the protein
concentrations were determined with Bradford method.
From each sample, 45 ng of proteins were loaded and
run on SDS-PAGE gels which were processed for blot-
ting to PVDF membranes followed by exposure to pri-
mary and secondary antibodies and finally the protein
bands of interest were visualized with the help of effi-
cient chemilumniscence reagent. Primary antibodies were
directed against PDK4. The GAPDH gene was used as
internal control. Primary antibody treatment was fol-
lowed by secondary antibody treatment overnight at 4°C.
Finally, enhanced chemiluminescence (ECL) reagent was
used to detect the protein signals.

Statistical analysis

Values presented in the study are the mean of three
biological replicates £ S.D., calculated from atleast three
experimental replicas. ANOVA, Student’s rtest and
Duncan’s test were used to estimate the significance of
the statistical difference between two/among many data
points. The at p<0.05 was considered as statistically sig-
nificant difference.

RESULTS

Resveratrol Ameliorated Hypertension and Proteinuria
in Preeclampsia group (PRE)

The control group (saline) exhibited stable SBP
throughout experimental period. However, in the PRE
rats, we observed significantly increased SBP. Interest-
ingly, in (RE) group, a reverse effect was observed com-
pared to the PE group.

Furthermore, the PRE group exhibited enhanced pro-
teinuria, a clinical marker of renal malfunction) associ-
ated with PRE compared to control group. Interestingly,
in (RE) group, a reverse effect on proteinuria was ob-
served compared to the PE group.

TNF-a and IL-6 expression level

The expression of the inflammatory factor TNF-a in
the kidney and myocardial tissues was lower in the con-
trol group than in the other two groups. The TNF-« ex-
pression in the kidney and myocardial tissues in the (PE)
group increased significantly and was significantly lower
in the (RE) group than in the LPS group (P<0.05). The
concentration of IL.-6 was higher in the (PE) than in the
control group (P<0.05), but the administration of Res-
veratrol downregulated 1L-6 production (P<0.05; see
Fig. 1).
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Figure 1. The expression of TNF-a and IL-6 in the lung and kid-
ney tissues of rats.
“P<0.05 for comparison with the corresponding tissue of the con-

trol group, and #P<0.05 for comparison with the corresponding
tissue of the preeclampsia group.
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Figure 2. Malondialdehyde and superoxide dismutase levels in
the lung and kidney tissues of rats.

“P<0.05 for comparison with the corresponding tissue of the con-

trol group, and #P<0.05 for comparison with the corresponding
tissue of the preeclampsia group.

MDA and SOD levels

When compared with the control group, the MDA
level was higher (P<0.05), and the SOD level was sig-
nificantly lower in the (PE) group (P<0.05). When com-
pared with the (PE) group, the MDA level was signifi-
cantly lower (P<0.05), and the SOD level was higher in
the (RE) group (P>0.05) (see Fig. 2).

Lactic acid, pyruvate, and epinephrine expression in the
heart and kidney tissues

In order to study the effect of Resveratrol on organ
metabolic damage induced by preeclampsia, the lactic
acid, pyruvate, and epinephrine levels were measured in
the heart and kidney tissues.

Lactic acid expression: The lactic acid level in the
PE group was significantly higher than the control group
(P<0.05), but there was no significant difference in this
level between the RE group and the control group.

Pyruvate expression: The pyruvate level in the PE
group was significantly higher than the control group
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Figure 3. Lactic acid, pyruvate, and epinephrine expression in
the heart and kidney tissues of rats.

“P<0.05 for comparison with the corresponding tissue of the con-
trol group, and #P<0.05 for comparison with the corresponding
tissue of the preeclampsia group.
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Figure 4. Pyruvate dehydrogenase kinase 4 expression in the
myocardial tissue of rats.

“P<0.05 for comparison with the corresponding tissue of the con-
trol group, and #P<0.05 for comparison with the corresponding
tissue of the preeclampsia group.

(P<0.05), but administration of Resveratrol downregu-
lated the pyruvate level (P<0.05).

Epinephrine expression: The epinephrine level in
the PE group was significantly higher than the control
group (P<0.05), but administration of Resveratrol down-
regulated the pyruvate level (P<0.05; see Fig. 3).

PDK4 expression in the heart tissue

The mRNA and protein expression levels of PDK4
were highest in the PE group compared to control. It
was significantly lowered in the RE group than in the
PE group (P<0.05; see Fig. 4).

DISCUSSION

In the present study, the effects of Resveratrol on
inflammatory cytokines and the energy metabolism dis-
order were evaluated in a preeclampsia rat model. We
observed that Resveratrol had protective effects, as evi-
denced by the suppression of the expression and release
of inflammatory cytokines and the regulation of energy
metabolic indicators in preeclampsia rats.

Systemic inflammation plays a key role in the occur-
rence and development of multiple organ injury (Menden
et al., 2015). Endotoxin activates macrophages and mono-
cytes, leading to an inflammatory cascade in which large
quantities of inflammatory mediators, such as interleukins
and TNF-o, are produced and released. Inflammatory me-
diators cause damage to alveolar epithelial cells, pulmonary
capillary epithelial cells, and renal endothelial cells, leading
to the progression of injury. Several cytokines have been
implicated in the pathogenesis of preeclampsia (Conrad
& Benyo, 1997). TNF-« is an important initiating factor
that mediates endotoxic shock, systemic inflammatory
response syndrome, and organ injury (Susantitaphong ez
al., 2013). TNF-a damages lysosomes; causes enzymes to
leak; promotes the migration of leukocytes to the site of
inflammation; induces endothelial cells and macrophages
to synthesize and release 1L-1, IL-6, IL.-8, superoxide, and
lysosome; and promotes inflammation, the metabolism of
arachidonic acid, the production of lipid mediators, and
the formation of microthrombosis, which lead to lung and
kidney damage. IL.-6 is also an important inflammatory
factor that is secreted in large quantities in the lungs and
blood of patients with multiple organ injury. 11.-6 levels in
patients with multiple organ injury are significantly higher
than in healthy people and can reflect the degree of lung
tissue damage. IL.-6 participates in the differentiation and
infiltration of macrophages, which can induce the produc-
tion of adhesion molecules by activating the expression of
complement and C-reactive protein, vascular endothelial
cells, and lymphocytes and participate in the acute phase
response of lung and kidney injury (Hattar ez a/, 2001).
Therefore, inhibiting the production of cytokines is an
effective means of treating inflammatory diseases. This
study showed that during preeclampsia, a significant in-
crease in the levels of TNF-a and IL-6 in lung and kidney
tissues, and Resveratrol can reduce multiple organ dys-
function caused by preeclampsia by reducing the levels of
the pro-inflammatory factors TNF-a and IL-6.

At the onset and during the development of preeclamp-
sia, redox damage caused by oxygen free radicals is one of
the important causes of multiple organ dysfunction (Gupte
& Wagh, 2014). In preeclampsia, many oxygen free radicals
attack the polyunsaturated fatty acids in the biofilm, trigger-
ing lipid peroxidation and forming a large quantity of the li-
pid peroxidation product MDA. MDA is lipid peroxide and
a marker of oxidative stress and antioxidant status. MDA
levels can reflect the severity of the attack of oxygen free
radicals on the body. SOD is a natural scavenger of oxy-
gen free radicals in organisms and can scavenge superoxide
anions and free radicals to protect cells from damage. SOD
levels can indirectly reflect the body’s ability to scavenge
oxygen free radicals, and maintains body’s oxidation and
antioxidant balance. The combined detection of SOD and
MDA can accurately reflect the oxidative stress state and
represent the degree of tissue damage.

This study found that when compared with the con-
trol group, MDA levels in the lung and kidney tissues
of the Preeclampsia group (PR) group were significantly
higher and SOD levels were significantly lower, suggest-
ing that Preeclampsia caused oxidative stress damage to
these tissues. Resveratrol can increase SOD levels and
reduce MDA levels, suggesting that Resveratrol can re-
duce the production of oxygen free radicals, improve
the body’s antioxidant capacity, and inhibit the oxidative
stress damage caused by Preeclampsia.

Hyperlactic acidemia is considered to be a sign of ox-
ygen debt, systemic hypoxia, and anaerobic metabolism.
Elevated lactic acid levels represent an energy metabo-
lism disorder, and decreased levels of lactic acid signify
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an improvement in tissue hypoxia and energy metabo-
lism (Husain e# al., 2003). Pyruvate is the direct and sole
precursor of lactic acid, the end product of glycolysis,
and the starter of the tricarboxylic acid cycle. Elevated
pyruvate levels may be a consequence of reduced oxy-
gen delivery (ischemic hypoxia) and reflect mitochondri-
al dysfunction (Hajjej ¢z al, 2017). Both lactic acid and
pyruvate are the products of glucose metabolism and ab-
normalities can reflect a disorder in energy metabolism.

Myocardial dysfunction is a common complication of
Preeclampsia (Melchiorre ef al., 2012). PDK4 is a key en-
zyme that regulates the pyruvate dehydrogenase complex
(PDC). In some cases, the overexpression of PDK4 can
lead to PDC inactivation, mitochondrial dysfunction, and
negative health consequences (Jeon e/ al, 2021). Energy
metabolism disorder is one of the important causes of
myocardial damage in Preeclampsia (Hu ez al, 2022).
This study found that when compared with the con-
trol group, the lactic acid and pyruvate levels and the
PDK4 gene and protein expression in the myocardial tis-
sue were significantly higher in the Preeclampsia group,
which suggests that Preeclampsia leads to increased an-
acrobic glycolysis in the heart and kidney tissues, caus-
es glucose metabolism disorders, and results in the ac-
cumulation of lactic acid and pyruvate, which aggravate
heart and kidney dysfunction. The results demonstrated
that Resveratrol downregulated the excessive expression
of the PDK4 and reduced the content of lactic acid
and pyruvate in the heart and kidney tissues. Therefore,
Resveratrol can reduce heart and kidney dysfunction in-
duced by preeclampsia by regulating energy metabolism.

In the present study, we deduced that Resveratrol
could decrease the exaggerated inflammatory response
during preeclampsia conditions. Therefore, Resveratrol
may be advantageous as a potential therapeutic agent for
patients with preeclampsia.

CONCLUSIONS

In summary, Resveratrol can protect against multiple
organ injury caused by preeclampsia by reducing the ex-
pression of anti-inflammatory cytokines and through the
anti-oxidative stress pathway. Resveratrol can also inhibit
the body’s stress response, improve energy metabolism,
and protect the heart tissue from preeclampsia. There-
fore, Resveratrol is worthy of further investigation as a
potential intervention strategy for preeclampsia in preec-
lampsia. Further studies are required to elucidate the
precise mechanism of its protective action.
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