Nrf2-mediated antioxidant response by
ethanolic extract of Sida cordifolia provides
protection against alcohol-induced oxidative
stress in liver by upregulation of glutathione
metabolism
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Objective: The study aimed to evaluate the antioxidant property of ethanolic extract of Sida cordifolia (SAE) on
alcohol-induced oxidative stress and to elucidate its mechanism of action.

Methods: Male albino rats of the Sprague-Dawley strain were grouped into four: (1) control, (2) alcohol
(4 g/kg body weight), (3) SAE (50 mg/100 g body weight), and (4) alcohol (4 g/kg body weight) + SAE
(50 mg/100 g body weight). Alcohol and SAE were given orally each day by gastric intubation. The
duration of treatment was 90 days.

Results: The activities of toxicity markers in liver and serum increased significantly in alcohol-treated rats and
to a lesser extent in the group administered SAE + alcohol. The activity of alcohol dehydrogenase and the
reactive oxygen species level were increased significantly in alcohol-treated rats but attenuated in the SAE
co-administered group. Oxidative stress was increased in alcohol-treated rats as evidenced by the
lowered activities of antioxidant enzymes, decreased level of reduced glutathione (GSH), increased lipid
peroxidation products, and decreased expression of y-glutamyl cysteine synthase in liver. The co-
administration of SAE with alcohol almost reversed these changes. The activity of glutathione-S-
transferase and translocation of Nrf2 from cytosol to nucleus in the liver was increased in both the alcohol
and alcohol + SAE groups, but the maximum changes were observed in the latter group.

Discussion: The SAE most likely elicits its antioxidant potential by reducing oxidative stress, enhancing the
translocation of Nrf2 to nucleus and thereby regulating glutathione metabolism, leading to enhanced GSH
content.

Keywords: Alcohol, Sida cordifolia, Oxidative stress, Nrf2, Glutathione, Hepatotoxicity, y-Glutamyl cysteine synthase, Detoxification

Introduction

Liver is the major organ for the oxidation of alcohol.’
Consequently, this organ sustains the greatest damage
from ethanol abuse. Ethanol metabolism increases
CYP2E1 activity, which generates reactive oxygen
species (ROS) and contributes to oxidative stress.”
ROS can damage or cause complete degradation of
essential complex molecules in cells, including lipids,
proteins, and DNA, and deplete mitochondrial anti-
oxidants such as reduced glutathione (GSH).
Induction of oxidative stress and activation of the
inflammatory cascade are identified as key elements
in the pathophysiology of alcoholic liver diseases.’
Chronic alcohol consumption has long been
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associated with progressive liver disease from steatosis
to hepatic cirrhosis, and the subsequent increased risk
of hepatocellular carcinoma.

Alcohol is metabolized in the liver, which results in
generation of a number of potentially dangerous pro-
ducts such as acetaldehyde and highly reactive free
radicals that contribute to alcohol-induced liver
damage.* Genes encoding a subset of drug-metaboliz-
ing enzymes have been shown to be under regulation
by the antioxidant responsive element (ARE) along
with a subset of antioxidant genes, such as nuclear
factor erythroid-2-related factor-2 (Nrf2). It has been
identified that Nrf2 is the key transcriptional factor
that transmits the inducer signal to ARE.> Under
basal conditions, Nrf2 is mainly in the cytoplasm
and is bound to Kelch-like ECH associated protein-1
(Keapl), which in turn facilitates the ubiquitylation
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and subsequent proteolysis of Nrf2 in a constitutive
In response to oxidative stress, Nrf2 dis-
sociates from Keapl, translocates into the nucleus
and elicits the antioxidant response by induction of a
battery of gene products, including antioxidant and
phase-II detoxification enzymes, and modulates their
expression.’ These enzymes are involved in glutathione
metabolism and NADPH production as well as in
maintaining intracellular redox homeostasis. Thus,
Nrf2 has been demonstrated to be a key transcription
factor that regulates the induction of antioxidant
genes.®

The popularity of herbal remedies is increasing
globally and at least one quarter of patients with
liver diseases use ethnobotanicals. Sida cordifolia
Linn. is a small, erect, downy shrub belonging to the
family malvaceae.” Pharmacological studies have indi-
cated that the extract of the aerial parts and roots
possess strong analgesic, anti-inflammatory and
hypoglycaemic activities.'"” A methanolic extract of
S. cordifolia exhibited significant anti-ulcerogenic
properties against damage induced by aspirin and
ethanol.'' The studies conducted by Silva et al '?
showed that the aqueous extract of S. cordifolia stimu-
lates liver regeneration after 67% partial hepatectomy
in rats. Studies of Shailender et al.'* evaluated an etha-
nolic extract of S. cordifolia for acute and sub-acute
anti-inflammatory properties in albino rats and
compared it with the reference drug indomethacin.

Previous studies in our department have shown that
50% ethanolic extracts of S. cordifolia have neuropro-
tective properties against quinolinic acid-induced oxi-
dative stress'* and hepatoprotective properties
against alcohol-induced oxidative stress.'> The objec-
tive of the present study was to evaluate the antioxi-
dant potential of a 50% ethanolic extract of S.
cordifolia on alcohol-induced oxidative stress and to
elucidate its mechanism of action.

manner.6

Materials and methods

Preparation of ethanolic extract of S. cordifolia

root

S. cordifolia roots were collected from Trivandrum,
India. The plant was authenticated by Dr
Valsaladevi, Curator, Department of Botany, Kerala
University. The identified and authenticated specimen
was deposited in the herbarium of the Department of
Botany, University of Kerala (Plant no. KUS5787).
Fresh plant roots (250 g) were collected, washed
thoroughly, and dried in the shade. The root was
then crushed and added to 500 ml of 50% ethanol. It
was refluxed in a water bath for 90 minutes at
60-65°C. The whole extract was concentrated using
a rotary flash evaporator. The yield of extract was
1.68%. This extract was named SAE (Sida alcoholic
extract).
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Male albino rats (Sprague—Dawley strain) weighing
between 100 and 140 g, bred and reared in our animal
house, were used for the experiment. Weight-matched
animals were selected. A total of 24 rats were divided
into four groups of 6 rats each.

Group I: control.

Group II: alcohol (4 g/kg body weight)/day.

Group III: SAE (50 mg extract/100 g body weight)/

day).

Group IV: alcohol (4 g/kg body weight) + SAE

(50 mg extract/100 g body weight)/day).

Animals were housed in polypropylene cages. Cages
were kept in a room that was maintained between 28
and 32°C. The light cycle was 12 hours light and
dark. Animals were handled using laboratory animal
welfare guidelines.'® Rats were fed with rat feed
(Ashirvad Pvt Ltd, Chandigarh, India). Food and
water was given ad [libitum. The dose of alcohol was
selected from previous studies.'? Alcohol (1:1
diluted) and SAE were given orally by gastric intuba-
tion. Rats in the control and SAE group were given
glucose solution isocaloric to the ethanol content in
group II. The duration of the experiment was 90
days. The study protocol was approved by the
Institutional Animal Ethics Committee (IAEC -
KU-14/2009-2010-BC-MI (22)). At the end of the
experimental period the animals were sacrificed. The
liver was dissected out and cleaned with ice-cold phos-
phate buffer saline, blot dried, and immediately trans-
ferred to ice-cold containers for various biochemical
evaluations. Blood was collected in clean, dry test
tubes and allowed to clot for 30 minutes at room temp-
erature. The clear serum was removed after centrifu-
gation at 2000g for 10 minutes and used
immediately for the assay of various parameters.

Biochemical analysis

Activity of y-glutamyl transferase (GGT) was ana-
lysed by the method of Szasz.!” Aspartate amino
transferase (AST) and alanine aminotransferase
(ALT) activities were measured by the method of
Reitman and Frankel.'® ROS generation in liver mito-
chondria was quantified using dihydro dichlorofluor-
escein diacetate (DCF-DA)."” Alcohol
dehydrogenase activity was assayed by the method of
Koivisto and Salaspuro.?® The activity of gluta-
thione-S-transferase (GST) was determined by the
method of Habig er al?! and that of glutathione
reductase (GR) by the method of David and
Richard.”* The activity of glutathione peroxidase
(GPx) was measured by the method of Lawrence and
Burk® as modified by Agergaard and Jensen.**
GSH was determined according to Patterson and
Lazarow.”> Malondialdehyde (MDA) was estimated
by the method of Ohkawa er al.*° and hydroperoxides
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Table 1 Primer sequences used for RT-PCR analysis
Genes Primer sequences Gene accession number
GAPDH Forward 5" TGA CAA CTC CCT CAAGATTGTCA & NM 017008.4
Reverse 5 GGC ATG GAC TGT GGT CAT GA 3
yGCS Forward5’CCTTCTGGCACAGCACGTTG & J 05181.1

Reverse 5TAAGACGGCATCTCGCTCCTS

(HP) by the procedure of Mair and Hall.?” Conjugated
dienes (CD) were estimated as described by Recknagel
and Ghoshal.?® Tissue protein was determined by the
method of Lowry e al.?® Cytosol and nuclear frac-
tions were isolated according to the procedure
described by Cox and Emili.** ELISA was based on
the method of Engvall and Perlmann.*!

Determination of intracellular ROS

Liver tissue was homogenized in sucrose buffer. A
100 pl aliquot of liver homogenate was incubated
with the assay medium (20 mM Tris—-HCI, 130 mM
KCl, 5mM MgCl,, 20mM NaH,PO4, 30mM
glucose, and 5uM DCF-DA) at 37°C for 15
minutes. H,O, (1 umol) was added into the mixture
at the end of the assay. The formation of dichlorofluor-
escein (DCF) was measured at an excitation wave-
length of 488 nm and emission wavelength of 510 nm
for 10 minutes with a fluorescence spectrometer.

Total RNA isolation

Total RNA was isolated from the liver using TRI
Reagent (Sigma Aldrich, Missouri, USA) by the
method of Chomezynski and Sacchi.*

Reverse transcription-PCR

The isolated RNA was used for reverse transcriptase-
polymerase chain reaction (RT-PCR) to quantify
gene expression. Total RNA was reverse transcribed
and PCR was performed using an Eppendorf
RT-PCR kit (Eppendorf, Hamburg, Germany) with
gene-specific primers. Primer sequences are given in
Table 1. The PCR mixture was resolved on a 2%
agarose gel containing ethidium bromide. Then the
gels were subjected to densitometric scanning (Bio-
Rad Gel Doc, CA, USA) to determine the OD of
each and then normalized against an internal

Table 2 Activities of toxicity marker enzymes

control, GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) using Quantity One imaging software.

Statistical analysis

The results were analysed using a statistical pro-
gramme SPSS/PC+, version 11.5 (SPSS Inc.,
Chicago, IL, USA). A one-way ANOVA was
employed for comparison among the six groups.
Duncan’s post-hoc multiple comparison tests of
significant differences among groups were employed.
P < 0.05 was considered to be significant.

Results

The activities of GGT in serum, ALT and AST in liver
and serum were increased significantly in alcohol-
treated rats compared to control (Table 2). Their
activities were reduced in the alcohol + SAE adminis-
tered group and there was no change in the activities of
these enzymes in the SAE alone treated group.

The activity of alcohol dehydrogenase (Table 3)
increased significantly in the alcohol-treated group
compared with the control group. Its activity was sig-
nificantly decreased in the group treated with
alcohol + SAE in comparison with the control
group. The ROS level in liver was increased in the
alcohol-treated group compared with the control

Table 3 Activity of alcohol dehydrogenase and ROS levels in
liver

Alcohol dehydrogenase ROS (pmol

(umol of NAD* reduced/ DCF/mg
Groups min/mg protein protein)
Control 0.21 +0.02% 14.3+1.3%
Alcohol 1.54 +£0.14° 37.4+36°
SAE 0.19 +0.02% 129+1.3%
Alcohol + SAE 0.72 +0.07° 19.5+2.0°

Values are mean =+ SD. Values not sharing a common
superscript differ significantly at P < 0.05.

ALT (umol pyruvate liberated/
min/mg protein)

AST (umol oxaloacetate
liberated /min/mg protein

GGT (umol p-nitroaniline liberated/min/mg

Groups Liver Serum Liver Serum protein) Serum
Control 1551+ 1.49% 51.68 + 4.962 19.78 £ 1.90° 185.27 + 17.80° 17.43 + 1.592
Alcohol 48.81+4.68° 107.25+10.29° 7852+ 7537 351.20 + 33.69° 62.40 + 5.99°
SAE 15.62 + 1.50% 52.66 + 5.067 20.76 + 1.99 187.62 + 18.00% 17.65 + 1.692
Alcohol + SAE  20.29 + 1.95° 57.46 + 5.382 27.77 £2.79° 195.08 + 18.712 28.76 + 2.13°

Values are mean + SD. Values not sharing a common superscript differ significantly at P < 0.05.
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Table 4 Activities of glutathione peroxidase (GPx), glutathione reductase (GR), and glutathione-S-transferase (GST)

GPx (umol NADPH oxidized/ GR (umol NADPH oxidized/ GST (nmol conjugate formed/

GSH (mg/100g

Groups min/mg protein) min/mg protein) min/mg protein) tissue)

Control 13.37 + 1.28° 20.75 + 1,992 0.08 + 0.0072 518.76 + 49.87¢
Alcohol 6.04 + 0.58° 5.16 + 0.49° 0.16 +0.019° 39212 + 37.61°
SAE 13.70 + 1.34? 21.62 +2.07° 0.08 +0.0072 527.37 + 50.59%
Alcohol + SAE 12.39+1.132 18.65 + 1.79° 0.20 + 0.024° 513.89 + 49.30%

Values are mean = SD. Values not sharing a common superscript differ significantly at £ < 0.05.

group. The level of ROS was decreased significantly in
the group treated with alcohol + SAE compared with
the alcohol-treated group (Table 3).

The activities of GPx and GR, and GSH content,
were significantly decreased in the liver of the
alcohol-treated group compared to the control
(Table 4). But co-administration of ethanol and SAE
significantly increased the activities of GPx and GR
and the GSH content in comparison with the
alcohol-treated group. The activity of GST (Table 4)
was increased in the groups treated with alcohol and
alcohol + SAE. But the maximum increase was
observed in the alcohol+SAE group.

The level of lipid peroxidation products MDA, HP,
and CD (Table 5) was increased significantly in
alcohol-treated rats compared with the control group
but were significantly lower in the alcohol+SAE
group in comparison with the alcohol group.

The translocation of Nrf2 from cytosol to nucleus
was increased in alcohol-treated rats and also in the
alcohol+SAE-treated group in comparison with
other groups (Fig. 1). But maximum translocation
was seen in the alcohol+SAE group.

The mRNA expression of y-glutamyl cysteine
synthase (yGCS) was evaluated by RT-PCR. In
alcohol-treated rats, PCR products were markedly
decreased compared to control rats (Fig. 2).
Treatment with SAE along with alcohol increased
yGCS mRNA expression in comparison with the
alcohol-treated group.

Discussion

Chronic alcohol feeding increased the activities of
ALT, AST, and GGT in the liver and serum, indicating
cellular leakage and loss of functional integrity of cell

Table 5 Level of lipid peroxidation products

MDA
(mmol/ HP (mmol/ CD (mmol/

100 g wet 100 g wet 100 g wet
Groups tissue) tissue) tissue)
Control 0.50 + 0.05 8.98 + 0.86° 60.63 + 5.82%
Alcohol 099+0.10° 1861+ 1.79° 146.47 = 14.05°
SAE 0.48 +0.04* 8.77 £0.84° 53.63 +5.15%
Alcohol+SAE  0.57 +0.52° 9.97 +0.96° 73.79 = 7.08°

Values are mean = SD. Values not sharing a common
superscript differ significantly at P < 0.05.
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membranes in liver.*® In agreement with this we also
observed increased activities of these enzymes, which
are indicative of liver cell damage. Treatment of alco-
holic rats with SAE decreased the activities of AST,
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Figure 2 Intensity of yGCS mRNA using gel doc. The relative
amount of yGCS mRNA was estimated by semi-quantitative
RT-PCR. The PCR products were quantified by densitometry
and standardized to their respective GAPDH controls. The
mean intensity was measured and expressed as intensity/
mm?. Results are expressed as average of quadriplicate
experiments + SD. Different letters indicate values
statistically significant at P < 0.05. The level of yGCS mRNA
was decreased significantly in alcohol-treated rats compared
to control rats and there was an increase in the level in co-
administered group compared to alcohol-treated group.



ALT, and GGT, which indicates the hepatoprotective
effect of the extract.

Alcohol is metabolized by alcohol dehydrogenase
into toxic acetaldehyde, which is capable of free
radical generation and cellular damage.** Co-adminis-
tration of SAE along with alcohol reduced the activity
of alcohol dehydrogenase and thereby the formation
of acetaldehyde. It has been well documented that
alcohol increases ROS production via multiple mech-
anisms, including the mitochondrial electron transport
chain and CYP2El-mediated alcohol metabolism.>
Our studies are in line with these findings.
Administration of SAE along with alcohol likely
decreased the oxidative stress in the liver by decreasing
the production of ROS.

Lipid peroxidation is accepted as being one of the
principal causes of alcohol-induced liver injury.
Elevated levels of lipid peroxidation products were
observed in chronic alcohol-treated liver.*® The treat-
ment with SAE significantly reduced the lipid peroxi-
dation products MDA, HP, and CD in the liver. This is
consistent with the studies of Dhalwal er al.®>’ who
showed that the root extract of S. cordifolia exhibited
superoxide scavenging activity and inhibited lipid
peroxidation in rat liver homogenate.

Chronic alcohol feeding leads to a decrease in the
activities of major antioxidant enzymes in liver,
including superoxide dismutase and catalase.*® H,0,
is reduced to water with the help of GSH and GPx .
The oxidized glutathione, in turn, is reduced by GR
in the presence of NADPH. It has been reported
that treatment with alcohol reduced the activities of
GPx and GR in the liver.** Our observations
support this. On treatment with SAE, the changes in
activities of these enzymes were reversed to near
normal levels, suggesting that oxidative stress elicited
by alcohol intoxication had been decreased.

GSH is the most important endogenous antioxXi-
dant, exerting a pivotal role in maintaining redox
homeostasis.** It is also an important constituent of
cellular protective mechanisms in effecting detoxifica-
tion of reactive metabolites in cells. The observed
decrease in GSH level and other antioxidant enzyme
activities in the alcohol-treated group might have
been due to increased scavenging of reactive sub-
stances that were produced as a result of ethanol
metabolism. Depletion of GSH is considered to be a
marker of oxidative stress. yGCS is a key regulatory
enzyme for the synthesis of GSH.*' Our observation
of reduced expression of yGCS in rats given ethanol
is supported by the report that a significant decrease
in mRNA expression of YyGCS was observed in the
brains of alcohol-treated mice.** Retrieval of GSH
levels and expression of yGCS in SAE co-adminis-
tered rats might be due to the antioxidant nature
of SAE.
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GST is a phase-II xenobiotic metabolizing enzyme;
it catalyzes the conjugation of harmful electrophilic
compounds with reduced GSH to produce less toxic
or readily excreted metabolites. The elevated GST
activity in the liver of ethanol-fed rats could be an
adaptive response to protect tissues against ethanol-
induced oxidative stress.*’ These enzymes are believed
to be highly regulated by Nrf2 signalling.
Administration of SAE resulted in increased transloca-
tion of Nrf2 from cytosol to nucleus, coupled with
reduction of oxidative stress. This might have caused
enhanced activity of phase-Il and antioxidant
enzymes.

Nrf2 plays a key role in the adaptive response
against increased oxidative stress caused by alcohol.
Increases in Nrf2 protein and mRNA were observed
in liver or hepatocytes of chronic alcohol-fed rats or
mice.** Our results are in line with these findings.
Growing evidence supports a role of Nrf2 signalling
in protecting cells from oxidative insults. A well-estab-
lished mechanism that controls Nrf2 activation is that
oxidative stress or Nrf2 inducers can increase Nrf2
protein stability, resulting in its accumulation in
cells.** Our study showed that SAE supplementation
in an alcohol-treated group induced translocation of
Nrf2. Thus, we speculate that enhanced Nrf2
expression might have activated antioxidant and
phase-II enzymes by protecting the liver. This is sup-
ported by the enhanced activities of GPx, GR, and
the maintained levels of GSH.

The hepatoprotective activity of the plant may be
due to the presence of secondary metabolites. The phy-
topharmacological evaluation of ethanolic extract of
S. cordifolia roots found reducing sugars, alkaloids,
saponins, and steroids.*® The plant also possesses fla-
vonol glycosides.*” Two bioactive flavones, 5,7-dihy-
droxy-3-isoprenyl flavones and 5-hydroxy-3-isoprenyl
flavones isolated from the aerial parts of S. cordifolia,
showed analgesic and anti-inflammatory activity.*®
The alkaloids from S. cordifolia also show analgesic
and anti-inflammatory activity.*

Conclusion

It can be concluded that SAE significantly protected
the liver from alcohol-induced damage. The mechan-
ism of action of SAE may be by reducing the metab-
olism of alcohol and causing decreased generation of
acetaldehyde and ROS. The SAE also enhanced
nuclear translocation of Nrf2, leading to activation
of antioxidant and phase-II detoxification enzymes
and maintaining the GSH content.
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