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Objective: Grape Seed Extract is a natural source of various polyphenols, which have been shown to possess potent antioxidant and 
free radical-scavenging activities. The earlier studies have reported that grape seed extract exhibits broad-spectrum pharmacological 
activities. Therefore, studying the hepatoprotective effects and elucidation of mechanisms of action of the Indian Variety, Manjari 
Medika grape seed extract (GSE), may give an insight into therapeutic benefits. Methotrexate (MTX) is the first-line pharmacological 
therapy for different rheumatic diseases. The major adverse events such as hepatotoxicity are evident even in the low doses used for 
the treatment. The present study investigated the role of MTX on hepatic damage in murine liver and the plausible protective effects of 
the Indian grape variety, Manjari Medika grape seed extract, in ameliorating it.
Methods and Results: To assess the hepatological modulation, mice were divided into eight groups to investigate the ameliorative 
potential of this GSE (75 and 125 mg/kg) and correlate the experimental findings. The active components of the extract were assessed 
through UPLC-(ESI)-QToF-MS analysis. On the other hand, various biochemical and immunological indices were carried out to 
correlate the experimental data. The result demonstrated that the prophylactic administration of GSE reduced MTX-induced hepatic 
toxicity indices, which subsequently restored the hepatic morphological architecture. Moreover, the application of GSE in a dual 
dosage (75 and 125 mg/kg) suppressed MTX-induced reactive oxygen species generation, followed by lipid peroxidation and cellular 
nitrite formation. MTX-induced inflammasome activation through the redox-assisted cascade of TLR4/NF-κB signaling was further 
reduced by applying the GSE. The results showed that the activation of cytoprotective transcription factor Nrf2 enhanced the level of 
endogenous antioxidants. Furthermore, through the regulation of TLR4/NF-κB and Nrf2/HO-1 axis, this extract could reduce the 
MTX-mediated hepatic damage.
Conclusion: Our findings suggest that Manjari Medika seed extract could be used as a therapeutic agent to relieve the side effects of 
MTX and other hepatic disorders.
Keywords: hepatic fibrosis, Kupffer cells, Manjari Medika grape seed extract, proanthocyanidins, inflammasome, antioxidant 
response

Introduction
Recently, drug-induced liver damage has been a significant concern for human health.1 Methotrexate (MTX), a folate 
antagonist, is widely used as a cytotoxic chemotherapeutic agent for treating breast, bone, lymph, head, and neck 
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carcinoma.2,3 It is also used for managing rheumatism,4 psoriasis, and Crohn’s disease5 and is a much cheaper drug 
than the available therapeutics on the market. MTX is mentioned in the “World Health Organization’s List of 
Essential Medicines” as a therapeutic drug and should be accessible to every healthcare system.6 In order to 
determine the overall benefit of MTX therapy, numerous scientific reports and meta-analyses have revealed that it 
offers a better efficacy than readily available drugs.6 Being a well-tolerated immunosuppressant drug, MTX is 
associated with symptomatic detrimental events. So far, several adverse effects have been attributed to its chronic 
usage as well as high dosage intake. Researchers have identified a range of hepatic disorders associated with chronic 
MTX toxicity, including extensive collagen accumulation, fibrotic lesion, and inflammatory cell infiltration.7,8 

Besides, interstitial lung disease is commonly observed in MTX-induced adverse events.
The nature of liver disease associated with the MTX treatment is complex. The exact pathophysiological reason 

for the MTX-induced hepatic disorder is unknown. It has been previously noted that MTX suppresses the dihydro-
folate reductase, inhibiting the intercellular reservoir of folate needed for thymine synthesis.9 With the treatment of 
high dosages of MTX, abnormal T-cell apoptosis and enhanced cytokine production have been observed,10 suggesting 
the apparent effect on abnormal folate metabolism. On the other hand, an anti-inflammatory effect of MTX has been 
found in low dosages of treatment due to changes in adenosine signaling rather than folate metabolism.11 In the 
adenosine signaling system, the inhibitory effect on 5-aminoimidazole-4-carboxamide ribonucleotide formyltransfer-
ase (AICR TFase) enhances the extracellular adenosine formation, which promotes hepatic fibrosis.11 Earlier reports 
have demonstrated that the use of MTX enhanced hepatic transaminases at a chronically low dosage.12 The 
prevalence of significant hepatic fibrosis and steatosis was also observed in a patient taking MTX.13 A growing 
body of evidence suggests that chronic MTX treatment could eventually lead to hepatic disorder.13 The liver is a vital 
metabolic organ that consists of hepatic parenchyma and a large proportion of nonparenchymal cells (NPCs). These 
include the Kupffer cell, which is a dedicated hepatic resident macrophage and has a role in regulating drug-induced 
hepatotoxicity and in the initiation and progression of liver diseases.14 Kupffer cell comprises a significant population 
of inflammatory cells in the liver and plays a vital role in hepatic homeostasis. During chronic injury, a large 
population of extrahepatic inflammatory cells migrate towards the damage site and alter the liver’s immune cell 
population.15 Researchers have noted that several drugs activate Kupffer cells and induce the release of a plethora of 
pro-inflammatory cytokines during chronic and acute liver injury.16 The onset of inflammatory response plays an 
essential role in triggering the fibrosis as a resident and extrahepatic macrophage, facilitating the release of various 
pro-inflammatory mediators.17 These mediators are thought to create an environment that amplifies the fibrogenic 
response. This, in turn, induces hepatocyte proliferation and leads to preneoplastic transformations. It has also been 
associated with a significant change in extracellular matrix formation (ECM). Therefore, Kupffer cells are essential in 
maintaining the balance of hepatic milieu.18 The importance of the Kupffer cell is not only in the initiation of 
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fibrogenic injury but also in the progression of fibrosis during the drug-induced hepatic disorder.18 Thus, targeting the 
Kupffer cell regulation might provide an opportunity to develop targeted therapeutics for drug-induced liver damage.

Fruit-based polyphenols are secondary metabolites that have been proven as potential therapeutic agents for the 
prevention of multiple diseases, including hepatic,19 cardiovascular,20 neurodegenerative,21 and metabolic diseases.22 

Thus, they are gaining currency for demonstrating health benefits. Most plant polyphenols have several pharmacological 
effects on oxidative stress, metabolism, and inflammation, and these are the key pathological processes in the etiology of 
liver diseases.23 Furthermore, these features put polyphenols under the spotlight of investigation for the therapy of 
hepatic disease. A significant contribution of fruit-derived phytochemicals has created considerable attention towards 
managing different human ailments.24 These phytochemicals alone or in combination are believed to impart therapeutic 
effects and play a pivotal role in modulating disease states. It has shown effectiveness in treating various chronic diseases 
like viral,25 Alzheimer’s, inflammatory bowel diseases, arthritis, and common malignancies of the stomach, colon, skin, 
breast, and lung.26 Epidemiological and preclinical data depicted that phytochemicals delay the pathophysiological 
process of different diseases or act as chemopreventive agents by interacting with the molecular mechanism.27 

According to many researchers, regular consumption of plant-based diet rich in vegetables, fruits, flowers, nuts, seeds 
containing polyphenols, terpenoids, and phytosterol exert their beneficial effect by regulating different cellular and 
molecular signaling pathways.24,28 Many studies demonstrated that phytochemicals are used in cancer therapeutics,29,30 

which influence the targets and signaling pathways involved in proliferation, invasion, metastasis, and angiogenesis.31–33 

Phytochemicals contribute to the modulating effect by altering the pro-survival signaling pathways as well as anti- 
apoptogenic pathways in cancer.34,35 The mechanistic pathways can influence DNA repair, cell cycle regulation, cell 
death, or apoptosis. Altered activation is involved in pleiotropic cytotoxic and cytoprotective responses, leading to the 
activation or inhibition of several signaling cascades. Phytochemicals can exert their effect by altering redox-sensitive 
transcription factor signaling like NF-κB, JAK/STAT, AP-1, p53.36 Besides, it can also mediate their anti-oxidative effect 
by triggering Nrf2/ARE/HO-1 signaling system.37 However, there is a significant translational gap in using these 
phytochemicals from bench to bedside.

Over the past decades, natural antioxidants such as vitamin C, vitamin E, and multiple polyphenols have been proven 
as the functional compounds in grapes that prevent free radical damage to cells.38 Polyphenols, an abundantly found class 
of bioactive component in grapes, have also drawn significant attention because they promote a wide range of health 
benefits. A grape seed extract has been reported as a curative agent for managing many diseases,39 which includes 
hepatic disorders. GSE is a rich source of flavonoids, including proanthocyanidin oligomers. It is known to exert 
cardioprotective, anti-diabetic, anti-obesogenic, anti-bacterial, anti-bacterial, and anti-mutagenic properties.40,41 

Although grape seed proanthocyanidins (GSP) are known to demonstrate preventive and therapeutic properties against 
oxidative stress-associated cellular anomalies,38 its underlying mechanism remains elusive. So far, little efforts have been 
set forward to assess the hepatoprotective activity underlying the precise molecular mechanism of GSP on the modula-
tion of redox-regulated transcription factor-triggered inflammasome activation in Kupffer cells.

Manjari Medika (MM) is an Indian grape variety, which is lately developed by hybridizing Pusa Navrang (a seeded 
juice variety) with Flame Seedless (a red-colored table grape variety) cultivars.42 Previous research revealed that MM seed 
is not only a rich source of anthocyanins and other flavonoids43 but also has a high level of Vitamin E (1.15–1.35 g/kg). 
Although the phytochemical profile of GSE indicates its role as a hepatoprotective therapeutics,44 there is no experimental 
or clinical data to understand whether this variety’s seed extract can prevent hepatocellular toxicity induced by MTX. The 
above-stated gap triggered our current interest in evaluating the protective role of GSE against MTX-induced hepatic 
damage. A particular emphasis was placed on assessing the effect of GSE on Kupffer cell function in regulating 
inflammation and antioxidant balance.

Materials and Methods
Chemicals
The pure and analytical grade chemicals were purchased from Merck Millipore (Billerica, Massachusetts, USA). The 
analytical standards for high-performance liquid chromatography (HPLC) were procured from Sigma-Aldrich 
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Corporation (St Louis, Missouri, USA). The other reagents (analytical grade) were obtained from Sisco Research 
Laboratories (Mumbai, India). All antibodies were bought from Cell Signaling Technology (Danvers, MA, USA).

Plant Material Collection and Preparation of Grape Seed Extract
MM grape berries were harvested from the vineyards of Indian Council of Agriculture Research-National Research Centre for 
Grapes (ICAR-NRCG), Pune (altitude: 559 m above the mean sea level, latitude: 18.32°N, longitude: 7.51°E) at horticultural 
maturity [Brix value of total soluble solids = 20–24, pH = 3.58, total acidity = ~1.7 g/L, volatile acidity = ~0.04 g/L]. 
Following the extraction of juice, the seeds (35–40 g seed/kg of fresh grape) were recovered from pomace, washed with water, 
and dried in a vacuum drier (at <60°C) to a moisture content of ~7–10% (by weight). These were further homogenized to a fine 
powder. Using 50% ethanol in a ratio of 1:10 (seed: solvent), the seeds were extracted and then subjected to liquid 
chromatography-mass spectrometry (LC-MS) analysis by a previously reported method.45

LC-MS [UPLC-(ESI)-QToF-MS] Conditions
An Acquity Ultrahigh Performance Liquid Chromatography (UHPLC), coupled to a quadrupole-time of flight mass 
spectrometer (QToF-MS, Synapt G2 HDMS, Waters Corporation, Manchester, U.K.), was used for the screening of 
phytochemicals. The instrument was operated with electrospray ionization (ESI) and controlled by MassLynx 4.1 
software. The mass resolution was set at 20,000. The high-resolution accurate mass analysis quickly swapped the entire 
scan acquisition at 4 V to 10–60 V in a single L.C. run. An Acquity UPLC BEH C18 column (2.1×100 mm, 1.8 μm, 
Waters India Pvt. Ltd., Bengaluru) was used for chromatographic separation. The mobile phase comprised A: methanol: 
water (10:90, v/v) and B: methanol: water (90:10, v/v), each containing 0.1% formic acid. The UHPLC flow rate was 
maintained at 0.4 mL/min. The gradient program started with 90% A (0–0.5 min), reduced to 50% A (4.5 min), further 
reduced to 2% A (4.5–8 min), and maintained at 2% A (8–11 min), enhanced to 90% A (11–11.5 min) and maintained at 
90% A for another 3 min (12–15 min).46 The LC-MS data was processed using UNIFI software (Version 1.7, Waters 
Corporation, Milford, MA, USA). The mass error limit was set at 5 ppm to ensure enough accuracy in tentative 
identifications. The relative concentrations of the identified compounds were estimated against the certified reference 
standards of quercetin (for non-anthocyanins) (Sigma-Aldrich, St. Louis, Missouri, USA) and pelargonidin- 
3-O-glucoside (for anthocyanin derivatives) (Sigma-Aldrich, St. Louis, Missouri, USA).46

Animals
Adult male BALB/c mice (~8 to 10 weeks old, with initial body weights of 20–22 g) were procured from the inbred 
institutional facility. The animals were kept under standard laboratory conditions (at 21 ± 2°C with a relative humidity of 
55%). Throughout this study, the 12-hours:12-hours light: dark cycle was maintained. The animals were given standard 
rat/mice pellets and tap water ad libitum. All experimental protocols were performed as per the guidelines of the 
Institutional Animal Ethics Committee, CSIR-Indian Institute of Chemical Biology (CSIR-IICB), and approved by the 
Committee for the Purpose of Control and Supervision of Experiments on Animals, Ministry of Environment, Forests 
and Climate Change, The Government of India (Approval No. IICB/AEC/Meeting/Feb/2018/1).

Experimental Design
The design of the overall experimentation is illustrated in Figure 1. Male mice were randomly divided into eight groups, 
each consisting of five mice. According to the CPCSEA norms, to reduce the number of animal usage in single 
experimentation, two sets of preliminary experiments were done previously using six animals in a group before the 
final study.

Group I: Mice (control) were kept at an ambient temperature of 24 ± 2°C with a relative humidity of 60–70%.
Group II: Mice received a single intraperitoneal (I.P) injection of MTX at a dose of 20 mg/kg body weight on the 

7th day of the experiment.
Group III–IV: Mice were treated with a single intraperitoneal (I.P) injection of MTX at a dose of 20 mg/kg body 

weight on the 7th day along with the pre- and post-application of GSE, orally fed in a dual dose (75 and 125 mg/kg) until 
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the termination of the experiment. The final dose was chosen based on the preliminary experimentation. The chosen 
dosage was clinically relevant and was based on similar published reports earlier.47,48

Group V–VIII: The animals were respectively administrated with N-Acetylcysteine (NAC) (300 mg/kg body weight, i.p),49 

0.2% Gadolinium chloride (GdCl3) (20 mg/kg body weight, i.v.),50 glyburide (132.5 mg/kg, i.p)51 (Sigma-Aldrich, St. Louis, 
Missouri, USA) and Toll-like receptor 4 (TLR4) inhibitor (TAK-242) (3 mg/kg, i.v)52 (Calbiochem, St. Louis, Missouri, USA) 
after the MTX-treatment for three alternate days (8th, 10th, and 12th).

Food was withdrawn 24 hours before the final day of the experiment (ie, the 14th day), and each mouse was weighed 
before decapitation. Their blood samples were drawn through the retro-orbital puncture, and the liver tissues were rapidly 
excised and weighed. The euthanasia of all animals was carried out according to the rules stipulated by CPCSEA, 
Government of India. The procedure was carried out quickly and painlessly in an atmosphere free from fear or anxiety. 
For a euthanasia method of an experimental animal, an initial depressive action on the central nervous system was made 
for immediate insensitivity to pain.

Each animal’s longitudinal section of the right liver was used for histopathological and immunohistochemical 
examinations. The remainder of liver tissue was collected to assess the other biochemical and molecular aspects. Single- 
cell isolation was done from the freshly dismembered liver and subjected to the flow cytometric evaluation.

Histopathological Examination
Treated tissues were embedded in paraffin and cut into thin sections (1 mm3) through microtome, followed by 
hematoxylin and eosin staining. All the stained slides were then observed under light microscopy. Histological alterations 
were assessed using a previously established histopathological scoring protocol with slight modifications.53 Six visual 
fields were randomly selected for each histopathological section, visualized under a high-power microscope (magnifica-
tion, 20×), and then blindly scored by a pathologist. The inflammation score was presented as a sum of the severity of 
inflammation, an extension of inflammation (none, 0; slight, 1; moderate, 2; and severe, 3), and the necrosis was scored 
as none, 0; focal confluent necrosis, 1; Zone 3 necrosis in some areas, 2; Zone 3 necrosis in most areas, 3; Zone 3 
necrosis+occasional portal-central bridging, 4; Zone 3 necrosis+multiple P-C bridging, 5; Panacinar or multiacinar 
necrosis, 6.

Isolation of Hepatocyte and Kupffer Cell
Briefly, the inferior vena cava was cannulated following a midline incision, and the portal vein was severed. Immediately, 
the liver was perfused in situ with HBSS (without Ca2+ and Mg2+), followed by another perfusion with Hanks’ Balanced 
Salt Solution (HBSS) containing Type IV collagenase (0.025%) and calcium chloride (CaCl2) (100 nM) at a rate of 
15 mL/min while maintaining the temperature at 37°C. Afterward, the liver was removed and rinsed with fresh HBSS. It 
was minced in a Petri dish containing HBSS with collagenase (Type IV) (Sigma-Aldrich, St. Louis, Missouri, USA) and 

Figure 1 Schematic representation of the experimental design outlining the phases of MTX-challenge (20 mg/kg) along with the application of GSE (75 and 125 mg/kg), 
NAC, GdCl3, Glyburide, Sulforaphane, and TAK-242 in the murine system. *Indicating the respective day at which NAC, GdCl3, Glyburide, Sulforaphane, and TAK-242 was 
applied.
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incubated for 20 min at 37°C for further segregation of the cells. After that, the resultant cell suspension was passed 
through a sterile cell strainer (70 μm) into a cold Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA) which contained 10% heat-inactivated fetal bovine serum (FBS). This mixture 
was centrifuged at 50×g for 2 min at 4°C to sediment the hepatocytes. The remaining cells in the supernatant were 
centrifuged and used for another density gradient centrifugation (1000×g for 10 min at 4°C) using Percoll (Sigma- 
Aldrich, St. Louis, Missouri, USA). While the Kupffer cell fraction cell pellets were resuspended in the fresh HBSS, the 
remaining supernatant was discarded. The Kupffer cells were allowed to adhere to the bottom of the plastic culture dish 
for 4 hours. The cells that did not settle down were removed by mild washing.54 The cell viability was determined by 
using a Trypan blue (Thermo Fisher Scientific, Waltham, Massachusetts, USA) exclusion assay. Throughout, the isolated 
hepatocyte and Kupffer cells were used.

Determination of Hepatic Intracellular Reactive Oxygen Species (iROS) and Cellular 
Nitrite
The level of iROS and nitric oxide (NO) was measured using the oxidation sensor dye, 2′,7′-dichlorofluorescein diacetate 
(H2DCFDA) (Invitrogen, Waltham, Massachusetts, USA) and 4-amino-5-(methylamino)-2′,7′-difluorofluorescein diace-
tate (DAF-FM DA) (Invitrogen, Waltham, Massachusetts, USA), wherein an increase in green fluorescence intensity was 
used to quantify the generation of intracellular ROS and NO with regard to untreated control. The harvested hepatic cells 
(2×106) were resuspended in the medium containing H2DCFDA and DAF-FM DA and later incubated at 37°C for 30 
min. The resultant fluorescence was acquired by BD FACSAria IIITM flow cytometer (Becton Dickinson, Franklin Lakes, 
NJ, USA) coupled with an argon laser at 488 nm.55

Determination of Lipid Peroxidation (LPO)
According to the manufacturer’s instruction (ThermoFisher Scientific, Waltham, Massachusetts, USA), lipid peroxidation 
was detected through lipophilic probe BODIPY using flow cytometry.

Preparation of Tissue Homogenate
The hepatic tissues from the control and experimental groups of mice were excised, rinsed with ice-cold saline water, and 
homogenized in tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) buffer (100 mM, pH 7.4) using a Teflon 
homogenizer. This mixture was centrifuged at 12,000×g for 30 min at 4°C. For biochemical evaluation, the supernatant 
was pooled and estimated. The protein content of the tissue homogenate was also estimated.56

Estimation of Hepatic Toxicity Marker
The hepatic toxicity indices, alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), and lactate dehydrogenase (LDH) were determined using the commercially available kits (Arkray, Kyoto, Japan) 
and performed following the manufacturer’s protocols.

Determination of Protein Expression Using Flow Cytometry
The quantification of intercellular protein expression was performed using flow cytometry through indirect immunofluor-
escence techniques. Briefly, the isolated hepatocyte cells/Kupffer cells were fixed in paraformaldehyde (4%) in phosphate 
buffer saline (PBS) (pH 7.4) for 20 min at room temperature and permeabilized in Triton X-100 (0.1%) in PBS (with FBS, 
0.1%) for 5 min. Following that, the permeabilized single cells were incubated with the primary antibody (1:200) against 
super oxide dismutase (SOD), catalase, alpha-1 antitrypsin (α-1AT), CD11b, NLR family pyrin domain containing 3 
(NLRP3), Interleukin 1 beta (IL-1β), caspase-1, TLR4, nuclear factor kappa-light-chain-enhancer of activated B cells- p65 
subunit (NF-κB-p65), and Nrf2 for 120 min at 4°C. Afterward, the cells were washed with PBS and incubated for 30 min at 
4°C in the presence of fluorescein isothiocyanates (FITC)/Alexa Fluor 488/Phycoerythrin (PE)/Alexa Fluor 647-conjugated 
anti-mouse/rabbit IgG antibody. The stained cells were acquired by using BD FACSAria IIITM (Becton Dickinson, Franklin 

https://doi.org/10.2147/JIR.S338888                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2023:16 472

Manna et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Lakes, NJ, USA). The resultant fluorescence intensity was analyzed through Flow Jo software (V10). Similar to our earlier 
report,57 10,000 cells were analyzed in each experiment.

Determination of Protein Expression Using Immunofluorescence
The unstained hepatic section (6 µm of thickness) of all experimental groups was analyzed through indirect immuno-
fluorescence assay.57 Briefly, the sections were deparaffinized and hydrated in graded ethanol, followed by blocking 
(0.3% hydrogen peroxide) for 20 min to mask the endogenous peroxidase activity. A microwave oven was used to 
retrieve the antigen using citrate buffer (10 mM, pH 6.0) at 95–98°C for 15 min. At 37°C, these sections were further 
blocked with bovine serum albumin (BSA) (5%) for 30 min. Later, they were incubated at 4°C overnight with the 
primary antibody against transforming growth factor-β (TGF-β), alpha-smooth muscle actin (α-SMA), nuclear factor 
erythroid 2–related factor 2 (Nrf2), and heme oxygenase-1 (HO-1) (Dilution: 1:250). After washing with PBS, these were 
incubated with anti-rabbit/mice-FITC/PE secondary antibody for 1 hour each at 37°C, followed by nuclear staining with 
4′,6-diamidino-2-phenylindole (DAPI) (Santa Cruz Biotechnology, Dallas, Texas, United States) for 10 min. The images 
were observed in Olympus FV1000 MPE SIM Laser Scanning confocal microscope (Olympus, Tokyo, Japan).57,58 The 
resultant intensity was analyzed using ImageJ software (NIH, Maryland, United States).

Preparation of the Cytosolic and Nuclear Fraction
The extraction of cytosolic and nuclear fractions was done by an earlier published method.55 Briefly, hepatic tissue was 
suspended in 100 μL hypotonic buffer (10 mM KCl, 1.5 mM MgCl2, 10 mM HEPES, 1 mM dithiothreitol, pH-7.9) 
containing protease inhibitor cocktail and was lysed by homogenization followed by centrifugation at 10,000g for 20 
min. The resultant supernatant was then collected as a cytosolic fraction. The nuclear pellet was re-suspended in 50 μL 
nuclear extraction buffer (1.5 mM MgCl2, 0.2 mM EDTA, 0.42 M NaCl, 20 mM HEPES, 1 mM dithiothreitol, 25% (v/v) 
glycerol) containing the protease inhibitor cocktail, homogenized and incubated overnight at 4°C. Finally, the lysate was 
centrifuged at 20,000g for 5 min to collect supernatant as nuclear fraction.55

Immunoblotting
The earlier published protocol was adopted and slightly modified for the immunoblotting method.55,59 Briefly, 50 μg of 
nuclear and cytosolic protein was separated through SDS polyacrylamide gel (12.5%) and then transferred onto a PVDF 
membrane (Bio-Rad, Munich, Germany). The membranes were blocked with non-fat milk solution (5%) overnight and 
incubated with anti-rabbit/mouse polyclonal/monoclonal antibody (NLRP3, ASC1, Caspase-1, IL-1β, TLR4, and β- 
Actin) (1:1000) for 3 hours, followed by incubation with a Horseradish peroxidase (HRP)-conjugated antibody (1:2500) 
for 2 hours. After washing, the immune complex on the membrane was developed using an enhanced chemiluminescence 
detection system followed by densitometric analysis through ImageJ software (NIH, Bethesda, MD, USA).

Enzyme-Linked Immunosorbent Assay
ELISA was performed to evaluate the specific protein expression in tissue homogenates. Treated hepatic tissue samples 
were analyzed using the specific ELISA kits for Nrf2 (Novus Biologicals, CO, USA), NF-κB-p65 (RayBiotech, GA, 
USA), and HO-1 (Abcam, Cambridge, USA) according to the manufacturer instruction.

Statistical Analysis
All the values in the figures are expressed as mean values with their standard errors (Mean ± SEM) of n observations, 
where n (n = 6) represents the number of animals studied. Statistical software, OriginPro version 8.0 (OriginLab 
Corporation, Northampton, USA), was used for the data analysis. The statistical significance was evaluated using a one- 
way ANOVA through the Tukey method with the post-hoc test. The critical significance level was set at p<0.05.
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Results and Discussion
Characterization of GSE
In this study, a total of fifteen phenolic compounds were putatively identified. These included pelargonidin- 
3-O-coumaroylglucoside, catechin (L-), malvidin-3-O-glucoside, procyanidin trimer EEC, malvidin-3-O-arabinoside, 
dihydrocaffeic acid-3-O-glucuronide, malvidin-3-O-coumaroylglucoside, catechin gallate, malvidin-3-O-acetylglucoside, 
peonidin-3-O-(6-p-coumaroylglucoside), enterodiol, rosmadial and quercetin-3-O-glucuronide (Table 1). Amongst the 
above compounds, pelargonidin-3-O-coumaroylglucoside, catechin (L), malvidin-3-O-glucoside, procyanidin trimer 
EEC and malvidin-3-O-arabinoside were the most prominent ones, having the characteristic pseudomolecular masses at 
579.15, 291.08, 493.13, 867.21 and 463.12 Da, respectively (Table 1). The total phenol content in GSE was 2041 mg/L of 
gallic acid (G.A.) equivalent (mg/L), displaying a total antioxidant activity of about 86.85%. The presence of these 
polyphenolic compounds suggested the basis of antioxidant and hepatoprotective properties of GSE. Our in-house 
experimental results indicated a reduction in oxidative stress as a result of the GSE treatment. In the current study, the 
widely accepted mechanism behind hepatoprotection involved the amelioration of MTX-induced hepatic anomalies due to 
the free radical scavenging activity of GSE.60 This might relate to the high level of natural antioxidants in GSE. It contained 
a large variety of bioactive polyphenols, including acylated anthocyanins and other flavonoids. Earlier reports demonstrated 
a crucial role of dietary polyphenols supplementation in the modulation of pro-inflammation.61 Primarily, it could inhibit 
the expression of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), NF-κB, and mitogen-activated 
protein kinases (MAPKs).

GSE Suppressed MTX-Induced Hepatic Toxicity Marker
As mentioned earlier, MTX is an antineoplastic and immunosuppressive agent and is widely used for the treatment of 
carcinoma and inflammatory diseases.62 The prolonged therapy of MTX could be lethal as it affects liver enzymes and 
has been associated with the development of hepatic fibrosis, leading to cirrhosis.63 The enzymatic activity of hepatic 
function indicators, namely ALP, ALT, AST, and LDH, was measured to evaluate the modulatory potential of GSE on 
MTX-induced hepatic anomalies. As depicted in Figure 2A–D, the augmented activity of ALP, AST, ALT, and LDH was 
observed at 3.06-fold, 7.17-fold, and 4.95-fold and 6.66-fold, respectively, compared to the control. The treatment with 
two different doses of GSE showed a prominent decrease in the activity of ALP, ALT, AST, and LDH. The above 
readings indicate that GSE could alleviate MTX-induced hepatic injury.

Table 1 Characterization of Phenolic Compounds of GSE Using LC-ESI/MS Analysis

Component Name Observed m/z Mass Error (ppm) tR (min) Detector Response Adducts

Pelargonidin-3-O-coumaroylglucoside 579.1502 0.88 3.59 90,142 -e

Catechin (L-) 291.0881 5.1 4.72 46,250 +H, +Na
Catechin (L-) 291.0883 4.20 3.94 33,727 +H, +Na

Malvidin-3-O-glucoside 493.13 1.74 5.07 18,869 -e
Procyanidin trimer EEC 867.21 −0.81 3.6 18,826 +H

Procyanidin trimer EEC 867.21 −0.5 4.20 14,979 +H

Malvidin-3-O-arabinoside 463.12 2.7 4.98 11,046 -e
Dihydrocaffeic acid-3-O-glucuronide 381.08 3.94 0.74 9802 +Na

Malvidin-3-O-coumaroylglucoside 639.17 −0.35 6.42 7142 -e

Catechin gallate 443.0987 3.27 5.24 6847 +H, +Na
Malvidin-3-O-acetylglucoside 535.15 0.88 6.00 5166 -e

Peonidin-3-O-(6-p-coumaroylglucoside) 609.16 0.19 6.44 4246 -e

Enterodiol 325.14 0.57 5.38 3526 +Na
Rosmadial 367.15 −1.88 3.69 3137 +Na

Quercetin-3-O-glucuronide 487.0852 0.99 6.2 2763 +H, +Na
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GSE Reversed MTX-Induced Hepatic Architecture
To confirm the MTX-induced hepatic damage as well as to determine the ameliorative potential of GSE underlying its 
hepatoprotection, histopathological analysis was carried out. The control group showed a typical cellular architecture 
with distinct hepatic cells, sinusoidal space, and the central vein. On the other hand, the regular arrangements of hepatic 
cells with sinusoidal space were disturbed in the treated population. In addition, hepatic anomalies, including excessive 
vacuolization around the central vein, fatty degeneration, infiltration of inflammatory cells, and pyknotic nuclei, were 
also evident. These results could be substantiated by the earlier reports.63 In contrast, the application of GSE remarkably 
restored the pathological features of the MTX-treated condition, confirming its hepatoprotective efficacy. This might be 
due to the presence of several bioactive phenolic components in the seed of the MM grape (Figure 2E). The relative 
quantitative scoring analysis also validated the histological micrographs (Figure 2F and G).

Figure 2 Assessment of hepatic toxicity indices upon the treatment of MTX (20 mg/kg) and GSE (75 and 125 mg/kg). Representative bar graph showing the level of (A) ALT 
activity, (B) AST activity, (C) Alkaline phosphatase, and (D) LDH activity. (E) Histopathological assessment of hepatic architecture. The hepatic architectural assessment was 
done using hematoxylin and eosin staining (H&E) (Magnification: 20×) (Scale bar: 100 μm). Representative bar graph shown quantitative analysis of (F) inflammation score 
and (G) necrotic score. Values are represented as mean ± SEM (n=6). p<0.05 was considered as significant. Statistical comparison: *Control vs MTX; **MTX vs MTX+GSE 
(75 mg/kg); #MTX vs MTX+GSE (125 mg/kg); @MTX vs MTX+NAC. 
Abbreviation: NS, Non significant.
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GSE Suppressed MTX-Induced Intracellular Reactive Oxygen Species (iROS) in 
Hepatic Cells
iROS is a crucial player in drug-induced hepatic toxicity, which by triggering the downstream mediators, leads to 
hepatic fibrosis.64 To investigate the pathophysiological role of iROS in MTX-treated hepatic toxicity and its modula-
tion by GSE, a flow cytometric approach was undertaken using the cell-permeant specific indicator, H2DCFDA. As 
shown in the flow cytometric analysis (Figure 3A), the relative dichlorofluorescein (DCF) fluorescence in terms of DCF 
positive (+Ve) cells was significantly increased upon MTX treatment (95.6%) with respect to the control hepatic cells 
(31.7%). The relative DCF fluorescence represented the relative amount of iROS present in the cellular environment. 
The figure also depicts that a higher percentage of DCF +Ve hepatic cells in MTX-treated condition was reduced with 
GSE treatment in dual doses (85.2% for 75 mg/kg and 71.7% for 125 mg/kg). On the other hand, the administration of 
NAC combined with MTX markedly diminished the DCF fluorescence (62.7%). Also, this combination lowered the 
hepatic ALP, AST, ALT, and LDH levels, indicating the probable involvement of ROS in MTX-mediated hepatic 
damage.65

GSE Prevented MTX-Induced Hepatic Lipid Peroxidation
Numerous reports have demonstrated that iROS is involved in the reaction with polyunsaturated fatty acids of the 
cellular membrane and can trigger LPO.64 The end product of LPO is considered the second messenger of oxidative 
stress, which was thought to be the primary factor for drug-induced hepatic toxicity.66 To investigate the protective 
efficacy of GSE on MTX-induced hepatic toxicity, an assessment of LPO was carried out using the specific sensor, 
BODIPY, following the flow cytometric approach (Figure 3B). As seen in the flow cytometry analysis, when compared 
with the control cells which were isolated from liver after completion of the experiment, BODIPY +Ve population was 
markedly increased with MTX-treatment. Contrastingly, a remarkable inhibition in LPO in terms of lowered BODIPY 
+Ve cells was evident with the application of GSE in a dual dosage (75 and 125 mg/kg). In contrast, the animals treated 
with NAC abolished the MTX-mediated hepatic LPO. It indicated the ROS-guided activation of lipid peroxides in MTX- 
treated conditions and the mechanism of GSE-directed inhibition of lipid peroxide formation, followed by hepatic 
damage.

GSE Reduced MTX-Induced Cellular Nitrite Concentration
The cellular nitrite concentration is one of the potential mediators of hepatic inflammation as well as fibrotic lesion.67 In 
this study, cellular nitrite was detected using a specific indicator, DAF-FM, to investigate the role of cellular nitrite in 
MTX-induced hepatic damage underlying its modulation by GSE. As evident in Figure 3C, MTX-treatment significantly 
increased the DAF-FM fluorescence in terms of the DAF-FM +Ve population amongst the isolated hepatic cells. At the 
same time, a gradual decline in DAF-FM +Ve population was observed upon the treatment of GSE (75 and 125 mg/kg). 
Earlier reports demonstrated that the application of NAC with MTX-treatment could suppress hepatic injury by reducing 
the ROS and RNS. A similar observation was reflected as GSE could modulate MTX-induced hepatic inflammation by 
scavenging ROS and RNS.68

GSE Restored MTX-Induced Endogenous Antioxidant Depletion
The endogenous antioxidants, both enzymatic and non-enzymatic, are involved in the regulation of homeostatic balance 
during oxidative condition.67 Free radicals can be produced by the oxidative metabolism of chemotherapeutic drugs and 
are often responsible for developing hepatic disorders.69 The endogenous antioxidant system detoxifies the free radicals 
and stabilizes the adaptive response that maintains the tissue redox balance.69 The expression pattern of enzymatic 
antioxidant SOD and catalase was assessed through flow cytometry (Figure 3D–G) to determine the effect of GSE on the 
endogenous antioxidant system. The result showed that MTX-treatment significantly (p < 0.05) downregulated SOD 
(0.34-fold) and catalase (0.53-fold) expressions compared to the control hepatic cells, as observed from the relative 
fluorescence intensity of FITC (Figure 3E and G). Contrastingly, when GSE was applied at a dosage of 75 and 125 mg/ 
kg, it distinctly (p < 0.05) augmented (0.37 and 0.74-fold, respectively, for SOD and 0.59 and 0.73-fold, respectively, for 
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Figure 3 Regulation of MTX-induced oxidative stress by GSE treatment. Representative flow cytometric dot plot and gating hierarchy used to define (A) DCF +Ve cells and 
DCF -Ve cells, (B) BODIPY +Ve and BODIPY -Ve cells, (C) DAF-FM +Ve and DAF-FM -Ve cell population in isolated hepatic cells. Representative flow cytometric histogram 
showing (D) SOD, and (F) catalase expression. (E and G) Bar graph showing relative fluorescence intensities of SOD-FITC and Catalase-FITC. Values are represented as 
mean ± SEM (n=6). p<0.05 was considered as significant. Statistical comparison: *Control vs MTX; #MTX vs MTX+GSE (125 mg/kg); @MTX vs MTX+NAC. 
Abbreviation: NS, Non significant.
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catalase) the expression of the antioxidant enzymes over the MTX-treated condition. As evident in Figure 3D–G, NAC 
treatment enhanced the SOD and catalase expressions over the MTX-induced condition. This also indicated a possible 
role of GSE in enhancing the endogenous antioxidant enzyme. A comparative assessment of two varieties of GSE (MM- 
GSE and CS-GSE) on the enhancement of endogenous antioxidant enzymes was also checked in order to determine the 
potent antioxidant efficacy of MM-GSE (Figure S1).

GSE Suppressed MTX-Induced Inflammasome Activation
Inflammation is one of the critical factors in drug-induced liver damage.70 A growing body of evidence has suggested 
that Kupffer cells, which represent 80–90% of the tissue-resident macrophages, are concerned with the pathogenesis of 
liver diseases (eg, non-alcoholic steatohepatitis, alcoholic liver disease, chemotherapeutic drug-induced liver fibrosis, 
etc.).71 Hepatic inflammation is guided by a group of multiprotein oligomers (inflammasome) responsible for regulating 
meta-inflammatory responses. It was shown that NLRP3 [a preeminent member of the NOD-like receptor (NLR) 
subfamily of pattern recognition receptor (PRR, an adaptor molecule)] and “apoptosis-associated speck-like protein 
containing a caspase recruitment domain” (ASC) PYCARD form a Caspase-1 activating complex, which is known as 
NLRP inflammasome.72 Previous reports suggested that Kupffer cells are the primary origin of NLRP3 activation, which 
triggers the release of pro-inflammatory cytokines IL-1β in the liver.73 The mode of inflammasome activation is 
a multilayered process: it begins with the activation of the critical redox-regulated transcription factor, NF-κB, followed 
by the up-regulation of NLRP3 and pro-IL-1β expression. At the final step of this process, the effector Caspase-1 cleaves 
the pro-IL-1β form IL-1β, resulting in the development of the pro-inflammatory condition.74 To investigate the MTX- 
induced activation of the inflammasome and its modulation by GSE, the expression pattern of NLRP3, Caspase-1 and IL- 
1β was checked through flow cytometry (Figure 4B–D). According to the phenotype and function, Kupffer cells are 
classified into two major subsets: CD11b+ and CD68+. The CD11b+ subset mediates inflammasome activation, which is 
the leading producer of T helper 1 (Th1) cytokines.75 The characterization of Kupffer cells was done using a specific 
marker, CD11b. Figure 4A demonstrates the presence of CD11b +Ve Kupffer cells was further increased (11.5%) with 
the treatment of MTX. On the other hand, the resultant cell population had no expression of α-1 AT (0.039%), which is 
a specific marker for hepatocyte population. Interestingly, with the application of GSE at the rate of 75 and 125 mg/kg, 
the increased CD11b +Ve cells were strikingly decreased (9.75% and 7.86% respectively), when compared with the 
MTX-treated condition. The results also showed that MTX-treatment up-regulated the NLRP3 (24.7%), IL-1β (83.7%) 
and caspase-1 (9.23%) expression over the control Kupffer cells. Moreover, with the approach of a dual dose, a notable 
suppression in the expression of NLRP3 (17.6% and 14.1%, at 75 and 125 mg/kg respectively), IL-1β (33.2% and 24.6% 
respectively) and caspase-1 (7.58% and 5.52% respectively) was observed. The treatment with GdCl3 [a known inhibitor 
of macrophage population as well as glyburide (a specific inhibitor of NLRP3)] significantly reduced the expression of 
CD11b +Ve population (4.29% and 5.50% respectively) along with NLRP3 (14.8% and 16.5% respectively), IL-1β 
(15.2% and 20.9% respectively) and caspase-1 (6.44% and 6.82% respectively) (Figure 4B–D). These suggest that GSE 
could modulate the activated Kupffer cell population in MTX-treated condition, following the inflammasome activation.

To further confirm the involvement of the NLRP3 inflammasome pathway, immunoblotting was also carried out. As 
seen in Figure 4E and F, NLRP3, ASC1, caspase 1, and IL-1β expression were markedly (p < 0.05) enhanced in the 
MTX-treated hepatic tissue. Contrastingly, a gradual downregulation was also observed while treated with GSE (75 and 
125 mg/kg) in MTX-treated conditions. On the other hand, GdCl3 treatment lowered the NLRP3, ASC1, caspase 1, and 
IL-1β expression as GdCl3 inhibited the Kupffer cell population significantly. Glyburide also suppressed inflammasome 
components, suggesting the pivotal role of the NLRP3 pathway in MTX treatment. Moreover, the above data confirmed 
the underlying anti-inflammatory mechanism of GSE by inhibiting the NLRP3 inflammasome.

GSE Suppressed TLR4-Mediated NF-κB Activation in Kupffer Cells
A recent report has demonstrated that “TLR4-guided NF-κB activation” is an essential regulator of drug-induced hepatic 
fibrosis and is associated with inflammation.76 NF-κB, one of the vital redox-sensitive transcription factors, is involved in 
the transcriptional regulation of a plethora of genes related to pro-inflammation.76 Similarly, this study explored the role of 
GSE in the modulation of the MTX-induced TLR4/NF-κB axis and observed that it could reduce TLR4 +Ve (11.8% and 
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Figure 4 Modulation of inflammasome activation by MTX and GSE treatment. Representative flow cytometric dot plot and gating hierarchy used to define (A) Q1: α-1-AT- 
PE +Ve/CD11b-FITC -Ve; Q2: α-1-AT-PE +Ve/CD11b-FITC +Ve; Q3: α-1-AT-PE -Ve/CD11b-FITC +Ve; Q4: α-1-AT-PE -Ve/CD11b-FITC –Ve, (B) IL-1β-AF647 +Ve and IL-1β- 
AF647 -Ve, (C) NLRP3-FITC +Ve and NLRP3-FITC -Ve, (D) Caspase-1-PE +Ve and Caspase-1-PE –Ve cells population in isolated hepatic cells. (E) Representative 
immunoblots of NLRP3, ASC1, caspase-1, IL-1β. (F) Graph showing densitometric analysis of respective protein expression. β-Actin was used as an internal standard. Values 
are presented as mean ± SEM (n=6). p<0.05 was considered significant. Statistical comparison: *Control vs MTX, #MTX vs MTX+GSE (125 mg/kg), $MTX vs MTX+GdCl3, 
&MTX vs MTX+Glyburide, @=Non significant.
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7.80% respectively) as well as NF-κB (p65) +Ve (10.7% and 6.67% respectively) population. However, upon this treatment 
with MTX, they were increased (14.6% for TLR4 and 13.3% for NF-κB). On the other hand, TAK-242, a specific inhibitor 
of TLR4, remarkably diminished the TLR4 (3.61%) as well as NF-κB (2.41%) expressions in MTX-treated conditions, 

Figure 5 Assessment of Nrf2 and NF-κB signaling system upon MTX (20 mg/kg) and GSE (75 and 125 mg/kg) treatment. Representative flow cytometric dot plot and gating 
hierarchy used to define (A) TLR4-AF488 +Ve and TLR4-AF488 -Ve cells and (B) Q1: Nrf2-PE +Ve/NF-κB-FITC -Ve; Q2: Nrf2-PE +Ve/NF-κB-FITC +Ve; Q3: Nrf2-PE -Ve 
/NF-κB-FITC +Ve; Q4: Nrf2-PE -Ve/NF-κB-FITC -Ve cell population in isolated hepatic cells. (C) Immunofluorescence images showing the expression of Nrf2 and HO-1. 
DAPI was used for nuclear staining. Slides were viewed using a confocal microscope (Magnification 20×) (Scale bar: 100 μm). Respective fluorescence intensities (Nrf2-FITC, 
HO-1-PE, and DAPI) were analyzed using ImageJ software through RGB calculator. Representative immunoblots of (D) TLR4. (E) Graph showing densitometric analysis of 
respective protein expression. β-Actin were used as an internal standard. Values are presented as mean ± SEM (n=6). p<0.05 was considered significant. Statistical 
comparison: *Control vs MTX, **MTX vs MTX+GSE (75 mg/kg), #MTX vs MTX+GSE (125 mg/kg), @MTX vs MTX+TAK-242. (F) Bar graph showing total NF-κB-p65 
expression in nuclear fraction evaluated by ELISA. p<0.05 was considered significant. Statistical comparison: *Control vs MTX, **MTX vs MTX+GSE (75 mg/kg), #MTX vs 
MTX+GSE (125 mg/kg), @MTX vs MTX+TAK-242.(G) Bar graph showing total Nrf2 expression in nuclear fraction, and (H) HO-1 expression in cytosolic fraction evaluated 
by ELISA. p<0.05 was considered significant. Statistical comparison: *Control vs MTX, ***MTX vs MTX+GSE (125 mg/kg), @MTX vs MTX+Sulforaphane. 
Abbreviation: NS, Non significant.
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suggesting a direct correlation between TLR4 and NF-κB activation in drug-induced hepatic damage. In addition, TAK-242 
restored the histopathological features (Figure 5A and B).

Immunoblotting and ELISA were also done in order to confirm the findings. MTX treatment significantly (p < 0.05) 
increased the expression of TLR4 and p65. However, GSE in dual dosage treatment (75 and 125 mg/kg) gradually 
decreased (p < 0.05) the expression. In line with the observation of TAK-242 treatment, it was evident that GSE 
modulated NF-κB-guided inflammatory signaling through a TLR4-dependant way (Figure 5D–F). From the above result, 
it can be indicated that GSE polyphenols could block TLR4 activation and subsequently NF-κB and restore the hepatic 
physiology and associated inflammation.

GSE Activated Nrf2-Guided Antioxidant Response
As mentioned previously, polyphenols enhance antioxidant response through the upregulation of cytoprotective tran-
scription factor Nrf2.77 To check the variation of Nrf2 expression upon the treatment of two varieties of GSE (MM-GSE 
and CS-GSE), a preliminary experimentation was done using ELISA. The data is supplied in the Supplementary 
Materials, showing the efficacy of MM-GSE on Nrf2 expression over CS-GSE (Figure S2). Nrf2 is an important 
transcription factor that regulates most of the cytoprotective genes. Earlier reports suggested that augmentation of 
Nrf2 can block the activation of NF-κB.78 As shown in Figure 5B, GSE (75 and 125 mg/kg) significantly enhanced 
the Nrf2 expression (8.81% and 13.4%, respectively) while impeding the NF-κB activation in MTX-treated condi-
tion (10.6%).

The immunofluorescence analysis was also carried out to confirm the GSE-guided Nrf2 expression further. Figure 5C 
depicts that MTX-treatment considerably suppressed the Nrf2 expression as well as cytoprotective protein, HO-1. 
Interestingly, the application of GSE at a dual dose (75 and 125 mg/kg) could enhance both Nrf2 and HO-1 expressions, 
as observed from the relative fluorescence intensity. When treated with sulforaphane (a specific activator of Nrf2), 
a drastic increase in the expression of Nrf2 and HO-1 was recorded over the MTX treatment. On the other hand, ELISA 
study also supported the observation. GSE in dual dosage (75 and 125 mg/kg) enhanced (p < 0.05) the nuclear expression 
of Nrf2 as well as HO-1 in MTX-treated condition, indicating the plausible correlation of Nrf2 nuclear translocation and 
antioxidant response (Figure 5G and H). These data also suggested that the GSE polyphenols might have blocked NF-κB 
through the activation of Nrf2.

GSE Prevented MTX-Induced Hepatic Fibrosis
Liver fibrosis results from excessive accumulation of ECM proteins and pro-fibrogenic factors.79 Among many 
inflammatory cytokines involved in liver fibrosis, TGF-β emerges to be the essential one.80 The regulation of TGF-β 
is assisted by the NF-κB signaling system. Researchers have suggested that “α-SMA positive hepatic stellate cell” is 
responsible for the accumulation of fibrotic tissue and hepatic fibrosis.81 The immunofluorescence assay was carried out 
to evaluate the expression of TGF-β as well as α-SMA in hepatic tissue (Figure 6). ELISA assay was also adopted in 
order to assess the other key fibrogenic factors (Fibronectin, Type-I Collagen, and total SMAD3). Upon the treatment of 
MTX, the augmentation of TGF-β expression along with α-SMA was evident, and this was gradually diminished with the 
application of GSE (at the doses of 75 and 125 mg/kg). A combination of sulforaphane and MTX noticeably diminished 
TGF-β expression, which indicates Nrf2-guided inhibition of NF-κB/TGF-β activation. The other fibrogenic factor also 
(Fibronectin, Type-I Collagen, and total SMAD3) modulated upon the treatment of MTX and GSE (75 and 125 mg/kg) 
(Figure S3). This, in turn, suggests that GSE might have played an essential role in reducing the TGF-β expression by 
modulating the cross-talk machinery of Nrf2 and NF-κB.

Discussion
Drug-induced liver injury is considered one of the leading causes of liver disease nowadays.82 It comprises several liver 
disorders which impose health-care issues. Indeed, drug-induced hepatotoxicity may play an essential role in triggering 
acute liver failure.82 As the liver is a primary site for the detoxification reaction of most of the drug components, thus, it 
is a prime target for drug-induced damage.83 Drug-mediated liver damage and the associated inflammatory processes are 
generally characterized by the accumulation of inflammatory cells in the hepatic tissues as well as the cascade of 
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activation of various inflammatory mediators leading to hepatic fibrosis.84 It is convinced that activation of quiescent 
Kupffer cells promotes the inflammatory processes which instigate hepatic damage.85 The acute inflammatory processes 
cause a substantial lethality as effective treatment option remains elusive. Existing reports have been made available to 
understand the mechanism of drug-induced hepatic inflammation, which demonstrates the critical factor for the devel-
opment of drug-induced hepatic damage.86,87 Therefore, targeting the inflammation could solve the mystery of cross-
talking mechanism between hepatic inflammation and damage progression. Various antioxidants are known to suppress 
inflammation and are expected to exhibit anti-inflammatory and hepatoprotective agents.88 Hence, the current study 
aimed to elucidate the anti-inflammatory and hepatoprotective action of an Indian variety of grape seed extract on drug- 
induced hepatic damage with particular emphasis on the regulation of Kupffer cell activation and associated signaling 
system.

Among the hepatotoxic drug, acetaminophen is widely studied. However, other pharmacological agents are also 
responsible for the development of hepatotoxicity.89–91 MTX, a folic acid analog, is used in treating arthritis with anti- 
proliferative, immunosuppressive, and anti-inflammatory activity.92 It is also commonly used to manage rheumatoid 
arthritis and psoriatic arthritis.92 The most common adverse effect of MTX usage includes hepatotoxicity,93 gastro-
intestinal toxicity,94 and nephrotoxicity.95 Numerous reports indicated that weekly usage of MTX enhanced the hepatic 
transaminase activity by 49%, suggesting the occurrence of hepatic anomalies.7 Hepatic inflammation and hepatic 
fibrosis were also noted in patients using MTX treatment.7 Due to its adverse effect, usage of MTX is suspended or 
discontinued in a patient having rheumatoid arthritis. Hence, the efficacy of this drug is limited to its adverse side effects. 
There is inadequate information regarding the mechanism of MTX-induced hepatotoxicity. Since the toxic effect of MTX 
has been reported to be mainly due to increased oxidative stress as a result of the production of free radical species,96 it 
is, therefore, hypothesized that the application of various antioxidants could reverse these anomalies. A growing body of 
evidence reported that fruit-based polyphenol97 and vitamins98 could suppress the MTX-induced damage followed by the 

Figure 6 Immunofluorescence images showing the expression of TGF-β and α-SMA. DAPI was used for nuclear staining. Slides were viewed using a confocal microscope 
(Magnification 20×)(Scale bar: 100 μm). Respective fluorescence intensities (TGF-β-FITC, α-SMA-PE, and DAPI) were analyzed using ImageJ software through RGB 
calculator.
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progression of hepatic fibrosis. These compounds include crocin, berberine, and thiamine. Polyphenols and plant-derived 
vitamins are widely distributed in different types of botanicals, viz., fruits and vegetables. It forms an integral part of the 
diet and possesses a potent-free radical scavenging activity, limiting the activation of a free radical-mediated cellular 
signaling system.99–102 Studies have shown that pomegranate-fruit extract reversed the MTX-induced damage via redox- 
assisted signaling system activation modulation.63 Thus, the proposed research was to determine whether GSE could 
protect from MTX-induced liver damage and ascertain the molecular mechanism involved in the process.

Grape (Vitis vinifera) is considered one of the most widely cultivated fruits in the world.103 A growing body of 
evidence shows that the therapeutic activity of grapes is due to the presence of a plethora of bioactive components.104 

The bioactive components of grape mainly exist in the seed and skin, despite the fact that the seed and skin are usually 
discarded in regular dietary intake and the grape juice industry.104 However, the use of grape seed as well as skin could 
be an excellent alternative as an exogenous antioxidant.105 The present study revealed the presence of putative fifteen 
bioactive components, which exhibited the basis of overall antioxidant potential and the hepatoprotective activity of 
GSE. GSE had a more significant amount of anthocyanidin than the other grape variety, and its glucoside component 
might be a good source of antioxidants.105 In the current study, the widely accepted mechanism behind hepatoprotection 
involved the amelioration of MTX-induced hepatic anomalies due to the free radical scavenging activity of GSE. This 
might relate to the high level of natural antioxidants in GSE. For example, GSE contained a significantly increased level 
of vitamin E (1.15–1.35 g/kg, above the Codex standard).106 Besides, GSE was found to have trilinolein (LLL, 43%), 
dilinoleoyl-stearylglycerol (LSL, 19%) and dilinoleoyl-palmitoylglycerol (LLP, 11%) as the predominant 
triacylglycerols,107 which are recognized natural antioxidants. GSE also contained many bioactive polyphenols (acylated 
anthocyanins and other flavonoids). Earlier reports demonstrated a crucial role of dietary trilinolein supplementation in 
the modulation of pro-inflammation.108,109 Primarily, it could inhibit the expression of pro-inflammatory markers. Our 
results indicate that the essential triacylglycerols present in GSE could serve as a potent hepatoprotector.

It has been reported earlier that the MTX generates oxidative stress in the liver.110 The functional aspects of the liver 
are reflected by the activity of its key enzymes, which are also considered “hepatic markers for disease indication”.111 

The enhancement of liver toxicity markers, ALT, AST, and ALP upon MTX treatment, suggested the decreased 
functional ability of the liver. The increased liver weight and LDH activity confirmed the findings. The leakage of 
these cytosolic enzymes reflects hepatocyte dysregulation, which is associated with other consequences. Microscopic 
studies suggested an infiltration of inflammatory cells in degenerating hepatocytes and distorted hepatic architecture in 
MTX treatment which were in line with the biochemical findings. Several characteristic hepatic lessons, pyknosis, and 
RBC congestion were also evident in MTX treatment, suggesting the altered structural anomalies. Application of GSE in 
dual dosage (75 and 12 mg/kg) caused a significant reduction in liver toxicity indices and reversed the pathophysiological 
conditions consistent with the previous results.

Upon MTX treatment, the study demonstrated an augmentation of iROS generation in isolated hepatic cells, 
contributing to oxidative tissue damage as assessed by increased LPO.63 ROS is one of the critical players associated 
with the plethora of cellular anomalies.112 It is also regulating factor for the induction of the cellular signaling system and 
homeostasis. Cellular membranes, especially polyunsaturated fatty acids, are more susceptible to ROS, generating 
secondary lipid aldehydes that contribute to the LPO of various lipid membranes.113 The resultant damage of phospho-
lipids in cell membranes can act as an adaptor molecule in triggering cell signaling systems associated with apoptosis and 
other inflammatory processes. The augmentation of ROS also suppressed the milieu of endogenous cellular 
antioxidants.114 Hence, it is of great interest to understand how MTX treatment produces ROS and how it is efficiently 
eliminated by GSE treatment to restore the antioxidant balance. As seen in the result, MTX-treatment enhanced the 
relative DCF fluorescence, an indication of ROS generation in hepatic cells as well as BODIPY fluorescence, suggesting 
the correlative activation of ROS-mediated LPO. On the other hand, concurrent activation of iROS and LPO also 
decreased the cellular endogenous antioxidant enzymes, SOD, and catalase, as evidenced by the lowered fluorescence 
activity of SOD-FITC and Catalase-FITC. Like ROS, RNS can be either detrimental or beneficial to the cellular 
system.115 Earlier, nitric oxide was identified as a signaling molecule contributing to blood vessel modulation. It is 
now considered a regulator of critical physiological processes connecting cellular toxicity with nitrosative stress.115 It can 
also mediate cellular damage by reacting with superoxide radical and peroxynitrite radical and activating an array of 
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signaling pathways. MTX-induced cellular NO production was detected by DAF-FM fluorescence, which opened up the 
controversial role in inflammatory signaling system activation. The present study also demonstrated that the treatment 
with GSE in dual dosage (75 and 125 mg/kg) significantly alleviated the ROS and RNS generation and increased the 
expression of antioxidant enzymes, SOD, and catalase, ultimately reducing the LPO. The result was corroborated by the 
experimental observation of NAC treatment. This implied that GSE treatment might suppress the MTX-induced 
oxidative and nitrosative stress-assisted inflammatory development. Future works aim to address the latter and the 
underlying mechanism involved.

Kupffer cell is considered one of the vital components of the mononuclear phagocytic system and regulates hepatic 
and systemic responses to various pathogenic stimuli.116 It is regarded as a critical mediator of both liver injury and 
repair. Kupffer cells exhibit dual plasticity depending on the metabolic and immune environment. It can switch its 
phenotypic characteristics from the polarized pro-inflammatory M1 to the alternative M2 and vice versa upon the 
constant oxidative insults.116 A change in the functional activity of the Kupffer cell is associated with various disease 
states.116 A growing body of evidence demonstrated the heterogeneity of Kupffer cells. Mainly, livers are composed of 
two types of Kupffer cells, resident F4/80+CD68+ cells and recruited F4/80+CD11b+ cells.117 The recruited Kupffer 
cells from bone marrow to the liver exhibit significant pro-inflammatory activity upon various drug insults and trigger the 
development of inflammatory liver disease. Kupffer cells express multiple receptors for the complement system, 
including Complement receptors 1, 2, and 3 (CR1, CR2, and CR3). Clinically, the CR3 receptor has more significance 
in liver disease progression. CR3, also known as CD11b, is one of the primary surface markers in recruited Kupffer cells. 
Thus, drug-induced activation of CD11b+ Kupffer cells reflects the overall disease progression.118 Research demon-
strated that exogenous molecule like the High Fat Diet increases CD11b+ Kupffer cells and inflammatory cytokine 
production in the mouse liver.119 Here, the study also depicted a similar incidence. MTX-treatment significantly 
increased the CD11b+ Kupffer cells, indicating the initiation of inflammatory development. The anti-inflammatory 
potential of GSE was preliminarily assessed as the augmentation of CD11b+ Kupffer cells reduced strikingly, suggesting 
the precise involvement of the anti-inflammatory mechanism. Next, it came to the question of how GSE reduced the 
CD11b+ Kupffer cell activation by an anti-inflammatory mechanism.

Almost several human diseases are strongly associated with inflammation, and the understanding of the progression 
of the disease reflects the precise mechanism of action of inflammation.120 A growing body of evidence suggests a crucial 
crosslink between inflammation and innate immune system dysregulation.120 Tissue injury can activate the cells of the 
innate immune system, which triggers inflammation. Surveillance mechanisms involve various systems. One of the 
essential mechanisms is the pattern recognition receptor (PRR) which leads to the activation of other downstream 
signaling systems.121 Most PRR responds to the various stimuli, especially pathogen-associated molecular pattern 
(PAMP) and host-derive danger-associated molecular pattern (DAMP), that triggers a plethora of redox-assisted 
transcription factors (NF-κB, CREB, IRF, AP1), leading to inflammation.121 The nucleotide-binding oligomerization 
(NOD)-like receptor (NLR) is a newly identified PRR that includes TLRs and C-type lectins.122 Both can generate severe 
immune responses upon binding with the selective ligands. NLR is one of the essential components of inflammasomes, 
a class of cytosolic protein complex that mediate the production of pro-inflammatory mediators. Four inflammasomes 
(NLRP1, Aim2, NLRP3, and NLRP4) are found in the cytosol containing the PRR that belongs to the NLR family.123 

Among all types of inflammasomes, NLRP3 plays a vital role in regulating the inflammatory homeostasis in many 
common hepatic disorders and shaping immune reactions.122 NLRP3 is a multiprotein complex that consists of an 
NLRP3 scaffold, an adaptor protein, apoptosis speck-like protein (ASC), and the effector procaspase-1. The activation is 
initiated when the ASC associates with the NLRP3 scaffold upon the PRR activation and recruits procaspase-1 to 
generate active caspase-1. The active caspase-1 converts the immature pro-inflammatory cytokine precursor, pro-IL-1β, 
to biologically active IL-1β. Once activated, IL-1β can trigger a series of inflammatory responses by activating several 
cytokines and chemokines receptor.123 Recent research shows that NLRP3 activation in hepatocytes and parenchymal 
cells by several drugs molecule resulted in hepatocyte pyroptosis, fibrosis, and induction of pro-inflammatory 
signaling.124 The alteration in the hepatic milieu can exacerbate the various hepatic pathologies. In the present study, 
MTX significantly upregulated the NLRP3 along with the other two components, ASC and caspase 1, suggesting the 
activation of the inflammasome. Additionally, ROS has been suggested for inflammasome activation. It has been 
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observed that ROS integrates different signals leading to the activation of inflammasomes. The augmented activation of 
pro-IL-1β was also observed in MTX-treatment, indicating the apparent connection between inflammasome activation 
and pro-inflammatory response. Moreover, MTX-induced ROS overproduction was associated with activation of NLRP3, 
ASC, and caspase-1, along with the increased release of IL-1β. These findings proved that activation of the ROS/NLRP3 
inflammasome axis was essential in MTX-induced hepatic injury. On the other hand, it was evident that GSE in a dual 
dosage (75 and 125 mg/kg) suppressed the NLRP3 expression as well as ASC, caspase-1, and IL-1β expression, 
suggesting the anti-inflammatory effect possibly due to ROS elimination. The observation was also in line with the 
previous reports where grape seed proanthocyanidin (GSPE) alleviated NLRP3 activation in several model 
systems.125,126

Many experiments have indicated that TLR is a central mediator of the inflammatory response and establishes 
a crucial link between inflammation and fibrosis in chronic hepatic disorders.127 TLR has also been regarded as the direct 
activator of NF-κB in drug-induced anomalies.128 Recent reports demonstrated that the activation of the ROS/TLR4/ 
MyD88/NF-κB axis plays a pivotal role in the regulation of inflammation as well as other pathological conditions.128 NF- 
κB, a redox-sensitive transcription factor, is involved in the regulation of transcription of a battery of pro-inflammatory 
genes, including cytokines and chemokines.89,129 Under the stressed condition, the regulator, nuclear factor of kappa light 
polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα), is phosphorylated upon the concomitant activation of 
inhibitory kappa B kinases (IKK). The resultant action of IκBα phosphorylation release the masking effect on NF-κB and 
promotes its nuclear translocation subsequently to initiate the transcription of pro-inflammatory genes, IL-1β, interleukin- 
6 (IL-6), interleukin-8 (IL-8), and interleukin-18 (IL-18).129 It is also believed that the priming signal by TLR stimulation 
is also essential for transcriptional up-regulation of NLRP3.130 Here, the result depicted an upregulation of TLR4 and 
NF-κB found in MTX treatment. The activation of TLR4 and NF-κB was significantly inhibited by the application of 
GSE (75 and 125 mg/kg), indicating the probable anti-inflammatory mechanism through the suppression of the TLR4/ 
NF-κB/NLRP3 axis.

The cytoprotective mechanism was also investigated in order to explore the underlying mechanism of the ameliora-
tive effect of GSE on hepatic disorders. The Nrf2/antioxidant response element (ARE), a pivotal redox-regulated 
transcription factor signaling system, plays a vital role in cytoprotection by regulating the transcription of several 
genes related to antioxidant systems.131,132 HO-1, a phase-II detoxifying enzyme regulated by Nrf2, is the prime player 
in raising the endogenous antioxidant system.133 HO-1 catalyzes the reaction of heme to biliverdin, carbon oxide, and 
iron.131,134 Particularly, HO-1 has the most abundant ARE in promoting genes regulated by Nrf2 and has been regarded 
as essential in preventing hepatic disease caused by oxidative and nitrosative stress.133 Previously, MTX-induced down- 
regulation of Nrf2 was observed in the renal system.135 The current report demonstrated that Nrf2 expression was also 
reduced by MTX treatment in hepatic tissue, as observed in an immunofluorescence study. The total Nrf2 level was 
significantly lowered with respect to the control, whereas the application of a dual dosage of GSE (75 and 125 mg/kg) 
markedly augmented the expression. The observation was also compared with the sulforaphane-treated group. The 
diminished Nrf2 expression and translocation were confirmed by down-regulation of HO-1 and SOD levels that Nrf2 
directly controls. Strikingly, HO-1 and SOD levels markedly enhanced upon GSE treatment (75 and 125 mg/kg), 
suggesting the precise mechanism of cytoprotection through the Nrf2/HO-1 pathway. From another point of view, 
a crosstalking mechanism exists between Nrf2 and NF-κB.136 Several phytochemicals are known to upregulate Nrf2 
expression, which can terminate the NF-κB.137 On the other hand, in stress-mediated conditions, NF-κB can down- 
regulate Nrf2.138 It is reasonable to assume that upregulation of Nrf2 signaling following treatment with GSE suppressed 
ROS-provoked NF-κB/NLRP3 inflammasome activation.

The drug-induced liver injury leads to an alteration in the hepatic inflammatory response, which causes the activation 
of hepatic stellate cells that further secrete extracellular matrix protein-provoked hepatic fibrosis.139 The inflammatory 
response is the main driving force for fibrosis.17,140 A growing body of evidence suggests that concomitant activation of 
NLRP3 and NF-κB are critical for hepatic fibrosis.141 TGF-β, a key member of the TGF-β superfamily, plays a vital role 
in hepatic fibrosis progression.142 The elevated expression of TGF-β in affected organs is correlated with the matrix 
protein deposition. On the other hand, other fibrotic factors, including SMAD, fibronectin, and collagenase, are also 
responsible for the development of fibrosis.139 SMAD3, a key effector of the TGF-β signaling system, plays a pivotal role 
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in pro-fibrosis and inflammation.143 Earlier studies demonstrated that suppression of SMAD3 inhibits type-I collagen 
expression and blocks epithelial myofibroblast transition. α-SMA is SMAD3 dependent, and SMAD3 directly binds to 
DNA sequences that regulate these target genes.139 Additionally, TGF-β triggers TIMP-1 by modulating SMAD3, thus 
inhibiting ECM degradation.139 Here, MTX-induced enhancement of hepatic pro-fibrotic factor was observed, indicating 
the involvement of pro-fibrogenic pathways. A significant augmentation of TGF-β and α-SMA expression and SMAD3, 
collagenase-I, and fibronectin level was also evident in MTX-treated hepatic cells, pointing out the same hypothesis. In 
contrast, GSE administration in a dual dose (75 and 125 mg/kg) markedly decreased the expression of TGF-β, α-SMA, 
SMAD3, fibronectin, and type-I collagenase, demonstrating the underlying mechanism of anti-fibrosis through the 
suppression of TGF-β/SMAD3 pathway.

Conclusion
This study has shown how GSE could ameliorate MTX-induced liver damage by modulating the redox-regulated 
signaling system and its ability to inhibit the NF-κB/NLRP3 inflammasome axis along with the activation of the Nrf2/ 
HO-1 signaling system. It was demonstrated that GSE acted as a potent activator of Nrf2, and the consumption of GSE 
enhanced the liver antioxidant defense system (Figure 7). Furthermore, GSE reduced hepatic fibrosis through the down- 
regulation of the TGF-β/SMAD3 pathway. Based on the results, it may be concluded that GSE could be used as 
a prophylactic approach to diminish hepatic damage and for the treatment of oxidative stress-induced complications. 
Because of its significantly high levels of vitamin E and other bio-active phytochemicals, GSE could also be utilized by 
pharmaceutical or nutraceutical industries for the development of novel functional foods and supplements. This study has 
also opened up a new way for cost-effective treatment to manage liver cirrhosis.
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Figure 7 Schematic representation of possible mechanism of action of MTX-mediated hepatic anomalies and its prevention by GSE (75 and 125 mg/kg).
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