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Novel Combinatorial Regimen of 
Garcinol and Curcuminoids for Non-
alcoholic Steatohepatitis (NASH) in 
Mice
Muhammed Majeed1,2,3, Shaheen Majeed   1,2, Kalyanam Nagabhushanam   3, 
Lincy Lawrence1 & Lakshmi Mundkur   1 ✉

Non-alcoholic steatohepatitis (NASH) is a progressive form of Non-alcoholic fatty liver disease 
(NAFLD), a chronic liver disease with a significant unmet clinical need. In this study, we examined the 
protective effects of Garcinia indica extract standardized to contain 20% w/w of Garcinol (GIE) and 95% 
Curcuminoids w/w from Curcuma longa (Curcuminoids) in a Stelic animal model (STAM) of NASH. The 
STAM mice developed steatosis, hepatocyte ballooning, and inflammation, which were significantly 
reduced by the combination of GIE and Curcuminoids, resulting in a lower NAFLD activity score. 
The treatment reduced fibrosis as observed by Sirius red staining, liver hydroxyproline content and 
mRNA levels of TGF- β and collagen in the liver. Immunostaining with alpha-smooth muscle actin (α 
SMA) revealed a significant reduction in hepatic stellate cells. Intriguingly, the combination regimen 
markedly decreased the mRNA levels of MCP1 and CRP and both mRNA and protein levels of TNF-α. 
NF-kB, reduced the hepatic and circulating FGF21 levels and altered the nonenzymatic (glutathione) 
and enzymatic antioxidant markers (Glutathione peroxidase, and superoxide dismutase). Our results 
suggest that the combination of GIE and Curcuminoids can reduce the severity of NASH by reducing 
steatosis, fibrosis, oxidative stress, and inflammation. The results suggest that the combinatorial 
regimen could be an effective supplement to prevent the progression of liver steatosis to inflammation 
and fibrosis in NASH.

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disorders1,2. It includes the 
spectrum of liver disease, ranging from benign fatty liver to hepatocellular carcinoma. It is histologically further 
categorized into the nonalcoholic fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH). NAFL, as the 
early-stage disease shows the presence of excessive fat in the liver (hepatic steatosis) with no evidence of hepato-
cellular injury, while NASH is characterized by the accumulation of fat accompanied by infiltration of inflamma-
tory cells and cellular damage, which can progress to cirrhosis, liver failure, and liver cancer3. NASH is the hepatic 
manifestation of metabolic disorder and is closely associated with type 2 diabetes, obesity, insulin resistance anda 
systemic inflammatory state4–8. Consequently, NASH patients have a higher risk of cardiovascular events and 
neoplasia, resulting in a higher rate of mortality9,10. It is usually a silent disease with minimum symptoms, while 
weight loss, fatigue, and weakness develop as the disease progresses.

Although the disease development and progression are still not well elucidated, the most accepted theory to 
explain the pathogenesis is “multiple-hits hypothesis”. The initial hit leads to the development of simple steatosis, 
while liver cell inflammation and apoptosis are induced by secondary hits, leading to mitochondrial dysfunction, 
oxidative stress, lipid peroxidation, gut dysbiosis, and Kupffer cell activation, which finally results in NASH11,12. 
Presence of damaged hepatic cells, inflammation and fibrosis  characterize the disease13,14. Recent experiments 
have shown that disruption of endoplasmic reticulum (ER) homeostasis, or ER stress, induces both the devel-
opment of steatosis and progression to NASH15–17. The induction of ER stress has been described in the livers of 
genetic, diet-induced and obese animal models of NASH and also in patients with NAFLD or NASH16,18–21.
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NASH is a significant burden to the public health system, with no approved drugs for treatment. The primary 
mode of treatment is lifestyle management, while pioglitazone and Vitamin E have been used to reduce cellu-
lar injury, fibrosis and improve steatohepatitis22. Several novel medications, including agonists of peroxisome 
proliferator-activated receptor (PPAR)-alpha and PPAR-gamma and semisynthetic bile acid analogs, targeting 
different stages of the disease are in the pipeline23.

Curcumin C3 Complex is a proprietary commercial extract from the rhizomes of Curcuma longa, stand-
ardized for 95% curcuminoids. C3 Complex refers to the presence of three natural actives:Curcumin (75–81%), 
demethoxycurcumin(15–19%) and Bisdemethoxycurcumin (2.2–6.5%), collectively known as curcuminoids. It is 
the most extensively studied and clinically documented extractand is known to have a wide range of therapeutic 
actions, including antioxidant, anti-inflammatory, anticancer and lipid regulatory activities in vitro and animal 
models24. The hepatoprotective activity of Curcuminoids is reported to be mediated by the reduction of oxidative 
stress and attenuation of nuclear factor kappa B (NF-κB) mediated anti-inflammatory activity25–28. Garcinol, a 
polyisoprenylatedbenzophenone isolated from the fruit rinds of Garcinia indica, is known to have antioxidant, 
anti-glycation, anti-cancer, and protective action against drug-induced liver damage29–32. We hypothesized that 
the combination of Garcinia indica extract containing 20% Garcinol (GIE) andCurcuminoids would act on differ-
ent pathways of NASH pathogenesis and have synergistic protective activity. We used the STAM mouse model of 
NASH to study the hepatoprotective effect of GIE and Curcuminoids individually and in combination.

The STAM mouse model developed by Fuji et al. shows the progressive development of NASH, fibrosis and 
finally, hepatocellular carcinoma33. This pathological progression seen in the mouse model is very similar to the 
human disease, in the rapid and stepwise progression from steatosis to NASH to fibrosis. In this study, we show 
the beneficial effects of GIE, Curcuminoids and their combination in alleviating the progression of NASH in the 
STAM mice model.

Method
Streptozotocin and HFD induced STAM™ model.  All methods using animals were carried out 
as per the relevant guidelines and regulations with approval from the animal ethics committee of SMC labo-
ratories Japan (IACUC). The in vivo studies were conducted as per theAnimal Welfare Assurance for foreign 
institutions from the Office of Laboratory Animal Welfare (Animal Welfare Assurance number: A5037–01). 
C57BL/6 (14-day-pregnant female mice) were obtained from Japan SLC, Inc. (Japan). The animals were housed 
and cared for by following the Japanese Pharmacological Society Guidelines for Animal Use [Act on Welfare 
and Management of Animals, Ministry of the Environment, Act No. 105 of October 1, 1973, Standards Relating 
to the Care and Management of Laboratory Animals and Relief of Pain (Notice No.88 of the Ministry of the 
Environment, April 28, 2006) and Guidelines for Proper Conduct of Animal Experiments (Science Council of 
Japan, June 1, 2006)]. The animals were maintained in an SPF facility under controlled conditions of temperature 
(23 ± 2 °C), humidity (45 ± 10%), lighting (12-hour artificial light and dark cycles; light from 8:00to 20:00) and 
air exchange. High pressure was maintained in the experimental room to prevent contamination of the facility. 
NASH was established in male mice by a single subcutaneous injection of 200 µg streptozotocin (Sigma, USA) 2 
days after birth and feeding with a high-fat diet (CLEA Japan, Japan) ad libitum from 4 weeks of age (age 28 ± 2 
days)33. The viability, clinical signs (lethargy, twitching, labored breathing) and behavior were monitored daily. 
Mice were observed for significant clinical signs of toxicity, morbidity and mortality before administration, just 
after administration and 1 hour after administration. At the termination of each study, animals were sacrificed by 
exsanguination through direct cardiac puncture under isofluraneanesthesia (Pfizer Inc.) and Liver and blood 
samples were collected for histopathology and biomarkers analysis.

Test materials and experimental design.  GIE (LIVINOL) and Curcuminoids (Curcumin C3 Complex) 
were from Sabinsa Corporation. GIE was standardized to contain 20% w/w Garcinol, while Curcuminoids, is a 
proprietary commercial extract from the rhizomes of Curcuma longa, standardized for 95% w/w total curcumi-
noids (Curcumin (75–81%), demethoxycurcumin (15–19%) and Bisdemethoxycurcumin (2.2–6.5%). Garcinol 
was extracted from Garcinia indica and diluted to 20% w/w with microcrystalline cellulose powder to get 20% 
w/w of Garcinol in GIE. Both samples(dry powders) were weighed and suspended in the vehicle [0.5% methyl cel-
lulose]. STAM mice were divided into four groups (N = 8) in each group at the age of 5weeks,two days before the 
start of treatment. The animals were orally administered with the test material or vehicle in a volume of 5 mL/kg 
body weight (BW) once daily for four weeks, starting from week 5 to week 9. The control animals received vehi-
cle (0.5% methylcellulose), the second group of animals received GIE at a dose of 10 mg/kg BW, the third group 
received Curcuminoids at a dose of 50 mg/kg BW, while the fourth group of animals was given a combination of 
GIE (10 mg/kg BW) and Curcuminoids(50 mg/kg BW). The experimental design is shown in Fig. 1

Sample collection.  For plasma samples, non-fasting blood was collected in polypropylene tubes with anti-
coagulant (Novo-Heparin), centrifuged at 1,000 × g for 15 min at 4 °C and the supernatant was collected and 
stored at −80 °C. The left medial lobe and the caudate lobe of the liver were snap-frozen in liquid nitrogen and 
stored at −80 °C. For paraffin-embedded liver blocks, the left lateral lobe was collected and cut into 6 pieces. Two 
pieces of left lateral lobe were fixed in Bouin’s solution and then embedded in paraffin and samples were stored 
at room temperature.

Biochemical Measurements
Non-fasting blood glucose was measured by using Stat Strip glucose meter (NIPRO CORPORATION, Japan). For 
plasma biochemistry, non-fasting blood was collected in polypropylene tubes with anticoagulant (Novo-Heparin, 
Mochida Pharmaceutical Co. Ltd., Japan) and centrifuged at 1,000 g for 15 minutes at 4 °C. The supernatant was 
collected and stored at−80 °C until use. Plasma ALT and total cholesterol were measured by FUJI DRI-CHEM 
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7000 (Fujifilm, Japan). Plasma AST and albumin were measured by commercial kits (Prietest™, Robonik®, India). 
Lipid peroxidation was estimated from the plasma level of malondialdehyde (MDA) as described by Yoshioka et 
al., 1979. Briefly, 0.2 ml aliquot of plasma was shaken with 1 ml of 20% trichloroacetic acid (TCA). To the mixture, 
0.4 ml of 0.67% thiobarbituric acid (TBA) was added and warmed for 30 minutes in a boiling water bath followed 
by rapid cooling. Then 0.8 ml of n-butyl-alcohol was added and shaken; the mixture was centrifuged at 3,000 rpm 
for 10 minutes. The resultant n-butyl-alcohol layer was taken into a separate tube and MDA content in the plasma 
was determined from the absorbance at 535 nm34.

Measurement of liver triglyceride content.  Liver total lipid were measured by Folch’s method35. Liver 
samples were homogenized in chloroform-methanol (2:1, v/v) and incubated overnight at room temperature. 
After washing with chloroform-methanol-water (8:4:3, v/v/v), the extracts were evaporated to dryness and dis-
solved in isopropanol. Liver triglyceride content was measured by Triglyceride E-test (Wako Pure Chemical 
Industries, Ltd., Japan).

Measurement of liver hydroxyproline content.  Frozen liver samples were processed by an alkaline-acid 
hydrolysis method to quantify the liver hydroxyproline content. The defatted liver samples were dried in the 
air, dissolved in 2 N NaOH at 65 °C, and autoclaved at 121 °C for 20 minutes. The lysed samples (400 µL) were 
acid-hydrolyzed and neutralized. Acetate citrate buffer was added to the samples, followed by centrifugation 
to collect the supernatant. A standard curve of hydroxyproline was constructed with serial dilutions of trans-
4-hydroxy-L-proline (Sigma-Aldrich) starting at 16 µg/mL. The prepared samples and standards were mixed with 
equal volume of chloramine T solution (Wako Pure Chemical Industries) and incubated for 25 minutes at room 
temperature. The samples were then mixed with Ehrlich’s solution (400 µL) and heated at 65 °C for 20 minutes 
to develop the color and the optical density of each supernatant was measured at 560 nm. The concentrations of 
hydroxyproline were calculated from thestandard curve. Protein concentrations of liver samples were determined 
using a BCA protein assay kit (Thermo Fisher Scientific, USA) and used to normalize the calculated hydroxypro-
line values and expressed as µg per mg protein.

Liver antioxidant measurements
MDA.  Malondialdehyde, a lipid peroxidation end product in tissue homogenate, was determined according to 
the method of Beuge and Aust., 1978 with some modifications36. The tissue homogenate was mixed with an equal 
volume of TBA-TCA-HCl solution (0.5% TBA, 20% TCA and 0.25 N HCl). The mixture was heated for 30 min in 
a boiling water bath (95–100 °C) and cooled immediately. The tubes were centrifuged at 10,000 rpm for 10 min 
and absorbance of the supernatant was read at 532 nm. The level of lipid peroxides was expressed as µM MDA 
formed/mg protein.

SOD.  The activity of SOD was measured by WST-1 method using a kit as per the manufacturer’s instructions 
(Elabsciences). Xanthine Oxidase (XO) catalyzes the reaction of WST-1 with O2

− to generate a water-soluble 
formazan dye. SOD catalyzes the disproportionation of superoxide anions. The activity of SOD is negatively cor-
related with the amount of formazan dye.

Glutathione peroxidase (GPx).  Glutathione peroxidase activity was determined according to the method 
of Hafeman, et al.37. Glutathione peroxidase degrades H2O2 in the presence of glutathione (GSH), thereby 

Figure 1.  Experimental design:STAM mice were generated as described in the methods section. High fat diet 
feeding was started at 4 weeks of age and continued until 9 weeks. The treatment regimen was started from week 
5 and the animals were orally dosed with vehicle, Garcinia indica extract GIE), Curcuminoids (CUR) and their 
combination (GIE + CUR) once daily for 4 weeks. The mice were humanely sacrificed at the end of 9 weeks for 
further evaluation of the effects.
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depleting it. The remaining GSH is measured using Ellman’s reagent (5,5′-dithio-bis(2-nitrobenzoic acid) 
(DTNB), which gives a colored complex. The enzyme activity was expressed as units/mg protein.

Glutathione (GSH) content.  Reduced glutathione was determined based on the method of Moron, et al.38. 
GSH is measured by its reaction with DTNB to give a yellow colored complex with maximum absorption at 
412 nm A standard graph was prepared with different concentrations (62.5–1000 μM) of GSH. The GSH content 
in the sample was calculated from the standard graph and expressed as μmol/mg protein.

ELISA.  The concentration of TNF-α, adiponectin and FGF21 in plasma andliver homogenate were carried out 
by ELISA (R&D Systems (Minneapolis, Minnesota, USA) as per the manufacturer’s instructions. The results were 
expressed as concentration per mL for plasma and per mg protein for liver homogenate.

RNA extraction and quantitative RT-PCR.  For cDNA samples, the other 2 pieces of left lateral lobe were 
snap-frozen in liquid nitrogen and stored at −80 °C until use. Total RNA was extracted from liver samples using 
RNAiso (Takara Bio, Japan) according to the manufacturer’s instructions. One μg of RNA was reverse-transcribed 
using MMLV-RT (Invitrogen). The samples were frozen in liquid nitrogen and stored at −80 °C until use. 
Quantitative real-time PCR (qRT-PCR) was performed with SYBR Green I fluorescent dye using Light cycler 96 
according to the manufacturer’s instructions (Light Cycler®FastStart DNA Master SYBR Green I, Roche). The 
primers used for the analysis are provided in Supplementary Table 1. Expression levels for all genes were normal-
ized to β-actin gene amplification. The gene expression of the target gene in each test sample was determined by 
relative quantification using the comparative Ct (ΔΔCt) method.

Histological analyses.  For Hematoxylinand Eosin staining, sections were cut from paraffin blocks of liver 
tissue prefixed in Bouin’ssolution and stained with Lillie-Mayer’s Hematoxylin (Muto Pure Chemicals Co., Ltd., 
Japan) and eosin solution (Wako Pure Chemical Industries). NAFLD Activity Score (NAS) was calculated accord-
ing to the criteria of Kleiner39. To visualize collagen deposition, Bouin’s fixed liver sections were stained using a 
picrosirius red solution (Waldeck, Germany). For quantitative analysis of fibrosis area, bright field images of Sirius 
red-stained sections were captured around the central vein using a digital camera (DFC295; Leica, Germany) at 
200-fold magnification, and the positive areas in 5 fields/section were measured using ImageJ software (National 
Institute of Health, USA).

Immunohistochemical analysis.  The tissues were deparaffinized using xylene wash and antigens were 
retrieved by the microwave method as described earlier. Endogenous peroxidase activity was blocked by treating 
the tissues with 3.0% hydrogen peroxide for 10 minutes. The sections were washed in distilled water two times 
for 5 minutes. The tissues were permeabilized with 0.04% Triton X-100 in TBS-T for 10 minutes and nonspecific 
binding was blocked by incubating with 10% serum in TBS-T at room temperature. Primary antibody (αSMA- 
Abcam) staining was carried out for 2 hours at room temperature followed by overnight incubation at 4 °C, while 
the second antibody was incubated at room temperature for one hour. The sections were visualized by incubating 
with Diaminobenzidine (DAB) solution (0.5 mg/ml containing 0.015% hydrogen peroxide) in dark for 5 minutes 
at room temperature, washed and counterstained with hematoxylin. Images were captured using the Brightfield 
microscope (Nikon Eclipse)

Immunoblotting.  Frozen liver from the animals were homogenized and the cells were lysed using ice-cold 
RIPA buffer containing protease (1x protease inhibitor cocktail – HI media) and phosphatase (sodium orthovana-
date 1 mM). Protein concentration was estimated by the Bradford method (Sigma, USA). Cellular protein (100 μg) 
was loaded per lane in denatured 10% polyacrylamide gel (SDS-PAGE). The separated proteins were transferred 
to a polyvinylidenedifluoride membrane (Invitrolon™ PVDF, Thermo Fisher Scientific, USA) and blocked in 
5% nonfat dry milk for 2 hours. Membranes were then incubated with the appropriate dilutions of anti-mouse 
primary antibodies at 4 °C for 18 hours, followed by horseradish peroxidase-conjugated secondary antibody 
(Thermo Scientific, USA) for 2 hours at 37 °C. The details of the antibodies are provided in Supplementary Table 2. 
Immunoreactive protein bands were detected by ECL ((Pierce ECL plus,Thermo Scientific, USA). Immunoblots 
were quantified using Image J software (version 1.52a, National Institute of Health, USA).

In vitro evaluation of steatosis and inflammation.  HepG2 hepatocytes (American Type Culture 
Collection (ATCC, Rockville, MD, USA) were used to study the steatosis  due to their sensitivity to lipid accu-
mulation40. The cells were grown in DMEM (Gibco, NY, USA) supplemented with 10% fetal bovine serum (FBS) 
(Thermo Fisher Scientific, USA), and plated at a density of 2 × 104 cells/well in two 96-well plate or 2.5 × 105 cells 
in a 6 well plate and allowed to grow until they were 70% confluent andpre-treated with different concentrations 
of the GIE, Curcuminoids or their combination for 24 hours. Steatosis was induced by replacing the medium with 
serum free media containing 1% fatty free BSA and 1 mM FFA [oleic acid (0.8 mM) and palmitic acid (0.2 mM) 
in along with different concentrations of sample for another 24 hours. One plate was processed for cytotoxicity by 
MTT and the other for lipid staining using Oil-Red-O (Sigma-Aldrich, USA). Briefly, the cells were stained with 
ORO working solution [0.3%] for 60 min at room temperature after fixing with 10% formalin. The lipids stained 
with ORO were extracted from the cells using isopropanol and quantified at a wavelength of 520 nm. The treated 
cells were also processed for RNA and western blot analysis as described in earlier sections

Anti-inflammatory activity was evaluated in THP1 human monocytes (NCCS, Pune, India). ThP1 cells were 
cultured in X-VIVO™20 (BioWhittaker™, MD, USA)serum free media stimulated with LPS (Sigma Chemicals, 
USA, 100 ng/mL) in the presence of GIE, Curcuminoids or their combination for 24 hours. The supernatants from 
THP1 were analyzed for inflammatory cytokines using Cytometric bead array in FACS celesta flow cytometer 
(CBA, BD biosciences, CA, USA).
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Statistical tests.  Statistical analyses were performed using one-way ANOVA with Bonferroni Multiple 
Comparison Test using GraphPad Prism 6 (GraphPad Software Inc., USANonparametric Mann–Whitney test 
was used to compare the vehicle with the treated groups. P values < 0.05 were considered statistically significant. 
Results were expressed as mean ± SD.

Results
Mouse model.  STAM mice are a well-defined model that enables monitoring of the natural progression of 
liver degeneration from fatty liver to NASH and fibrosis in a reasonably controlled manner. The animals were 
sacrificed at 9 weeks, at the stage of progression to fibrosis from NASH.

The mean body weight in all groups gradually increased during the treatment period and the animals weighed 
20 g to 25 g after 14 weeks of age as this model is not obesity mice model and constitutively shows lower body 
weights compared to normal mice. None of the animals showed decline in general condition, suggesting that GIE 
and Curcuminoids did not produce any distinct toxicity at the selected doses.

Serum biochemistry and body weight.  The details of body and liver weight, serum biomarkers and liver 
enzyme levels are given in Table 1. No significant differences were observed in the mean body weight and the liver 
to body weight ratio between vehicle and treated groups. There were no significant differences in whole blood 
glucose levels between the vehicle and the other treatment groups. Furthermore, no significant changes in the 
plasma ALT, cholesterol and triglyceride levels were observed between the treated and control groups, while AST 
levels were lower in the GIE + Curcuminoid treated group (Table 1).

Liver histopathology, and NAFLD activity score.  The liver sections stained with hematoxylin and eosin 
(H&E) and NAFLD activity score are shown in Fig. 2 and Supporting Table S2, respectively. Liver sections from 
the vehicle group exhibited micro- and macro vesicular fat deposition, hepatocellular ballooning and inflamma-
tory cell infiltration (Fig. 2A). Consistent with these observations, the NAFLD activity score (NAS) was 4.8 ± 0.7 
in the vehicle. The NAS score reduced to 3.0 ± 1.3 in the GIE + Curcuminoids combination group (Fig. 2B). The 
decrease of NAS was not statistically significant in the individual group, while the combination was effective in 
reducing NAS by 37.5%, which was statistically significant (P = 0.02). Details of NAS enumeration are given in 
Supplementary Table 3. GIE showed a better effect in reducing Steatosis scores compared to curcuminoids, but 
the statistically significant change was observed only in the combination group (P = 0.03). Hepatocyte ballooning 
could not be detected in 50% of animals treated individually with GIE and Curcuminoids, while 75% of animals 
in the combination group did not develop hepatocyte ballooning (P = 0.007) (Fig. 2C,D). Inflammatory foci were 
reduced in the treated groups compared to the vehicle with Curcuminoids being most effective, but none of them 
showed a statistically significant effect (Fig. 2E).

Effect of GIE and curcuminoids on liver fibrosis.  Representative photomicrographs of Sirius red-stained 
liver sections are shown in Fig. 3A. Liver sections from the vehicle group showed collagen deposition in the 
pericentral region of the liver lobule. The fibrosis area (Sirius red-positive area) was reduced by 22.47% with 
GIE, 34.83% with Curcuminoids and 30.33% with the combination compared with the vehicle group (Fig. 3A,B). 
In substantiation with these results, liver hydroxyproline concentrations were lower in the treated groups com-
pared with the Vehicle (Fig. 3C) and the mRNA transcripts of collagen 1 and TGF-β were lower in the liver in 
comparison with the vehicle as assessed by quantitative real-time PCR. The expression of TGF-β was down-
regulated by 1.2, 1.35 and 1.37 folds while that of collagen 1 was downregulated by 1.5, 1.62 and 1.85-fold for 
GIE, Curcuminoids and the combination respectively (Fig. 3D). Myofibroblast plays a critical role in fibrogen-
esis which is characterized by the expression of α-smooth muscle actin (α-SMA). As shown in Fig. 3F, GIE, 
Curcuminoids and their combination significantly decreased the positive area for α-SMA in liver tissues as com-
pared to the vehicle group. The collective outcome of the results as mentioned above suggests that the combina-
tion regimen exhibits a stronger anti-fibrotic effect.

Effect of GIE and curcuminoids on inflammatory markers.  Increased hepatic inflammation and fibro-
sis are hallmarks of NASH progression. Accordingly, we sought to examine the effect of GIE, Curcuminoids and 

Parameter (Mean ± SD) Vehicle GIE Curcuminoids GIE + Curcuminoids

Body weight (g) 20.2 ± 1.3 20.3 ± 1.5 20.9 ± 1.7 20.0 ± 2.8

Liver weight (mg) 1480 ± 140 1467 ± 120 1584 ± 117 1415 ± 183

Liver-to-body weight ratio (%) 7.4 ± 0.7 7.3 ± 0.8 7.6 ± 0.9 7.1 ± 0.4

Whole blood glucose (mg/dL) 533 ± 75 564 ± 51 550 ± 43 605 ± 73

Plasma ALT (U/L) 51 ± 12 56 ± 12 56 ± 16 47 ± 14

Plasma AST (U/L) 123.7 ± 19.6 157 ± 25.4 125 ± 24.6 81.53 ± 11.2

Plasma total cholesterol (mg/dL) 152 ± 25 151 ± 18 162 ± 32 172 ± 50

Liver triglyceride (mg/g Liver) 57.5 ± 28.9 71.8 ± 33.3 93 ± 27.3 76.9 ± 29.8

Table 1.  Body Weight, Liver Weight and Biochemistry. Plasma level of biochemical markers were analyzed 
as described in the methods. No significant difference was observed in any of the parameters. ALT: alanine 
aminotransferase, AST: aspartate aminotransferase.
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Figure 2.  Reduction in NAS in STAM mice following GIE and Curcuminoids treatment: A:Representative 
H&E stained (50x and 200×), liver sections from the vehicle, Garcinia indica extract GIE), Curcuminoids 
(CUR) and their combination (GIE + CUR) treated NASH STAM mice collected at week 9. B: NAFLD activity 
score (NAS). C: steatosis score D: hepatocellular ballooning score E: lobular inflammation. N = 8 in each group.

Figure 3.  Reduction in markers related to Fibrosis following GIE andCurcuminoids treatment. A: 
RepresentativePicrosirius stained (200×), liver sections from vehicle, Garcinia indica extract (GIE), 
Curcuminoids(CUR) and their combination (GIE + CUR) treated NASH STAM mice collected at week 9. 
B:Fibrosis score C: Liver hydroxyproline concentration, and D: Relative mRNA levels of TGF-β and collagen 1 
in the treated groups in comparison to Vehicle. E and F Representative Immunohistochemical staining (100×), 
liver sections with anti αSMA antibody and its quantification N = 8 in each group. * p < 0.05.
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their combination on mRNA levels of inflammatory markers in liver tissues by qRTPCR (Fig. 4A). The mRNA 
transcripts of the inflammatory markers (TNF-α, NF-kB, and CRP) were downregulated by Curcuminoids (1.37, 
1.65 and 1.48 folds respectively) and the combination of GIE + curcuminoids (1.41, 1.62 and 1.73 folds respec-
tively) to a relatively greater extent compared to GIE (1.14,1.22 and 1.15 respectively). GIE lowered the levels of 
MCP1 transcript by 1.43 folds while it was only 1.1-fold and 1.28 folds for Curcuminoids and the combination, 
respectively. The phosphorylated NF-kB protein levels were also lower in Curcuminoids treated liver, suggesting 
its effect on controlling inflammation(Fig. 4B,C). Further, Curcuminoids and the GIE + Curcuminoids combi-
nation treatment significantly reduced the TNF-α protein concentration in the liver as compared to the vehicle 
group (Fig. 4D). Since GIE showed inhibition of MCP1, we assessed the M2 macrophage population in the liver 
by immunostaining with anti CD206 antibodies (Fig. 4E,F). Interestingly M2 macrophages were higher in the 
treated animals, especially in the combination while the mRNA level of Arginase1 was higher in GIE and the 
combination but not with Curcuminoids treatment (Fig. 4G).

The concentration of plasma adiponectin, an anti-inflammatory protein showed a significant increase in the 
GIE, Curcuminoids, and combination group, with a greater increase in animals treated with Curcuminoid alone 
(Fig. 5A). Serum FGF21 levels and hepatic mRNA of FGF21 are known to be elevated in human and mice models 
of NASH, due to FGF21 resistance41,42. The mice treated with curcuminoids and the combination of GIE and cur-
cuminoids showed a decrease in FGF21 levels in serum and liver compared to the untreated control, while GIE 
had no impact on FGF21 levels (Fig. 5B,C). The immunoblot also showed a relatively lower expression of FGF21 
protein in the liver of treated animals compared to untreated controls (Fig. 5D).

Effect on MDA and antioxidant enzymes in serum and liver.  The results of antioxidant levels in 
Garcinol, C3, and combination-treated NASH was shown in Fig. 6. GIE and combination regimen showed an 
increase in the levels of nonenzymatic antioxidants such as GSH and antioxidant enzyme GPx. The SOD activity 
was not influenced by GIE and Curcuminoids individually but was significantly increased by the combination(-
Fig. 6A–C). Malondialdehyde (MDA) is an indicator of lipid peroxidation, activates the inflammatory response 
and, consequently, causes cellular damage. As shown in Fig. 6D,E, GIE, Curcuminoids and combination treat-
ment significantly reduced the MDA activity as compared to the vehicle group.

In vitro evaluation of steatosis and inflammation.  To understand the mechanism of action of GIE 
and Curcuminoids, we explored their action on cultured hepatocytes in vitro. Since the animal experiments were 
carried outat 1:5 ratio of GIE and CUR, we initially carried out a cytotoxicity assay with different combinations 
of the two compounds and found that 0.125 µg/ml of GIE and 0.625 µg/ml of CUR does not alter the cell viability 

Figure 4.  Reduction in inflammatory markers in STAM mice following GIE and Curcuminoids treatment. 
A: Relative mRNA levels of TNF-α NFkB, MCP1 and CRP in the treated groups in comparison to Vehicle, 
B: Immunoblot analysis of NFkB totaland phosphorylated protein levels in the liver homogenate of vehicle 
(V), GIE (G), CUR(C) and the combination (G + C),C: Quantitative analysis of p NFkB levels from the 
immunoblots (full-length blots are presented in Supplementary Figure 1. D:Concentration of TNF-α in liver 
homogenate E and F Representative Immunohistochemical staining of liver sections with anti CD206 antibody, 
G: Relative mRNA levels of arginase 1 in the liver of treated groups in comparison to Vehicle. Garcinia indica 
extract (GIE), Curcuminoids (Cur) and their combination (GIE + Cur) treated NASH STAM mice N = 8 in 
each group. *p < 0.05.
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in vitro. FFA [oleic acid (0.8 mM) and palmitic acid (0.2 mM) could induce significant lipid accumulation in 
hepatocytes in vitro. Pretreatment with GIE, CUR and their combination could significantly reduce the intracel-
lular lipids (Fig. 7A). GIE showed a better effect as the inhibition was slightly higher than CUR, even at a much 

Figure 5.  Changes in FGF21 and Adiponectin in STAM mice following GIE and Curcuminoids treatment: 
(A) Concentration of Adiponectin in plasma, (B,C) Concentration of FGF21 in plasma (B) and Liver (C). (D) 
Immunoblot analysis of FGF21 total protein levels in the liver homogenate of vehicle (V), GIE (G), CUR(C) and 
the combination (G + C), and thequantitative analysis.Garcinia indica extract (GIE), Curcuminoids (CUR) and 
their combination (GIE + CUR) treated NASH STAM mice.

Figure 6.  Increase in antioxidant enzymes and reduction in Oxidative stress in STAM mice following 
Garcinol and Curcuminoids treatment. (A) Concentration of GSH (glutathione). (B) Concentration of GPx 
(glutathione peroxidise) in liver homogenate (C) Concentration of SOD (superoxide dismutase). (D) MDA 
(Malondialdehyde) in liver homogenate, E:Concentration of MDA in plasma. N = 8 in each group.
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lower concentration. Curcuminoids are well known for their anti-inflammatory activity, mediated through the 
inhibition of NFκB. We observed a significant reduction in phosphorylated NFκB in hepatocytes treated with 
Curcuminoids and the combination of GIE and Curcuminoids (Fig. 7B,C). The ratio of P NFκB to NFκB was 
also significantly lowered by curcuminoids. GIE was not very effective at the concentration tested. In corrobora-
tion with these results, Curcuminoids were highly active in reducing the inflammatory cytokine secretion from 
monocytes stimulated with bacterial lipopolysaccharide (LPS), while GIE showed a weaker inhibition(Table 2). 
Since oxidative stress contributes to the progression of NASH and we also observed an improvement in antiox-
idant markers in mice supplemented with GIE and Curcuminoids, we assessed the levels of SOD and NRF2 in 
the cells. Interestingly, NRF2 and SOD levels were significantly upregulated in cells treated with the combination, 
compared to FFA treated control (Fig. 7C,D).

Discussion
In the present study, we examined the combinatorial effect of GIE and Curcuminoids in reducing the severity of 
NASH in an established STAM mouse model. This model offers the advantage of monitoring the liver degener-
ation from simple fatty liver to NASH and fibrosis. The major advantage of STAM mice is its well-characterized 
macroscopic and histopathological features, resembling human NASH and fibrosis which has enabled testing of 
several pharmacological drugs for anti-NASH activity43. This model is also recommended for investigating NASH 
endpoints, including steatosis, inflammation, ballooning, and fibrosis, in a relatively short time frame44. This is 

Figure 7.  In vitro evaluation of steatosis and inflammation. FFA [oleic acid (0.8 mM) and palmitic acid 
(0.2 mM) were added to Human Hepatocyte cell line HepG2 for 24 hours in the presence of GIE, Curcuminoids 
and their combination. (A) The intracellular lipids were stained by Oil Red O (ORO) and quantified by 
absorbance at 525 nm. (B) Immunoblot analysis of hepatocyte cell lysate exposed to FFA in the presence of GIE 
(0.125 µg/ml), CUR(0.625 µg/ml) and the combination contained (0.125 µg/ml of GIE + 0.625 µg/ml of CUR). 
(C) Quantification of the immunoblot. (D) Concentration of SOD in the cell homogenate. Garcinia indica 
extract (GIE), Curcuminoids (CUR) and their combination (GIE + CUR), FFA: free fatty acids, UT: untreated.

Sample

Concentration (pgml)

IL12p70 TNF-α IL10 IL 6 IL 1β

UT 0.73 ± 0.66 1.04 ± 0.91 0.62 ± 0.54 3.95 ± 0.91 1.03 ± 0.64

LPS 1.12 ± 0.58 60.28 ± 0.43 1.42 ± 0.48 658.32 ± 344.27 123.80 ± 0.84

GIE 1.23 ± 0.65 61.78 ± 29.54 1.32 ± 0.39 704.50 ± 360.92 121.81 ± 74.45

CUR 0.80 ± 0.35 37.03 ± 27.27 1.85 ± 0.92 444.49v139.51 108.44 ± 90.83

GIE + CUR 1.11 ± 0.25 48.83 ± 24.85 1.78 ± 0.48 446.36 ± 229.09 144.61 ± 91.64

Table 2.  Cytokine levels in culture supernatant ofactivated THP1 monocytestreated with GIE, CUR and their 
combination. THP 1 human monocytic cells were stimulated with lipopolysaccharide with GIE (0.125 µg/
ml), Curcuminoids (0.625 µg/ml) and their combination (GIE: 0.125 µg/ml+Curcuminoids 0.625 µg/ml) 
for 24 hours. The supernatants were analyzed for Cytokine levels by Cytokine bead array (CBA array BD 
biosciences) using flow cytometer.
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perhaps the first report of an herbal composition showing efficacy in reducing NAFLD score as well as fibrosis in 
this complex mouse model. Earlier studies with milk thistle extract had not resulted in a significant decrease in 
NAS in this model45.

The development of NASH is considered as a two-hit model. The first hit being simple steatosis followed by 
cellular stress and inflammation, giving rise to a fibrotic state, which can lead to hepatocellular carcinoma. Several 
drugs and antibodies are in different stages of clinical trials for their efficacy in controlling liver fibrosis, while 
no specific treatment option is still available46. In this context, our study provides compelling evidence for the 
reduction in NAFLD activity score, liver fibrosis, inflammation and related markers in mice supplemented with 
Curcuminoids and GIE.

The combination ofGIE and Curcuminoids showed a significant decrease in hepatic steatosis and balloon-
ing, resulting in a considerable decrease in NAFLD activity score (NAS), which is one of the clinical endpoints 
for assessing the activity of NASH47. Liver fibrosis is a characteristic feature which defines the prognosis as well 
as mortality associated with NASH48,49. Treatment with the combination showed a significant decrease in liver 
hydroxyproline content and a decreasing trend in the fibrosis area. Thus, the reduction of hepatocyte ballooning 
in the GIE + Curcuminoids groups may underlie the anti-fibrosis effects observed in this study.

Despite the decreased steatosis score, blood glucose level and liver triglyceride contents did not differ between 
treated and control mice. The steatosis score is based on quantitative evaluation of micro- and macro vesicular 
fat deposition, where triglycerides derived from minuscule lipid droplets and the portal system are not included. 
Therefore, we speculate that this could be one of the reasons why the decrease in hepatic steatosis and liver triglyc-
eride levels are not correlated in our study.

Myofibroblasts play a vital pathological role in tissue fibrosis by their enhanced ECM production and con-
tractile force generation to contribute to the activation of integrin-bound latent TGF-β150. Fibroblast to myofi-
broblast trans-differentiation can be induced by transforming  growth factor-β1(TGF-β1) by increasing the 
expression of α-SMA and collagen-151. Myofibroblast increase also correlates with the severity of liver fibro-
sis in patients52,thus, becoming an attractive target for anti-fibrotic therapy53. Supplementation with GIE and 
Curcuminoids combination reduced the TGF-β, collagen I, α-SMA, suggesting they could probably influence 
the fibroblast-to-myofibroblast transition.

Both lipid and inflammatory components mediate the pathogenesis of NASH. Activation of proinflamma-
tory transcription factor activator protein-1 (AP-1), neutrophil infiltration and NF-κB activation were recently 
demonstrated to be the leading factors which induce NASH54. The chemokine- MCP-1 or CCL2, secreted by 
macrophages and hepatic stellate cells55, regulates fat metabolism and lipid accumulation in hepatocytes and 
is upregulated in the liver of NASH animals55–57. We observed a significant effect of GIE on MCP-1 expression, 
while Curcuminoids showed a moderate effect. In corroboration, steatosis scores were also reduced by GIE to a 
greater extent compared to Curcuminoids.

The expression of CD206 and that of Arginase 1 were higher in GIE and GIE + Curcuminoids treated livers, 
suggesting that GIE possibly modulates the macrophage pool in the liver. Progression from NAFL to NASH is 
reported to be characterized by the modification of the resident macrophages towards the M1 phenotype by 
inflammatory mediators, and by the overload of lipids, linking hepatic steatosis to obesity and metabolic syn-
drome58,59. The number of CD206+cells, representing M2 macrophages, was reported to lower in paediatric NASH 
cases60,61. Hepatic M2 macrophages play a protective role against liver injury in NAFLD by inducing apoptosis of 
pathogenic M1 macrophages by an arginase 1 dependent mechanism62. Arginase1 expressed by M2 macrophages 
is a key marker that confers anti-inflammatory properties. The enzyme competes with pro-inflammatory nitric 
oxide synthetase (iNOS), marker of M1 macrophages, which induces oxidative stress63. Curcuminoids were found 
to reduce inflammatory markers, including TNF-α, C reactive protein and NFkB expression in the liver, while 
GIE showed only a moderate effect on these markers. Thus,GIE and Curcuminoids may be involved in different 
signaling mechanisms to manifest their liver protective activity, which warrants further studies.

In the last decade, fibroblast growth factor (FGF)-21 has emerged as an essential regulator of NASH progres-
sion64. FGF 21 is secreted by metabolically active tissues like the liver, pancreas and muscles and induces insulin 
sensitivity and energy expenditure65. In the liver, FGF21 regulates hepatic glucose production and fatty acid oxi-
dation and prevents diet-induced obesity and hepatic steatosis66. Oxidative stress, ER stress, nutritional excess 
and mitochondrial disorders increase the expression of FGF 2167,68. The circulating levels of FGF 21 are elevated 
in patients with NAFLD/NASH, insulin resistance and obesity42, and also in animal models of NASH and obesity, 
suggesting a state of FGF21 resistance under these conditions69. Recently, short term curcumin administration 
was reported to stimulate FGF21 expression in primary liver fibroblasts in mice. However, the increased hepatic 
and serum FGF21 in response to HFD was attenuated by curcumin70. We observed a reduction in serum and liver 
FGF21 in the mice treated with curcuminoids alone and in combination with GIE, suggesting that Curcuminoids 
may act by attenuating HFD induced FGF21 resistance.

Adiponectin is a crucial molecule in metabolic syndrome and is known to prevent progression of steatohepa-
titis by reducing hepatic inflammation, hepatomegaly, and lipid accumulation and by regulating oxidative stress 
and Kupffer cell polarization71,72. We observed an increase in serum adiponectin levels in mice treated with GIE 
and Curcuminoids. Interestingly, FGF21 is known to modulate the expression of adiponectin, which in turn plays 
a significant role in mediating the metabolic effects of FGF2173. These results suggest, that by relieving FGF 21 
resistance, the combination of GIE and Curcuminoids activate the downstream molecules which are responsible 
in reducing the metabolic syndrome in the liver

Oxidative stress through lipotoxicity is well known to play an important role in the pathogenesis of NASH. An 
increase in free fatty acids induces the generation of toxic lipid metabolites, which activate reactive oxygen species 
(ROS)74. Glutathione (GSH) and glutathione peroxidase (GPx) acts as a buffer to protect crucial proteins against 
pathological modifications and are often known to be depleted in NAFLD75. Additionally, Malondialdehyde 
(MDA) is a product of lipid peroxidation and a sensitive and reliable biomarker of oxidative tissue damage, which 
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has been detected in blood samples from cirrhotic patients76. Individual treatment with GIE and Curcuminoids, 
as well as the combination, could increase the antioxidant levels in the liver to counter the ROS and in turn, 
reduce the MDA in liver and blood, which further confirms the antioxidant benefits of GIE and C3 Complex. 
Reduction in oxidative stress induced by FFA was also observed in the HepG2 cells treated with the combination 
of Curcuminoids and GIE. The NF-E2 p45-related factor 2 (Nrf2) is a master regulator of cellular redox homeo-
stasis77. In mice with diet-induced NAFLD, pharmacological activation of NRF2 was reported to inhibit hepatic 
steatosis, inflammation and fibrosis78. Nrf2 influences the changes in gene expression to reduce lipogenesis, ER 
stress, inflammation, oxidative stress, and fibrosis78. In this context, the significant upregulation of NRF2 protein 
in the cells treated with the combination suggests an additional mechanism of action for the GIE + Curcuminoid 
combination.

Both Curcuminoids and Garcinol are known to have antioxidant properties, with evidence of liver protection 
against damage induced by alcohol, drugs and other agents32,79,80. Curcuminoids have been subjected to several 
preclinical and clinical studies for its health benefits related to chronic inflammatory diseases, and Garcinol has 
been evaluated for its anti-cancer activities and anti-obesity activity by preventing gut dysbiosis which is one of 
the contributing factors for NAFLD81. GIE has been reported to have anti adipogenesis activity and we have also 
reported an anti-obesity activity of GIE by reducing ER stress and activating adipocyte browning82. GIE is thus 
likely to have a positive effect on reducing steatosis, while curcuminoids being potent anti-inflammatory mole-
cules act on inflammatory pathways. Our results from the in vitro studies also confirm this observation. Further 
experiments in vitro with hepatic stellate cells could confirm the exact mechanism of action of these products.

It should be noted that although we observed significant changes in inflammatory markers in the liver, the 
inflammatory foci did not show a significant difference in the histological sections. One possible explanation 
for this discrepancy could be that the changes of gene and protein expression level precede histological changes 
in the STAM model and we might have detected a significant improvement in inflammatory foci on if the mice 
were treated for a longer duration until 10 weeks or 12 weeks. We also did not observe any change in liver weight, 
which could be because a reduction of fibrosis seldom affects the liver weight of STAM mice.

In conclusion, our results suggest that while Curcuminoids help in reducing inflammation mediated by NFkB 
and fibrosis, GIE is effective in modulating macrophage activity and in reducing steatosis. Together the combi-
nation could effectively reduce the pathological complications in a well-established and complex animal model 
of NASH.

NAFLD is one of the most important causes of liver disease worldwide in adults and children, with global 
prevalence close to 24%83. Patients with NAFLD have high-risk metabolic comorbidity, which poses a heavy bur-
den on the health-care systems. The therapeutic strategy in NAFLD is to prevent the progression of liver steatosis 
to inflammation and fibrosis and to prevent oxidative stress. Thus, a multifaceted approach targeting different 
aspects is required to treat the disease. The combination of GIE and Curcuminoids is likely to help in attacking 
these multiple pathways by reducing inflammation, oxidative stress, ER stress and improving gut health to slow 
down the progression of fatty liver to the more complex stages of NAFLD and NASH. Although the present study 
was carried out in an established model of NAFLD, supplementation with this combination may be more effec-
tive if started at earlier stages of the disease. A clinical trial is underway for further evaluating this combination 
to further substantiate the potential of GIE + Curcuminoids supplementation in reducing the burden of chronic 
liver disease.
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