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A B S T R A C T   

Higher global prevalence of non-alcoholic fatty liver disease (NAFLD) is associated with obesity, steatosis, and 
insulin resistance (IR), and often progresses to steatohepatitis (NASH). Even after more than twenty years of 
research, there is still no FDA approved therapy for the treatment of fatty liver disease/NASH though, Sar-
oglitazar - a dual PPAR α/γ agonist has been recently approved as a therapeutic option for the fatty liver disease 
in India. Hepatoprotective Ayurvedic formulations are widely used and are considered safe. In the present study, 
C57BL/6 male mice on HFHF diet for four weeks were treated with vehicle, Saroglitazar (3 mg/kg/po), and 
Hepano - a formulation of five herbs (200 mg/kg/po), at the human equivalent therapeutic doses for additional 
eight weeks. These animals were evaluated after 12 weeks for obesity, body mass index (BMI), systemic insulin 
resistance, hyperglycaemia, dyslipidaemia, and hepatic lipid accumulation. Differential liquid chromatography- 
mass spectrometry (LC-MS/MS) based lipidomics analysis demonstrated significant changes in the different class 
of lipids [phospholipids, sphingolipids, diglycerides and triglycerides (TG)] in HFHF fed group. The protective 
effects of both Saroglitazar and Hepano were evident against IR, obesity and in the modulation of different class 
of lipids in the circulation and hepatic tissue. Saroglitazar reduced TG as well as modulated phospholipids levels, 
while Hepano modulated only phospholipids, ceramides, oxidised lipids, and had no effect on hepatic or 
circulating TG levels in HFHF fed mice. In addition, in vitro studies using HepG2, THP1 and LX2 cells demon-
strated safety of both the test substances where Hepano possess better anti-inflammatory as well as anti-fibrotic 
potential. Overall, Saroglitazar seems to be more efficacious than Hepano in the regimen used against HFHF 
induced IR, obesity, and dyslipidaemia.   

1. Introduction 

Regular consumption of high fat and fructose diet precipitates 
obesity, metabolic syndrome, and non-alcoholic fatty liver disease 
(NAFLD) [1]. NAFLD, a progressive and chronic metabolic disorder, 
slowly progresses into non-alcoholic steatohepatitis (NASH), cirrhosis, 
and hepatocellular carcinoma [1]. The global prevalence of NAFLD 
varies from 20% to 46% [2] with wide topographical variations [3]. 
Type-2 diabetes patients are twofold more susceptible to NAFLD with an 

overall prevalence rate of 55.5% [4]. NAFLD begins with the accumu-
lation of lipid droplets in the hepatocytes leading to lipotoxicity, mito-
chondrial dysfunction, oxidative stress, endoplasmic reticulum stress, 
lipid peroxidation, inflammation, hepatocellular ballooning, stellate cell 
activation, and apoptosis. In the later phases, the inflamed and dead 
tissue is replaced with fibrotic scar leading to hepatic cirrhosis and he-
patocellular carcinoma [1,5–10]. 

Aetiology of insulin resistance (IR), associated with excessive body 
fat and impaired glucose disposal, includes genetic predisposition and 
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environmental aberrations [11]. IR results in the compensatory increase 
in the β-cell insulin production and hyperinsulinemia [12], hyper-
glycaemia, dyslipidaemia, visceral adiposity, hypertension, endothelial 
dysfunction, elevated inflammatory markers and prothrombic state. IR 
thus progresses into type-2 diabetes mellitus and NAFLD [13]. 

Saroglitazar, launched in 2013 for the treatment of diabetic dysli-
pidaemia and hypertriglyceridemia in statin non-responder patients 
with type-2 diabetes, acts as a dual regulator of lipids and glucose 
metabolism by activating peroxisome proliferator-activated receptors 
alpha and gamma (PPARα/γ) [14]. Saroglitazar also provides significant 
improvement in transaminases, liver stiffness measurement, and 
controlled attenuation parameter scores in NAFLD patients with diabetic 
dyslipidaemia [15]. In India, Saroglitazar was approved in 2020 for the 
treatment of type-2 diabetes mellitus and after a short while, it also got 
second approval for the treatment of NASH [16,17]. Hepano, an ayur-
vedic polyherbal formulation, prepared by blending five important 
medicinal plants namely Phyllanthus niruri (bhumyamalaki), Tinospora 
cordifolia (guduchi), Azadirachta indica (neem), Terminalia chebula 
(haritaki), Andrographis paniculata (kalmegh) [18], is a safe hep-
atoprotective formulation which improves liver function and clinical 
symptoms in the patients of liver diseases [19]. 

High fat high fructose (HFHF) diet in rodents induces NAFLD 
phenotype with increase in body weight, systemic IR, hyperinsulinemia, 
hyperglycaemia and dyslipidaemia [5,20–22]. In the present study lipid 
accumulation, anti-inflammatory and anti-fibrotic potential of Sar-
oglitazar and Hepano were assessed in vitro using HepG2, THP1 and LX2 
cells respectively. We further evaluated the efficacy of Saroglitazar and 
Hepano against insulin resistance, dyslipidemia and lipid accumulation 
in the liver of HFHF fed mice. Untargeted lipidomics approach was 
subsequently utilised to investigate changes in the different class of 
lipids in the plasma and hepatic tissue of Saroglitazar, Hepano treated 
and HFHF diet fed mice. Results obtained demonstrate differential yet 
beneficial effects of Hepano and Saroglitazar in the in vitro and HFHF fed 
mice models. 

2. Methodology 

2.1. Animals 

8–12 weeks old male C57BL/6 mice (20–25 g) were procured from 
Small Animal Facility of Translational Health Science and Technology 
Institute (THSTI), Faridabad and housed in individual ventilated cages 
with controlled air flow as per the institute’s experimental animal 
guidelines. The animal room has a controlled 12 h light and 12 h dark 
cycle with temperature 25 ± 2 ºC and relative humidity of 60 ± 10%. 
Access to normal chow and water was provided to them ad libitum. The 
animals were acclimatised for one-week in the above conditions prior to 
initiating the experiments. All the protocols for animal experiments 
(protocol approval no. IAEC/THSTI/79) were approved by IAEC of 
THSTI, Faridabad, India. 

2.2. Experimental design 

The animals were divided into four groups with respect to their 
initial body weight, fasting blood glucose (FBG) and plasma triglyceride 
(TG) levels. First group (control) was kept on chow diet (1324P, Altro-
min International, Germany), and the remaining three groups were fed 
on high fat high fructose (HFHF) (D16030909, Research Diet Inc., USA). 
Number of mice in each group were 8 (n = 8*), and 4 weeks after HFHF 
feeding animals were regrouped on the basis of weight, FBG, and TG so 
as to initiate treatment with Saroglitazar (Zydus Cadila Healthcare Ltd.) 
(HFHF+S, 3 mg/kg b.w. p.o.) and Hepano (Dabur India Ltd.) (HFHF+H, 
200 mg/kg b.w. p.o.) for the next 8 weeks at the human equivalent dose 
with 0.5% carboxymethylcellulose (CMC) used as vehicle. After eight 
weeks of treatment intraperitoneal glucose tolerance test (IPGTT) was 
also performed along with their body weight, tail/body length, fasting 

blood glucose and lipids. Mice were euthanized, blood and liver tissues 
were collected and weighed after washing with chilled saline. The 
plasma and tissue samples were stored at − 80 ºC freezer for further 
analysis. 

2.3. Biochemical analysis 

Plasma triglyceride (TG, Randox TRIGS kit; Cat. No. TR1697), 
cholesterol (CHL, Randox CHOL kit; Cat No. CH201), low density lipo-
protein (LDL, Randox LDL kit; Cat No.CH2657), high density lipoprotein 
(HDL, Randox HDL kit; Cat No.CH2652), non-esterified fatty acids 
(NEFA, Randox NEFA kit; Cat No. FA115) and insulin (Crystal Chem 
mice Insulin ELISA kit; Cat No. 90080) were measured in plasma sam-
ples using manufacturer’s protocols. In addition, Hepatic TG measure-
ment and untargeted lipidomics was also performed for each mouse 
plasma and hepatic tissue. 

2.4. Intraperitoneal glucose tolerance test (IPGTT) 

Animals were fasted for six hours for the IPGTT assessment before 
and after the treatment period. Glucose was administered (2 gm/kg, i.p.) 
to the fasted mice and blood glucose concentrations were measured at 
0 (immediately after), 15, 30, 60, 120 min after glucose administration, 
using glucometer (Accu-chek Active, Roche). 

2.5. Histological analysis 

Small pieces of liver tissue after standard processing were sectioned 
and stained with hematoxylin and eosin (H&E), Masson’s trichrome 
(MT) and Oil Red O (ORO) stains, and histological examinations and 
image scoring were performed at National Liver Disease Biobank, 
Institute of Liver and Biliary Sciences (ILBS), New Delhi (Quotation No: 
QUO-NLDB/20-21/10). 

2.6. Cell culture 

Human HepG2 cell line was cultured as monolayer in low glucose 
DMEM (Gibco; Cat. No. 11885-084) with 10% foetal bovine serum 
(Gibco; Cat. No. 26140-079) and 1% PenStrep antibiotic solution 
(Sigma; Cat. No. P7539). Human THP1 cell line was cultured as a sus-
pension cell line in RPMI 1640 medium (Gibco; Cat. No. 11875-093) 
with 10% foetal bovine serum and 1% antibiotic solution. Human LX2 
cell line was a generous gift from Dr. Scot Friedman (Mount Sinai School 
of Medicine, New York, NY) and was cultured as monolayer in high 
glucose DMEM medium (Gibco; Cat. No. 12430-054) with 2% foetal 
bovine serum and 1% antibiotic solution. Cells were maintained in a 
humidified incubator in 5% CO2 at 37 ◦C (Thermo Scientific - HeraCell 
Vios 160i CO2 incubator). All the experiments were performed in serum 
free conditions when the cells reached ~75–80% confluency. The ex-
periments were repeated individually for at least 3 times to confirm the 
reproducibility. For in vitro investigations, adherent cells were trypsi-
nized (Gibco; Cat. No. 25200-056) and pelleted while THP1 cells were 
directly pelleted by centrifugation. Cell count was determined by trypan 
blue staining [23] and cells were seeded subsequently. To facilitate 
transportation of free fatty acids (FFAs) into the cells, long chain fatty 
acids (FFAs) including palmitic acid (Sigma; Cat. No. P0500) and oleic 
acid (Sigma; Cat. No. O1383) were individually conjugated with BSA as 
previously described [24]. 

2.7. Cell viability assay 

The cytotoxic effect of Hepano and Saroglitazar in presence of FFA- 
BSA conjugate (FFA - Oleic acid and Palmitic acid mixed in 2:1 ratio) on 
cell viability was assessed by MTT colorimetric assay at 24 h [25]. Cells 
were seeded in a 96-well plate at different densities for different cell 
lines (8000 cells/well for HepG2, 12,000 cells/well for THP1 and 5000 
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cells/well for LX2 cells). HepG2 and LX2 cell lines were left for overnight 
incubation after seeding while THP1 cells were differentiated in pres-
ence of 5 ng/mL PMA (Santa Cruz; Cat. No. SC3576) for 48 h. A range of 
Hepano and Saroglitazar concentrations were used to pre-treat the cells 
prior to adding FFA to HepG2 cells, a combination of 100 ng/mL LPS 
(Sigma; Cat. No. L2654) and 20 ng/mL interferon gamma (Sigma; Cat. 
No. SRP3058) to induce inflammation in THP1 cells and 4 ng/mL TGF-β 
(Sigma; Cat. No. H8541) to induce fibrosis in LX2 cells. The maximal 
concentration of vehicle (DMSO; Sigma; Cat. No. D2650) was 0.5% v/v. 
Each experimental condition was seeded in triplicate. The cells were 
allowed to incubate for another 24 h. Culture supernatant was removed 
and cells were washed gently with serum free medium. Subsequently, 
0.5 mg/mL MTT (Sigma; Cat. No. M2128) was added to cells and the 
cells were kept for incubation in dark for another 4 h in the CO2 incu-
bator. Afterwards, the medium was removed and the formazan crystals 
were dissolved in 100 μl DMSO (Sigma; Cat. No. 34943) with gentle 
shaking for 30 min in dark and at room temperature. Optical density was 
measured at 570 nm wavelength using a multi-mode plate reader 
(SpectraMax M2, Molecular Devices). 

2.8. Colorimetric determination of lipid content with Nile Red and DAPI 
staining 

HepG2 cells (8 × 103 cells/well) were incubated with FFAs mixture 
in 96-well plates for 24 h. After treatment, the cells were fixed in 4% PFA 
(Sigma; Cat. No. 158127) and stained with Nile Red (Invitrogen; Cat. No. 
1987247) and DAPI (Invitrogen; Cat. No. D1306) in dark for 30 min at 
room temperature. Nile Red binds to free FFAs inside the cells and 
thereby helps in its quantification while DAPI stains the cell nuclei 
clearly outlining the cell periphery. Cells were then washed thoroughly 
to remove any extracellular lipids. Efficacy of Hepano and Saroglitazar 
was examined at multiple concentrations after pre-treatment of cells for 
30 min with the bioactives prior to FFA treatment. 

2.9. RNA extraction, cDNA synthesis and gene expression analysis by q- 
PCR 

For gene expression studies, THP1 and LX2 cells were seeded in 6- 
well plates at different densities for respective cell lines - 0.75 × 106 

THP1 cells/well and 0.1 × 106 LX2 cells per well. Culture medium was 
removed the following day and replaced with serum free medium. For 
total RNA isolation, treated and untreated cells were washed once with 
serum free media and suspended in 500 μl TRI Reagent (Sigma; Cat. No. 
T9424) for 5 min. The cell suspension was transferred into sterile 
eppendorf tubes and supplemented with 100 μl chloroform (Amresco; 
Cat. No. 0757). After vigorous shaking, cells were allowed to stand at 
room temperature (RT) for 5 min and subsequently centrifuged at RT at 
14,000 rpm for 15 min. The aqueous phase was carefully collected and 
transferred into fresh eppendorf tubes. 250 μl Isopropanol (Himedia; 
Cat. No. MB063) was added and the tubes were swirled gently to mix the 
contents. Another centrifugation step at 12,000 rpm for 10 min at 4 ◦C 
was followed by a quick wash with 70% ethanol and then the pellet was 
air dried at RT for 10 min. Finally, the RNA pellet was solubilized in pre- 
warmed RNAase free water (50 μl). Qualitative and quantitative analysis 
of RNA was done on a Multiskan GO plate reader (Thermo Scientific). 
Reverse transcription of 250 ng RNA using high-capacity cDNA reverse 
transcription kit (Applied Biosystems; Cat. No. 4368814) yielded cDNA. 

For the real time quantitative PCR, cDNA was amplified using 
PowerUp SYBR Green mix (Applied Biosystems; Cat. No. A25742) 
following the standard protocol for the dye on QuantStudio 6 Real-Time 
PCR System (Applied Biosystems). Quantitative detection of inflamma-
tory and fibrotic genes was performed using human specific primers 
(Table 1) and their expressions were normalised against β-actin. RT-PCR 
amplification was performed in the total volume of 10 μl. Cycling con-
ditions were UDG activation at 50 ◦C for 2 min, Hold Dual-Lock™ DNA 
polymerase at 95 ◦C for 2 min, and 40 cycles of denaturation at 95 ◦C for 

15 s and annealing/extension at 60 ◦C for 1 min. For each reaction 300 
nM of human gene specific forward and reverse primer mix was used. 
The relative mRNA expression data was analysed using ΔΔCt method 
and the values were normalised to β-actin mRNA levels (internal con-
trol). The data was expressed as fold change with respect to the un-
treated control. 

RNA was also isolated from the mice liver tissues using TRI reagent 
(Sigma Aldrich) following the manufacturer’s protocol. The quality and 
concentration of the isolated RNA was determined by using NanoDrop 
spectrophotometer (Thermo Scientific) and 2 µg of RNA was used to 
synthesise cDNA. Real-time Polymerase Chain Reaction (RT-PCR) was 
carried out by using SYBR Green master mix with the gene specific 
primers (Table 1) on Real-time PCR QS6 (Applied Biosystems). Gene 
expression data were normalised against 18s rRNA, the housekeeping 
gene. 

2.10. Lipidomics analysis 

2.10.1. Lipid extraction 
25 μl of plasma and 50 mg hepatic tissue samples were used for lipid 

extraction and analysis as described earlier by Schwaiger et al., 2019 
[26]. To each sample 0.3 mL of methanol was added and vortexed for 30 
s followed by further addition of 1.25 mL MTBE (methyl-tert-butyl 
ether). The extraction mixture was then incubated on a shaker for 1 h at 
room temperature. Next, 0.3 mL of MS grade water was added to the 
mixture to initiate phase separation and incubated for 10 min at room 
temperature. After which the samples were centrifuged at 400 rpm for 5 
min at 10 ◦C, and upper organic phase was collected, dried in a speed vac 

Table 1 
List of mice (M) and human (H) primers and their sequences use for q-PCR.  

Primer name Nucleotide sequence (5′ − 3′) 

S_α-SMA_M ACTGGGACGACATGGAAAAG 
AS_α-SMA_M AGAGGCATAGAGGGACAGCA 
S_MMP-2_M CCAGAACTTGTCTCCTGCAA 
AS_MMP-2_M ACTGGGACGACATGGAAAAG 
S_TIMP-1_M GCATCTGGCATCCTCTTGTT 
AS_TIMP-1_M CATTTCCCACAGCCTTGAAT 
S_IL-10_M CAACATACTGCTAACCGACTCC 
AS_IL-10_M CACTCTTCACCTGCTCCAC 
S_IL-6_M GAGGATACCACTCCCAACAGACC 
AS_IL-6_M AAGTGCATCATCGTTGTTCATACA 
S_IL-1β_M CCTTCCAGGATGAGGACATGA 
AS_IL-1β_M TGAGTCACAGAGGATGGGCTC 
S_TGF-β1_M CTTCAATACGTCAGACATTCGGG 
AS_TGF-β1_M GTAACGCCAGGAATTGTTGCTA 
S_Collagen-1α_M CCTCAGGGTATTGCTGGACAAC 
AS_Collagen-1α_M CAGAAGGACCTTGTTTGCCAGG 
S_IL-4_M AGATCATCGGCATTTTGAACG 
AS_IL-4_M TTTGGCACATCCATCTCCG 
S_TNF-α_M GGTGCCTATGTCTCAGCCTCTT 
AS_TNF-α_M CCATAGAACTGATGAGAGGGAG 
S_18s rRNA _M GTAACCCGTTGAACCCCATT 
AS_18s rRNA _M CCATCCAATCGGTAGTAGCG 
S_MMP-2_H GCTGGGAGCATGGCGATGGATACC 
AS_MMP-2_H GGACAGAAGCCGTACTTGCCATCC 
S_TIMP-2_H AGAGGATCCAGTATGAGATCAAGCAG 
AS_TIMP-2_H TGGTACCTGTGGTTCAGGCTCTTC 
S_IL-10_H TGCCTTCAGCAGAGTGAAGA 
AS_IL-10_H GGTCTTGGTTCTCAGCTTGG 
S_MCP-1_H ACTGCACTCCTGGTTGTCCT 
AS_MCP-1_H CGGCACAGATCTCCTTATCC 
S_IL-1β_H GGGCCTCAAGGAAAAGAATC 
AS_IL-1β_H TTCTGCTTGAGAGGTGCTGA 
S_TGF-β_H TTCCCTCGAGGCCCTCCTA 
AS_TGF-β_H GCCGCAGCTTGGACAGGATC 
S_Collagen1-α1_H CGGCTCCTGCTCCTCTT 
AS_Collagen1-α1_H GGGGCAGTTCTTGGTCTC 
S_TNF-α_H TGGGATCATTGCCCTCTTGAG 
AS_TNF-α_H TCTAAGCTTGGGTTCCGACC 
S_ β-actin_H AGAGCTAGGAGCTGCCTGAC 
AS_ β-actin_H AGCACTGTGTTGGCGTACAG  
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and stored in − 80 ◦C freezer. Extracted lipids were dissolved in 100 μl of 
65:30:5 (acetonitrile: 2-propanol: water vol/vol/vol) for lipid analysis. 

2.10.2. Lipid measurement 
An ACQUITY HSS T3 (2.1 mm × 100 mm X 1.8 µm, Waters) 

incorporated with ultra-performance liquid chromatography (UPLC) 
was used for the lipid separation procedure. Solvent A was water/ 
acetonitrile in 2:3 vol/vol ratio and solvent B was 2-propanol/acetoni-
trile in 9:1 vol/vol ratio. The solvent flow rate was 0.3 mL/min with 
40 ◦C column temperature. The total applied run time was 18 min with 
the given gradient setup; initial 0–12 min solvent B was ramped from 
30% to 97% followed by a 3 min clutch and in the later 15.2–18 min 
solvent B was maintained at 30%. Data acquisition was accomplished on 
a high-resolution mass spectrometer, orbitrap fusion (Thermo Scientific, 
USA) which is fortified with a heated electrospray ionisation source 
(ESI). ESI sheath and auxiliary gas were 60 and 20 respectively. The 
positive and negative spray voltage was 3000 volts. In the MS run, 120 k 
resolution with automatic gain control (AGC) target of 200,000 was 
used with mass range between 250 and 1200 whereas during the MS/MS 
run, resolution was maintained at 30 k with AGC target of 50,000. The 
applied collision energy for fragmentation was 27 ± 3. 

2.10.3. Lipid data analysis 
Lipid analysis was performed with the help of LipidMatch Flow. It 

was used in default settings for peak picking (using MZmine), blank 
filtration, lipid annotation while combining positive and negative data 
[27]. Statistical analysis of data was done using MetaboAnalyst soft-
ware. All the data were normalised by sum, log-transformation, and 
pareto scale for analysis in MetaboAnalyst. We also used LION/web 
pathway analysis tool for comparing control vs HFHF, HFHF vs HFHF+S, 
HFHF vs HFHF+H groups for the liver and plasma samples. 

2.11. Statistical analysis 

All values are expressed as mean ± SEM (standard error of mean). 
The differences between mean values of multiple groups were analysed 
using one-way ANOVA or two-way ANOVA (wherever necessary), fol-
lowed by Bonferroni’s multiple comparison test through Graph Pad 
Prism (Version 8.3), and were assumed significant if p < 0.05. 

3. Results 

3.1. Gross parameters and insulin resistance 

A significant and consistent gain in the overall weight of the animals 
was seen after 12 weeks of HFHF diet feeding. Treatment of mice with 
Saroglitazar (HFHF+S) and Hepano (HFHF+H) for 8 weeks showed 
reduction in the body weight, statistically significant reduction was 
evident in the Saroglitazar group (Fig. 1A and B). Similarly, significant 
increase in the body mass index (BMI) was observed in the HFHF fed 
mice in comparison to the control chow fed mice (Fig. 1C). BMI of the 
Saroglitazar and Hepano treated mice was less than the HFHF group 
(Fig. 1C). Furthermore, mice treated with Saroglitazar showed signifi-
cant reduction in the systemic insulin resistance as compared to the 
HFHF and vehicle treated mice. Hepano treated mice were also less in-
sulin resistant but the level of reduction was less than Saroglitazar 
(Fig. 1D and E). FBG (Fig. 1F) and insulin levels in the HFHF and vehicle 
fed groups after 12 weeks were the highest. Saroglitazar treatment for 8 
weeks reversed the increase in glucose and insulin levels while the levels 
of glucose and insulin in Hepano treated mice were not reduced to 
statistically significant level. 

Fig. 1. Physical parameters among the different groups. (A) Timeline record of body weights; (B) Change in body weight after 8 weeks of treatment; (C) Body-mass 
index (BMI); (D) Intra-peritoneal glucose tolerance test (IPGTT) after end of treatment; (E) IPGTT AUC after end of treatment; (F) Fasting blood glucose (FBG) after 
end of treatment. Data are represented as Mean ± SEM, n = 8 per group, and statistical analysis consisted of one-way ANOVA or two-way ANOVA followed by 
Bonferroni’s test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 for Control Vs. all other groups and #p < 0.05; ##p < 0.01; ###p < 0.001; 
####p < 0.0001 for HFHF Vs. all other groups). 
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3.2. Histopathology 

Wet liver weight was highest in Saroglitazar treated mice but the 
liver weight in the Hepano treated mice was comparable to the control 
group (Fig. 2B). Liver tissues in HFHF group were rendered pale indi-
cating deposition of lipid droplets. However, tissues in the other groups 
appear to be similar to the control with little discoloration (Fig. 2A). Oil 
Red O stains cholesterol esters and triglycerides [1], and histopathology 
examination established the development of NAFLD phenotypes. After 8 
weeks of treatment, the histopathological analysis of the mice livers in 
the HFHF group exhibited significant steatosis (Fig. 2C–E). Histological 
analysis score for ballooning was < 1, NAFLD activity scores (NAS) was 
moderate, and fibrosis was also in the mild to moderate category in 
HFHF mice (Fig. 2F), while HFHF+S and HFHF+H scores were less than 
the disease group (Fig. 2F). The mice liver samples of HFHF+H group 
demonstrated steatosis with reduction in ballooning as compared to 
HFHF group (Fig. 2C–E). Histological examination of HFHF+S group 
demonstrated decreased steatosis, ballooning and lobular inflammation 
as compared to HFHF (Fig. 2C–E). The Oil Red O staining unveiled the 
presence of macrovesicular lipid variations scattered all over the lobes of 
HFHF, HFHF+S and HFHF+H groups (Fig. 2A). 

3.3. Biochemical parameters 

Plasma TG levels were not significantly changed during the initial 4 
weeks feeding on HFHF diet. After the end of 12 weeks, significant 
reduction in plasma TG level was observed in Saroglitazar treated mice 
when compared with HFHF and control groups. On the contrary, Hep-
ano treated mice did not exhibit significant change in the plasma TG as 
compared to the vehicle treated HFHF group (Fig. 3A). It was also found 
that 8 weeks of Saroglitazar and Hepano treatments had no significant 
effect on plasma cholesterol, HDL, and LDL as their levels were 
enhanced after 12 weeks of HFHF feeding in comparison to the chow fed 
control group (Fig. 3B–D). Plasma NEFA levels were significantly 

reduced only in the Saroglitazar treated mice (Fig. 3E). Hepatic TG 
levels were significantly increased in the HFHF group in comparison to 
the chow fed control group and the TG levels were significantly reduced 
by Saroglitazar but not by Hepano treatment after 8 weeks (Fig. 3F). 

3.4. Cytotoxicity studies 

In order to check for the toxicity, HepG2 cells were pre-treated for 
30 min with different concentrations of Hepano (1 μg/mL to 100 μg/ 
mL) and Saroglitazar (100 nM to 3 μM) and then loaded with 850 μM 
FFA mixture (oleic acid and palmitic acid mixed in 2:1 ratio) for 24 h. 
Results of MTT assay after FFA treatment in Hepano and Saroglitazar 
primed HepG2 cells are plotted as bar graphs (Fig. 3H). No cytotoxic 
effect was observed at the investigated concentrations. Rather, both 
Hepano and Saroglitazar appeared to promote cell health in FFA treated 
cells. Hence, optimal cell viability in Hepano and saroglitazar treated 
cells was found to be 100 μg/mL and 3 μM respectively. 

3.5. Effect on lipid accumulation 

Lipid accumulation in pre-treated HepG2 cells after treatment with 
850 μM FFA was quantified using Nile Red dye and normalised, for any 
variation in cell count, with DAPI staining. The accumulated lipids were 
increased by over 5-fold in non-primed FFA treated HepG2 cells when 
compared to un-treated control cells (Fig. 3G). Pre-treatment with 
Hepano and Saroglitazar showed no reduction in accumulated lipids. 
Meanwhile, Hepano appeared to promote lipid accumulation in HepG2 
cell line at the highest concentration (Fig. 3G). 

3.6. Effect on inflammation 

The relative gene expression profiling results of mice hepatic tissues 
revealed reduction in the expression of the inflammatory genes namely, 
IL-6, TNF-α, and IL-1β in HFHF+H group, whereas HFHF+S group 

Fig. 2. (A) Topological images of mice livers from different groups for detecting gross pathological changes (first lane). Histopathology of liver tissues (20x 
magnification) (H&E stain in second lane, MT stain in third lane and ORO stain in fourth lane). (B) Absolut liver weight; and pathological scores from liver his-
topathology sections (C) Steatosis; (D) Ballooning; (E) Lobular inflammation; (F) NAS scores. Data are represented as Mean ± SEM, n = 8 per group, and statistical 
analysis consisted of one-way ANOVA followed by Bonferroni’s test (*p < 0.05; ****p < 0.0001 for Control Vs. all other groups and #p < 0.05; ####p < 0.0001 for 
HFHF Vs. all other groups). 
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Fig. 3. Biochemical parameter results. (A) Plasma triglyceride after end of treatment period; (B) Plasma Cholesterol after end of treatment period; (C) Plasma HDL 
after end of treatment period; (D) Plasma LDL after end of treatment period; (E) Plasma NEFA after end of treatment period; (F) Hepatic triglyceride after end of 
treatment period. Data are represented as Mean ± SEM, n = 8 per group, and statistical analysis consisted of one-way ANOVA followed by Bonferroni’s test 
(*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 for Control Vs. all other groups and #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001 for HFHF Vs. 
all other groups). (G) Effect of Hepano and Saroglitazar on lipid accumulation in FFA (oleic acid and palmitic acid mixed in 2:1 ratio) induced lipotoxicity (850 μM 
FFA) in HepG2 cell line; (H) Effect of Hepano and Saroglitazar on cell viability in FFA (oleic acid and palmitic acid mixed in 2:1 ratio) induced lipotoxicity (850 μM 
FFA) in HepG2 cell line. Data are represented as Mean ± SEM, n = 3 per group, and statistical analysis consisted of one-way ANOVA followed by Bonferroni’s test 
(*p < 0.05; ****p < 0.0001 for Control HepG2 Vs. 850 μM FFA+DMSO and #p < 0.05; ###p < 0.001; ####p < 0.0001 for 850 μM FFA+DMSO Vs. all other 
concentrations). 

Fig. 4. Quantitative gene expression profiles of inflammatory genes from in vivo and in vitro experiments by real time-PCR. (A) IL-4; (B) IL-6; (C) IL-1β; (D) TNF-α; (E) 
IL-10. Data are represented as Mean ± SEM, n = 5–8, and statistical analysis consisted of one-way ANOVA followed by Bonferroni’s test (*p < 0.05 for Control Vs. all 
other groups). Effect of different concentrations of Hepano and Saroglitazar on macrophage polarisation and inflammation in THP1 cell line. (F) MCP-1; (G) IL-1β; (H) 
TNF-α; (I) IL-10. Data are represented as Mean ± SEM, n = 3 per group, and statistical analysis consisted of one-way ANOVA followed by Bonferroni’s test 
(***p < 0.001; ****p < 0.0001 for Control THP-1 Vs. LPS + IFN and ##p < 0.01; ###p < 0.001; ####p < 0.0001 for LPS + IFN Vs. all other concentrations). 
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demonstrated decrease only in IL-6 and an increase in TNF-α and IL-4 in 
comparison to the disease group. Anti-inflammatory gene IL-10 showed 
an upregulated trend in HFHF and HFHF+H groups as compared to the 
control (Fig. 4A–E). In order to assess the effect of Hepano and Sar-
oglitazar on inflammation in differentiated THP1 cells, we examined the 
expression of MCP1 gene. MCP1 is a secreted cytokine involved in 
immunoregulatory and inflammatory processes. It is suggested to be an 
early responder in the inflammatory response where it recruits mono-
cytes along with other inflammatory mediators. PMA differentiated 
THP1 cells when induced with LPS (100 ng/mL) and IFN-γ (20 ng/mL) 
revealed significant increase in MCP1 expression when compared to un- 
induced cells (Fig. 4F). LPS and IFN-γ induced THP1 cells when primed 
with different concentrations of Hepano revealed a dose dependent 
decrease in MCP1 gene expression. While Hepano at lower concentra-
tions (1 μg/mL and 3 μg/mL) did not reduce the expression of MCP1 but 
the same was significantly attenuated at higher Hepano concentrations 
(10, 30 and 100 μg/mL) in a concentration dependent manner (Fig. 4F). 
Similar response was not observed with Saroglitazar (Fig. 4F). 
Contrarily, Saroglitazar augmented MCP1 expression at most of the 
assessed concentrations (100 nM, 300 nM, 1 μM and 3 μM). Signifi-
cantly increased expression of IL-1β was found with different concen-
trations of Hepano and Saroglitazar (Fig. 4G). Similar results to MCP-1 
were observed with Hepano and Saroglitazar on TNF-α expression 
(Fig. 4H). Expression of IL-10 was observed to significantly hike in the 
highest concentrations of Hepano (100 μg/mL), which is similar to the 
findings in the mice model, while Saroglitazar, had no such effect on IL- 
10 expression (Fig. 4I). 

3.7. Effect on fibrosis 

Markers associated with fibrosis such as α-SMA, Collagen-1α, TGF-β1, 
TIMP-1 and MMP-2 were augmented in the disease group, while most of 
these changes were prevented in the Hepano treated group (Fig. 5A–E). 
Saroglitazar treatment also reduced the expressions of α-SMA, TGF-β1 
and MMP-2, but expression of Collagen-1α and TIMP-1were enhanced 
(Fig. 5A–E). Efficacy of Hepano and Saroglitazar was compared using 
stellate cell line (LX2 cells) and THP1 cells to assess the fibrotic gene 

expressions. Collagen1-α1 gene is a fibril-forming collagen found in most 
connective tissue. Its expression increases significantly in the presence of 
a fibrotic inducer. Fibrotic response in LX2 cells was significantly 
induced in the presence of TGF-β (4 ng/mL) as compared to the un-
treated control cells and measured in terms of Collagen1-α1 gene 
expression. Hepano-primed LX2 cells, after induction with TGF-β, 
revealed dose dependent reduction in Collagen1-α1 gene expression 
when compared with un-primed TGF-β induced counterparts. Signifi-
cant reduction of Collagen1-α1 gene level was evident at highest Hepano 
concentration (100 μg/mL) (Fig. 5F). On the contrary LX2 cells, primed 
with Saroglitazar exhibited induction in the expression of Collagen1-α1 
(Fig. 5F). TGF-β expression in differentiated THP1 cells was significantly 
increased in the vehicle treated cells while Hepano concentrations (1 
and 100 μg/mL) and Saroglitazar concentrations (100 nM) significantly 
alleviated these expressions (Fig. 5G). On the contrary, 3 μM Sar-
oglitazar concentration significantly hiked the TGF-β expression. An 
increased tendance in TIMP-2 expression was found with Hepano and 
Saroglitazar treated LX2 cells, while no change was observed in the 
vehicle treated cells (Fig. 5H). MMP-2 gene expression was found to be 
similar to the Collagen1-α1 expressions. MMP-2 expression was 
decreased by Hepano treatment in a dose dependant manner (Fig. 5I) 
whereas no change was observed by Saroglitazar treatment. Only 
100 nM concentration of Saroglitazar was found to significantly elevate 
the MMP-2 expressions (Fig. 5I). Interestingly, the expression of fibrotic 
markers was reduced after Hepano treatment in both in vitro and in vivo 
models. 

3.8. Lipid profiling 

Saroglitazar and Hepano mediated alterations in the plasma and 
hepatic tissue lipids were evaluated as both treatments improved HFHF 
induced insulin resistance however, their effect on TG were not similar. 
We therefore performed untargeted lipid profiling using orbitrap fusion 
mass spectrometry (MS) coupled with ultra-performance liquid chro-
matography (UPLC). We identified a total of 390 lipids in plasma and 
785 in hepatic tissue (Table S1). Principal component analysis (PCA) of 
both plasma (Fig. 6A) and hepatic tissue (Fig. 6B) displayed a clear 

Fig. 5. Quantitative gene expression profiles of fibrotic genes from in vivo and in vitro experiments by real time-PCR. (A) α-SMA; (B) Collagen-1α; (C) TGF-β1; (D) 
TIMP-1; (E) MMP-2. Data are represented as Mean ± SEM, n = 6–8, and statistical analysis consisted of one-way ANOVA followed by Bonferroni’s test (*p < 0.05; 
**p < 0.01 for Control Vs. all other groups). Effect of different concentrations of Hepano and Saroglitazar on fibrotic markers in LX2 cell line. (F) Collagen1-α1; (G) 
TGF-β; (H) TIMP-2; (I) MMP-2. Data are represented as Mean ± SEM, n = 3 per group, and statistical analysis consisted of one-way ANOVA followed by Bonferroni’s 
test (***p < 0.001 for Control THP1 Vs. LPS + IFN and #p < 0.05; ###p < 0.001; ####p < 0.0001 for LPS + IFN Vs. all other concentrations in THP1 cells and 
TGF-β Vs. all other concentrations in LX2 cells). 
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separation among the Control, HFHF and HFHF+S group mice lipids. 
PCA of the plasma lipids (Fig. 6A), principal component 1 explains 
54.5% of data and principal component 2 explains 19.2% of the data 
sets. However, the PCA of the hepatic lipids reveal that there is no good 
separation of the hepatic lipids among HFHF, HFHF+H and Control. 
Here, principal component 1 explains 40.0% of data and principal 
component 2 explains 16.8% of the data sets (Fig. 6B). This suggests the 
change in the lipid compositions among the different groups. 

We subsequently analysed differential lipids in control and disease 
groups and observed significant reduced concentration of 62 lipids with 
concomitant enhancement of 41 lipids (Fig. 7A). Similarly, in the he-
patic tissue 104 lipids were significantly decreased and 37 were signif-
icantly increased (Fig. 7B). Glycerophospholipids and sphingomyelins 
were mostly found to be significantly altered between control and HFHF. 
Thus, considering them we performed another PCA and found principal 
component 1 explaining 41.4% of data while principal component 2 
explained 28.7% of the data in plasma (Fig. 8A) and 45.3% of data in 
principal component 1 clubbed with 16.1% in principal component 2 in 
the liver tissue (Fig. 8B). For identification of the differential lipids 
among all the groups, a comparison among all the plasma and hepatic 

tissue lipids were done using clustering analysis and 17 differential 
lipids were observed in the plasma (Fig. 9A), and 16 in the hepatic tissue 
(Fig. 9B). The plasma lipid profile (Fig. 9A) indicated major change in 
non-hydroxy fatty acid and sphingosine containing ceramides (Cer-NS), 
phosphatidylcholine (PC), and plasmanyl-TGs in the HFHF, HFHF+H 
and HFHF+S groups with respect to the control. On the contrary, we 
found augmentation in PC with marked decline in TGs in HFHF+S group 
with respect to the others. Phosphatidylethanolamines (PEs) and 
plasmanyl-PE were similar between control and HFHF+S while being 
reduced in the disease group. On the other hand, the hepatic lipid profile 
(Fig. 9B) also revealed increase in the differential Cer-NSs, lysophos-
phatidylethanolamines (LPEs) in HFHF with slight increase in HFHF+H 
and HFHF+S groups against control. PC, PEs, TGs, phosphatidylserine 
(PS), and sphingomyelin (SM) were almost similar in HFHF+H and 
control, in contrast to the HFHF+S group where they were down-
regulated. All the individual boxplots of the differential plasma and 
hepatic lipids are represented in Fig. 10. 

Using LION/web pathway analysis tool for plasma lipidomics data 
sets we found a significant increase in the transition of SM>PC in control 
vs HFHF group, while comparing HFHF vs HFHF+H, showed that 

Fig. 6. 2D score plots of principal component analysis (PCA) of among Control (Red), HFHF (Green), HFHF+H (Blue), and HFHF+S (Turquoise Blue) at end point. 
(A) Plasma lipids; (B) Hepatic lipids. 

Fig. 7. Volcano plot between the Control and HFHF groups. Blue dots represent significantly downregulated lipids, and Red dots represent significantly upregulated 
lipids while the lipids which were not significantly altered are displayed in Grey. (A) Plasma lipids; (B) Hepatic lipids. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. 2D score plots of principal component analysis (PCA) of Phospholipids and Sphingomyelin among Control (Red), HFHF (Green), HFHF+H (Blue), and 
HFHF+S (Turquoise Blue) at end point. (A) Plasma lipids; (B) Hepatic lipids. 

Fig. 9. Heat map of differential lipids among Control, HFHF, HFHF+S, and HFHF+H at end point. Hot (red) colour indicates high expression and cool (blue) colour 
represents low expression. (A) Plasma lipids; (B) Hepatic lipids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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transition was significantly more from PC>LPC. Moreover, in liver tissue 
similar analysis indicated that bis (monoacylglycero) phosphate (BMP), 
LPC, PC, PA, PG, PS transit within the groups. As compared with control 
vs HFHF the transition of PG>BMP was enhanced which was reduced 
following treatment with Hepano but not with Saroglitazar. 

4. Discussion 

NAFLD is rapidly becoming a highly prevalent liver disorder and is 
an underlying cause of dyslipidaemia, type-2 diabetes, hypertension, 
heart and kidney diseases [28]. NAFLD progresses from mild steatosis to 
non-alcoholic steatohepatitis (NASH) with or without fibrosis. Till date 
there is no FDA approved drug or bioactive molecule for the treatment of 
NASH. Several studies have reported that Saroglitazar improve insulin 
resistance, dyslipidaemia and associated NAFLD pathologies in 
pre-clinical and clinical scenarios [14,15,29]. Hepatoprotective poten-
tial of Hepano has also been demonstrated in a clinical study [19], and 
its constituent herbs are known for their hepatoprotective potential. It is 
well established that Saroglitazar acts primarily as a PPARα agonist with 
some affinity towards PPARγ. We also observed induction in the 
expression of PPARα by Saroglitazar but Hepano, a polyherbal formu-
lation, had no effect on the expression of PPARα and PPARγ in the he-
patic tissue (data not shown). We have investigated modulatory effect of 
both Saroglitazar and Hepano in countering obesity, IR, and on various 
classes of circulating and hepatic lipids in the HFHF fed mice model. 
High fructose and high fat are the major constituents of western diet 
which promote obesity, lipogenesis, IR, liver steatosis, inflammation, 

and fibrosis in a time dependent manner [30]. In the present study, we 
observed that both Saroglitazar and Hepano reversed the gain in body 
weight, BMI and IR (Fig. 1A–F) in the HFHF fed mice. A recent study 
conducted on DIAMOND mice has also reported similar results for Sar-
oglitazar [31]. 

The absolute liver weight in Saroglitazar treated and HFHF fed mice 
was however higher than other groups (Fig. 2A) as reported previously 
[29]. Histopathological image analysis of the liver tissue of HFHF fed 
mice after 12 weeks exhibited significant steatosis and high NAS score 
with marginal inflammatory infiltrates, and with no prominent features 
of fibrosis. In vitro study using HepG2 cells also failed to demonstrate any 
significant reduction in lipid accumulation by both Saroglitazar and 
Hepano. Moreover, Saroglitazar and Hepano did not enhance palmitate 
induced lipotoxicity in HepG2 cells, as per the previous report on Sar-
oglitazar [29]. Hepano, however, exhibited significant 
anti-inflammatory and anti-fibrotic potential in the in vitro experiments 
using THP1and LX2 cells as well as in the HFHF fed mice. Saroglitazar 
treatment showed some changes in the expression of inflammatory and 
fibrosis associated genes in the cell lines and the hepatic tissue but the 
histological assessments of the hepatic tissue did not exhibit any adverse 
effect. It is apparent that feeding of HFHF diet to C57BL/6 mice for 12 
weeks was not sufficient to establish robust inflammatory and fibrotic 
responses. It is therefore desirable to investigate further the effect of 
Saroglitazar and Hepano for their anti-inflammatory and anti-fibrotic 
effect in a suitable animal model. 

In the present study we observed enhanced levels of cholesterol, 
HDL, LDL, and hepatic triglycerides with no significant elevation in the 

Fig. 10. Box plots of the major differential plasma and hepatic lipids consisting of phosphatidylcholines (PCs), phosphatidylethanolamines (PEs), non-hydroxy fatty 
acid and sphingosine containing ceramides (Cer-NSs), sphingomyelin (SM), lysophosphatidylethanolamines (LPEs), plasmanyl-PE and phosphatidylserine (PS). 
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circulating triglycerides suggesting that the release of triglycerides was 
adversely affected after feeding HFHF diet as was also observed by 
others [31–34]. An untargeted lipidomic analysis of plasma and hepatic 
tissue showed a distinct and persistently dysregulated lipid profile in the 
plasma and hepatic tissue as compared to the samples from control 
normal diet fed mice. PCA analysis of the data revealed a significant 
segregation of data points between normal chow diet and HFHF diet. It is 
known that TG accumulation up to an extent is not so harmful to the 
hepatocytes but severe hepatotoxicity is shown by saturated fatty acids 
[35–39]. The reduction in hepatic lipid accumulation is therefore 
considered important to halt the progression of fatty liver into NASH. 
While we observed severe reduction of the differential TG levels in both 
plasma and liver in Saroglitazar treated HFHF mice but cholesterol 
levels in the plasma were not reduced by either Hepano or Saroglitazar 
treatment. Interestingly, PCA analysis of total lipids in the plasma and 
hepatic tissue from Saroglitazar and Hepano treated mice were also 
different from each other. 

Various class of lipids have been associated with insulin resistance 
[40]. We therefore computed the significantly altered lipids between 
control and HFHF via plotting volcano plots and then compared them 
with the treatment arms. This unveiled majorly altered lipids belonging 
to phospholipids and sphingomyelins class in the HFHF group. A total 17 
differential lipids belonging to non-hydroxy fatty acid and sphingosine 
containing ceramides (Cer-NS), phosphatidylcholines (PCs), TGs, 
plasmanyl-TGs, phosphatidylethanolamines (PEs) and plasmanyl-PE 
were observed in plasma. While in the hepatic tissue 16 lipids 
belonging to Cer-NSs, lysophosphatidylethanolamines (LPEs), PC, PEs, 
TGs, phosphatidylserine (PS), and sphingomyelins (SM) were noticed. 

We observed enhanced PCs in the plasma of Saroglitazar group. In a 
recent clinical trial (NCT00063622) conducted in Russia, usefulness of 
phosphatidylcholine as add-on therapy to refine liver function tests and 
liver enzymes in NAFLD patients with metabolic comorbidities has been 
demonstrated [41]. Buang et al. also reported that dietary phosphati-
dylcholine alleviated orotic acid induced fatty liver in Sprague-Dawley 
rats, prevented TG accumulation, and enhanced fatty acid β-oxidation 
by increasing the activity of carnitine palmitoyl transferase [42]. 
Enhanced levels of acylcarnitines and PCs have been associated with 
efficient oxidation of fatty acids and hepatic TG export [43]. Conversion 
of PC to LPC is catalysed by phospholipase A2 [44] and it induces ER 
stress, and apoptosis [45]. In the present study Hepano reduced LPC 
levels which was reported to be elevated in NASH animal model by 
Agostino Di Ciaula et al. [45]. Thus, augmentation in PCs and reduction 
in LPC correlate well with improvement in mice IR. Plasmalogens 
(ether-linked lipids) which possesses enol ether double bond, a prime 
target of reactive oxygen species [46], act as antioxidants and regulate 
reactive oxygen species thus preventing oxidative stress and inflam-
mation. Likewise, it is also suggested that these lipids may play a role in 
lipoprotein metabolism [47]. Hence, increase in plasmanyl-TGs, as 
found in the plasma, seems to be beneficial. Plasmanyl-PE, also an 
ether-linked lipid, was reduced in HFHF group but was enhanced by 
Saroglitazar treatment whereas Hepano had only a mild effect. Simi-
larly, among the plasma lipids, PEs were reduced in HFHF group and 
were reversed in HFHF+S group, along with a mild change in HFHF+H. 
According to preclinical and clinical investigations, decreased PC:PE 
ratio in hepatic tissue and erythrocytes serves as a forecaster of NAFLD 
[48,49] thus their increased levels correlate with the reduction in 
NAFLD. Hepano treatment augmented certain PEs whereas Saroglitazar 
treated group exhibited reduction. Therefore, considering the differen-
tial effects on PEs in plasma and liver, Saroglitazar seems to enhance PEs 
in the plasma while Hepano enhances PEs in the liver thus demon-
strating ability of both treatments to counter IR and NAFLD. BMP which 
was enhanced in HFHF group was reduced in the Hepano treated mice 
but not in Saroglitazar group. Similar to our finding Showalter et al. 
have reported that high fat diet enhances BMP levels [50]. Interestingly 
increased level of phosphatidylserine reduces BMP levels and prevents 
the accumulation in the hepatic tissue, as was seen in the Hepano treated 

mice [51]. 
Evidences support crucial role of altered sphingolipid metabolism 

and enhanced ceramide generation in the progression of type-2 diabetes 
and IR [52]. Besides de novo synthesis from sphingomyelin by the 
enzyme sphingomyelinase [53], ceramides are primarily synthesised 
from serine and palmitate and are important cellular signals to induce 
apoptosis [54]. Plasma ceramides are elevated in overweight children, 
and diabetics [55]. Jiang et al. reported that impeding ceramide syn-
thesis diminishes hepatic steatosis and fibrosis in NAFLD rats [56]. In a 
small cohort of lean versus obese human subjects, long-chain ceramide, 
in particular C16:0-ceramide, was increased strengthening association 
of metabolic syndrome with C16:0-ceramide [57]. In the present study 
we observed significant reductions in SM and augmentation in ceram-
ides in agreement with the earlier report [57]. Interestingly, increased 
degradation of ceramides or inhibition of their synthesis by myriocin 
and fumonisin B1, ameliorated insulin sensitivity in rodents. Ceramides 
promote inhibition of Akt/PKB signalling and also activate NLRP3, 
leading to apoptosis by Caspase-1-dependent pathway. Liver-specific 
CerS6 knockouts display improved glucose intolerance but only subtle 
alterations in the liver lipid levels [58]. Ceramide is also involved in 
apoptosis stimulated by death ligands such as TNF and Fas [53]. Its role 
in IR is well evidenced as it prevents insulin-induced glucose uptake, 
GLUT4 translocation and glycogen synthesis [59]. Elevated sphingo-
myelin and ceramide levels with surge in sphigosine-1-phosphate (S1P) 
have been reported during steatosis and NASH [60,61]. Interestingly, we 
also found a sphingomyelin (d18:2/24:1) which was decreased in he-
patic tissue of the disease and HFHF+S groups but showed reversal in 
HFHF+H group to the control level. In the present study Hepano seems 
to be better in regulating SMs than Saroglitazar. It is reported that Mfn2 
directly binds to phosphatidylserine (PS) and promotes transfer of PS 
from endoplasmic reticulum to the mitochondria and its defective 
transfer precipitates liver diseases [62]. Consequently, Hepano was well 
effective in reversing the PS to normal levels. 

The hepatic LPEs were more in the disease group than control, and 
treatment with Hepano reversed their levels. While in Saroglitazar 
treated group LPE (18:0) was more and LPE (20:0) was reduced. A recent 
clinical trial (NCT01087086) investigating changes in lysophospholipids 
in the liver post reduction in weight Z-scores of total lysophospholipids 
(lysophosphatidilcholine, lysophosphatidilethanolamines and lyso-
phosphatidylinositols) found these to be significantly reduced in pa-
tients with hypocaloric diets suggesting their link with obesity and 
weight loss [63]. This might also be linked with the efficacy of test 
substances in the present study against HFHF induced obesity. A murine 
study on NAFLD triggered with high fat diet, observed a total loss of PCs 
which was reversed by administering a bile acid conjugated with 
phospholipid, ursodeoxycholyl lysophosphatidylethanolamide 
(UDCA-LPE). The increase in the hepatic PUFA-PC pools, restored the 
altered lipids which correlated with defective fatty acid metabolism and 
anti-inflammatory activity due to enhanced mitochondrial and peroxi-
somal fatty acid oxidation [64]. 

The lipidomic analysis thus demonstrated alteration in various class 
of lipids, other than TGs which have also been correlated with steatosis 
and IR. Interestingly, both the treatments showed variability in their 
modulatory effect on these lipids. Hepano showed effective reversal in 
BMP, PC, SM, PS, PE, LPE and Cer-NS in the liver tissue, while Sar-
oglitazar affected TGs, Cer-NSs, PEs, and PCs. Saroglitazar was more 
effective than Hepano in managing IR, weight gain, and steatosis as it 
significantly reduced circulating and hepatic TG levels and also modu-
lated glycerophospholipids and sphingolipids. On the contrary, Hepano 
demonstrated beneficial effect on inflammatory and fibrosis markers in 
the in vitro studies as well as modulated phospholipids, ceramides and 
oxidised lipids associated with fatty liver disease. It would however be 
important to evaluate Hepano and Saroglitazar on the inflammatory and 
fibrotic markers using suitable diet-based animal models after prolonged 
treatment. Overall, on the basis of results obtained in the HFHF mice 
model, Saroglitazar seems to be better than Hepano in managing IR and 
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fatty liver disease related parameters. 

5. Conclusions 

The results obtained from the in vitro study in THP1, and LX2 cells 
highlighted anti-inflammatory and anti-fibrotic potential of Hepano. In 
HFHF fed mice model both Hepano and Saroglitazar rescued weight gain 
and offered protection against IR. Saroglitazar reduced triglycerides, 
and modulated various phospholipids in the plasma and hepatic tissue. 
On the contrary triglyceride levels were not altered by Hepano but 
significant effect was evident against changes in the phospholipids, 
ceramides and oxidised lipids. Untargeted lipidomics data in the HFHF 
mice model also imply importance of phospholipids and other class of 
lipids in IR and steatosis. Overall results suggest towards potential use of 
these test agents in the treatment of human fatty liver disease. 

Acknowledgement 

The study was supported by JC Bose National fellowship [SB/SE/ 
JCB-017/2015] and THSTI core grant to Dr. Madhu Dikshit. THSTI core 
grant support to Dr. Ajay Kumar and Dr. Yashwant Kumar is also 
acknowledged. The authors are thankful to Dabur India Ltd. for 
providing Hepano and partial financial support to the study. Authors 
would like to thank the Executive Director THSTI for the generous 
overall support. We also acknowledge THSTI Small Animal Facility 
(SAF) for its all-round services. We also appreciate the technical assis-
tance provided by Miss. Shruti Panwar, Mr. Aman Sharma and Mr. 
Sebanta Pokhrel from THSTI during some animal experimental pro-
cedures. We also thank Miss. Siva Swapna Kasarla and Dr. Prabhakar 
Babele from THSTI for helping us with the study. 

CRediT authorship contribution statement 

Soumalya Sarkar performed in vivo experiments, biochemical as-
says, statistical analysis, presentation and interpretation of the data, and 
manuscript writing. Deepika Kumari performed in vivo studies, 
biochemical and molecular studies. Sonu Kumar Gupta performed 
lipidomic experiments, analysis and presentation of the data. Vipin 
Sharma aided in writing, in vivo studies and lipidomic experiments and 
analysis. Sumedha Mukhi assisted in in vitro cell based experiments. 
Parul Kamboj assisted during animal studies. V. Sasibhushan, J.L.N. 
Sastry, Rajiva Kumar Rai provided the standardised Hepano extract 
and helped in the study design. Dinesh Mahajan helped in initiating 
and in study design. Yashwant Kumar did lipidomic data analysis, 
interpretation, writing, and presentation of the data. Ajay Kumar per-
formed in vitro cell based experiments, writing and interpretation. 
Madhu Dikshit conceptualised the overall study design, in-
terpretations, writing and editing of the manuscript. All the authors have 
read and accepted the manuscript. 

Conflict of interest statement 

The authors declare no conflict of interest. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.biopha.2021.112357. 

References 

[1] S. Sarkar, S. Bhattacharya, M.J. Alam, R. Yadav, S.K. Banerjee, Hypoxia aggravates 
non-alcoholic fatty liver disease in presence of high fat choline deficient diet: a 
pilot study, Life Sci. 260 (2020), 118404, https://doi.org/10.1016/j. 
lfs.2020.118404. 

[2] Q. Li, M. Dhyani, J.R. Grajo, C. Sirlin, A.E. Samir, Current status of imaging in 
nonalcoholic fatty liver disease, World J. Hepatol. 10 (2018) 530–542, https://doi. 
org/10.4254/wjh.v10.i8.530. 

[3] S. Mitra, A. De, A. Chowdhury, Epidemiology of non-alcoholic and alcoholic fatty 
liver diseases, Transl. Gastroenterol. Hepatol. 5 (2020) 16, https://doi.org/ 
10.21037/tgh.2019.09.08. 

[4] Z.M. Younossi, P. Golabi, L. de Avila, J.M. Paik, M. Srishord, N. Fukui, Y. Qiu, 
L. Burns, A. Afendy, F. Nader, The global epidemiology of NAFLD and NASH in 
patients with type 2 diabetes: a systematic review and meta-analysis, J. Hepatol. 71 
(2019) 793–801, https://doi.org/10.1016/j.jhep.2019.06.021. 

[5] P. Kamboj, S. Sarkar, S.K. Gupta, N. Bisht, D. Kumari, M.J. Alam, S. Barge, 
B. Kashyap, B. Deka, S. Bharadwaj, S. Rahman, P.P. Dutta, J.C. Borah, N. 
C. Talukdar, S.K. Banerjee, Y. Kumar, Methanolic extract of Lysimachia Candida 
Lindl. prevents high-fat high-fructose-induced fatty liver in rats: understanding the 
molecular mechanism through untargeted metabolomics study, Front. Pharmacol. 
12 (2021), 653872, https://doi.org/10.3389/fphar.2021.653872. 

[6] M.E. Rinella, Nonalcoholic fatty liver disease: a systematic review, JAMA 313 
(2015) 2263–2273, https://doi.org/10.1001/jama.2015.5370. 

[7] R.M. Carr, A. Oranu, V. Khungar, Nonalcoholic fatty liver disease: pathophysiology 
and management, Gastroenterol. Clin. N. Am. 45 (2016) 639–652, https://doi.org/ 
10.1016/j.gtc.2016.07.003. 

[8] C.E. Foulds, L.S. Trevino, B. York, C.L. Walker, Endocrine-disrupting chemicals and 
fatty liver disease, Nat. Rev. Endocrinol. 13 (2017) 445–457, https://doi.org/ 
10.1038/nrendo.2017.42. 

[9] F.M. Perla, M. Prelati, M. Lavorato, D. Visicchio, C. Anania, The role of lipid and 
lipoprotein metabolism in non-alcoholic fatty liver disease, Children 4 (2017), 
https://doi.org/10.3390/children4060046. 

[10] P. Tessari, A. Coracina, A. Cosma, A. Tiengo, Hepatic lipid metabolism and non- 
alcoholic fatty liver disease, Nutr. Metab. Cardiovasc. Dis. 19 (2009) 291–302, 
https://doi.org/10.1016/j.numecd.2008.12.015. 

[11] R. Barazzoni, G. Gortan Cappellari, M. Ragni, E. Nisoli, Insulin resistance in 
obesity: an overview of fundamental alterations, Eat Weight Disord. 23 (2018) 
149–157, https://doi.org/10.1007/s40519-018-0481-6. 

[12] H.E. Lebovitz, Insulin resistance: definition and consequences, Exp. Clin. 
Endocrinol. Diabetes 109 (Suppl 2) (2001) S135–S148, https://doi.org/10.1055/s- 
2001-18576. 

[13] A.M. Freeman, N. Pennings, Insulin Resistance, StatPearls, Treasure Island (FL), 
2021. 

[14] M.R. Jain, S.R. Giri, C. Trivedi, B. Bhoi, A. Rath, G. Vanage, P. Vyas, R. Ranvir, P. 
R. Patel, Saroglitazar, a novel PPARalpha/gamma agonist with predominant 
PPARalpha activity, shows lipid-lowering and insulin-sensitizing effects in 
preclinical models, Pharmacol. Res. Perspect. 3 (2015), e00136, https://doi.org/ 
10.1002/prp2.136. 

[15] O. Goyal, S. Nohria, P. Goyal, J. Kaur, S. Sharma, A. Sood, R.S. Chhina, Saroglitazar 
in patients with non-alcoholic fatty liver disease and diabetic dyslipidemia: a 
prospective, observational, real world study, Sci. Rep. 10 (2020) 21117, https:// 
doi.org/10.1038/s41598-020-78342-x. 

[16] C. Market, Zydus receives DCGI approval of Saroglitazar Mg for treatment of Non- 
Alcoholic Fatty Liver Disease in India, 2020. 〈https://www.business-standard.co 
m/article/news-cm/zydus-receives-dcgi-approval-of-Saroglitazar-mg-for-treat 
ment-of-non-alcoholic-fatty-liver-disease-in-india-120123000275_1.html〉. 
(Accessed 26 July 2021). 

[17] Z. Cadila, Zydus receives approval from DCGI for Saroglitazar Magnesium for 
treatment of Type II Diabetes 2020. 〈https://www.zyduscadila.com/public/pdf/ 
pressrelease/Zydus_SaroglitazarMg_Diabetes_approval.pdf〉. (Accessed 26 July 
2021). 

[18] Dabur, Dabur Hepano. 〈https://www.dabur.com/in/en-us/ayurvedic-herbal-prod 
ucts/dabur-Hepano〉. (Accessed 26 July 2021). 

[19] S. Kumar, A. Gupta, M. Revadekar, S. More, A. Kulkarni, S. Borkar, Efficacy and 
safety of hepano tablet in liver disorder patients with abnormal liver function test: 
a randomized active controlled prospective clinical study, Drug Dev. Ther. 8 
(2017) 6. 

[20] C.C. Chyau, H.F. Wang, W.J. Zhang, C.C. Chen, S.H. Huang, C.C. Chang, R.Y. Peng, 
Antrodan alleviates high-fat and high-fructose diet-induced fatty liver disease in 
C57BL/6 mice model via AMPK/Sirt1/SREBP-1c/PPARgamma pathway, Int. J. 
Mol. Sci. 21 (2020), https://doi.org/10.3390/ijms21010360. 

[21] M. Park, C. Kang, H.J. Lee, Effect of Bombyx mori on the liver protection of non- 
alcoholic fatty liver disease based on in vitro and in vivo models, Curr. Issues Mol. 
Biol. 43 (2021), https://doi.org/10.3390/cimb43010003. 

[22] H.L. Nizami, P. Katare, P. Prabhakar, Y. Kumar, S.K. Arava, P. Chakraborty, S. 
K. Maulik, S.K. Banerjee, Vitamin D deficiency in rats causes cardiac dysfunction by 
inducing myocardial insulin resistance, Mol. Nutr. Food Res. 63 (2019), e1900109, 
https://doi.org/10.1002/mnfr.201900109. 

[23] W. Strober, Trypan blue exclusion test of cell viability, A3 B1-A3 B3, Curr. Protoc. 
Immunol. 111 (2015) 3, https://doi.org/10.1002/0471142735.ima03bs111. 

[24] S.P. Cousin, S.R. Hugl, C.E. Wrede, H. Kajio, M.G. Myers Jr., C.J. Rhodes, Free fatty 
acid-induced inhibition of glucose and insulin-like growth factor I-induced 
deoxyribonucleic acid synthesis in the pancreatic beta-cell line INS-1, 
Endocrinology 142 (2001) 229–240, https://doi.org/10.1210/endo.142.1.7863. 

[25] M. Ferrari, M.C. Fornasiero, A.M. Isetta, MTT colorimetric assay for testing 
macrophage cytotoxic activity in vitro, J. Immunol. Methods 131 (1990) 165–172, 
https://doi.org/10.1016/0022-1759(90)90187-z. 

[26] M. Schwaiger, H. Schoeny, Y. El Abiead, G. Hermann, E. Rampler, 
G. Koellensperger, Merging metabolomics and lipidomics into one analytical run, 
Analyst 144 (2018) 220–229, https://doi.org/10.1039/c8an01219a. 

S. Sarkar et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.biopha.2021.112357
https://doi.org/10.1016/j.lfs.2020.118404
https://doi.org/10.1016/j.lfs.2020.118404
https://doi.org/10.4254/wjh.v10.i8.530
https://doi.org/10.4254/wjh.v10.i8.530
https://doi.org/10.21037/tgh.2019.09.08
https://doi.org/10.21037/tgh.2019.09.08
https://doi.org/10.1016/j.jhep.2019.06.021
https://doi.org/10.3389/fphar.2021.653872
https://doi.org/10.1001/jama.2015.5370
https://doi.org/10.1016/j.gtc.2016.07.003
https://doi.org/10.1016/j.gtc.2016.07.003
https://doi.org/10.1038/nrendo.2017.42
https://doi.org/10.1038/nrendo.2017.42
https://doi.org/10.3390/children4060046
https://doi.org/10.1016/j.numecd.2008.12.015
https://doi.org/10.1007/s40519-018-0481-6
https://doi.org/10.1055/s-2001-18576
https://doi.org/10.1055/s-2001-18576
https://doi.org/10.1002/prp2.136
https://doi.org/10.1002/prp2.136
https://doi.org/10.1038/s41598-020-78342-x
https://doi.org/10.1038/s41598-020-78342-x
https://www.business-standard.com/article/news-cm/zydus-receives-dcgi-approval-of-Saroglitazar-mg-for-treatment-of-non-alcoholic-fatty-liver-disease-in-india-120123000275_1.html
https://www.business-standard.com/article/news-cm/zydus-receives-dcgi-approval-of-Saroglitazar-mg-for-treatment-of-non-alcoholic-fatty-liver-disease-in-india-120123000275_1.html
https://www.business-standard.com/article/news-cm/zydus-receives-dcgi-approval-of-Saroglitazar-mg-for-treatment-of-non-alcoholic-fatty-liver-disease-in-india-120123000275_1.html
https://www.zyduscadila.com/public/pdf/pressrelease/Zydus_SaroglitazarMg_Diabetes_approval.pdf
https://www.zyduscadila.com/public/pdf/pressrelease/Zydus_SaroglitazarMg_Diabetes_approval.pdf
https://www.dabur.com/in/en-us/ayurvedic-herbal-products/dabur-Hepano
https://www.dabur.com/in/en-us/ayurvedic-herbal-products/dabur-Hepano
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref15
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref15
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref15
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref15
https://doi.org/10.3390/ijms21010360
https://doi.org/10.3390/cimb43010003
https://doi.org/10.1002/mnfr.201900109
https://doi.org/10.1002/0471142735.ima03bs111
https://doi.org/10.1210/endo.142.1.7863
https://doi.org/10.1016/0022-1759(90)90187-z
https://doi.org/10.1039/c8an01219a


Biomedicine & Pharmacotherapy 144 (2021) 112357

13

[27] J.P. Koelmel, N.M. Kroeger, C.Z. Ulmer, J.A. Bowden, R.E. Patterson, J.A. Cochran, 
C.W.W. Beecher, T.J. Garrett, R.A. Yost, LipidMatch: an automated workflow for 
rule-based lipid identification using untargeted high-resolution tandem mass 
spectrometry data, BMC Bioinform. 18 (2017) 331, https://doi.org/10.1186/ 
s12859-017-1744-3. 

[28] G. Bedogni, L. Miglioli, F. Masutti, C. Tiribelli, G. Marchesini, S. Bellentani, 
Prevalence of and risk factors for nonalcoholic fatty liver disease: the Dionysos 
nutrition and liver study, Hepatology 42 (2005) 44–52, https://doi.org/10.1002/ 
hep.20734. 

[29] M.R. Jain, S.R. Giri, B. Bhoi, C. Trivedi, A. Rath, R. Rathod, R. Ranvir, S. Kadam, 
H. Patel, P. Swain, S.S. Roy, N. Das, E. Karmakar, W. Wahli, P.R. Patel, Dual 
PPARalpha/gamma agonist saroglitazar improves liver histopathology and 
biochemistry in experimental NASH models, Liver Int. 38 (2018) 1084–1094, 
https://doi.org/10.1111/liv.13634. 

[30] P.K. Santhekadur, D.P. Kumar, A.J. Sanyal, Preclinical models of non-alcoholic 
fatty liver disease, J. Hepatol. 68 (2018) 230–237, https://doi.org/10.1016/j. 
jhep.2017.10.031. 

[31] D.P. Kumar, R. Caffrey, J. Marioneaux, P.K. Santhekadur, M. Bhat, C. Alonso, S. 
V. Koduru, B. Philip, M.R. Jain, S.R. Giri, P. Bedossa, A.J. Sanyal, The PPAR alpha/ 
gamma agonist saroglitazar improves insulin resistance and steatohepatitis in a 
diet induced animal model of nonalcoholic fatty liver disease, Sci. Rep. 10 (2020) 
9330, https://doi.org/10.1038/s41598-020-66458-z. 

[32] H. Tsuchiya, Y. Ebata, T. Sakabe, S. Hama, K. Kogure, G. Shiota, High-fat, high- 
fructose diet induces hepatic iron overload via a hepcidin-independent mechanism 
prior to the onset of liver steatosis and insulin resistance in mice, Metabolism 62 
(2013) 62–69, https://doi.org/10.1016/j.metabol.2012.06.008. 

[33] H. Feng, S. Zhang, J.M. Wan, L. Gui, M. Ruan, N. Li, H. Zhang, Z. Liu, H. Wang, 
Polysaccharides extracted from Phellinus linteus ameliorate high-fat high-fructose 
diet induced insulin resistance in mice, Carbohydr. Polym. 200 (2018) 144–153, 
https://doi.org/10.1016/j.carbpol.2018.07.086. 

[34] J. Pang, C. Xi, X. Huang, J. Cui, H. Gong, T. Zhang, Effects of excess energy intake 
on glucose and lipid metabolism in C57BL/6 mice, PLoS One 11 (2016), e0146675, 
https://doi.org/10.1371/journal.pone.0146675. 

[35] X. Wu, L. Zhang, E. Gurley, E. Studer, J. Shang, T. Wang, C. Wang, M. Yan, Z. Jiang, 
P.B. Hylemon, A.J. Sanyal, W.M. Pandak Jr., H. Zhou, Prevention of free fatty acid- 
induced hepatic lipotoxicity by 18beta-glycyrrhetinic acid through lysosomal and 
mitochondrial pathways, Hepatology 47 (2008) 1905–1915, https://doi.org/ 
10.1002/hep.22239. 

[36] A.R. Im, W.K. Yang, Y.C. Park, S.H. Kim, S. Chae, Hepatoprotective effects of insect 
extracts in an animal model of nonalcoholic fatty liver disease, Nutrients 10 
(2018), https://doi.org/10.3390/nu10060735. 

[37] B. Fromenty, C. Fisch, G. Labbe, C. Degott, D. Deschamps, A. Berson, P. Letteron, 
D. Pessayre, Amiodarone inhibits the mitochondrial beta-oxidation of fatty acids 
and produces microvesicular steatosis of the liver in mice, J. Pharmacol. Exp. Ther. 
255 (1990) 1371–1376. 

[38] A. Ramachandran, R.G.J. Visschers, L. Duan, J.Y. Akakpo, H. Jaeschke, 
Mitochondrial dysfunction as a mechanism of drug-induced hepatotoxicity: current 
understanding and future perspectives, J. Clin. Transl. Res. 4 (2018) 75–100. 

[39] Y.S. Oh, G.D. Bae, D.J. Baek, E.Y. Park, H.S. Jun, Fatty acid-induced lipotoxicity in 
pancreatic beta-cells during development of type 2 diabetes, Front. Endocrinol. 9 
(2018) 384, https://doi.org/10.3389/fendo.2018.00384. 

[40] Q. Yang, A. Vijayakumar, B.B. Kahn, Metabolites as regulators of insulin sensitivity 
and metabolism, Nat. Rev. Mol. Cell Biol. 19 (2018) 654–672, https://doi.org/ 
10.1038/s41580-018-0044-8. 

[41] I.V. Maev, A.A. Samsonov, L.K. Palgova, C.S. Pavlov, E.N. Shirokova, E.I. Vovk, K. 
M. Starostin, Effectiveness of phosphatidylcholine as adjunctive therapy in 
improving liver function tests in patients with non-alcoholic fatty liver disease and 
metabolic comorbidities: real-life observational study from Russia, BMJ Open 
Gastroenterol. 7 (2020), e000368, https://doi.org/10.1136/bmjgast-2019- 
000368. 

[42] Y. Buang, Y.M. Wang, J.Y. Cha, K. Nagao, T. Yanagita, Dietary phosphatidylcholine 
alleviates fatty liver induced by orotic acid, Nutrition 21 (2005) 867–873, https:// 
doi.org/10.1016/j.nut.2004.11.019. 

[43] M. Scharen, T. Snedec, B. Riefke, M. Slopianka, M. Keck, S. Gruendemann, 
J. Wichard, N. Brunner, S. Klein, K.B. Theinert, F. Pietsch, A. Leonhardt, S. Theile, 
F. Rachidi, A. Kaiser, G. Koller, E. Bannert, J. Spilke, A. Starke, Aspects of transition 
cow metabolomics-Part I: effects of a metaphylactic butaphosphan and 
cyanocobalamin treatment on the metabolome in liver, blood, and urine in cows 
with different liver metabotypes, J. Dairy Sci. (2021), https://doi.org/10.3168/ 
jds.2020-19055. 

[44] G. Zhai, J.P. Pelletier, M. Liu, D. Aitken, E. Randell, P. Rahman, G. Jones, J. Martel- 
Pelletier, Activation of the phosphatidylcholine to lysophosphatidylcholine 
pathway is associated with osteoarthritis knee cartilage volume loss over time, Sci. 
Rep. 9 (2019) 9648, https://doi.org/10.1038/s41598-019-46185-w. 

[45] A. Di Ciaula, S. Passarella, H. Shanmugam, M. Noviello, L. Bonfrate, D.Q. Wang, 
P. Portincasa, Nonalcoholic fatty liver disease (NAFLD). Mitochondria as players 
and targets of therapies? Int. J. Mol. Sci. 22 (2021) 5375, https://doi.org/10.3390/ 
ijms22105375. 

[46] B. Engelmann, Plasmalogens: targets for oxidants and major lipophilic 
antioxidants, Biochem. Soc. Trans. 32 (2004) 147–150, https://doi.org/10.1042/ 
bst0320147. 

[47] T. Brosche, D. Platt, The biological significance of plasmalogens in defense against 
oxidative damage, Exp. Gerontol. 33 (1998) 363–369, https://doi.org/10.1016/ 
s0531-5565(98)00014-x. 

[48] J. Ling, T. Chaba, L.F. Zhu, R.L. Jacobs, D.E. Vance, Hepatic ratio of 
phosphatidylcholine to phosphatidylethanolamine predicts survival after partial 
hepatectomy in mice, Hepatology 55 (2012) 1094–1102, https://doi.org/10.1002/ 
hep.24782. 

[49] B.M. Arendt, D.W. Ma, B. Simons, S.A. Noureldin, G. Therapondos, M. Guindi, 
M. Sherman, J.P. Allard, Nonalcoholic fatty liver disease is associated with lower 
hepatic and erythrocyte ratios of phosphatidylcholine to 
phosphatidylethanolamine, Appl. Physiol. Nutr. Metab. 38 (2013) 334–340, 
https://doi.org/10.1139/apnm-2012-0261. 

[50] M.R. Showalter, A.L. Berg, A. Nagourney, H. Heil, K.L. Carraway 3rd, O. Fiehn, The 
emerging and diverse roles of bis(monoacylglycero) phosphate lipids in cellular 
physiology and disease, Int. J. Mol. Sci. 21 (2020), https://doi.org/10.3390/ 
ijms21218067. 

[51] B. Shirouchi, K. Nagao, N. Inoue, K. Furuya, S. Koga, H. Matsumoto, T. Yanagita, 
Dietary phosphatidylinositol prevents the development of nonalcoholic fatty liver 
disease in Zucker (fa/fa) rats, J. Agric. Food Chem. 56 (2008) 2375–2379, https:// 
doi.org/10.1021/jf703578d. 

[52] E. Sokolowska, A. Blachnio-Zabielska, The role of ceramides in insulin resistance, 
Front. Endocrinol. 10 (2019) 577, https://doi.org/10.3389/fendo.2019.00577. 

[53] N. Alkhouri, L.J. Dixon, A.E. Feldstein, Lipotoxicity in nonalcoholic fatty liver 
disease: not all lipids are created equal, Expert Rev. Gastroenterol. Hepatol. 3 
(2009) 445–451, https://doi.org/10.1586/egh.09.32. 

[54] A.K. Rudd, N.K. Devaraj, Traceless synthesis of ceramides in living cells reveals 
saturation-dependent apoptotic effects, Proc. Natl. Acad. Sci. USA 115 (2018) 
7485–7490, https://doi.org/10.1073/pnas.1804266115. 

[55] X. Lopez, A.B. Goldfine, W.L. Holland, R. Gordillo, P.E. Scherer, Plasma ceramides 
are elevated in female children and adolescents with type 2 diabetes, J. Pediatr. 
Endocrinol. Metab. 26 (2013) 995–998, https://doi.org/10.1515/jpem-2012- 
0407. 

[56] M. Jiang, C. Li, Q. Liu, A. Wang, M. Lei, Inhibiting ceramide synthesis attenuates 
hepatic steatosis and fibrosis in rats with non-alcoholic fatty liver disease, Front. 
Endocrinol. 10 (2019) 665, https://doi.org/10.3389/fendo.2019.00665. 

[57] T. Hla, R. Kolesnick, C16:0-ceramide signals insulin resistance, Cell Metab. 20 
(2014) 703–705, https://doi.org/10.1016/j.cmet.2014.10.017. 

[58] S.M. Turpin, H.T. Nicholls, D.M. Willmes, A. Mourier, S. Brodesser, C. 
M. Wunderlich, J. Mauer, E. Xu, P. Hammerschmidt, H.S. Bronneke, A. Trifunovic, 
G. LoSasso, F.T. Wunderlich, J.W. Kornfeld, M. Bluher, M. Kronke, J.C. Bruning, 
Obesity-induced CerS6-dependent C16:0 ceramide production promotes weight 
gain and glucose intolerance, Cell Metab. 20 (2014) 678–686, https://doi.org/ 
10.1016/j.cmet.2014.08.002. 

[59] S.A. Summers, Ceramides in insulin resistance and lipotoxicity, Prog. Lipid Res. 45 
(2006) 42–72, https://doi.org/10.1016/j.plipres.2005.11.002. 

[60] J. Simon, A. Ouro, L. Ala-Ibanibo, N. Presa, T.C. Delgado, M.L. Martinez-Chantar, 
Sphingolipids in non-alcoholic fatty liver disease and hepatocellular carcinoma: 
ceramide turnover, Int. J. Mol. Sci. 21 (2019), https://doi.org/10.3390/ 
ijms21010040. 

[61] M. Regnier, A. Polizzi, H. Guillou, N. Loiseau, Sphingolipid metabolism in non- 
alcoholic fatty liver diseases, Biochimie 159 (2019) 9–22, https://doi.org/ 
10.1016/j.biochi.2018.07.021. 

[62] M.I. Hernandez-Alvarez, D. Sebastian, S. Vives, S. Ivanova, P. Bartoccioni, 
P. Kakimoto, N. Plana, S.R. Veiga, V. Hernandez, N. Vasconcelos, G. Peddinti, 
A. Adrover, M. Jove, R. Pamplona, I. Gordaliza-Alaguero, E. Calvo, N. Cabre, 
R. Castro, A. Kuzmanic, M. Boutant, D. Sala, T. Hyotylainen, M. Oresic, J. Fort, 
E. Errasti-Murugarren, C.M.P. Rodrigues, M. Orozco, J. Joven, C. Canto, 
M. Palacin, S. Fernandez-Veledo, J. Vendrell, A. Zorzano, Deficient endoplasmic 
reticulum-mitochondrial phosphatidylserine transfer causes liver disease, 881-895 
e17, Cell 177 (2019) 881–895, https://doi.org/10.1016/j.cell.2019.04.010. 

[63] I. Cantero, I. Abete, J.M. Del Bas, A. Caimari, L. Arola, M.A. Zulet, J.A. Martinez, 
Changes in lysophospholipids and liver status after weight loss: the RESMENA 
study, Nutr. Metab. 15 (2018) 51, https://doi.org/10.1186/s12986-018-0288-5. 

[64] A. Pathil, G. Liebisch, J.G. Okun, W. Chamulitrat, G. Schmitz, W. Stremmel, 
Ursodeoxycholyl Lysophosphatidylethanolamide modifies aberrant lipid profiles in 
NAFLD, Eur. J. Clin. Investig. 45 (2015) 925–931, https://doi.org/10.1111/ 
eci.12486. 

S. Sarkar et al.                                                                                                                                                                                                                                  

https://doi.org/10.1186/s12859-017-1744-3
https://doi.org/10.1186/s12859-017-1744-3
https://doi.org/10.1002/hep.20734
https://doi.org/10.1002/hep.20734
https://doi.org/10.1111/liv.13634
https://doi.org/10.1016/j.jhep.2017.10.031
https://doi.org/10.1016/j.jhep.2017.10.031
https://doi.org/10.1038/s41598-020-66458-z
https://doi.org/10.1016/j.metabol.2012.06.008
https://doi.org/10.1016/j.carbpol.2018.07.086
https://doi.org/10.1371/journal.pone.0146675
https://doi.org/10.1002/hep.22239
https://doi.org/10.1002/hep.22239
https://doi.org/10.3390/nu10060735
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref33
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref33
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref33
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref33
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref34
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref34
http://refhub.elsevier.com/S0753-3322(21)01141-0/sbref34
https://doi.org/10.3389/fendo.2018.00384
https://doi.org/10.1038/s41580-018-0044-8
https://doi.org/10.1038/s41580-018-0044-8
https://doi.org/10.1136/bmjgast-2019-000368
https://doi.org/10.1136/bmjgast-2019-000368
https://doi.org/10.1016/j.nut.2004.11.019
https://doi.org/10.1016/j.nut.2004.11.019
https://doi.org/10.3168/jds.2020-19055
https://doi.org/10.3168/jds.2020-19055
https://doi.org/10.1038/s41598-019-46185-w
https://doi.org/10.3390/ijms22105375
https://doi.org/10.3390/ijms22105375
https://doi.org/10.1042/bst0320147
https://doi.org/10.1042/bst0320147
https://doi.org/10.1016/s0531-5565(98)00014-x
https://doi.org/10.1016/s0531-5565(98)00014-x
https://doi.org/10.1002/hep.24782
https://doi.org/10.1002/hep.24782
https://doi.org/10.1139/apnm-2012-0261
https://doi.org/10.3390/ijms21218067
https://doi.org/10.3390/ijms21218067
https://doi.org/10.1021/jf703578d
https://doi.org/10.1021/jf703578d
https://doi.org/10.3389/fendo.2019.00577
https://doi.org/10.1586/egh.09.32
https://doi.org/10.1073/pnas.1804266115
https://doi.org/10.1515/jpem-2012-0407
https://doi.org/10.1515/jpem-2012-0407
https://doi.org/10.3389/fendo.2019.00665
https://doi.org/10.1016/j.cmet.2014.10.017
https://doi.org/10.1016/j.cmet.2014.08.002
https://doi.org/10.1016/j.cmet.2014.08.002
https://doi.org/10.1016/j.plipres.2005.11.002
https://doi.org/10.3390/ijms21010040
https://doi.org/10.3390/ijms21010040
https://doi.org/10.1016/j.biochi.2018.07.021
https://doi.org/10.1016/j.biochi.2018.07.021
https://doi.org/10.1016/j.cell.2019.04.010
https://doi.org/10.1186/s12986-018-0288-5
https://doi.org/10.1111/eci.12486
https://doi.org/10.1111/eci.12486

	Saroglitazar and Hepano treatment offers protection against high fat high fructose diet induced obesity, insulin resistance ...
	1 Introduction
	2 Methodology
	2.1 Animals
	2.2 Experimental design
	2.3 Biochemical analysis
	2.4 Intraperitoneal glucose tolerance test (IPGTT)
	2.5 Histological analysis
	2.6 Cell culture
	2.7 Cell viability assay
	2.8 Colorimetric determination of lipid content with Nile Red and DAPI staining
	2.9 RNA extraction, cDNA synthesis and gene expression analysis by q-PCR
	2.10 Lipidomics analysis
	2.10.1 Lipid extraction
	2.10.2 Lipid measurement
	2.10.3 Lipid data analysis

	2.11 Statistical analysis

	3 Results
	3.1 Gross parameters and insulin resistance
	3.2 Histopathology
	3.3 Biochemical parameters
	3.4 Cytotoxicity studies
	3.5 Effect on lipid accumulation
	3.6 Effect on inflammation
	3.7 Effect on fibrosis
	3.8 Lipid profiling

	4 Discussion
	5 Conclusions
	Acknowledgement
	CRediT authorship contribution statement
	Conflict of interest statement
	Appendix A Supporting information
	References


