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A B S T R A C T   

We evaluated the effects of select herbal extracts (Tinospora cordifolia [TC], Tinospora cordifolia 
with Piper longum [TC + PL], Withania somnifera [WS], Glycyrrhiza glabra [GG], AYUSH–64 [AY- 
64], and Saroglitazar [S]) on various parameters in a diet-induced obesity mouse model. After 12 
weeks of oral administration of the herbal extracts in high-fat diet (HFD)-fed C57BL/6J mice, we 
analyzed plasma biochemical parameters, insulin resistance (IR), liver histology, and the 
expression of inflammatory and fibrosis markers, along with hepatic lipidome. We also used a 3D 
hepatic spheroid model to assess their impact on profibrotic gene expression. Among the extracts, 
TC + PL showed a significant reduction in IR, liver weight, TNF-α, IL4, IL10 expression, and 
hepatic lipid levels (saturated triglycerides, ceramides, lysophosphocholines, acylcarnitines, di-
glycerides, and phosphatidylinositol levels). Saroglitazar reversed changes in body weight, IR, 
plasma triglycerides, glucose, insulin, and various hepatic lipid species (fatty acids, phospho-
lipids, glycerophospholipids, sphingolipids, and triglycerides). With the exception of GG, Sar-
oglitazar, and other extracts protected against palmitic acid-induced fibrosis marker gene 
expression in the 3D spheroids. TC + PL and Saroglitazar also effectively prevented HFD-induced 
insulin resistance, inflammation, and specific harmful lipid species in the liver.   

1. Introduction 

Botanicals described in Ayurvedic texts and traditional medicine systems offer numerous health benefits and have been used for 
centuries to safeguard both humans and animals from infectious and non-communicable diseases. Throughout the COVID-19 
pandemic, the AYUSH ministry in India recommended several commonly used herbal medicines to prevent SARS-CoV-2 infection 
and its associated complications. In our study, we assessed the protective effects of herbal extracts against SARS-CoV-2 infection in cell- 
based and animal models, as well as their potential for immunomodulation. These evaluations were also conducted in our lab as well as 
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by other researchers. Furthermore, it was observed that individuals with Type 2 diabetes (T2DM) were particularly susceptible to 
SARS-CoV-2 infection and experienced more severe COVID-19-related complications during the pandemic. 

High consumption of both high-fat and high-sugar diets, coupled with a sedentary lifestyle, increases the risk of obesity, insulin 
resistance (IR), T2DM, cardiovascular issues, and non-alcoholic fatty liver disease (NAFLD) [1–3]. Oxidative stress, inflammatory 
cytokines, mitochondrial dysfunction, and abnormal lipid metabolism play crucial roles in the progression of diabetes and hepatic 
steatosis [4–7]. Improvements in obesity, IR, and hyperglycemia can reverse both T2DM and fatty liver conditions. Several herbal 
extracts possess antioxidant, anti-obesity, anti-inflammatory, and antidiabetic properties, enhancing insulin sensitivity and reducing 
hyperglycemia [8–11]. Herbal formulations, due to their diverse bioactive constituents, demonstrate multi-targeting potential [8–11]. 

The herbal extracts utilized in this study have well-documented anti-inflammatory, antidiabetic, and hepatoprotective properties. 
A polyherbal extract comprising Tinospora cordifolia, Andrographis paniculata, and Solanum nigrum exhibited hepatoprotective effects in 
Swiss albino mice [12]. Additionally, treatment with TC provided protection against IR, oxidative stress, obesity, and various diabetic 
complications in rats [12–15]. Piper longum and its constituents, including piperine, also demonstrated moderate hepatoprotective 
effects and protection against liver fibrosis [16,17]. 

Withaferin A (WF-A), a bioactive compound from Withania somnifera (WS), exhibited anti-obesity effects and reversed hepatic 
steatosis in mice [18,]. WF-A also provided protection against nonalcoholic steatohepatitis (NASH) induced by 
methionine-choline-deficient (MCD) and high-fat diets in mice [19]. WS improved liver function, reduced oxidative stress, enhanced 
insulin sensitivity, and demonstrated anti-hyperglycemic properties in rat models of hepatic encephalopathy and T2DM [20,21]. 

Supplementing GG extract with a low-calorie diet in obese individuals reduced fat mass and IR [22]. GG and its components have 
shown cholesterol-lowering and anti-obesity effects in rodent models [23]. Moreover, GG supplementation improved glucose toler-
ance, decreased the expression of inflammatory markers (TNF-α and IL-6), reduced liver triglyceride levels, alleviated fatty liver 
conditions, and exhibited hepatoprotective and anti-hyperglycemic properties in multiple studies [24–27]. Additionally, glycyrrhizic 
acid prevented cytotoxicity induced by aflatoxin in hepatoma cells [28]. 

AYUSH-64, a mixture of multiple herbs (Saptaparna; Alstonia scholaris, Kutaki; Picrorhiza kurrao, Chiraita; Swertia chirayita, Lata 
Karanj; Caesalpinia cristata) with anti-inflammatory, immunomodulatory, antioxidant, hypolipidemic [29–32] and antiviral properties 
[33], controlled COVID-19 symptoms and has been studied for anti-obesity, anti-diabetic, and hypolipidemic effects [34–36]. 

In this study, we assessed herbal extracts impact on C57BL/6J mice fed HFD, a common model for obesity, IR, dyslipidemia, 

Abbreviations 

AcCar Acylcarnitine 
AUC Area under the curve 
AY-64 AYUSH- 64 
BMI Body mass index 
Cer Ceramide 
CMC Carboxymethylcellulose 
DAG diacylglycerol 
GG Glycyrrhiza glabra 
H&E Hematoxylin and eosin 
HFD High-fat diet 
HFHF High-fructose high-fat 
HOMA The homeostasis model assessment 
HPLC high-performance liquid chromatography 
IP Intraperitoneal 
IPGTT Intraperitoneal glucose tolerance test 
IR Insulin resistance 
LPC Lysophosphatidylcholine 
MT Masson’s trichrome 
NAFLD Nonalcoholic fatty liver disease 
NASH Nonalcoholic steatohepatitis 
PI Phosphatidylinositol 
PL Piper longum 
QUICKI Quantitative insulin sensitivity check index 
S Saroglitazar 
T2DM Type 2 diabetes mellitus 
TC Tinospora cordifolia 
TG Triglyceride 
UPLC Ultra-performance liquid chromatography 
V Vehicle 
WS Withania somnifera  
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NAFLD, and T2DM [37–39]. These mice develop weight gain, hyperglycemia, IR, hyperinsulinemia, and glucose intolerance similar to 
human metabolic disorders [38]. 

The liver plays a pivotal role in lipid metabolism and contributes to the regulation of circulating lipid levels [40,41]. In this study, 
we utilized the DIO mouse model to assess the effects of herbal extracts and Saroglitazar on HFD-induced IR. Furthermore, we 
investigated how these test substances influenced the lipid species associated with IR. As previously discussed, numerous studies have 
demonstrated the anti-inflammatory, anti-diabetic, and hepatoprotective properties of the majority of the herbal extracts employed 
[12–15,18,42,22–27]. Following HFD feeding, we conducted a hepatic lipidome analysis and examined the impact of select herbal 
extracts. Notably, the TC + PL combination successfully restored toxic lipid levels to normal. Saroglitazar, a dual PPAR α/γ agonist 
used in India to treat diabetic dyslipidemia and hypertriglyceridemia with T2DM, has also demonstrated benefits in NAFLD/NASH, as 
supported by clinical trials [43–45]. Our recent findings showed that Saroglitazar protected against high-fat, high-fructose (HFHF) 
diet-induced obesity, insulin resistance, and steatosis in mice [46]. In our study, Saroglitazar was administered at a dose of 3 mg/kg 
body weight once daily to HFD-fed mice, while herbal extracts were given twice daily at the human equivalent dose of 110 mg/kg body 
weight. In this study, we employed the LC-MS/MS technique to conduct a hepatic lipidome analysis after HFD feeding and scrutinized 
their modification by specific herbal extracts. Among the toxic lipid species identified following HFD administration, the TC + PL 
combination successfully normalized these levels. To further confirm the anti-fibrotic potential of the test substances, we utilized 3D 
spheroids of hepatocytes and stellate cells, providing a complex model that mimics the human liver cellular interactions, viability, and 
metabolic activity [47,48]. 

The present study demonstrates that with the exception of GG, all tested herbal extracts (TC, WS, AY-64, and TC + PL) and Sar-
oglitazar demonstrated protection against palmitate-induced disruptions in the in vitro 3D spheroid model. The herbal extracts showed 
no adverse effects on the parameters investigated, and the TC + PL combination provided protection against HFD-induced IR, 
inflammation, and modulation of toxic lipid species. 

2. Material and methods 

2.1. Plant material and extraction 

All the herbal extracts were supplied by the National Medicinal Plants Board, established by the Government of India from well- 
authenticated samples, as is reported in the previously published reports from this lab [49–55]. Root water extracts of WS and GG, stem 
water extract of TC, and AY-64 constituents, including rhizome aqueous extracts of Picrorhiza kurroa, stem bark aqueous extracts of 
Alstonia scholaris, whole plant aqueous extracts of Swertia chirayita, and seed powder extracts of Cesalpinia cristata, were prepared 
under Good Manufacturing Practice conditions. 

Briefly, the authenticated crude plant material was ground into a fine powder and passed through a 30-mesh sieve. A decoction of 
the plant material was then prepared by dissolving it in a 1:10 ratio of solvent (plant material: demineralized water) at a temperature of 
55–60 ◦C for 3 h and filtered through a muslin cloth. The filtrate underwent a distillation process at 55–60 ◦C under reduced pressure. 
Subsequently, the extracts were further processed through wiped film evaporation at 80 ± 5 ◦C, followed by either spray drying or 
freeze drying, and stored in airtight containers in a cool, dry place. The respective yields (w/w) of the extracts were 10:1, 5–7:1, 10:1, 
and 15:1 for PL, GG, TC, and WS, respectively. TC and PL were used in a 1:1 ratio in combination experiments. The composition of the 
aqueous extract was analyzed using high-performance liquid chromatography (HPLC) according to standard protocols [56]. 

2.2. Animals 

Male 8-12-week-old C57BL/6J (20–25 g) mice were procured from the Small Animal Facility (SAF) of the Translational Health 
Science and Technology Institute (THSTI). Mice were acclimatized at 25 ± 2 ◦C with a relative humidity of 60 ± 10 % in a pathogen- 
free environment and, housed under standard laboratory conditions of 12 h light and dark cycle with food and water ad libitum. All the 
animal experiments and the procedures used in study were in accordance with Institutional Animal Ethics Committee (IAEC) of THSTI 
(protocol approval no. IAEC/THSTI/105, protocol approval date; June 22, 2020). 

2.3. Experimental study design and interventions 

After a 1-week acclimatization period, the mice were divided into two groups: the first group (n = 6) was fed a normal chow diet 
(with 11 % fat, 24 % protein, and 65 % carbohydrates, catalog no. 1324 P, Altromin International, Germany), while the remaining mice 
(n = 42) were provided with a high-fat diet (HFD) (with 60 % fat, 20 % protein, and 20 % carbohydrates, catalog no. D12492, Research 
Diet Inc., USA). After 4 weeks, measurements of plasma triglycerides (TG), fasting blood glucose levels (FBG), and body weights were 
taken, and the animals were redistributed into eight groups, each containing 6 mice. Pharmacological interventions commenced 6 
weeks after starting the HFD and continued for 18 weeks. The eight groups, each consisting of 6 mice per group, received the following 
diets and were denoted as normal chow diet (Control), HFD and vehicle (HFD), HFD and Saroglitazar (Zydus Cadila Healthcare Ltd.) 
(HFD + S, 3 mg/kg orally once daily), HFD and Guduchi (Tinospora cordifolia) (HFD + TC, 110 mg/kg orally twice daily), HFD, 
Guduchi (Tinospora cordifolia), and Pippali (Piper longum) (HFD + TC + PL, Guduchi 110 mg/kg, 25 (pipli, was given twice 
(25+25=50)), HFD and Ashwagandha (Withania somnifera) (HFD + WS, 110 mg/kg orally twice daily), HFD and Yashtimadhu 
(Glycyrrhiza glabra) (HFD + GG, 110 mg/kg orally twice daily), HFD and AYUSH-64 (HFD + AY-64, 110 mg/kg orally twice daily). 
Carboxymethylcellulose (CMC) at a concentration of 0.5 %, serving as a vehicle (V), was administered orally to the control (chow diet 
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group) and HFD-treated groups. In contrast, all the extracts were administered twice a day via the oral route. 
Body weights of all the mice were recorded weekly, and FBG and intraperitoneal glucose tolerance tests (IPGTT) were performed 

after 4 and 18 weeks using a glucometer (Accu-Chek Active, Roche). Body weight and tail/body length were measured, and blood was 
collected by cardiac puncture after the mice were anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg) via intraperitoneal 
injection after 18 weeks. Liver tissues were collected after sacrificing the mice by cervical dislocation, washed with chilled PBS to 
remove adherent blood, and the weights were recorded. Both plasma and liver tissue samples were stored in a − 80 ◦C freezer until 
further analysis. 

Systemic insulin sensitivity was assessed through intraperitoneal glucose tolerance test (IPGTT) after a 6-h fasting period, the mice 
were weighed, and a 20 % glucose solution (2 g of D-glucose/kg body weight) was administered via intraperitoneal (IP) injection to 
conduct the IPGTT. Blood glucose levels were measured at 0, 15, 30, 60, and 120-min intervals following glucose administration using 
a glucometer (Accu-Chek Active, Roche), and the area under the curve (AUC) was calculated as previously described [46]. 

2.4. BMI, QUICKI, and HOMA 

The BMI (body mass index) was calculated as the ratio of body weight to square surface area (g/cm2). HOMA-IR (the homeostasis 
model assessment of insulin resistance) was calculated using the formula: fasting insulin (μIU/mL) × fasting glucose (mg/dL)/405. 
HOMA-B (the homeostasis model assessment of β-cell function) was evaluated with the formula: 20 × fasting insulin (μIU/mL)/fasting 
glucose (mmol/mL) − 3.5. QUICKI (quantitative insulin sensitivity check index) was calculated as previously described (1/log fasting 
insulin (mU/L) + log fasting glucose (mg/dL)) using fasting glucose and insulin values [57]. 

2.5. Biochemical analyses 

Blood plasma was collected following the methods previously outlined [46]. Plasma levels of triglycerides (TG) and total 
cholesterol (TC) were determined using commercial kits: TRIGS kit (catalogue No. TR1697) and CHOL kit (catalogue No.CH201) from 
Randox, Crumlin, Co. Antrim, UK. The measurements were conducted in accordance with the manufacturer’s instructions. For the 
assessment of hepatic TG, 50 mg of liver tissue was weighed and homogenized in a 5 % NP-40 buffer. The samples were subjected to 
heating at 80–100 ◦C for 2–3 min, followed by cooling on ice, with the process being repeated three times. Subsequently, the samples 
were centrifuged at 13000×g for 10 min, and the levels of TG were measured in the supernatants using the Randox TRIGS kits 
(catalogue No. TR1697). Insulin concentrations in the plasma samples were determined using commercial kits from Crystal Chem, 
specifically the Mouse Insulin ELISA kit (catalogue No. 90080) based in Elk Grove Village, IL, USA. 

2.6. Liver histology analysis 

Hematoxylin and eosin (H&E), Masson’s trichrome (MT), and Oil Red O (ORO) staining of liver tissue were conducted following 
established protocols. Histological assessments, imaging, and scoring were carried out at the National Liver Disease Biobank, Institute 
of Liver and Biliary Sciences (ILBS), New Delhi, India. The total NASH score was determined by adding up the individual scores for the 
degree of hepatocellular steatosis, ballooning, inflammation, and fibrosis severity [46]. 

2.7. RNA isolation, cDNA synthesis, and gene expression analysis using real time PCR 

Total RNA was extracted from mouse liver tissues using TRI Reagent (Sigma-Aldrich, T9424). RNA quality and concentration were 
determined with a NanoDrop spectrophotometer (Thermo Scientific, USA). DNase-treated RNA (2 μg) was reverse-transcribed into 
single-strand cDNA using oligo dT, dNTPs, and RevertAid Reverse Transcriptase (Thermo Fisher Scientific, Catalogue number: 
EP0441). Quantitative RT-PCR was conducted to assess gene expression with the QuantStudio 6 Real-Time PCR System (Applied 
Biosystems, USA), following the method described in our previous study [46]. The primer sequences for each target gene are provided 
in Table S1. Target gene expression was determined using the ΔΔCt method and normalized to 18S rRNA as the reference gene [46]. 

3. Hepatic lipidome analysis 

3.1. Lipid extraction 

Hepatic tissue samples (20 mg) were used for lipid extraction and analysis using a previously established procedure [46,58]. 
Methanol (0.3 mL) was added to all the samples, followed by thorough vortexing for 30 s. Subsequently, 1.25 mL of methyl-tert-butyl 
ether (MTBE) was added, and the mixture was incubated for 1 h on a shaker at room temperature. To induce phase separation, 0.3 mL 
of MS-grade water was introduced, and the mixture was incubated again for 10 min at room temperature. After incubation, the samples 
were centrifuged at 400 rpm at 10 ◦C for 5 min. The upper organic phase was collected, dried using a speed vac concentrator, and 
stored at − 80 ◦C. For further lipid analysis, the extract was resuspended in 100 μL of a 65:30:5 (acetonitrile: 2-propanol: water, v/v/v) 
solution. 
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3.2. Lipid measurement by LC-MS/MS 

Lipid separation was accomplished using an ultra-performance liquid chromatography (UPLC) system equipped with an ACQUITY 
HSS T3 column (2.1 mm × 100 mm × 1.8 μm, Waters). Solvent A consisted of a 2:3 v/v ratio of water to acetonitrile, and solvent B was 
a 9:1 v/v ratio of propanol to acetonitrile. The column temperature was maintained at 40 ◦C with a constant solvent flow rate of 0.3 
mL/min. A gradient elution method was applied over an 18-min period, during which solvent B increased from 30 % to 97 % over the 
first 0–12 min, followed by a 3-min hold. In the final 15.2–18 min, solvent B was returned to 30 %. For data acquisition, a high- 
resolution mass spectrometer, Orbitrap Fusion (Thermo Scientific, USA), equipped with a heated electrospray ionization source 
(ESI), was employed. The ESI sheath and auxiliary gases were maintained at 60 and 20, respectively. Both positive and negative spray 
voltages were set at 3000 V. During the MS run, a resolution of 120,000 with an automatic gain control (AGC) target of 200,000 was 
utilized, covering a mass range from 250 to 1200. In the subsequent MS/MS runs, the resolution was adjusted to 30,000 with an AGC 
target of 50,000, and a collision energy of 27 ± 3 was applied for fragmentation. 

3.3. Lipid data analysis 

Lipid analysis was performed using the LipidMatch Flow software, applying default settings for peak selection (utilizing MZmine), 
blank filtration, and lipid annotation. Both positive and negative mode data were considered [59]. Subsequently, the MetaboAnalyst 
software was employed for statistical data analysis. The complete dataset underwent normalization through sum, log-transformation, 
and pareto scaling before analysis using MetaboAnalyst. 

Fig. 1. Effect of herbal extracts and Saroglitazar on the gross and biochemical parameters in mice A) weekly body weight, B) average body 
weights at the end of 18-week, C) fasting blood glucose (FBG) levels D) Intra-peritoneal glucose tolerance test (IPGTT) after the end of treatment E) 
IPGTT AUC after end of treatment F) Insulin, G) Body mass index (BMI) H) HOMA-IR, I) HOMA-B J) QUICKI K) triglyceride L) cholesterol levels, 
Data are shown as means ± SEM. N = 5–6 per group, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, compared to the control. #p < 0.05; ##p 
< 0.01; ###p < 0.001, ####p < 0.000, compared to HFD, analyzed via one-way ANOVA followed by Bonferroni’s multiple comparisons test. #p <
0.05, compared to HFD, analyzed via Student’s t-test for HOMA-IR and AUC. 
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4. Cell culture studies 

4.1. 3D spheroids of HepG2 and LX2 cells 

A three-dimensional spheroid model was established by co-culturing two cell lines, HepG2 (hepatocellular carcinoma) and LX2 
(hepatic stellate cells), following established protocols [47,60,61]. 

HepG2 cells were cultured in DMEM (Gibco) with 10 % FBS and 1 % penicillin-streptomycin, while LX2 cells were cultured in 
DMEM with 2 % FBS and 1 % penicillin-streptomycin. To create the 3D spheroids, a co-culture of HepG2 (2.5 × 103 cells/well) and LX2 
(0.5 × 103 cells/well) in DMEM with 10 % FBS and 1 % penicillin-streptomycin (Gibco) was seeded into ultra-low attachment 96-well 
plates (Corning). The plates were then incubated at 37 ◦C for 48 h to facilitate the formation of compact, three-dimensional spheroids 
in each well. 

Following this incubation period, the media was replaced with fresh DMEM, and spheroids were treated with Saroglitazar or herbal 
extracts. Subsequently, they were exposed to palmitic acid (500 μM), and the plates were further incubated at 37 ◦C in a CO2 incubator 
for an additional 48 h. After incubation, the plates were centrifuged at 1000×g using an Eppendorf centrifuge 5810R. Spheroids were 
lysed in a lysis buffer, and cDNA was prepared following the manufacturer’s protocol (Thermo Fisher). mRNA expression of fibrosis 
marker genes such as COL1-A1, α-SMA, and TGF-β1 was analyzed via real-time PCR using the TaqMan™ Gene Expression Assay (FAM) 
(part number 4453320; Applied Biosystems). The internal control 18S was used to normalize gene expression across the wells, 
employing the TaqMan™ Gene Expression Assay, VIC (Part number 4448489; Applied Biosystems) on a QuantStudio 6 Flex Real-Time 
PCR System (Applied Biosystems). 

4.2. Statistical analysis 

The data is presented as means ± SEM (standard error of the mean). For multiple comparisons, we conducted one-way ANOVA or 
two-way ANOVA (as required), followed by Bonferroni’s multiple comparison test using Graph Pad Prism (Version 8.3). For com-
parisons between two groups, the Student’s t-test was employed. A p-value of less than 0.05 was considered statistically significant. 

5. Results 

5.1. Effects of herbal extracts and Saroglitazar on gross, and biochemical parameters in HFD fed mice 

To assess the effects of herbal extracts and Saroglitazar, we utilized a mouse model of obesity, IR, and fatty liver induced by HFD 
comprising 60 kcal% (closer to a Western diet). Over an 18-week period, HFD-fed mice demonstrated progressive weight gain in 
comparison to control mice fed a standard chow diet (Fig. 1A and B). Following 6 weeks of HFD feeding, we initiated a 12-week 
treatment regimen with TC, TC + PL, WS, GG, and AY-64, which did not significantly alter the weight gain compared to the HFD 
group (Fig. 1A and B). In contrast, mice treated with Saroglitazar for 12 weeks showed a significant reduction in body weight (Fig. 1A 
and B). Moreover, 18 weeks of HFD feeding resulted in the development of IR and hyperglycemia. Treatment with TC, TC + PL, WS, 
GG, and AY-64 did not significantly affect fasting blood glucose levels when compared to the HFD group (Fig. 1C). However, 
Saroglitazar-treated mice exhibited a significant reduction in fasting blood glucose levels (Fig. 1C). To evaluate the impact of the HFD 
on glucose tolerance and insulin sensitivity, an intraperitoneal glucose tolerance test (IPGTT) was conducted at the end of 18 weeks. 
The HFD group displayed impaired glucose tolerance (Fig. 1D and E), while Saroglitazar treatment reversed the increase in glucose 
levels (Fig. 1D and E). TC + PL treatment for 12 weeks also demonstrated a significant improvement in glucose intolerance, whereas 
TC, WS, GG, and AY-64 treatments did not improve glucose intolerance, as indicated by the AUC levels (Fig. 1E). Consistent with the 
glucose levels, plasma insulin levels were significantly elevated in the HFD group mice (Fig. 1F). Saroglitazar (p < 0.05) and TC + PL 
(p < 0.085, ~38 %) reduced plasma insulin levels compared to the HFD group. 

Additionally, we assessed BMI at the end of the 18-week treatment period (Fig. 1G), which is used as a screening tool for over-
weight/obesity. Increased BMI was observed in the HFD-fed group compared to the chow-fed control group (Fig. 1G), and this increase 
was mitigated by Saroglitazar treatment. However, all the herbal extracts had no effect on BMI compared to the HFD group. Increased 
HOMA-IR, HOMA B, and decreased QUICKI (Fig. 1H–J) values in the HFD group confirmed the presence of IR. HOMA-IR values were 
significantly reduced in the Saroglitazar and TC + PL groups, whereas TC, GG, WS, and AY-64 had no significant effect compared to the 
HFD group (Fig. 1H). The HOMA B value was also reduced following Saroglitazar treatment, while all the tested extracts did not show 
any significant effect compared to the HFD group (Fig. 1I). QUICKI values were significantly increased following Saroglitazar treat-
ment, but none of the tested extracts had an impact on QUICKI values compared to the HFD group (Fig. 1J). 

IR is also associated with elevated TG, abnormal cholesterol profiles, and alterations in other lipid species. Therefore, we also 
assessed plasma TG and total cholesterol levels among the groups. Fig. 1K illustrates the changes in plasma TG levels among the groups 
at the end of 18 weeks. TG levels remained unchanged in the control and HFD-fed groups. Saroglitazar treatment for 12 weeks led to a 
reduction in plasma TG levels compared to the control and HFD-fed mice, although these changes did not reach statistical significance. 
Moreover, treatment with TC, TC + PL, WS, GG, and AY-64 for 12 weeks did not result in any significant alterations in plasma TG 
levels. Next, we evaluated plasma cholesterol levels among the groups (Fig. 1L). Feeding an HFD for 18 weeks significantly increased 
plasma cholesterol content (p < 0.001). Treatment with Saroglitazar, TC, WS, GG, AY-64, and TC + PL for 12 weeks did not induce any 
significant changes in plasma cholesterol levels compared to the HFD group (Fig. 1L). 
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5.2. The effect of herbal extracts and Saroglitazar on liver weight and the gene expression of inflammatory cytokines 

Lipid accumulation and tissue inflammation are associated with an increase in liver weight. The HFD-fed group exhibited a 
significantly higher absolute liver weight (p < 0.001) at the end of 18 weeks in comparison to the control group (Fig. 2A). There were 
no significant changes in liver weight observed between the Saroglitazar, TC, WS, GG, and AY-64 treated groups when compared to the 
HFD-fed group. Treatment with TC + PL, however, resulted in a significant reduction in liver weight (p < 0.05, approximately a 32 % 
reduction compared to the HFD group) (Fig. 2A). When assessing the liver-to-body weight ratio, no significant changes were observed 
between the control and HFD groups. However, compared to the control group, the liver-to-body weight ratio was significantly 
increased in the Saroglitazar-treated group (Fig. 2B). We did not find any significant differences between the groups compared to the 
HFD group (Fig. 2B). 

We also assessed the expression of key cytokines involved in inflammation (see Fig. 2C–G). The expression of the pro-inflammatory 
cytokine, IL-1β (Fig. 2C), demonstrated an increasing trend in the HFD group (approximately 2.4-fold) and in all the treated groups 
when compared to the control group. Furthermore, there was a notable ~40 % decrease in IL-1β expression in the TC + PL group 
compared to the TC-treated group. No significant differences were observed in the expression of IL-6 between the HFD group and the 
treated groups (Fig. 2D). Additionally, we examined the expression of TNF-α (Fig. 2E). An increasing trend (~2.4-fold) in TNF-α 
expression was observed in the HFD group compared to the control group, although it did not reach statistical significance. In contrast, 
Saroglitazar treatment significantly increased TNF-α expression compared to both the control and HFD groups. The expression of TNF- 
α in the groups treated with TC, WS, GG, and AY-64 remained comparable to that in the HFD group. The TC + PL group showed a 
significant reduction in TNF-α expression (~71 % decrease compared to the HFD and 72 % decrease compared to the TC group). No 
significant differences were observed in the expression of IL-4 between the HFD and control groups (Fig. 2F). The expression of IL-4 in 
the Saroglitazar, TC, and GG-treated groups remained comparable to that in the HFD group. Groups treated with WS, AY-64, and TC +
PL displayed reductions in IL-4 expression, although the reductions were statistically not significant, except in the TC + PL group (~71 
% and 72 % decreases compared to the HFD and TC groups, respectively). An increasing trend in the expression of IL-10 was observed 
in the HFD group, as well as in the Saroglitazar, TC, WS, GG, and AY-64 groups compared to the control group (Fig. 2G). The expression 
of IL-10 in the TC + PL-treated group remained comparable to the control group. Additionally, a decrease of ~67 % and ~78 % in IL-10 
expression was observed in the TC + PL-treated group compared to the HFD and TC-treated groups, respectively. 

5.3. Impact of herbal extracts and Saroglitazar on HFD-induced lipid accumulation and hepatic tissue histological alterations 

Hepatic lipid accumulation is a critical process in the development of NAFLD, which is closely associated with IR. The microscopic 
evaluation of liver inflammation and steatosis was conducted using H&E staining (Fig. 3A, upper panel) and ORO staining (Fig. 3A, 
lower panel), respectively. In the upper panel of Fig. 3A, the control group displayed a normal cell structure with no evidence of 

Fig. 2. Impact of herbal extracts and Saroglitazar on liver weight and the mRNA expression levels of inflammatory cytokines. A) liver 
weight, B) Liver/body weight ratio, total RNA was isolated using TRIzol reagent from the hepatic tissues. Shown are fold-changes of expression 
normalized to 18S rRNA expression; C) IL-1β; D) IL-6; E) TNF-α; F) IL-4; G) IL-10. Data are shown as mean ± SEM. N = 3–6 per group *p < 0.05; 
***p < 0.001, compared to control analyzed via one-way ANOVA followed by Bonferroni’s multiple comparisons test. #p < 0.05, compared to HFD, 
analyzed via Student’s t-test. 
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macrovesicular or microvesicular steatosis, ballooning, or inflammatory cell infiltration. ORO staining, a selective fat-soluble stain for 
neutral triglycerides and lipids, revealed an increase in ORO-stained droplets and inflammatory cell infiltration in the liver sections of 
the HFD group (Fig. 3A, lower panel). Histological scoring confirmed significantly enhanced fat accumulation inside hepatocytes, 
referred to as macrovesicular steatosis (Fig. 3B). In contrast, the liver histology after 12 weeks of Saroglitazar treatment showed a 
reduction in lipid accumulation, although mild steatosis was still evident (Fig. 3A and B). Treatment with TC, TC + PL, WS, GG, and 
AY-64 for 12 weeks did not result in a significant reduction in lipid accumulation (Fig. 3A). However, TC and TC + PL treatment 
displayed an approximate 30 % decrease in the steatosis score compared to the HFD group (Fig. 3B). GG and WS also showed a 
decreasing trend in the steatosis score compared to the HFD group (Fig. 3B). To validate these observations, we also measured the 
hepatic TG content in all the groups. Fig. 3C displays the hepatic TG content after 18 weeks of control diet or HFD treatments. Hepatic 
TG levels were significantly higher in the HFD-fed group compared to the control group (p < 0.001). Saroglitazar treatment for 12 
weeks significantly reduced hepatic TG levels (p < 0.001) compared to the HFD group. Treatment with TC, TC + PL, WS, GG, and AY- 
64 after 12 weeks did not alter the hepatic TG content compared to the HFD-treated mice group. No significant changes were observed 
in the lobular inflammation scoring among all the groups (Fig. 3D). 

5.4. Influence of herbal extracts and Saroglitazar on gene expression related to hepatic lipid metabolism and bile acid synthesis 

The HFD group exhibited increased lipid accumulation, as evidenced by ORO staining and histological analysis. Consequently, we 
evaluated the mRNA expression of genes related to lipid metabolism and bile acid synthesis (Fig. 4). In the HFD group, there was an 
upregulation of approximately 5-fold and 3-fold in the mRNA expression of PPAR-γ and SREBP-1c, respectively, compared to the 
control group (Fig. 4A and B). Saroglitazar treatment resulted in a reduction in PPAR-γ expression, while there was a slight increase in 
the expression of SREBP-1c compared to the HFD group. The mRNA expression of PPAR-γ in the TC-treated group remained com-
parable to that of the HFD group; however, the expression of SREBP-1c was significantly increased compared to both the control and 
HFD groups. In contrast, the TC + PL treated group showed mRNA expressions of PPAR-γ and SREBP-1c comparable to the HFD group. 
Moreover, when compared to the TC-treated group, TC + PL displayed a reduction of approximately 33 % in the mRNA expression of 
PPAR-γ and 44 % in the mRNA expression of SREBP-1c (Fig. 4A and B). The WS-treated group exhibited an increasing trend in the 
expressions of PPAR-γ and significant upregulation of SREBP-1c compared to the HFD group (Fig. 4A and B). In the GG and AY-64 
treated groups, no significant changes were observed in the expressions of PPAR-γ and SREBP-1c when compared to the HFD group 
(Fig. 4A and B). 

The expression of FABP-1 (fatty acid binding protein-1) remained unchanged when compared to the HFD group (Fig. 4C). However, 
it was significantly upregulated in the WS and AY-64 treated groups compared to the control group. We also analyzed the mRNA 
expression of CD36 (Fig. 4D), a gene involved in fatty acid translocation and uptake. After 18 weeks of HFD feeding, CD36 mRNA 
expression was significantly upregulated (~29-fold) in the hepatic tissue of the HFD group. Statistically, there were no significant 

Fig. 3. Influence of herbal extracts and Saroglitazar on the HFD induced lipid accumulation and histological changes in the hepatic tissue, 
A) Representative photographs of liver tissue sections; H&E stain in the first lane, ORO stain in the second lane, magnification at 20×; B) Steatosis 
Score, C) Hepatic TG accumulation, D) Lobular inflammation score. N = 5–6 per group, Data are shown as means ± SEM.*p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001, compared to the control analyzed via one-way ANOVA followed by Bonferroni’s multiple comparisons test. Scale 
bars represent 200 μm. 
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Fig. 4. Modulation of the expression of lipid metabolism related genes following treatment with herbal extracts and Saroglitazar. Total 
RNA was isolated using TRIzol reagent from the hepatic tissues. qPCR data from mRNA extraction of liver tissues. Shown are fold-changes of 
expression normalized to 18S rRNA expression. Expression of genes involved in lipid metabolism A) PPARγ, B) SREBP-1c, gene involved in transport; 
C) FABP1 D) CD36, genes involved in fatty acid oxidation; E) PPAR-α and gene involved in bile acid synthesis; F) Cyp7a1 N = 3–6 Data are shown as 
means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; compared to control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to HFD analyzed via one- 
way ANOVA followed by Bonferroni’s multiple comparisons test. 

Fig. 5. Effect of herbal extracts and Saroglitazar on lipid profiling in the liver. A) 2D score plots of principal component analysis (PCA) among 
Control, HFD, HFD + S, HFD + TC, HFD + WS, HFD + GG and HFD + AY-64 and HFD + TC + PL groups, at end point in hepatic lipids. B) Volcano 
plot between the Control and HFD groups. 
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changes in CD36 mRNA expression between Saroglitazar, TC, TC + PL, WS, GG, and AY-64 when compared to the HFD group. 
However, the TC + PL and GG-treated groups displayed a slight decrease of 38 % and 40 %, respectively, in comparison to the HFD 
group. There was also a decrease of approximately 26 % in CD36 mRNA expression in the TC + PL group when compared to the TC 
group. Next, we assessed the expression of the fatty acid oxidation marker PPAR-α among the groups (Fig. 4E). Although not statis-
tically significant, PPAR-α expression remained higher in the HFD group (approximately 2-fold) compared to the control group. 
Treatment with Saroglitazar, TC, WS, and GG showed an increasing trend in PPAR-α expression, but it did not reach statistical sig-
nificance. PPAR-α expression was lower in the TC + PL and AY-64 treated groups compared to the other treatment groups, with the TC 
+ PL group showing a reduction of about 56 % compared to the TC group (Fig. 4E). 

Subsequently, we examined the mRNA expression of CYP7a1, a gene involved in bile acid synthesis (Fig. 4F). The expression of 
CYP7a1 remained unchanged between the control, HFD, Saroglitazar, TC, and TC + PL groups. However, it was significantly upre-
gulated in the WS and AY-64 treated groups compared to the HFD group. Treatment with GG also exhibited an increasing trend in 
CYP7a1 expression compared to the control or HFD group, although it did not reach statistical significance. 

5.5. Impact of herbal extracts and Saroglitazar on hepatic lipid species profile 

We conducted a comprehensive lipidome analysis of hepatic tissues from all study groups to investigate changes in lipid species 
associated with IR. An untargeted lipid profiling approach was employed using Orbitrap Fusion mass spectrometry coupled with UPLC, 

Fig. 6. Heat map of differential lipids among Control, HFD, HFD + S, HFD + TC, HFD + WS, HFD + GG and HFD + AY-64 and HFD + TC +
PL groups at the end point. N = 5–6 per group. Hot (red) colour and cool (blue) colour indicates increased and decreased levels of lipids, 
respectively. 
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which identified a total of 484 lipids. The PCA plot (Fig. 5A) clearly distinguishes between the control and HFD groups. Principal 
components 1 and 2 explained 37 % and 20 % of the data, respectively, suggesting significant alterations in the lipidome across the 
study groups. The volcano plot (Fig. 5B) highlights differential lipid species between the control and HFD groups. To further analyze 
the variation in the expression of the top 100 significantly altered hepatic lipids among the eight groups, we generated a cumulative 
heat map (Fig. 6). Saroglitazar treatment in the HFD-fed animals reversed 54 lipids, bringing them back to levels similar to the control 
group. Statistical comparisons revealed that the herbal extracts TC, WS, GG, and AY-64 had less pronounced effects on the lipid profiles 
in the HFD model. However, the combination of TC + PL had a significant modulating effect on the lipid profile in the HFD group. To 
confirm the identified differential lipids in hepatic tissues, we performed cluster analysis and selected the top 25 lipids to generate a 
hepatic lipid heatmap. The heat map showed a significant reduction in the levels of saturated TGs in the HFD group compared to the 
control group, as observed in our previous study [39]. Most of these TGs were restored in the HFD + TC + PL group (Fig. 7H-M). The 
same trend of increment was observed in other lipids such as ceramide-NS (d18:2/24:2), lysophosphatidylcholines (LPC) (14:0, 16:1, 
and 17:1) (Fig. 7B, D-F). Following treatment with TC + PL, the abundance of these lipids was reversed to levels similar to the control 
group. Lipids such as acylcarnitine (AcCar) (18:1), diglyceride (DG) (14:0_20:4), and phosphatidylinositol, PI (36:4) increased nearly 
two-fold in the liver of the HFD group compared to the control group, as reported in our previous study (Fig. 7A, C, & G). The HFD +
TC + PL group displayed levels of these lipids similar to the control group, suggesting a therapeutic action of TC + PL. This was further 
supported by the box plots generated from the data (Fig. 7, Data S2). 

5.6. Effect of herbal extracts and Saroglitazar on liver fibrosis 

Masson’s Trichrome (MT) staining in liver tissue sections of all groups reveals comparable levels of collagen deposition around the 
portal veins (Fig. 8A). The overall NAS score remains higher in the HFD group (Fig. 8B). No significant differences are observed in the 
NAS score between the groups treated with Saroglitazar, TC, TC + PL, WS, GG, and AY-64. Furthermore, we assessed the mRNA 
expressions of genes related to fibrosis (Fig. 8C–G). Despite no visible differences in histopathological staining, the HFD group liver 
showed upregulated mRNA expression of fibrosis-related markers: approximately 7-fold for TGF-β1, 17-fold for COL1A1, 6-fold for 
α-SMA, 17-fold for TIMP-1, and 5-fold for MMP2, compared to the control group (Fig. 8C–G). Treatment with Saroglitazar indicates a 
trend of increased mRNA expression for TGF-β1, COL1A1, and MMP2, while α-SMA expression remained comparable to the HFD group. 
In the TC-treated groups, mRNA expression of COL1A1, α-SMA, and MMP2 is comparable to the HFD group. Although not statistically 

Fig. 7. Abundance of selected lipid species by box plots between control, HFD and HFD + TC + PL groups. Box plots of A) acylcarnitines 
(AcCAR), B) sphingosine containing ceramides (Cer-NS), C) diacylglycerol (DAG), D-F) lysophosphatidylcholines (LPC), G) phosphatidylinositol (PI) 
and H-M) triglycerides (TG). The middle line in the box equals the median value, the tops and bottom lines are the first and third quartile. N) 
Demonstration of changes in lipids upregulation (↑)/downregulation (↓). 
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significant, TGF-β1 expression slightly increased, and TIMP-1 expression slightly decreased compared to the HFD group. In the TC + PL 
treated group, expression of all fibrosis-related markers is reduced: TGF-β1 (~18 % and 63 %), COL1A1 (~40 % and 23 %), α-SMA 
(~34.3 % and 51 %), TIMP-1 (~61 % and 37 %), and MMP2 (~44 % and 49 %), compared to either the HFD group or the TC-treated 
groups, respectively. However, these changes are not statistically significant. The expression of all fibrosis-related marker genes in the 
WS, GG, and AY-64 treated groups remained higher compared to the control group and showed an increase or no change compared to 
the HFD group (Fig. 8C–G). 

5.7. Influence of herbal extracts and Saroglitazar on palmitic acid (PA)-induced fibrosis in a 3D spheroid hepatic co-culture model 

Since we only observed changes in gene expression in the mouse model without significant alterations in histological assessments, 
we conducted experiments in 3D spheroids to validate our findings. Treatment of 3D spheroids with PA (500 μM) resulted in an in-
crease in the mRNA levels of fibrosis markers, such as TGF-β1, COL1A1, and α-SMA (Fig. 8H–J). To validate the model, we employed 
Saroglitazar (10 μM), a positive control known for its efficacy, which reduced the expression of these fibrosis markers, consistent with 
previous findings in a co-culture model using HepG2 and LX2 cells [60]. 

Furthermore, all the extracts used in the study reduced the PA-induced expression of α-SMA. TC, TC + PL, WS, and AY-64 reduced 
the PA-induced expression of α-SMA and COL1A1 (Fig. 8J and I). However, only WS and AY-64 attenuated the PA-induced expression 
of TGF-β1 (Fig. 8H). TC and TC + PL also exhibited moderate inhibition of PA-induced TGF-β1 expression (Fig. 8H). In contrast, GG 
failed to reduce the mRNA levels of COL1A1 and TGF-β1, unlike α-SMA (Fig. 8H–J). 

6. Discussion 

In this study, we utilized a diet-induced murine model of IR and an in vitro hepatic 3D spheroid model to investigate the impact of 
select herbs on obesity, IR, and the expression of inflammatory and fibrotic genes. Additionally, we analyzed the effects of these herbs 
and Saroglitazar on key hepatic lipid species after 12 weeks of treatment. The herbal extracts used in this study gained prominence 
during the COVID-19 pandemic due to their potential to prevent SARS-CoV-2 infection and associated complications [34,62,63]. 
Individuals with T2DM are particularly susceptible to infections, leading to adverse outcomes associated with these comorbidities 
[64]. Previous research from our lab has highlighted the protective effects of these herbal extracts in SARS-CoV-2 experimental 
models, attributed to their modest antiviral activity and immunomodulatory properties [49–52]. 

Weight gain and obesity are significant contributors to metabolic disorders, including IR, T2DM, NAFLD, and atherosclerosis [65]. 
Our study involved feeding mice 60 % HFD for 18 weeks, resulting in substantial body weight gain compared to control mice fed a 
standard chow diet. The herbal extracts employed in this study possess diverse biological activities and are in common human use. 
Hence, they were administered at human equivalent doses to evaluate their effectiveness against obesity, IR, and the expression of 
inflammatory and fibrotic genes in the aforementioned models. Consistent with previous reports, Saroglitazar significantly reduced 
body weight gain in HFD-fed mice [46,66]. However, the herbal extracts did not lead to any significant changes in body weight. 
Beyond weight reduction, improvements in IR, dyslipidemia, and inflammation are critical in mitigating T2DM. Among the extracts 
used in this study, only the TC + PL combination exhibited modest protection against HFD-induced IR, inflammation, and dyslipi-
demia. TC alone did not reverse HFD-induced obesity or associated changes. In our previous lab study, PL alone also did not 
demonstrate a beneficial effect on the parameters investigated (unpublished data). Combining TC with PL enhanced the bioavailability 
and antioxidant capacity of TC [67–69]. Additionally, piperine, a major alkaloid and active constituent of Piper longum Linn, is known 
to enhance the bioavailability of nutraceuticals and drugs [70]. Piperine also promotes glutathione production and transport while 
replenishing thiol levels by inhibiting lipid peroxidation [71]. These effects, however, were not consistently reflected in some 
biochemical and histological parameters but were more pronounced at the hepatic lipidome level, suggesting that changes in hepatic 
lipid species may precede clinical parameters, as observed by others [72]. The remaining herbal extracts failed to exhibit protective 
effects in the DIO model. Seasonality and extraction methods could be the reason of the effects observed with the extracts in this study. 
As seasonal variations significantly affect a plant’s life cycle, and their phytochemical content [73]. Furthermore, extraction methods 
and techniques also influence the phytochemical content and bioactivity of plant extracts [74]. Previous research indicates that factors 
such as extraction temperature and solvent choice impact the yield of phenolic content and the antioxidant capacity of medicinal 
plants [73,75]. It is to be noted that the present study employed aqueous herbal extracts, while organic extraction methods have been 
shown to enhance phytochemical constituents [73]. Although these extracts reduced α-SMA expression in the in vitro 3D spheroid 
model, the literature suggests variable effects of some of these extracts on inflammation and T2DM in different models, depending on 
treatment duration and doses [12–15,18,42,22–27]. For future studies, a dose-response investigation of these herbal extracts using 
relevant models of steatosis, inflammation, and fibrosis would provide a clearer understanding of their potential benefits against IR, 
inflammation, fibrosis, and fatty liver associated with T2DM. 

Fig. 8. Effect of herbal extracts and Saroglitazar on liver fibrosis. Representative photographs for A) MT staining, magnification at 20×; B) NAS 
score. qPCR data from mRNA extraction of liver tissues. Shown are fold-changes of expression normalized to 18S rRNA expression C) TGF-β1; D) 
COL1A1; E) α-SMA; F) TIMP-1; G) MMP2. Data are shown as means ± SEM. N = 3–6, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 compared 
to control. qPCR of hepatic 3D-speroids from Co-culture of HepG2 and LX2 cells. Shown are fold-changes of expression normalized to 18S rRNA 
expression. H) TGF-β1; I) COL1 A1; J). α-SMA. N = 3, *p < 0.05, **p < 0.01, ***p < 0.001 compared to control. #p < 0.05, ####p < 0.0001, 
compared to HFD/PA (Palmitic acid) analyzed via one-way ANOVA followed by Bonferroni’s multiple comparisons test. Scale bars represent 
200 μm. 
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Significant changes in inflammatory cytokines can lead to systemic IR, which is also detrimental for fatty liver disease progression 
[76,77]. TNF-α, a proinflammatory cytokine, and IL-10, an anti-inflammatory cytokine, play roles in regulating systemic IR [78]. TC +
PL treatment reversed TNF-α and IL-10 expression, potentially indicating a reduction in inflammation due to the decrease in liver 
weight. In contrast to other studies, we observed increased mRNA expression of TNF-α in the hepatic tissue of Saroglitazar-treated 
animals compared to the chow diet and HFD-fed groups, consistent with our previous findings [46]. IL4 exhibits both pro and 
anti-inflammatory effects [79,80]. In the HFD + TC + PL group, IL-4 mRNA expression significantly decreased. IL-4 has been shown to 
reduce lipid accumulation by promoting hormone-sensitive lipase (HSL) activity [81]. Recent studies indicate that IL-4 functions as a 
type 2 cytokine in tissues, aiding in collagen production and extracellular matrix deposition. Thus, the reduction in IL-4 expression in 
the HFD + TC + PL group may be beneficial in preventing NASH-induced fibrosis [82,83]. However, further investigation is needed to 
assess changes in mRNA expression at the protein level. Multiple clinical trials have highlighted anti-inflammatory potential of herbs 
and their ability to improve IR [84]. Alongside inflammation, we observed impaired glucose tolerance and IR in HFD-fed mice. Both 
Saroglitazar and TC + PL treatments improved glucose tolerance and insulin sensitivity. Although insulin levels were not significantly 
reduced, HOMA-IR results suggest improved insulin sensitivity in the TC + PL treated group. Additionally, a trend of decreased 
HOMA-B indicates improved β-cell function in the TC + PL treated group. 

Peripheral IR, obesity-induced inflammation, and dyslipidemia often lead to fatty liver, which is associated with T2DM [85]. 
Histological analysis, however, showed that, unlike Saroglitazar, herbal extracts did not mitigate steatosis. CD36, a free fatty acid 
(FFA) transporter gene, was upregulated by ~29-fold in the HFD-fed group, consistent with previous observations [86]. A study in 
HFD-fed mice demonstrated that hepatocyte-specific disruption of CD36 improved fatty liver states and insulin sensitivity [87]. 
Though not statistically significant, TC + PL and GG treatment exhibited a trend of decreased CD36 expression. Hepatic PPAR-γ plays a 
significant role in regulating glucose and lipid metabolism and is involved in hepatic steatosis development [88,89]. We also observed 
increased expression of hepatic PPAR-γ and SREBP-1c in HFD-fed mice. Liver-specific deletion of PPAR-γ in ob/ob mice reduced 
hepatic lipid accumulation [90]. Similarly, SREBP-1c overexpression in the liver has been associated with the progression of fatty liver 
[91]. Both Saroglitazar and TC + PL treatment showed a trend of decreased PPAR-γ expression. Saroglitazar and some of the herbal 
extracts used had no effect on SREBP-1c expression, whereas TC and WS treatment significantly increased SREBP-1c expression. 

Most extracts used in this study possess antioxidant activity, which is associated with reduced liver fibrosis [92]. TC + PL showed a 
trend of decreasing fibrosis gene markers, specifically COL1A1, TIMP-1, and MMP2. TIMP-1 contributes to diet-induced hepatic 
steatosis development, as seen in TIMP-1 knockout mice on an HFD that gained less weight, improved glucose tolerance, and reduced 
hepatic steatosis [93]. Notably, TC + PL treatment also reduced TIMP-1 expression in HFD-fed mice. The role of MMP2 is contra-
dictory, as MMP2 null mice showed increased fibrosis, indicating a protective role rather than a pathogenic one [94–96]. In our study, 
MMP2 expression significantly increased after HFD feeding, including in the Saroglitazar and WS treatment groups, while TC + PL 
treatment reduced MMP2 expression. A previous study in HFD-fed rodents reported a significant induction in MMP2 levels along with 
fibrosis [97]. Our study observed increased MMP2 expression after HFD feeding, including in the Saroglitazar and WS treatment 
groups, while TC + PL treatment reduced MMP2 expression. A prior study in HFD-fed rodents similarly reported elevated MMP2 levels 
along with fibrosis. 

In the context of lipid research, unique lipid species accumulating in hepatic tissue are recognized for their roles in IR and 
inflammation [98,99]. To comprehensively assess the protective effects of Saroglitazar and TC + PL in a 3D culture model and HFD-fed 
mice, we employed an untargeted lipidomic approach. In the HFD + TC + PL group, we identified 13 lipids with aberrant levels 
compared to the control group. Notably, TC + PL treatment normalized AcCar (18:1) levels, which remained elevated with other 
herbal extracts. High AcCar levels have been associated with human hepatocellular carcinoma (HCC) and have been observed in the 
serum and liver of HFD-fed mice [39,100]. Serra et al. demonstrated that abnormal AcCar retention and impaired fatty acid clearance 
contribute to steatosis-induced hepatic inflammation [101]. 

Additionally, Saroglitazar, TC, and TC + PL effectively prevented the ectopic accumulation of DAGs. Previous studies have linked 
DAG buildup to IR and glucose toxicity in uncontrolled T1DM or T2DM. DAG activates PKCε, which directly inhibits insulin receptor 
tyrosine kinase activity by binding to it, resulting in hepatic IR [102,103]. Recent studies have also revealed that the hepatic abun-
dance of DAGs increases the risk of IR and significantly raises the incidence of cirrhosis [104,105]. The combination of TC + PL 
reduced hepatic DAG levels, which may contribute to improved IR in HFD-fed mice. 

Lipotoxicity in the liver is linked to an increase in saturated TGs and a decrease in unsaturated TGs (containing PUFA) [106]. 
Saroglitazar, TC + PL, and GG significantly improved unsaturated TG levels, which were reduced in the HFD group. Elevated PI levels 
in hepatocytes trigger PI3K overexpression, inducing autophagy and hepatic inflammation [107]. Unlike most herbal extracts, TC + PL 
reduced PI (36:4) levels, potentially reducing inflammation. 

LPCs are proinflammatory and play a role in cholesterol metabolism [108]. Their function depends on the attached fatty acid (FA) 
moiety [109], with some inducing inflammation. In cirrhotic patients, LPC (14:0) and LPC (16:1) levels are elevated [110]. TC + PL 
normalized LPC levels, reducing the expression of inflammatory markers. Ceramide-NS, abundant in the control group, significantly 
decreased in fatty liver conditions but was restored by TC + PL treatment, indicating a beneficial lipidomic effect. 

In this study, we highlight the effectiveness of the TC + PL extract combination against HFD-induced changes in mice. We per-
formed a detailed lipidomic analysis and identified specific lipid species that contribute to metabolic syndrome-related issues. Tar-
geting these lipids could hold therapeutic potential. TC + PL at a human equivalent dose improved IR and reduced harmful lipids. 
Additionally, our research showcases the protective role of specific herbal extracts in a hepatic 3D spheroid model, while TC + PL 
effectively addressed metabolic disruptions in the HFD-fed mouse model of obesity. Further studies, including different models and 
dose-response investigations, can reinforce the benefits of TC + PL in mitigating obesity-related metabolic disorders and T2DM. This 
study underscores the potential of TC and PL combined to combat IR and hepatic lipid-related issues. 
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7. Conclusions 

In this study, we demonstrate the protective effects of the TC + PL combination and Saroglitazar in mitigating HFD-induced 
metabolic changes in mice. TC + PL exhibits anti-inflammatory activity, enhances glucose tolerance and insulin sensitivity, and 
normalizes hepatic lipid profiles in HFD-fed mice. It also restores balance to various lipid categories and shows favorable effects on 
fibrosis and inflammatory genes in both the 3D spheroid model and HFD-fed mice. This suggests that TC + PL formulation may offer 
protection against metabolic abnormalities linked to T2DM and fatty liver and warrants clinical evaluation. 
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