


Amelioration of Metabolic and Hepatic Alterations by Caralluma fimbriata in High-Fat Diet-Fed Obese Rats

ABSTRACT
Background The present study evaluated the effects of Caralluma fimbriata extract (CFE) on fat deposition, oxidative stress, inflammation, and fibrosis in the liver of high-fat diet (HFD)-induced obese rats. Thirty male Wistar rats were divided into five groups (n = 6): Control (C), Control+CFE, HFD, HFD+CFE (200 mg/kg/day for 150 days; preventive model), and obese+CFE (OBS+CFE; 200 mg/kg/day after 60 days; therapeutic model).
Results HFD-fed rats showed significant increases in body weight, plasma glucose, insulin resistance (HOMA-IR), leptin, lipid profile, and hepatic markers. Elevated lipid peroxidation and protein oxidation, along with reduced antioxidant enzyme activities (GPx, GR, GST, SOD, CAT) and HDL cholesterol levels, were also observed. CFE supplementation significantly improved body weight, hyperglycemia, insulin resistance, hyperleptinemia, and dyslipidemia. It increased HDL-C levels and restored antioxidant enzyme activities in both preventive and therapeutic groups. Additionally, CFE significantly (p < 0.05) reduced plasma and hepatic lipids, including triglycerides, total cholesterol, and free fatty acids, while improving phospholipid levels.
Conclusion Histopathological findings supported these results. Overall, CFE ameliorated liver dysfunction in HFD-fed rats by reducing oxidative stress and inflammation, indicating its potential protective and therapeutic role.
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Background
Obesity is increasingly recognized as a chronic, relapsing, and multifactorial disease with complex genetic and environmental determinants. It has emerged as a major global health challenge affecting both developed and developing countries [1]. A long-term high-fat diet (HFD) is a key contributor to obesity and is associated with several metabolic complications, including dyslipidemia, hypertension, non-alcoholic fatty liver disease, cardiovascular disorders, and reduced life expectancy [2]. Previous studies have demonstrated that prolonged consumption of an HFD rapidly induces obesity and insulin resistance, highlighting unhealthy dietary habits as a major risk factor [3-5].
Chronic obesity is also linked to an increased risk of various cancers, particularly colorectal and prostate cancers [6]. Prolonged HFD intake promotes inflammation by upregulating Toll-like receptor 4 (TLR4), leading to increased production of pro-inflammatory cytokines and alterations in metabolic hormones such as insulin and leptin [7-8]. These changes disrupt glucose homeostasis and contribute to insulin resistance [9-10]. Experimental studies have further shown that HFD induces hyperglycemia, hyperinsulinemia, and hyperleptinemia in animal models [11-13].
Given the growing burden of obesity-related complications, there is an urgent need to develop effective strategies for prevention and management. In this context, Caralluma fimbriata, an edible succulent plant with known appetite-suppressing and antioxidant properties, has gained attention. It contains bioactive compounds that may reduce energy intake, enhance thermogenesis, and regulate lipid metabolism [11-13]. Therefore, the present study investigates the protective and therapeutic effects of Caralluma fimbriata extract on oxidative stress, inflammation, and tissue damage in HFD-induced obese rats.
METHODS
Chemicals
Reduced and oxidized glutathione, thiobarbituric acid (TBA), 1-chloro-2,4-dinitrobenzene (CDNB), and pyrogallol were purchased from SISCO Research Laboratories (P) Ltd, Mumbai, India. All other chemicals and solvents were of analytical grade and were purchased from Sisco Research Laboratories (P) Ltd. in Mumbai, India.
Preparation of plant extract
The extract of Caralluma fimbriata was prepared from the aerial parts of the plant using 40% aqueous alcohol (40 parts alcohol and 60 parts water). Approximately 12 kg of dried plant material was obtained from 100 kg of fresh plant, yielding 1 kg of final extract.
The hydroalcoholic extract of C. fimbriata (CFE; light brown, dry powder; batch number: CFE/10011) was supplied by Green Chem Herbal Extracts and Formulations, Bangalore, India. The plant material used for extraction was originally collected from the Kolli Hills and subsequently cultivated at the company’s farm in Hosur, Tamil Nadu, India. Prior to administration, the extract was dissolved in distilled water.
Experimental Animals and Diet
A total of thirty male Wistar rats (8 weeks old), weighing 160–170 g, were procured from Biogen Laboratory Animal Facility, Bangalore, India, and housed in the Animal House, Department of Zoology. Animals were maintained under standard laboratory conditions at a temperature of 23 ± 2°C with a 12 h light/12 h dark cycle. They were provided ad libitum access to a standard pellet diet or high-fat diet (HFD) and drinking water. Prior to the commencement of the experiment, all animals were acclimatized for one week. Throughout the experimental period, rats were maintained under sedentary conditions without any enforced physical activity. The dose of Caralluma fimbriata extract (CFE) used in this study was based on previously reported studies [11-13].
The HFD was formulated as a lard-based diet containing 60 kJ% energy from fat, 20 kJ% from protein, and 20 kJ% from carbohydrates, in accordance with Diet-Induced Obesity (DIO) diet standards (New Brunswick, NJ, USA). 
Obesity Induction and Treatment in Rats
Male Wistar rats were randomly divided into five groups (n = 6 per group) as follows:
1. Group C (Control): Rats were fed a standard pellet diet containing 65% carbohydrates, 8% fat, 13% protein, 12.75% fiber, and 1.25% vitamins and minerals, along with distilled water, for 150 days. 
2. Group C+CFE: Rats received a standard pellet diet along with Caralluma fimbriata extract (CFE; 200 mg/kg body weight) administered concurrently for 150 days. 
3. Group HFD: Rats were fed a high-fat diet (HFD) for 150 days to induce obesity. 
4. Group HFD+CFE (Protective model): Rats received HFD along with CFE (200 mg/kg body weight) simultaneously for 150 days. 
5. Group OBS+CFE (Therapeutic model): Rats were fed HFD for 90 days to induce obesity, followed by co-administration of HFD and CFE (200 mg/kg body weight) for the subsequent 60 days. 
Body Weight and Organ Weights
Body weight was recorded for all animals throughout the experimental period. At the end of the study, the absolute and relative weights of the liver, abdominal fat, and epididymal fat pads were measured in all experimental groups. Relative organ weights were calculated with respect to the final body weight of each animal.
    Biochemical Analysis
     During the experimental period, blood samples were collected at 30-day intervals from 12-hour      fasted rats via the retro-orbital plexus using capillary tubes. Samples were collected into fresh vials containing EDTA (10 mg/mL) as an anticoagulant. The blood samples were centrifuged at 3,000 rpm for 5 minutes using an Eppendorf Centrifuge 5805R (Germany). The separated plasma was aliquoted and stored at appropriate freezing conditions for the estimation of glucose, insulin, leptin, adiponectin, and lipid profile parameters. At the end of the experimental period, animals were fasted overnight and euthanized by cervical decapitation. The abdominal cavity was opened, and the liver was carefully excised, rinsed in ice-cold saline, and processed for further biochemical analyses.
Biochemistry of Serum/Plasma
Plasma glucose concentration was measured using the glucose oxidase method with a commercial kit from Excel Diagnostics, India. Plasma insulin levels were determined by radioimmunoassay (RIAK-1) obtained from the Bhabha Atomic Research Centre, Mumbai, following the method of [14]. Insulin resistance (IR) was assessed using the homeostasis model assessment (HOMA) and glucose–insulin (GI) index [15]. The HOMA index was calculated using the formula:  HOMA = [insulin (μU/mL) × glucose (mmol/L)] / 22.5. Plasma leptin levels were measured using a sandwich ELISA kit (Mouse and Rat Leptin ELISA) from BioVendor Laboratory Medicine, Czech Republic.
Lipid Profile Analysis
Plasma triglyceride (TG) levels were determined using the glycerol-3-phosphate oxidase–phenol aminophenazone (GPO–PAP) enzymatic method with a commercial kit from Excel Diagnostics, India. Total cholesterol (TC) and high-density lipoprotein cholesterol (HDL-C) were measured using standard enzymatic methods with kits from the same manufacturer. Very low-density lipoprotein cholesterol (VLDL-C) and low-density lipoprotein cholesterol (LDL-C) levels were calculated using the Friedewald equation [16] as follows: VLDL-C = TG / 5    and LDL-C = TC − (HDL-C + VLDL-C). The atherogenic index (AI) was calculated according to Liu et al. [17] using the formula: AI = TC / HDL-C.
Liver Functional Tests
Serum activities of alkaline phosphatase (ALP), alanine transaminase (ALT), and aspartate transaminase (AST) were measured using kinetic methods recommended by the International Federation of Clinical Chemistry (IFCC). The assays were performed using commercial diagnostic kits from Erba Diagnostics Mannheim GmbH, Mumbai, India.
Hepatic Transaminases
A 10% (w/v) liver homogenate was prepared in 0.1 M Tris-HCl buffer (pH 7.4) and centrifuged at 18,514 × g for 45 minutes using a Eppendorf Centrifuge 5804R equipped with rotor No. 14030. The resulting clear supernatant was collected and used for the estimation of hepatic transaminases. The activities of glutamate oxaloacetate transaminase (GOT) and glutamate pyruvate transaminase (GPT) were determined according to the method described by Reitman and Frankel [18].
Hepatic Lipids
Liver lipids were extracted according to the method of Folch et al. [19]. The levels of total cholesterol (TC) and triglycerides (TAG) were determined using enzymatic kits from Excel Diagnostics, India. Free fatty acids (FFA) were estimated by the method of Duncombe [20]. Phospholipids (PL) were determined according to Connerty et al. [21], while total lipids (TL) were quantified using the method described by Folch et al. [19].
Hepatic Oxidative Stress Markers
Lipid peroxidation (LPO) in liver tissue was assessed by measuring thiobarbituric acid reactive substances (TBARS) according to the method of Utley et al. [22], using a 10% liver homogenate prepared in 0.15 M KCl. The results were expressed as nanomoles of malondialdehyde (MDA) formed per minute per milligram of protein. Protein oxidation was evaluated by estimating protein carbonyl (PC) content using the method of Levine et al. [23]. Reduced glutathione (GSH) levels were determined according to the method of Ellman [24]. Total protein content in the liver homogenate was measured using the method of Lowry et al. [25] for normalization of biochemical parameters.
Hepatic Antioxidant Enzyme Assay
A 10% (w/v) liver tissue homogenate was prepared in ice-cold 0.15 M KCl and centrifuged at 12,000 rpm for 45 minutes using a Sigma 3K18 Laboratory Centrifuge (Rotor No. 12150). The resulting clear supernatant was collected and used for the estimation of antioxidant enzyme activities. The activities of glutathione peroxidase (GPx; EC 1.11.1.9) were determined by the method of Rotruck et al. [26], glutathione-S-transferase (GST; EC 2.5.1.18) by Habig et al. [27], and glutathione reductase (GR; EC 1.8.1.7) by Pinto and Bartley [28]. Superoxide dismutase (SOD; EC 1.15.1.1) activity was measured according to Soon and Tan [29], while catalase (CAT; EC 1.11.1.6) activity was estimated using the method of Beers and Sizer [30].
Histological Assessment of the Liver
Liver tissues were collected from all experimental groups and fixed in 10% neutral buffered formalin. The samples were processed, paraffin-embedded, and sectioned at a thickness of 5 µm. The sections were stained with hematoxylin and eosin (H&E) and examined under a light microscope for histopathological evaluation.
Statistical Analysis
Data are expressed as mean ± standard error (SE) for six animals in each group. Statistical analysis was performed using Duncan’s Multiple Range Test (DMRT) as described by Duncan [31], with the aid of SPSS (version 13.0 for Windows; SPSS Inc., USA). A value of p < 0.05 was considered statistically significant.
RESULTS
Effects of CFE on Liver and Epididymal Fat Pad Weight
The absolute and relative weights of the liver and epididymal fat pads are presented in Table 1. The HFD group showed a significant increase in both absolute and relative liver (25.5% and 28.8%) and epididymal fat weights (66.3% and 88.3%) compared to the control group. Co-administration of CFE in HFD+CFE and OBS+CFE groups significantly prevented these increases. No notable differences were observed between C and C+CFE groups.

Table 1  
Protective and therapeutic effects of CFE on absolute and relative organ weights in five experimental groups

	Tissues
	Groups
	
	
	
	

	
	Group-C
	Group-C+CFE
	Group-HFD+CFE
	Group-HFD
	Group-OBS+CFE

	Liver tissue weight (g)
	
	
	
	
	

	Absolute
	8.38 ± 0.32a
	8.30 ± 0.42a
	8.45 ± 0.31a
	10.52 ± 0.56b
	9.10 ± 0.48a

	Relative
	2.29 ± 0.08a
	2.52 ± 0.09a
	2.66 ± 0.11b
	2.95 ± 0.13b
	2.64 ± 0.08a

	Epidymal fat pads (g)
	
	
	
	
	

	Absolute
	5.35 ± 0.41a
	5.58 ± 0.25a
	6.77 ± 0.32bc
	8.90 ± 0.64d
	7.88 ± 0.47c

	Relative
	1.28 ± 0.06a
	1.78 ± 0.03a
	2.02 ± 0.11b
	2.41 ± 0.09b
	2.28 ± 0.12b



Data are mean ± S.E.M. values of six rats per each group. Means in the same column with different superscripts are significantly different (P < 0.05). a,b,c,d,e: significant differences between groups. control rats; C+CFE, control rats treated with Caralluma fimbriata; HFD, high-fat diet fed rats; HFD+CFE, high-fat diet rats treated with Caralluma fimbriata (protective model); OBS+CFE, high-fat diet fed animals treated with Caralluma fimbriata (therapeutic model).


Effects of CFE on Body Weight
HFD-fed rats exhibited a significant increase in body weight (29%) compared to controls. CFE treatment significantly reduced weight gain in HFD+CFE (24.4%) and OBS+CFE (14.3%) groups. Additionally, CFE-treated groups showed reduced body weight gain compared to controls, indicating its protective and therapeutic efficacy (Fig. 1).
Effects of CFE on Plasma Glucose, Insulin, Leptin and HOMA
HFD significantly increased plasma glucose (108.1%), insulin (241.9%), and HOMA index (612.2%) compared to controls. CFE supplementation significantly reduced these parameters in both HFD+CFE and OBS+CFE groups, although values remained higher than controls. The C+CFE group maintained near-normal levels (Fig. 1). Plasma leptin levels were significantly elevated in HFD rats. CFE treatment reduced leptin levels in both HFD+CFE and OBS+CFE groups (Fig. 2A). The C+CFE group showed a slight reduction compared to controls, indicating protective effects of CFE against high fat diet induced abnormalities in Wistar rats.
Fig. 1. Changes in body weight (A) plasma glucose (B), plasma insulin (C) and HOMA (D) in HFD fed rats 

[image: ]
Group- C, C+CFE, control rats treated with Caralluma fimbriata; HFD, high-fat diet fed rats; HFD+CFE, high-fat diet rats treated with Caralluma fimbriata (protective model); OBS+CFE, high-fat diet fed animals treated with Caralluma fimbriata (therapeutic model). (Values are mean ± SEM (n=6 animals in each group). a-e Significant differences between groups-C, C+CFE, HFD, HFD+CFE and OBS+CFE. 
Effects of CFE on Lipid Profile
HFD significantly increased TG, TC, LDL-C, VLDL-C, and atherogenic index, while decreasing HDL-C. CFE supplementation effectively reversed these alterations in both treatment groups. The C+CFE group also showed improved lipid profile, suggesting anti-atherogenic effects (Fig. 2A & 3D).
Fig. 2. Changes in fasting plasma leptin (A), fasting plasma triglycerides (B), and fasting plasma cholesterol (C) in HFD fed rats 
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Group-C, C+CFE, control rats treated with Caralluma fimbriata; HFD, high-fat diet fed rats; HFD+CFE, high-fat diet rats treated with Caralluma fimbriata (protective model); OBS+CFE, high-fat diet fed animals treated with Caralluma fimbriata (therapeutic model). (Values are mean ± SEM (n=6 animals in each group). 
Fig. 3. Changes in VLDL-C (A), LDL-C (B),  HDL-C (C) and Atherogenic Index (AI) in HFD fed            rats
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Group-C, C+CFE, control rats treated with Caralluma fimbriata; HFD, high-fat diet fed rats; HFD+CFE, high-fat diet rats treated with Caralluma fimbriata (protective model); OBS+CFE, high-fat diet fed animals treated with Caralluma fimbriata (therapeutic model). (Values are mean ± SEM (n=6 animals in each group). a-e Significant differences between groups-C, C+CFE, HFD, HFD+CFE and OBS+CFE. 
Effects of CFE on Hepatic Lipid Content
As shown in Table 2, rats fed a high-fat diet (HFD) exhibited a significant increase in hepatic total cholesterol (38.7%), triglycerides (75%), total lipids (45.7%), and free fatty acids (100%), along with a significant decrease in phospholipids (24.4%) compared to the control group. Co-administration of CFE in both protective (HFD+CFE) and therapeutic (OBS+CFE) groups significantly attenuated these alterations. In contrast, the C+CFE group showed no significant changes in hepatic total lipids, total cholesterol, triglycerides, or free fatty acids, with only a slight variation in phospholipid levels compared to the control group.
Table 2: Protective and therapeutic effects of CFE on hepatic lipids in five experimental groups
	Experimental Groups
	Total lipids (mg/g tissue)
	Triglyceride (mg/g tissue)
	Total Cholesterol (mg/g tissue)
	Phospholipids (mg/g tissue)
	Free fatty acids (mg/g tissue)

	C
	48.6±0.02a
	5.6±0.03a
	3.1±0.03a
	26.6±0.03a
	0.90±0.04a

	C+CFE
	47.3±0.02a
	5.5±0.03a
	2.9±0.04a
	28.1±0.02d
	0.89±0.04a

	HFD+CFE
	49.0±0.06a
	6.0±0.02b
	3.2±0.03a
	28.0±0.03d
	1.00±0.02b

	HFD
	70.8±0.03c
	9.8±0.03d
	4.3±0.01c
	20.1±0.02c
	1.80±0.04d

	OBS+CFE
	54.1±0.03b
	8.7±0.05c
	3.9±0.03b
	25.2±0.03b
	1.30±0.02c


Data are mean ± S.E.M. values of six rats per each group. Means in the same column with different superscripts are significantly different (P < 0.05). a,b,c,d,e: significant differences between groups. control rats; C+CFE, control rats treated with Caralluma fimbriata; HFD, high-fat diet fed rats; HFD+CFE, high-fat diet rats treated with Caralluma fimbriata (protective model); OBS+CFE, high-fat diet fed animals treated with Caralluma fimbriata (therapeutic model).
Effects of CFE on Serum and hepatic Transaminases
HFD significantly elevated serum SGOT, SGPT, and SALP activities, indicating liver damage. CFE supplementation markedly reduced these enzyme levels in treated groups. As shown in Fig. 4 & 5, rats in the high-fat diet (HFD) group exhibited a significant increase in hepatic transaminase activities, with glutamate oxaloacetate transaminase (GOT) and glutamate pyruvate transaminase (GPT) elevated by 25.6% and 22.4%, respectively, compared to the control group. Co-administration of CFE in both protective (HFD+CFE) and therapeutic (OBS+CFE) groups significantly attenuated these increases. GOT activity was reduced by 17.9% and 15.4%, while GPT activity decreased by 10.7% and 8.3% in HFD+CFE and OBS+CFE groups, respectively, compared to the HFD group. No significant differences in hepatic transaminase activities were observed between the control (C) and C+CFE groups.



Fig. 4. Effect of CFE on serum transaminases in HFD fed rats 
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Fig. 5. Effect of CFE on hepatic transaminases in HFD fed rats 
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Group-C,  C+CFE, control rats treated with Caralluma fimbriata; HFD, high-fat diet fed rats; HFD+CFE, high-fat diet rats treated with Caralluma fimbriata (protective model); OBS+CFE, high-fat diet fed animals treated with Caralluma fimbriata (therapeutic model). (Values are mean ± SEM (n=6 animals in each group). a-e Significant differences between groups-C, C+CFE, HFD, HFD+CFE and OBS+CFE.
Effects of CFE on Hepatic Oxidative Stress Markers
Oxidative stress was evaluated by measuring lipid peroxidation (LPO), protein oxidation (PO), and reduced glutathione (GSH) levels in liver tissue (Table 3). Rats fed a high-fat diet (HFD) showed a significant increase in LPO (214.0%) and PO (72.4%) levels, along with a marked decrease in GSH (47.2%) compared to the control group. Co-administration of CFE in both protective (HFD+CFE) and therapeutic (OBS+CFE) groups significantly reduced LPO (63.7% and 46.0%) and PO (41.7% and 29.3%) levels, while increasing GSH levels (81% and 18.4%), respectively, compared to the HFD group.
	Experimental animals
	Lipid peroxidation (nmol MDA formed/min/mg protein)
	Protein oxidation (µmol of protein carbonyls/mg protein)
	Reduced Glutathione (µg of GSH/mg protein)

	C
	24.95±0.04a
	1.74±0.03a
	7.20±0.02a

	C+CFE
	23.00±0.04b
	1.65±0.03b
	7.84±0.04b

	HFD+CFE
	28.40±0.03d
	1.75±0.03a
	6.88±0.04d

	HFD
	78.35±0.01c
	3.00±0.02c
	3.80±0.02c

	OBS+CFE
	42.30±0.03e
	2.12±0.02d
	4.50±0.04e


Table 3 
Protective and therapeutic effects of CFE on oxidative stress markers in five experimental animals
Data are mean ± S.E.M. values of six rats per each group. Means in the same column with different superscripts are significantly different (P < 0.05). a,b,c,d,e: significant differences between groups. control rats; C+CFE, control rats treated with Caralluma fimbriata; HFD, high-fat diet fed rats; HFD+CFE, high-fat diet rats treated with Caralluma fimbriata (protective model); OBS+CFE, high-fat diet fed animals treated with Caralluma fimbriata (therapeutic model).
Effects of CFE on Hepatic Antioxidant Enzymes
The activities of antioxidant enzymes i.e., glutathione peroxidase (GPx), glutathione-S-transferase (GST), glutathione reductase (GR), superoxide dismutase (SOD), and catalase (CAT) were significantly reduced in HFD-fed rats by 54.8%, 19.2%, 45.6%, 32.2%, and 18.6%, respectively, compared to controls (Figs. 6A and B). CFE supplementation in both HFD+CFE and OBS+CFE groups significantly restored these enzyme activities. Increases were observed in GPx (46.4% and 15.7%), GST (21.2% and 12.0%), GR (67.0% and 20.5%), SOD (46.5% and 26.8%), and CAT (20.0% and 9.8%) compared to the HFD group, indicating improved antioxidant defense.
Fig. 6. Effect of CFE on antioxidant enzymes in HFD fed rats 
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Group-C,  C+CFE, control rats treated with Caralluma fimbriata; HFD, high-fat diet fed rats; HFD+CFE, high-fat diet rats treated with Caralluma fimbriata (protective model); OBS+CFE, high-fat diet fed animals treated with Caralluma fimbriata (therapeutic model). (Values are mean ± SEM (n=6 animals in each group). a-e Significant differences between groups-C, C+CFE, HFD, HFD+CFE and OBS+CFE. GPx (µg of GSH consumed/min/mg protein), GR (µmol NADPH oxidized/min/mg protein), SOD (U/mg protein), and CAT (mmol H2O2 consumed/min/mg protein).
Effects of CFE on Hepatic Steatosis
Fig. 7 presents representative photomicrographs of liver sections from all experimental groups. The control group (C) exhibited normal hepatic architecture, characterized by well-arranged hepatocytes, intact portal triads, and clearly defined sinusoids, with no evidence of lipid accumulation (Fig. 7A).
Fig. 7.  Effect of CFE treatment on high fat diet induced hepatic damage in rats (H & E stain) at 10X. 
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(A) Group-C: control group; (B) Group-C+CFE: treated with Caralluma fimbriata (200 mg/kg body weight) in distilled water orally for 150 days (C+CFE); (C) Group-HFD: High fat diet fed rats; (D) Group-HFD+CFE: HFD fed rats treated with Caralluma fimbriata (200 mg/kg body weight) in distilled water orally by gastric intubation for 150 days (HFD+CFE) (protective model); (E) Group-OBS+CFE: High Fat diet fed rats treated with Caralluma fimbriata (200 mg/kg body weight) in distilled water orally for 60 days (OBS+CFE) (therapeutic model). SS- sinusoids space; CV, central vein; V, vacuolization; NC, necrotic changes; DC, degenerative changes; RCV; Regeneration Central Vein

DISCUSSION
The present study demonstrates that Caralluma fimbriata extract (CFE) exerts both protective and therapeutic effects against high-fat diet (HFD)-induced metabolic syndrome and hepatic injury. These findings are consistent with earlier reports indicating the antioxidative and metabolic regulatory potential of CFE in multiple tissues [3-4; 11-13]. The results suggest that CFE effectively attenuates key features of metabolic syndrome, including hyperglycemia, hyperinsulinemia, insulin resistance, dyslipidemia, and liver dysfunction.
    Insulin resistance (IR) is widely recognized as a central mechanism underlying metabolic syndrome. In the present study, HFD feeding significantly increased body weight, plasma glucose, insulin levels, HOMA index, and leptin levels, confirming the development of obesity and IR [32]. These changes were exacerbated with prolonged HFD exposure [33]. However, CFE administration significantly reduced body weight gain and improved glycemic control and insulin sensitivity in both preventive and therapeutic models. The ability of CFE to maintain normoglycemia and lower insulin levels suggests enhanced insulin sensitivity, which may be attributed to its bioactive constituents [11-13].
   The liver plays a central role in lipid metabolism, and its dysfunction is a hallmark of obesity-related disorders [34]. HFD-fed rats showed elevated plasma and hepatic lipid levels, including TC, TG, LDL-C, and free fatty acids, along with reduced HDL-C levels. These alterations were accompanied by histological evidence of hepatic steatosis and inflammation [35]. CFE treatment significantly improved lipid profiles and reduced hepatic lipid accumulation, indicating its antihyperlipidemic effect [13]. This may be partly due to reduced intestinal lipid absorption and modulation of lipid metabolism pathways.Elevated serum transaminases observed in HFD rats indicate hepatocellular damage, which was further supported by histopathological findings [36-42]. CFE administration effectively normalized these enzyme levels, suggesting hepatoprotective activity. The reduction in hepatic GOT and GPT activities further confirms the protective role of CFE against liver injury.
    Oxidative stress is a critical factor linking obesity to metabolic and hepatic disorders [43-44]. In the present study, HFD significantly increased lipid peroxidation and protein oxidation while reducing antioxidant defenses such as GSH and enzymatic antioxidants (SOD, CAT, GPx, GST, and GR). These findings indicate impaired redox balance due to excessive reactive oxygen species (ROS) production [41-42]. CFE supplementation markedly reduced oxidative stress markers and restored antioxidant enzyme activities, highlighting its strong antioxidant potential. This effect may be attributed to the presence of bioactive compounds such as flavonoids, saponins, and phenolic compounds [12-13].
    Histopathological analysis further supported the biochemical findings. Severe hepatic steatosis, inflammation, and cellular degeneration observed in HFD rats were markedly attenuated by CFE treatment, although not completely reversed. This indicates that while CFE has significant protective effects, prolonged damage may require extended intervention. Overall, the findings suggest that CFE mitigates HFD-induced metabolic and hepatic alterations through multiple mechanisms, including improvement of insulin sensitivity, regulation of lipid metabolism, reduction of oxidative stress, and enhancement of antioxidant defense systems. Therefore, CFE may serve as a promising natural therapeutic agent for the management of obesity-related metabolic disorders and prevention of fatty liver disease progression.
Conclusion
The present study demonstrates that a HFD induces obesity-associated metabolic disturbances, leading to oxidative stress, inflammation, and hepatic injury. Supplementation with CFE effectively ameliorated these alterations in both preventive and therapeutic models. CFE significantly improved body weight regulation, reduced oxidative stress and inflammatory responses, and protected against liver dysfunction. These findings highlight the potential of CFE as a natural therapeutic agent for managing obesity-related metabolic and hepatic disorders. However, further studies, particularly well-designed clinical trials in humans, are required to validate its efficacy and safety.
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