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ABSTRACT 
Objective: This study evaluated the effects of ethanolic extracts of Anthocephalus indicus fruit and Terminalia 
arjuna stem bark, administered individually and in combination, on oxidative stress and inflammatory biomarkers in 
high-fat high-fructose (HFHF) diet/low-dose streptozotocin (STZ)-induced metabolic syndrome in rats.  
Methods: Male Wistar rats were fed an HFHF diet for 16 weeks followed by STZ (30 mg/kg, i.p.). Animals were 
divided into seven groups (n=6): normal control, sham treated control, A. indicus (500 mg/kg), T. arjuna (500 
mg/kg), combined formulation (250+250 mg/kg), metformin (100 mg/kg), and atorvastatin (20 mg/kg); treatments 
were given orally for 21 days. Oxidative stress was assessed using superoxide dismutase (SOD), catalase (CAT), 
malondialdehyde (MDA), and reduced glutathione (GSH); inflammatory status was evaluated using tumor necrosis 
factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β).  
Results: HFHF-STZ induction significantly impaired antioxidant status and elevated lipid peroxidation and 
inflammatory biomarkers. The combined formulation produced significant improvement across all seven 
biomarkers, restoring SOD, CAT, and GSH and reducing MDA, TNF-α, IL-6, and IL-1β toward normal levels 
(p<0.001 versus sham treated control for all parameters). Its response was comparable to or better than the reference 
treatments for most parameters.  
Conclusion: The combined polyherbal ethanolic formulation demonstrated antioxidant and anti-inflammatory 
potential in HFHF-STZ-induced metabolic syndrome, supporting further investigation as a candidate approach for 
metabolic dysfunction. 
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INTRODUCTION 
Metabolic syndrome (MetS) is a multifactorial 
metabolic disorder characterized by the clustering of 
impaired glucose regulation, insulin resistance, 
central obesity, dyslipidemia, and hypertension, and 
it substantially increases the risk of type 2 diabetes 
mellitus and cardiovascular disease, raising the risk 
of type 2 diabetes fivefold and cardiovascular events 
twofold. The prevalence of MetS continues to rise in 
parallel with the global epidemic of obesity and 
diabetes, affecting approximately 20–30% of adults 
worldwide [1]. Oxidative stress is regarded as a 
central contributor to the initiation and progression of 
MetS. Metabolic abnormalities lead to increased 
formation of reactive oxygen species (ROS), 
resulting in an imbalance between oxidant production 
and endogenous antioxidant defences, which 

contributes to lipid peroxidation, membrane damage, 
and insulin signalling dysfunction. Superoxide 
dismutase (SOD), catalase (CAT) and reduced 
glutathione (GSH) are the main enzymatic and non-
enzymatic antioxidant defences and malondialdehyde 
(MDA) is a commonly employed marker of lipid 
peroxidation. MetS is characterised by a chronic 
oxidative burden that exhausts antioxidant defences 
by excessive consumption and persistent use of non-
enzymatic reserves [2,3]. Oxidative stress is closely 
interconnected with chronic low-grade inflammation, 
and the cross-promotion of these two processes 
creates a feed-forward cycle considered the “common 
soil” from which obesity, dyslipidemia, and 
hypertension develop [4]. Elevated free fatty acid 
flux from adipose tissue further promotes ROS 
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generation, endothelial dysfunction, and a 
proinflammatory adipokine profile that impairs 
insulin signaling [5]. 
The HFHF diet combined with a low intraperitoneal 
dose of STZ is an established experimental approach 
for reproducing the cardinal features of human MetS 
in rodents. Diet-based approaches are considered the 
most cost-effective models reflecting the real causes 
of the syndrome [6], and combined high-
carbohydrate, high-fat, fructose-containing diets 
closely mimic the metabolic, cardiovascular, hepatic, 
and pancreatic changes observed in human MetS, 
including visceral fat accumulation, 
hypertriglyceridemia, reduced insulin sensitivity, and 
increased lipid peroxidation. Fructose 
supplementation induces hypertension, fasting 
hyperglycemia, insulin resistance, and dyslipidemia 
[7,8], while high-fat feeding produces dyslipidemia, 
obesity, and peripheral insulin resistance. Dietary 
models alone, however, rarely produce frank 
hyperglycemia, because adequate beta-cell secretory 
capacity can compensate for insulin resistance [9,10]. 
The addition of low-dose STZ addresses this 
limitation: prolonged high-fat feeding leads to insulin 
resistance, and diabetes develops only in insulin-
resistant, high-fat-fed rats following low-dose STZ 
administration [11]. Low-dose STZ induces partial 
beta-cell dysfunction rather than complete beta-cell 
ablation, reproducing the combination of peripheral 
insulin resistance and relative insulin deficiency 
characteristic of human type 2 diabetes [12]. Low 
doses in the range of 25–35 mg/kg yield stable, 
reproducible phenotypes with moderate 
hyperglycemia, insulin resistance, and dyslipidemia, 
without the severe toxicity associated with high-dose 
STZ. Such models also allow metabolic, oxidative, 
and inflammatory abnormalities to be investigated 
simultaneously [13,14]. 
Natural products and medicinal plants have received 
considerable attention as sources of bioactive 
compounds with antioxidant and anti-inflammatory 
properties. Polyherbal formulations (PHFs) are of 
particular interest because combining extracts from 
different plants may provide complementary 
biological activities acting through multiple pathways 
rather than a single metabolic target, with increased 
efficacy, diminished toxicity, and reduced adverse 
effects relative to single-herb preparations [15,16]. A. 
indicus A. Rich. (Rubiaceae), known in the literature 
under the synonymous generic names Anthocephalus 
and Neolamarckia and commonly called Kadam, 
occupies a prominent position in Ayurveda, where its 
fruits, bark, leaves, and flowers have been used 
traditionally for diabetes, fever, inflammation, and 
liver ailments [17]. Phytochemical investigations 
have revealed indole alkaloids (cadambine, 

isocadambine, dihydrocadambine), triterpenoids such 
as quinovic acid, flavonoids, chlorogenic acid, and 
saponins [18]. Experimental studies have provided 
support for metabolic importance. Leaf and flower 
extracts exhibited significant anti-hyperglycemic 
activity in glucose loaded mice and alloxan-induced 
diabetic rats, the latter almost equivalent to 
metformin [19,20]. Ethanolic heartwood extract 
showed antidiabetic, hypolipidemic and antioxidant 
activities in STZ/high-fat diet-induced diabetic rats in 
a dose-dependent manner [21]. In diabetic wound 
models, the extract reduced lipid peroxidation 
indicators and increased SOD and catalase activity 
[22], while the anti-inflammatory potential was 
established in carrageenan-induced paw oedema [23]. 
Dyslipidemic diabetic rats treated with root extract of 
A. indicus (500 mg/kg) showed reduction in plasma 
glucose, lipids and lipid peroxides and increase in 
hepatic SOD and catalase activity [24]. T. arjuna 
(Roxb.) Wight & Arnot (Combretaceae), the classical 
Ayurvedic cardiotonic, contains flavonoids, 
triterpenoids, cardiac glycosides, tannins, and 
arjunolic acid, constituents associated with 
antioxidant, anti-inflammatory, and lipid-lowering 
actions [25]. Its stem bark has consistently 
demonstrated hypolipidemic and anti-atherogenic 
activity, reducing total cholesterol, triglycerides, and 
LDL while raising HDL [26,27], markedly reduced 
MDA and improved antioxidant enzyme activities in 
hyperlipidemic rats [28], and in high-fat diet/STZ-
induced diabetic rats lowered fasting glucose and the 
atherogenic lipid profile while restoring glutathione 
status and catalase activity [29]. In STZ-induced 
diabetic rats, T. arjuna also improved myocardial 
function and reduced inflammatory cytokine levels 
[30,31]. Taken together, the pharmacological profiles 
of these two plants appear complementary rather than 
redundant: Kadam demonstrates predominantly 
antihyperglycemic, antioxidant, and anti-
inflammatory actions, whereas Arjuna contributes 
well-characterized hypolipidemic, antioxidant, and 
cardioprotective effects. However, comparatively 
little attention has been directed toward their 
combined effects on oxidative stress and 
inflammatory biomarkers in HFHF-STZ-induced 
MetS. 
Therefore, the objective of the present study was to 
evaluate the effects of a combined ethanolic 
formulation of A. indicus fruits and T. arjuna stem 
bark, relative to each extract alone and to metformin 
and atorvastatin as reference treatments, on 
antioxidant status (SOD, CAT, GSH, MDA) and 
inflammatory biomarkers (TNF-α, IL-6, IL-1β) in 
HFHF-STZ-induced metabolic syndrome in rats. 
MATERIALS AND METHODS 
Ethical statement 
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All experimental procedures were conducted in 
accordance with the guidelines of the Committee for 
the Purpose of Control and Supervision of 
Experiments on Animals (CPCSEA), Government of 
India, and were approved by the Institutional Animal 
Ethics Committee of Era's Lucknow Medical College 
and Hospital, Era University, Lucknow, India 
(IAEC/ELMCH/2/22/-1). 
Experimental animals 
Healthy adult male Wistar rats weighing 180–200 g 
were procured from the Animal House Facility of the 
Indian Veterinary Research Institute (IVRI), 
Izatnagar, Bareilly, Uttar Pradesh, India (Registration 
No. 1652/PO/Re/S/12/CPCSEA). Animals were 
housed under controlled environmental conditions at 
23 ± 2 °C, relative humidity of 40–50%, and a 12-h 
light/12-h dark cycle, and acclimatized for 7 d before 
initiation of the experiment. Standard feed and water 
were provided ad libititum except during specified 
fasting periods. 
Preparation of extracts 
The fruits of A. indicus and stem bark of T. arjuna 
were used for preparation of the respective ethanolic 
extracts. Approximately 1 kg of each plant material 
was collected, shade-dried, and pulverized into coarse 
powder. The powdered materials were separately 
extracted repeatedly using 95% ethanol. The extracts 
were filtered and concentrated under reduced 
pressure using a rotary evaporator at a temperature 
below 50 °C, subsequently dried under high vacuum 
to remove residual solvent, and stored under 
appropriate conditions until further use. 
High-fat high-fructose diet 
An HFHF diet was prepared in-house for induction of 
metabolic abnormalities. The diet consisted of 
fructose/sucrose (220 g/kg), fat (400 g/kg), casein 
(100 g/kg), maize powder (88 g/kg), gram powder 
(60 g/kg), whole-wheat powder (6 g/kg), jaggery (80 
g/kg), mineral mixture (6 g/kg), vitamin supplement 
(10 g/kg), cholesterol (20 g/kg), and corn starch (20 
g/kg). The fat component consisted of Dalda and 
vanaspati ghee. The HFHF diet was administered for 
16 w. 
Induction of metabolic syndrome 
Following acclimatization, animals assigned to the 
metabolic syndrome groups were fed the HFHF diet 
for 16 w. At the end of the dietary induction period, 
metabolic abnormalities were further induced by 
administration of STZ (30 mg/kg body weight, 
intraperitoneally), a dose within the established low-
dose range for this model [13,14]. After 72 h, fasting 
blood glucose (FBG) was determined and an oral 
glucose tolerance test (OGTT) was performed. 
Animals showing FBG >250 mg/dl together with 
impaired glucose tolerance were considered to have 

developed the experimental metabolic phenotype and 
were included in the subsequent treatment protocol. 
Experimental groups and treatment 
Animals were randomly allocated into seven 
experimental groups, with six animals per group 
(n=6): Group I, normal control; Group II, Sham 
treated control; Group III, A. indicus ethanolic extract 
500 mg/kg; Group IV, T. arjuna ethanolic extract 500 
mg/kg; Group V, combined formulation (A. indicus 
250 mg/kg + T. arjuna 250 mg/kg); Group VI, 
metformin 100 mg/kg; Group VII, atorvastatin 20 
mg/kg. The respective treatments were administered 
orally for 21 d. Metformin and atorvastatin were used 
as reference pharmacological treatments. 
Acute oral toxicity study 
The acute oral toxicity of the combined formulation 
was evaluated according to OECD Guideline 423. 
Animals were administered the combined 
formulation orally at doses of 300, 500, 1000, 1500, 
and 2000 mg/kg and observed for 14 d for mortality 
and signs of toxicity. 
Sample collection and preparation 
Samples were obtained at the end of the treatment 
period according to the approved experimental 
protocol. Samples for biochemical and inflammatory 
analyses were  processed and stored correctly until 
analysis. Serum samples for ELISA-based 
measurements were prepared according to the sample 
requirements of the respective manufacturers. 
Assessment of oxidative stress 
Oxidative stress was evaluated by measuring MDA, 
SOD, CAT, and GSH. SOD activity was determined 
using the SOD Activity Assay Kit (BioVision, 
Milpitas, USA; Cat. No. K335-100), a colorimetric 
enzyme-activity assay based on WST-1 reduction by 
superoxide; SOD inhibits this reduction, and the 
resulting percentage inhibition of WST-1 reduction 
was used to determine SOD activity. CAT activity 
was determined based on the decomposition of 
hydrogen peroxide by the method of Aebi, monitored 
spectrophotometrically at 240 nm, and expressed as 
U/mg protein. Lipid peroxidation was examined 
using the thiobarbituric acid reactive substances 
(TBARS) method of Ohkawa et al., for measurement 
of MDA, with absorbance of the organic phase read 
at 532 nm and the results represented as nmol 
MDA/mg protein. The GSH level was determined 
using the GSH/GSSG Assay Kit (MedChemExpress, 
USA; Cat. No. HY-K0311-100T) based on enzymatic 
reaction between 5,5′-dithiobis-(2-nitrobenzoic acid) 
(DTNB) and glutathione reductase that was measured 
kinetically at 412 nm. 
Assessment of inflammatory biomarkers 
The inflammatory response was evaluated by 
determining TNF-α, IL-6, and IL-1β concentrations 
in serum using rat-specific sandwich ELISA kits. 
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TNF-α was quantified using the Rat TNF-α ELISA 
Kit (Elabscience, USA; Cat. No. E-EL-R2856), 
validated for serum with a detection range of 15.63–
1000 pg/ml. IL-6 was determined using the Rat IL-6 
ELISA Kit (RayBiotech, USA; Cat. No. ELR-IL6), 
with a minimum detectable dose of 30 pg/ml. IL-1β 
was determined using the Elabscience Rat IL-1β 
ELISA Kit (Cat. No. E-EL-R0012), with a detection 
range of 31.25–2000 pg/ml and a sensitivity of 18.75 
pg/ml. Absorbance was measured at 450 ± 2 nm 
using a microplate reader, concentrations were 
calculated from four-parameter logistic (4PL) 
standard curves with correction for the dilution 
factor, and samples and standards were analyzed in 
duplicate. 
Statistical analysis 
All quantitative data were expressed as mean ± 
standard error of the mean (SEM) for n=6 animals 
per group. Data were analyzed using one-way 
analysis of variance (ANOVA) followed by Dunnett's 
multiple-comparisons test, with the Sham treated 
control group used as the reference group, using 
GraphPad Prism software. A value of p<0.05 was 
considered statistically significant and is represented 
as *p<0.05, **p<0.01, and ***p<0.001. 
RESULTS 
The acute oral toxicity assessment of the combined A. 
indicus and T. arjuna ethanolic extract formulation 
showed no mortality or treatment-related signs of 
toxicity at doses up to 2000 mg/kg during the 14-day 
observation period. No marked changes in general 
behaviour, activity, feeding, or other visible clinical 
signs were observed. Based on these findings, the 
oral median lethal dose (LD50) of the combined 
formulation was considered to be greater than 2000 
mg/kg under the conditions of the study. 
Effect of treatment on oxidative stress biomarkers 
HFHF-STZ induction was associated with a marked 
alteration in oxidative stress parameters compared 
with the normal control group. SOD activity was 
significantly lower in the sham treated control group 
than in the normal control (57.50 ± 6.61 versus 85.50 
± 2.89 % inhibition of WST-1 reduction, p < 0.001). 
Treatment with A. indicus (68.25 ± 4.43, p < 0.01), T. 
arjuna (73.75 ± 2.22, p < 0.001), the combined 
formulation (80.75 ± 1.71, p < 0.001), metformin 
(66.00 ± 2.58, p < 0.05), and atorvastatin (68.00 ± 
3.92, p < 0.01) each significantly increased SOD 
activity compared with the sham treated control, with 
the combined formulation producing the greatest 
restoration toward the normal-control level (fig. 1A 
and Table 1). 
Table 1: Dunnett's Multiple Comparison Test for 
superoxide dismutase (SOD) activity 
Dunnett's 
Multiple 

Mea
n q 

Significant
? P < 0.05? 

Sum
mar

95% CI 
of diff 

Comparison Test Diff. y 

Sham Control vs 
Normal 

-
28.00 

10
.4
0 Yes *** 

-35.51 
to -
20.49 

Sham Control vs 
A. indicus 

-
10.75 

3.
99
4 Yes ** 

-18.26 
to -
3.237 

Sham Control vs 
T. arjuna 

-
16.25 

6.
03
8 Yes *** 

-23.76 
to -
8.737 

Sham Control vs 
C.F 

-
23.25 

8.
63
8 Yes *** 

-30.76 
to -
15.74 

Sham Control vs 
Metformin 

-
8.500 

3.
15
8 Yes * 

-16.01 
to -
0.9873 

Sham Control vs 
Atorvastatin 

-
10.50 

3.
90
1 Yes ** 

-18.01 
to -
2.987 

Dunnett’s post-hoc test following one-way ANOVA; 
n = 6 per group. Comparisons were made with the 
HFHF-STZ control group. P < 0.05 was considered 
statistically significant. Data were analyzed using 
GraphPad Prism. 
CAT activity was significantly reduced following 
HFHF-STZ induction (24.00 ± 2.94 versus 42.25 ± 
3.30 U/mg protein, p < 0.001). Treatment with A. 
indicus (32.75 ± 2.99, p < 0.01), T. arjuna (35.25 ± 
3.10, p < 0.001), the combined formulation (41.25 ± 
2.99, p < 0.001), metformin (36.25 ± 1.71, p < 
0.001), and atorvastatin (29.75 ± 2.50, p < 0.05) 
significantly increased CAT activity compared with 
the sham treated control. The combined formulation 
showed a response approaching the normal-control 
level (Fig. 1B and Table 2). 
Table: 2 Dunnett's Multiple Comparison Test for 
catalase activity 
Dunnett's 
Multiple 
Comparison Test 

Mea
n 
Diff. q 

Significant
? P < 0.05? 

Sum
mar
y 

95% CI 
of diff 

Sham Control vs 
Normal 

-
18.25 

9.
11
1 Yes *** 

-23.84 
to -
12.66 

Sham Control vs 
A. indicus 

-
8.750 

4.
36
9 Yes ** 

-14.34 
to -
3.159 

Sham Control vs 
T. Arjuna 

-
11.25 

5.
61
7 Yes *** 

-16.84 
to -
5.659 

Sham Control vs 
C.F 

-
17.25 

8.
61
2 Yes *** 

-22.84 
to -
11.66 

Sham Control vs 
Metformin 

-
12.25 

6.
11 Yes *** 

-17.84 
to -
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6 6.659 

Sham Control vs 
Atorvastatin 

-
5.750 

2.
87
1 Yes * 

-11.34 
to -
0.1591 

Dunnett’s post-hoc test following one-way ANOVA; 
n = 6 per group. Comparisons were made with the 
HFHF-STZ control group. P < 0.05 was considered 
statistically significant. Data were analyzed using 
GraphPad Prism. 
MDA concentration was markedly elevated in the 
sham treated control group, indicating increased lipid 
peroxidation (3.97 ± 0.63 versus 2.18 ± 0.22 
nmol/mg protein, p < 0.001). Treatment with T. 
arjuna (3.25 ± 0.24, p < 0.05), the combined 
formulation (3.05 ± 0.40, p < 0.01), and metformin 
(3.28 ± 0.17, p < 0.05) significantly reduced MDA 
levels compared with the sham treated control, 
whereas A. indicus (3.87 ± 0.17) and atorvastatin 
(4.05 ± 0.31) did not produce a statistically 
significant change. The combined formulation 
produced the greatest reduction among all treated 
groups (Fig. 1C and Table 3). 
Table 3: Dunnett's Multiple Comparison Test for 
malondialdehyde (MDA) level 
Dunnett's 
Multiple 
Comparison Test 

Mea
n 
Diff. q 

Significant
? P < 
0.05? 

Sum
mar
y 

95% CI 
of diff 

Sham Control vs 
Normal 

1.80
0 

7.4
07 Yes *** 

1.122 to 
2.478 

Sham Control vs 
A. indicus 

0.10
00 

0.4
11
5 No ns 

-0.5783 
to 
0.7783 

Sham Control vs 
T. Arjuna 

0.72
50 

2.9
84 Yes * 

0.04673 
to 1.403 

Sham Control vs 
C.F 

0.92
50 

3.8
07 Yes ** 

0.2467 
to 1.603 

Sham Control vs 
Metformin 

0.70
00 

2.8
81 Yes * 

0.02173 
to 1.378 

Sham Control vs 
Atorvastatin 

-
0.07
500 

0.3
08
6 No ns 

-0.7533 
to 
0.6033 

Dunnett’s post-hoc test following one-way ANOVA; 
n = 6 per group. Comparisons were made with the 
HFHF-STZ control group. P < 0.05 was considered 
statistically significant. Data were analyzed using 
GraphPad Prism. 
GSH levels were significantly reduced in the sham 
treated control group compared with the normal 
control (48.50 ± 7.59 versus 69.00 ± 18.07 µmol/g 
protein, p < 0.001). Treatment with A. indicus (57.00 
± 3.16, p < 0.001), the combined formulation (66.50 
± 3.70, p < 0.001), metformin (66.00 ± 8.04, p < 
0.001), and atorvastatin (55.00 ± 3.27, p < 0.01) 
significantly restored GSH compared with the sham 
treated control, whereas T. arjuna alone (51.75 ± 

5.25) did not reach statistical significance. The 
combined formulation produced the greatest 
restoration among the extract-treated groups, 
approaching the normal-control level (Fig. 1D and 
Table 4). 
Table 4: Dunnett's Multiple Comparison Test for 
reduced glutathione (GSH) level 
Dunnett's Multiple 
Comparison Test 

Mean 
Diff. q 

Significan
t P < 0.05 

Sum
mary 

95% CI 
of diff 

Sham Control vs 
Normal 

-
32.75 

12
.7
6 Yes *** 

-39.92 
to -
25.58 

Sham Control vs 
A. indicus 

-
13.75 

5.
35
7 Yes *** 

-20.92 
to -
6.585 

Sham Control vs 
T. arjuna 

-
5.750 

2.
24
0 No ns 

-12.92 
to 1.415 

Sham Control vs 
C.F 

-
19.75 

7.
69
4 Yes *** 

-26.92 
to -
12.58 

Sham Control vs 
Metformin 

-
24.50 

9.
54
4 Yes *** 

-31.67 
to -
17.33 

Sham Control vs 
Atorvastatin 

-
10.75 

4.
18
8 Yes ** 

-17.92 
to -
3.585 

Dunnett’s post-hoc test following one-way ANOVA; 
n = 6 per group. Comparisons were made with the 
HFHF-STZ control group. P < 0.05 was considered 
statistically significant. Data were analyzed using 
GraphPad Prism. 

 

Fig. 1: Effect of treatments on oxidative stress 
biomarkers in HFHF-STZ-induced metabolic 
syndrome in rats. (A) SOD activity; (B) CAT 
activity; (C) MDA level; (D) GSH level. Bars 
represent mean ± SEM (n = 6); significance 
markers denote comparisons versus the sham 
treated control group. 
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Values are mean ± SEM (n = 6). Significance from 
one-way ANOVA followed by Dunnett's multiple-
comparisons test: each group compared with the 
sham treated control. Normal control vs sham treated 
control was significant (p < 0.001) for all 
parameters. *p < 0.05, **p < 0.01, ***p < 0.001, ns 
= not significant. Groups: A. indicus = ethanolic 
extract 500 mg/kg; T. arjuna = ethanolic extract 500 
mg/kg; Combined = A. indicus 250 + T. arjuna 250 
mg/kg. 
Effect of treatment on inflammatory biomarkers 
HFHF-STZ induction was associated with a 
significant increase in circulating inflammatory 
biomarkers. Serum TNF-α concentration was 
markedly elevated in the sham treated control group 
compared with the normal control (162.00 ± 2.58 
versus 102.00 ± 6.27 pg/ml, p < 0.001). Treatment 
with T. arjuna (141.00 ± 9.93, p < 0.01), the 
combined formulation (131.25 ± 8.54, p < 0.001), 
and metformin (135.50 ± 9.98, p < 0.001) 
significantly reduced serum TNF-α compared with 
the sham treated control, whereas A. indicus (155.25 
± 4.11) and atorvastatin (153.50 ± 4.65) did not reach 
statistical significance. The combined formulation 
produced the greatest reduction, approaching the 
normal-control range (fig. 2A Table 5). 
Table 5: Dunnett's Multiple Comparison Test for 
tumor necrosis factor-alpha (TNF-α) level 

Dunnett's Multiple 
Comparison Test 

Mean 
Diff. q 

Significant
? P < 0.05? 

Sum
mar
y 

95% CI 
of diff 

Sham Control vs 
Normal 60.00 

11
.9
0 Yes *** 

45.93 
to 
74.07 

Sham Control vs 
A. indicus 6.750 

1.
33
9 No ns 

-7.322 
to 
20.82 

Sham Control vs 
T. arjuna 21.00 

4.
16
5 Yes ** 

6.928 
to 
35.07 

Sham Control vs 
C.F 30.75 

6.
09
9 Yes *** 

16.68 
to 
44.82 

Sham Control vs 
Metformin 26.50 

5.
25
6 Yes *** 

12.43 
to 
40.57 

Sham Control vs 
Atorvastatin 8.500 

1.
68
6 No ns 

-5.572 
to 
22.57 

Dunnett’s post-hoc test following one-way ANOVA; 
n = 6 per group. Comparisons were made with the 
HFHF-STZ control group. P < 0.05 was considered 
statistically significant. Data were analyzed using 
GraphPad Prism. 

IL-6 concentration showed a significant increase 
following HFHF-STZ induction (72.75 ± 2.06 versus 
42.75 ± 5.25 pg/ml, p < 0.001). Treatment with T. 
arjuna (63.25 ± 4.03, p < 0.01), the combined 
formulation (61.75 ± 3.59, p < 0.01), and metformin 
(60.00 ± 2.58, p < 0.001) significantly reduced IL-6 
levels compared with the sham treated control, 
whereas A. indicus (66.50 ± 3.11) and atorvastatin 
(70.00 ± 2.45) did not reach statistical significance. 
The combined formulation produced a more 
pronounced reduction toward the normal-control 
value (Fig. 2B and Table 6). 
Table 6: Dunnett's Multiple Comparison Test for 
interleukin-6 (IL-6) level 

Dunnett's Multiple 
Comparison Test 

Mean 
Diff. q 

Significant
? P < 0.05 

Sum
mar
y 

95% CI 
of diff 

Sham Control vs 
Normal 30.00 

12
.3
0 Yes *** 

23.19 to 
36.81 

Sham Control vs 
A. indicus 6.250 

2.
56
2 No ns 

-0.5600 
to 13.06 

Sham Control vs 
T. arjuna 9.500 

3.
89
4 Yes ** 

2.690 to 
16.31 

Sham Control vs 
C.F 11.00 

4.
50
9 Yes ** 

4.190 to 
17.81 

Sham Control vs 
Metformin 12.75 

5.
22
6 Yes *** 

5.940 to 
19.56 

Sham Control vs 
Atorvastatin 2.750 

1.
12
7 No ns 

-4.060 
to 9.560 

Dunnett’s post-hoc test following one-way ANOVA; 
n = 6 per group. Comparisons were made with the 
HFHF-STZ control group. P < 0.05 was considered 
statistically significant. Data were analyzed using 
GraphPad Prism. 
IL-1β was significantly elevated in the sham treated 
control group relative to the normal control (145.50 ± 
6.19 versus 77.00 ± 6.32 pg/ml, p < 0.001). 
Treatment with A. indicus (113.00 ± 6.48), T. arjuna 
(103.75 ± 4.86), the combined formulation (84.50 ± 
2.65), metformin (90.25 ± 4.11), and atorvastatin 
(121.25 ± 7.76) all significantly reduced IL-1β 
concentrations compared with the sham treated 
control (all p < 0.001). The combined formulation 
produced the greatest reduction among the extract-
treated groups, approaching the normal-control level 
(Fig. 2C and Table 7). 
Table 7: Dunnett's Multiple Comparison Test for 
interleukin-1 beta (IL-1β) level 
Dunnett's Multiple Mean q Significant Sum 95% CI 
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Comparison Test Diff. ? P < 0.05 mary of diff 

Sham Control vs 
Normal 68.50 

16
.9
7 Yes *** 

57.23 
to 
79.77 

Sham Control vs 
A. indicus 32.50 

8.
05
2 Yes *** 

21.23 
to 
43.77 

Sham Control vs 
T. arjuna 41.75 

10
.3
4 Yes *** 

30.48 
to 
53.02 

Sham Control vs 
C.F 61.00 

15
.1
1 Yes *** 

49.73 
to 
72.27 

Sham Control vs 
Metformin 55.25 

13
.6
9 Yes *** 

43.98 
to 
66.52 

Sham Control vs 
Atorvastatin 24.25 

6.
00
8 Yes *** 

12.98 
to 
35.52 

Dunnett’s post-hoc test following one-way ANOVA; 
n = 6 per group. Comparisons were made with the 
HFHF-STZ control group. P < 0.05 was considered 
statistically significant. Data were analyzed using 
GraphPad Prism. 

 
Fig. 2: Effect of treatments on serum 
inflammatory cytokines in HFHF-STZ-induced 
metabolic syndrome in rats. (A) TNF-α; (B) IL-6; 
(C) IL-1β. Bars represent mean ± SEM (n = 6); 
significance markers denote comparisons versus 
the sham treated control group. 
Values are mean ± SEM (n = 6). Significance from 
one-way ANOVA followed by Dunnett's multiple-
comparisons test: each group compared with the 
sham treated control. Normal control vs sham treated 
control was significant (p < 0.001) for all 
parameters. *p < 0.05, **p < 0.01, ***p < 0.001, ns 
= not significant. Groups: A. indicus = ethanolic 
extract 500 mg/kg; T. arjuna = ethanolic extract 500 
mg/kg; Combined = A. indicus 250 + T. arjuna 250 
mg/kg. 
Overall, HFHF-STZ induction was associated with 
increased oxidative stress and inflammatory activity, 

characterized by reduced antioxidant parameters and 
increased lipid peroxidation and inflammatory 
biomarkers. Treatment with the combined A. indicus 
+ T. arjuna formulation was the only treatment that 
produced significant improvement across all seven 
biomarkers, showing a greater tendency toward 
restoration of antioxidant status and reduction of 
inflammatory markers compared with the individual 
extracts. 
DISCUSSION 
MetS is characterized by the coexistence of impaired 
glucose regulation, dyslipidemia, insulin resistance, 
and increased oxidative and inflammatory stress. 
Persistent metabolic disturbances can promote 
excessive generation of ROS, leading to lipid 
peroxidation, depletion of endogenous antioxidants, 
and activation of inflammatory signalling pathways 
[2,4]. The present study evaluated the effects of 
combined ethanolic extracts of A. indicus and T. 
arjuna on selected oxidative stress and inflammatory 
biomarkers in an HFHF-STZ-induced rat model. The 
sham treated control group showed a clear 
disturbance in antioxidant status, characterized by 
lower SOD, CAT, and GSH and increased MDA 
compared with the normal control, consistent with the 
development of oxidative stress following dietary 
metabolic stress combined with STZ-induced 
pancreatic dysfunction. Increased ROS can 
overwhelm antioxidant defence systems and initiate 
membrane lipid peroxidation, leading to higher 
MDA. Similar changes in SOD, CAT, GSH and 
MDA have been described in HFD/STZ and STZ-
induced diabetic rat models [29]. The decline in SOD 
reflects a disrupted enzymatic defence against 
superoxide radicals, the parallel decline in CAT 
reflects a disruption of the downstream antioxidant 
defence system, and the depletion of GSH reflects an 
increased utilisation of the non-enzymatic antioxidant 
reserve under chronic oxidative stress [3]. 
Treatment with A. indicus improved the antioxidant 
profile compared with the sham treated control, 
consistent with previous experimental evidence: 
administration of A. indicus root extract at 500 mg/kg 
in dyslipidemic diabetic rats has been reported to 
reduce lipid peroxidation and stimulate hepatic SOD 
and catalase activities [24]. The response observed 
with T. arjuna was likewise consistent with previous 
studies, in which T. arjuna administered at 500 
mg/kg in an HFD/STZ diabetic model significantly 
improved oxidative stress-related parameters 
including MDA, GSH, and CAT [29], and reduced 
oxidative stress and inflammatory cytokine levels in 
STZ-induced diabetic rats [30]. Interestingly, the 
combined formulation produced a better 
improvement in antioxidant parameters than any 
individual extract with SOD, CAT and GSH close to 
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the values of the normal group and with MDA 
significantly decreased. These results may suggest 
that the antioxidant activity of the two plant extracts 
is complimentary when combined. However, the 
present findings should be interpreted as an enhanced 
response to the combined formulation rather than 
definitive evidence of pharmacological synergy 
unless a formal interaction or combination-index 
analysis is performed. The improvement in GSH 
following treatment is particularly relevant because 
GSH constitutes an important intracellular non-
enzymatic antioxidant involved in maintaining 
cellular redox balance, and its restoration may reduce 
the susceptibility of cellular membranes to oxidative 
damage. 
In addition to oxidative stress, the HFHF-STZ model 
was associated with an increase in the inflammatory 
biomarkers TNF-α, IL-6, and IL-1β. Metabolic stress 
and oxidative imbalance can activate inflammatory 
signalling pathways, including NF-κB-associated 
pathways, resulting in increased production of 
proinflammatory cytokines [4,5]. The reduction of 
these cytokines following treatment suggests that 
improvement in oxidative status may be accompanied 
by attenuation of inflammatory responses. The 
reduction in TNF-α following the combined 
formulation is particularly relevant because TNF-α is 
an important mediator of metabolic inflammation 
associated with insulin resistance and inflammatory 
tissue responses [5]. Because oxidative stress and 
inflammation are closely interconnected, restoration 
of antioxidant defenses may contribute to reduced 
cytokine production. However, the present study 
cannot establish a direct causal relationship between 
antioxidant restoration and cytokine suppression 
because signalling pathways such as NF-κB, Nrf2, or 
related molecular targets were not directly measured. 
Metformin was included as a reference treatment 
because of its established use in metabolic disease. Its 
improvement of antioxidant and inflammatory 
parameters is consistent with reports that metformin 
at 100 mg/kg reduces oxidative stress markers and 
improves antioxidant status in experimental diabetes; 
however, in the present study metformin did not 
reach the improvement observed with the combined 
formulation for several parameters. Atorvastatin 
requires a more cautious interpretation. Statins can 
exert effects beyond lipid lowering, including 
modulation of oxidative and inflammatory processes, 
but their effects may depend on the experimental 
model, tissue, and duration of treatment. One study in 
HFD/STZ diabetic rats reported that atorvastatin at 
20 mg/kg increased hepatic ROS and inflammatory 
mediators while reducing SOD and CAT activity, 
whereas a more recent study in high-fat diet/STZ 
diabetic rats reported partial anti-inflammatory 

effects of atorvastatin 20 mg/kg. Thus, the 
comparatively weak and frequently non-significant 
response of the atorvastatin group in the present 
study, with MDA even slightly above the sham 
treated control level, should be interpreted in the 
context of the specific HFHF-STZ model and 
experimental conditions rather than assuming a 
uniform antioxidant or anti-inflammatory effect. 
Taken together, the findings suggest that HFHF-STZ-
induced metabolic stress is accompanied by 
simultaneous oxidative and inflammatory 
disturbances. The combined A. indicus + T. arjuna 
formulation produced a more pronounced overall 
restoration of antioxidant and inflammatory 
parameters than the individual extracts, biologically 
consistent with the antioxidant and anti-inflammatory 
properties previously reported for both plants [24,26]. 
Nevertheless, further mechanistic studies examining 
insulin signalling, Nrf2/HO-1, NF-κB, and related 
molecular pathways would be required to establish 
the mechanisms underlying the observed effects. 
CONCLUSION 
The present study indicates that HFHF-STZ-induced 
metabolic stress is associated with marked 
disturbances in oxidative balance and inflammatory 
status, characterized by impaired antioxidant 
defenses, increased lipid peroxidation, and elevation 
of pro-inflammatory cytokines. Treatment with 
ethanolic extracts of A. indicus and T. arjuna 
improved these alterations, and the combined 
formulation at 250 + 250 mg/kg was the only 
treatment that achieved statistically significant 
improvement across all seven biomarkers, showing a 
more pronounced overall effect than the individual 
extracts and comparable to or better than metformin 
and atorvastatin. These findings support the potential 
of this combined ethanolic extract formulation as a 
candidate for further investigation in metabolic 
syndrome, pending additional studies involving 
molecular targets, insulin-signalling pathways, and 
long-term safety. 
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