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ABSTRACT

Objective: To determine the qualitative and quantitative
phytochemical components in the aqueous leaf extract of Trigonella
foenum—graecum L. (AqE-TFG) and evaluate its therapeutic potential
against high-fat diet-associated dyslipidemia in high-fat diet-induced
obese rats.

Methods: A total of 24 healthy adult male albino rats were randomly
divided into 4 groups (n=6): Group 1 (normal control), Group 2
(untreated dyslipidemic control), Group 3 and 4 (low and high dose
treatments of AqE-TFG 250 mg/kg and 500 mg/kg). Blood samples
were collected for the estimation of lipid profile, oxidative markers,
biochemical parameters, and histopathology of adipose tissue. Gene
expression analysis was performed using qRT PCR.

Results: AqQE-TFG showed antioxidant activity (ICs, = 4.82 pg/mL).
HPLC analysis showed the presence of sinapic acid, p-coumaric acid,
gallic acid, salicylic acid, kaempferol, ferulic acid, chlorogenic acid,
quercetin, and HB acid. AqE-TFG remarkably inhibited body
weight gain and restored the lipid profile. Furthermore, AqE-TFG
elevated superoxide dismutase and catalase levels. Besides, AqE-
TFG significantly downregulated mRNA expression levels of dual
oxidase-related genes (Duox, Duoxa-1, Duox2) and downstream
MAPK/JNK signaling cascade genes (MAPKS, Traf4, Traf6).
Adipose tissue histology showed well-organized, intact adipocytes in
treatment groups.

Conclusions: AqE-TFG has both preventive and therapeutic effects
against high-fat diet-induced dyslipidemia. AQE-TFG could enhance
antioxidant defense and restore histopathological lesions via MAPK/

JNK signaling pathway.

KEYWORDS: Dyslipidemia; Trigonella foenum—graecum
L.; Phytochemical; Adipose cells; Antioxidant; Lipid

1. Introduction

Dyslipidemia is a metabolic disorder manifested by abnormally
low or high levels of all plasma lipids, including triglycerides
(TG), total cholesterol (TC), phospholipids, and lipoproteins|1].
Hypercholesterolemia is a prevalent subtype of dyslipidemia,
characterized by increased low-density lipoprotein cholesterol

(LDL-C), elevated TG, and decreased high-density lipoprotein

Summary

Question: Could the aqueous leaf extract of Trigonella foenum—
graecum (AqE-TFG) alleviate high-fat diet-triggered dyslipidemia
by mitigating oxidative stress and modulating the DUOX and
MAPK/JNK signaling cascades?

Findings: AqE-TFG decreased excessive body weight gain
and ameliorated abnormal serum lipid profiles. Additionally, it
enhanced the activity of superoxide dismutase and catalase, and
restored normal adipose tissue morphology. Furthermore, AqE-
TFG regulated the DUOX family gene expression and modulated
the downstream MAPK/JNK pathway.

Meaning: AqE-TFG possesses remarkable antihyperlipidemic
properties and may serve as a promising natural therapeutic
agent for the management of obesity-associated dyslipidemia by
regulating oxidative stress-mediated DUOX and MAPK/JNK

signaling pathways.
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cholesterol (HDL-C). Elevated LDL-C levels in dyslipidemia raise
the risk of cardiovascular disease, and thus LDL-C lowering is
considered an effective therapeutic strategy to hinder the disease
progression[2].

Metabolic disorders cover a spectrum of pathological states
such as obesity/overweight, hyperlipidemia, diabetes mellitus,
hypertension, and hyperuricemia. Over the past two decades,
global shifts in dietary habits and lifestyle have contributed to a
rise in the prevalence of these metabolic diseases. Patients with
metabolic disorders or diabetes exhibit greater susceptibility to
atherogenic dyslipidemia and are more likely to have cardiovascular
diseases|3]. With the increasing global prevalence of dyslipidemia,
lipid-lowering medications may reduce the risk of cardiovascular
disease in vulnerable patients. Epidemiological studies report a
higher obesity rate in women relative to men, and obese females
are prone to reproductive issues, metabolic disorders, and cardiac
diseases in later life[4]. There is no permanent cure for dyslipidemia,
and current treatment strategies focus on the prevention of disease
relapse. Statins, classified as HMG-CoA reductase inhibitors,
serve as a rational frontline drug against dyslipidemia with low-
density lipoproteins (LDL) as the primary target. Statins lower
the LDL-C levels by blocking 3-hydroxy-3-methyl glutaryl
coenzyme A reductase and upregulating LDL receptors. Overall,
statins are considered safe and effective agents for the treatment of
dyslipidemia, but long-term administration may have adverse effects
in certain patientss|.

Recently, several folk medicinal herbs have attracted the
attention of researchers for their cholesterol-reducing efficacy.
Their antihyperlipidemic effect arises from promoting fecal bile
acid secretion and excretion, as well as inhibiting cholesterol
synthesis and esterification. A variety of phytochemicals widely
identified in medicinal plants, including phenolics, saponins, fibers,
polysaccharides, alkaloids, and terpenoids, exert antioxidant and
hypolipidemic effects. They constitute vital components of the
antioxidant defense system and inhibit lipid peroxidation. Among
these phytocompounds, phenolic compounds are distinguished for
their ability to mitigate oxidative stress, thereby maintaining the
integrity of cell membranes and tissues|6].

Many plants exhibit antihyperlipidemic activity. Fenugreek
(Trigonella foenum—graecum L, T. foenum—graecum), an annual
herb belonging to the Fabaceae family, possesses abundant
nutritional and bioactive ingredients in both its leaves and seeds.
Various phytochemicals within its seeds and leaves contribute to
its medicinal benefits and spicy flavor|7]. Current research on the
hypolipidemic actions of T. foenum-graecum L. is still limited,
which underscores the importance of exploring its anti-dyslipidemia

activity.
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2. Methods

2.1. Main reagents

CHOD-POD method kit (QCA®, Spain) and ELISA kits (Bioassay
Technology Laboratory, Shanghai, China) were used. HPLC-
grade solvents such as acetic acid, methanol, acetonitrile, and
dimethylsulfoxide were purchased from Sigma (Sigma-Aldrich,
Germany). Reference compounds like gallic acid, sinapic acid,
quercetin, p-coumaric acid, salicylic acid, and kaempherol were also

purchased from Sigma-Aldrich (Sigma-Aldrich, Germany).

2.2. Ethical approval

All in vivo experiment protocols were approved by the Institutional
Biosafety and Bioethical Committee, with protocol number D. No.
3937/ORIC, dated 10-07-2024. All animal care and experimental
procedures strictly complied with the Guidelines of National
Biosafety Rules 2005 (Amended 2024), the Punjab Animal Health

Act 2019, and institutional bioethics protocols.

2.3. Plant collection and preparation of extract

T. foenum—graecum L. leaves were morphologically authenticated
by a taxonomist from the Department of Botany, and the voucher
specimen was deposited with herbarium accession number 47-
2-24. The leaves were washed and air-dried in the shade at room
temperature for two weeks. After complete drying, the sample
was ground into a fine powder for extraction. Then 10 g of the leaf
powder was immersed in 100 mL of distilled water, heated and
stirred at 75 °C and 120 rpm for 30 min using a magnetic stirrer. The
mixture was filtered using a muslin cloth, followed by a Whatman
filter paper. Then, the filtrate was concentrated using a rotary

evaporator, and the extract was preserved for further formulation(s].

2.4. Quantification by high—performance liquid
chromatography (HPLC)

Phytochemicals of T. foenum—graecum leaf extract were quantified
and identified via HPLC by comparing their retention times with
reference standards[9]. Chromatographic separation was performed
using a C18 column (25 cm % 4.6 mm, 5 pm; Shimadzu, Japan) as
the stationary phase. Pure acetonitrile was used as mobile phase B
with a gradient elution program set as follows: 15% B from 0 to 15
min, 45% B from 15 to 30 min, and 100% B from 30 to 45 min. The
injection volume of the sample was 20 uL, with a constant flow rate
of 1 mL/min. The detection wavelength was set in the range of 280-
360 nm.
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2.5. DPPH assay

The DPPH scavenging activity of leaf extracts was assayed
according to Neupane and Lamichhane’s method with minor
modifications. A fresh DPPH working solution was prepared
by dissolving 0.004 g DPPH reagent in 100 mL of methanol.
Subsequently, 20 pL serially diluted leaf extract or standard solution
was mixed with 180 pL freshly prepared DPPH solution in a 96-well
plate. The plate was incubated in the dark for 15 min, and absorbance
was detected at 517 nm using a spectrophotometer (Thermo Fisher
Scientific, Type 1510). Methanol blank and methanolic ascorbic
acid standard were assayed simultaneously. Serial concentrations
of leaf extracts were tested to calculate the half-maximal inhibitory
concentration (ICs,). Each sample was analyzed in triplicate, and
the radical scavenging rate was calculated using the following
equation(10].

%Inhibition=[(Blank absorbance—Sample absorbance)x100]/Blank

absorbance

2.6. Experimental animals

A total of 24 healthy adult male albino rats, weighing 150-200 g,
were included in this study. They were acclimatized for one week
before the initiation of the experiments. All animals were maintained
under standardized laboratory conditions: (23 +2)°C, a 12 /12 h
light-dark cycle, and 40%-60% humidity, with free access to diet
and tap water. The study lasted 48 days, comprising two consecutive
phases: a 20-day modeling phase (Phase I) for dyslipidemia
induction, followed by a 28-day treatment phase (Phase II) for
pharmacological intervention.

Dyslipidemia was induced in rats »ia administration of a 30%
high-fat diet (HFD) (20% proteins, 50% carbohydrates, 30% fats).
Rats were randomly divided into 4 groups (n=6): Group 1 (normal
control), consisting of healthy rats with no intervention; Group
2 (untreated dyslipidemic control), comprising HFD-induced
dyslipidemic rats without drug treatment; Group 3 (low-dose
treatment), where dyslipidemic rats were orally administered 7.
foenum—graecum aqueous leaf extract at 250 mg/kg body weight;
and Group 4 (high-dose treatment), where dyslipidemic rats received
oral T. foenum-graecum aqueous extract at 500 mg/kg body weight.
All dosage were determined by a pilot study.

Rat body weights were measured at the beginning and end of the

experiment to verify successful dyslipidemia induction.

2.7. Determination of serum biomarkers

At the end of the 48-day experimental period, all rats were
decapitated, and whole blood samples were immediately harvested.
Serum was separated by centrifugation at 4 000 rpm and preserved

at —20 °C for subsequent biochemical analysis.
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Serum levels of TC, TG, HDL-C, LDL-C, aspartate
aminotransferase (AST), alanine aminotransferase (ALT), and
alkaline phosphatase (ALP) were determined using a commercial
assay kit (QCA", Spain).

2.8. Determination of hepatic oxidative stress biomarkers

Liver tissues were harvested. A 10% (w/) liver homogenate was
prepared by homogenizing in pre-cooled 10% potassium chloride,
followed by centrifugation at 3000 rpm for 15 min. The activities of
superoxide dismutase (SOD) and catalase (CAT) were determined

by using the commercial assay Kkits.

2.9. Quantitative gene expression by RT-PCR analysis

TRIzol reagent was utilized to extract total RNA from liver tissues,
which was quantified by a NanoDrop spectrophotometer. mRNA
was reverse-transcribed to cDNA, and qRT-PCR was conducted on a
Bio-Rad iQ5 system with Maixma SYBR Green/ROX qPCR Master
Mix (2%). The amplification program included 15 s denaturation
at 95°C, 30 s annealing at 58 °C, and 20 s extension at 72 °C[11].
Relative mRNA expression was quantified by the 27**“ method.
Primers for the Duox, Duoxa-1, Duox2, MAPKS, Traf4, Traf6, and
B-actin (housekeeping gene) were used following the manufacturer's

instructions (Supplementary Table 1).

2.10. Histopathological analysis

The liver and adipose tissues were collected after the rats were
euthanized. The tissues were washed with 0.9% NaCl solution,
fixed in 10% neutral buffered formalin, and embedded in paraffin.
After sectioning into 5 pum slices, all specimens were stained
with hematoxylin and eosin (H&E) and observed under a light

microscope[12].

2.11. Statistical analysts

The data were analyzed by one-way analysis of variance (ANOVA)
using the GraphPad Prism software (version 8.1.0). Tukey’s test
was used to compare the means of the different treatment groups. A
P value less than 0.05 was regarded as statistically significant. The

results were expressed as mean + SD.

3. Results

3.1. Quantitative analysis

Quantitative analysis of the leaves of T. foenum—-graecum using

HPLC identified multiple phytochemicals, including sinapic acid,
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p-coumaric acid, gallic acid, salicylic acid, kaempferol, ferulic acid,
chlorogenic acid, quercetin, and HB acid, as illustrated in Figure
1A. The retention times and concentrations of phytochemicals are

detailed in Supplementary Table 2.

3.2. DPPH activity

The antioxidant potential of 7. foenum—graecum L. aqueous leaf
extract (AqQE-TFG) was evaluated by DPPH assay (Table 1). The
result showed that the plant extract had dose-dependent free radical
scavenging effects. The IC,, of AQE-TFG was 4.82 ng/mL, and
ascorbic acid was 2.43 ug/mL.

Table 1. Inhibition percentage of AQE-TFG (%).

Concentration (pg/mL) AqE-TFG AA
20 20.57 £0.01 21.30£0.01
40 2526 +0.01 46.10+0.01
60 34.40+0.01 62.87+0.01
80 41.78 £0.01 79.71 £0.01
100 53.32+0.01 85.87 +0.02

Results are expressed as mean = SD. AA: ascorbic acid; AQE-TFG: Trigonella
foenum—graceum aqueous leaf extract.
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3.3. Effect of AgE-TFG on body weight

The average body weight of the rats in all groups was similar at
the start of the experiment. All groups except the normal control
received HFD throughout the experiment. HFD induced body weight
gain in rats, with the model group showing a significant (P<0.05)
increase in body weight at week 7. Oral administration of AQE-TFG
significantly (P<0.05) reduced body weight (Figure 1B).

3.4. Effect of AqgE-TFG on biochemical and antioxidant

markers

The model group showed significant increases in serum AST, ALT,
and ALP levels and a significant decrease in hepatic CAT and SOD
activities (P<0.05). AqQE-TFG significantly reduced AST, ALT,
and ALP levels and significantly elevated hepatic CAT and SOD
activities (P<0.05) (Figure 2).

3.5. Effect of AgE-TFG on lipid profile

A significant increase in TC, TG and LDL-C level, along with a
significant (P<0.05) decrease in HDL-C level, was noticed in the
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Figure 1. HPLC result (A) and changes in body weight (B). AQE-TFG: aqueous leaf extract of Trigonella foenum—graecum L.
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Figure 2. Effect of AQE-TFG treatment on aspartate aminotransferase (AST) (A), alanine aminotransferase (ALT) (B), alkaline phosphatase (ALP) (C),
catalase (CAT) (D), and superoxide dismutase (SOD) (E). “P<0.05 compared with the model group. "P<0.05 compared with the control group. HFD: high fat
diet.
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model group as compared to the normal control (Figure 3). In all
treatment groups, TC, TG and LDL-C levels were significantly
(P<0.05) decreased and HDL-C level was markedly (P<0.05)

increased as compared to the model group.

3.6. Quantitative gene expression

The mRNA expression levels of dual oxidase-related genes (Duox,
Duoxa-1, Duox2) and downstream MAPK/JINK signaling cascade
genes (MAPKS, Traf4, Traf6) were significantly upregulated in the
model group (P<0.05). By contrast, all treatment groups exhibited
marked downregulation of these genes (P<0.05) (Figure 4).
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3.7. Histological examination of liver and adipose tissues

As shown in Figure 5, the normal group displayed an intact hepatic
structure with normal hepatocytes without necrosis. The model
group exhibited hepatic lipid accumulation and inflammatory cell
infiltration within hepatic lobules. All treatment groups showed
reduced lipid deposition and restored hepatocyte nuclei.

H&E staining of adipose tissue showed normal adipocytes with
neat arrangement in the normal control group. The model group
showed hypertrophic, irregular adipocytes and partial cytoplasmic
structural damage. Treatment groups exhibited markedly decreased

adipocyte size and volume compared to the model group (Figure 5).
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Figure 3. Effect of AQE-TFG treatment on lipid profile; total cholesterol (TC) (A), triglycerides (TG) (B), low-density lipoprotein cholesterol (LDL-C) (C) and
high-density lipoprotein cholesterol (HDL-C) (D). “P<0.05 compared with the model group. "P<0.05 compared with the control group.

A B C 51
4 . 51 "
) * )
° i>) 44 i>’ 49
2 34 = =
= # 2 2 3
2 s £ 3 g #
0 D) - a, o
g g ) A 524 .
5 n Q
1 g1 s 14
S S
0 - 04 04
HFD - + + + HFD - + + + HFD - + + +
AQE-TFG - - 250 500 AQE-TFG - - 250 500 AQE-TFG - - 250 500
(mg/kg) (mg/kg) (mg/kg)
- 59
D 41 % E 6 * ¥ *
531 5 4 EN
2 2 7]
] £ 2
5 5 . o £ 2-
§ # # % 2 é,i\ #
= S S 1 #
0- 0- 0-
HFD - + o+ o+ HFD - + 4 + HFD - + + +
AQE-TFG - - 250 500 AQE-TFG - - 250 500 AQE-TFG - - 250 500
(mg/kg) (mg/kg) (mg/kg)

Figure 4. Effect of AQE-TFG treatment on mRNA expression of dual oxidase pathway and downstream MAPK/INK pathway. A: Duox, B: Douxa—1, C:
Duox2, D: MAPKS, E: Traf4, F: Traf6. "P<0.05 compared with the model group. ‘P<0.05 compared with the control group.
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Figure 5. Effect of AQE-TFG treatment on histopathology of liver and adipose tissue. In liver tissues, black arrow shows central vein, red arrow shows

infiltration of inflammatory cells, green arrow shows fatty vacuoles and H shows hepatocytes. In adipose tissue, green arrow shows adipocytes and blue arrow

shows infiltration of inflammatory cells (20 pm and 100x).

4. Discussion

Obesity is a chronic metabolic disorder characterized by disrupted
lipid and carbohydrate homeostasis, which arises from excessive
fat deposition in adipose tissues and other internal organs. Obesity
could lead to many other disorders, such as insulin resistance,
dyslipidemia, type 2 diabetes, osteoarthritis, and coronary heart
disease. Women are more susceptible to obesity than men.
Alterations in lifestyle and dietary patterns are major contributors to
the global prevalence of obesity and related metabolic disorders[13].
Medicinal plants have long served as an important part of traditional
therapeutic systems|14] and are abundant natural sources of bioactive
antioxidants, e.g., phenolics, anthocyanins, flavonoids, and stilbenes,
which are widely used in the food industries|15]. Therefore, growing
research attention has focused on dietary supplements and herbal
medicines for the prevention, alleviation, and reversal of obesity and
dyslipidemia. 7. foenum—graecum is a classic medicinal herb with a
long history as folk medicine against various diseases.

Plants and herbs are thought to be copious sources of antioxidants.
Their phytoconstituents, especially phenolic compounds, are mainly
accountable for their antioxidant property[16]. HPLC analysis
was performed to qualitatively and quantitatively analyze the
flavonoids and phenolic profiles of T. foenum—graecum leaf extract.
Standards (caffeic acid and gallic acid) were selected based on

their well-documented medicinal properties, such as anticancer,

antioxidant, and anti-inflammatory activities[17.18]. HPLC results
demonstrated that AQE-TFG contains many bioactive compounds
like gallic acid, chlorogenic acid, salicylic acid, chlorogenic
acid, kaempherol, sinapic acid, p-cumaric acid, ferulic acid, and
syringic acid, which are consistent with the findings reported by
Neda et al[19]. Vanillic acid possesses potent anti-inflammatory and
anticarcinogenic properties|20]. In addition, coumaric acid, caffeic
acid, and chlorogenic acid exert antipyretic, hepatoprotective, anti-
carcinogenic, neuroprotective, anti-inflammatory, and analgesic
activities because of their antioxidant potential[21,22].

HFD induces excessive body weight gain and obesity, largely due
to its high energy and fat content that promotes adiposity|23]. Excess
TG accumulate with white adipose tissue and other organs like the
kidneys, heart, liver, and muscle, leading to fat deposition|24]. In the
present study, rats given a 48-day HFD in the model group exhibited
significantly higher body weight as compared to the normal control
group receiving a standard chow, which is similar to the finding
reported by Kumar et al[13]. Notably, all AQE-TFG treatment groups
displayed markedly reduced body weight. Some studies have
attributed the weight-lowering effect of the anorexigenic potential of
T. foenum—graecum to fiber content and delayed gastric emptying[25].

Long-term high-fat feeding is closely associated with the
development of dyslipidemia and metabolic syndrome. Previous
studies have confirmed that HFD-induced dyslipidemia serves

as a major trigger for systemic oxidative stress. Results of
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the present study have shown that the model group exhibited
markedly elevated serum TC, TG and LDL-C levels alongside
reduced HDL-C concentrations, which are hallmark biomarkers
of dyslipidemia, which is similar to the findings reported by
Sajid et al[8]. Additionally, dysregulated lipid profiles, especially
hypercholesterolemia, are strongly correlated with the progression
of cardiovascular complications. The administration of AqQE-TFG
extract effectively ameliorated these metabolic disorders. The lipid-
regulating efficacy of the extract can be attributed to its abundant
phytochemicals, including saponins, flavonoids, and phenolic acids.
These bioactive compounds modulate lipid metabolism via multiple
pathways, notably suppressing HMG-CoA reductase, the vital
enzyme involved in cholesterol biosynthesis[26].

Previous research has demonstrated that abnormal elevation of
serum AST, ALT, and ALP results from the leakage of intracellular
enzymes into the bloodstream, which are typically considered an
indicator of liver injury|24,27]. HFD-fed rats displayed significantly
elevated serum AST and ALT, which indicate liver damage. AqE-
TFG exhibited hepatoprotective effects by markedly decreasing
the levels of these enzymes. The favorable liver-protective effects
of T. foenum—-graecum leaves can be largely attributed to their
rich phytochemical components, including flavonoids, phenols,
saponins, alkaloids, etc. Previous studies revealed that these
bioactive constituents effectively attenuate the elevation of liver
injury biomarkers and alleviate hepatocellular damage. It is reported
that pretreatment with flavonoids suppresses elevated AST and ALT
and protects hepatocytes against oxidative damage in vitrol28]. The
hepatoprotective effect of flavonoids is likely mediated by their
antioxidant properties against reactive oxygen species (ROS). Variable
intracellular ROS levels trigger a variety of pathological responses,
such as apoptosis, autophagy, and necrosis[29]. Pretreatment with
flavonoids enhances the antioxidant capacity of the liver compared
with nontreated groups|30].

Metabolic syndrome is linked to oxidative stress and visceral
fat accumulation. Research indicated that HFD-induced obese
rats displayed severe hepatic oxidative stress, which arises from
excessive ROS and impaired antioxidant defense system[31].
Abnormal alterations in hepatic CAT and SOD activities are well-
recognized biomarkers of aggravated lipid peroxidation and oxidative
damage under obese conditions[32]. In the present study, hepatic
SOD and CAT were decreased, indicating an impaired antioxidant
defense system due to HFD. The antioxidant defense system relies
primarily on functional antioxidant enzymes: SOD catalyzes the
dismutation of superoxide anion (O, ) into hydrogen peroxide, while
CAT decomposes hydrogen peroxide into water(33]. Compared with
the normal control group, HFD increased ROS generation. Results of
our study indicated that AQE-TFG significantly enhanced SOD and

CAT activities, which could effectively restore antioxidant capacity
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and protect the liver from HFD-induced oxidative toxic injury[34].
The enhanced SOD and CAT activity indicates that AqE-TFG
alleviated HFD-induced oxidative stress. This antioxidant activity
can be attributed to the presence of numerous phenolic compounds
such as quercetin and chlorogenic acid[12].

In our study, mRNA levels of genes involved in the downstream
MAPK signaling pathway were significantly upregulated in the
model group. AqE-TFG downregulated these genes, showing
the efficacy of 7. foenum—graecum in alleviating oxidative stress
and modulating the downstream MAPK/JNK signaling pathway.
Previous research also found that the stress-activated MAPK/JNK
pathway is crucial for the onset and progression of inflammatory
disorders. Inhibition of this pathway can effectively block
inflammation-driven disease development and progression|35.36].

Dual oxidases (DUOX) are members of the NADPH oxidases
family. DUOXs are involved in many biological processes and play
a critical role in epithelial ROS generation[37]. To further validate
the antioxidant potential of AqE-TFG, expressions of Duox, Duox2,
and Duoxa-1 genes were determined in this study. Compared to the
model group, AqQE-TFG significantly downregulated these DUOX-
related genes.

Biochemical findings were further supported by a histopathological
examination of the liver and adipose tissues. The model group
showed hepatic lipid accumulation and enlarged adipocytes. In
the treatment groups, AqE-TFG reversed these morphological
abnormalities, confirming the potential of the extracts against
obesity and dyslipidemia. Such beneficial effects may be attributed
to increased mitochondrial 8-oxidation and decreased lipid
accumulation, which are well-characterized metabolic regulatory
properties of polyphenol-rich plant extracts.

T. foenum—graecum exhibits superior safety profiles compared
with conventional lipid-lowering agents, such as statins or fibrates,
which are frequently associated with adverse effects, including
hepatotoxicity, myopathy, and gastrointestinal disturbance.
Nevertheless, the present study has several limitations, including
the lack of dose-response validation and long-term intervention
evaluation. Further in-depth mechanistic investigations, clinical
trials, and pharmaceutical formulation optimization are warranted
to translate the current preclinical findings into viable clinical
applications.

In conclusion, our findings showed the value of AQE-TFG in the
management of dyslipidemia, as evidenced by its favorable lipid-
regulating, antioxidant activities, and hepatoprotective effects.
Such herbal extracts can be integrated into functional foods or
complementary therapy to reduce reliance on synthetic lipid-

lowering chemical pharmaceuticals and promote holistic health.
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Supplementary Table 1. List of primer sequence.

Primers Sequence
Housekeeping gene
Beta actin-F CGAGTACAACCTTCTTGCAGC
Beta actin-R TATCGTCATCCATGGCGAACTG
MAPK downstream JNK pathway

MAPKS-F CTCAGCATCCGGTCTCTTCG
MAPKS-R CTGCTGTCTGTATCCGAGGC
Traf-4-F CGACTACAAGTTCCTGGAGAAGC
Traf-4-R AGGTGTCGCAGAAGCGGTG
Traf-6-F GGCGCCTAGTAAGACAGGAC
Traf-6-R GGCGCCTAGTAAGACAGGAC

Dual oxidase pathway
Duox-F TCATGTGGATGGCACCAGAC
Duox-R CGAAACCACAACAAGCCCAG
Duoxa-1-F GAAAGGAAGCATCAACACCCC
Duoxa-1-R GTGGTGTCCATTGGGAAGGT
Duox2-F CTCTCCAGCTCTCAGGGTCT
Duox2-R GCGAGAGTATCTGTCTGGGC

Supplementary Table 2. Phytoconstituents retention time and concentrations in 7rigonella foenum

graceum (fenugreek).

Extract

Phytochemicals

Peak #

Retention Area Height

time (min)




AqE-TFG

Chlorogenic 1 2.846 7,933,887.3 | 708,298.7
acid

P-coumaric acid | 2 3.187 1,420,363.7 89,960.4
Gallic acid 3 3.460 1,133,368.5 | 95,867.0
HB acid 8 6.770 594,540.3 37,400.5
Kaempferol 14 10.708 72,1859 4,824.3
Ferulic acid 16 12.030 1,587,796.6 | 109,727.6
Quercetin 21 16.940 32,308.1 2268.8
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