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Obesity alters lipid profile, blood glucose, liver enzymes, oxidative stress, and hormonal balance. Fennel has
shown anti-obesity effects in preliminary studies, but its role in ameliorative metabolic complications of obesity
needs further research. This study assessed the provisional influences of fennel extract against high-fat di-
et-provoked metabolic deviations in rats. Forty male albino rats were allocated into standard diet control, obese
control, low dose fennel (100 mg/kg) and high dose fennel (300 mg/kg) groups. Obesity was triggered by 4
weeks of high-fat nourishment. Fennel extract was applied orally for 6 weeks. Parameters considered were body
weight, lipid profile, blood glucose, liver enzymes, antioxidant status, thyroid hormones, leptin, and hepatic
insulin receptor gene expression. Fennel significantly diminished body weight, total cholesterol, triglycerides,
LDL-cholesterol, liver enzymes, glucose, and leptin while increasing HDL-cholesterol, antioxidant enzymes, and
thyroid stimulating hormone compared to obese controls. Histological examination has shown alleviation of
fat accumulation and intracellular changes in the liver. Insulin receptor gene expression was also significantly
increased by fennel extract. This study demonstrated that fennel extract reverses obesity-induced metabolic
syndrome, oxidative stress, endocrine disruption, and histopathological change in the liver of rats. The hypo-
lipidemic, hypoglycemic, antioxidant, and hepatoprotective properties of fennel may be beneficial in managing
obesity-associated metabolic complications.

Dyslipidemia
Oxidative Stress

Introduction

Obesity has caught epidemic proportions globally, with over 650 mil-
lion adults being obese, as per WHO estimates. WHO has pointed out
that a large portion of the population of the world is overweight, with
obesity putting to death more people than underweight (Andrade-Cetto
et al.,, 2023). Obesity happens from a disproportion across energy intake
and expenditure, leading to abnormal or exaggerated fat build-up in
adipose, hepatic, muscular tissues, and other organs (Yous et al,, 2021).
It is combined with various metabolic complications: insulin resistance,
dysglycemia, low and dysfunctional high-density lipoprotein, develop-
ment of small dense and oxidized low-density lipoprotein, and exalted
circulating levels of free fatty acids, aside from cardiovascular disorders
(Conte, 2021).

Adipose tissue has an endocrine role by liberating various cytokines
incriminated in appetite regulation, lipid metabolism, insulin sensitivity,
and inflammation. These cytokines encompass tumor necrosis factor o
(TNF-0), interleukin 6 (IL-6), and adiponectin, besides leptin, which are
involved in appetite regulation, lipid metabolism, insulin sensitivity and
inflammation (Flock et al, 2022; Samy et al, 2022). Obesity generates
a chronic low-grade inflammatory state, which impacts metabolic syn-
drome characterized by visceral adiposity, dyslipidemia, hypertension
and hyperglycemia (Alonso-Pérez et al., 2022; Lee, 2022).

The connection between obesity and thyroid function is likely both
ways, with hypothyroidism leveraging weight and obesity leveraging thy-
roid function (Fontenelle et al., 2016). Obesity also causes hypothyroid-
ism-like changes characterized by elevated T3 and T4 levels and lessened
TSH due to hyperleptinemia and leptin-induced central thyroid hormone
resistance (Sanyal and Raychaudhuri, 2016). Moreover, Leptin levels may
carry a role in the hyperthyrotropinemia of obesity and heighten liability

to thyroid autoimmunity and successive hypothyroidism (Zakharova et
al., 2013).

Obesity and insulin resistance are frequent triggers of hepatic ste-
atosis and are often associated with hyperlipidemia (Alshammari et al.,
2023). Hyperlipidemia refers to elevated blood levels of lipids involving
total cholesterol (TC), triglycerides (TG), and low-density lipoprotein (LDL)
cholesterol. Various factors contribute to the advance of hyperlipidemia,
such as unhealthy lifestyles, heavy alcohol consumption, pathological dis-
orders like diabetes and renal disease, and definite medications (Ezeh
et al,, 2021). Managing hyperlipidemia involves comprehension of lipids
and their metabolism and approaches to their management, such as the
interrelationship of LDL-C and non-HDL cholesterol with detrimental car-
diovascular events (Nirosha et al,, 2014).

Pharmacological therapeutics for obesity have drawbacks and are
often accompanied by adverse effects (Aghabeiglooei et al., 2023). In re-
cent years, herbal solutions and nutraceuticals have become safer and
more effective options for managing weight (Balkrishna et al,, 2023). One
such herb is Fennel (Foeniculum vulgare), routinely used for various di-
gestive issues. The seeds of fennel are rich in compounds like anethole,
dianethole, photoanethole, and alpha-pinene, which have demonstrat-
ed antioxidant, anti-inflammatory, anti-diabetic, and hypolipidemic at-
tributes (Vyshnevska et al, 2022). Animal studies point out that fennel
can reduce weight gain, lower lipid levels, and augment insulin sensitivity
in models of diet-induced obesity (Elghazaly et al,, 2019). Nevertheless,
further investigation is required to understand its potential to alleviate
complications, among others, Non-Alcoholic Fatty Liver Disease (NAFLD),
hormonal discrepancies, and related molecular alterations.

This research targeted to fully assess the effects of fennel extract
complementarity on high-fat diet-provoked obesity in rats with a focus on
lipid profile, glycemic control, hepatic structure and function, oxidant-an-
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tioxidant balance, thyroid and metabolic hormones, and expression of
genes tangled in hepatic insulin and lipid metabolic process. llluminating
the impact of fennel on obesity-associated metabolic derangements may
present a scientific rationale for its use in managing this global epidemic.

Materials and methods
Preparation of fennel extract
Plant material

The fennel seeds (Foeniculum vulgare) employed in this study were
procured from a local market. These seeds were subjected to grinding
and sieving practices to attain a fine powder. The powder was then ex-
tracted by applying boiling water for 60 minutes. The resulting extract
was subjected to dryness at 60°C utilizing a rotational evaporator, a tech-
nique adapted from Boyadzhieva and Angelov (2014).

Quantitative analysis of fennel extract carbohydrates and sugars
Sugars extraction

A 1g sample was extracted using hot 80% ethanol (2x5 ml). The su-
pernatant was gathered and vaporized on a water bath set at 80°C. The
sugars were then dissolved in 10 ml of water, sticking to the methodology
outlined in recent studies (Zali et al., 2023).

Carbohydrate extraction

A 25 mg sample was weighed and mixed together with 250 pL of
72% (w/w) sulfuric acid. The mixture was incubated at 30+3°C for 1 hour,
with intermittent vortexing. Post-incubation, the sample was diluted with
7 mL of water and then autoclaved at 121°C for an hour. The sample was
then neutralized to a pH between 6 and 8 using calcium carbonate, as per
established protocols (Chen et al., 2021).

HPLC analysis

High-Performance Liquid Chromatography (HPLC) was implemented
via an Agilent Technologies (1100 series) liquid chromatograph, provided
with an autosampler plus a refractive index detector (RID). The analytical
column used was a Shim-pack SCR-101N. Ultrapure water served as the
mobile phase, with a 0.7 ml/min flow rate. The 20 minutes run time set
with isocratic elution. Sugar concentrations were determined by compar-
ing the integrated areas with standard curves of sucrose, glucose, fruc-
tose, and arabinose, as described (Lai et al., 2022).

Total phenolic content

The overall phenolic was settled in line with the Folin-Ciocalteu
practice, as described by Zili¢ et al. (2012). A 500 ul extract aliquot was
blended with 250 pl of Folin-Ciocalteu reagent and allowed to oxidize
for 5 minutes. The admixture was then neutralized with 1.25 ml of 20%
aqueous Na,CO, solution. Subsequent to 40 minutes, the absorbance was
determined at 725 nm counter to a solvent blank. The phenolic content
was stated as mg of gallic acid corresponding (GAE) per gram of sample.

Total flavonoid content

The overall flavonoid was calculated following the methodology
described by Muflihah et al. (2021). A 250 pl aliquot of 5% NaNO, was
blended with 500 pl of the extract. Later, after 6 minutes, 2.5 ml of a
10% AICl, solution was included. The mixture was then centrifuged for
10 minutes, and the absorbance of the supernatant was quantified at 510

nm against a solvent blank. The flavonoid content was stated as mg of
quercetin equivalent (QE) per gram of sample.

Radical DPPH scavenging activity

The radical scavenging activity was settled via 1,1-Diphenyl-2-pic-
ryl-hydrazyl (DPPH«) with a final concentration of 50 uM, as described by
Hwang and Thi (2014). The absorbance at 517 nm was calculated counter
to a blank of pure methanol at 60 minutes. The percentage impediment
of DPPH free radical was measured using the formula:

Inhibition (%) = 100 x (Acontrol-Asample)/Acontrol

Experimental animals

The animal study was performed on healthy adult male albino rats
(Rattus albinus) weighing 160-180 g. The rats were secured from the ani-
mal breeding facility at the Faculty of Agriculture, Benha University, Egypt.

Prior approval was obtained from the Ethics Committee, Faculty of
Veterinary Medicine, Benha University, with approval number (BUFVTM
14-04-23).

The rats were kept in clean polypropylene pens in a well-ventilated
room maintained at 25.0+2.0°C temperature, 55.0+5.0% relative humidi-
ty, and a 12-hour light/dark cycle. Standard rodent meal and clean water
were supplied ad libitum. The animals were acclimatized in the laboratory
environment for 2 weeks ahead of the start of the experiment.

Experimental diets

The experimental diets for rats were fabricated according to two
primary formulations: a standard meal and a high-fat meal. These for-
mulations were based on the research conducted by Das and Choudhu-
ri (2020). The ingredients were sourced from El-Gomhoria Company in
Cairo, Egypt. The standard diet for the control group contained fat (5%),
carbohydrates (65%), proteins (20.3%), fiber (5%), salt admixture (3.7%),
and vitamin admixture (1%). In contrast, the high-fat diet was constituted
of fat (46%), carbohydrates (24%), proteins (20.3%), fiber (5%), salt admix-
ture (3.7%), and vitamin admixture (1%).

The high-fat meal offered 46% energy from fat compared to 5% in
the standard diet. Both diets were compiled weekly, kept at 4°C and pro-
vided fresh daily ad libitum.

Experimental design

After acclimation, the rats were arbitrarily partitioned into four test
categories (n=10 per grouping) as follows:
Group I: Normal control - Standard rodent food.
Group II: Obese control - High-fat meal for 4 weeks .
Group lII: Fennel low dose - High-fat meal for 4 weeks followed by oral
fennel extract 100 mg/kg body weight daily for next 6 weeks.
Group IV: Fennel high dose - High-fat diet for 4 weeks followed by oral
fennel extract 300 mg/kg body weight daily for next 6 weeks.

The fennel extracts were administered to respective groups by oral
gavage once daily. An equal quantity of distilled water was applied to
normal and obese control groups.

Experimental investigation

Blood collection and serum separation

Blood samples were procured from rats subsequent to an overnight
fasting period of 12-14 hours. The samples were drawn from the ret-
ro-orbital venous plexus and separated into two aliquots. The first aliquot
was collected into tubes containing sodium fluoride for the quantification
of blood glucose levels. The second aliquot was placed into sterile, dry
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centrifuge tubes and centrifugated at 300 rpm for 15 minutes at ambient
temperature to isolate serum for later biochemical analyses.

Biochemical Analysis

Serum lipid profile

Serum total cholesterol levels were established employing the pro-
tocol recognized by Allain et al. (1974). Serum triglyceride concentrations
were quantified in accordance with the method illustrated by Fossati and
Prencipe (1982). High-density lipoprotein (HDL) and low-density lipopro-
tein (LDL) cholesterol levels were assessed based on the guidelines set
forth by Lopes-Virella et al. (1977).

Liver function and glucose analysis

Serum levels of ALT and AST aminotransferases were determined, as
illustrated by Huang et al. (2006). Fasting blood glucose readings were
esteemed via the glucose oxidase-peroxidase (GOD-POD) endpoint tech-
nique, following the protocol by Trinder (Trinder, 1969).

Evaluation of oxidative stress markers

Oxidative stress markers were calculated in liver tissue homogenates
matching the manufacturer's instructions using Bio-diagnostic assay kits
(Giza, Egypt). Malondialdehyde (MDA) levels were calculated using the
thiobarbituric acid reactive substances (TBARS), as per Ohkawa et al.
(1979). Activities of catalase (CAT), besides superoxide dismutase (SOD),
were determined via the methods described by Aebi (1984) anf Nishikimi
et al. (1972), respectively.

Hormonal assays

Triiodothyronine (T3), Thyroxine (T4), Thyroid-stimulating hormone
(TSH), and leptin in serum were quantified utilizing rat-specific ELISA kits,
as described by Barker (1948); Considine et al. (1996); Fisher (1996) and
Gharib et al. (1971).

Isolation (RNA), synthesis (cDNA), and Real-Time (PCR) analysis

Liver tissues were collected from the rats and subjected to RNeasy
Mini Kit (Thermo Qiagen, #74104) for total RNA isolation as per the pro-
ducer's recommendation. The isolated RNA concentration and purity
were subsequently checked using a Quawell nanodrop Q5000. About 5
mg of this RNA was then reverse transcribed utilizing Quantiscript reverse
transcriptase to synthesize cDNA. This cDNA served as the template for
real-time PCR, which was conducted on a Step One Plus system (Applied
Biosystems, USA). Primers specific for the insulin receptor gene (INSR)
and B-actin were employed.

The INSR primers had the sequences: Forward - TTTGTCATGGATG-
GAGGCTA, and Reverse - CCTCATCTTGGGGTTGAACT.

The B-actin primers had the sequences: Forward - ATGGTGGGTATGG-
GTCAG, and Reverse - CAATGCCGTGTTCAATGG.

B-actin was utilized as the standard gene for normalization purposes.
The relative expression levels of the INSR gene were quantified thanks to
the 2-42¢tsystem, as outlined by Livak and Schmittgen (2001).

Histopathological examination

Liver tissue specimens were directly fixed in 10% neutral buffered
formalin for optimal cellular preservation, followed by a graded ethanol
series for dehydration. The tissues were then xylene-cleared and paraf-
fin-embedded. Thin (5-7 pm) sections were ready employing a micro-
tome and then stained using hematoxylin and eosin (H&E), a standard
histological staining technique (Suvarna et al., 2019). These sections were
subsequently examined for histopathological alterations using a comput-

erized light microscope (Leica DM 3000 LED), allowing for high-resolution
imaging of tissue structures.

Statistical analysis

Statistical evaluations were resulted utilizing the IBM SPSS (Version
16.0) program. A one-way analysis of variance (ANOVA) was considered
to decide the variance within datasets at a significance level set at o =
0.05. Post-hoc analysis was subsequently carried out using Fisher's Least
Significant Difference (LSD) test. Further validation was executed through
Duncan’s Multiple Range Test, with a predefined significance level at p <
0.05. All quantitative data are stated as means + standard errors (SE), and
estimates were deemed statistically significant if p < 0.05.

Results

Quanttification of bioactive components in fennel seed extract

The present study used standard spectrophotometric approaches to
estimate the major bioactive phytochemicals in aqueous extract of fennel
(Foeniculum vulgare) seeds.

Total phenolic content

The total phenolic defined by Folin-Ciocalteu assay was 16.14 mg
gallic acid equivalents (GAE) per gram of fennel seed extract. This indi-
cates an appreciable amount of phenolic compounds, which may offer
the antioxidant potential of fennel seeds.

Total flavonoid content

The aluminum chloride colorimetric method estimated total flavo-
noids as 9.73 mg quercetin equivalents (QE) per gram of extract. Fla-
vonoids are important natural antioxidants, and this substantial content
denotes the radical scavenging ability of fennel extract.

Carbohydrates and sugars

Acid hydrolysis of the sample, subsequent by HPLC analysis, indicat-
ed total carbohydrates as 226.4 mg per gram extract. The significant com-
ponent sugars were glucose (160.98 mg/g), fructose (50.71 mg/g) and
arabinose (14.7 mg/g). Direct HPLC method without hydrolysis quantified
total sugars as 41.96 mg/g extract comprising of sucrose (8.56 mg/g),
glucose (5.88 mg/g) and fructose (27.52 mg/g).

Effect of fennel seed extract on body weight

There was a considerable increase (p<0.05) in the body weight of
obese control rats in contrast to normal control rats at all time intervals.
Fennel supplementation at both low and high doses did not cause a con-
siderable change in body weight, unlike obese controls at 1- and 2 weeks
post-treatment. However, fennel treatment led to significantly lowered
(p<0.05) body weight relative to obese controls from 3 weeks onwards,
although weights remained higher than normal controls throughout the
study. The body weight-declining result was more clear with the high-
dose fennel, as illustrated in Table 1.

Effect of fennel seed extract on lipid profile

The obese rats showed remarkably increased (p<0.05) total choles-
terol, triglycerides, LDL-cholesterol and lowered HDL-cholesterol, unlike
normal controls at 2-, 4- and 6 weeks post-treatment. Fennel supple-
mentation attenuated obesity-induced hypercholesterolemia and hyper-
triglyceridemia, with the high dose showing more significant hypolipid-
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emic activity. Both fennel doses significantly decreased (p<0.05) LDL and
increased HDL versus obese controls at all time points, as illustrated in
Table 2.

Effect of fennel seed extract on metabolic parameters

Obese rats exhibited significantly elevated (p<0.05) blood glucose
and serum transaminases (ALT, AST) along with diminished antioxidant
enzymes (CAT, SOD) in comparison to normal controls at 2, 4 and 6
weeks. Serum MDA was also lowered by both fennel doses, indicative
of reduced lipid peroxidation. Fennel supplementation at both high and
low doses significantly mitigated (p<0.05) obesity-induced hyperglyce-
mia and hepatocellular damage suggested by restoration of ALT, AST and
antioxidant activities towards normal levels, as illustrated in Table 3.

Effect of fennel seed extract on hepatic insulin receptor gene expression

Obese rats showed significantly lowered (p<0.05) hepatic insulin
receptor gene expression compared to normal controls at 2-, 4- and
6-weeks post-treatment. Fennel supplementation at concomitantly low
and high doses substantially improved (p<0.05) the insulin receptor gene
expression compared to obese controls at all time points, suggesting en-
hancement of insulin sensitivity as illustrated in Table 4.

Effect of fennel seed extract on hormones

The obese rats showed remarkably increased (p<0.05) serum T3 Fig.
3A, T4 Fig. 3B and leptin Fig. 3D but decreased TSH Fig. 3C relative to nor-
mal controls. Fennel supplementation considerably attenuated (p<0.05)
obesity-induced rise in T3, T4 and leptin at 4 and 6 weeks post-treatment.
Fennel also normalized TSH levels versus obese controls, indicating a re-
versal of hormonal imbalance, as illustrated in Table 5.

Table 1. Effect of Fennel on Body Weight in High-Fat Diet-Induced Obese Rats.

Histopathological results

In the histopathological evaluation of hepatic tissue, distinct varia-
tions were observed across four experimental groups of rats, each ex-
posed to differing dietary and treatment regimens. Micrographs corre-
sponding to each condition are presented in Figure 1.

’ A

1S ran L g
Figure 1. Histological sections of the liver in control and Foeniculum vulgare-treated groups
of rats. (A) Photomicrograph of the liver section of rats of the control group showing a
normal structure of hepatocytes (arrowhead), blood sinusoid (star) and central vein (CV).
H&E stain, bar indicates magnification. (B) Photomicrograph of liver section of rats of an
obese group showing swollen hepatocytes with vacuolated cytoplasm filled with fat drop-
let (F), congested central vein with RBCs (black arrow) and disappearance of blood sinu-
soids. H&E stain, bar indicates magnification. (C) Photomicrograph of liver section of rats
of treated group (100 mg/ kg) showing mild recovery in the liver tissues. H&E stain, bar
indicates magnification. (D) Photomicrograph of liver section of rats of treated group (300
mg/ kg) showing noticeable signs of recovery in the liver tissue of mice as some hepatocytes
appeared normal. At the same time, some of them contained pyknotic nuclei (black arrow-
head). H&E stain, bar indicates magnification.

7

Groups 1 week 2 weeks 3 weeks 4 weeks 5 weeks 6 weeks
Normal Control 173.33£2.11° 178.33+2.11° 195.00+6.05° 206.67+7.49° 215.83+11.50° 211.67+1.67°
Obese Control 261.6748.72° 273.3348.33* 317.14+9.12¢ 344.29+13.65° 359.29+12.22¢ 408.33+6.00*

253.33+1.05*
260.00+4.12°

272.50+2.14
275.00+2.67°

Fennel 100 mg/kg
Fennel 300 mg/kg

330.71+10.32¢
340.00+11.29°

357.86+12.43¢
363.57£12.13*

345.71+12.31°
354.29+12.51*

293.33+6.67°
301.67+1.67°

Values are displayed as Mean + SEM (n=10); Means with different superscripts (a,b,c) differ significantly at p<0.05 by one-way ANOVA and later by LSD test.

Table 2. Effect of Fennel on Lipid Profile in High-Fat Diet-Induced Obese Rats.

Parameters Groups

2 weeks

4 weeks 6 weeks

Normal Control

Obese Control
Total cholesterol (mg/dl)

Fennel 100 mg/kg

Fennel 300 mg/kg

104.41+1.72¢
158.87+2.87°
111.64+2.56°
101.92+2.71¢

97.66+3.24°
170.04+3.66*
105.46+3.75°
95.93+2.89°

106.85+1.29%
181.93+3.78*
116.78+3.28"
101.68+4.07¢

Normal Control

130.00+1.32¢

131.74+1.13% 138.75+3.48°

. . Obese Control 179.374£2.53* 186.96+1.78* 209.01+3.58°
Triglycerides (mg/dl)
Fennel 100 mg/kg 148.74+3.01° 125.24+2.62° 128.32+3.29¢
Fennel 300 mg/kg 136.09+3.01¢ 103.58+2.57° 122.01+1.65¢
Normal Control 59.58+4.67° 43.22+0.84° 37.72+1.08*
Obese Control 40.24+1.20° 37.15+2.12° 29.87+1.94°
HDL-C (mg/dl)
Fennel 100 mg/kg 42.48+1.35° 38.37+£2.07* 40.19+1.97°
Fennel 300 mg/kg 47.91£1.90° 43.17+0.67° 45.06+3.51°
Normal Control 14.83+3.39¢ 28.10+£2.87° 41.38+2.01%
Obese Control 82.76+2.16* 95.50+5.732 110.25+5.54°
LDL-C (mg/dl)
Fennel 100 mg/kg 39.41+3.34° 42.04+5.42° 50.92+4.03°
Fennel 300 mg/kg 26.79+3.49° 32.04+4.03¢ 32.2247.20°

Values are expressed as Mean + SEM (n=10); Means with different superscripts (a,b,c) differ significantly at p<0.05 by one-way ANOVA followed by LSD test.
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Table 3. Effect of fennel on metabolic parameters in high-fat diet-induced obese rats

Parameters Groups 2 weeks 4 weeks 6 weeks
Normal Control 97.95+0.89° 84.77+2.54° 87.73+£0.95°
Blood Glucose (mg/dl) Obese Control 105.55+1.82* 96.14+1.10° 97.48+0.39*
Fennel 100 mg/kg 101.27+0.93% 84.04+3.36" 85.46+0.69°
Fennel 300 mg/kg 98.27+0.80° 81.60+2.86" 77.88+0.92¢
Normal Control 26.19+0.50° 22.83+0.73° 21.55+0.39°
Obese Control 30.34+0.99° 26.24+0.77° 23.2340.35°
ALT (UL) Fennel 100 mg/kg 27.89+1.18% 24.02+0.63° 22.1240.34°
Fennel 300 mg/kg 26.47+0.90° 23.95+0.34° 21.73+0.20°
Normal Control 32.73+1.06% 30.62+0.27° 28.65+0.53°
Obese Control 37.57+0.89° 33.05+0.50° 30.60+0.66*
AST(UL) Fennel 100 mg/kg 35.66+0.40% 30.03+1.07° 28.39+0.54°
Fennel 300 mg/kg 32.57£1.08° 29.59+0.75° 28.04+0.12°
Normal Control 37.26+1.42° 44.47+0.30° 45.23+0.28¢
CAT (Ulml) Obese Control 28.53+1.44¢ 42.08+0.59¢ 42.91+0.57¢
Fennel 100 mg/kg 44.68+1.43° 46.71+0.67° 48.87+0.90°
Fennel 300 mg/kg 52.00+0.58° 55.69+0.95° 53.17+0.62°
Normal Control 27.29+1.05° 25.5240.76° 27.87+0.82°
Obese Control 25.48+1.09° 23.00+0.43¢ 23.74+0.44¢
SOD (U/m) Fennel 100 mg/kg 27.64+0.83° 25.30+0.75° 26.92+0.57°
Fennel 300 mg/kg 38.17+0.38¢ 29.60+0.75° 31.09+0.88¢
Normal Control 34.16+1.55¢ 30.04+3.22° 33.82+1.33%
Obese Control 63.96+3.54° 63.62+4.20° 62.52+1.91*
MDA (nMiml) Fennel 100 mg/kg 45.25+1.89° 42.62+3.79° 37.81£1.05°
Fennel 300 mg/kg 39.9941.53b 37.67+6.77° 35.254+0.94°

Values are expressed as Mean + SEM (n=10); Means with different superscripts (a,b,c) differ significantly at p<0.05 by one-way ANOVA followed by LSD test.

Table 4. Effect of fennel on hepatic insulin receptor gene expression in high-fat diet-induced obese rats.

Gene Expression (Fold Change) Groups 2 weeks 4 weeks 6 weeks

Normal Control 1.00+0.00° 0.99+0.02° 0.99+0.02°
Obese Control 0.27+0.04° 0.30+0.01° 0.33+0.02°
Fennel 100 mg/kg 0.48+0.03° 0.54+0.02° 0.59+0.03°
Fennel 300 mg/kg 0.53+0.02° 0.59+0.01° 0.61+0.02°

Values are expressed as Mean = SEM (n=10); Means with different superscripts (a,b,c) differ significantly at p<0.05 by one-way ANOVA followed by LSD test.

Table 5. Effect of fennel on metabolic hormones in high-fat diet induced obese rats.

Parameters Groups 2 weeks 4 weeks 6 weeks
Normal Control 22.57+1.54¢ 22.9842.20¢ 25.70+1.54¢
Leptin (ng/ml) Obese Control 67.16+2.14° 70.36+2.00° 71.35£1.99°
Fennel 100 mg/kg 46.57+1.81° 45.74+1.24° 45.44+0.82°
Fennel 300 mg/kg 41.51+2.03° 38.90+1.21¢ 36.20+1.33¢
Normal Control 0.70+0.06° 0.72+0.09° 0.64+0.09¢
Obese Control 1.29+0.07* 1.30+0.08* 1.39+0.07*
T3 (ng/mi) Fennel 100 mg/kg 1.14+0.09° 1.11+0.02° 1.13+0.05°
Fennel 300 mg/kg 0.91+0.02° 0.75+0.13% 0.93+0.04°
Normal Control 4.14+0.21° 4.04+0.10° 3.93+0.20°
Obese Control 5.36+0.52* 5.43+0.35% 5.74+0.29*
T4 (ng/ml) Fennel 100 mg/kg 5.31+0.24° 5.39+0.28° 4.66+0.34°
Fennel 300 mg/kg 4.47+0.27® 4.45+0.29° 4.59+0.43°
Normal Control 0.58+0.03? 0.58+0.04* 0.58+0.04*
TSH (uU/ml) Obese Control 0.30+0.04° 0.22+0.02° 0.21+0.01°
Fennel 100 mg/kg 0.50+0.06* 0.48+0.05* 0.46+0.04*
Fennel 300 mg/kg 0.52+0.04* 0.57+0.07* 0.56+0.04°

Values are expressed as Mean + SEM (n=10); Means with different superscripts (a,b,c) differ significantly at p<0.05 by one-way ANOVA followed by LSD test.
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Control Group: Rats in the control group received a standard diet
demonstrated hepatic tissues with well-preserved structural integrity. The
hepatocytes, blood sinusoids, and central vein appeared morphologically
normal, as depicted in Figure 1(A).

Obese Group: The hepatic architecture of rats in the obese cohort
presented with significant alterations. Specifically, hepatocytes were
swollen and exhibited vacuolated cytoplasm laden with lipid droplets.
Additionally, blood sinusoids were conspicuously absent, the central vein
was congested, and hemolyzed red blood cells were observed within the
vascular structures, as illustrated in Figure 1(B).

Low-Dose Foeniculum vulgare Treatment (100 mg/kg): Rats treated
with a low dosage of Foeniculum vulgare manifested moderate hepatic
tissue recuperation. The endothelial lining of the central vein appeared
partially detached, and a heterogeneous population of hepatocytes was
observed: some appeared morphologically normal, while others were
vacuolated and displayed pyknotic nuclei, as shown in Figure 1(C).

High-Dose Foeniculum vulgare Treatment (300 mg/kg): In rats sub-
jected to a high dosage of Foeniculum vulgare, palpable signs of hepat-
ic recovery were evident. Hepatocytes proximal to the central vein were
nearly normocellular, featuring eosinophilic cytoplasm. Furthermore, the
blood sinusoids and central vein appeared unobstructed. Notably, bi-nu-
cleated cells were also observed. However, peripherally, hepatocytes still
exhibited vacuolization and pyknotic nuclei, as Figure 1(D) denoted.

Discussion

The current study provides important insights into fennel seed ex-
tract's anti-obesity and metabolic consequences in rats fed a high-fat diet.
Obesity was effectively induced by 4 weeks of high-fat feeding, indicated
by significantly increased body weights in the obese control group versus
normal diet-fed rats, agreeing with preceding studies (Amin and Nagy,
2009; Shahat et al., 2012). Fennel supplementation for 6 weeks attenuated
weight gain in obese rats, although their weights remained higher than
normal controls. The body weight diminishing effect was more noticeable
with the higher 300 mg/kg dose. Studies have ascertained that fennel
seed extract can reduce body weight gain provoked by a high-fat diet in
obese rats (You et al, 2014). Fennel could suppress appetite and weight
gain by stimulating cholecystokinin release, as its seeds contain trypsin
inhibitors (Schone et al., 2006). Phytoestrogens like isoflavones in fennel
also inhibit serotonin re-uptake to increase satiety signaling (Ofir et al.,
2003). Enhanced fat metabolism by activating PPARYy receptors and raised
thermogenesis by trans-anethole may also add to the anti-obesity effect
of fennel (Lv et al., 2023).

The liver performs a key job in lipid and lipoprotein metabolism, in-
cluding uptake, oxidation and secretion of fatty acids, cholesterol synthe-
sis, and production of triglyceride-rich lipoproteins (Enjoji et al, 2016).
Hepatic steatosis results when fatty acid input and de novo lipogenesis
overwhelm the liver's ability to metabolize and export lipids. This is char-
acterized by fat accumulation in hepatocytes along with mitochondrial
dysfunction (Bhattacharjee et al., 2023). Additionally, fennel seed extract
has been shown to exhibit hypolipidaemic activity, improving lipid pro-
files and hepatic enzyme activity in rats with high-fat diet-induced obe-
sity (Nagamma et al,, 2019). Fennel administration reversed high-fat di-
et-induced fat deposition in the liver, pointing to its potential to alleviate
hepatosteatosis by modulating lipid homeostasis pathways.

Diet-induced obesity led to significant derangements in lipid profile,
evidenced by exalted total cholesterol, triglycerides and LDL, and lowered
HDL in the obese controls, as reported earlier (Galisteo et al., 2005; Shahat
et al, 2012). Fennel supplementation attenuated dyslipidemia, improving
the atherogenic risk profile. Increased faecal fat excretion by delayed gas-
trointestinal transit and reduced cholesterol absorption could mediate
the lipid-lowering action (Lal et al., 2004). Anethole, the major component
of fennel, suppressed HMG CoA reductase and enhanced LDL receptor
expression in hepatocytes, thereby decreasing LDL and total cholesterol
levels (Xie et al., 2009). The lipid peroxidation marker MDA was also sig-
nificantly lowered by fennel, attributed to the antioxidant constituents
like quercetin, kaempferol and anethole (Choi and Hwang, 2004). These
findings suggest that fennel seed extract may have the potential to be a
useful agent against obesity-related diseases (HANDA et al., 2005).

Obesity and insulin resistance are accompanied by non-alcoholic fat-
ty liver disease (NAFLD), dominated by hepatomegaly and raised liver en-
zymes (EASL-EASD-EASO, 2018; Godoy-Matos et al., 2020). In this study,
fennel supplementation reversed obesity-induced increments in serum

AST, ALT and ALP, as well as restored the diminished antioxidant enzymes
CAT and SOD in liver tissues. This highlights the hepatoprotective and
antioxidant benefits of fennel in contravention of high-fat diet provoked
liver dysfunction, in line with earlier reports (Al-Amoudi, 2017; Ozbek et
al,, 2003). Quercetin present in fennel scavenges free radicals, suppresses
lipogenesis and improves mitochondrial function in the liver (Gayibov et
al., 2021). Moreover, obesity is accompanied by long-lasting low-grade
inflammation, which can lead to insulin resistance and metabolic distur-
bance (Monteiro and Azevedo, 2010). Adipose tissue macrophages are
increased in obesity and release pro-inflammatory cytokines like TNF-a,
IL-6 and IL-1B that inhibit insulin signaling (Grant and Dixit, 2015). Fen-
nel has shown anti-inflammatory properties as its extracts suppressed
LPS-induced TNF-o, IL-6 and NF-kB activation in macrophages (Vysh-
nevska et al., 2022). The anti-inflammatory phytochemicals like anethole
can potentially counteract obesity-linked inflammation and improve in-
sulin sensitivity.

Hyperleptinemia is implicated in obesity-associated development
of leptin resistance and hyperthyroidism (Knight et al,, 2010; Zhang and
Scarpace, 2006). Leptin resistance refers to a state where the body be-
comes less responsive to the effects of leptin, a hormone that regulates
body weight (Bossola and Tazza, 2011). Obese rats in this study exhibited
elevated T3, T4 and leptin along with low TSH levels, indicating perturbed
thyroid homeostasis. Fennel treatment corrected these hormonal imbal-
ances, which could be mediated through the thyroid-inhibiting flavo-
noids like quercetin and kaempferol (Pistollato et al., 2019).

Obesity and fatty liver disease are coupled to defective hepatic insu-
lin signaling (Bugianesi et al., 2005). This manifests as reduced insulin re-
ceptor expression and receptor tyrosine kinase activity, leading to insulin
resistance (Garcia-Ruiz et al.,, 2006). Obese rats in this study showed low-
ered insulin receptor gene expression in the liver versus controls, similar
to Winer et al. (2011). Fennel supplementation significantly upregulated
hepatic insulin receptor gene expression, denoting improved insulin sen-
sitivity (Henagan et al.,, 2014).

Histological observations further validated the provisional influenc-
es of fennel toward high-fat diet-induced hepatic damage. Obese livers
exhibited fat deposition, congestion, inflammation and necrosis. Fennel
treatment dose-dependently ameliorated these manifestations, pre-
serving near-normal liver architecture. Histological observations from
the study (Al-Amoudi, 2017) showed that fennel positively affected the
histopathological picture of the hepatorenal tissue. The phytochemicals
like quercetin suppress inflammatory mediators and attenuate structural
changes in hepatosteatosis (Panchal et al., 2012).

Conclusion

This study demonstrates fennel’s promising anti-obesity and anti-di-
abetic outcomes in a rodent model of diet-induced metabolic dysfunc-
tion. Fennel supplementation attenuated weight gain, dyslipidemia, hor-
monal disturbances and oxidative stress associated with high-fat feeding.
The hepatoprotective action was illustrated by the reversal of hepato-
megaly and the restoration of liver enzymes and structure. Fennel also
enhanced hepatic insulin receptor expression, denoting improved insulin
sensitivity. These observed benefits can be attributed to fennel bioactives
like anethole, quercetin, kaempferol, and phytoestrogens. The results
provide a scientific rationale for using fennel as a hepatoprotective and
weight management agent, especially against fatty liver disease and met-
abolic complications accompanying obesity. Further clinical evaluation in
humans is recommended to substantiate its therapeutic utility.
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