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Abstract Hypercholesterolemia is a major metabolic disorder associated with cardiovascular disease, oxidative
stress, and impaired immune function, yet effective dietary interventions with mechanistic evidence remain limited.
Agaricus bisporus, a member of the Basidiomycota, is recognized for its dietary and medicinal properties. This study
assessed its phytochemical composition and its effects on metabolic biomarkers in a hypercholesterolemic rat model.
A total of 36 rats were used. Twelve rats were assigned to a control group receiving a chow maintenance diet (CMD),
while 24 rats were fed a hypercholesterolemic diet. After induction, these were divided into HC and HCAB groups
(n=12 each). The hypercholesterolemia was confirmed through blood samples analyzed for total cholesterol,
triglycerides, HDL, and LDL. One hypercholesterolemic group continued the same diet, while the other group
received dried A. bisporus powder incorporated into the diet at 5% w/w concentration for an additional 21 days. A.
bisporus supplementation significantly reduced total oxidant status and improved HDL cholesterol levels (p<0.05).
Additionally, the cell-mediated immune response increased significantly in the A. bisporus-treated group, and the
fungus positively influenced key enzymes involved in carbohydrate metabolism and inflammatory markers. A
significant improvement was also observed in the expression of metabolic and insulin regulatory genes, indicating
the potential of A. bisporus as a therapeutic dietary intervention for hypercholesterolemia, metabolic impairments,
and related cardiovascular diseases.
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1. Introduction

A cholesterol-rich diet is considered a fundamental
factor in the initiation and progression  of
hypercholesterolemia and cardiovascular diseases [1]. In
hypercholesterolemic conditions, blood cholesterol levels
are elevated [2]. High cholesterol levels, along with
enhanced production of oxidants, result in the initiation of
various diseases such as diabetes mellitus, cardiovascular
diseases, and impaired immune function [3]. The immune
system is highly vulnerable to oxidative stress due to the
presence of polyunsaturated fatty acids in immune cell
membranes [4]. Over the past ten years, numerous
bioactive compounds from diverse plants and fungi have
been explored [5]. Research on both human and animal
models has demonstrated the superior ability of these
biomolecules to modulate the immune system and prevent
disease [6]. Fresh and preserved mushrooms are enjoyed

as a delicacy in many nations, primarily for their distinct
aroma and texture. It is well known that mushrooms
contain numerous bioactive compounds with dietary and
pharmacological properties [7]. As a result of these
qualities, mushrooms have gained recognition as natural
sources for the manufacture of pharmaceuticals and
nutraceuticals [8].

A. bisporus is one of the most commonly grown
mushrooms exhibiting robust medicinal properties due to
the presence of bioactive compounds. It possesses
elevated levels of dietary fiber and antioxidant agents
together with vitamins C, D, and B12; polyphenols and
folates that may have beneficial effects on the
cardiovascular and immune system [9]. Moreover, the
mushrooms are known to possess several biological
effects, including antimicrobial, antihypercholesterolemic
[10], immunomodulatory [11], antitumor [12], and anti-
inflammatory [13]. In previous studies, in vitro
antioxidant activities of A. bisporus have been established.
According to these studies, polysaccharides of A. bisporus
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possess antioxidant activity [13]. A. bisporus has been
demonstrated to have a marked radical scavenging
activity [14]. However, limited in vivo studies have
comprehensively evaluated the combined effects of A.
bisporus on metabolic biomarkers, oxidative stress, immune
response, and gene expression in hypercholesterolemic
conditions.

Therefore, this study aimed to investigate the effects of
A. bisporus dietary supplementation on lipid profile (total
cholesterol, LDL, HDL, triglycerides, atherogenic index,
cardiac risk factor), liver enzymes (ALT, AST), serum
proteins (total protein, albumin, globulin), oxidative stress
markers (total oxidant status, total antioxidant capacity,
paraoxonase, arylesterase), cell-mediated immune response,
glycemic markers (fasting and, oral glucose tolerance,

insulin  resistance via HOMA-IR), carbohydrate-
metabolizing  enzymes  (o-amylase,  a-glucosidase,
hexokinase, phosphofructokinase, G6PDH, glycogen

phosphorylase, G6PC), inflammatory cytokines (TNF-a,
IL-6, leptin, adiponectin), renal function markers (creatinine,
blood urea nitrogen), and mRNA expression of key
metabolic genes (GCK, IGF-1, GLUT2, UCP2, vasopressin,
HMG-CoA lyase, lactate dehydrogenase, angiotensin Il
receptor) in a hypercholesterolemic rat model.

2. Methods

A. bisporus powder: A. bisporus was obtained from the
Institute of Horticulture Sciences, University of
Agriculture, Faisalabad, Pakistan. A. bisporus was
dehydrated by oven heating at 37<€ and then ground into
powder. The powder was added at 5% w/w into the
CMD+HC diet in the HCAB group.

Proximate analysis: Three replicates of A. bisporus
samples were analyzed for crude proteins, carbohydrates,
fat, fiber, moisture, and ash, which were determined
according to standard procedures [15].

Total phenolic contents

The Folin-Ciocalteu reagent method was used to
determine TPC. Briefly, 1mg/ml diluted A. bisporus sample
(100pd) was mixed with 1 mL Folin-Ciocalteu reagent (0.2
mol/L). After 4 minutes, 200  of 2.5% sodium carbonate
solution was added to the reaction mixture. This mixture
was incubated for 60 minutes at room temperature, and
absorbance was determined at 760 nm [16].

Total flavonoid content

Flavonoid contents were determined by using rutin as a
standard according to the method previously adopted by
[16]. In a nutshell, 1ml of distilled water was added to
100 of an A. bisporus sample (1 mg/mL). 125pL of
AICI3 and 75 of 5% NaNO, were added after 5 minutes
of room temperature incubation, and the mixture was again
incubated for 6 minutes at room temperature. After adding
125pL of 1 M NaOH, the final volume was adjusted to 2.5
mL using distilled water. Utilizing a chemical analyzer
(Biolab 3110), the absorbance at 540 nm was measured,
and the total flavonoid content of the A. bisporus sample
was assessed using the rutin standard curve.

Radical scavenging activity

Different dilutions of the mushroom sample (15u) in
dimethyl sulfoxide at 1, 2, and 3mg/ml concentrations
were mixed with 585 DPPH working solution (0.025

g/L methanol). After 20 minutes of incubation at room
temperature, absorbance was measured at 515nm. The
percentage scavenging activity of DPPH was measured by
the following equation:

Inhibition (%) = (%Jxloo @

Where A0 is the absorbance of the control (sample was
replaced with distilled water) and Al is the absorbance of
the sample.
High-performance
analyses

After being sonicated, A. bisporus powder was
extracted in ethanol (63%) and 6 M HCI, refluxed for two
hours in a water bath, filtered through a membrane filter
(0.2 pm), and then injected into an HPLC system
(Shimadzu LC-20AT) outfitted with an auto-sampler
(SIL-20A), column oven (CTO-20A), and diode array
detector (SPD-M20A). A guard column (KJO-4282,
Phenomenex) and an analytical column (Purospher Star
RP-18 endcapped 5 m 100 A< 250 x 4.60 mm, Merck,
Germany) were utilized. The gradient program was 10% B
for 10 min, 30% B for 10 min, 50% B for 10 min, 65% B
for 10 min, 80% B for 10 min, 90% B for 10 min, and
100% B for 10 min, with the mobile phase consisting of
(A) 0.1% acetic acid and (B) methanol.

Induction of hypercholesterolemia

Thirty-six albino male rats of 6 weeks of age were
obtained from Government College University, Faisalabad,
and acclimatized for 1 week under standard laboratory
conditions. Per day water and food intake were measured
by subtracting the remaining food and water from the food
and water supplied to each cage daily. An automated
weight balance was also used every day to assess the rats'
weight. To get the food efficiency ratio, we estimated the
amount of weight gain that would occur each day after
eating the recommended amount of food. Before
beginning medication, the rats had their triglycerides and
total cholesterol checked, which were found to be less
than 150 mg/dL and 140 mg/dL, respectively. Initially,
rats were distributed into two groups: twelve rats were fed
a simple chow maintenance diet (CMD), and twenty-four
rats were fed a hypercholesterolemia diet for the induction
of hypercholesterolemia for 24 days. The composition of
the diets is shown in Table 1 [17]. On Day 24, blood was
taken from the tail vein for serum confirmation of
hypercholesterolemia (>200 mg/dL total cholesterol and
triglycerides) with the help of a commercially available kit
(Human Diagnostics, Max-Planck-65205, Wiesbaden,
Germany). All procedures and protocols involving
animals were approved by the Institutional Review Board
of Government College University, Faisalabad.

Experimental design: A total of 36 albino male Wistar
rats were used in this study. The animals were randomly
assigned to three experimental groups (n=12 per group) as
follows:

Group I: Control (CON): Twelve rats received a
standard chow maintenance diet (CMD) throughout the
experimental period. This group served as the negative
control, representing normal physiological baseline values.

Group II: Hypercholesterolemic Control (HC): Twelve
rats were fed a hypercholesterolemic diet (CMD

liquid chromatography (HPLC)
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supplemented with 1.5% cholesterol and 0.5% cholic acid)
for 24 days to induce hypercholesterolemia, and continued
on this diet until the end of the experiment. This group
represented the disease model without any intervention.

Group Ill: Hypercholesterolemic + A. bisporus
(HCAB): Twelve rats were fed the same
hypercholesterolemic diet for 24 days for induction,
followed by treatment with the hypercholesterolemic diet
supplemented with 5% w/w dried A. bisporus powder for
an additional 21 days. This group was used to evaluate the
therapeutic effect of A. bisporus supplementation on
hypercholesterolemia-induced metabolic perturbations.

All groups were provided access to a 48 g/kg/rat diet
daily. The composition of the diet in each group is
presented in Table 1.

Table 1. Composition of the diet chart

Dietary Contents CMD |D-|i§t -gﬁ;attT?tbli)sI;gElTs?
Starch 76% 74% 69%
Protein 10% 10% 10%

Qil 10% 10% 10%
Vltammi;a(rt'nljireM*lneral 4% 4% 4%
Cholic Acid 0% 0.5% 0.5%
Cholesterol 0% 1.5% 1.5%
A. bisporus 0% 0% 5%

Serum biochemical analysis: Blood samples without
anticoagulant were collected by cutting the jugular vein
after completion of the experimental period. Serum was
separated from the blood by centrifugation in a centrifuge
(Eppendorf, Temperature control 5810R, Hamburg,
Germany) at 2500 < g for 10 minutes at 4°C, stored at
-20 <C.

Serum Lipid Profile (mg/dL): To measure the Total
cholesterol (TC) concentration (Human Diagnostics, Max-
Planck-65205, Wiesbaden, Germany), HDL-Cholesterol
(HDL-C), and triglycerides (TG; Monoreagent, iTron,
Paris, France) in the serum, the mentioned commercial
kits were used. The detection ranges for TC, LDL-C, and
HDL-C were 0-750 mg/dL, and for TG, 0-1000 mg/dL.
The procedures for all the assays were according to the
instructions of the kit manufacturer. The Coefficient of
variance (CV) within run was 1.81% and between runs
was 1.96 % for all the assays. Absorbance was taken at
546 nm. The formulae were used to generate the
atherogenic index [18] and cardiac risk factor [19].

Serum Liver Enzymes

Serum level of Aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) was determined by kit
Randox Laboratories Ltd. (BT29 4QY; Crumlin, County
Antrim, UK) according to the manufacturer’s protocol.
Serum Protein Levels

Serum levels of total proteins were measured using the
Biuret method and total albumin levels using the BCG
method with the help of commercially available Kits,
Randox Laboratories Ltd. (BT29 4QY; Crumlin, County
Antrim, UK) [20].

Oxidative stress index

Through a Biosystem calibrated spectrophotometer,
serum samples were analyzed [21]. The assay was linear
up to 30 mmol of vitamin C equivalent per liter, and the

intra-assay coefficient of variation (CV) was under 3%.
Using H202 as the instrument's calibration standard and
concentrations of 25, 12.5, 6.25, 3.12, 1.56, 0.78, and 0.39
umol/L H20: equivalent/L at 37°C temperature, the total
oxidant status (TOS; mol of H,0, equiv. L1) in the serum
was determined spectrophotometrically at biochromatic
wavelengths of 560 and 800 nm [21]. For paraoxonase
activity, 2 mmol/L paraoxon was used as the substrate to
assess the paraoxonase activity. This assay's minimal
detection threshold ranged from 80 to 100 U/min/L.
Phenylacetate was used as a substrate to assess the activity
of arylesterase. At 660 nm, there was an absorbance [22].
Cell-mediated immunity evaluation (DNCB assay)

Four rats from each group had their hind thighs shaved
and cleaned three days before the conclusion of the
experiment. Using the aid of an insulin syringe, 1% 2, 4-
dinitrochlorobenzene (DNCB) produced in acetone was
applied in a one-inch circular mark on the thigh after
measuring the skin's thickness using a Vernier caliper.
Skin thickness was tested again after the DNCB
application for 24, 48, and 72 hours [23].
Assessment of Glucose, insulin,
metabolism test

Oral glucose tolerance test was performed by (24]. For
the insulin tolerance test, animals were fasted for 4 hours,
followed by [25], and then AUC was determined and
presented as hepatic gluconeogenesis [25].
Assessment of serum levels of
metabolizing enzymes

The enzymatic activities of glucose-6-phosphatase
(G6PC),  a-amylase,  a-glucosidase, hexokinase,
phosphofructokinase, glucose-6-phosphate dehydrogenase,
and glycogen phosphorylase were quantified using
commercially available ELISA assay kits (Elabscience®,
USA) following the manufacturer’s instructions (Catalog
Nos: G6PC E-EL-M1362; a-amylase E-BC-K007-M; a-
glucosidase E-EL-H6168; hexokinase E-EL-H1345;
phosphofructokinase E-BC-K612-M; glucose-6-phosphate
dehydrogenase E-BC-K763-M; glycogen phosphorylase
E-AB-11510) [26].
Estimation of first-line antioxidant enzymes

The levels of catalase, superoxide dismutase, and
glutathione peroxidase were estimated through the
spectrophotometric method according to our previously
adopted method [27].
A. bisporus effect on lipid profile

High-density lipids, low-density lipids, and the level of
triglycerides were determined through a bioanalyzer.
HMG-CoA-reductase level was investigated by an ELISA
kit (Catalog Number: E-EL-H2472, Elabscience®)
according to the manufacturer’s protocol.
A. bisporus effect on hypercholesterolemia-induced
inflammation

The serum levels of tumor necrosis factor-a (TNF-a)
and interleukin-6 (IL-6) were estimated [28]. Leptinemia
was determined by using commercial kits of leptin
(catalogue # E-EL-R0582, Elabscience®) and adiponectin
E-EL-R3012, Elabscience®) through ELISA.
gRT-PCR

Animals were sacrificed, and liver tissues were isolated.
mRNA was isolated using TRIzol reagent (ThermoFisher
Scientific, Massachusetts, USA). RNA samples were

and pyruvate

carbohydrate-
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transcribed to cDNA using reverse transcriptase
(ThermoFisher Scientific). After loading the Bio-Rad PCR
96-well plate with forward and reverse primers and
CybrGreen master mix, amplification was performed.
Thermal cycling was performed using a Bio-Rad machine
at 95<C for 5 min, followed by 40 cycles (denaturation for
15 s at 95<C, annealing for 20 s at 60<C, and extension for
20 s at 72<C). By using GAPDH as a housekeeping gene,

MRNA expression was calculated by the Livak method [27].

Histopathology

After anesthesia, animals were sacrificed by cervical
dislocation; liver, kidney, pancreas, and adipose tissues
were isolated and stained with hematoxylin and eosin, and
observed under a digital microscope at 10X.

Table 2. List of primer sequences with accession number used in
gene expression analysis.

Table 3. Proximate Composition of A. bisporus

Parameters A. bisporus
Moisture (%) 92.240.21
Fat (%) 2.0440.01
Ash (%) 7.2140.02
Crude Fibre (%) 12.0140.021
Crude Protein (%) 27.7610.82
Crude Carbohydrates (%) 51.58+1.2
Energy (Kcal/100g) 335.72

HPLC analysis of A. bisporus extract

HPLC analysis revealed the presence of five bioactive
compounds. Gallic acid, Caffeic acid, p-hydroxybenzoic
acid, p-coumaric acid, and ferulic acid were present as g
g™ dry weight, as shown in Figure 1 and Table 4.

A. bisporus

Standard

T T T [T T T r [ rrr1r [T 17T 1T [ T T T T[T rrJrrrr
0.0 10 20 30 40 50 60 70

Figure 1. HPLC chromatograms showing phenolic profile of A. bisporus
extract and standard compounds, i.e., gallic acid (1), caffeic acid (2), p-
hydroxybenzoic acid (3), p-coumaric acid (4), and ferulic acid (5)

Table 4. Composition of phenolic compounds (g g™ dry weight) in A.
bisporus extract

. Primer . .
Primer Name Type Sequencing Requirement
G"zéocklgase Forward | TGGTTCCTGTCCACCATAGTT
Reverse CCAGGTCAGTGCCTTAGTGC
Insulin-like
growth factor1 | Forward | GCTCCAAAGCAGACAAAATACCC
(IGF-1)
Reverse GGTCTGGGGCACAAAGATGGA
Glucose
transporter 2 Forward GCAGCCTTGGTAAGAAGGTCA
(GLUT2)
Reverse CTTCTGACATGTTGCGTGCG
Lactate Forward | TCCCTCAGCGTCCCATGTATC
dehydrogenase
Reverse TCCATAGAAACCCTGCTGCA
Angiotensin Il £ varg | ATCCAAGATGACTGCCCCAA
receptors
Reverse CCACAGTGGCAAAGTCAACA
H NII;-SSSOA Forward CTAAAGTTGCTGAGGTCGCC
Reverse GCTTGGCCATAGGTGTCATG
Vasopressin Forward GTTGCTGGCTTCCTTGAACA
Reverse TGGGCTCCGGTTGTTAGAAT
GADPH Forward | TGACAACTTTGGTATCGTGGAAGG
Reverse | AGGCAGGGATGATGTTCTGGAGAG

Statistical analysis: The SPSS-26 and GraphPad Prism
version 05 programs were used to perform a one-way
analysis of variance on all of the data. The Tukey and
Bonferroni post hoc tests were used to assess differences
across groups.

3. Results

Proximate analysis: Proximate composition of three
replicates of A. bisporus samples (100g each) is tabulated
in Table 1, showing the mean value with standard error.

Total phenolic and flavonoid contents: Contents were
assessed by (29]. The Mean value of flavonoid contents of
three replicates of A. bisporus was found to be 91 mg
Gallic acid equivalent per gram dry weight, and total
flavonoid contents were 47 mg rutin equivalent per gram
dry weight.

DPPH radical scavenging activity: DPPH scavenging
activity of the crude A. bisporus extract was found to be
maximum (58 %) at the concentration of 2 mg/ml.

S.# Compounds Retention time A. bisporus
1 Gallic acid 11.39 2252 +2.17
2 Caffeic acid 15.47 46.28 £1.49
3 p-Hydroxybenzoic acid 17.75 143.75 £4.63
4 p-Coumaric acid 25.34 15.84 +0.82
5 Ferulic acid 31.62 8.73 +0.45

Effect of food and water consumption on body weight

Mean values of average daily body weight (BW), food
efficiency ratio, and food and water intake with standard
errors are presented in Table 5. A. bisporus-fed rats show a
similar weight gain, food consumption, and efficiency
ratio to those of the HC group. Moreover, the HC group
showed higher values of Daily food intake, weight gain,
and food efficiency ratios as compared to the control
group (p<0.05). Water intake of the other groups was
similar (Table 5).

Table 5. A. bisporus effect on growth parameters in
hypercholesterolemic rats
Parameters CON HC HCAB
BW gain (g/d) 5.15 +0.5° 7.68 +0.71° 6.98 +0.19°
Food intake (g/d 24.45+1.34° 18.27+2.19% 19.43+1.09%
Food f;fti'g'e”cy 021+001° | 042+042° | 0.36021°
Water intake 160.55 + 170.7 = 165.09 +
(ml/d) 13.42° 16.98° 14.27°

Values are mean +SE; *“letters showed significant difference (p<0.05)
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Lipid profile

The HC group had a significantly higher total
cholesterol concentration (p < 0.05) compared to the CON
group (Figure 1A). Figure 2 showed that the HC group
had significantly higher levels of LDL compared to the
CON group (p <0.05). On the other hand, the HCAB
group had significantly higher HDL levels (p < 0.05) than
the HC group. A notable increase (p < 0.05) in the TG
value was seen when comparing the HC group in
comparison to the CON and HCAB groups (Table S1).
Both the control and HCAB groups' atherogenic indices
and cardiac risk factors exhibit comparable outcomes and
are considerably lower than those of the HC group (p <
0.05) (Figure 2A and B).

Serum Lipid Profile A Atherogenic Index and Cardiac Risk B
300 Factor
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Figure 2: Effect of A. bisporus on lipid profile, *°alphabet showed a
significant difference (p<0.05). HDL; high density lipoprotein, LDL; low
density lipoprotein, T.C; total cholesterol, TGs; Triglycerides

Serum liver enzymes

A. bisporus supplementation in the diet significantly
decreased the levels of ALT and AST in the HCAB group
(p < 0.05), despite serum liver enzyme concentrations
being greater in the HC group compared to the control
group (Table S2) (p < 0.05) (Figure 3).
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Figure 3. Effect of A. bisporus on serum levels of liver enzymes, **
alphabet showed a significant difference (p<0.05)

Serum proteins

Rats that were given A. bisporus had significantly
greater amounts of total protein, albumin, and globulin in
their blood when contrasted with the HC and control
groups (p<0.05) (Table S3). Figure 4 showed that total
albumin levels were not significantly different between
the control and HCAB groups.

Serum levels of Total Proteins, Albumin and
Globulin
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Figure 4. Effect of A. bisporus on total proteins,
significant difference between groups. (p<0.05)

*“alphabet, showed the

Oxidative stress

The mean TOS level was considerably elevated (p <
0.05) in the HC group relative to the CON and HCAB
groups. The supplementation of A. bisporus reduced TOS
concentration; nevertheless, the mean TAC value was
significantly greater (p<0.05) in the HCAB group
compared to the HC and CON groups (Table S4). The
activity of paraoxonase and arylesterase enzymes did not
change substantially across the groups (Figure 5).
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Figure 5. Effect of A. bisporus on liver enzymes; *“alphabet on mean
showed the significant difference between groups. (p<0.05)

Cell-mediated  immunity  (Delayed type of
hypersensitivity reaction): The mean skin thickness as a
measure of cell-mediated immune (CMI) response
(Delayed type hypersensitivity immune response) between
the groups didn’t vary significantly before the inoculation
of DNCB (Table S5). The mean value of CMI was higher
(p<0.05) in the HCAB group as compared to the HC and
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CON groups at all the time points. The CMI response was
even higher (p<0.05) in the CON group as compared to
the HC group at all time points, though the maximum
level was observed after 24 hours of DNCB inoculation in
the HCAB group (Figure 6).

DNCB

e
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BCON
EHC
BHCAB
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8kin Thickness (mm)
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After 24 hr After 48 hr  After 72 hr

Figure 6. Effect of A. bisporus on delayed type of hypersensitivity
reaction; ““alphabets showed a significant difference (p<0.05)

Effect of A. bisporus on glycemic markers

To find out how A. bisporus treatment affected blood
glucose levels, the study looked at fasting blood glucose
levels before, during, and after the treatment. The results
demonstrated that the HC diet considerably increased
fasting blood glucose levels, as compared to the normal
control group (P<0.001). Different from the HC diet group,
the A. bisporus extract administration in the last week of
the trial had a gradual hypoglycemic impact that affected
both fasting sugar measurements.

2001
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1

Fasting blood glucose mg/dL
@ 5
3 3

Figure 7. Effect of A. bisporus on glycemic markers (fasting blood
glucose level); a-alphabet showed the significant difference between
groups. (p<0.001)

Effect of A. bisporus extract treatment on oral glucose
tolerance test

Oral glucose tolerance testing was carried out in the last
week of therapy, after an overnight fasting interval, to
evaluate the effect of A. bisporus extract on this measure.
Blood sugar and insulin levels were measured in the
treated animals before they were given a weight-based
standardized dose of glucose (Table S7). After that, at 30,
60, 90, and 120 minutes after glucose injection, blood
glucose levels were checked. Blood glucose levels in the
group fed the hypercholesterolemic (HC) diet were
significantly higher than in the normal control group after
30 minutes (P<0.001) and continued to be raised for up to
120 minutes, according to the data. Figure 8 showed that,
in contrast to the hypercholesterolemic control group (HC),

the AB extract therapy showed a gradual hypoglycemic
effect (P<0.001).
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Figure 8. Effect of A. bisporus on glucose tolerance test, *“alphabet on
mean showed the significant difference between groups. (p<0.001)

Insulin tolerance test

The study measured serum insulin levels in individuals
on a hypercholesterolemia (HC) diet and found significant
variations throughout the experimental period. Initially,
animals on the HC diet showed increased insulin levels
(P<0.001) compared to controls, indicating heightened
secretion. However, those treated with A. bisporus and the
HC diet exhibited a marked reduction in insulin levels
(P<0.001), suggesting improved insulin sensitivity (Table
S8, S9, S10, S11). The Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR) indicated higher insulin
resistance in the HC group versus controls (P<0.001), but
A. bisporus extract ameliorated this in the HCAB group.
An insulin tolerance test revealed elevated blood insulin
levels in the HC group after fasting (P<0.001), while
treatment with A. bisporus significantly enhanced insulin
levels in the HCAB group. This research underscores the
potential benefits of A. bisporus extract in mitigating
insulin resistance associated with high cholesterol. (Figure
9).
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Figure 9. Effect of A. bisporus on serum level of insulin, *‘alphabet,
showing the significant difference between groups. (p<0.001)

Effect of A. bisporus extract treatment on the pyruvate
tolerance test

Participants fasted for eighteen hours to assess the
impact of A. bisporus extract on gluconeogenesis. After
fasting, administration of pyruvate revealed that the HC
group exhibited significantly higher blood glucose levels
compared to the CON group (P<0.001) at 30 minutes,
with levels remaining elevated for up to 120 minutes. In
contrast, HCAB therapy significantly reduced blood
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glucose levels (P<0.001), returning them to baseline
within the same timeframe (Table S12, S13). An area
under the curve (AUC) analysis indicated considerably
elevated AUC in the HC group compared to CON
(P<0.001), while HCAB treatment resulted in a substantial
reduction in both blood glucose levels and AUC (P<0.001)
compared to the HC group.
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Figure 10. Effect of A. bisporus on insulin resistance, *alphabet on
mean showed the significant difference between groups. (p<0.001)
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mean showed the significant difference between groups. (p<0.001)
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Figure 12. Effect of A. bisporus on insulin tolerance test, area under the
curve, *“alphabet on mean showed the significant difference between
groups. (p<0.001)
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Figure 14. Effect of A. bisporus on the pyruvate tolerance test, area
under the curve, *alphabet showed the significant difference between
groups. (p<0.001)

Effect of A. bisporus on carbohydrate metabolism
biomarkers

The hypercholesterolemic (HC) group showed impaired
glucose metabolism with increased o-amylase and o-
glucosidase levels on the HC diet. HCAB therapy
effectively reduced these enzyme levels. The A. bisporus
diet in the HCAB group led to a significant reduction in
glucose-6-phosphate  dehydrogenase (G6PDH) levels
compared to the HC group (P<0.001). Glycogen
phosphorylase activity was higher in the HC group than in
the control, but decreased significantly in the HCAB
group  after treatment (P<0.001). Additionally,
phosphofructokinase activity was restored in the HCAB
group, contrasting with reduced levels in the HC group
(P<0.001). Hexokinase activity increased in the HC group
(P<0.001), while it significantly decreased in the HCAB
group post-treatment (P<0.001) (Table S14). Glucose-6-
phosphatase activity surged in the HC group (P<0.001),
but returned to normal levels following A. bisporus extract
treatment in the HCAB group.
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Figure 16. Effect of A. bisporus on leptinemia and inflammatory biomarkers; a-alphabet on the mean showed the significant difference between groups.
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Effect of A. bisporus extract treatment on leptinemia
and inflammatory biomarkers

A considerable release of cytokines associated with
inflammation (TNF-a and IL-6), leptin, and adiponectin
from white adipose tissues was seen in the
hypercholesterolemic (HC) group compared to the control
(CON) group, when a cholesterol-rich meal was
administered (P<0.05). Treatment with A. bisporus extract
resulted in a substantial decrease (P<0.05) in the pro-
inflammatory mediators TNF-a and IL-6, as well as a

decrease in leptin levels (Table S15). This was
accomplished by the high-cholesterol A. bisporus (HCAB)
group via reduced adipose tissue excessive production of
leptin and adiponectin (Figure 16).
Effect of A. bisporus treatment on creatinine and blood
urea nitrogen

The hypercholesterolemia-related increase in blood
urea nitrogen and serum creatinine levels in the HC group
was statistically significant (P<0.05) when contrasted with
the CON group (Table S16). A. bisporus extract therapy,
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on the other hand, significantly improved matters,
reducing the other groups' increased urea nitrogen levels
and creatinine levels (Figure 17).
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Figure 17. Effect of A. bisporus on blood urea nitrogen and serum
creatinine levels; a-alphabet showed the significant difference between

groups. (p<0.05)

Effect of A. bisporus on gene expression

The hypercholesterolemic (HC) diet led to a significant
reduction in mRNA expression of glucokinase (GCK),
insulin-like growth factor 1 (IGF-1), and glucose
transporter 2 (GLUT-2) compared to controls (CON), with
P<0.001. Conversely, the addition of A. bisporus extract
to the diet restored these mRNA levels. The HC group
showed increased uncoupling protein 2 (UCP2)
expression relative to both the CON and HCAB groups;
however, UCP2 levels rose notably in the HCAB group
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following A. bisporus treatment. HC intoxication also
caused a drop in vasopressin and HMG-COA lyase
expressions (P<0.001 compared to CON), while A.
bisporus extract notably improved these expressions
(Table S17. Additionally, lactate dehydrogenase and
angiotensin receptor |1 levels were higher in the HC group
(P<0.001), but showed decreased expression after A.
bisporus treatment, particularly in the HCAB group
(P<0.001).
Effect of A. bisporus treatment on histopathology
Hypercholesterolemia induces significant
histopathological changes in adipose tissues and organs,
presenting as adipocyte hypertrophy, inflammation, and
necrosis in the HC group, which are notably remedied by
A. bisporus treatment. The CON group exhibited
preserved liver architecture, while the HC group showed
inflammation and damaged hepatic cords. Treatment with
A. bisporus resulted in improved liver histopathology.
Similarly, the HC group displayed reduced pancreatic
Islets of Langerhans, indicative of impaired insulin
synthesis, but the HCAB group showed restoration of
these islets, signaling pancreatic recovery. Additionally,
renal examination revealed glomerular lesions and
infiltration of immune cells in the HC group; however,
these conditions were alleviated in the HCAB group,
suggesting potential therapeutic benefits.
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Figure 18. Effect of A. bisporus on mRNA expression of principal genes linked to carbohydrate metabolism; *° letters on mean values showed

significant differences between groups. (p<0.05)
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4. Discussions

Hypercholesterolemia is a multifactorial metabolic
disorder characterized by dysregulated lipid metabolism,
oxidative stress, inflammation, and impaired glucose
homeostasis, all of which contribute to the progression of
cardiovascular and metabolic diseases [30,31]. In the
present study, dietary supplementation with Agaricus
bisporus exerted a comprehensive protective effect across
biochemical, molecular, and histopathological parameters
in a hypercholesterolemic rat model.

The improvement in lipid profile represents a key
outcome of this study. Hypercholesterolemic rats
exhibited elevated total cholesterol, LDL, and
triglycerides with reduced HDL levels, consistent with
established experimental models [9,28]. Supplementation
with A. bisporus significantly reversed these alterations
and reduced atherogenic indices and cardiac risk factors.
These findings are in agreement with previous studies
demonstrating the hypolipidemic potential of A. bisporus,
where reductions in serum cholesterol and triglycerides
were attributed to bioactive components such as dietary
fiber, sterols, and polysaccharides [22,32]. Similar lipid-
lowering effects have also been reported for Lentinus
edodes, further supporting the role of edible mushrooms in
regulating lipid metabolism [33].

Hepatic dysfunction induced by hypercholesterolemia
was evident through elevated serum ALT and AST levels,
indicating hepatocellular injury and altered membrane
permeability [34,35]. The significant reduction of these
enzymes following A. bisporus supplementation suggests
hepatoprotective  activity, likely mediated through
attenuation of oxidative stress and lipid accumulation.

These findings are consistent with earlier reports showing
that mushroom-derived compounds improve liver enzyme
profiles and hepatic integrity [36,37]. Furthermore, the
restoration of total protein, albumin, and globulin levels
supports improved hepatic synthetic function, in line with
previous studies on diet-induced hepatotoxicity [38,39].

Oxidative  stress plays a central role in
hypercholesterolemia-associated  complications.  The
elevated total oxidant status observed in the
hypercholesterolemic group reflects excessive reactive
oxygen species generation [40]. Treatment with A.
bisporus significantly reduced oxidative burden while
enhancing total antioxidant capacity, indicating strong
antioxidative potential. This effect may be attributed to
phenolic constituents such as gallic acid, caffeic acid, and
ferulic acid identified in the present study. Comparable
antioxidant activity of A. bisporus and other mushrooms
has been reported previously, highlighting their ability to
scavenge free radicals and protect against oxidative
damage [41]. The immunomodulatory effects observed, as
indicated by enhanced delayed-type hypersensitivity
response, suggest restoration of cell-mediated immunity
compromised under hypercholesterolemic conditions.
Oxidative stress is known to impair immune function,
particularly T-cell-mediated responses. The enhanced
immune response observed in the treated group aligns
with previous findings that mushroom polysaccharides,
especially  B-glucans, stimulate macrophages and
lymphocytes, thereby improving immune competence
[42,43,44].

In addition to lipid and immune modulation, A.
bisporus significantly improved glycemic control.
Hypercholesterolemic rats exhibited elevated fasting and
impaired glucose tolerance, and increased insulin
resistance, consistent with previous reports linking
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dyslipidemia to insulin resistance [24,25].
Supplementation with A. bisporus resulted in significant
reductions in blood glucose levels, improved glucose
tolerance, and decreased HOMA-IR values, indicating
enhanced insulin sensitivity. These findings are supported
by earlier studies demonstrating improved glucose
metabolism and insulin signaling following mushroom
supplementation [45,46]. The regulation of carbohydrate-
metabolizing enzymes further substantiates these findings.
The reduction in a-amylase, a-glucosidase, and glucose-6-
phosphatase activities, along with restoration of
phosphofructokinase activity, indicates improved glucose
utilization and reduced gluconeogenesis. Similar
enzymatic modulation has been associated with improved
metabolic control in previous studies [26].

At the molecular level, the upregulation of glucokinase
(GCK), insulin-like growth factor-1 (IGF-1), and glucose
transporter-2 (GLUT2) provides mechanistic insight into
the observed metabolic improvements. Glucokinase
facilitates hepatic glucose phosphorylation [47], while
GLUT2 regulates glucose transport across hepatocytes
[48]. Increased IGF-1 expression enhances insulin
sensitivity and lipid metabolism [49]. These findings are
consistent with previous evidence demonstrating that A.
bisporus  bioactives modulate glucose transporter
expression and insulin signaling pathways [50]. The
normalization of uncoupling protein 2 (UCP2) expression
suggests improved mitochondrial function and reduced
oxidative stress.

Overexpression of UCP2 under hypercholesterolemic
conditions is associated with impaired ATP production
and insulin secretion [51]. The observed modulation
indicates restoration of mitochondrial efficiency, likely
mediated by antioxidant compounds present in A.
bisporus. Inflammatory markers, including TNF-o and IL-
6, were significantly elevated in the hypercholesterolemic
group, reflecting chronic low-grade inflammation. A.
bisporus supplementation significantly reduced these
cytokines, along with leptin levels, indicating anti-
inflammatory and adiporegulatory effects. These findings
are in agreement with previous studies demonstrating the
anti-inflammatory  potential of  mushroom-derived
bioactive compounds [42]. Renal dysfunction, indicated
by elevated creatinine and blood urea nitrogen levels, was
also ameliorated following A. bisporus treatment,
suggesting systemic protective effects.

Histopathological findings further validated the
biochemical and molecular results. Hypercholesterolemia-
induced structural alterations in liver, pancreas, kidney,
and adipose tissues were markedly improved following
treatment. Restoration of hepatic architecture, pancreatic
islets, and renal morphology confirms the multi-organ
protective effects of A. bisporus, consistent with previous
reports of tissue-level recovery following antioxidant and
hypolipidemic interventions [37]. Collectively, the present
study demonstrates that A. bisporus exerts a multi-targeted
therapeutic effect by modulating lipid metabolism,
oxidative stress, inflammation, and glucose homeostasis.
These effects are mediated through both biochemical and
molecular mechanisms, including regulation of key
metabolic enzymes and gene expression pathways.
However, further studies are required to isolate specific
bioactive compounds, elucidate precise molecular

mechanisms, and validate these findings in clinical
settings.

5. Conclusion

Agaricus bisporus is a nutritionally rich edible
mushroom characterized by significant levels of crude
protein (27.76%), crude fiber (12.01%), and carbohydrates
(51.58%), along with key phytochemicals including gallic
acid, caffeic acid, p-hydroxybenzoic acid, p-coumaric acid,
and ferulic acid as identified by HPLC analysis. These
bioactive phenolic compounds are likely responsible, at
least in part, for the observed therapeutic effects. The
findings of the present study demonstrated that A.
bisporus supplementation at 5% w/w exerted significant
anti-hypercholesterolemic, antioxidant, hepatoprotective,
immunomodulatory, hypoglycemic, and anti-
inflammatory effects in a hypercholesterolemic rat model.
These effects were further substantiated at the molecular
level through upregulation of GCK, IGF-1, and GLUT2,
and downregulation of lactate dehydrogenase and
angiotensin Il receptor expression. Collectively, these
findings position A. bisporus as a promising functional
dietary adjunct for managing hypercholesterolemia and
associated metabolic and cardiovascular disorders. Further
clinical studies are warranted to validate these findings in
human subjects.
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