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ABSTRACT Ocxidative stress is a key factor of comorbidities in obesity. A Mexican genotype of the medicinal mushroom
Ganoderma lucidum (Gl) contains bioactive compounds showing antioxidant, hypocholesterolemic, anti-inflammatory, anti-
cancer, and prebiotic properties. We assessed the effect of standardized GI-1 and GI-2 extracts (1%) consumed by obese
C57BL/6 mice fed with a high-fat and sugar diet (HFSD), on weight increase, serum parameters, liver lipid accumulation,
and the expression of antioxidant genes (glutathione peroxidase 1, catalase [CAT], superoxide dismutase [SOD] 1, SOD2)
and proteins (CAT, SOD2, nuclear factor erythroid 2-related factor 2) in the liver. Fifty-six male C57BL/6 mice were
randomized into seven groups involving the control and treatments during 17 weeks, as well as using metformin (Met,
250 mg/kg/day) as a reference drug. Serum lipids and glucose levels decreased in mice groups consuming G/ extracts and
metformin, in comparison with the HFSD group, as follows: total cholesterol (=11.8% to —35.7%), triglycerides (—8.3% to
—24.8%), low-density lipoprotein cholesterol (=19.6% to —51.6%), and glucose (=3.1% to —25.7%). GI-1 and GI-2 extracts
showed antioxidant properties and prevented lipid accumulation in the liver. The expression of antioxidant genes and pro-
teins was significantly higher (P < .001) in the mice groups consuming G/ extracts, as compared to the HFSD group. This
evidence showed that GI-1 and GI-2 extracts prevented oxidative stress in the in vivo model of obesity induced by an HFSD.
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INTRODUCTION

besity is considered one of the main public health prob-
lems, since it affects ~ 671 million people in the world'
and is associated with the development of pathologies, such as
nonalcoholic fatty liver disease (NAFLD), diabetes, and cardi-
ovascular disease.” The relationship between the presence of

*Master of Sciences scholarship (no. 788247) from the National Council of Science and
Technology (CONACYT) at CIIDIR, IPN, Oaxaca, Mexico.

Article received August 23, 2023. Revision accepted July 13, 2025.

Address correspondence to: Maria E. Meneses, PhD, Centro de Biotecnologia de
Hongos Comestibles, Funcionales y Medicinales (CB-HCFM), Campus Puebla, Colegio
de Postgraduados (CP), Boulevard Forjadores de Puebla no. 205, Puebla 72760,
Mexico, E-mail: meneses.eugenia@colpos.mx or Aleyda Pérez-Herrera, PhD, SECIHTI-
Centro Interdisciplinario de Investigacion para el Desarrollo Integral Regional (CIIDIR),
Unidad Oaxaca, Instituto Politécnico Nacional (IPN), Oaxaca, Mexico, E-mail:
alperezh@ipn.mx

1079

oxidative stress in obesity and the development of comorbid-
ities is close; if the release of reactive oxygen species (ROS)
exceeds endogenous antioxidant capacity, it leads to cell
death.® Oxidative stress is strongly implicated in myocardial
infarction, ischemia/reperfusion, and heart failure. Studies
for the treatment of obesity have been carried out, focused
on finding safer and more effective medical treatments, such
as the consumption of bioactive compounds from natural
sources showing antioxidant activity.4

The medicinal mushroom Ganoderma lucidum (Gl) sensu
lato has been used in traditional medicine to prevent or treat
various diseases. Bioactive compounds from G/ have been
effective in the prevention and treatment of obesity and
associated disorders, without presenting side effects or tox-
icity.s’6 Chang et al.” showed that the aqueous extract of
Gl inhibits obesity through modulation of the gut micro-
biota, which is mainly due to the antioxidant activity of the
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polysaccharides. It has also been reported that a Gl ethanolic
extract increases antioxidant enzymes while decreasing the
production of lipid peroxides, which effectively counteracts
oxidative stress and optimizes the antioxidant capacity.® At
present, pharmacological studies have demonstrated the anti-
oxidant activity of G/, mainly attributed to polysaccharides,
polyphenols, terpenoids, and sterols.*'* Our research work
has shown that standardized extracts (Gl-1, GI-2) of Mexi-
can Gl exert hypocholesterolemic and prebiotic effects in
animal models fed with a high-cholesterol diet, reducing
hepatic steatosis and observing better responses using the
GI-2 extract obtained from basidiocarps cultivated on a sub-
strate treated with acetylsalicylic acid (ASA, 10 mM).''~!?
Furthermore, these GI-1 and GI-2 extracts have been shown
to be safe without adverse, toxic, or harmful effects at effec-
tive doses.'*

In an oxidative stress state, ROS generators contribute to
NAFLD, inflammatory and fibrotic progression linked to
the lipotoxic liver injury. The antioxidant defense system is
usually capable of protecting hepatic cells from damaging
effects.!® We assessed the effects of two standardized extracts,
obtained from a Mexican genotype of Gl, on weight increase,
lipid accumulation in the liver, serum lipid parameters, and
determined their antioxidant properties through the expression
of specific genes (GPX1 [glutathione peroxidase 1], CAT [cat-
alase], SOD1 [superoxide dismutase 1], SOD2 [superoxide
dismutase 2]) and proteins (CAT, SOD2, NRF2 [nuclear factor
erythroid 2-related factor 2]) in the liver of obese C57BL/6
mice induced by a high-fat and sugar diet (HFSD).

MATERIALS AND METHODS
Standardized Gl extracts

The Mexican CP-145 strain of G/ (Curtis) P. Karst was
provided by the Genetic Resources Platform from the
Centre of Biotechnology of Medicinal, Functional and Edi-
ble Mushrooms (CB-HCFM) at the Puebla Campus, CP,
Mexico. Its ITS1-5.8S-ITS2 rDNA gene sequence is depos-
ited at the GenBank (www.ncbi.nlm.nih.gov/genbank/),
with the accession number LN998989. Mushroom cultiva-
tion and harvesting have been previously described.’ 1,14

Dried mushroom slices were chopped in a stainless steel
blender for the preparation of extracts, and the product
(10 g) was placed in a filter paper (8 pwm) bag for macera-
tion (24 h). Hydroalcoholic extracts, 32% v/v (alcohol:
water), were obtained according to a previous patent
(MX322035-B).'® Mushroom extracts were then concen-
trated to 10 mL in a rotary evaporator (R-220 Pro; Buchi,
Switzerland), 90 rpm, at 40°C water bath, 23-25°C sample
vapor, and 10°C chiller temperature. They were then filter-
sterilized (0.45 pm; Merck Millipore, Mexico) and stored at
4°C until use. In this study, standardized extracts of G/ cul-
tivated on the control substrate were labeled as GI-1,
whereas those cultivated on the treated substrate (ASA,
10 mM) were labeled as GI-2. The standardized extracts of
Gl were prepared at a concentration of 250 mg/mL.

Nutrient composition of Gl extracts

Standardized extracts of G. lucidum (GI-1 and GI-2) were
previously analyzed by the authors according to certified
protocols,'""'* as shown in Supplementary Table S1. GI-1
and GI-2 showed different nutrient profiles, containing car-
bohydrates, glucans, total protein, total dietary fiber, fat,
vitamins (B complex, D), minerals, and several organic
acids. The total content of polyphenols in both extracts, as
well as their antioxidant capacity, was also different. The
addition of ASA (10 mM) to the cultivation substrate gener-
ated these differences.

Animals and treatments

The testing of G/ extracts was performed according to
the national regulatory policy, and standard studies were
performed at the institution (CP). Experimental protocols
were approved by the Internal Bioethics Committee,
CB-HCFEFM (Permit number: CIB-CB-HCFM-002). Fifty-six
male C57BL/6 mice (Mus musculus), 6 weeks old, were pro-
vided by the INCMNSZ, Mexico City. They were kept at
22 + 2°C (relative humidity: 45-55%), on a 12-h light/12-h
dark cycles. Standard AIN-93 diet was given to all experi-
mental groups.'” Basic ingredients per 1000 g of diet were
L-cysteine, choline, vitamins, cellulose, minerals, soybean
oil, starch, dextrin, saccharose, and casein. Extracts (GI-1 or
GI-2) were homogeneously mixed with AIN-93 and admin-
istered orally. There were seven random and independent
experimental mice groups of eight animals each (n = 8),
which were treated with one type of mushroom extract, as
follows: (1) Control diet (Ctrl): AIN-93; (2) HFSD: 30%
lard, 6% soybean oil, 6% coconut oil, and water containing
50 g/L of fructose and saccharose at a ratio of 55:45, respec-
tively; (3) HFSD + GI-1: HESD plus the GI-1 extract (1% of
the total diet); (4) HFSD + GI-2: HFSD plus the GI-2 extract
(1%); (5) HFSD + GlI-1 Tx: HFSD for 13 weeks followed by
HFSD + GI-1 for 4 weeks; (6) HFSD + GI-2 Tx: HFSD for
13 weeks followed by HFSD + GI-2 for 4 weeks; and
(7) HFSD + Met Tx: HFSD for 13 weeks followed by
HFSD plus metformin (250 mg/kg) for 4 weeks. The compo-
sition of different experimental diets is described in Table 1.
Mice groups were fed ad libitum for 17 weeks, providing
water and making sure that the full dose of GI-1 or GI-2
extracts had been eaten per day according to experimental
diets. Food consumption was recorded every day, while
body weight was registered twice weekly. All 56 mice fin-
ished experiments, and at the end of the study, they were
deprived of food and water for 12 h before blood sampling
and then sacrificed on day 119 (17 weeks). Sodium pento-
barbital was administered intraperitoneally at a dose of 100—
150 mg/kg. Blood was collected via the eyes, using specific
capillaries, centrifuged at 1000 g for 10 min, and the serum
was stored at —70°C until analysis. The liver was excised,
weighed, frozen (liquid N,), and stored at —70°C. Efficient
animal care and good laboratory practices were followed.
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TABLE 1. CoMPOSITION OF EXPERIMENTAL DIETS CONSUMED BY C57BL/6 MicE GROUPS STUDIED

Ingredients (g/kg) Ctrl AIN-93G HFSD HFSD + Gl-1 HFSD + G1-2 HFSD + Met Tx
L-cysteine 3 3 3 3 3
Choline 2.5 2.5 2.5 2.5 2.5
Vitamins 10 10 10 10 10
Cellulose 50 50 50 50 50
Minerals 35 35 35 35 35
Soybean oil 70 35 35 35 35
Coconut oil 0 35 35 35 35
Starch 397.5 239.03 239.03 239.03 239.03
Dextrin 132 102.67 102.67 102.67 102.67
Saccharose 100 77.78 77.78 77.78 77.78
Casein 200 240 240 240 240
Lard 0 170 170 170 170
Gl-1 extract — — 10 — —
GI-2 extract — — — 10 —
Metformin 0.250

Ctrl, Control diet: AIN-93; HFSD, high-fat and sugar diet; HFSD + GI-1, HFSD plus the GI-1 extract (1% of the total diet); HFSD + GI-2, HFSD plus the GI-2
extract (1%); HFSD + GI-1 Tx, HFSD for 13 weeks followed by HFSD + GI-1 for 4 weeks; HFSD + GI-2 Tx, HFSD for 13 weeks followed by HFSD + GI-2 for
4 weeks; HFSD + Met Tx, HFSD for 13 weeks followed by HFSD plus metformin (250 mg/kg) for 4 weeks.

Biochemical parameters

The concentrations of total cholesterol (TC), total triglyc-
erides (TG), low-density lipoprotein cholesterol (LDL-c),
glucose, alanine transaminase (ALT), and aspartate trans-
aminase (AST) were measured in the serum following
standard protocols in a COBAS C111 apparatus (Roche
Diagnostics Ltd., Switzerland).'®

Antioxidant activity

The serum antioxidant activity was assessed by the oxygen
radical absorbance capacity assay, according to a protocol
previously described.'® Experimental data were processed
using Trolox as a standard and expressed as micromoles of
Trolox equivalents (TE) per milliliter.

Histological analysis

Livers were dissected, fixed with ice-cold paraformal-
dehyde (4% w/v), dissolved in phosphate buffer, and
dehydrated and embedded in paraffin. Two sections
(4 pm) were taken per block, stained with hematoxylin
and eosin, and analyzed under a microscope (Leica
DM750, Germany).20 The severity of hepatic steatosis
was quantified using the Brunt classification as follows:
the amount of fat was graded from 1 to 3 according to
the proportion of fatty droplets (1: 0-33%; 2: 34-66%;
3: 67-100%).>"

Gene expression

RNA extraction. Total RNA was extracted from mouse
livers using TRIzol reagent (Invitrogen, USA), following
the manufacturer’s instructions. The RNA was quantified
in a Nanodrop 2000 spectrophotometer (Thermo Scien-
tific, USA).

Gene expression by reverse transcription polymerase
chain reaction. RNA was reverse-transcribed to comple-
mentary DNA (cDNA) using Moloney murine leukemia
virus reverse transcriptase (Invitrogen, USA). Amplifica-
tions from real-time PCR analyses of cDNA were per-
formed using TagMan probes in a Light Cycler 4800
thermal cycler system (Roche Diagnostics Ltd., Switzer-
land). The TagMan probes used are described in Supple-
mentary Table S2, and the housekeeping gene was beta-2
microglobulin (f2M). Gene expression was calculated
as the relative expression of the target gene minus the con-
stitutively expressed f2M gene (relative expression =
2 — [Ct, Target gene — Ct, Reference gene]). Assays for
each gene were performed in triplicate.

Protein expression

Western blot analysis. Protein concentrations were
determined according to the Bradford assay (Bio-Rad,
USA). Samples were stored at —80°C until use. The protein
(30 pg) was loaded and separated on a sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis gel (10%) and trans-
ferred to a polyvinylidene difluoride membrane (Millipore
Sigma, USA). Membranes were blocked with 3% bovine
serum albumin in Tris-buffered saline with Tween for 60 min
at room temperature and incubated overnight at 4°C with the
primary antibody and secondary antibodies in the blocking
buffer: anti-NFR2 (Santa Cruz, SC-722, rabbit polyclonal
immunoglobulin G [IgG]) at 1:3,500; anti-SOD2 (Santa
Cruz, sc-30080 rabbit polyclonal IgG) at 1:2,500; and anti-
CAT (Santa Cruz, sc-50508 rabbit polyclonal) at 1 :50,000.
Blots were incubated with anti-rabbit (Abcam, AB6885) sec-
ondary antibodies conjugated with horseradish peroxidase
(1:20,000). Data were normalized using glyceraldehyde-3-
phosphate dehydrogenase (1 : 40,000, ab181602 rabbit mono-
clonal IgG). Images were analyzed with ChemiDoc™ XRS +
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System Image Lab™ software (Bio-Rad). All assays were
performed in triplicate using independent blots.

Statistical analysis

A GraphPad Prism v. 8.0.2 was used (GraphPad Soft-
ware, USA). Data were expressed as the mean * standard
error of the mean. Statistically significant data were deter-
mined by one-way analysis of variance followed by
Tukey’s multiple comparisons test. Significant differences
were assessed at P < .05.

RESULTS
Effects of Gl extracts on weight increase and food intake

Weight gain was calculated by subtracting the initial
weight from the final weight. At the end of the study, as
expected, the Ctrl group had gained less weight than the
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rest of the groups fed with an HFSD (P < .0001). However,
there was no significant difference between the Ctrl and the
HFSD + GI-1 Tx groups, showing a clear effect of the GI-1
extract on the prevention of weight gain. There was no sig-
nificant difference in weight gain between the HFSD group
(20.13 g) and the HFSD + GI-1 (22.33 g), HFSD + GI-2
(16.02 g), HFSD + GI-2 Tx (15.87 g), and HFSD + Met Tx
groups (18.12 g). Interestingly, although mice from the
HFSD + GI-1 Tx group consumed an HFSD, the weight
gain (12.15 g) was significantly different from that
recorded in the HFSD group (20.13 g). There was a signifi-
cantly greater weight gain in the HFSD + GI-1 group com-
pared with HFSD + GI-1 Tx and HFSD + GI/-2 Tx groups
(Fig. 1A).

Regarding food intake, the average consumption (g/day)
was as follows: Ctrl group (3.90), HFSD (2.95), HFSD +
GI-1 (3.05), HFSD + GI-2 (2.85), HFSD + GI-1 Tx (2.74),
HESD + GI-2 Tx (2.99), and the HFSD + Met Tx group
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Average data from experimental groups of obese C57BL/6 mice fed with an HFSD during 17 weeks. (A) Weight gain (g/day). (B) Food

intake (kcal/day). (C) Food intake (g/day). (D) Water consumption (mL/day). Ctrl: Control diet: AIN-93; HFSD: high-fat and sugar diet; HFSD +
GI-1: HESD plus the GI-1 extract (1% of the total diet); HFSD + G/-2: HFSD plus the G/-2 extract (1%); HFSD + GI-1 Tx: HFSD for 13 weeks
followed by HFSD + GI-1 for 4 weeks; HFSD + GI-2 Tx: HFSD for 13 weeks followed by HFSD + GI-2 for 4 weeks; HFSD + Met Tx: HFSD
for 13 weeks followed by HESD plus metformin (250 mg/kg) for 4 weeks. Data are presented as the mean £ SEM. Different letters on a column
indicate significant differences, P < .05. Values (P) correspond to one-way ANOVA from Tukey’s multiple comparison test. ANOVA, analysis of
variance; HFSD, high-fat and sugar diet; G/, Ganoderma lucidum; SEM, standard error of the mean.
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(2.82). All treated mice groups fed an HFSD were signifi-
cantly different (P < .0001) from the Ctrl group (Fig. 1B).
As expected, the Ctrl diet had better palatability than
HFSDs for rodents. The intake expressed as kilocalories per
day, referring to the water containing fructose and saccha-
rose given to all treated mice groups fed with a high-fat
diet, showed that the Ctrl group was significantly lower
(P <.0001) from the rest of experimental groups (Fig. 1C).
The mice group fed with an HFSD + M Tx diet consumed
significantly more kilocalories and water than the HFSD
group (Fig. 1D).

Effects of Gl extracts on serum parameters

Antihyperlipidemic effects of G/ extracts were recorded
in the obesity model of mice fed with an HFSD. Signifi-
cantly lower concentration of cholesterol (mg/dL; P <
.0001) was obtained in the HFSD + GI-2 (134.0), HFSD +
GI-1 Tx (134.2), and HFSD + GI-2 Tx (117.9) groups, com-
pared with the HFSD group (183.40), showing no signifi-
cant difference with the Ctrl group (92.2). The metformin
also had a cholesterol-lowering effect, as there was a signif-
icant difference between the HFSD + Met Tx group (128.8)
and the HFSD group (183.40). This trend was also observed
in the HFSD + GI-1 group (161.7) compared with the
HESD group (Fig. 2A).

The TG levels (mg/dL) recorded in HFSD + GI-2 (55.0),
HESD + GI-1 Tx (56.1), HFSD + GI-2 Tx (57.8), and
HFSD + Met Tx (54.0) experimental mice groups were sig-
nificantly lower (P =.0014) than that from the HFSD group
(71.9), but not significantly different compared with the
Ctrl group (49.7). There was also a reduction of TG in the
HFSD + GI-1 group (65.9), as compared with the HFSD
group (Fig. 2B).

Serum LDL-c levels (mg/dL) of the HFSD + GI-2 Tx
group (20.8) decreased significantly in comparison with the
rest of the treated experimental groups, being equivalent to
the Ctrl group (17.3; P < .0001). The HFSD + GI-1 Tx
(30.0) and HFSD + Met Tx (25.4) groups also showed sig-
nificantly lower LDL-c levels compared with the HFSD
group (43.0). The HFSD + GI-1 (34.6) and HFSD + GI-2
(32.0) groups had lower LDL-c values than the HFSD
group (Fig. 2C).

Antihyperglycemic effects of Gl extracts were also
observed, as significantly reduced glucose levels (mg/dL)
were recorded in mice from the HFSD + GI-2 (257.8) and
HFSD + GI-2 Tx (265.8) groups, in comparison with the
HFSD group (334.5; P =. 001). This was also so for the
mice group receiving the specific drug, the HFSD + Met Tx
group (248.4), which was equivalent to the Ctrl group
(239.4). The HFSD + GI-1 (324.1) and HFSD + GI-1 Tx
(284.3) groups had lower glucose values than the HFSD
group (Fig. 2D).

Serum levels of ALT (U/L) were significantly lower in
the HFSD + GI-2 Tx group (35.9; P = .0119) compared
with the HFSD group (65.6), as well as the rest of experi-
mental groups (Fig. 2E). There were no significant differen-
ces between the Ctrl group (41.4) and most experimental

mice groups administered with the G/ extracts and metfor-
min, namely, HFSD + GI-1 (52.3), HFSD + GI-2 (55.0),
HESD + GI-1 Tx (50.9), and HFSD + Met Tx (41.8). Simi-
larly, AST levels (U/L) of the HFSD + GI-2 Tx group
(73.3) were also significantly lower (P = .0025) than those
from the HFSD (101.5), Ctrl (103.4), and HFSD + Met Tx
group (100.7) groups. The HFSD + GI-1 (93.4), HFSD +
GI-2 (93.7), and HFSD + GI-1 Tx (77.7) groups had equiva-
lent AST levels (U/L), which were lower than the HFSD
and Ctrl groups (Fig. 2F).

Effects of Gl extracts on hepatic lipids

After euthanasia, a differential effect was clearly observed
in the coloration of mice livers. The HFSD group showed a
whitish liver. However, livers from mice groups consuming
Gl extracts were as reddish as those from the Ctrl group,
indicating less accumulation of lipids and a preventive effect
against the development of hepatic steatosis (Fig. 3A).
Histological analysis of liver sections from experimental
mice groups revealed that the consumption of an HFSD for
17 weeks markedly increased the number of lipid vacuoles
in the liver. Interestingly, the consumption of HFSD plus G/
extracts or the drug metformin prevented the accumulation
of lipids in the liver (Fig. 3B). According to the histopatho-
logical experience, the Ctrl group showed grade 1 hepatic
steatosis, HFSD group showed grade 3, while the rest of the
experimental groups (HFSD + GI-1, HFSD + GI-2, HFSD +
GI-1 Tx, HFSD + GI-2 Tx, HFSD + Met Tx) showed grade 1.

Antioxidant effects of Gl extracts

Effects of Gl extracts on gene expression of antioxidant
enzymes in the liver. We observed a differential effect on
the expression of antioxidant genes in the liver from mice
groups consuming G/ extracts. The expression of GPX1 gene
increased significantly in the HFSD + GI-1 Tx, HFSD + GI-2
Tx, and HFSD + Met Tx groups, in comparison with the
HFSD group (P = .0002). This gene also increased its expres-
sion in the HFSD + GI-1 and HFSD + GI-2 groups, com-
pared with the Ctrl group. Lower expression of the GPX1
gene was recorded in the HFSD and Ctrl groups
(Fig. 4A). A similar expression trend was recorded in the
CAT gene, which increased in mice groups consuming
HFSD and GI extracts. The GI-2 extract significantly
induced the highest expression of the CAT gene (HFSD +
GIl-2, HFSD + GI-2 Tx), followed by the HFSD + GI-1
Tx, HFSD + Met Tx, and HFSD + GI/-1 groups. Lower
expression of the CAT gene was recorded in the HFSD
and Ctrl groups (Fig. 4B).

A significantly greater expression of the SODI1 gene was
recorded in the HFSD + GI-2 Tx group, in comparison with
the rest of the experimental groups (P < .0001). The increased
expression trend of the SOD1 gene was also observed in the
other mice groups consuming Gl extracts (HFSD + GI-1,
HESD + GI-1 Tx, HFSD + GI-2) or the specific drug (HFSD +
Met Tx), compared with the HFSD and Ctrl groups (Fig. 4C).
Similar was the case for the expression of the SOD2 gene, as
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FIG. 2. Average data of serum biochemical parameters from experimental groups of obese C57BL/6 mice fed with a high-fat and sugar diet dur-
ing 17 weeks. (A) Cholesterol (mg/dL). (B) Triglycerides (mg/dL). (C) LDL-c (mg/dL). (D) Glucose (mg/dL). (E) ALT (U/L). (F) AST (U/L).
Blood samples were taken after 12 h of food deprivation, followed by mice euthanasia, and prepared for analyses. Ctrl: Control diet: AIN-93;
HFSD: High-fat and sugar diet; HFSD + GI-1: HFSD plus the GI-1 extract (1% of the total diet); HFSD + GI-2: HFSD plus the GI-2 extract (1%);
HFSD + GI-1 Tx: HESD for 13 weeks followed by HFSD + GI-1 for 4 weeks; HESD + GI-2 Tx: HFSD for 13 weeks followed by HESD + GI-2
for 4 weeks; and HFSD + Met Tx: HFSD for 13 weeks followed by HFSD plus metformin (250 mg/kg) for 4 weeks. Data are presented as the
mean = SEM. Different letters on a column indicate significant differences, P < .05. Values (P) correspond to one-way ANOVA from Tukey’s
multiple comparison test.

the significant highest level was also recorded in the HFSD + consuming Gl extracts (HFSD + GI-1, HFSD + GI-1 Tx,
GI-2 Tx group (P < .0001). The increased expression trend of HESD + GI-2) or the specific drug (HFSD + Met Tx), com-
the SOD2 gene was also observed in the other mice groups pared with the HFSD and Ctrl groups (Fig. 4D).
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FIG. 3. Effects of experimental diets on lipid accumulation in the liver of obese C57BL/6 mice fed with a high-fat and sugar diet during
17 weeks. (A) Comparison of the color of livers after euthanasia among experimental groups. (B) Histological analysis of liver tissue stained
with hematoxylin and eosin, showing differences in lipid accumulation among experimental groups. Ctrl: Control diet: AIN-93; HFSD:
High-fat and sugar diet; HFSD + GI-1: HFSD plus the GI-1 extract (1% of the total diet); HFSD + GI-2: HFSD plus the GI-2 extract (1%);
HFSD + GI-1 Tx: HFSD for 13 weeks followed by HFSD + GI-1 for 4 weeks; HFSD + GI-2 Tx: HFSD for 13 weeks followed by HFSD +
GI-2 for 4 weeks; and HFSD + Met Tx: HFSD for 13 weeks followed by HFSD plus metformin (250 mg/kg) for 4 weeks.

Effect of Gl extracts on antioxidant capacity of serum
samples. The antioxidant activity in serum samples showed
significant differences between the Ctrl group and the rest of
the treated groups (P < .0001). The HFSD + GI-1 and
HFSD + GI-2 groups had higher antioxidant activity than
the HFSD and HFSD + Met Tx groups. Similar trend of
antioxidant activity was recorded in the HFSD + GI-1 Tx
and HESD + GI-2 Tx groups, which were greater than the
HFSD group (Fig. 4E).

Effects of Gl extracts on antioxidant protein expression in
the liver. The protein analysis showed that CAT protein
expression in the liver was significantly higher in mice
groups that consumed the HFSD plus the GI-1 or GI-2
extracts, compared with the HFSD group (P = .0018). This
was so also for the HFSD + Met Tx group (Fig. 5A). The
protein expression of SOD2 in the HFSD + GI-1, HFSD +
GI-1 Tx, HFSD + GI-2 Tx, and HFSD + Met Tx groups
was significantly greater than that from the HFSD and Ctrl
groups. This increasing trend was also recorded in the
HFSD + GI-2 group (Fig. 5B). Similar was the case for

NREF2, as protein expression increased significantly in mice
groups consuming the G/ extracts or metformin (P < .0001),
compared with the HFSD group. The protein expression of
NRF2 in the Ctrl group was lower than that of the HFSD +
GI-1, HFSD + GI-2, HFSD + GI-1 Tx, HFSD + GI-2 Tx,
and HFSD + Met Tx groups (Fig. 5C).

DISCUSSION

Obesity induces cellular oxidative stress, leading to the
development of inflammation and cardiovascular diseases.
Natural antioxidants consumed in the diet reduce oxidative
stress processes and prevent associated comorbidities.”* In the
present study, we found antioxidant properties of standardized
Gl extracts consumed by obese C57BL/6 mice, induced by an
HESD, as gene and protein expression increased significantly.
We found that mice groups consuming an HFSD had statisti-
cally significantly higher caloric intake, in comparison with
the Ctrl treatment. However, mice groups treated with GI/
extracts consistently gained less weight. In fact, the HFSD +
GI-1 Tx group was not statistically different from the Ctrl
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FIG. 4. Effects of experimental diets on the liver gene expression and the serum antioxidant capacity of obese C57BL/6 mice fed with a high-
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followed by HFSD + GI-2 for 4 weeks; and HFSD + Met Tx: HFSD for 13 weeks followed by HFSD plus metformin (250 mg/kg) for 4 weeks.
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group and showed the lowest weight increase of all experi-
mental groups fed with an HFSD. Chang et al.” found that the
aqueous extract of G/ decreased weight gain in mice due to
its prebiotic properties, regulating dysbiosis induced by a high-
fat diet, as well as maintaining intestinal integrity and reducing
metabolic endotoxemia. Meneses et al.'' and Romero-Cérdoba
et al.'? also reported prebiotic effects of GI extracts studied in
C57BL/6 mice fed with a high-cholesterol diet.

In biochemical parameters, we found hypocholesterole-
mic effects in mice groups consuming the GI-1 extract
(HFSD + GI-1, HFSD + GI-1 Tx), or the GI-2 extract
(HFSD + GI-2, HFSD + GI-2 Tx), as well as the group
administered with metformin (HFSD + Met Tx), in compar-
ison with the HFSD group. This confirmed our previous
results showing that GI extracts reduce cholesterol levels
through the modulation of reverse cholesterol transport
genes (Abcg), abcg8, Ldl-r), decreased expression of lipo-
genic genes (Acc, Fas), and the inhibition of HMGCoAr."!
These hypocholesterolemic properties of the medicinal
mushroom G/ have been shown in different in vivo models
and are attributed to terpenes and glucans.”>*** Although
these effects have also been reported in clinical trials,13 fur-
ther studies are needed to determine the effective dose and
administration in other types of GI products.*>°

The Gl extracts decreased significantly TG levels in most
mice groups (HFSD + GI-1 Tx, HFSD + GI-2, HFSD + GI-2
Tx, HESD + Met Tx), as well as LDL-c levels in all treated
groups (HFSD + GI-1, HFSD + GI-1 Tx, HESD + GI-2,
HFSD + GI-2 Tx, HFSD + Met Tx). Chu et al.?’ reported a
reduction of TG and LDL-c levels in patients with dyslipide-
mia, who consumed 1.44 g of G extract per day for 12 weeks,
this effect was associated with decreased insulin resistance.
Hu et al.*® described mechanisms of action of metformin for
lowering lipids through the decrease of PCSK9 (proprotein
convertase subtilisin/kexin type 9) levels, which leads to
increased LDLr (low-density lipoprotein receptor) in the liver.

Glucose levels were significantly reduced in the Ctrl,
HFSD + GI-2, HFSD + GI-2 Tx, and HFSD + Met Tx mice
groups, compared with the HFSD group. Huang et al.?
reported that mice having induced diabetes showed decreased
plasma glucose levels after GI consumption, along with the
modulation of digestion and carbohydrate metabolism. It
has also been reported that the hypoglycemic effect of Gl
polysaccharides is related to the suppression of important
enzymes in gluconeogenesis and/or glycogenolysis.?>!
A proteoglycan of Gl is capable of inhibiting the activity
of the protein tyrosine phosphatase 1B, a promising thera-
peutic target for diabetes, as well as ameliorating plasma
glucose in db/db mice.*? Our results suggest that mice
treated with the GI-2 extract have a beneficial effect on the
regulation of blood glucose levels, in a similar way to met-
formin. Metformin increases AMP-activated protein kinase
levels, initiating the translocation of the GLUT-4 trans-
porter, which increases muscle glucose uptake.*

ALT and AST levels were lower in mice groups fed with
Gl extracts, being evident in the HFSD + GI-2 Tx group
compared with the HFSD group. Susilo et al.>* reported

that the administration of G/ decreases ALT and AST lev-
els. Pan et al.*® also reported an improvement in ALT levels
in mice fed with GI, as compared to metformin. G/ has
accordingly significant hepatoprotective activity, along with
its preventive effect on lipid accumulation in the liver.

The liver histology showed that the HFSD mice group
developed clear steatosis, while those groups consuming Gl
extracts showed a much lower content of lipid vacuoles.
This is in agreement with our previous research work, in
which G/ decreased the content of liver cholesterol and TG,
while hypercholesterolemic mice had accumulation of lipid
vacuoles.'!

The antioxidant activity in the plasma of mice showed that
the Ctrl group was significantly different from the rest of the
treated groups. GI extracts increased the antioxidant capacity
of all treated groups, regulating oxidative homeostasis
through their bioactive compounds, including polyphenols,
polysaccharides, vitamins, carotenoids, and minerals.'3¢ 1t
has also been shown that G/ polysaccharides have signifi-
cant antioxidant activity by scavenging free radicals.>”8 In
this study, Gl extracts also increased the expression of
GPX1, CAT, SODI1, and SOD2 genes, along with their pro-
tein expression confirmed by Western blot analysis. Cao
et al.® reported that the administration of G/ increased liver
N-acetylcysteinamide and pyruvate, which are ROS seques-
trants, as well as levels of betaine, which can improve
antioxidant activity by upregulating SOD and CAT gene
expression. This synergistic effect of SOD and CAT genes
eliminates free radicals and H,O,.

Shi et al.** proposed that the antioxidant activity of GI is
due to the supply of hydrogen by polysaccharides, forming
stable radicals when combined with free radicals, as well as
improving the activity of CAT, GSH, and SOD genes.
Wu*! studied the higher expression of SOD and GPX1
genes in Gl treatments, also attributed to the antioxidant
activity of polysaccharides. Li et al.** reported that the
administration of GI increases the expression of Nfr2 and
its HO-1 gene (haemoxygenase-1). Nrf2 is an important
regulator of redox homeostasis and antioxidant defense in
cells, regulating the expression of antioxidants and phase II
detoxification enzymes by antioxidant response elements.*?

The differential effect of HFSD + GI-1 and HFSD + GI-2
on antioxidant enzymes CAT, GPx, and SOD, in comparison
with HFSD + GI-1 Tx and HESD + GI-2 Tx, can be explained
by considering that such endogenous antioxidant enzymes are
the first line of defense against oxidative stress.** The antioxi-
dant properties of GI-1 and GI-2 extracts reduced the oxida-
tive stress induced by the HFSD diet administered to mice
groups since the beginning of the study, leading to lower
expression of genes and proteins studied. By contrast, the
HFSD diet administered during 13 weeks induced oxidative
stress in HFSD + GI-1 Tx and HESD + GI-2 Tx groups, so
there was a higher expression of CAT, GPx, and SOD
enzymes, while G/-1 and GI-2 extracts were consumed during
4 weeks only.

Differences recorded between GI-1 and GI-2 (ASA
10 mM) extracts are due to the addition of ASA to the
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cultivation substrate. ASA is capable of accelerating the
metabolic activity of GI, affecting substrate biodegrada-
tion."? Thus, the ASA promotes the synthesis or production
of polysaccharides, f-methyl glucopyranoside, DL-arabini-
tol, ribitol, and reactive species in GI-2 extracts, compared
to the Gi-1 extract (no ASA).* Biological effects of Gl
have been reported as directly related to the concentration
of polysaccharides.***°

The results of the present study revealed that bioactive
compounds of GI extracts exert significant beneficial anti-
oxidant activity in obese mice fed with an HFSD, through
molecular mechanisms involving the expression of antioxi-
dant genes and proteins (GPX1, CAT, SODI1, SOD?2).
Existing evidence shows that oxidative stress plays a crucial
role in cardiac and vascular abnormalities in different types
of cardiovascular diseases, so an antioxidant therapy using
Gl extracts may prove beneficial for preventing and treating
these problems of public health.
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