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Effects of mycelia and polysaccharides of Grifola frondosa on
hyperlipidemia and oxidative stress in tissues of hamsters fed a
high-fat and high-cholesterol diet
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Abstract The fruiting bodies of Grifola frondosa (G. frondosa) had been shown to improve hepatic
cholesterol metabolism and hypercholesterolemia. The aim of this study was to investigate the effects of
fermented G. frondosa mycelium (MGF) and its intracellular (MIP) and extracellular (MEP) polysaccharides
on redox homeostasis in non-adipose tissues under hyperlipidemic conditions. Male hamsters received
a high-fat, high-cholesterol (HFHC) diet with intragastric administration of cellulose, MGF, MIP, or MEP
for 8 weeks, while those fed a control diet and intragastric administration of cellulose served as controls.
The results showed that MGF and MIP significantly reduced both triglycerides and cholesterol, whereas
MEP specifically reduced cholesterol. In the hearts, all three preparations decreased [thiobarbituric acid
reactive substances (TBARS)] levels; however, MGF and MIP decreased the reduced glutathione (GSH)
content and superoxide dismutase activity, respectively. In the lungs, all three preparations increased
glutathione peroxidase activity, and MEP further reduced TBARS levels and increased total thiol content. In
the kidneys, MEP increased TBARS levels. In the gastrocnemius muscles, all three preparations reduced
TBARS levels; MGF and MIP lowered total thiol content, whereas MGF increased GSH content. Overall,
MGF, MIP, and MEP alleviated HFHC-induced dyslipidemia and provided tissue-specific antioxidant
protection. These findings suggest that fermented G. frondosa mycelium and its polysaccharides
have potential as functional dietary supplements to prevent oxidative stress-related tissue damage in
hyperlipidemia.
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INTRODUCTION

Hyperlipidemia is a global public health concern
that increases the risk of developing cardiovascular
diseases V. The manifestation of excess circulating
lipids is considerably influenced by factors such as
inheritance and dietary patterns. Chronic consumption
of high-fat and high-cholesterol (HFHC) diets is
well-documented as a contributor to hyperlipidemia
and organ-specific damage, with myocardial injury
being the most affected. The accumulation of lipid per-
oxides in cardiomyocytes impairs antioxidant defenses
and leads to structural and functional deterioration .
Increasing evidence also shows that hyperlipidemia
causes damage across multiple organs and tissues,
largely through oxidative stress, inflammation,
mitochondrial dysfunction, and impaired antioxidant
defense mechanisms ¥, The endogenous enzymatic
antioxidants, such as superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase, along
with the glutathione system, can effectively eliminate
reactive oxygen species, which are often overwhelmed
under chronic hyperlipidemia. Consequently, oxidative
stress and impaired antioxidant defense synergistically
drive progressive tissue injury. Therefore, exploring
hyperlipidemia-induced organ damage from the
perspective of lipid peroxidation, oxidative stress, and
antioxidant mechanisms provides critical insight into
the pathogenesis of systemic complications associated
with dyslipidemia.

There is increasing evidence that antioxidant-rich
diets protect against chronic diseases, notably hyper-
lipidemia . Edible mushrooms are valuable foods for
humans and rich natural sources of antioxidants due
to their bioactive compounds. Among these, polysac-
charides from mushrooms have attracted considerable
attention for their broad physiological activities.
For example, polysaccharides from species such as
Cordyceps militaris and Ganoderma lucidum have
been shown to exert anti-hyperglycemic, anti-hyperlip-
idemic, and organ-protective effects, largely through

modulation of oxidative stress related pathways 7.

Grifola frondosa (G. frondosa) is well recognized for
its immunomodulatory, antitumor, and antidiabetic
properties ®. Our previous work demonstrated that
polysaccharides derived from fermented G. frondosa
mycelia and fermentation broth effectively ameliorated
hypercholesterolemia and oxidative stress in the
erythrocytes and liver of HFHC-fed hamsters .
Despite these promising findings, few studies
have directly compared polysaccharides from fer-
mented G. frondosa mycelia (MGF), particularly those
isolated from both intracellular (MIP) and extracellular
(MEP) fractions, with respect to their lipid-lowering
and antioxidant effects. Furthermore, the tissue-specif-
ic modulation of hyperlipidemia-associated oxidative
stress by these distinct polysaccharide fractions has
yet to be systematically investigated. In this study, we
hypothesized that hyperlipidemia-induced oxidative
stress and redox imbalance triggered by a HFHC diet
could be mitigated by polysaccharide-rich preparations
from G. frondosa. To test this hypothesis, we systemat-
ically evaluated the effects of MGF, MIP, and MEP on
HFHC-induced lipid abnormalities and on biomarkers
of lipid peroxidation and antioxidant defense in the
lungs, heart, kidneys, and gastrocnemius muscles of

hamsters.

MATERIALS AND METHODS

Preparation of Fermented Mycelia and

Polysaccharide Fractions of G. frondosa

G. frondosa (BCRC 36434; Bioresources
Collection & Research Center, Food Industry Research
and Development Institute, Hsinchu, Taiwan) was
cultured to obtain fermented mycelia and broth,
following procedures adapted from our earlier work ©.
The strain was grown in a 30-L bioreactor (Top-Bio,
Taiwan) containing fermentation medium (w/v: 2%
glucose, 1% soy hydrolysate, 1% yeast extract, 0.1%
KH,PO,, 0.1% K,HPO, and 0.1% MgSO, - 7H,0; pH

5.0 before sterilization). Cultivation was initiated with
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a 10% inoculum at 25°C, aerated at 1 vvm, and stirred
at 200 rpm, gradually increasing to 350—400 rpm.
After 7 days, the biomass was separated by filtration,
washed thoroughly with distilled water, and dried at
50°C to yield mycelium (MGF).

The mycelial biomass and fermentation broth were
used to extract MIP and MEP, respectively '”. For MIP
extraction, dried MGF was mixed with distilled water
(1:10, w/v) and autoclaved at 121°C for 30 minutes. The
extract was filtered, mixed with four volumes of 95% eth-
anol, and incubated at 4°C overnight. The precipitate was
collected by centrifugation, washed three times with dis-
tilled water, and freeze-dried for 48 hours. For MEP, dried
broth powder was mixed with 95% ethanol (1:3, w/v),
extracted overnight at 4°C, centrifuged, and freeze-dried.
All dried samples were reconstituted in distilled water
before administration. The polysaccharide contents,
determined by the phenol-sulfuric acid assay, were 48.4
mg/g in the mycelial biomass and 1.7 mg/mL in the
broth.

Animals and Experimental Design

Thirty male hamsters (6 weeks old) were obtained
from the National Laboratory Animal Center (Taipei,
Taiwan). The study protocol was approved by the Lab-
oratory Animal Care and Use Committee of Changhua
Christian Hospital, Changhua, Taiwan (Approval No.
CCH-AE-94004). Animals were housed under con-
trolled conditions with free access to water and chow
(AIN-76, MP Biomedicals, Irvine, CA, USA) during
acclimatization. Hamsters were randomly assigned
to 5 groups (n = 6/group). The control group (CON)
received a cholesterol-free chow diet containing 5%
fat (corn oil, 11.7% of total calories). Four hyperlip-
idemic groups were fed a HFHC diet containing 15%
fat (w/w), comprising 10% corn oil and 5% coconut
oil, corresponding to approximately 32% of total
caloric intake. Cholesterol was included at 0.5% (w/
w). The percentage of saturated and unsaturated fatty
acids in the corn oil (MP Biomedicals, 901414) and
coconut oil (MP Biomedicals, 901403) were 13.3:85.5
and 91.4:8.0, respectively. The HFHC groups were

administered MGF, MIP, or MEP by daily intragastric
gavage, whereas the CON and HFHC control (HTC)
groups received an equivalent amount of cellulose.
The estimated daily polysaccharide intake (~50 mg)
was matched among MGF, MIP and MEP groups.
Body weight and food intake were recorded weekly.
Blood samples were collected from the retro-orbital
sinus after overnight fasting at baseline, day 29, and
day 43. On day 57, hamsters were anesthetized with
ketamine (100 mg/kg body weight) and xylazine (10
mg/kg body weight), and blood, lungs, hearts, kidneys,
and gastrocnemius muscles were collected, weighted,

and snap-frozen for subsequent analyses.

Analytical Measurements

Serum triglyceride (TG) and total cholesterol
(TC) were determined using commercial assay
kits (Fortress Diagnostics Limited, Antrim, UK).
The marker of oxidative stress, i.e., thiobarbituric
acid reactive substances (TBARS), and antioxidant
defenses in tissue homogenates were determined as
described in our previous study . Total thiol groups
were measured by using Ellman's reagent following
the method of Sedlak and Lindsay “'". Both reduced
glutathione (GSH) and oxidized glutathione (GSSG)
were fluorometrically based on the method of Hissin
and Hilf "?. The activities of superoxide dismutase
(SOD), glutathione peroxidase (GPx), and catalase in
tissue homogenates were evaluated. SOD activity was
expressed in pyrogallol units based on inhibition of
pyrogallol autoxidation ”’. GPx activity was expressed
as umol nicotinamide adenine dinucleotide phosphate
(NADPH) oxidized/min/gram tissue. Catalase activity
was measured spectrophotometrically by monitoring
hydrogen peroxide (H,0O,) decomposition and

expressed as nmol H,0O, degraded/min/gram tissue.

Statistical Analysis

Data are expressed as the means = standard error
of the mean (SEM). One-way ANOVA followed by
the least significant difference (LSD) post hoc test was

used to compare differences among groups. Analyses
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were conducted using SPSS version 18.0 (SPSS, Inc.,
Chicago, IL, USA), and differences were considered
significant at P < 0.05.

RESULTS AND DISCUSSION

G. frondosa mycelium and polysaccharides
showed no significant effects on body or organ
weights in HFHC-fed hamsters

The body and organ weights are shown in Table
1. No significant differences in body weight were
observed among the groups, indicating that ingestion
of G. frondosa mycelium (MGF) or its intracellular
(MIP) and extracellular (MEP) polysaccharides did not
affect body weight in HFHC-fed hamsters. In contrast,
Jiang et al. reported that mice fed a diet providing 60%
of total calories from fat exhibited significant body
weight gain, which was markedly suppressed by 10-
week ingestion of G. frondosa fruiting bodies *. This
discrepancy may be attributed to differences in both
diet composition and the test materials. The HFHC
diet used in the present study contained a lower fat
proportion (32% of total calories), likely to result in
smaller, non-significant weight changes. Moreover, the
fermented mycelium and especially its polysaccharide
fractions (MIP and MEP) contain little or no fiber and

A— BREEFHARFTETE o

lack many of the secondary metabolites present in
fruiting bodies, which may limit their impact on body
weight regulation. Similarly, there were no significant
differences in the weights of the hearts, lungs,
kidneys, or gastrocnemius muscles among the groups,
suggesting that these preparations did not induce
organ hypertrophy or atrophy under the present dietary

conditions.

G. frondosa polysaccharides attenuated HF-
HC-induced hyperlipidemia

The HFHC diet induced a significant increase
in serum TG levels in the HTC on day 29 and day 43
compared with the CON group (Fig. 1A). The increase
was significantly alleviated in the MGF and MIP
groups, with the TG-lowering effect of MIP being sus-
tained until day 57. Similarly, serum TC levels in the
HTC group were elevated by the HFHC diet on day
29, day 43, and day 57 compared with the CON group
(Fig. 1B). This HFHC-induced hypercholesterolemia
was significantly reduced in the MGF group on day
29, and in the MGF, MIP, and MEP groups on day 57.

The anti-hyperlipidemic effects of polysaccha-
rides from medicinal mushroom fruiting bodies have
been widely studied "*'?. In this study, fermented
G. frondosa mycelia (MGF) and its intracellular

polysaccharides (MIP) more effectively reduced serum

Table 1. Body and organ weights of control and HFHC-fed hamsters

Hyperlipidemic groups

Groups CON HTC MGF MIP MEP
Initial body weight, g 81.3£4.3 83.2+3.8 81.3£3.7 82.5%£3.3 80.3£3.7
Final body weight, g 98.4%3.2 103.9+5.2 101.0x2.7 103.41+0.8 101.8+3.5
Heart weight, g 0.38+0.01 0.37£0.03 0.40%0.01 0.3810.01 0.40%0.03
Lung weight, g 0.57%£0.02 0.60£0.02 0.57%£0.02 0.59%£0.02 0.61%0.02
Kidney weight, g 0.8510.02 0.77%0.06 0.85%0.03 0.76£0.02 0.75%0.02
Muscle weight, g 0.3910.02 0.41%0.04 0.3510.04 0.3710.01 0.4210.02

Values are means +SEM, n = 6. Group means are analyzed using one-way ANOVA followed by least significant difference.

Abbreviations: CON, control; HTC, hyperlipidemic control; MGF, fermented mycelia of Grifola frondosa; MIP, intracellular polysaccharides

extracted from fermented mycelia of Grifola frondosa; MEP, extracellular polysaccharides extracted from fermented broth of Grifola frondosa.
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Figure 1. Changes in serum (A) triglyceride and (B) total cholesterol concentrations from baseline (day 0) to days 29, 43, and 57. Values are means
=+ SEM (n = 6). *P < 0.05 vs. CON; *P < 0.05 vs. HTC (one-way ANOVA followed by LSD test).

TG and TC levels than extracellular polysaccharides
(MEP) under HFHC feeding, likely due to differences
in monosaccharide composition, bioactive constitu-
ents, or polysaccharide-mediated metabolic regulation
®_According to our previous study, glucose was the
predominant monosaccharide in all three preparations,

while MIP contained a relatively higher proportion

of arabinose (13.5%), and MEP was enriched in
galactose (12.4%), mannose (11.3%), and rhamnose
(4.5%) . The high arabinose content in MIP may
contribute to its antioxidant activity and tissue-specific
protective effects. Supporting evidence indicated that
arabinose-containing polysaccharides can modulate

. . . . . 17
oxidative stress and chronic inflammation 7.
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Moreover, Song et al. reported that L-arabinose can

alleviate oxidative stress in LLC-PK1 cells exposed to

high glucose ¥

Hyperlipidemia is well established as a key

contributor to multi-organ injury, including pulmonary

(9 cardiac oxidative stress %

(9, 21)

dysfunction , impaired

hepatic lipid metabolism , and kidney injury
@2 This study examined the effects of fermented G.
frondosa mycelia and polysaccharides isolated from
mycelium and broth fractions on organs with distinct
metabolic and physiological characteristics, including
high oxygen-demand tissues such as the lungs and kid-
neys, as well as the heart and skeletal muscles, which
are primarily composed of dense muscular tissue.
We also evaluated tissue-specific lipid-lowering and
antioxidant effects under hyperlipidemic stress. In the
following sections, we discuss the differential impacts
of G. frondosa polysaccharides on lipid metabolism,

oxidative stress, and organ-specific responses.

G. frondosa mycelium and polysaccharides
reduced cardiac lipid peroxidation and
differentially modulated antioxidant param-
eters in HFHC-fed hamsters

Hyperlipidemia is recognized as a risk factor
for cardiovascular diseases, and lipid peroxidation
is considered one of the earliest detectable events in
the pathogenesis of atherosclerosis . In this study,
cardiac TBARS levels were not significantly different
between the CON and HTC groups; however, were
significantly reduced in the MGF (P = 0.007), MIP (P
< 0.001), and MEP (P < 0.001) groups compared with
the HTC group (Table 2). In addition, the MGF group
exhibited a significant decrease in GSH content (P =
0.037) and GSH/GSSG ratios (P = 0.012) compared
with the HTC group. The MIP group showed a marked
reduction in SOD activity (P < 0.001) compared
with the HTC group. GPx activity was significantly
elevated in the MGF (P = 0.018) and MIP (P = 0.023)
groups compared to the CON group.

No significant differences in lipid peroxidation or

antioxidant indices were observed between the CON
and HTC groups. This contrasts with findings from
Noeman et al., who reported that obese rats fed a high-
fat diet (20.5% beef tallow and 25.5% corn oil) for 16
weeks exhibited increased cardiac malondialdehyde
levels and reduced glutathione S-transferase and GPx
activities ®". Such discrepancies may be attributed to
differences in dietary fat composition, saturated fat
levels, and feeding duration. Our HFHC diet, contain-
ing 32% of total calories from fat (equivalent to 15%
by weight) for 8 weeks, may not have been sufficient
to induce pronounced oxidative stress in cardiac tissue.
Additionally, the inherently strong antioxidant capacity
of the heart may have mitigated potential oxidative
effects, resulting in the absence of detectable changes
in the HTC group.

Although oxidative stress was not induced in
the HTC group, all three preparations effectively
attenuated cardiac lipid peroxidation in HFHC-fed
hamsters, with distinct effects on antioxidant defenses.
MGF primarily reduced TBARS levels by modulating
the GSH system, a key lipid peroxide scavenger and
central endogenous antioxidant in the cardiovascular
system ?”, likely to enhance glutathione cycling and
transiently lower the GSH/GSSG ratio. In addition,
both MGF and MIP exhibited higher GPx activity than
the CON group, suggesting an upregulation of enzy-
matic antioxidant defense. In contrast, MIP decreased
SOD activity, suggesting a compensatory shift toward
GPx-mediated antioxidant defense in cardiac tissue.
GPx eliminates H,O, and lipid peroxides, providing
more effective defense than SOD, as elevated SOD can
increase H,0, accumulation ®*. This interpretation is
supported by previous findings showing that a high-
fat diet decreased SOD activity in rat cardiac muscle
while GPx activity remained unchanged *”.

Besides, the improved systemic lipid profiles of
MGF and MIP may also contribute to the reduction
of cardiac oxidative stress and modulate downstream
antioxidant responses. Collectively, G. frondosa mycelia
(MGF) and its intracellular polysaccharides (MIP)

exhibited cardio-protection under hyperlipidemic stress.
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Table 2. Lipid peroxidation and antioxidant parameters in heart tissues of hamsters
Hyperlipidemic groups
Groups CON HTC MGF MIP MEP
TBARS, nmol/g tissue 359.3+14.7 392.1£13.0 337.1%+17.3" 300.0£10.6*# 307.41£9.3%
Total thiol groups,
. 4.18%0.85 5.30+1.03 4.681+0.62 3.78£0.96 5.04+0.83

pmol/g tissue
GSH, pg/g tissue 533.3%+254 601.0=14.1 513.1+44.7" 539.2%£23.2 605.9+24.7
GSSG, pg/g tissue 333.0£14.3 373.9+27.3 411.7£20.0% 360.11£24.5 371.9%23.9
GSH/GSSG ratio 1.61+0.08 1.65£0.11 1.2610.13*# 1.52+0.07 1.65£0.10
SOD, unit/mg tissue 16.1£1.4 15.1£2.6 143%£1.8 3.1£0.8% 13.7£1.8
GPx, pmole NADPH/ 5.94+0.28 6.86+0.31 7.15+0.31% 7.09+0.45% 6.24+0.32
min/g tissue
Catalase, nmol H,0,/ 11.8+0.7 11.240.3 11.3+0.2 12.0£0.2 114402

min/g tissue

Values are means = SEM (n = 6). *P < 0.05 vs. CON; "P < 0.05 vs. HTC (one-way ANOVA followed by LSD test). Abbreviations: CON, control;
HTC, hyperlipidemic control; MGF, fermented mycelia of Grifola frondosa; MIP, intracellular polysaccharides extracted from fermented mycelia
of Grifola frondosa; MEP, extracellular polysaccharides extracted from fermented broth of Grifola frondosa; TBARS, thiobarbituric acid reactive
substances; GSH, glutathione; GSSG, oxidized glutathione; SOD, superoxide dismutase; GPx, glutathione peroxidase; NADPH, nicotinamide

adenine dinucleotide phosphate; H,0O,, hydrogen peroxide.

G. frondosa mycelium and polysaccharides
modulated oxidative stress markers in the
lungs of HFHC-fed hamsters

Dyslipidemia is increasingly recognized as
a contributor to pulmonary disease, partly due to
lipid accumulation in alveolar epithelial cells, which
induces oxidative stress and inflammation '?. As
the primary organ for gas exchange, the lungs are
continuously exposed to high oxygen tension, making
them particularly susceptible to oxidative stress. In
this study, HFHC feeding did not significantly change
lung TBARS levels in the HTC group compared with
the CON group (Table 3) but significantly decreased
GSH content (P = 0.029) and the GSH/GSSG ratios
(P =0.039). MGF and MIP groups exhibited higher
TBARS levels than the CON group and increased GPx
activity compared with HTC. GSH content was lower
in MIP (P = 0.042) and MEP (P = 0.026) than in CON.
In contrast, MEP reduced TBARS levels (P = 0.012)
and increased total thiol content (P = 0.007) and GPx

activity (P < 0.001) relative to HTC. GSSG content
and SOD and catalase activities showed no significant
differences among groups.

In pulmonary tissue, MEP increased total thiol
groups and GPx activity while decreasing GSH levels,
suggesting that MEP modulates the GSH system and
upregulates non-glutathione sulfur-containing proteins,
thereby mitigating lipid peroxidation. In contrast,
MGF and MIP enhanced GPx activity without
affecting TBARS levels, which may be associated with
their monosaccharide composition, particularly their
lower mannose and galactose content ”. These results
are consistent with the study by Xiang et al., which re-
ported that exopolysaccharides from Inonotus obliquus
containing higher mannose (24.8%) exhibited stronger
antioxidant activity *®. Notably, such modulations
of antioxidative status were not observed in the HTC
group, in which pulmonary GSH levels and GSH/
GSSG ratios were markedly decreased. Collectively,
these findings indicate that MGF, MIP and MEP differ



FHPTRIE 60
A= BRHERA4HRELIBREHL AT BAKRIIEE BRI RILAACIRIZOBE -
Table 3. Lipid peroxidation and antioxidant parameters in lung tissues of hamsters
Hyperlipidemic groups
Groups CON HTC MGF MIP MEP
TBARS, nmol/g tissue 482.5+t17.3 585.2+23.3 626.71E73.6% 609.9+48.1* 422.7+21.5"
Total thiol groups, "
. 4.4610.55 3.29£0.56 5.09£0.95 3.80£0.70 7.851+2.00*
pmol/g tissue
GSH, pg/g tissue 843.0£157.7 494.6+97.1* 615.0£78.9 520.3£121.0* 486.21+38.7*
GSSG, pg/g tissue 459.91£68.0 436.5+15.7 434.1t15.1 384.6£32.3 396.31+19.7
GSH/GSSG ratio 1.93+0.43 1.13+£0.22* 1.42+£0.17 1.30£0.25 1.23£0.09
SOD, unit/mg tissue 6.691£0.86 5.73+0.64 6.30£0.38 5.9410.84 6.131£0.39
GPx, pmole NADPH/ 6.62+0.27 6.31£0.24 7.41+0.25" 7.39+0.25" 8.23£0.42%
min/g tissue
Catalase, nmol H,0,/ 2934025 2714026 3104032 3.45£030 3.1940.23

min/g tissue

Values are means = SEM (n = 6). *P < 0.05 vs. CON; "P < 0.05 vs. HTC (one-way ANOVA followed by LSD test). Abbreviations: CON, control;
HTC, hyperlipidemic control; MGF, fermented mycelia of Grifola frondosa; MIP, intracellular polysaccharides extracted from fermented mycelia
of Grifola frondosa; MEP, extracellular polysaccharides extracted from fermented broth of Grifola frondosa; TBARS, thiobarbituric acid reactive
substances; GSH, glutathione; GSSG, oxidized glutathione; SOD, superoxide dismutase; GPx, glutathione peroxidase; NADPH, nicotinamide

adenine dinucleotide phosphate; H,0O,, hydrogen peroxide.

in their effects on lung redox homeostasis, with MEP
uniquely enhancing total thiol reserves and promoting
GSH utilization to alleviate pulmonary lipid perox-
idation. Further studies are required to elucidate the
specific monosaccharide profile of MEP on pulmonary

protection.

G. frondosa mycelium and polysaccharides
modulated oxidative stress markers in the
kidneys of HFHC-fed hamsters

The kidneys play a vital role in excretory function
and are highly susceptible to metabolic disturbances.
Dyslipidemia has been implicated in the development
and progression of renal injury *?. Therefore, excess
lipid accumulation in the intrarenal microenvironment
may initiate glomerular damage involving oxidative
stress and inflammatory responses.

In the present study, renal TBARS levels were
significantly higher in MGF (P = 0.012) and MEP (P
< 0.001) than in CON, and MEP increased TBARS

compared with HTC (P = 0.005) (Table 4). GSH was
significantly higher in MGF (P = 0.039) than in CON,
while GSSG was elevated in MGF (P = 0.045) and
MIP (P = 0.039) compared with CON. GPx activity
was significantly higher in MIP than CON (P = 0.013).
No significant differences were observed among
groups for total thiols, the GSH/GSSG ratios, SOD, or
catalase.

The kidney possesses the capacity for concurrent
GSH synthesis, degradation, efflux, and uptake @n
which is critical for maintaining redox homeostasis.
However, hyperlipidemia can induce renal injury via
lipid accumulation and increase oxidative stress *>. In
this study, renal TBARS level was significantly ele-
vated in the MEP group compared to the HTC groups,
potentially associated with hyperlipidemic conditions.
In contrast, MGF and MIP, but not MEP, significantly
reduced serum TG levels (Fig. 1A), suggesting that the
observed differences in renal lipid peroxidation may be

related, at least in part, to the lipid-lowering effects of
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Table 4. Lipid peroxidation and antioxidant parameters in kidney tissues of hamsters

Hyperlipidemic groups

Groups CON HTC MGF MIP MEP
TBARS, nmol/g tissue ~ 461.3£37.5 641.4+32.6 722.6+54.8% 614.7+77.7 936.8+108.7**
Total thiol groups, 11.0+0.9 1154038 95+1.6 108415 10.340.7
pmol/g tissue

GSH, pg/g tissue 723.7429.2 838.9439.5 846.5+32.4% 794.2450.5 764.1+44.2
GSSG, ng/g tissue 695.8+31.2 775.8+47.3 809.8+28.0% 813.7+48.6% 748.2+30.6
GSH/GSSG ratio 1.05+0.05 1.0940.04 1.0540.03 0.98+0.03 1.0240.05
SOD, unit/mg tissue 0.93£0.04 0.9940.03 1.0340.05 1.01£0.07 0.97+0.06
GPx, pmole NADPH/ 345+1.9 39.14£2.2 43.1£4.0 46.9+4.0% 36.9+3.6
min/g tissue

Catalase, nmol H,0,/ 4.11£0.20 426+0.29 4.16%0.25 4.05+0.26 4334036

min/g tissue

Values are means = SEM (n = 6). *P < 0.05 vs. CON; "P < 0.05 vs. HTC (one-way ANOVA followed by LSD test). Abbreviations: CON, control;
HTC, hyperlipidemic control; MGF, fermented mycelia of Grifola frondosa; MIP, intracellular polysaccharides extracted from fermented mycelia
of Grifola frondosa; MEP, extracellular polysaccharides extracted from fermented broth of Grifola frondosa; TBARS, thiobarbituric acid reactive
substances; GSH, glutathione; GSSG, oxidized glutathione; SOD, superoxide dismutase; GPx, glutathione peroxidase; NADPH, nicotinamide

adenine dinucleotide phosphate; H,0O,, hydrogen peroxide.

G. frondosa polysaccharides. Moreover, GPx activity
in the MIP group was significantly higher than that in
the CON group, indicating that the polysaccharide can
enhance renal antioxidant defenses even in the absence
of detectable changes in TBARS level. These results
support the notion that MGF and MIP may protect
the kidney primarily by promoting GPx activity and

facilitating glutathione turnover.

G. frondosa mycelium and polysaccharides
attenuated lipid peroxidation in gastrocne-

mius muscles of HFHC-fed hamsters

The HTC group exhibited significantly higher
TBARS levels than CON (P = 0.004), indicating
that the HFHC diet induced lipid peroxidation in
gastrocnemius muscles (Table 5). Administration of
MGF (P < 0.001), MIP (P < 0.001), and MEP (P =
0.004) significantly reduced TBARS compared with
HTC, suggesting mitigation of lipid peroxidation by G.

frondosa mycelium and polysaccharides. Both MGF (P
= 0.046) and MIP (P = 0.026) significantly decreased
total thiol groups compared with HTC. MGF also
increased GSH level (P = 0.029 vs. CON; P = 0.008
vs. HTC) and GSH/GSSG ratios (P = 0.017 vs. CON;
P =0.004 vs. HTC) compared to CON and HTC, while
MEP increased GSH/GSSG ratios compared with HTC
(P = 0.035). No significant differences were found in
GSSG, SOD, GPx, or catalase among groups.

As mentioned above, hyperlipidemia can
increase lipid accumulation in peripheral non-adipose
tissues, including skeletal muscle, driven by elevated
fatty acid uptake and reduced mitochondrial lipid
oxidation ®®. Excess lipid accumulation may lead
to lipid peroxidation, generating reactive aldehydes
such as 4-hydroxy-2-nonenal (4-HNE) that promote
oxidative stress and impair cellular function. Elevated
intramuscular lipid and 4-HNE levels have been linked
to insulin resistance and metabolic dysfunction **.

Antioxidant defenses can counteract these effects, as
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Table 5. Lipid peroxidation and antioxidant parameters in gastrocnemius muscles of hamsters

Hyperlipidemic groups

Groups CON HTC MGF MIP MEP
TBARS, nmol/g tissue ~ 203.7%+19.1 325.2+28.6* 158.6+16.7" 158.5+19.6" 205.4+41.9"
Total thiol groups, 4 "

; 5.62+0.62 7.45+0.79 4.94+0.84 4.63£0.95 6.82+0.99
pmol/g tissue
GSH, pg/g tissue 100.9+38.1 94.9+9.6 127.1+6.4%* 92.7+42 107.6£10.0
GSSG, pg/g tissue 161.3+12.5 161.8£8.9 150.8+11.4 158.7+11.3 137.7£4.9
GSH/GSSG ratio 0.64£0.07 0.59+0.06 0.86+0.05%* 0.60+0.06 0.78£0.06"
SOD, unit/mg tissue 4.96+0.33 4.83%0.30 5.08+0.34 5.254+0.17 5.1940.41
GPx, pmole NADPH/ 8.4740.91 8.0340.25 6.931+0.37 7.1540.38 7.5340.63
min/g tissue
Catalase, nmol H,0,/ 0.67+0.09 0.82+0.12 0.72+0.07 0.64%+0.06 0.91+0.13

min/g tissue

Values are means = SEM (n = 6). *P < 0.05 vs. CON; "P < 0.05 vs. HTC (one-way ANOVA followed by LSD test). Abbreviations: CON, control;
HTC, hyperlipidemic control; MGF, fermented mycelia of Grifola frondosa; MIP, intracellular polysaccharides extracted from fermented mycelia
of Grifola frondosa; MEP, extracellular polysaccharides extracted from fermented broth of Grifola frondosa; TBARS, thiobarbituric acid reactive
substances; GSH, glutathione; GSSG, oxidized glutathione; SOD, superoxide dismutase; GPx, glutathione peroxidase; NADPH, nicotinamide

adenine dinucleotide phosphate; H,0O,, hydrogen peroxide.

demonstrated in vitro where enhanced antioxidant
capacity prevented 4-HNE—induced insulin signaling
defects 7.

Consistent with these reports, we observed
that the HTC group exhibited elevated TBARS in
gastrocnemius muscles, alongside increased serum TC
and TG (Fig. 1), supporting a link between systemic
lipid overload and skeletal muscle oxidative stress.
All three G. frondosa preparations attenuated TBARS,
indicating protection against lipid peroxidation via
the thiol-based antioxidants. The increases in GSH
and/or GSH/GSSG ratios in MGF and MEP suggest
maintenance of glutathione availability via recycling,
enabling continued defense against oxidative stress.
Furthermore, MGF's strong lipid-lowering effect (Fig.
1) may indirectly contribute to reduced oxidative stress

in muscle by improving systemic lipid homeostasis.

CONCLUSION

In conclusion, this study demonstrated that a
HFHC diet induced dyslipidemia and lipid peroxida-
tion across multiple non-adipose tissues. Fermented
G. frondosa mycelium (MGF) and its intracellular
(MIP) and extracellular (MEP) polysaccharides
alleviated diet-induced hyperlipidemia and modulated
oxidative stress in a tissue-specific manner. All three
preparations reduced TBARS levels in the hearts and
gastrocnemius muscles and increased GPx activity in
the lungs, with MEP showing the most pronounced
enhancement of total thiol content in lung tissues.
Distinct effects included MGF lowering cardiac GSH
and increasing muscle GSH, MIP lowering cardiac
SOD activity and muscle total thiol content, and MEP
improving lung redox balance while elevating renal
TBARS. These findings support the potential of fer-
mented G. frondosa mycelium and its polysaccharides
as dietary strategies for lipid control and tissue-specific

antioxidant protection.
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STUDY LIMITATION

The present study has several limitations. We
did not analyze the regulatory effects of G. frondosa
mycelia and its polysaccharides on genes or proteins
involved in lipid metabolism and antioxidant
pathways. In addition, further studies should examine
the long-term impact of G. frondosa polysaccharides
on systemic and local antioxidant capacity to provide a
more comprehensive understanding of their molecular
mechanisms. Moreover, the high-fat, high-cholesterol
diet used in this study consisted solely of plant-derived
corn and coconut oil and contributed 32% of total
energy for eight weeks. Incorporating animal-based
fats, increasing the proportion of dietary energy from
fat, and extending the feeding duration may more
clearly accentuate hyperlipidemia-related oxidative

stress and tissue-specific responses.
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