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Abstract

Background and objectives: A long-term high-fat diet (HFD) exerts lipotoxic effects on multiple organs, particularly the liver,
leading to metabolic diseases. This study aimed to delineate the dynamic effects of HFD on lipid metabolism, elucidate the
mechanisms underlying hepatic lipotoxicity, and investigate the protective effects of Ganoderma lucidum against lipotoxicity
both in vitro and in vivo.

Methods: C57BL/6 mice were fed either a 45% or 60% HFD, followed by measurements of body composition, serum lipid
profile, and liver pathology at four, eight, twelve, and sixteen weeks. Inflammatory responses, the unfolded protein response
(UPR), and endoplasmic reticulum (ER)-phagy were examined in the livers of mice at 16 weeks. Male C57BL/6 mice were
randomly assigned to four groups (n =12 per group): normal diet, 45% HFD, and two HFD + Ganoderma lucidum water extract
(GLE) groups (1 g/kg/d and 2 g/kg/d of crude drug, orally administered by gavage for eight weeks following a four-week
HEFD induction).

Results: Body weight, body fat, serum lipids, and hepatic steatosis increased progressively, accompanied by impaired glucose
tolerance and liver injury, as indicated by elevated serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
levels. HFD also induced activation of the STING and NF-xB signaling pathways, as well as the PERK and IRE1 branches of the
UPR. Similarly, ER-phagy selective receptors, particularly FAM134B, which is primarily expressed in hepatocytes as shown by
single-cell sequencing, were upregulated after 16 weeks of HFD feeding. Furthermore, GLE mitigated palmitic acid-induced li-
potoxicity in primary hepatocytes, as evidenced by improved cell viability, reduced ALT, AST, and lactate dehydrogenase levels
in the culture supernatant, and decreased transferase dUTP nick-end labeling-positive cell counts. In 45% HFD-fed mice, GLE
reduced serum total cholesterol, low-density lipoprotein, and hepatic triglyceride levels.

Conclusions: HFD-induced lipotoxicity causes hepatic tissue injury and inflammatory responses, which may be alleviated by
coordinated regulation of compensatory UPR and ER-phagy. Ganoderma lucidum shows promise as a dietary supplement for
managing metabolic disorders.
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Introduction

Saturated fatty acids, such as palmitic acid (PA), are abundant
in animal fats, dairy products, and vegetable oils." A long-term
high-fat diet (HFD) rich in saturated fatty acids induces lipo-
toxicity, which exerts detrimental effects on multiple organs
and systems, leading to a constellation of metabolic diseases,
including hyperlipidemia, type 2 diabetes mellitus, metabolic
dysfunction-associated steatotic liver disease (MASLD), and
atherosclerosis.?? These metabolic diseases are now among the
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most prevalent worldwide and represent major threats to pub-
lic health.* Multiple studies have shown close epidemiological
associations between them, as well as intertwined mechanisms,
among which lipotoxicity is a unifying and defining factor that
drives HFD-induced metabolic dysfunction.® For example, the
hallmark of MASLD is the excessive accumulation of fat (pri-
marily triglycerides) and free fatty acids in the liver, leading to
hepatocellular lipotoxicity manifested as oxidative stress, endo-
plasmic reticulum (ER) stress, activation of inflammatory path-
ways, and impairment of autophagy. These intracellular events
are mutually regulated, forming a vicious cycle that induces cell
death and promotes the progression of MASLD.3¢ Therefore, un-
derstanding the molecular details of lipotoxicity provides critical
insights for developing intervention strategies against HFD-asso-
ciated metabolic diseases, especially as new signaling pathways
continue to emerge. ER-phagy, a form of selective autophagy
targeting damaged ER, represents a novel adaptive mechanism
in response to ER stress, in addition to the canonical unfolded
protein response (UPR).” An in vitro study has demonstrated that
ER-phagy is induced in HepG2 cells following oleic acid treat-
ment to prevent lipoapoptosis,? but whether it is activated in vivo
and its associated regulatory molecules remain unknown.

Ganoderma lucidum (G. lucidum), as defined in the Pharma-
copoeia of the People’s Republic of China (2020 edition), refers
to the dried sporocarp of Ganoderma lucidum (Curtis) P. Karst. or
Ganoderma sinensis Zhao, Xu et Zhang. Chemical analyses have
revealed that G. lucidum contains approximately 400 bioactive
components, including polysaccharides, triterpenoids, nucleosides,
steroids, fatty acids, and various trace elements, which contribute
to its therapeutic effects on various diseases.” As a renowned me-
dicinal fungus, G. lucidum has a long history of dietary use and is
recognized for its beneficial effects on longevity,!’ immunomodu-
lation,"!2 and metabolic disorders.'3-15 Previous studies have
shown that G. lucidum alleviates HFD-induced hepatic steatosis in
mice.!®!7 However, a clinical trial reported that G. lucidum failed
to improve hyperglycemia, hypertension, or hyperlipidemia in pa-
tients with metabolic syndrome or diabetes.!® These conflicting
findings prompted us to further investigate the potential effects of
G. lucidum in HFD-fed mice, focusing on its ability to ameliorate
lipotoxicity, a key driver of hepatocyte death.

This study aimed to investigate the dynamic effects of 45% and
60% HFDs on lipid metabolism in mice, with particular empha-
sis on the activation of the UPR and its downstream ER-phagy
pathways in metabolic dysregulation. Furthermore, we evaluated
the therapeutic potential of G. lucidum against lipotoxicity in both
primary hepatocytes and HFD-induced murine models, thereby
providing mechanistic insights and potential intervention strate-
gies for metabolic liver disease.

Materials and methods

Preparation of G. lucidum water extract (GLE)

G. lucidum was collected from the Ta-piech Mountains, Anhui
Province, China. Dried G. lucidum (200 g) was cut into small piec-
es and wrapped in a gauze bag, followed by decoction with 4 L of
distilled water for 1 h. This process was repeated three times. The
pooled extracts were filtered and concentrated to a final volume of
200 mL by vacuum evaporation to obtain GLE (equivalentto 1 g
crude drug/mL). The final GLE solution was stored at —80 °C for
future use. A small portion of GLE was evaporated to dryness and
weighed, yielding an extraction efficiency of 7.17% (w/w).
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Chromatographic analysis of GLE

An aliquot of 0.1 mL of GLE was heated, dried, re-dissolved in 1
mL of methanol, and filtered to prepare the sample. The chemi-
cal components in GLE were analyzed using a high-performance
liquid chromatography-ultraviolet system (Waters €2695, Milford,
MA, USA). Chromatographic separation was performed on a
Thermo Accucore XL C18 column (150 x 4.6 mm, 4 pm) main-
tained at 25°C. The injection volume was 5 pL. The mobile phase
consisted of 0.1% acetic acid in water (A) and acetonitrile (B),
with the following linear gradient program: 0-20 m, 20-35% B;
20-30 m, 35% B; 30-35 m, 35-65% B; 35-40 m, 65% B; 40-45
m, 65-20% B. The flow rate was 0.8 mL/m, and the detection
wavelength was set at 254 nm. Authentic standards of ganoderic
acids A, B, C1, C2, and ganodermanontriol (purity > 98%) were
purchased from ChemFaces (Wuhan, China).

Animal experiments

All animal procedures were approved by the Animal Ethics Com-
mittee of the Institute of Medicinal Plant Development, Chinese
Academy of Medical Sciences, and Peking Union Medical Col-
lege (SLXD-20210930022), and conducted in accordance with the
guidelines of the committee. The study protocols complied with the
Animal Research: Reporting of /n Vivo Experiments (ARRIVE)
guidelines. Male C57BL/6 mice (20-22 g) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd. The
mice were acclimatized in new cages (n =4 per cage) for seven days
with free access to water. They were maintained at an ambient tem-
perature of 23-25 °C, humidity of 50%—-60%, and a 12:12 h light/
dark cycle (lights on at 8:00 am, off at 8:00 pm).

To establish the hepatic lipotoxicity model, 36 mice were ran-
domly assigned to three groups (n = 12 per group): normal chow
diet (ND), 45% HFD, and 60% HFD. The ND group received a
standard chow diet (Xietong Bio-Engineering Co. Ltd., SWS9102,
Jiangsu, China), while the other two groups were fed 45% or
60% HFD (Trophic Animal Feed High-Tech Co. Ltd., TP23100,
TP23300, Jiangsu, China) for 16 weeks. The diet formulations are
shown in Table 1. At the end of the experiment, mice were weighed
and anesthetized for blood and liver tissue collection.

For the GLE treatment experiments, 48 mice were randomly
divided into four groups: ND, 45% HFD, and two GLE-treated
groups (1 and 2 g crude drug/kg, respectively, based on the Chi-
nese Pharmacopoeia). For gavage, concentrated GLE was diluted
to 0.1 and 0.2 g/mL with distilled water. After four weeks of HFD
feeding, GLE was administered orally once daily at 0.2 mL/20 g
for eight weeks. ND and 45% HFD mice received equivalent vol-
umes of water by gavage.

Measurement of body weight, feed intake, and body composition

Mice were weighed weekly. Feed was weighed twice weekly and
replaced with fresh feed each time. Body composition was meas-
ured using a Bruker Minispec Body Composition Analyzer (Bill-
erica, MA, USA).

Oral glucose tolerance test

A 4-6 h daytime fast has been reported to sufficiently lower blood
glucose, reduce gastric contents, and ensure clearance of food con-
sumed during the dark phase.!® After 16 weeks of feeding, mice
were orally administered glucose (2 g/kg) following a 6 h fast.
Blood glucose was measured from the tail vein at 0, 15, 30, 60, and
120 m post-gavage using an Accu-Chek Performa blood glucose
meter. The area under the curve (AUC) was calculated using the
following equation:
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Table 1. Diet formulations
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Class description 45% HFD 60% HFD
Ingredients Weight (g/kg) Ingredients Weight (g/kg)
Protein Casein 175 Casein 267
L-Cystine 2 L-Cystine 4
Carbohydrate Corn Starch 132 / /
Maltodextrin 125 Maltodextrin 157
Sucrose 202 sucrose 89
Fat Soybean oil 30 Soybean oil 33
Lard 196 lard 301
Fiber Cellulose 62 Cellulose 67
Mineral Mineral Mix, M1021 61 Mineral mix, M1020 66
Vitamin Vitamin Mix, V1010 12 Vitamin mix, V1010 13
Choline bitartrate 3 Choline bitartrate 3
Food additives TBHQ 0.045 TBHQ 0.067
Total 1,000 Total 1,000

HFD, high-fat diet; TBHQ, tert-butyl hydroquinone.

_(GO+G15)x15  (GI5+G30)x15
2 2
, (G30+G60)x30 _ (G60+G120)x60
2 2

AUC (mmol/L*m)

where G represents the blood glucose level at the indicated time
point.

Serum and liver biochemical analyses

Serum levels of total triglycerides (TG), total cholesterol (TC), alanine
aminotransferase (ALT), aspartate aminotransferase (AST), high-
density lipoprotein cholesterol (HDL-C), and low-density lipoprotein
cholesterol (LDL-C) were measured using a fully automated bio-
chemistry analyzer (Beckman Coulter AU480, Brea, CA, USA) with
commercially available assay kits (BioSino, 100020090, 100020080,
100020003, 100020013, 100020238, 100020248, Beijing, China). A
portion of liver tissue was homogenized using a fully automated tis-
sue grinder (Shanghai Jingxin, JXFSTPRP-L, Shanghai, China). The
homogenate was centrifuged at 1,000 x g for 10 m, and the superna-
tant was analyzed for TG and TC levels using commercial assay kits
(Nanjing Jiancheng, A110-1-1, A111-1-1, Nanjing, China).

Histological analyses

Liver tissues were dissected and fixed in 4% paraformaldehyde
for 24 h. After dehydration, tissues were embedded in paraffin and
sectioned at 5 pm thickness. Sections were stained with hematoxy-
lin and eosin (H&E). For Oil Red O staining, frozen liver sections
were processed as previously described.?’ The MASLD activity
score was determined based on the histological scoring system
proposed by the Pathology Committee of the MASH Clinical Re-
search Network.?!

Western blotting

The protocol for western blotting was described in our previous
study.?? Briefly, ~20 mg of frozen liver tissue was lysed and ho-
mogenized in 400 pL radio immunoprecipitation assay lysis buffer
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containing 1% protease and phosphatase inhibitor cocktail (100x%).
Following centrifugation, the protein concentration of the super-
natant was determined using a bicinchoninic acid protein assay
kit (Solarbio, PC0020, Beijing, China) and adjusted to 2.5 ng/
pL. Ten microliters of denatured protein was separated on 10% or
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and electrophoretically transferred to nitrocellulose membranes.
Membranes were blocked with 5% nonfat milk in tris buffered sa-
line with Tween-20 (TBST) for 1 h at room temperature and then
incubated with primary antibodies at 4°C with shaking overnight.
The antibodies used in this study are listed in Table S1. After wash-
ing three times with TBST (5 m each), membranes were incubated
with secondary antibody (1:5,000) for 1 h at room temperature.
Protein bands were visualized using an enhanced chemilumines-
cent reagent kit (Beyotime Biotech, POO18FS, Shanghai, China)
with a ChemiDoc™ Imager (Bio-Rad, Hercules, CA, USA). Band
intensities were quantified using ImageJ software (Java 8, NIH)
and normalized to total protein or B-actin. All western blot analy-
ses were performed in triplicate for each antibody to ensure repro-
ducibility. In some cases, membranes were stripped using stripping
buffer (SW3020, Solarbio) to allow detection of additional targets.

Quantitative reverse transcription-polymerase chain reaction

Total RNA was extracted from liver tissues using TRIzon reagent
(CWBIO, CW0580S, Jiangsu, China). A total of 1.5 pg RNA was
reverse-transcribed into cDNA using the TransScript® All-in-One
First-Strand cDNA Synthesis Kit (TransGen, AT341, Beijing, Chi-
na) according to the manufacturer’s instructions. Target gene ex-
pression was quantified using a CFX96 Touch Real-Time PCR De-
tection System (Bio-Rad, Hercules, CA, USA) with TransStart®
Top Green qPCR SuperMix (TransGen, AQ131, Beijing, China)
and normalized to f-actin mRNA levels. Primers were purchased
from Sangon Biotech (Shanghai, China) and are listed in Table 2.

Primary hepatocyte isolation, culture, and treatment

The isolation procedure for primary mouse hepatocytes was adapt-
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Table 2. Primer sequences for quantitative reverse transcription-polymerase chain reaction

Genes Forward primer (5'-3') Reverse primer (5'-3’)

Ccl2 TTTTTGTCACCAAGCTCAAGAG TTCTGATCTCATTTGGTTCCGA
Cxcl10 ATGACGGGCCAGTGAGAATG ATGATCTCAACACGTGGGCA
-6 TCCATCCAGTTGCCTTCTTG TTCCACGATTTCCCAGAGAAC
Tnf ATGTCTCAGCCTCTTCTCATTC GCTTGTCACTCGAATTTTGAGA
B-actin GTGCTATGTTGCTCTAGACTTCG ATGCCACAGGATTCCATACC

Ccl2, C-C motif chemokine ligand 2; Cxcl10, C-X-C motif cchemokine ligand 10; //-6, interleukin-6; Tnf, tumor necrosis factor.

ed from our previous study with modifications.?? Male C57BL/6
mice (six to eight weeks old) were anesthetized with 80 mg/kg
pentobarbital sodium. The superior vena cava was ligated, fol-
lowed by liver perfusion through the inferior vena cava with
Hank’s balanced salt solution (HBSS) containing 0.5 mM ethylene
glycol tetraacetic acid (EGTA). The hepatic portal vein was cut to
allow blood outflow. Perfusion was then switched to Dulbecco’s
Modified Eagle Medium (DMEM)-low glucose (with calcium)
containing 100 U/mL collagenase type IV, 1% penicillin/strepto-
mycin, and 15 mmol/L 4-(2-hydroxyethyl)piperazine-1-ethanesul-
fonic acid (HEPES). The digested liver was excised, minced in
DMEM-low glucose with 10% fetal bovine serum (FBS) to ter-
minate collagenase activity, and filtered through a 70 pm strainer.
The cell suspension was centrifuged at 50 x g for 10 m. The pellet
was resuspended in 90% Percoll solution and centrifuged again at
50 x g to isolate primary hepatocytes.

Cells were seeded and cultured in DMEM-low glucose with
10% FBS for 4 h. After attachment, the medium was replaced
with serum-free William’s E medium containing 0.1 pmol/L
dexamethasone, 15 mmol/L HEPES, 1.25 mg/mL bovine serum
albumin (BSA), and 1% insulin-transferrin-selenium (ITS) supple-
ment. Twelve hours after plating, hepatocytes were treated with 0.5
mmol/L PA with or without GLE (10, 20, or 40 mg/mL) for 12 h.
Cell viability was assessed using a Cell Counting Kit-8 (Biosharp,
BS350B, Anhui, China).

Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay

A CF488 TUNEL Cell Apoptosis Detection Kit (Servicebio,
G1504, Wuhan, China) was used to detect apoptosis in primary
hepatocytes treated with or without GLE. Fixed cells were co-
stained with Hoechst 33342 (Coolaber, SL7131, Beijing, China)
to visualize nuclei. Seven to eight images per group were captured
using a Microscope Axio Imager. M2 (ZEISS, Oberkochen, Ger-
many), and the percentage of apoptotic cells was calculated.

Statistical analysis

Data are presented as mean + standard error of the mean (SEM).
The Shapiro—Wilk test was performed in GraphPad Prism (v8.0.2,
GraphPad Software, Inc., San Diego, CA, USA) to assess data nor-
mality. Statistical significance was determined by one-way or two-
way analysis of variance. When analysis of variance indicated signif-
icance, post hoc comparisons were performed using Dunnett’s test.

Results

Effects of different HFDs on body weight and body composition
C57BL/6 mice were subjected to different HFDs or an ND for

16 weeks to assess the impact of HFDs. From the beginning of
feeding to the fourth week, feed intake gradually increased, then
slowly declined and stabilized (Fig. 1a). Correspondingly, all mice
experienced a rapid growth phase prior to week six, when they
were about three months old, after which they entered the mature
adult stage (Fig. 1b and c). Although the increase in body weight
of ND-fed mice slowed after the sixth week, mice fed HFDs con-
tinued to gain weight (Fig. 1b and c). After three weeks of HFD
feeding, body weight in the HFD groups was significantly higher
than in the ND group. A statistically significant difference in body
weight between the 45% and 60% HFD groups appeared only after
the eighth week. All mice showed a rapid increase in lean mass
by the end of the sixth week of feeding, after which the growth
rate slowed (Fig. 1d). HFD feeding did not alter lean mass com-
pared with ND-fed mice. During the feeding period, the fat mass
of ND-fed mice increased slightly, from 3.30 + 0.14 g to 4.59 +
0.24 g (Fig. le), while the fat percentage remained essentially un-
changed (Fig. 1f). After 16 weeks of feeding, fat mass in the 45%
and 60% HFD groups tripled to 11.36 + 0.82 g and quadrupled to
18.37 + 2.62 g, respectively. In contrast to the ND group, the fat
percentage in the HFD groups progressively increased, from 15.69
+0.50% to 30.60 + 1.26% in the 45% HFD group, and from 15.53
+ 0.16% to 42.86 + 4.03% in the 60% HFD group. By the end
of the second week, both fat mass and fat percentage in the HFD
groups were significantly higher than in the ND group (Fig. le
and f), with significant differences also observed between the 45%
and 60% HFD groups at the same time. Free fluid in ND-fed mice
barely changed, whereas it increased over time in the HFD groups,
particularly in mice fed the 60% HFD (Fig. 1g).

Effects of different HFDs on glucose and lipid metabolism

After 8 h of fasting, blood glucose levels in mice fed 45% and
60% HFDs were 11.77 + 0.32 mmol/L and 12.67 £ 0.57 mmol/L,
respectively, both significantly higher than those in the ND group
(7.30 = 0.36 mmol/L) (Fig. 2a). After oral administration of 2 g/
kg glucose, blood glucose levels in all mice rose rapidly and then
gradually declined. At each time point, glucose levels in the HFD-
fed groups were significantly higher than in the ND group, and
the areas under the curve were correspondingly larger in the HFD
groups (Fig. 2b). Moreover, blood glucose levels at 30, 60, and 120
m were higher in the 60% HFD group compared to the 45% HFD
group. After four weeks of feeding, serum TC, LDL-C, and HDL-
C levels were markedly elevated in the HFD groups compared
with the ND group (Fig. 2c—e). By week 8, serum TC and LDL-
C levels in the 60% HFD group became significantly higher than
in the 45% HFD group (Fig. 2c and d), although levels had been
rising since the start of HFD feeding. Conversely, serum TG lev-
els gradually decreased, and by week 16, they were significantly
lower in the HFD groups compared with the ND group (Fig. 2f). At
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Fig. 1. Changes in weight and body composition after different HFDs. Male C57BL/6 mice were fed an ND, 45% HFD, or 60% HFD for 16 weeks (n = 12). (a)
Feed intake, (b) body weight, and (c) percent increase in body weight during the feeding period. The Body Composition Analyzer measured (d) lean mass,
(e) body fat, (f) fat percentage, and (g) free fluid at the indicated times (n = 6). Data are shown as mean + SEM. HFD, high-fat diet; ND, normal chow diet;

SEM, standard error of the mean.

weeks 12 and 16, the 60% HFD group displayed higher ALT and
AST levels, respectively, compared with the ND group, and these
levels were also higher than those in the 45% HFD group, indicat-
ing more severe hepatocyte injury (Fig. 2g and h). Collectively,
these findings suggest that HFD feeding induces abnormalities in
glucose homeostasis and lipid profiles and causes liver injury.

Effects of different HFDs on lipid accumulation in the liver

In terms of gross appearance, the livers of mice fed an ND were
dark red in color, with sharp edges and an elastic texture. After 16
weeks of HFD consumption, the red color faded from the enlarged
livers and was replaced by pale yellow in the 45% HFD group
and yellow in the 60% HFD group (Fig. 3a). In the 60% HFD
group, the liver was friable and its edges became blunt (Fig. 3a,
right panel). Moreover, both liver size and weight significantly in-
creased, especially in the 60% HFD group (Fig. 3a and b). In con-
trast, although the liver-to-body weight ratio tended to be higher
in the 60% HFD group, it appeared to be significantly lower in
the 45% HFD group compared to ND mice (Fig. 3c). Hepatic TG
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levels increased progressively with 60% HFD feeding (Fig. 3d).
Furthermore, 60% HFD induced a dramatic elevation in hepatic
TG as early as week 4, whereas a statistically significant increase
in the 45% HFD group was not observed until week 16. By week 8,
liver TG content in the 60% HFD group was already significantly
higher than in the 45% HFD group (Fig. 3d). In the livers of mice
fed a 45% HFD, mild to moderate microvesicular steatosis was ob-
served at four, eight, and twelve weeks, as illustrated by H&E (Fig.
3e) and Oil Red O staining (Fig. 3g). Macrovesicular steatosis did
not appear until week 16 (Fig. 3e-h). In contrast, in mice fed a 60%
HFD, macrovesicular steatosis developed as early as week 12, with
larger lipid droplets and broader distribution compared to the cor-
responding 45% HFD-fed mice (Fig. 3e—h).

Effects of different HF Ds on inflammatory response in the liver

Because metabolic stress can trigger inflammation in the liver,
we analyzed H&E-stained liver sections to identify pathological
signatures of inflammation. Mice fed ND showed normal liver
architecture and hepatocyte integrity, with no signs of inflamma-
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Fig. 2. Effects of different HFDs on serum biochemical indices. After 16 weeks of feeding, (a) oral glucose tolerance tests were performed and (b) the cor-
responding AUCs were calculated (n = 6). Serum levels of TC (c), LDL-C (d), HDL-C (e), TG (f), ALT (g), and AST (h) in the indicated groups of mice (n = 6-12).
Data are shown as mean + SEM. "p < 0.05, “*p < 0.01, *"p < 0.001, #p < 0.05, #p < 0.01, **#p < 0.001. ALT, alanine aminotransferase; AST, aspartate ami-
notransferase; AUC, area under the curve; HDL-C, high-density lipoprotein cholesterol; HFD, high-fat diet; LDL-C, low-density lipoprotein cholesterol; SEM,

standard error of the mean; TC, total cholesterol; TG, triglycerides.

tion (Fig. 4a, left panel). Apart from steatosis, there were almost
no signs of lobular inflammation in mice fed a 45% HFD for 16
weeks (Fig. 4a, central panel). In contrast, inflammatory cell in-
filtration was evident in the 60% HFD group (Fig. 4a and b). The
MASLD activity score (MAS) was calculated based on the extent
of steatosis, lobular inflammation, and hepatocyte ballooning. The
results showed that only mice fed a 60% HFD for 16 weeks had a
strong correlation with a diagnosis of metabolic-associated steato-
hepatitis (score > 4, Fig. 4c). Differences in MAS scores between
the 45% and 60% HFD groups became apparent only after 16
weeks of feeding (Fig. 4c). To further confirm these pathological
observations, mRNA levels of Ccl2, Cxcl10, 1I-6, and Tnf were
measured by quantitative reverse transcription-polymerase chain
reaction. The data showed that the expression of these hepatic pro-
inflammatory mediators was elevated after 16 weeks of HFD feed-
ing, particularly in the 60% HFD group (Fig. 4d). Although protein
levels of stimulator of interferon genes (STING) were significantly
increased in both 45% and 60% HFD groups, activation of the
IxB kinase beta—nuclear factor-kappa B (IKKB-NF-kB) signaling
pathway signaling cascade was observed only in the livers of mice
fed a 60% HFD for 16 weeks (Fig. 4e). Together, these results sug-
gest that feeding mice a 60% HFD for 16 weeks provokes inflam-
matory responses in the liver.

Effects of different HFDs on ER homeostasis in hepatic cells

Growing evidence suggests that ER stress in the liver is induced
by lipotoxicity following HFD feeding.?* We observed activa-
tion of two branches of the UPR in response to HFD-induced ER
stress: protein kinase R-like endoplasmic reticulum kinase (PERK)
and inositol-requiring enzyme 1 (IRE1) (Fig. 5a—d). Western blot
analysis showed that HFD feeding increased the levels of phospho-
rylated PERK, although statistical significance was only observed
between the 60% HFD group and the control group (Fig. 5a and b).
In parallel, phosphorylated eukaryotic translation initiation factor
2 alpha (p-elF2a), downstream of phosphorylated PERK, dramati-
cally increased after 16 weeks of HFD feeding compared to mice

fed an ND (Fig. 5a and c). Similarly, the IRE1/c-Jun N-terminal
kinase (JNK) signaling pathway was activated in the 60% HFD
group, as indicated by increased levels of phosphorylated IRE1
and phosphorylated JNK. In addition to the UPR, ER-phagy is
also involved in restoring ER homeostasis under ER stress con-
ditions.”?* Single-cell sequencing of mouse liver (https://tabula-
muris.ds.czbiohub.org) shows that among ER-phagy receptors,
family with sequence similarity 134 member B (Fam134b), reticu-
lon 3 (Rtn3), and testis-expressed protein 264 (7ex264) are mainly
expressed in hepatocytes, whereas cell cycle progression 1 (Cepgl)
and SEC62 homolog, preprotein translocation factor (Sec62) are
mainly expressed in hepatic sinusoidal endothelial cells (Fig. 5g).
HFD feeding increased the protein levels of ER-phagy receptors,
including FAM134B2, CCPGl, SEC62, TEX264, and RTN3 (Fig.
5h). Among these, FAM134B2 in the 60% HFD group showed the
greatest increase, with a 2.63-fold elevation compared to the con-
trol group (Fig. 5g). Overall, these data suggest that, in addition
to the UPR, ER-phagy may play a role in ER quality control in
response to HFD-induced lipotoxicity.

GLE protects against lipotoxicity in vitro and in vivo

High-performance liquid chromatography analysis showed the pres-
ence of ganoderic acids A, B, C1, and C2, as well as ganodermanon-
triol, in GLE (Fig. 6a). Among these components, the peak corre-
sponding to ganoderic acid A was the highest, indicating a relatively
higher content in GLE, consistent with previous reports.?S GLE was
tested in primary hepatocytes (Fig. 6b) and in mice fed a 45% HFD
to evaluate its effects against lipotoxicity. First, primary hepatocytes
were isolated from C57BL/6 mice and treated with various concen-
trations of GLE to assess toxicity. The Cell Counting Kit-8 assay
showed that GLE at doses of 10, 20, or 40 mg/mL had little effect
on cell viability, whereas a dose of 80 mg/mL significantly reduced
viability (Fig. 6¢). Therefore, non-toxic doses of GLE were used
to test protection against PA-induced lipotoxicity. PA treatment re-
duced cell viability from 100% to 44.43 + 6.55% compared with the
vehicle control (Fig. 6d). GLE treatment increased cell viability in
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0.001. H&E, hematoxylin and eosin; HFD, high-fat diet; ND, normal chow diet; SEM, standard error of the mean; TG, triglycerides.

a dose-dependent manner, with the most significant effect observed
at 40 mg/mL. Similarly, the concentrations of ALT, AST, and lac-
tate dehydrogenase in hepatocyte culture supernatants, which indi-
cate hepatocyte damage, significantly increased after PA treatment
but were markedly reduced by GLE treatment in a dose-dependent
manner (Fig. 6e—g). In addition, PA treatment induced apoptosis in
primary hepatocytes, as evidenced by increased TUNEL staining
(Fig. 6h and 1). GLE at 40 mg/mL markedly reduced the percent-
age of TUNEL-positive hepatocytes, suggesting a protective effect
against lipoapoptosis. GLE treatment also caused a dose-dependent
reduction in phosphorylation levels of IRE1, INK, PERK, and elF2a
compared to PA-treated hepatocytes (Fig. 6j). In mice fed a 45%
HFD, GLE administration for eight weeks increased serum TG lev-
els (Fig. 7a), decreased TC and LDL-C (Fig. 7b and c), but had no
effect on HDL-C (Fig. 7d). Although GLE at 2 g/kg reduced he-
patic TG levels by 24.3% compared with the 45% HFD group (Fig.
7e), hepatic TC and serum ALT levels were elevated (Fig. 7f and
2), which may be attributed to the significantly increased feed in-
take in GLE-treated mice. Collectively, these findings demonstrate
that GLE mitigates PA-induced hepatocyte damage in vitro and im-
proves serum lipid profiles in HFD-fed mice.
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Discussion

In general, the development of metabolic-associated diseases, such
as MASLD, is a continuous and gradual process. MASLD follows
a dynamic course that progresses from fatty liver to metabolic-
associated steatohepatitis, with some cases advancing to cirrhosis
and even hepatocellular carcinoma.?® Here, we established and
compared two mouse models that reproduce the progressive pro-
cess of MASLD, accompanied by obesity and glucose and lipid
metabolism disorders. Our findings demonstrate that HFD-induced
lipotoxicity triggers ER stress in hepatocytes, which may activate
adaptive responses including the UPR and ER-phagy. In addition,
we corroborated the protective effect of GLE against lipotoxicity
in primary hepatocytes and its ability to alleviate lipid metabolism
disorders in a mouse model of MASLD induced by a 45% HFD.
During the initial six weeks (mouse age approximately 13
weeks), mice exhibited rapid growth, as reflected by increased body
weight and lean mass, driven by elevated feed intake. After this pe-
riod of rapid growth, the lean mass growth rate slowed in all mice,
with no significant differences between the normal and HFD groups.
Unlike lean mass, body fat in normal mice remained largely un-
changed during the 16-week feeding period. In contrast, body fat in
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HFD-fed mice continued to increase, with the weekly increment be-
ing higher in the 60% HFD group than in the 45% HFD group due to
greater calorie intake. Serum lipid profiles were also altered by HFD,
including increased TC, LDL-C, and HDL-C, alongside decreased
TG levels. The reduction in serum TG levels after HFD feeding has
also been observed in other studies.?’-?® Additionally, a meta-analy-
sis showed that long-term HFD feeding reduced blood TG levels in
overweight or obese patients.?’ Since serum TG originates from both
chylomicrons secreted by the small intestine and very low-density
lipoproteins secreted by the liver, the decrease in serum TG levels
may reflect reduced triglyceride secretion by the small intestine in
response to dietary fat challenges in obese mice.?® Alternatively, or in
combination, HFD may impair hepatic very low-density lipoprotein
secretion, leading to abnormal TG accumulation in hepatocytes,3”
as also demonstrated in this study (Fig. 3d). Accumulation of TG in
the liver ultimately causes lipotoxicity and inflammation as feeding
is prolonged. These findings align with a recent holistic hypothesis:
initially, excessive dietary fat is stored in white adipose tissue. With

prolonged metabolic stress, the storage capacity of the white adipose
tissues becomes overwhelmed, while lipolytic activity gradually in-
creases, releasing excessive fatty acids into circulation. These fatty
acids are then deposited in ectopic tissues such as the liver, promot-
ing MASLD and insulin resistance.! The oral glucose tolerance test
and the derived AUC are widely used to assess glucose tolerance.*
Our combined glucose tolerance curve and AUC results indicate that
HFD feeding profoundly impairs glucose homeostasis.

It is widely recognized that HFD-induced lipid accumulation
in the liver causes ER stress in hepatocytes, contributing to the
pathogenesis of metabolically driven MASLD.3? An adaptive sign-
aling pathway, the UPR, is activated to restore ER homeostasis.??
In this study, two UPR branches, PERK and IRE1, were activated
in the livers of mice fed HFD for 16 weeks. The extent of activa-
tion positively correlated with fat content in the different HFDs.
Notably, PERK and IRE1 activation, accompanied by inflamma-
tion and hepatic damage, occurred after lipid accumulation. Be-
yond the canonical UPR, previous studies have demonstrated that
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reticulophagy, also known as ER-phagy, is induced in in vitro mod- gations are required to verify and elucidate the underlying mecha-
els of MASLD to alleviate ER stress, thereby restraining lipotoxic- nisms, given the multifunctional roles of these receptors. For in-
ity.8 For example, colocalization of the ER with lysosomes was stance, TEX264 has been reported to participate in DNA repair by
observed in HepG2 cells treated with 400 pmol/L oleic acid. Our acting as a co-factor of valosin-containing protein/p97 ATPase,*
in vivo findings further suggest that ER-phagy receptors including while RTN3 may induce apoptosis and contribute to inflammation
FAM134B, CCPG1, SEC62, TEX264, and RTN3 are upregulated resolution by interacting with tripartite motif-containing protein 25
in the livers of HFD-fed mice. These results imply that ER-phagy and retinoic acid-inducible gene I during viral infection.?5-37 In ad-
may be activated in response to lipotoxicity, though further investi- dition, autophagic flux is believed to be impaired in the context of
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MASLD,?® which may explain the observed increase in ER-phagy ous liver injury models, including nonalcoholic steatosis,!® we se-
receptors. Genetic or pharmacological interventions to manipulate lected this well-known Chinese herbal medicine to evaluate both
autophagic flux are therefore needed to clarify this issue. in vitro and in vivo lipotoxicity models. As expected, GLE reduced

Since G. lucidum has demonstrated protective effects in vari- PA-induced hepatocyte damage and ameliorated abnormalities in
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serum lipid metabolism. However, mice treated with high doses of
GLE displayed increased hepatic TC and serum ALT levels, sug-
gesting potential toxicity of the extract. Although the dosage used
in this study falls within the range recommended by the Chinese
Pharmacopoeia and numerous studies have confirmed the low
toxicity of G. lucidum, most toxicity research has been conducted
in healthy animals.3*#" Lipotoxicity induced by HFD may render
the liver more susceptible to G. lucidum-induced toxic reactions,
which warrants attention in future studies. Alternatively, increased
feed intake induced by GLE may have diminished its protective
effect against HFD-induced lipotoxicity, potentially explaining
the paradoxical results. Notably, polysaccharides from G. lucidum
have been reported to stimulate appetite under chemotherapy con-
ditions,*!**> consistent with our current findings.

This study has some limitations. To avoid confounding effects
from cyclic estrogen fluctuations during the menstrual cycle in fe-
male animals, only male mice were used. This limits exploration
of HFD impacts on ER-phagy, as well as the efficacy and potential
adverse effects of GLE in females, thereby constraining clinical
translation relevance.

Conclusions

Altogether, this study demonstrates that HFD-induced hepatic li-
potoxicity elicits an inflammatory response along with adaptive
UPR and ER-phagy, which may represent important therapeutic
targets against lipotoxicity. In addition, G. lucidum shows protec-
tive effects against HFD-induced lipotoxicity, but its stimulatory
effect on appetite should be carefully considered.
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