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Abstract

Background: Diabetes is the one of the most prevalent chronic diseases worldwide and poses a serious danger to human health, following
cancer and cardiovascular and cerebrovascular diseases. Diabetic cardiomyopathy (DCM) is a leading cause of death among individuals
with diabetes. Ganoderma lucidum polysaccharides (GLPs) are among the principal bioactive components in the fruiting bodies of Gan-
oderma lucidum, and are characterized by complex structures and a range of pharmacological properties. In several studies, GLPs have
been shown to exert hypoglycemic effects and to help normalize dysregulated glucose metabolism. Our team has also previously demon-
strated the ability of GLPs to inhibit cardiac hypertrophy induced by increased cardiac afterload. However, systematic investigations
ofthe effects of GLPs in DCM remain limited, and the molecular mechanisms through which GLPs shape DCM pathogenesis remain
unclear. Methods: We investigated the effects of Ganoderma lucidum polysaccharides (GLPs) on diabetic cardiomyopathy (DCM) in
mouse models of streptozotocin-induced type 1 diabetes mellitus (T1DM) and high-fat diet-induced type 2 diabetes mellitus (T2DM).
Results: We found that GLPs exerted therapeutic effects in murine models of both T1DM and T2DM. RNA-seq analysis suggested that
the anti-inflammatory of GLPs involve nuclear factor-kappa B (NF-κB) signaling. Cardiac inflammation is a key pathological process
in DCM, and GLP treatment attenuated cardiac functional and structural abnormalities while reducing cardiac inflammation, fibrosis,
and NF-κB signaling. GLP administration further reduced DCM-associated increases in pro-inflammatory cytokines and macrophage
infiltration in T1DM and T2DM mice. In vitro, GLPs suppressed high glucose (HG)-induced cardiac hypertrophy and fibrosis, and the
protective effects of GLPs were associated with NF-κB signaling. Conclusions: Collectively, our findings demonstrate that GLPs ef-
fectively alleviate DCM and cardiac remodeling and the protective effects of GLPs are involved in NF-κB signaling. Our data suggest
that GLPs may serve as a potential therapeutic agent for the treatment of DCM.
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1. Introduction
Diabetes is the third most common chronic disease

worldwide following cancer and cardiovascular and cere-
brovascular diseases, and poses a serious threat to global
public health. Diabetic cardiomyopathy (DCM) is one of
the leading causes of death in people with diabetes, mak-
ing it a complication of particular concern [1,2,3,4,5]. The
pathogenesis of DCM is multifaceted, encompassing mi-
tochondrial impairment, oxidative injury, inflammatory re-
sponses, programmed cell death, autophagic dysregulation,
myocardial fibrotic remodeling, and lipotoxic insults [6].
Sustained inflammation is regarded as a critical contrib-
utor to DCM pathogenesis [7]. Persistent inflammation
and elevated levels of inflammatory mediators contribute
to the pathological alterations observed in the diabetic my-
ocardium [8]. Elevated levels of inflammatory cytokines

such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-
6), and interleukin-1 (IL-1β) have been linked to hyper-
glycemic conditions and contribute to the initiation or ag-
gravation of myocardial damage, thereby promoting mal-
adaptive cardiac remodeling. In this context, the transcrip-
tion factor nuclear factor-kappa B (NF-κB) plays a cen-
tral role in regulating pro-inflammatory gene transcription.
Activation of the NF-κB signaling cascade represents a
convergent inflammatory process that has been widely im-
plicated in diabetic myocardial inflammation [9,10,11,12].
The limited availability of effective preventive and ther-
apeutic options for DCM stems largely from its complex
pathophysiology, underscoring the pressing need for the de-
velopment of novel pharmacological strategies.

Ganoderma lucidum is a prized traditional Chinese
medicine characterized by a range of pharmacological ef-
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fects. The medicinal properties of Ganoderma lucidum
cover a broad spectrum of indications, ranging from on-
cological, allergic, cardiovascular, pulmonary, neurologic,
metabolic, hepatic, rheumatic, and hematologic disorders
to immunomodulation, senescence retardation, and oxida-
tive stress alleviation [13]. To date, over 400 secondary
metabolites have been isolated from Ganoderma lucidum,
including bioactive components such as Ganoderma lu-
cidum polysaccharides (GLPs), triterpenoids, proteins, and
peptides, all of which offer a high degree of medicinal
value. As the most abundant and functionally important
bioactive molecules in the sporocarps of G. lucidum, GLPs
are characterized by intricate molecular structures and a
broad spectrum of clinically relevant bioactivities.

Many studies have reported on the hypoglycemic ef-
fects of GLPs and their ability to remediate dysregulated
glucose metabolism [14]. Studies have shown that the
GLP treatment of streptozotocin-induced diabetic rats led
to a dose-dependent reduction in blood glucose concen-
trations, with in vitro islet cell experiments having addi-
tionally revealed that the hypoglycemic effects of GLPs
may be related to their ability to shield islet cells from
free radical-induced damage [15]. In addition to reducing
Bax expression at the mRNA level, GLPs have also been
found to upregulate the mRNA levels of genes encoding
B-cell lymphoma-2 (Bcl-2) and Pancreatic and duodenal
homeobox 1 (PDX-1), thereby inhibiting islet cell apopto-
sis and improving insulin resistance [16]. GLPs thus ex-
hibit good preventive and therapeutic effects in diabetes.
Other studies have further shown that GLPs can protect the
cardiovascular system by preventing cardiomyocyte dam-
age [17]. GLPs protect the myocardium by reducing mal-
ondialdehyde levels, activating antioxidant enzymes glu-
tathione peroxidase (GSH-Px), catalase (CAT) and super-
oxide dismutase (SOD) in myocardial tissue, and allevi-
ating lipid peroxidation in rat models of type 2 diabetes
mellitus (T2DM). In addition, GLPs can alter cardiac func-
tion and significantly improve myocardial ultrastructure in
T2DM model rats [18]. In patients with atrial fibrillation,
GLPs have been shown to exert cardioprotective effects
that manifest as significant reductions in systolic and di-
astolic blood pressure, heart rate, and inflammatory factors
such as IL-1β, IL-6, hsCRP, and TNF-α [19]. In a previ-
ous study, we also found that GLPs can abrogate cardiac
hypertrophy induced by increased cardiac afterload [20].
Moreover, multiple studies have shown that GLPs exert
anti-inflammatory effects by inhibiting the NF-κB signal-
ing pathway [21,22,23,24]. However, systematic studies
exploring the function of GLPs in DCM are currently lack-
ing, and the molecular mechanisms by which GLPs regu-
late DCM pathogenesis remain unclear. An in-depth ex-
ploration of the mechanistic effects of GLPs as regulators
of DCM is thus urgently needed to inform the clinical diag-
nosis and treatment of this condition.

In the present study, we found that GLP treatment can
prevent cardiac inflammation and fibrosis in diabetic model
mice and inhibit the inflammatory and fibrotic changes in
cardiomyocytes induced by exposure to high glucose (HG)
conditions. Notably, GLPs were found to be capable of
mitigating the HG-induced inflammatory activation of my-
ocardial cells. The NF-κB signaling cascade was further
identified as a key effector pathway through which GLPs
exert their anti-inflammatory activity. Together, our results
suggest that GLPs represent a novel potential therapeutic
candidate for the treatment of DCM.

2. Materials and Methods
2.1 Animal Experiments

C57BL/6 mice were purchased from Cyagen Bio-
sciences (Guangzhou, China). Mice were maintained in
an SPF environment (20–26 °C, 40–70% humidity, 12/12
h light–dark cycle) with unrestricted food and water, and
were randomly assigned to different experimental groups.
GLP powder (≥95%purity byUV assay) was commercially
acquired from ESITEBiogle (Chengdu, China) and recon-
stituted in sterile normal saline. Based on the exploratory
nature of the study and previous similar reports, no for-
mal sample size calculation was performed, and 6 mice per
group were used [25]. All mice were randomly assigned
to different groups using a random number table method
after acclimatization to housing conditions. To ensure al-
location concealment, both the animal caretakers and the
experiment operators were blinded to group assignments
prior to experiment initiation, and the blinding was main-
tained until experimental procedures and data analyses were
complete. This study employed a double-blind design such
that investigators responsible for the experimental proce-
dures were unaware of group allocations. Drugs were pre-
pared by a third-party individual and labeled with coded
identifiers to ensure that the administering operators could
not distinguish between treatments. During the outcome
assessment phase, all evaluations were independently per-
formed by two investigators who were blinded to group as-
signments in order to minimize detection bias.

To establish a streptozotocin (STZ)-induced model of
type 1 diabetes mellitus (T1DM) [25], 6-week-old male
C57BL/6 mice (n = 6 per group) received daily intraperi-
toneal injections of STZ (50 mg/kg) dissolved in 0.1 mol/L
sodium citrate buffer (pH 4.5) for five consecutive days.
Age-matched control mice (n = 6) were injected with cit-
rate buffer. On day 7, blood glucose levels were mea-
sured using a glucometer, and those mice with a fasting
blood glucose exceeding 16.6 mM were considered dia-
betic. At 7 weeks post diabetes onset, 12 diabetic mice
were randomly assigned to two equal-sized groups: un-
treated GLPs mice (T1DM) and GLPs-treated (25, 50, 100,
150 mgꞏkg–1ꞏday–1) mice (GLPs+T1DM). GLPs were ad-
ministered via oral gavage once per day from weeks 8 to
16. The T1DM and age-matched control groups received
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normal saline alone on the same schedule. All animals
had free access to water. Control mice (CON) and GLP-
administered mice (GLPs) were fed a low-fat diet (LFD).
Mice in the T1DM and GLPs+T1DM groups were fed a
high-fat diet (HFD). The LFD provided 10 kcal% fat, 20
kcal% protein, and 70 kcal% carbohydrate (MediScience
Diets, Yangzhou, China; #MD12031), whereas the HFD
provided 60 kcal% fat, 20 kcal% protein, and 20 kcal% car-
bohydrate (#MD12033). Normal saline was used as a vehi-
cle for GLP administration.

To establish a T2DM model [26], 24 male C57BL/6
mice were randomized into four groups (n = 6 per group):
LFD (CON), HFD (T2DM), LFD supplemented with
GLPs (GLPs), and HFD with GLPs (25, 50, 100, 150
mgꞏkg–1ꞏday–1; T2DM+GLPs). All mice were maintained
on their respective diets for 24 weeks. From week 16 to
week 24, GLPs were administered via oral gavage once per
day to the HFD+GLPs group. The HFD and LFD control
groups received equal volumes of the vehicle on the same
schedule.

During the experimental period, all animals survived,
with body weight and blood glucose being monitored on a
weekly basis. After treatment was complete, the mice were
sacrificed under anesthesia, and both blood and cardiac
specimens were obtained. Serum biomarkers of myocar-
dial damage, including lactate dehydrogenase (LDH) and
cardiac creatine kinase (CK-MB), were evaluated, while
cardiac atrial natriuretic peptide (ANP) and B-type natri-
uretic peptide (BNP) mRNA levels were assessed by re-
verse transcription-quantitative real-time polymerase chain
reaction (RT-qPCR). Excised cardiac tissues were then pro-
cessed either by snap-freezing in liquid nitrogen for later
molecular profiling or by immersion in 4% paraformalde-
hyde for histopathological analysis.

2.2 Euthanasia Procedure
For tissue collection at study termination, all mice

were humanely euthanized. Anesthesia was induced by
placing each animal in a chamber with 3% isoflurane in
100% O2 (1–2 L/min), and the loss of pedal and corneal
reflexes was used to confirm surgical-level anesthesia. De-
capitation was then performed for euthanasia; in cases
where rapid tissue harvesting was essential, decapitation
followed immediately after induction to forestall any return
of consciousness. These manipulations were undertaken
by experienced staff in accordance with applicable institu-
tional and national animal welfare regulations. Following
euthanasia, specimens of interest were promptly harvested.

2.3 Cell Culture Studies
Neonatal Sprague-Dawley (SD) rats were purchased

from Chongqing Medical University Animal Experiment
Center (Chongqing, China). Neonatal rat ventricular my-
ocytes (NRVMs) were isolated from rats within three days
of birth. Anesthesia was induced by placing each animal in

a chamber with 3% isoflurane in 100%O2 (1–2 L/min), and
the loss of pedal and corneal reflexes was used to confirm
surgical-level anesthesia. Decapitation was then performed
for euthanasia. Following euthanasia of the neonatal pups,
hearts were rapidly harvested and flushed with PBS to
clear blood contamination. Tissues were digested using
a cocktail containing pancreatin (0.8 mg/mL, T8150, So-
larbio, Beijing) and collagenase (0.625 mg/mL, BY06021,
Boyun Biotech, Shanghai). Subsequent differential plating
allowed for the enrichment of primary cardiomyocytes by
removing adherent fibroblasts. Purified cells were then cul-
tured in DMEM (4.5 g/L glucose) supplemented with 10%
fetal bovine serum and 5-BrdU (0.1 mM, HY-15910, Med-
ChemExpress, NJ, USA) in a humidified 5%CO2 incubator
at 37 °C. After 48 hours, evidence of regular spontaneous
beating was considered indicative of cardiomyocytes that
were suitable for use in subsequent experiments. All cells
were validated by STR profiling and tested negative for my-
coplasma.

2.4 Echocardiography
Cardiac function was assessed in anesthetized mice

via transthoracic echocardiography using a Vevo 3100 sys-
tem (Visual Sonics, Toronto, ON, Canada). Left ventricu-
lar function was assessed as per the manufacturer’s guide-
lines based on key indices including LVIDd (end-diastolic
dimension), LVIDs (end-systolic dimension), ejection frac-
tion (EF%), and fractional shortening (FS%).

2.5 Histology
After PBS perfusion, hearts were fixed in 4%

paraformaldehyde. For morphometric analysis, hema-
toxylin and eosin (H&E)-stained sections were used to
quantify cardiomyocyte cross-sectional area as reported
previously [27]. Parallel sections underwent Masson’s
trichrome staining to assess collagen deposition.

2.6 Immunofluorescence Microscopy
Immunofluorescence staining was performed in ac-

cordance with established protocols [28]. Drug-treated car-
diomyocytes were sequentially fixed in 4% formaldehyde,
permeabilized in 0.2% Triton X-100, and immunolabeled
with primary antibodies targeting either α-actinin (Protein-
tech, 11313-2-AP, 1:500) or p65 (CST, 8242, 1:100), fol-
lowed by visualization with a fluorescently labeled don-
key anti-rabbit secondary IgG (Jackson ImmunoResearch,
711-545-152, 1:200). Cells were observed under a fluores-
cence microscope (Leica Wetzlar, Hesse, Germany), and
cardiomyocyte area was measured using Image-Pro Plus
6.0 (Rockville, MD,USA). Scale calibrationwas performed
based on the image to convert pixel units to micrometers,
and the circular tool was used to delineate and measure cel-
lular area.

Paraffin-embedded tissue sections were incubated
overnight at 4 °C with antibodies against CD45 (ab10558,
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Table 1. RT-qPCR primer sequences.
Gene Name Forward primer Reverse primer

Tgfb1 (mouse) F:5′-CTCCCGTGGCTTCTAGTGC-3′ R:5′-GCCTTAGTTTGGACAGGATCTG-3′
Col1a1 (mouse) F:5′-AATGGTGCTCCTGGTATTGC-3′ R:5′-GGTCCTCGTTTTCCTTCTT-3′
Myh7 (mouse) F:5′-CAAAGGCAAGGCAAAGAAAG-3′ R:5′-TCACCCCTGGAGACTTTGTC-3′
Tnf-α (mouse) F:5′-CAGGGGCCACCACGCTCTTC-3′ R:5′-TTTGTGAGTGTGAGGGTCTGG-3′
Anp (mouse) F:5′-TCCGATAGATCTGCCCTCTT-3′ R:5′-CTCCAATCCTGTCAATCCTACC-3′
Bnp (mouse) F:5′-ACCACCTTTGAAGTGATCCTATT-3′ R:5′-GCAAGTTTGTGCTCCAAGATAAG-3′
IL-6 (mouse) F:5′-TAGTCCTTCCTACCCCAATTTCC-3′ R:5′-TTGGTCCTTAGCCACTCCTTC-3′
IL-1β (mouse) F:5′-ACTCCTTAGTCCTCGGCCA-3′ R:5′-CCATCAGAGGCAAGGAGGAA-3′
Gapdh (mouse) F:5′-GTGGCAAAGTGGAGATTGTTG-3′ R:5′-CGTTGAATTTGCCGTGAGTG-3′
Gapdh (rat) F:5′-CATCTCCCTCACAATTCCATCC-3′ R:5′-GAGGGTGCAGCGAACTTTAT-3′
Cola1 (rat) F:5′-GACATCCCTGAAGTCAGCTGC-3′ R:5′-TCCCTTGGGTCCCTCGAC-3′
Myh7 (rat) F:5′-GAGGAGAGGGCGGACATT-3′ R:5′-ACTCTTCATTCAGGCCCTTG-3′
Tgfb1 (rat) F:5′-GCAACAACGCAATCTATGAC-3′ R:5′-CCTGTATTCCGTCTCCTT-3′

Abcam) and CD68 (ab125212, Abcam), followed by a 30-
minute incubation with a horseradish peroxidase (HRP)
reagent at 37 °C. Following DAB incubation, sections were
photographed using a fluorescencemicroscope (Leica,Wet-
zlar, Germany), with subsequent densitometric analysis be-
ing performed in Image-Pro Plus 6.0.

2.7 Western Blotting

Following the lysis of cultured cells and cardiac tis-
sues, protein quantification was performed via BCA assay
(Beyotime). For Western blotting, equal amounts of pro-
tein (10 μg per lane) were resolved via SDS-PAGE and
subsequently electrotransferred onto PVDF membranes.
After membranes had been blocked with 5% BSA, they
were probed with appropriate primary antibodies at 4 °C
overnight, followed by incubation with HRP-linked sec-
ondary antibodies (ZSGB-BIO) for 1 h. Chemilumines-
cent detection was carried out on a Bio-Rad ChemiDoc
MP system with densitometric quantification of band in-
tensity. Utilized primary antibodies were as follows:
anti-Myh7 (Proteintech, 22280-1-AP, 1:2000), anti-COL1
(Proteintech, 66761-1-Ig, 1:2000), anti-TGF-β1 (Protein-
tech, 81746-2-RR, 1:2000), anti-p65 (Proteintech, 80979-
1-RR, 1:1000), anti-phospho-p65 (Proteintech, 82335-1-
RR, 1:1000), anti-IκBα (ABclonal, A19714, 1:2000), anti-
phospho-IκBα (ABclonal, AP0999, 1:1000), and anti-β-
tubulin (Abcam, ab6046, 1:1000).

2.8 Quantitative Real-Time PCR

Total RNA was isolated from murine cardiac tissues
and cultured cardiomyocytes using the TRIzol reagent (Be-
yotime, Shanghai) in accordance with the manufacturer’s
instructions. First-strand cDNA synthesis was then per-
formed using 1 μg of RNA template and a reverse transcrip-
tion kit (Yeasen Biotech). All RT-qPCR reactions were run
on an ABI 9500 platform (Applied Biosystems) with SYBR
Green qPCR Master Mix (Yeasen). Gapdh was selected as
the endogenous control, and gene expression levels were

normalized using the 2–ΔΔCtmethod. All primer pairs are
detailed in Table 1.

2.9 RNA-Seq Library Preparation and Sequencing

Total RNAwas isolated using the TRIzol reagent (Be-
yotime, Shanghai). RNA-seq libraries were prepared using
a custom protocol based on Smart-seq2 [29,30]. The pre-
amplified cDNA was fragmented using the Tn5 enzyme,
and libraries were then generated using a TruePrepDNALi-
brary Prep Kit V2 for Illumina (Vazyme Biotech, Nanjing,
Jiangsu, China). Libraries were then subjected to paired-
end sequencing on the Illumina HiSeq X Ten platform.
SMRTbell™ template preparation was performed according
to the manufacturer’s guidelines. Raw sequencing reads
from the PacBio RSII SMRT cells were processed using
the SMRT-Portal analysis suite (Pacific Biosciences, Menlo
Park, CA, USA) to obtain subread sequences for further
analysis. Illumina HiSeq X Ten employs the “sequencing-
by-synthesis” technology, which produces relatively short
reads (e.g., paired-end 150 bp) but with high accuracy. It
enables precise comparison of gene expression levels and is
used to construct conventional RNA-seq libraries for study-
ing the expression dynamics and regulatory networks of the
overall transcriptome. PacBio RS II / SMRTbell RNA-seq
is based on the single-molecule real-time (SMRT) sequenc-
ing technology platform. Its core advantage lies in its ultra-
long read lengths, which allow direct sequencing of full-
length cDNA molecules. This capability enables the dis-
covery of many novel gene loci and transcript isoforms that
are not annotated in the reference genome, thereby improv-
ing genome annotation.

2.10 Statistical Analyses

Data were analyzed using GraphPad Prism 9.5.1. All
data are reported as mean ± standard error of the mean
(SEM). For longitudinal comparisons, repeated-measures
ANOVAs were employed, while comparisons among mul-
tiple groups were made with one-way ANOVAs and Bon-
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ferroni’s post hoc test. Between-group differences were as-
sessed using Student’s unpaired t-tests. The significance
threshold was p < 0.05.

3. Results
3.1 GLP Treatment Alleviates Cardiac Functional and
Structural Impairment in STZ-Induced T1DM Mice

To evaluate the therapeutic efficacy of GLPs, we first
subjected 7-week-old male C57BL/6 mice to STZ-induced
DCM modeling, followed by oral administration of GLPs
(25, 50, 100, 150 mg/kg) from 8–16 weeks. Treatment with
GLPs (100, 150 mg/kg) led to a significant decrease in fast-
ing blood glucose levels in these T1DM mice (Fig. 1A),
with no significant difference in the magnitude of this hypo-
glycemic effect between these two dose levels. Therefore,
we selected 100 mg/kg as the in vivo administration dose
for subsequent analyses. Survival analyses revealed no ev-
idence of toxicity associated with this 100 mg/kg GLP dose
level over the study duration (Fig. 1B). Echocardiographic
analysis of T1DM mice demonstrated both systolic dys-
function and cardiac hypertrophy, manifested as a marked
decline in EF% and FS% together with increased LVIDs
and LVIDd, indicative of left ventricular chamber dilation
(Fig. 1C–G). Treatment with GLPs significantly attenuated
these structural abnormalities, as indicated by the dimin-
ished LVIDd and LVIDs (Fig. 1C–E). In agreement with the
above results, treatment with GLPs produced marked anti-
hypertrophic effects, as reflected by a decreased HW/TL
ratio (Fig. 1F). The cardioprotective effects of GLPs were
further confirmed by the restoration of EF% and FS% to
normal levels in these STZ-induced diabetic mice, consis-
tent with the reversal of cardiac dysfunction (Fig. 1G). ANP
andBNP are established biomarkers of heart failure [31,32].
While T1DM model mice exhibited elevated mRNA levels
for both Anp and Bnp, this upregulation was abolished by
GLP administration (Fig. 1H,I). We next assessed serum
LDH and CK-MB as indicators of cardiac injury to deter-
mine whether GLPs exert cardioprotective effects. In these
animals, GLPs treatment significantly decreased levels of
both of these markers (Fig. 1J,K). Together, these data sug-
gest that GLPs protect against the development of cardiac
damage in T1DM mice. H&E staining was additionally
performed to evaluate cardiac morphology, which revealed
that T1DM mouse hearts exhibited structural remodeling
and hypertrophy—changes that were not observed follow-
ing GLPs treatment (Fig. 1L,M). These results indicate that
GLPs protect T1DM mice from both functional and struc-
tural cardiac deficits.

3.2 GLPs Attenuate STZ-Induced Cardiac Fibrosis
In light of the pivotal roles that fibrosis and inflam-

mation play in STZ-induced cardiac failure, we next inves-
tigated the anti-fibrotic potential of GLPs in T1DM model
mice. Masson’s trichrome staining demonstrated that GLPs
inhibited the development of cardiac fibrosis in these ani-

mals (Fig. 2A,B). Further evidence for the protective action
of GLPs in T1DM came from the observed suppression of
the fibrotic markers myosin heavy chain (MYHC), collagen
type I (COL1), and transforming growth factor-β (TGF-β)
at both the protein and mRNA levels (Fig. 2C–I). Collec-
tively, these findings demonstrate that GLPs attenuate STZ-
induced cardiac fibrosis in mice.

3.3 GLPs Mitigate HFD-Induced Cardiac Dysfunction
and Structural Pathology in T2DM Mice

To corroborate the cardioprotective effects of GLPs in
the context of T2DM, we conducted analogous experiments
using HFD-fed mice. Following a 24-week HFD feeding
regimen, cardiac function was evaluated in male C57BL/6
mice. In T2DM mice, treatment with GLPs (25, 50, 100,
150 mg/kg) markedly reduced fasting blood glucose levels,
mirroring the hypoglycemic effect previously noted in STZ-
induced T1DM models (Fig. 3A). As above, no difference
in the magnitude of the hypoglycemic effect was evident
when comparing the 100mg/kg and 150mg/kg, we selected
100 mg/kg as the in vivo administration dose for subsequent
analyses. Survival curves revealed no evidence of toxicity
for this GLP dose in treated mice (Fig. 3B). Echocardio-
graphic evaluation revealed clear signs of cardiac dysfunc-
tion and dilation in T2DM mice, as evidenced by reduced
EF% and FS% together with elevated LVIDd and LVIDs,
indicative of hypertrophic remodeling (Fig. 3C–G). Ad-
ministration of GLPs effectively reversed these abnormali-
ties, yielding a marked reduction in both LVIDs and LVIDd
(Fig. 3C–E), accompanied by a decrease in HW/TL (Fig.
3F). The cardioprotective effect of GLPs was further con-
firmed in T2DM mice, where treatment restored EF% and
FS% to normal levels, thereby reversing the observed car-
diac dysfunction (Fig. 3G). While T2DM mice exhibited
elevated mRNA levels of Anp and Bnp, this effect was abol-
ished in those receiving GLPs (Fig. 3H,I). We next exam-
ined serum LDH and CK-MB levels as a measure of car-
diac injury in T2DM mice and found that GLPs treatment
markedly reduced the levels of both of these markers (Fig.
3J,K). Together, these data suggest that GLPs prevent heart
damage in T2DM mice. H&E staining was performed to
evaluate cardiac morphology, revealing that the hearts of
T2DM model animals exhibited pronounced hypertrophy
and structural disorganization, while these changes were ef-
fectively prevented by GLPs treatment (Fig. 3L,M). These
data collectively demonstrate that GLPs attenuate both car-
diac dysfunction and structural damage in HFD-fed T2DM
mice.

3.4 GLPs Ameliorate Myocardial Fibrosis in HFD-Fed
T2DM Mice

Given that HFD intake is known to induce myocardial
fibrosis, we next assessed whether GLPs confer protection
against fibrotic remodeling in T2DM. Masson’s trichrome
staining revealed that GLP treatment suppressed fibrotic re-
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Fig. 1. Ganoderma lucidum polysaccharide (GLPs) treatment alleviates cardiac functional and structural impairments in strep-
tozotocin (STZ)-induced type 1 diabetes mellitus (T1DM) mice. (A) Murine blood glucose levels. (B) Survival curve of mice treated
with GLPs (100 mg/kg) and vehicle (n = 6 per group, biological duplications). (C) Representative M-mode tracings of left ventricular
geometry. (D,E) Quantification of (D) LVIDd and (E) LVIDs derived from the echocardiographic data in (C) (n = 6 per group). (F)
Heart weight-to-tibia length (HW/TL) ratios determined at the study endpoint (n = 6). (G) Quantitative analysis of EF% and FS% from
(C) (n = 6 per group). (H,I) Relative mRNA expression of (H) Anp and (I) Bnp in cardiac tissues, as determined by RT-qPCR (n = 6
per group). (J,K) Serum concentrations of (J) creatine kinase-MB (CK-MB) and (K) lactate dehydrogenase (LDH) in each experimental
group (n = 6). (L) Representative photomicrographs of hematoxylin and eosin (H&E)-stained myocardial sections (scale bars: 100 μm).
(M) Quantitative assessment of cardiomyocyte cross-sectional area (n ≥ 50 cells per group). Data are mean ± standard error of the mean
(SEM); *p < 0.05, **p < 0.01 vs. control mice (CON) and T1DM vs. GLPs+T1DM.
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Fig. 2. GLPs attenuate STZ-induced cardiac fibrosis in mice. (A) Representative Masson’s trichrome-stained myocardial sections
illustrating collagen deposition (blue) (scale bars: 100 μm). (B) Quantitative analysis of interstitial fibrotic area in cardiac tissues (n = 6
per group). (C–E) Cardiac mRNA levels of (C) Cola1, (D)Myh7, and (E) Tgfb1 were assessed by RT-qPCR (n = 6). (F) Representative
Western blotting results for fibrosis-associated markers (MYHC, COL1, and TGF-β1) in myocardial lysates. (G–I) Densitometric quan-
tification of (G) MYHC, (H) COL1, and (I) TGF-β1 protein levels corresponding to (F) (n = 6). Data are expressed as mean ± SEM; *p
< 0.05, **p < 0.01 vs. CON and T1DM vs. GLPs+T1DM.
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Fig. 3. GLPsmitigate HFD-induced cardiac dysfunction and structural pathology in T2DMmice. (A) Blood glucose measurements
in each experimental group. (B) Survival curve of mice treated with GLPs (100 mg/kg) and vehicle (n = 6). (C) Representative M-mode
echocardiographic tracings of the left ventricular chamber. (D,E) Quantification of (D) LVIDd and (E) LVIDs derived from (C) (n = 6
per group). (F) Heart weight-to-tibia length (HW/TL) ratios determined at endpoint (n = 6). (G) Ejection fraction (EF%) and fractional
shortening (FS%) calculated from the M-mode data in (C) (n = 6). (H,I) Cardiac transcript levels of (H) Anp and (I) Bnp as measured by
RT-qPCR (n = 6). (J,K) Serum concentrations of (J) CK-MB and (K) LDH (n = 6). (L) Representative photomicrographs of hematoxylin
and eosin (H&E)-stained myocardial sections (scale bars: 100 μm). (M) Quantitative assessment of cardiomyocyte cross-sectional area
(n ≥ 50 cells per group). Data are mean ± SEM; *p < 0.05, **p < 0.01 vs. CON and T2DM vs. GLPs+T2DM.
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Fig. 4. GLPs ameliorate myocardial fibrosis in HFD-fed T2DM mice. (A) Representative Masson’s trichrome-stained myocardial
sections, with fibrotic collagen visualized in blue (scale bars: 100 μm). (B) Assessment of fibrotic changes in the myocardial interstitium
(n = 6). (C–E) RT-qPCR was employed to assess the mRNA levels of Cola1, Myh7, and Tgfb1 in myocardial samples (n = 6). (F)
Representative Western blotting results for fibrotic mediators (MYHC, COL1, and TGF-β1) in myocardial lysates. (G–I) Quantification
of (G) MYHC, (H) COL1, and (I) TGF-β1 from (F) (n = 6). Data are mean ± SEM; *p < 0.05, **p < 0.01 vs. CON and T2DM vs.
GLPs+T2DM.
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sponses, mirroring our findings in T1DM model animals
(Fig. 4A,B). This was further evidenced by the downreg-
ulation of fibrotic mediators (MYHC, COL1, and TGF-β)
at both transcriptional and translational levels (Fig. 4C–
I). Taken together, these results confirm that GLPs mitigate
cardiac fibrosis in HFD-fed T2DM mice.

3.5 GLPs Attenuate Structural Abnormalities and
Remodeling in Diabetic Cardiomyopathy Through
Anti-Inflammatory Activity

RNA-seq analysis of murine cardiac tissue samples
revealed 840 differentially expressed genes (669 upregu-
lated, 171 downregulated) between GLPs-treated and un-
treated T1DM model mice, providing a basis for explor-
ing the cardioprotective mechanisms of GLPs against DCM
(Fig. 5A). GO enrichment analysis of these differentially
expressed genes revealed the significant overrepresentation
of immune-inflammatory processes and NF-κB signaling,
implicating these pathways in the cardioprotective effects
of GLPs against DCM (Fig. 5B). A prior study found that
GLPs administration in atrial fibrillation patients markedly
improved cardiac outcomes, as evidenced by reductions in
systolic/diastolic blood pressure, heart rate, and circulating
levels of pro-inflammatory cytokines (IL-1β, IL-6, hsCRP,
and TNF-α) [19]. RT-qPCR analysis confirmed the signifi-
cant upregulation of Tnf and Il1b in the cardiac tissue of
DCM model mice, while this induction was reversed by
GLPs treatment (Fig. 5C,D). Immunohistochemical stain-
ing for the inflammatory markers CD45 and CD68 was also
performed [33], revealing that GLPs reduced the number
of CD45+ and CD68+ cells relative to the DCM group, in-
dicating that GLPs attenuated the DCM-associated inflam-
matory infiltration in the myocardium/cardiac tissue (Fig.
5E,F).

In vitro experiments further confirmed that GLPs sup-
pressed DCM-induced cardiomyocyte hypertrophy and in-
flammation. NRVMs were pretreated with 50 mg/mL
GLPs for 1 hour and then exposed to HG (33 mM) con-
ditions. This HG exposure significantly increased car-
diomyocyte size, while this effect was abrogated by GLP
pretreatment (Fig. 6A,B). At 12 hours post-stimulation,
HG-treated NRVMs showed elevated mRNA and protein
levels of fibrotic markers (MYHC, COL1, and TGF-β),
whereas GLPs-pretreated cells exhibited no corresponding
upregulation (Fig. 6C–E). Furthermore, GLPs pretreatment
markedly suppressed the transcriptional expression of pro-
inflammatory cytokines (IL-1β, TNF-α, and IL-6) under
HG conditions (Fig. 6F). Collectively, these findings indi-
cate that GLPs mitigate DCM-associated structural remod-
eling and fibrosis through attenuation of inflammatory re-
sponses.

3.6 Protective Effects of GLPs Involve NF-κB Signaling

GO pathway analysis identified the NF-κB cascade as
one of the top three signaling pathways in the T1DM and

GLP-treated T1DM groups. Given the established anti-
inflammatory role of GLPs involving NF-κB Signaling,
these data imply that the modulation of this NF-κB axis is
central to the cardioprotective benefits of GLPs [21,22,23].
Based on the known anti-inflammatory property of GLPs
through NF-κB Signaling, we hypothesized that GLPs pro-
tect against DCM via this pathway. To test this, we exam-
ined NF-κB activation in vivo and in vitro. In the hearts
of T1DM model mice, enhanced IκBα and p65 phospho-
rylation was observed, while this increase was reversed by
GLPs treatment (Fig. 7A,B), with similar findings in HFD-
fed T2DMmice (Fig. 7C,D). In cultured NRVMs, HG stim-
ulation similarly increased phosphorylated IκBα and p65
levels and promoted p65 nuclear translocation, all of which
were prevented by GLPs (Fig. 7E–H). Thus, GLPs confer
cardioprotection in DCM at least in part through effects on
the NF-κB signaling cascade.

4. Discussion
The cardioprotective efficacy of GLPs in the con-

text of DCM was herein evaluated using STZ-induced and
obesity-associated murine models of diabetes. In both of
these experimental settings, GLPs treatment consistently
attenuated cardiac hypertrophy, fibrosis, dysfunction, and
inflammation. Mechanistically, HG stimulation activated
NF-κB signaling in diabetic hearts and HG-exposed car-
diomyocytes, upregulating Tnf, Il-6, and Il-1b expression
while promoting fibrotic and functional decline. GLP
administration effectively counteracted these pathological
changes, reversing cardiac remodeling. Collectively, these
findings demonstrate that GLPs confer broad-spectrum car-
dioprotection against DCM irrespective of diabetic etiol-
ogy.

DCM is defined as a diabetes-related cardiac disor-
der characterized by heart failure in the absence of coro-
nary artery disease or valvular pathology [34]. Chronic
low-grade inflammation plays a pivotal role in DCM de-
velopment [35]. In diabetic hearts, this inflammatory state
is characterized by the upregulation of adhesion molecules
(ICAM-1/VCAM-1), immune cell infiltration, and elevated
levels of pro-inflammatory cytokines (IL-1β, IL-6, IL-18,
TNF-α) and TGF-β1 [36]. Local pro-inflammatory cy-
tokine production can exacerbate oxidative stress, cardiac
remodeling, and fibrosis, thereby contributing to the on-
set and progression of myocardial damage. Persistent cy-
tokine activation is closely associated with NF-κB activa-
tion and IL-1β secretion, leading to cardiomyocyte apop-
tosis and necrotic death [34]. The NF-κB signaling path-
way is a core transcriptional regulator of multiple inflam-
matory cytokines, and its activity is enhanced in the con-
text of the inflammatory progression of DCM [37]. The
anti-inflammatory effects of GLP administration in various
diseases have largely been attributed to the suppression of
the NF-κB pathway [22,24,38]. Consistently, GLPs treat-
ment in the present study alleviated DCM-associated car-
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Fig. 5. GLPs alleviate diabetic cardiomyopathy by attenuating inflammatory responses. (A) Volcano plot depicting differentially
expressed genes (DEGs) between the T1DM+GLPs and T1DM groups. (B) GO pathway enrichment analysis of the identified DEGs
(T1DM+GLPs vs. T1DM). (C,D) RT-qPCR quantification of Tnf-α and Il-1β mRNA levels in cardiac tissue from the (C) T1DM and
(D) T2DM model mice (n = 6 per group). (E) Representative immunostaining of cardiac sections for CD45 and CD68 (scale bars: 100
μm), with (F) corresponding quantification of positive staining areas (n = 6). Data are mean ± SEM; **p < 0.01 vs. CON, T1DM vs.
GLPs+T1DM and T2DM vs. GLPs+T2DM.

diac structural damage and remodeling by suppressing in-
flammatory responses, exerting protective effects likely as-
sociated with the NF-κB signaling pathway.

Our prior work established the ability of GLPs to
inhibit cardiac hypertrophy via downregulating fibrosis-
/hypertrophy-associated genes and alleviating pressure
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Fig. 6. GLPs mitigate high-glucose-induced hypertrophic and pro-inflammatory changes in NRVMs. (A) Immunofluorescence
staining of NRVMs for α-actinin (green) and nuclei (DAPI, blue) under HG (33 mM) stimulation with or without GLP (50 mg/mL)
treatment. Original magnification ×200, scale bars = 50 µm. (B) Quantification of myocyte surface area (n ≥ 50 cells/group). (C)
RT-qPCR analysis of Cola1, Myh7, and Tgfb1 mRNA levels in NRVMs (n = 3). (D) Representative Western blots for fibrotic proteins
(MYHC, COL1, TGF-β1) in NRVM lysates, with (E) corresponding densitometric quantification (n = 3). (F) RT-qPCR analysis of
pro-inflammatory cytokine transcripts (Tnf, Il-6, Il-1β) in NRVMs (n = 3). Data are mean ± SEM; **p < 0.01 vs. CON and HG vs.
HG+GLPs.

overload-induced hypertrophy through PPARγ activation
[20]. Since GLPs also exhibit hypoglycemic activity
[39,40], in the present study we extended our investiga-
tion to DCM in an effort to determine whether GLPs ex-
ert protective effects in this diabetes-related form of cardiac
pathology and to clarify the underlying mechanisms. This

work not only confirms the anti-hypertrophic efficacy of
this traditional Chinese medicinal extract but also expands
its therapeutic potential to DCM and other cardiovascular
disorders.

The therapeutic effects of GLPs on DCM are likely to
be more direct and pronounced in the context of T2DM, as
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Fig. 7. Protective effects of GLPs involve NF-κB signaling. (A–D) Representative immunoblots and densitometric quantification of
phosphorylated IκBα and p65 levels in cardiac lysates from (A) T1DM and (C) T2DM model mice (n = 6 per group). (E,F) Western
blotting analyses of phosphorylated IκBα and p65 levels in NRVMs, with corresponding densitometric quantification (n = 3). (G)
Immunofluorescence staining of NRVMs for p65 (green) with DAPI (blue) as a nuclear counterstain (scale bars: 50 μm; ×200), and
(H) quantification of nuclear p65 fluorescence intensity. All data are mean ± SEM; **p < 0.01, ***p < 0.001 vs. CON, T1DM vs.
GLPs+T1DM, T2DM vs. GLPs+T2DM and HG vs. HG+GLPs.
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their pharmacological targets are highly congruent with the
core pathophysiological hallmarks of T2DM, namely in-
sulin resistance and metabolic inflammation. In contrast,
in T1DM, the beneficial effects of GLPs may rely more
heavily on the suppression of downstream hyperglycemia-
induced damage, such as oxidative stress and fibrosis,
whereas their capacity to influence the fundamental etiol-
ogy of the disease remains limited. Collectively, GLPs
demonstrate greater potential and more well-defined mech-
anistic support in the treatment of T2DM-related cardiomy-
opathy. In T1DM, their role is instead likely auxiliary,
affording cardioprotection primarily through antioxidative
and anti-inflammatory effects, rather than serving as an
etiology-directed therapy.

The present study has several limitations that warrant
consideration. For one, the mechanistic basis for GLPs-
mediated NF-κB inhibition remains incompletely under-
stood, although TLR signaling may be involved, given
that TLR activation converges on the NF-κB signaling axis
[41]. The cardioprotective effects of GLPs may also be at-
tributable to other pathways, including the PI3K-Akt axis,
the dysfunction of which is linked to diabetes given its in-
tegral role in glucose metabolism [42]. Future work will be
required to dissect the precise signaling cascades responsi-
ble for the protective effects of GLPs in DCM.

Hyperglycemia and glucotoxicity induce protein gly-
cation, leading to increased formation of advanced glyca-
tion end products (AGEs). AGE deposition, in turn, pro-
motes connective tissue cross-linking, thereby exacerbat-
ing myocardial fibrosis, increasing cardiac stiffness, and
impairing diastolic relaxation [43]. Concurrently, AGEs
contribute to the overproduction of reactive oxygen species
(ROS), leading to enhanced inflammation and fibrotic re-
modeling [43]. DCM pathogenesis is also closely related to
the activation of pro-inflammatory immune cells, including
macrophages, dendritic cells, and activated T cells. Pro-
inflammatory cytokines such as TNF-α, IL-6, and mono-
cyte chemoattractant protein-1 (MCP-1) augment cardiac
oxidative stress and coronary endothelial dysfunction, cul-
minating in cardiac remodeling, fibrosis, and diastolic dys-
function [44]. Moreover, activation of the NF-κB signaling
pathway upregulates the expression of pro-inflammatory
TNF-α, IL-6, and IL-8 [44]. Both systemic and local
maladaptive immune responses and inflammatory cascades
thus play a pivotal role in the cardiac remodeling and fibro-
sis that characterizes DCM. GLPs may thus exert their car-
dioprotective effects both indirectly by lowering blood glu-
cose levels to mitigate hyperglycemia-induced cardiotoxic-
ity, and directly by suppressing the inflammatory responses
that mediate cardiac injury. However, the precise mech-
anisms underlying these beneficial effects warrant further
investigation.

Estrogen has been repeatedly demonstrated to have
protective effects on the cardiovascular system while also
playing an important role in maintaining normal glucose

homeostasis [45,46]. Epidemiological evidence indicates
that the risk of heart failure in male patients with dia-
betes is 2.4-fold higher than that in non-diabetic individ-
uals, whereas in female patients this risk is increased by as
much as five-fold [44]. In the present study, malemice were
employed primarily to minimize the potential confound-
ing cardioprotective and glycoregulatory effects of estro-
gen, thereby enabling the clearer assessment of the specific
effects of GLPs on DCM. Nevertheless, the exclusion of fe-
male mice limits the generalizability of our findings. In fu-
ture investigations, we will incorporate mice of both sexes
to ensure that our results are more broadly applicable and to
strengthen the translational relevance of our conclusions.

5. Conclusions
Collectively, our data demonstrate that GLPs exert

cardioprotective effects to alleviate DCM by attenuating
inflammatory responses and mitigating cardiac structural
damage and that the protective effects of GLPs are involved
in NF-κB signaling. These findings highlight the NF-κB
pathway as a key mediator of the protective benefits of
GLPs administration and provide a mechanistic rationale
for their potential therapeutic application in DCM.
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