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Background: Ganoderma lucidum spores (GLS) exhibit disease prevention properties, but
no study has been carried out on the anti-diabetic cardiomyopathy property of GLS. The aim
of this study was to evaluate the hyperglycemia-mediated cardiomyopathy protection and
mechanisms of GLS in streptozotocin (STZ)induced diabetic rats.

Methods: Male SD rats were randomly divided into three groups. Two groups were given
STZ (50 mg/kg, i.p.) treatment and when their fasting plasma glucose was above 16.7 mmol/
L, among them, one group was given placebo, as diabetic group, and another group was
given GLS (300 mg/kg) treatment. The group without STZ treatment was given placebo as a
control group. The experiment lasted 70 days. The histology of myocardium and biomarkers
of antioxidants, myocardial injury, pro-inflammatory cytokines, pro-apoptotic proteins and
phosphorylation of key proteins in PI3K/AKT pathway were assessed.

Results: Biochemical analysis showed that GLS treatment significantly reduced the blood
glucose (—20.3%) and triglyceride (—20.4%) levels compared to diabetic group without treat-
ment. GLS treatment decreased the content of MDA (—25.6%) and activity of lactate dehydro-
genase (—18.9%) but increased the activity of GSH-Px (65.4%). Western blot analysis showed
that GLS treatment reduced the expression of both alpha-smooth muscle actin and brain
natriuretic peptide. Histological analysis on the cardiac tissue micrographs showed that GLS
treatment reduced collagen fibrosis and glycogen reactivity in myocardium. Both Western blot
and immunohistochemistry analyses showed that GLS treatment decreased the expression levels
of pro-inflammatory factors (cytokines IL-1P, and TNF-a) as well as apoptosis regulatory
proteins (Bax, caspase-3 and —9), but increased Bcl-2. Moreover, GLS treatment significantly
increased the phosphorylation of key proteins involved in PI3K/AKT pathway, eg, p-AKT
p-PI3K and mTOR.

Conclusion: The results indicated that GLS treatment alleviates diabetic cardiomyopathy by
reducing hyperglycemia, oxidative stress, inflammation, apoptosis and further attenuating the
fibrosis and myocardial dysfunction induced by STZ through stimulation of the PI3K/Akt/
mTOR signaling pathway.

Keywords: Ganoderma lucidum spore, PI3K/Akt/mTOR signaling pathway, diabetic
cardiomyopathy

Introduction

Currently, 451 million people are suffering from diabetes globally and this is expected
to increase to 693 million by 2045." Longer duration of diabetes causes more compli-
cations including diabetic cardiomyopathy (DCM), eg, left ventricular hypertrophy and
myocardial fibrosis® which lead to diastolic as well as systolic dysfunction, myocardial
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fibrosis and heart failure.” DCM accounts for nearly 74% of
heart failure which contributes to four times the rate of
mortality in diabetic patients compared to non-diabetic
patients.* The main pathological characteristics of DCM are
myocardial inflammation, lipid accumulation, and oxidative
stress which lead to generation of fibrosis and cell death.””’
Patient’s age, increased body mass index and blood glycosy-
lated hemoglobin (HbA1c), and longer duration are linked to
the development of DCM.* Among these factors, oxidative
stress is a prime activating factor that activates inflammatory
as well as apoptotic signaling pathways within the
myocardium.'®"* Myocardial apoptosis plays a vital role in
the pathogenesis of cardiovascular diseases in diabetes. It is
known that activation of PI3K/Akt pathway can inhibit
apoptosis.'> Currently, there is no effective treatment avail-
able for DCM.'®!” Several therapeutic approaches, such as
supplementation of endogenous antioxidants have been pro-
posed for the treatment of DCM.'” A novel therapeutic
strategy targeting the phosphoinositide 3-kinase PI3K/Akt
signaling pathway has been tested recently in a DCM rat
model and demonstrated therapeutic potential.'® The PI3K/
Akt signaling pathway has been implicated in human malig-
nancy; its activation can suppress inflammation and mediate
oxidative stress to exhibit cardio-protective effect by regulat-
ing its downstream effector of mTOR to influence cell pro-
liferation, growth, autophagy, and apoptosis.'® ' Therefore,
compounds with anti-inflammatory or antioxidant features
may be beneficial for DCM via PI3K/Akt/mTOR pathway.
Ganoderma lucidum (Chinese: Ling Zhi) has been
used as a traditional medicine for centuries in Asian
countries.”” Its components have demonstrated anti-dia-
betic cardiomyopathy via its strong antioxidant effect in
our systematic review.”> G. lucidum fruiting bodies or
32 inhibit

reduce hyperglycemia,®® and have anti-

spores can modulate the immune system,
tumors,zsf29
inflammatory®' and anti-epilepsy effects etc.*> G. luci-
dum spores (GLS) are ejected from the pileus in the
mature phase of the fungus’ growth. The identified
ingredients, including eg, triterpenoids, polysaccharides,
amino acids, polypeptides, sterols, alkaloids, fatty acids,
vitamins and inorganic ions,*® are associated with multi-
ple pharmacological effects. Recent efforts from our
team have shown that GLS has anti-epileptic effects in
in vivo and in vitro studies.>*>? The results showed that
GLS reduced the apoptosis of epileptic neurons,®> the
levels of IL-6 in the brain.>* However, there is no study
on its application for DCM treatment. Studies on the
bioactive constituents of G. lucidum have been pending

for decades due to its numerous potential medicinal
applications, most of which concentrated on the triter-
penoid acids and polysaccharides considered to be the
main bioactive components of this fungus.”®> Specific
polysaccharides were isolated and characterized from
the G. lucidum fruiting bodies, spores, and cultivated
mycelium.***7 Apart from modulating innate immunity,
in addition to the antitumor effect of the polysaccharides
of G. lucidum, it also regulates the growth of vascular
endothelial cells,*® and inhibits hypoglycemic activity.-
304951 Given that cardiac inflammation significantly
contributes to the development of DCM, we proposed
a hypothesis: GLS may have beneficial effects in the
treatment of DCM, which has not been reported
previously.

The objective of this research was therefore to investi-
gate the effects and mechanisms of GLS on hyperglyce-
mia-mediated cardiomyopathy by measuring the indicators
or biomarkers of histology, oxidative stress, inflammation
and apoptosis as well as the PI3K/AKT/mTOR signaling
pathway. These will provide insight for finding an effec-
tive diabetic cardiomyopathy treatment.

Materials and Methods

Animals and Chemicals

This investigation was approved by the Research Ethics
Committee of Jiamusi University (No. 216-JMSU). All the
procedures were performed strictly following the guideline
and proposal for the care and use of laboratory animals by the
Chinese Ministry of Science and Technology. Twenty-four
male Sprague-Dawley (SD) rats (8 weeks old weighing
approximately 200-300 g) were obtained from Animal
Center of Harbin Medical University (License No. SCXK
2013-001). The animal experiment was carried out in animal
center of Jiamusi University. Rats were housed in an air-
conditioned room at 22 + 2 °C with a lighting schedule of 12
h light and 12 h dark. Standard chow and tap water were
available ad libitum before the experiment. Streptozotocin
(STZ) was purchased from Sigma Chemical Co. (Sigma-
Aldrich, MO, USA). Phenylmethylsulfonyl fluoride, RIPA
buffer, and BCA Protein Assay Kit were bought from
Beyotime Institute of Biotechnology, Haimen, Jiashu,
China. The air-dried fruiting body of G. lucidum was pur-
chased from the Jiamusi Mountain G. lucidum planting base
(Jiamusi, China) in September 2018, and GLS was authenti-
cated by Prof. Shuqiu Wang at Jiamusi University.
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Experimental Design

Animal Treatment and Groups

To induce diabetes mellitus, sixteen rats were administered
STZ (50 mg/kg prepared in 0.1 M citrate buffer with pH 4.4)
once via intraperitoneal injection (i.p.) based on previous
study.®® Three days after the STZ-injection, fasting blood
was collected via tail vein and glucose level was measured
using a glucometer (Accu-CHEK, Roche, Germany). Blood
glucose level above 16.7 mmol/L was regarded as a success-
ful diabetic rat model.>® Among them, eight rats were admi-
nistered saline (0.9% NaCl, p.o., ie, Diabetic group without
treatment or STZ group), and the other eight diabetic rats
were given GLS (300 mg/kg, p.o., ie, GLS treatment group or
STZ+ GLS group). In addition to these 16 rats, 8 other rats
without STZ treatment were given placebo treatment and
used as a control group. All rats were fed with a high-fat
and high-carbohydrate diet (66.5% basal diet, 20% sucrose,
10% lard, 2.5% cholesterol, and 1% bile) during the course of
the experiment which lasted for 70 days.

GLS Preparation

The air-dried fruiting body of G. lucidum was grinded, then
its powder was dissolved in saline with a concentration of
30 g/L and a volume of 10 mL/kg, ie, 300 mg/kg (p.o) was
given to the rats. The dosage was based on our previous
anti-epileptic study but its effect on cardiovascular protec-
tion was not tested,*” but equal to 1/3 of dosage used by
Wang et al’® who used 1 g/rat per day without considering
the body weight of the rat. The body weight of rat was
around ~200 g when the experiment started. GLS was
freshly prepared with saline daily. The treatment was con-
tinued for 70 days, and fasting blood glucose levels were
recorded weekly, and the body weight was recorded weekly
until the end of the treatment period. Upon completion of
the treatment period, the rats were euthanized with isofluor-
ane (3% for induction, 2% for maintenance),’® and their
hearts were isolated and immediately stored in 10% forma-
lin or frozen in liquid nitrogen. The frozen samples were
stored in a freezer (—80 °C) until further analysis.

Determination of Biochemical Indices

Glycosylated hemoglobin (HbAlc) was determined in
blood samples collected in EDTA tubes. Levels of serum
glucose, total cholesterol, triglycerides, activity of lactate
dehydrogenase (LDH) were determined according to the
standard method using colorimetric assay kits (Beijing-Xin
Chuang Yuan Technology Co., Ltd. China). The activity of
glutathione peroxide (GSH-Px) and the content of

malondialdehyde (MDA) were measured using commer-
cial kits bought from Nanjing Jiancheng Bioengineering
Institute, Nanjing, China.

Histopathological Examination

The rats’ hearts were preserved with 10% formalin and
fixed in paraffin, then they were cut into 4 um pieces as
previously reported and dyed with hematoxylin and eosin
(H&E), periodic acid Schiff (PAS) and Masson’s trichrome
separately (Beijing Solarbio Science & Technology Co.,
Ltd. China),™ to explore the morphological status, collagen
fibers’ deposition, and glycogen reactivity. Following dehy-
dration and washing, the segments were mounted and their
histological micrographs were observed with a light micro-
scope (magnification of 200x) attached to a digital camera
(DM4000B; Leica, Germany).

Western Blot Analysis

The rat heart was lysed with phenylmethylsulfonyl fluoride
(1 mM) in the RIPA buffer. The protein of supernatant of the
cell lysate (centrifugation at 12,000 g, 30 min) was assessed
by BCA Protein Assay Kit. Then, protein samples were
loaded into SDS-PAGE gel and protein bands and the gel
was further electro-transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA).
PVDF membranes were then blocked in non-fat milk
(5%), and incubated with primary antibodies at 4°C over-
night, accompanied by incubation of the relevant horserad-
ish peroxidase-conjugated secondary antibodies (anti-rabbit
goat, anti-mouse goat, both from Abcam, Cambridge,
United Kingdom) for 2 hours at room temperature. The
following primary antibodies were used: AKT (#4691),
phospho (p)-AKT (#4060), mTOR (#2983), p-mTOR
(#5536),
(Danvers, MA, USA), anti-brain natriuretic peptide (anti-
BNP; ab19645), anti-o-SMA (ab5694), anti-caspase-9
(ab52298), anti-IL-1B (ab9722), anti-TNF-a (ab6671), and
anti-caspase-3 (ab13847) were from Abcam too. The

all were from Cell Signaling Technology

SuperSignal™ West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific, Waltham, MA, USA) was used
to visualize proteins in the membrane. Protein band inten-
sities were assessed using LabWork 3.0 (UVP Inc., Upland
CA), and protein band densitometry was performed using
ImagePro Plus 6.0 imaging software.>

Immunohistochemistry
Immunohistochemistry was completed in compliance with
previously published procedures,” with some modification.
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The implanted tissue was cut in 4 pm sections. After rinsing
with PBS, the section was handled with 0.3% H,O, to reduce
the endogenous peroxidase action. The sections were incu-
bated with the following antibodies, rabbit anti-rat-BNP, anti-
caspase-3, anti-Bax, anti-Bcl-2, anti-TNF-a, anti-IL-1p, anti-
p-PI3k, anti-p-AKT and p-mTOR, respectively at 4°C for 12
hours. Then they were incubated with goat anti-rabbit IgG
conjugated with horseradish peroxidase (Boster Biological
Technology, China) at 37°C, for 30 min. Thereafter, they
were incubated with DAB for 5 minutes, followed by the
addition of hematoxylin staining for 2 minutes, and they were
rinsed with water and dehydrated with gradient alcohol to
remove xylene. At the end, they were mounted with neutral
gum. The immunohistochemistry micrographs were assessed
for at least 5 observation optical fields under a light micro-
scope. The density of the images was analyzed by Image]
software.

Statistical Analysis

The value was expressed as mean + the standard error (x + SE)
except for the special indication, and all quantitative analyses
were carried out with the ANOVA one-way method by
Tukey’s post hoc analysis. The statistical analysis was based
on the GraphPad Prism 7 program (San Diego, CA, USA). It
was considered significant when p value was less than 0.05.

Results

Effect of GLS on Fasting Plasma Glucose,
Serum Lipid Profile

At the end of the experiment, body weight of rats in STZ
group was reduced by 26% compared to that in the control
group, and GLS treatment caused an 8% increase of body
weight compared to that in the STZ group. Blood glucose

measurements revealed a significant increase in the STZ
group by up to 3.4-fold compared to that in the control
group (p < 0.01), but there was a 20.3% decrease in the
GLS treatment group (p < 0.05) compared to that in the
STZ group (Table 1). Moreover, HbAlc in the STZ group
showed a significant increase by 27% compared to that in
the control group, and a 6% reduction in GLS treatment
group compared to that in the STZ group with no statis-
tical difference. Rats in the STZ group exhibited a notable
increase in serum triglycerides and total cholesterol when
compared with the control group. GLS treatment for 70
days showed a 20.4% reduction in triglyceride level with a
significant difference compared to that in STZ group, with
a 8.2% reduction in total cholesterol level compared to the
STZ group but with no significant difference.

Effect of GLS Treatment on Histological

Changes in Cardiac Tissues

Cardiac tissue sections were stained with H&E, Masson and
PAS, respectively. In control group, cardiac tissue micro-
graphs stained with H&E showed the myocardial fibers
arranged tightly and normal cardiac myocytes were tightly
connected by cardiac fibers. In STZ cardiac tissues
(Figure 1A, middle), the structure of cardiac fibers was
disturbed, nucleus disappeared in some cardiac myocytes
and the intercellular boundary was unclear. GLS treatment
reduced the abnormal fibrosis (Figure 1A, right). In control
and GLS treatment groups, their sections stained with
Masson showed normal collagen fibers (Figure 1B, right),
but in STZ group (Figure 1B, middle), their perivascular
region showed significant deposition of collagen fibers.
GLS had reduced cardiac fibrosis significantly in diabetic
rat (Figure 1D). PAS staining showed considerably higher

Table | The Body Weight and Biochemical Indices of Rats During Experimental Period

Parameter Control STZ STZ+GLS Improvement (%)* After GLS Treatment
Group Compared to STZ Group

Body weight (g), day 0 244.00 + 39.24 | 236.40+£37.91 238.90+42.4|

Body weight (g), day 70 416 + 2246 308 £ 12.81% | 334 £27.40% | +84

Fasting blood glucose (mmol/L), day 0 | 4.56 + 0.34 17.10 & 1.34% | 17.77 £ 1.28%

Blood glucose (mmol/L) 691 = 1.24 30.08+3.13*% 23.98+520% | —20.3

HbAlc (mmol/L) 1.70 £ 0.13 2.16+ 0.21%* 2.03+ 0.19% —6

Triglycerides (mmol/L) 0.54 £ 0.34 3.82£1.49%* 3.04+1.02% —20.4

Total cholesterol 0.63 = 0.55 2.934£0.92%* 2.69+1.08* -82

(mmol/L)

Notes: Values are mean * SD; n =6. *, p < 0.05, **, p < 0.01 versus control; 7 p <0.05, ", p < 0.0l versus STZ group using. Tukey’s test. Day 0 means before the treatment;
(%)", calculated by [(STZ+GLS)- STZ])/STZ x 100%; Control: 5 mL/kg saline (p.o.); Diabetic: 50 mg/kg streptozotocin (i.p.) and 5 mL/kg saline (p.o.); STZ+GLS: 50 mg/kg

streptozotocin (i.p.) and 300 mg/kg Ganoderma lucidum spore (GLS) (p.o.).
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Figure | Pathological changes in the myocardial tissue of diabetic rats. Representative images showing cardiac tissue sections after hematoxylin and eosin (A), Masson’s
trichrome (B), and periodic acid-Schiff staining (PAS, (C) (*200). Quantitative results for collagen accumulation assessed using Masson’s trichrome staining from images B
(D) and extracellular matrix accumulation assessed using PAS staining for the different groups from images C (E), (original magnification 200x). The arrow in the cardiac
tissue in the diabetic group of image A (middle), indicates that the structure of cardiac fibers was disturbed, nucleus disappeared or intercellular boundary is unclear. The
arrows in the middle image of B and C show considerable deposition of collagen fibers or reactive glycogen respectively, inner bar=100 ym. Values are mean + SE; n = 6 per
group. ¥, p < 0.01 versus the control group and STZ+GLS group. #*, p < 0.01 versus the diabetic (STZ) group using Tukey's test. Control: 5 mL/kg saline (p.o.); Diabetic: 50
mg/kg streptozotocin (i.p.) and 5 mL/kg saline (p.o.); STZ+GLS: 50 mg/kg streptozotocin (i.p.) and 300 mg/kg GLS (p.o.).

glycogen content in the STZ group (Figure 1C, middle),
compared to the control group (Figure 1C, left) and STZ
+GLS groups (Figure 1C, right) and its quantitative analysis
is shown in Figure 1E. Quantitative analysis showed that
GLS significantly reduced cardiac fibrosis and glycogen
reaction in diabetic rats (Figure 1D and E).

Effect of GLS on Serum Content of MDA
and the Activity of Both GSH-Px and
LDH

MDA, a product of lipid peroxidation, is used as a biomar-
ker of cardiac oxidative distress. The results showed that the
serum MDA levels increased (20%) in the STZ group
compared to the control group but with no statistical differ-
ence (Figure 2A). However, GLS treatment significantly
reduced the MDA level in comparison with the STZ group
(p <0.05). In contrast, the serum activity of GSH-Px in STZ
rats was decreased significantly (p < 0.01) (Figure 2B), but
treatment with GLS produced a significant increase in the
activity of GSH-Px (p < 0.01). The serum LDH levels
(Figure 2C) in the STZ group were increased significantly
(p <0.05) compared to that in the control group. After GLS

treatment, the serum LDH levels were decreased signifi-
cantly compared with STZ group (p < 0.01). Results indi-
cated that the three biomarkers of antioxidant capacity had a
normal trend after GLS treatment.

Effect of GLS on BNP and a-SMA

Expression in Cardiac Tissues

The level of BNP and a-SMA expression in the cardiac
tissue was assessed by Western blotting (Figure 3A-C),
while the level of BNP but not a-SMA expression in the
cardiac tissues was also assessed by immunohistochemical
detection (Figure 3D and E) separately. The results
showed that the expression of both a-SMA and BNP in
the cardiac tissues of diabetic rats increased significantly
compared with that in the control group (p < 0.01); how-
ever, after GLS intervention, the expression of both o-
SMA and BNP in the cardiac tissues of diabetic rats
decreased significantly, and the difference in these values
between the STZ+GLS group and the STZ group were
statistically significant (p < 0.01). The expression of BNP
and a-SMA in the cardiac tissues of diabetic rats reached
normal control level after GLS treatment.
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Figure 2 The level of malondialdehyde (MDA, mmol/mg protein) (A), the activity of glutathione peroxidase (GSH-Px, U/mg protein) (B) and the activity of LDH (U/L) (C) in
serum of different rat groups. Values represent mean % SE; n = 6 in each group. % p <0.05 and **, p < 0.01 versus the control group, * #, p < 0.01 versus the STZ group using
Tukey'’s test. Control: 5 mL/kg saline (p.o.); Diabetic: 50 mg/kg streptozotocin (i.p.) and 5 mL/kg saline (p.o.); STZ + GLS: 50 mg/kg streptozotocin (i.p.) and 300 mg/kg GLS (p.o.).

Effect of GLS on Pro-Inflammatory
Cytokines TNF-a and IL-1f in Cardiac

Tissues

The Western blot and immunohistochemical results of
TNF-a and IL-1p are shown in Figure 4. The expressions
of TNF-a and IL-1 in the cardiac tissue of the STZ group
were significantly increased compared with that in the
control group (p < 0.01); however, after GLS intervention,
their expression was significantly reduced (p < 0.01 for
both TNF-a and IL-1p).

Effect of GLS on the Expression of
Apoptosis-Related Proteins Caspase-3,
Caspase-9, Bax, and Bcl-2 in Cardiac

Tissues

The expression levels of protein Bax, caspase-3 and Bcl-2
were assessed by both Western blot (Figure SA-D) and immu-
nohistochemistry (Figure 6A-F), respectively. Caspase-9 was
analyzed by Western blot (Figure 5A and E). The expression
of Bax, caspase-3 and caspase-9 proteins in the STZ group
were increased significantly in comparison with the control
group (p < 0.01). In GLS treatment group, the expression of
Bax, caspase-3 and caspase-9 were reduced significantly (p <
0.01). However, the expression of Bcl-2 decreased signifi-
cantly (p < 0.01) in STZ group rat in comparison with the
control group, and there was a significant increase in GLS
treatment group in comparison with the STZ group (p <0.01).

Effect of GLS on PI3K/AKT/mTOR
Signaling Pathway

The level of phosphorylated proteins p-PI3K, p-Akt and
p-mTOR expression in the cardiac tissue was assessed by

Western blotting (Figure 7A-C) and immunohistochemical
detection (Figure 8 A-C) separately. The expression ratio of
phosphorylated proteins p-PI3K, p-Akt, and p-mTOR in
the cardiac tissue of the diabetic group was significantly
decreased compared with that of the normal group (p <
0.01). The expression levels of these proteins in the car-
diac tissues of diabetic rats were significantly increased
after GLS intervention (p < 0.05 or 0.01).

Discussion

DCM is a major complication of diabetes mellitus.’® Its
pathological changes include ventricular hypertrophy and
myocardial fibrosis,” which can cause heart failure.’
Prevention or treatment should focus on the reduction of
myocardial inflammation, lipid accumulation, and hyper-
glycemia-mediated oxidative stress. These will reduce the
generation of myocardial fibrosis and cell death to further
reduce cardiac morbidity and mortality.””’ Despite sub-
stantial progress in understanding DCM’s pathophysiol-
ogy, therapeutic options are still highly inadequate. In
this study, we reported that GLS exhibited an inhibition
of hyperglycemia-induced cardiac injury by reducing car-
diac fibrosis via repression of oxidative stress, inflamma-
tion, apoptosis, and activation of the PI3K/AKT/mTOR
signaling pathway.

STZ diabetic rat model was used to examine the protec-
tive effect of GLS on cardiomyopathy. Diabetic rat model
induced by STZ has been largely applied to study the anti-
diabetic potential of therapeutic agents in vivo.”’® Here,
rats administered with STZ showed significant hyperglyce-
mia, evidenced by increased level of blood glucose as well
as HbAlc, while they were both improved after GLS treat-
ment; for HbAlc, there was 6% reduction. One study ana-
lyzed 20,985 individuals with type 1 diabetes and found that
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Figure 3 Effect of Ganoderma lucidum spore (GLS) on brain natriuretic peptide (BNP, molecular weight is 37 kDa) and a-smooth muscle actin (0-SMA, molecular weight is 42
kDa) expression in myocardial tissues. Representative Western blot images (A) and quantitative analysis for expression of BNP (B) and a-SMA (C) in the myocardial tissues
of rats from different groups. Representative immunohistochemistry micrographs for BNP expression in cardiac tissues of rats from different groups (D). Strong BNP
immunostaining was observed in most of the myocardial cells in the STZ group, compared with the control and STZ +GLS groups (see the arrow-indicated area). Statistical
analysis of immunohistochemistry results for cardiac BNP expression (E). Values represent mean + SE; n = 3 in each group. **, p < 0.01 versus the control group and #, p <
0.0l versus the STZ group using Tukey’s test. Control: 5 mL/kg saline (p.o.); Diabetic: 50 mg/kg streptozotocin (i.p.) and 5 mL/kg saline (p.o.); STZ +GLS: 50 mg/kg

streptozotocin (i.p.) and 300 mg/kg GLS (p.o.).

even 1% increase in HbA ;. would cause 30% increase in
heart failure; further increase in HbA ;. is an independent
factor caused by hypertension, smoking, and obesity etc.>”
This shows the benefits of carbohydrate metabolism by
GLS, which is also consistent with other studies that used
G. lucidum materials, eg, G. lucidum polysaccharides.®
Considering some common components of GLS and
extracts of G. lucidum reported, GLS may share common
mechanisms to reduce blood glucose. This hypoglycemic
effect may also be used to partly explain its protection
against cardiac myocyte injury in our histological study.
Our dosage, 300 mg/kg body weight which was about
200-280 g at the start of treatment, and equal to 80 mg/
day at the start of the experiment gradually increased to 110
mg/day with increase in body weight of rat, which is much
less than 1 g/day/per rat (rat body weight was ~200 g at the
beginning) given by Wang et al,*® as they did not consider
the body weight of rat, this may also reflect the lower
efficiency of our hypoglycemia effect compared to theirs.
In this study, GLS treatment reduced myocardial damage in
a diabetic rat model as shown by histological assessment
when stained with H&E, PAS and Masson. Results showed
that GLS treatment significantly reduced diabetic-related

fibrosis generation which reduced myocardial damage.
This may be attributed to the decrease in the release of
LDH, BNP, and a-SMA, as the results showed that the
levels of protein BNP and a-SMA decreased after GLS
treatment. LDH, an intracellular enzyme, reduces pyruvate
to lactate to release energy. Increased level of plasma LDH
has been found in myocardial or skeletal muscle ischemia.®!
LDH was regarded as a suitable prognostic but not a diag-
nostic biomarker for acute aortic syndromes as it has a
positive association with mortality.®> LDH in the cardio-
myocyte was lower but higher in plasma in diabetic rats
compared to the control group, this reflects the decline in
the anaerobic energy production.®® Lactate was effective at
inducing ROS production by heart mitochondria, LDH
inhibitor reduced H,O, production which further reduces
ROS formation.®* More evidence indicates that serum LDH
level is linked to the increase of cardiovascular diseases.®

BNP has been proposed as a potential marker for cardi-
ovascular disease and it has been frequently used to assess
cardiovascular disease progression, including cardiac
hypertrophy.®® Most mediators induce the transformation of
fibroblasts into myofibroblasts, which is characterized by o-
SMA expression, and pro-

proliferation, migration,
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Figure 4 Effect of Ganoderma lucidum spores (GLS) on the protein expression of TNF-a (molecular weight, 17 kDa) and IL-1B (molecular weight, 17 kDa) in cardiac tissues
according to Western blotting (A), relative density analysis (B C), immunohistochemical micrographs (D and F) magnification 200%, arrows indicate the areas changed, and
statistical analysis (E and G). Values are presented as the mean * SE, n = 3 in each group; **, p < 0.01, compared with the control group or **, p < 0.01 compared with STZ
group using Tukey’s test. Control: 5 mL/kg saline (p.o.); Diabetic: 50 mg/kg streptozotocin (i.p.) and 5 mL/kg saline (p.o.); STZ +GLS: 50 mg/kg streptozotocin (i.p.) and 300
mg/kg GLS (p.o.).
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Figure 5 Effect of Ganoderma lucidum spore (GLS) on the protein expression of Bax (molecular weight, 21 kDa), caspase 3 (molecular weight, 35 kDa), and 9 (molecular
weight, 45 kDa) and Bcl-2 in cardiac tissues according to Western blotting (A), and statistical analysis of their relative densities (B—E). Values represent the mean * SE; n =3
in each group. *, p <0.05 and **, p < 0.01 versus the control group and **, p < 0.01 versus STZ group using Tukey's test. Control: 5 mL/kg saline (p.o.); Diabetic: 50 mg/kg
streptozotocin (i.p.) and 5 mL/kg saline (p.o.); STZ +GLS: 50 mg/kg streptozotocin (i.p.) and 300 mg/kg GLS (p.o.).
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Figure 6 Effect of Ganoderma lucidum spores (GLS) on the protein expression of Bax, caspase 3 and Bcl-2 in cardiac tissues according to immunohistochemical micrographs
(A, C, E), magnification 200%, arrows indicate the areas changed, and respective statistical analysis (B, D, F). Values represent the mean % SE; n = 3 in each group. **, p <
0.01 versus the control group and *, p < 0.01 versus the STZ group using Tukey’s test. Control: 5 mL/kg saline (p.0.); Diabetic: 50 mg/kg streptozotocin (i.p.) and 5 mL/kg
saline (p.o.); STZ + GLS: 50 mg/kg streptozotocin (i.p.) and 300 mg/kg GLS (p.o.).
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Figure 7 Effect of Ganoderma lucidum spores (GLS) on the protein expression of p-PI3K (A, molecular weight, 85 kDa), p-Akt (B, molecular weight, 60 kDa), and p-mTOR
(C, molecular weight, 250 kDa) according to Western blot results (top) and their statistical analysis (bottom). Values represent the mean * SE; n = 3 in each group. **, p <
0.01 versus the control group and #, p < 0.05 or #, p < 0.01 versus STZ group using Tukey's test. Control: 5 mL/kg saline (p.0.); Diabetic: 50 mg/kg streptozotocin (i.p.) and 5
ml/kg saline (p.o.); STZ+GLS: 50 mg/kg streptozotocin (i.p.) and 300 mg/kg GLS (p.o.).

inflammatory signals which increase the production of pro-  diabetic rats by improvement of antioxidant capacity and
teins for extracellular matrix remodeling.®’ suppression of inflammatory factors etc. Increased produc-

The data indicate that GLS plays a significant role in  tion of ROS by decreased antioxidant defenses raises oxida-
cardiac cell protection and can protect against DCM in tive stress in the diabetic heart.'***® In line with previous
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Figure 8 Effect of Ganoderma lucidum spores (GLS) on the protein expression of p-PI3K, p-Akt, and p-mTOR according to immunohistochemical results (A, € and E) and
their statistical analysis (B, D and F) in cardiac tissues in different groups. (Micrographs, magnification 400%. Arrows indicate the changed areas. Values represent the mean *
SE; n = 3 in each group. **, p < 0.0 versus the control group and **, p < 0.01 versus STZ group using Tukey's test. Control: 5 mL/kg saline (p.o.); Diabetic: 50 mg/kg
streptozotocin (i.p.) and 5 mL/kg saline (p.o.); STZ+GLS: 50 mg/kg streptozotocin (i.p.) and 300 mg/kg GLS (p.o.).

research, the diabetic group showed an increase in the con-
tent of MDA, which is associated with decreased activity of
GSH-Px, an antioxidant enzyme.'>*® Lipid peroxidation
may damage the integrity of phospholipid bilayer and deac-
tivate membrane-bound receptors and enzymes, resulting in
increased cell permeability and death.®” Furthermore, ROS
can reduce cellular antioxidant capability by raising the
oxidation of antioxidant enzymes.”® Therefore, preserving
the balance of cellular redox represents an important techni-
que for reducing oxidative stress in many diseases. Here,
GLS improved antioxidant defenses and attenuated oxidative
stress in the diabetic heart.

Numerous work has established a close link between
oxidative stress, inflammation, diabetes, and apoptosis.
Hyperglycemia promotes the development of pro-inflam-
matory cytokines due to higher levels of ROS.”' The
diabetic rats showed an increase in cardiac levels of IL-
1B and TNF-a in the immediate study. These inflammatory
mediators play a role in diabetic heart diseases and recent
studies have identified a positive relationship in experi-
mental DCM between the oxidative stress and reduced left
ventricular function.”””> TNF-o. was involved in heart
hypertrophy and dysfunction. In vivo experiment showed
high expression of cardiomyocyte-specific TNF-a which

occurred in cardiac inflammation and dysfunction.”*’*

Also, treatment with monoclonal antibody anti-TNF-a
reduced myocardial inflammation and fibrosis in diabetic
rats.”® Hence, approaches to diminish pro-inflammatory
cytokine products might have to resemble cardioprotective
effects in diabetes.'""!? In the current study, GLS treatment
significantly reduced cardiac levels of pro-inflammatory
cytokines. In addition, to illustrate the cardioprotective
efficacy of GLS in DCM, this study also examined its
effect on the expression of pro- and anti-apoptotic pro-
teins. Several factors are involved in apoptosis in the
diabetic heart, eg, hyperglycemia, dyslipidemia, over-gen-
eration of ROS,
dysfunction.”””® In this study, diabetic rats had increased

inflammation and mitochondrial
substantial levels of Bax, caspase-9, and caspase-3, with
reduced Bcl-2. Bax is a pro-apoptotic protein found in the
mitochondrial membrane, leading to channel formation
and cytochrome C release, which binds to the apoptotic
protease-activating factor-1 and caspase-9 in the cytosol to
form the apoptosome complex.”” GLS treatment had
down-regulated Bax, caspase-9 and caspase-3, and
increased the levels of Bcl-2 in diabetic rats. Higher
expression of Bcl-2 prevents apoptosis by blocking the

release of cytochrome ¢ from the mitochondria.*® The
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anti-inflammatory potential of GLS could be defined as a
direct effect of its anti-hyperglycemic, anti-hyperlipidemia
and antioxidant capacity.

The reported cardioprotective pathways via PI3K/Akt/
mTOR include 1) the insulin-mediated PI3K/Akt/mTOR
signaling pathway; 2) the GSK-3-mediated signaling path-
way; 3) the angiogenesis signaling pathway through
mTOR activation. Cardiac PI3K/Akt causes insulin-stimu-
lated glucose absorption and produces acute mTOR acti-
vation, thus improving the cardiomyocytes’ survival and
function.®' Studies have shown that the PI3K/Akt/mTOR
signaling pathway provided effective cardio protection
against insulin-induced injury.*” Interestingly, PI3K/Akt
signaling regulates its downstream effector mTOR. PI3K/
Ak signals influence numerous functions, such as cell
proliferation, growth, autophagy, and apoptosis.®® PI3K/
Akt generally promotes survival through phosphorylation,
by impairing pro-apoptotic factors and triggering anti-
apoptotic factors. The results of this study showed that
GLS activated the PI3K/Akt/mTOR pathway, which may
be one of the mechanisms of reduction of cardiac myocyte
fibrosis in diabetic rat.

Conclusion

In conclusion, this study indicates that GLS ameliorates
cardiac myocyte fibrosis in diabetic rat. This may be via
amelioration of hyperglycemia and attenuation of oxida-
tive stress, inflammation, and consequent apoptotic cell
death as well as activating the PI3K/Akt/mTOR pathway
to alleviate DCM. This pilot study will help to build up
future GLS research for finding an effective treatment
for DCM.
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