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Abstract. Diabetes is a threat to patient health world‑
wide. Type 2 diabetes (T2DM), one of the two main types 
of diabetes, is a long‑term metabolic disease caused by 
heredity and environmental factors. It has been reported that 
Ganoderma  lucidum polysaccharide (GLP) significantly 
decreased the concentration of blood glucose, promoted 
insulin secretion, improved glucose tolerance and regulated 
the concentration of blood lipids. In the present study, a T2DM 
model was established in db/db mice, following which T2DM 
mice were treated with GLP (100 and 400 mg/kg) for 8 weeks, 
with MET used as the positive control. The glycosylated hemo‑
globin (HbAlc) and fasting blood glucose (FBG) levels, and 
diabetes‑associated clinical chemistry indexes were detected 
in the blood and serum of each mouse. Hematoxylin and eosin, 
and oil red O staining were performed on the livers of each 
mouse to evaluate the level of liver fat. The expression levels 
of family with sequence similarity 3 (FAM3C), heat shock 
factor 1 (HSF1), calmodulin (CaM), AKT and phosphorylated 
(p)‑AKT were detected in the hepatocytes of T2DM mice 
using reverse transcription‑quantitative PCR and western 
blotting. The results demonstrated that the unbalanced levels 
of HbAlc, FBG and diabetes‑related index in T2DM mice 
were significantly improved by treatment with GLP. Lipid 
droplets in the hepatocytes of mice shrank in the GLP groups 
compared with the model control group. The expression levels 

of FAM3C, HSF1, CaM and p‑AKT/AKT in the hepatocytes 
of T2DM mice were significantly increased following treat‑
ment with GLP. In conclusion, GLP exerted significant effects 
on lipid metabolism in diabetes, which may be associated with 
the activation of the FAM3C‑HSF1‑CaM signaling pathway.

Introduction

Diabetes, a debilitating disease that threatens the health of indi‑
viduals globally, is becoming a public health issue concerning 
scientists worldwide since 2015 (1,2). The primary pathological 
mechanisms underlying the development of diabetes include 
glycometabolism and lipid metabolism dysregulation (3,4). If 
phosphorylation of glucose decreases, the signaling pathways 
of glycolysis, pentose phosphate and tricarboxylic acid cycle 
will be blocked (5,6). The synthesis of glycogen is reduced and 
decomposition increases, resulting in a decline of the body's 
ability to utilize and take up glucose (7‑9), leading to a glyco‑
metabolism disorder (10,11). When the ability to utilize and 
take up glucose from fat tissues declines, the concentration of 
triglycerides in the plasma increases and the synthesis of fat 
reduces (7,12), resulting in a lipid metabolism disorder (13). The 
main indexes of lipid metabolism include fatty acid synthetase, 
acetyl‑CoA carboxylase, acyl‑CoA oxidase, and carnitine 
palmityl transferase (14,15).

There are two types of diabetes, type I and II (T2DM). The 
number of patients with T2DM makes up 80‑90% of all patients 
with diabetes in Thailand in 2018 (16). T2DM is a long‑term 
disease caused by metabolic disorders as a result of heredity and 
environmental factors, which results in a functional defect of 
islet β cells and the secretion of insulin (17,18). In this case, the 
metabolic disorders involve carbohydrates, proteins, fat, elec‑
trolytes and water. Currently, treatments for diabetes include 
hypoglycemic drugs, including insulin, insulin analogues and 
sulfonylurea drugs (19‑21). However, these hypoglycemic drugs 
can cause numerous side effects, including liver and kidney 
injury and insulin resistance (22). Certain Traditional Chinese 
Medicines are being studied as potential therapeutics for 
diabetes to increase drug efficacy and decrease side effects.

Ganoderma  lucidum (G.  lucidum) polysaccharide 
(GLP) is one of the effective ingredients in the mushroom 
G. lucidum (23,24). It has been reported that GLP significantly 
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decreased the concentration of blood glucose, promoted the 
secretion of insulin, improved glucose tolerance, regulated the 
concentration of fat in the blood and postponed the develop‑
ment of diabetic complications (3,25). However, the underlying 
mechanisms remain unknown. Currently, family with sequence 
similarity 3 (FAM3C), which is composed of FAM3A‑D, has 
been reported to be associated with the regulation of glucome‑
tabolism and lipid metabolism (26,27). Chen et al (28) reported 
that the FAM3C‑heat shock factor 1 (HSF1)‑calmodulin (CaM) 
signaling pathway was significantly inhibited in the liver of a 
streptozotocin (STZ)‑induced type I diabetic mouse model. The 
expression of glycogen was inhibited, and the high concentra‑
tion of blood glucose of the mice was significantly improved by 
overexpressing FAM3C and activating the HSF1‑CaM‑AKT 
signaling pathway. Furthermore, Zhang et  al  (27) demon‑
strated that as a novel hepatocyte factor, FAM3C significantly 
inhibited the HSF1‑CaM‑AKT signaling pathway, by which 
gluconeogenesis and lipogenesis were suppressed.

In the current study, the hypoglycemic and hypolipidemic 
effects of GLP were investigated in a T2DM db/db mouse 
model, along with an investigation of the effects of GLP on the 
FAM3C‑HSF1‑CaM signaling pathway in order to determine 
the underlying mechanism of GLP in the lipid metabolism 
dysregulation in diabetes.

Materials and methods

Ethics approval. All animal experiments performed in the 
current study were authorized by the Ethics Committee 
of Zhejiang Chinese Medical University and carried out 
according to the guidelines for the Care and Use of Laboratory 
Animals and to the Principles of Laboratory Animal Care and 
Protection (approval no. ZSLL‑2018‑172).

Animals. A total of 24  adult male (age, 6  weeks; weight, 
18‑24 g) idiopathic T2DM model mice (db/db) and 6‑+/db 
male mice were purchased from Vital River Laboratories Co., 
Ltd.. The housing room was maintained between 20.0‑26.1˚C, 
with an average humidity between 30‑70%  and under a 
12‑h/12‑h light/dark cycle. The db/db mice were fed a high‑fat 
diet for 2 weeks and ‑+/db mice were fed an ordinary diet as 
a control. All the animals had free access to food and water. 
Following this, 0.08 ml blood was collected from the tail 
vein at the endpoint to detect the concentration of glucose in 
the blood. The animals with concentrations of blood glucose 
>11.1 mmol/l were selected as T2DM model mice.

Preparation of GLP. A total of ~5 g sporoderm‑broken spores 
of G. lucidum were settled into 100 ml ultrapure water. The 
lipids were removed and centrifuged at a speed of 1,000 x g at 
70˚C for 12 h. Following this, the mixture was centrifuged at 
1,200 x g for 15 min to remove the insoluble substances and 
purified using the Sevage method (29). The solution was then 
centrifuged (300 x g, 10 min, 4˚C) to collect the supernatant. 
Finally, the supernatant was centrifuged (300 x g, 10 min, 4˚C) 
again and freeze‑dried using a H051 freeze dryer (LaboGene) 
to obtain GLP for subsequent experiments.

Groups and dosing. The animals were divided into five groups. 
The 6‑+/db male mice were used as the wild‑type group. The 

other 24 T2DM model mice were divided into the following 
groups: i)  Model control group; ii)  low dose GLP  group 
(GLP  100  mg/kg/day); iii)  high dose GLP  group (GLP 
400 mg/kg/day); and iii) melbine (MET, Tianjin Zhongxin 
Pharmaceutical Group Co., Ltd.) group (MET 300 mg/kg/day, 
which was used as the positive control). A total of six mice were 
allocated per group. GLP was dissolved in 0.5% sodium carboxyl 
methyl cellulose (Shandong Senmei Biological Technology Co., 
Ltd.) and MET was dissolved in water. Each animal was dosed 
by oral gavage every day for 8 weeks and the daily dose volume 
was adjusted according to the body weight of each mouse. 
Animal health and behavior were monitored every day.

Glycosylated hemoglobin and clinical chemistry analysis. 
Following 8 weeks of treatment, levels of glycosylated hemo‑
globin (HbAlc) were measured with an analyzer (Roche 
Diagnostics) using whole blood obtained from the tail vein 
(0.08 ml/animal) from anesthetized mice (1‑2% inhalant isoflu‑
rane). Blood (~0.08 ml) was collected from the tail vein of each 
mouse. Blood was centrifuged at 1,000 x g at 4˚C for 15 min. 
The serum was collected and stored at ‑20˚C. Following 
this, the concentrations of fasting blood glucose  (FBG), 
alanine aminotransferase  (ALT), total cholesterol  (TC), 
glutamine transaminase (TG), high‑density lipoprotein choles‑
terol (HDL‑C), low‑density lipoprotein cholesterol (LDL‑C), 
serum creatinine (Scr) and urea nitrogen (BUN) serum levels 
were detected using a 7020 full automatic biochemical analyzer 
(Hitachi, Ltd.). The concentrations of uric acid  (UA), uric 
creatinine (Ucr) and urine microalbumin (U‑LAB) in the urine 
of mice were detected by an automatic biochemical analyzer 
(Automatic Biochemical Analyzer 7180; Hitachi, Ltd.).

Hematoxylin and eosin (H&E) staining. Following dosing 
for 8 weeks, animals were sacrificed by 20‑25% CO2 eutha‑
nasia. Following this, the veterinarian verified death based on 
respiratory, heartbeat, pupil and nerve reflex indicators. The 
liver of each mouse was removed and placed into a plate filled 
with pre‑cooled normal saline. After tissues were fixed in 
4% paraformaldehyde at room temperature for 15 min, they 
were dehydrated in 50, 70, 80, 95, 100 and 100% alcohol, 
for 20 min each time. Subsequently, the dehydrated tissue 
was placed in the following solutions: Εthanol + xylene (1:1) 
for 2 h, xylene I and II for 10 min each, and then placed in 
xylene + paraffin (1:1) for 2 h, paraffin I (1 h) and paraffin II 
(2 h) to immerse. After embedding in an ice box, 4‑µm paraffin 
slices were made, which were then dewaxed with xylene and 
gradient alcohol, and stained with hematoxylin and eosin at 
room temperature for 30 min for observation under a light 
microscope (x400 magnification; Olympus Corporation).

Oil Red O staining. The liver of each mouse was frozen at 
‑20˚C and cut into 5‑10 µm sections. The slides were air dried 
for 30‑60 min at room temperature and fixed in ice cold 
10% formalin for 5‑10 min at 4˚C. Following this, the slides 
were air dried again for another 30‑60 min and placed in 
absolute propylene glycol for 2‑5 min to avoid carrying water 
into the Oil Red O. The slides were stained in pre‑warmed 
Oil Red O solution for 8‑10 min in a 60˚C oven and differenti‑
ated in 85% propylene glycol for 2‑5 min. Distilled water were 
used to rinse the slides. Then, the slides were stained at room 
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temperature in Gill's hematoxylin for 30 sec and washed thor‑
oughly in running tap water for 3 min. Lastly, the slides were 
placed in distilled water. Lipid droplets were observed under a 
light microscope (x200 magnification; Olympus Corporation).

Immunohistochemistry. Liver tissues were embedded in paraffin 
(fixed in 4% paraformaldehyde for 20 min at room temperature), 
sectioned (3‑µm thickness), blocked for 1 h with 2% normal horse 
serum (Sigma‑Aldrich; Merck KGaA) at room temperature and 
incubated with FAM3C antibodies (1:500; cat. no. PA5‑83654; 
Thermo Fisher Scientific, Inc.). Tissues were incubated at 37˚C for 
1‑2 h and washed twice for 5 min with PBS. A HRP‑conjugated 
antibody (1:2,000; cat. no. 31466; Thermo Fisher Scientific, 
Inc.) was added and incubated for 30 min at room temperature. 
A total of 1 ml 3,3'‑diaminobenzidine (DAB) Plus substrate 
(Sigma‑Aldrich; Merck KGaA) was mixed with 1‑2 drops of DAB 
Plus Chromogen (Sigma‑Aldrich; Merck KGaA) and pipetted 
onto the slides. Following incubation for 3‑15 min, the slides were 
washed with water and observed with a fluorescence microscope 
(x200 magnification; Olympus Corporation).

Reverse transcription‑quantitative PCR (RT‑qPCR) for miR‑34a 
expression. Following dosing for 8 weeks, animals were sacrificed 
by 20‑25% CO2 euthanasia. The liver of each mouse was removed, 
and total RNA was collected from the tissues using an RNA 
Extraction kit (Takara Bio, Inc.), according to the manufacturer's 
protocols. Extracted RNA was quantified using a NanoDrop 
spectrophotometer (NanoDrop Technologies; Thermo Fisher 
Scientific, Inc.). A cDNA Synthesis kit (Takara Biotechnology 
Co., Ltd.) was subsequently used to synthesize cDNA according 
to the manufacturer's instructions. SYBR Premix Ex Taq™ 
(Takara Bio, Inc.) with an Applied Bio‑Rad CFX96 Sequence 
Detection system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) was used for RT‑qPCR. The thermocycling conditions were 
as follows: Initial denaturation at 92˚C for 4 min, followed by 
40 cycles of 90˚C for 15 sec and 60˚C for 30 sec. The expres‑
sion levels of FAM3C, HSF1 and CaM were determined by the 
threshold cycle and relative expression levels were calculated 
using the 2‑ΔΔCq method (30). The expression of GAPDH in 
the tissues was used as the negative control. Three indepen‑
dent assays were performed. The primers for each protein are 
presented in Table I.

Western blotting. The livers were isolated from the animals 
following dosing for 8 weeks. A Nuclear and Cytoplasmic 
Protein Extraction kit (Beyotime Institute of Biotechnology) was 
used to isolate proteins from tissues. Protein concentration was 
determined using a BCA kit (Guangzhou Youdi Biotechnology 
Co., Ltd.). Following this, ~30 µg/lane of protein was separated 
via SDS‑PAGE on a 12% gel, and subsequently transferred 
to a PVDF membrane (EMD Millipore). The membrane was 
blocked with 5% non‑fat dry milk in Tris‑buffered saline with 
0.1% Tween‑20 (pH 7.4) for 1 h at room temperature, and then 
incubated overnight at room temperature with primary rabbit 
anti‑human antibodies for FAM3C (1:1,000; cat. no. ab56065; 
Abcam), HSF1 (1:1,000; cat.  no.  ab61382; Abcam), CaM 
(1:1,000; cat.  no.  ab52476; Abcam), phosphorylated 
(p)‑AKT (1:1,000; cat. no. ab38449; Abcam), AKT (1:1,000; 
cat. no. ab18785; Abcam) and GAPDH (1:1,000; cat. no. ab8245; 
Abcam) purchased from Abcam. Membranes were then 

incubated with HRP‑conjugated antibody against rabbit IgG 
(1:5,000; cat. no. ab6721; Abcam) at room temperature for 
2 h. Blots were incubated with enhanced chemiluminescence 
reagent (Beyotime Institute of Biotechnology) and exposed 
on a Tanon 5200 Chemiluminescent Imaging System (Tanon 
Science & Technology Co., Ltd.) to detect protein bands. 
Three independent assays were performed. Protein bands were 
scanned and quantified using a ChemiDoc MP Image analysis 
system (cat. no. 170‑8280; Bio‑Rad Laboratories, Inc.).

Statistical analysis. Statistically significant differences for 
continuous variables were determined using a one‑way ANOVA 
followed by a Dunnett's post hoc test for normally distrib‑
uted data. All testing was performed using GraphPad Prism 
software (version 5; GraphPad Software, Inc.). P<0.05 was 
considered to indicate a statistically significant difference. 
Three independent assays were performed on each assay type.

Results

Body weight and food intake of T2DM mice are influenced by 
GLP. The body weight of each mouse was recorded following 
8 weeks of dosing. As presented in Fig. 1A, the body weights 
of the mice in the wild‑type (P<0.001), 100  mg/kg GLP 
(P<0.001), 400  mg/kg GLP (P<0.001) and MET (P<0.01) 
groups were all significantly lower compared with the model 
control group. The results of food and water intake are 
presented in Fig. 1B and C. Mice in the wild‑type (P<0.001), 
100 mg/kg GLP (P<0.001), 400 mg/kg GLP (P<0.001) and 
MET (P<0.001) groups consumed significantly less food and 
water compared with the model control group.

Effects of GLP on the concentration of FBG and HbAlc levels 
of T2DM mice. The concentration of FBG was detected from 
tail vein blood samples of T2DM mice. As demonstrated by 
Fig. 2A, the concentration of FBG in the wild‑type (P<0.001), 
100 mg/kg GLP (P<0.01), 400 mg/kg GLP (P<0.001) and 
MET (P<0.001) groups were all significantly lower compared 
with the model control group. Furthermore, the level of FBG 

Table I. Sequences of primers for FAM3C, HSF1, CaM and 
GAPDH.

		  Primer
Primer	 Sequences (5'‑3')	 length (bp)

FAM3C 	 F: CCACCACAGAAGACCCAGTT	 20
	 R: AACCAAACTCACGGATGAGG	 20
HSF1 	 F: CCAGCAGCAAAAAGTTGTCA	 20
	 R: CTGGTGACAGCATCAGAGGA	 20
CaM 	 F: GTTTGGGTGTGTGACTCTGG	 21
	 R: GTTCTGTGAAATCTTCCGGG	 20
GAPDH 	 F: CAATGACCCCTTCATTGACC	 20
	 R: GAGAAGCTTCCCGTTCTCAG	 20

F, forward; R, reverse; FAM3C, family with sequence similarity 3; 
HSF1, heat shock factor 1; CaM, calmodulin; bp, base pair.
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Figure 1. Obese state of type 2 diabetic mice was improved by GLP. (A) Body weight, (B) food intake and (C) water intake of each mouse. **P<0.01 and 
***P<0.001 vs. model control. GLP, Ganoderma lucidum polysaccharide; MET, melbine.

Figure 2. Effects of GLP on FBG concentration and HbAlc levels of type 2 diabetic mice. Concentrations of (A) FBG and (B) HbAlc in the serum of each 
mouse. **P<0.01 and ***P<0.001 vs. model control. FBG, fasting blood glucose; HbAlc, glycosylated hemoglobin; GLP, Ganoderma lucidum polysaccharide; 
MET, melbine.
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in the 400 mg/kg GLP group was slightly lower compared 
with the MET group. As presented in Fig. 2B, the HbAlc levels 
in the wild‑type (P<0.001), GLP (P<0.001) and MET groups 
(P<0.001) were significantly lower compared with the model 
control group. Additionally, mice in the 400 mg/kg GLP group 
exhibited similar HbAlc levels to the MET group.

Clinical chemistry of T2DM mice is altered by GLP. Following 
collection of the blood samples after 8 weeks of treatment, the 
levels of different clinical chemistry indexes were detected in 
the serum and urine. As shown in Fig. 3, the concentration 
of ALT, TC, TG, LDL‑C, Scr and BUN in the serum of mice 

in the wild‑type (P<0.001), GLP (P<0.01) and MET groups 
(P<0.01) were significantly lower compared with the model 
control group. Additionally, the concentration of HDL‑C in 
the serum of mice in the wild‑type (P<0.001), GLP (P<0.001 
or P<0.05) and MET groups (P<0.01) was significantly higher 
compared with the model control group. The levels of UA, Ucr 
and U‑LAB in the urine of mice in wild‑type (P<0.001), GLP 
(P<0.001) and MET groups (P<0.01) were significantly lower 
compared with the model control group.

Hepatic steatosis in T2DM mice is improved by GLP. H&E and 
Oil Red O staining were performed to evaluate the effects of 

Figure 3. Clinical chemistry of type 2 diabetic mice is altered by GLP. Concentrations of (A) ALT, (B) TC, (C) TG, (D) HDL‑C, (E) LDL‑C, (F) Scr, (G) BUN, 
(H) UA, (I) Ucr and (J) U‑LAB. *P<0.05, **P<0.01 and ***P<0.001 vs. model control. ALT, alanine aminotransferase; TC, total cholesterol; TG, glutamine 
transaminase; HDL‑C, high‑density lipoprotein cholesterol; LDL‑C, low‑density lipoprotein cholesterol; Scr, serum creatinine; BUN, urea nitrogen; UA, uric 
acid; Ucr, uric creatinine; U‑LAB, urine microalbumin; GLP, Ganoderma lucidum polysaccharide; MET, melbine.
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GLP on fatty liver in diabetic mice. The results of light micros‑
copy revealed that liver cells in the wild‑type group were arrayed 
neatly and there were almost no lipid droplet vacuoles present 
(Fig. 4). In contrast, numerous lipid droplets were observed in 
the hepatocytes of the model control group. The volumes of the 
hepatocyte increased. In the GLP and MET groups, the volume 
of the lipid droplets decreased compared with the model group 

(Fig. 4B), indicating that the hepatic steatosis of T2DM mice 
was improved following treatment with GLP or MET.

Effects of GLP on the expression levels of the proteins FAM3C, 
HSF1, CaM and AKT in the liver of T2DM mice as analyzed by 
immunohistochemistry, RT‑qPCR and western blotting. The 
results of immunohistochemistry are presented in Fig. 5. In the 

Figure 5. Immunohistochemistry of the protein expression of family with sequence similarity 3 in the liver of type 2 diabetic model mice following different 
treatments. The (A) model control, (B) 100 mg/kg GLP, (C) 400 mg/kg GLP, (D) 300 mg/kg MET and (E) wild‑type groups. Arrows indicate FAM3C 
expression (magnification, x200). GLP, Ganoderma lucidum polysaccharide; MET, melbine.

Figure 4. Hepatic steatosis in type 2 diabetic mice is improved by GLP. (A) H&E staining (magnification, x400) and (B) Oil Red O staining (magnification, x200) 
of the liver of mice in the model control, 100 mg/kg GLP, 400 mg/kg GLP, 300 mg/kg MET and wild‑type groups. Arrows indicate lipid droplet vacuoles. 
H&E, hematoxylin and eosin; GLP, Ganoderma lucidum polysaccharide; MET, melbine.
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images, brown indicated FAM3C expression. The results indi‑
cated that the expression of FAM3C was markedly higher in 
the livers of mice in the wild‑type, 400 mg/kg GLP and MET 
groups compared with model control group, with no significant 
changes observed in the 100 mg/kg GLP group. Furthermore, 
the relative gene expression of FAM3C, HSF1 and CaM in the 
liver of each mouse was detected by RT‑qPCR. The relative 
expression of FAM3C in the liver of mice in the wild‑type and 
the GLP groups (P<0.001 or P<0.05) was significantly higher 
compared with the model control group (Fig. 6). Notably, 
the expression of FAM3C in the 400 mg/kg GLP group was 
higher compared with the MET group. Additionally, HSF1 
and CaM were highly expressed in the liver of the 400 mg/kg 
GLP (P<0.001) and MET (P<0.001) groups compared with 
the model group. Subsequently, the expression levels of 
the proteins FAM3C, HSF1, CaM, AKT and p‑AKT were 
detected by western blotting. As demonstrated in Fig. 7, the 
expression levels of FAM3C, HSF1, CaM and p‑AKT/AKT in 
the liver of mice in the wild‑type (P<0.001), the 400 mg/kg 
GLP (P<0.001) and MET (P<0.001) groups were significantly 
higher compared to the model control group, with slightly or 
no significant changes observed in the 100 and 400 mg/kg 
GLP groups.

Discussion

G.  lucidum is a mushroom that is used in Traditional 
Chinese Medicine to enhance the immune system, regulate 
blood glucose and control blood pressure  (31). GLP was 
reported to be one of the main ingredients extracted from 
G. lucidum  (32,33). Furthermore, it has been reported that 
GLP significantly decreased the concentration of blood 
glucose, promoted insulin secretion, improved glucose toler‑
ance and regulated the concentration of blood lipids  (34). 
The results of the present study demonstrated that following 
dosing with 100 and 400 mg/kg GLP, the FBG, HbAlc and 
certain diabetes‑related clinical chemistry indexes (ALT, 
TC, TG, LDL‑C, Scr, BUN, UA, Ucr and U‑LAB) in T2DM 
mice were significantly improved compared with the model 
control group. These results were consistent with previous 
reports (35,36). Diabetes‑associated symptoms were reported 
to be significantly improved in diabetic rats by oral dosing with 
GLP (37). The concentrations of blood glucose and triglyc‑
eride and cholesterol in the serum were decreased following 
dosing for 3 months (38). Additionally, Ma et al (39) reported 
that blood glucose levels and diabetic‑related morbidity were 
significantly decreased in multiple low‑dose STZ‑induced 

Figure 6. Effects of GLP on the expression of FAM3C, HSF1, and CaM in liver tissues. Relative expression levels of (A) FAM3C, (B) HSF1 and (C) CaM 
for each group, as determined by reverse transcription‑quantitative PCR. *P<0.05, **P<0.01 and ***P<0.001 vs. model control. FAM3C, family with sequence 
similarity 3; HSF1, heat shock factor 1; CaM, calmodulin; GLP, Ganoderma lucidum polysaccharide; MET, melbine.
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diabetic mice following dosing with GLP. In the current study, 
the results of H&E and Oil Red O staining data demonstrated 
that the lipid droplets in the hepatocytes of mice shrank in the 
GLP groups compared with the model control group, which 
indicated that fatty liver induced by diabetes was significantly 
improved by GLP treatment. The present study was accom‑
panied with a positive control, MET, which has been used to 
effectively treat T2DM (40). Notably, nearly all the indexes 
measured showed that 400  mg/kg GLP exerted a similar 
anti‑diabetic effect as 300 mg/kg MET. The current study used 
a T2DM model to evaluate the anti‑diabetic effect of GLP 
and its effect on the FAM3C‑HSF1‑CAM signaling pathway. 
Further verification of the anti‑diabetic effects of GLP is being 
investigated using different types of animal models by the 

current authors, including GK/IRS‑1 double transgenic mice 
and MKR transgenic mice.

It has been reported that in STZ‑induced diabetic mice, 
the expression of FAM3C is significantly decreased, which 
results in the inactivation of the HSF1‑CaM‑AKT signaling 
pathway. This increases the expression of the glycogen 
gene, and gluconeogenesis and lipogenesis in the liver 
become dysregulated, resulting in diabetes  (27,28). In the 
present study, following dosing with GLP for 8 weeks, the 
expression of FAM3C, HSF1, CaM, AKT and p‑AKT in the 
hepatocytes of mice were detected with immunohistochem‑
istry, RT‑qPCR and western blotting. The results indicated that 
the FAM3C‑HSF1‑CaM‑AKT signaling pathway was signifi‑
cantly activated following GLP treatment in T2DM mice, 

Figure 7. Effects of GLP on the levels of FAM3C, HSF1, CaM, AKT and p‑AKT in liver tissues. Expression levels of the proteins (A) FAM3C, HSF1, 
CaM, AKT and p‑AKT in the livers of T2DM mice, as analyzed by western blotting. (B‑E) Levels of each protein, as quantified by gray scale analysis. 
*P<0.05 and ***P<0.001 vs. model control. FAM3C, family with sequence similarity 3; HSF1, heat shock factor 1; CaM, calmodulin; p‑, phosphorylated; 
GLP, Ganoderma lucidum polysaccharide; MET, melbine.
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which may explain the significant anti‑diabetic effect of GLP. 
Additionally, the results indicated that MET significantly acti‑
vated the FAM3C‑HSF1‑CaM‑AKT signaling pathway to exert 
an anti‑diabetic effect. However, based on the current results, it 
is difficult to ascertain that the effect of GLP is directly associ‑
ated with FAM3C‑HSF1‑CaM signaling. Fully understanding 
the mechanism of the anti‑diabetic effect of GLP is an aim 
of the current authors. Further detailed investigation on the 
association between the anti‑diabetic effects of GLP and the 
FAM3C‑HSF1‑CaM signaling pathway should be performed 
to elucidate the underlying mechanism in the future, including 
investigations using insulin‑resistant in vitro models.

GLPs have previously been demonstrated to exert 
anti‑diabetic effects in multiple reports. Chen  et  al  (23) 
reported that GLPs effectively lowered blood glucose levels 
and protected aortas in rats. The underlying mechanism may 
be involved in the downregulation of advanced glycation 
end‑products and receptor for advanced glycation end‑prod‑
ucts in aortal tissue. Additionally, it has been reported that 
GLPs significantly decrease fasting serum glucose levels in 
T2DM mice in a dose‑dependent manner (36). The decrease in 
fasting serum glucose levels may be associated with decreased 
mRNA expression level of several key enzymes, such as 
hexokinase, involved in gluconeogenesis and/or glycogenol‑
ysis (41). Furthermore, Xiao et al (42) demonstrated that the 
anti‑diabetic effect of GLPs may be associated with the down‑
regulation of hepatic glucose‑regulated enzyme mRNA levels 
via AMPK activation. However, whether a diabetic‑associated 
signaling pathway was involved in the anti‑diabetic effect of 
GLP remains unknown.

In the present study, the significant anti‑diabetic effect 
of GLPs was verified and the FAM3C‑HSF1‑CaM signaling 
pathway was revealed to be associated with this mechanism. 
Although further, direct verifications are required, these 
results reported a novel direction for the future investigation 
of the mechanism of the anti‑diabetic effect of GLPs. In 
conclusion, the present study demonstrated that GLP exerted a 
significant effect on lipid metabolism dysregulation in diabetic 
model mice, which may be associated with the activation of 
the FAM3C‑HSF1‑CaM signaling pathway.
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