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Abstract: Ganoderma lucidum is used widely in oriental medicine to treat obesity and metabolic diseases.
Bioactive substances extracted from G. lucidum have been shown to ameliorate dyslipidemia, insulin
resistance, and type 2 diabetes in mice via multiple 5* AMP-activated protein kinase (AMPK)-mediated
mechanisms; however, further studies are required to elucidate the anti-obesity effects of G. lucidum
in vivo. In this study, we demonstrated that 3% G. lucidum extract powder (GEP) can be used to
prevent obesity and insulin resistance in a mouse model. C57BL/6 mice were provided with a normal
diet (ND) or a high-fat diet (HFD) supplemented with 1, 3, or 5% GEP for 12 weeks and the effect of
GEP on body weight, liver, adipose tissue, adipokines, insulin and glucose tolerance (ITT and GTT),
glucose uptake, glucose-metabolism related proteins, and lipogenesis related genes was examined.
GEP administration was found to reduce weight gain in the liver and fat tissues of the mice. In addition,
serum parameters were significantly lower in the 3% and 5% GEP mice groups than in those fed a HFD
alone, whereas adiponectin levels were significantly higher. We also observed that GEP improved
glucose metabolism, reduced lipid accumulation in the liver, and reduced adipocyte size. These effects
may have been mediated by enhanced AMPK activation, which attenuated the transcription and
translation of lipogenic genes such as fatty acid synthase (FAS), stearoyl-CoA desaturase 1 (SCD1),
and sterol regulatory element-binding protein-1c (SREBP1c). Moreover, AMP-activated protein kinase
(AMPK) activation increased acetyl-CoA carboxylase (ACC), insulin receptor (IR), IR substrate 1 (IRS1),
and Akt protein expression and activation, as well as glucose transporter type 1/4 (GLUT1/4) protein
production, thereby improving insulin sensitivity and glucose metabolism. Together, these findings
demonstrate that G. lucidum may effectively prevent obesity and suppress obesity-induced insulin
resistance via AMPK activation.

Keywords: anti-obesity; Ganoderma; lipogenesis; AMPK; insulin resistance

1. Introduction

Obesity is a metabolic disease characterized by excess lipid deposition [1,2] that can increase
adipose tissue mass by increasing the number (hyperplasia) or size (hypertrophy) of adipocytes.

Nutrients 2020, 12, 3338; d0i:10.3390/nu12113338 www.mdpi.com/journal/nutrients


http://www.mdpi.com/journal/nutrients
http://www.mdpi.com
https://orcid.org/0000-0002-0622-5839
http://dx.doi.org/10.3390/nu12113338
http://www.mdpi.com/journal/nutrients
https://www.mdpi.com/2072-6643/12/11/3338?type=check_update&version=2

Nutrients 2020, 12, 3338 2 of 21

Adipocyte hypertrophy can dysregulate adipocyte hormone signaling and increase the secretion of
inflammatory cytokines, leading to insulin resistance and chronic low-grade inflammation, among other
complications [3,4]. As a result of its disruptive effects on systemic metabolism, obesity is recognized as
a major risk factor for multiple metabolic disorders, including type 2 diabetes, atherosclerosis, hepatic
steatosis, and cancer [5,6]. Inrecent years, a variety of treatments have been developed to inhibit obesity.
One potential therapeutic target is 5° AMP-activated protein kinase (AMPK), an important protein
kinase that responds to metabolic stress and regulates energy homeostasis. By sensing AMP/ATP
depletion, AMPK regulates cellular growth and proliferation by integrating nutritional information with
catabolic and anabolic processes such as glucose uptake, glycolysis, fatty acid oxidation, lipogenesis,
gluconeogenesis, cholesterol production, and rRNA synthesis [7,8]. AMPK regulates lipid metabolism
via multiple signaling pathways. Notably, AMPK has been reported to inhibit sterol regulatory
element-binding protein 1c (SREBP1c) and peroxisome proliferator-activated receptor y (PPARY),
which are the master regulators of lipogenesis and adipogenesis, respectively [9]. SREBP1c and PPARy
downregulation reduces the expression of lipogenic genes such as pyruvate kinase, fatty acid synthase
(FAS), and acetyl-CoA carboxylase (ACC) [8,10,11]. ACC is an enzyme that converts acetyl-CoA into
malonyl-CoA, a precursor of fatty acid synthesis that inhibits fatty acid oxidation in mitochondria [8];
consequently, the inhibition of ACC by AMPK reduces fatty acid synthesis and increases fatty acid
oxidation [10,11]. AMPK has also been found to activate peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGClx) and thereby stimulate mitochondrial biogenesis, leading to
increased fatty acid oxidation [8]. Moreover, AMPK phosphorylation has been reported to decrease
cholesterol synthesis by activating 3-hydroxy 3-methylglutaryl-CoA (HMG-CoA) reductase, a rate
limiting enzyme in cholesterol and isoprenoid synthesis [12,13]. Consequently, as overall lipid
metabolism improves, adiponectin levels return to normal, thereby increasing insulin sensitivity and
reducing triglyceride levels [8]. Thus, increasing AMPK activation may reduce obesity.

In obesity, ectopic lipid accumulation contributes toward systemic insulin resistance, which is
a major predictor of the development of type 2 diabetes [2,14]. Insulin is a hormone that stimulates
glucose uptake and storage and inhibits hepatic glucose production. High blood fatty acid levels
induce insulin resistance by increasing the synthesis of diacylglycerol and ceramide, which inhibit
insulin receptor kinase via protein kinase C (PKC) [15]. Insulin resistance describes the phenomenon
when a normal or increased insulin level could not induce a proper metabolic response, such as
insulin-induced glucose uptake [16]. This may result in impaired metabolism such as hyperglycemia
due to insufficient blood glucose uptake, and insulin overproduction by pancreatic 3 cells in an
attempt to increase glucose uptake [8,16]. Consequently, insulin resistance can be improved indirectly
by enhancing AMPK activation to restore lipid metabolism, and directly by regulating proteins
involved in glucose metabolism. Physical activity has been reported to improve glycemic control by
increasing AMPK activation and upregulating glucose transport in an insulin-dependent manner [8].
AMPK activation also decreases glucose production in the liver by phosphorylating mTOR Complex 2
(TORC?2) and inhibiting the gene expression of important gluconeogenic enzymes, including G6Pase
and phosphoenolpyruvate carboxykinase (PEPCK) [8]. In skeletal muscles, AMPK increases the
activity of Akt and its downstream targets, Akt substrate of 160 kDa /TBC1 Domain Family Member 4
(AS160/TBC1D4), which play important roles in glucose uptake by stimulating the translocation of
GLUT4 to the plasma membrane [8]. Consistently, biguanides and thiazolidinediones that increase
AMPK activation have been widely used as antidiabetic drugs [8]. Due to its key role in energy
metabolism pathways, AMPK has become a potential target for treating obesity, insulin resistance,
and type 2 diabetes [8].

Therapies for obesity and insulin resistance have included antibiotics, prebiotics, and natural
compounds extracted from medicinal plants or mushrooms. Indeed, plant or mushroom extracts
can contain various functional bioactive compounds that may simultaneously interact with signaling
pathways involved in obesity and insulin resistance [17]. Ganoderma lucidum, also known as
“Reishi”, “Ling Zhi”, or “Mannentake”, is a medicinal Basidiomycetes mushroom with potential
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anti-obesity effects [18]. G. lucidum has been used for thousands of years to improve health and
longevity, and to treat diseases such as hypertension, cancer, and diabetes mellitus [17,19,20],
and has been suggested as a potential agent to prevent obesity and metabolic diseases, such as
type 2 diabetes, via the regulation of AMPK [9,20,21]. In addition, numerous studies have
suggested that G. lucidum exhibits therapeutic properties, including antidiabetic, immunomodulatory,
hepatoprotective, antihyperlipidemic, and antihyperglycemic activities [17,20,22-26]. A dietary
supplement containing G. lucidum has been shown to inhibit adipogenesis by suppressing PPARYy,
SREBP1c, and C/EBPx (CCAAT-enhancer-binding protein o), and activating AMPK to improve glucose
uptake in vitro [9], while ganodermanondiol extracted from G. lucidum has been reported to enhance
the activation of AMPK and its upstream kinases to inhibit fatty liver [27]. The polysaccharides
present in G. lucidum have also demonstrated hypoglycemic effects mediated by AMPK activation,
which enhances phosphoinositide 3-kinase (PI3K) and Akt gene expression and protein synthesis, thus
increasing glucose uptake and reducing glycogen synthesis [20,28]. Furthermore, the use of herbal
medicines and natural compounds has shown no apparent short nor long term side effects in the
human body, making them attractive alternatives to pharmaceutical therapies [17]. Ganoderma lucidum
extract powder (GEP) used in this study is in the form of powder which makes it practical to be
produced in pill for clinical trial application.

In this study, we verified the effect of G. lucidum extract on obesity in a mouse model, finding that
a 3% extract exerted anti-obesity effects in vivo by reducing hyperlipidemia, recovering functional
adipokine levels, upregulating glucose metabolism-related protein expression and phosphorylation,
and suppressing lipogenesis-related genes. Therefore, our data suggest that 3% G. lucidum extract can
be used as a supplement to prevent obesity and associated metabolic diseases.

2. Materials and Methods

2.1. G. Lucidum Extract Powder

G. lucidum extract powder (ASI7071; GEP) was provided by the National Institute of Horticultural
and Herbal Science (Eumseong, Chungcheongbuk-do, Korea). A G. lucidum cultivar was obtained from
the National Horticultural Research Institute and cultivated on oakwood before being desiccated using
dry heat. Dried samples (0.5 g) were extracted three times with 10 mL of 95% ethanol or 20x volume
per weight for 24 h. The extract was filtered under reduced pressure and concentrated by rotary
evaporation using a speed-vacuum (Hanil, module 4080C, Gimpo, Gyeonggi-do, Korea). The major
bioactive constituents of GEP is stated in Table 1.

Table 1. The major bioactive substances in G. lucidum.

Compounds Contents (%)
Ganoderic Acid
A 2.74
B 3.68
C1 0.69
C2 0.17
Co6 10.39
D 0.95
F 1.09
G 2.93
H 6.98
I 1.1
K 2.3
L 0.57
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Table 1. Cont.

Compounds Contents (%)
LM2 5.43
M 12
N 1.15
T-Q 1.1
Total ganoderic acid 53.27
Glucan
x-glucan 3.40+0.19
-glucan 23.93 +1.51
Total glucan 27.32 +1.70

2.2. Animals

Six-week-old specific pathogen free (SPF) C57BL/6 mice were purchased from RaonBio (Yongin,
Gyeonggi-do, Korea). During the experimental period, mice were kept in a SPF environment with a
controlled atmosphere (23 + 2 °C and 55 + 5% relative humidity) and a 12 h light/dark cycle.

All animal experiments were approved by the Chungbuk National University, and were conducted
in accordance with the approved protocols and guidelines established by the Chungbuk National
University Institutional Animal Care and Use Committees (Approval No.: CBNUA-1128-18-01;
approval date: 30 May 2018). After a week of acclimatization, mice were divided randomly into five
groups and fed ad libitum with a normal chow diet (ND), high-fat diet (HFD), or HFD + 1, 3, or 5% GEP
for 12 weeks (n = 6-7 mice per group). The dietary compositions used in this study are summarized in
Table 2. During the 12-week experimental period, food intake was measured at 2-day intervals and

body weight was measured once per week.

Table 2. Dietary compositions used in this study.

Experimental Group

Ingredient (g/kg) HFD + GEP [%]
ND
0 1 3 5
Powdered GEP 0 0 10 30 50
Casein 200 200 200 200 200
Corn starch 457 260 250 230 210
Sucrose 200 200 200 200 200
Cellulose 50 50 50 50 50
Soybean oil 43 25 25 25 25
L-Cysteine 3 3 3 3 3
Choline bitartrate 2 2 2 2 2
Lard 0 215 215 215 215
Mineral mix 35 35 35 35 35
Vitamin mix 10 10 10 10 10
Total grams (g) 1000 1000 1000 1000 1000
Calories from fat (%) 10 45 45 45 45

ND: normal chow diet; HFD: high-fat diet; GEP: Ganoderma lucidum extract powder.

2.3. Tissue Weight Measurement

After the 12-week experimental period, the mice were fasted for 12 h and anesthetized with ether.
Liver and white adipose tissues (WAT; epididymal fat) were excised, washed with phosphate buffered
saline (PBS), dehydrated with filter paper, and weighed.



Nutrients 2020, 12, 3338 5o0f 21

2.4. Histopathological Observation

Epididymal WAT, peritoneal WAT, subcutaneous WAT, and some liver tissues were extracted
from the mice, fixed in 10% neutral buffered formalin for 24-48 h, and rinsed with distilled water.
The tissues were then dehydrated in stages using 70%, 80%, 90%, 95%, and 100% ethanol and embedded
in paraffin. The paraffin block was cut into 4-5 um thick sections, prepared into slides, washed with
xylene, and hydrophilized gradually with 100%, 95%, 90%, 80% and 70% ethanol. The slides were
then stained with hematoxylin and eosin, covered with a cover glass, and observed using an optical
microscope (Olympus, Tokyo, Japan).

2.5. Measurement of Blood Lipid Concentration

All blood analysis was performed after 12 weeks of experimental period (n = 6-7 per group).
Blood was collected from the inferior vena cava using a sterile syringe before being allowed to stand in
ice for 1 h and centrifuged at 3000 rpm (4 °C) for 10-15 min. The supernatant serum was collected
and triglyceride (TG), total cholesterol (TC), high-density lipoprotein-cholesterol (HDL), low-density
lipoprotein-cholesterol (LDL), and free fatty acid (FFA) levels were measured using an automated
biochemical analyzer (Hitachi 7080; Hitachi Science System Ltd., Chiyoda-ku, Tokyo, Japan).

2.6. Measurement of Blood Glucose Concentration

After the 12-week experimental period and 12 h of fasting, blood samples were collected from the
tail and glucose was measured using a blood glucose meter (Accu-Check glucometer, Roche, Seoul,
Gyeonggi-do, Korea).

2.7. Glucose and Insulin Tolerance Tests (GTTs and ITTs)

A separate set of mice (n = 6-7 per group) was used for ITT and GTT measurements after 12 weeks
of treatment. HFD-induced obese mice were fasted for 18 h for GTT or 6 h for ITT and intraperitoneally
injected with D-glucose (2 g/kg body weight) or insulin (0.75 U/kg body weight in 0.1% bovine serum
albumin) [29]. Blood samples were taken from the tail and blood glucose levels were measured using
an Accu-Check glucometer (Roche) at the indicated times.

2.8. Measurement of Insulin, Leptin, and Adiponectin Levels

Blood insulin, leptin, and adiponectin concentrations were measured using an ELISA reader with
corresponding mouse ELISA kits (CrystalChem, Inc., Elk Grove Village, IL, USA). Blood was collected
from the inferior vena cava with a sterile syringe after the abdomen had been opened to analyze blood
indices. The collected blood was allowed to stand for 1 h on ice and centrifuged at 3000 rpm (4 °C) for
10-15 min. The serum supernatant was diluted 10 times and a 50 pL aliquot was reacted at 4 °C for
12 h before incubation with HRP-anti-mouse insulin, leptin, and adiponectin antibodies at 4 °C for 4 h.
Non-specifically bound antibodies were removed by washing with phosphate buffered saline-tween
(PBS/T) twice. After treatment with substrate solution for 30 min, absorbance was measured at 450 and
630 nm using the Benchmark Plus microplate reader (BioRad, Hercules, CA, USA).

2.9. Measurement of 2-Deoxy-Glucose Uptake Following In Vivo Insulin Stimulation

After the 12-week experimental period, mice were fasted for 16 h, anesthetized with sodium
pentobarbital (50 mg/kg; P3761, Sigma), and sacrificed. Epididymal WATs were harvested, preincubated
in KBH buffer (8 mM glucose, 5 mM HEPES, 0.1% bovine serum albumin (fraction V), and 2 mM
sodium acetate) at 30 °C for 20 min, and then incubated in KBH buffer containing 0.3 uCi [*4C] mannitol
and 2 pCi/mL 2-[*H]deoxy-glucose without 100 nM human insulin in a shaking water bath at 30 °C
for 30 min. The tissues were blotted, rapidly freeze-clamped, and weighed before being dissolved in
0.5 mL of 1 M KOH for 20 min at 70 °C and neutralized with 0.5 mL of 1 M HCL. A 0.3 mL aliquot of
each sample was mixed with 6 mL of Biosafe II (Research Products International, Mount Prospect, IL,
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USA) and radioactivity quantified using a liquid scintillation counter. The [*C] mannitol concentration
was measured to quantify extracellular 2-[°H] deoxy-glucose and glucose uptake was calculated by
subtracting extracellular 2-[*H] deoxy-glucose from total 2-[*H] deoxy-glucose.

2.10. qRT-PCR of Lipogenesis Genes in Adipose and Liver Tissues

Quantitative reverse transcription-PCR (qRT-PCR) was performed to identify changes in the
expression of obesity-related genes in adipose and liver tissues. Total RNA was extracted from
rapidly-frozen adipose and liver tissues using a RNeasy Lipid Tissue Mini Kit and a RNeasy Mini
Kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s protocols. The extracted RNA
was reverse transcribed using a SuperScript® IV First-Strand Synthesis System (Invitrogen, Waltham,
MA, USA) and the expression of lipogenesis-related genes was measured using real-time PCR with
Fast SYBR Green Master Mix (Applied Biosystems, Waltham, MA, USA), 25 uL of real-time PCR
reaction mix, 2 uL of cDNA, 12.5 uL of 2X SYBR mix, and 1 pL of forward and reverse primers (Table 3;
10 pmol/pL). PCR amplification was carried out for 40 cycles of pre-denaturation (95 °C) for 15 min,
denaturation (95 °C) for 15 s, annealing (55 °C) for 30 s, and extension (72 °C) for 30 s. The expression
of 18s ribosomal RNA was used as an internal control to correct relative gene expression. Melting
curve analysis was used to confirm primer specificity. Results were analyzed using One-step system
software v2.1 (Applied Biosystems).

Table 3. qRT-PCR mouse primer sequences.

Gene Forward Primer (5’ to 3’) Reverse Primer (5" to 3')
FAS TGCTCCAGGGATAACAGC CCAAATCCAACATGGGACA
SCD1 ACCTGCCTCTTCGGGATTTT GTCGGCGTGTGTTTCTGAGA
SREBP1c AGCTGCGTGGTTTCCAACA CCTCATGTAGGAATACCCTCCTCAT
18s rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

FAS: fatty acid synthase, SCD1: stearoyl-CoA desaturasel, SREBP1c: sterol regulatory element-binding protein-1lc.
18s rRNA: 18s ribosomal RNA.

2.11. Quantification of Glucose and Lipid Metabolism-Related Protein Expression in WATs

WATs were harvested from male C57BL/6 mice in each group, treated with insulin, solubilized
with NP-40 lysis buffer (20 mM HEPES, pH 7.9, 10 mM EDTA, 0.1M KCl, 0.3 NaCl, 10 pg/mL
aprotinin, 10 pg/mL leupeptin, 2 ug/mL alphal-antitrypsin, 2 mM sodium pyrophosphate, 1 mM
sodium orthovanadate, 10 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride (PMSF), 25 mM
sodium b glycerophosphate, and 0.1% Nonidet P-40), and pre-cleared with Protein A-Sepharose CL-4B
(GE17-0780-01; GE Healthcare) for 1 h. Immunoprecipitants or whole-cell extracts were washed
with lysis buffer and analyzed using sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE), and western blot. Protein bands were transferred from SDS gels to PVDF membrane
using TE22 Mighty Small Transphor Unit (Hoefer, CA, USA), and detected using corresponding
primary antibodies diluted to 0.2 pg/ml. Anti-phospho-IR3(Y1322) (#04-300) and anti-IR3 (MABN390)
antibodies were from Millipore Corp (MA, USA). Anti-SREBP-1 (sc-13551), anti-FAS (sc-74540),
anti-phospho-IRS1(Y989) (sc-17200), and anti-IRS1 (sc-8038) were from Santa Cruz Biotechnology
(TX, USA). Anti-phospho-AMPK«(Thr172) (#2531), anti-AMPKa (#5832), anti-phospho-ACC1(Ser79)
(#11818), anti-ACC1 (#4190), anti-phospho-AKT1 (T308) (#2965), anti-phospho-AKT1 (S473) (#9018),
anti-AKT1 (#2938), and anti-SCD1 (#2438) were from Cell Signaling Technology (MA, USA). Anti-GLUT1
(ab652), and anti-GLUT4 (ab654) antibodies were from Abcam (Cambridge, UK). Anti-f3-actin antibody
(A2228) was from Sigma (MO, USA). (3-actin wa used as control [30,31]. Immunoreactive signals
were detected using an EzZWestLumi plus kit (WSE-7120L, Atta, Japan) with X-ray films, and band
densitometry was quantified with Image J software (National Institutes of Health, Bethesda, MD, USA).
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2.12. Statistical Analysis

Data are expressed as the mean + standard deviation and represent at least three independent
experiments. Statistical significance was determined by one-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparison test using GraphPad Prism software (GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. Effect of G. Lucidum Extract on Obesity

To investigate the effects of G. lucidum on obesity, we measured the development of obesity in
HFD-induced mice treated with GEP for 12 weeks. As expected, the HFD increased the size and final
weight of the mice; however, GEP slightly reduced their size and significantly restored final weight
(Figure 1A). In particular, significant weight gain was observed in the HFD group that was suppressed
in dose-dependent manner by GEP treatment (Figure 1B). Neither the HFD nor GEP affected food
intake, indicating that the effect of GEP on HFD-induced obesity may be attributed to metabolic
alterations (Figure 1C). In addition, the feeding efficiency ratio (FER) suggested that GEP treatment
reduced the body mass gained per calorie eaten (Figure 1D), whereas subcutaneous, epidydimal,
and mesenteric WAT weight gain followed trends similar to those observed for body weight (Table 4).
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Figure 1. G. lucidum extract powder (GEP) treatment for 12 weeks reduces weight gain and the feeding
efficiency ratio (FER) in HFD-induced obese mice without altering food intake. (A) Mouse appearance
and final weight, (B) weight gain, (C) food intake, and (D) FER. Data represent the mean + SD of six
to seven individual mice. Significant differences vs. the HFD group (control) were determined by
one-way ANOVA; * p < 0.1, ** p < 0.01, *** p < 0.001. ND: normal chow diet group; HFD: high-fat diet
group; HFD + GEP: high-fat diet and Ganoderma lucidum extract powder.
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Table 4. White adipose tissue (WAT) weight in HFD-induced obese mice treated with GEP.

Group Subcutaneous WAT (g) Epididymal WAT (g) Mesenteric WAT (g)
ND 0.99 + 0.05 0.8 +0.12 0.17 + 0.05
HFD 3.4+0.15 1.81 £ 0.04 0.62 + 0.07
HFD + 1% GEP 3.07 +0.18 1.75 + 0.04 043 +0.11
HFD + 3% GEP 2.77 £0.12 1.53 +0.06 0.17 +0.12
HEFD + 5% GEP 229 £ 0.09 1.31+0.11 0.06 + 0.03

Data represent the mean + SD of six to seven individual mice. Significant differences vs. the HFD group (control)
were determined by one-way ANOVA; * p < 0.1, ** p <0.01, *** p <0.001. ND: normal chow diet group (control);
HFD: high-fat diet group; HFD + GEP: high-fat diet and Ganoderma lucidum extract powder.

We also found that 12 weeks of the HFD increased the size of the liver and epididymal WAT
compared to the ND (Figure 2A,C) and significantly increased liver and total WAT weight; however,
GEP treatment reduced weight in a dose-dependent manner (Figure 2B,D). These results indicate that
GEP can reduce weight gain, which is an obesity parameter.

A B
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g
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0 4
ND 0 1 3 5
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HED + GEP [%]

Figure 2. GEP decreases the size and weight of liver and WAT. (A) Liver size, (B) liver weight,
(C) epididymal WAT size, and (D) total WAT weight measured using a microbalance. Data represent
the mean + SD of six to seven individual mice. Significant differences vs. the HFD group (control) were
determined by one-way ANOVA; ** p < 0.01, *** p < 0.001. ND: normal chow diet group; HFD: high-fat
diet group; HFD + GEP: high-fat diet and Ganoderma lucidum extract powder.

3.2. Effect of G. Lucidum Extract on the Liver and Adipose Tissue

Liver and epidydimal WAT were stained to determine the effect of GEP on each tissue. The HFD
group displayed greater fat accumulation than the control group, while GEP supplementation,
particularly at 3% and 5%, attenuated lipid accumulation in the liver and reduced the size of adipocytes
in epidydimal WAT (Figure 3A,B). Thus, GEP may reduce intracellular fat accumulation in both
adipocytes and hepatocytes, which positively correlates with reduced obesity.
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Figure 3. Histological analysis of (A) hepatocytes and (B) WAT sections using hematoxylin and eosin

staining. Fat was lost during processing; white indicates fat. ND: normal chow diet group; HFD:
high-fat diet group; HFD + GEP: high-fat diet and Ganoderma lucidum extract powder.

3.3. Effect of G. Lucidum on Serum Lipid Levels

Serum samples were bioanalyzed to determine the effect of GEP on serum TG, TC, HDL, LDL,
and FFA levels. Compared to the ND, the HFD significantly increased all serum obesity parameters
analyzed, whereas GEP treatment lowered TG, TC, HDL, LDL, and FFA levels (Table 5). In the ND
group, serum analysis detected TG levels of 73.78 + 1.5 mg/dL, TC levels of 110.71 + 2.79 mg/dL, HDL
levels of 97.29 + 3.83 mg/dL, LDL levels of 35.92 + 2.96 mg/dL, and FFA levels of 0.98 + 0.04 mEq/dL
(Table 5). The HFD increased TG levels to 123.04 + 3.12, whereas treatment with 1, 3, or 5% GEP
reduced TG levels to 118.91 + 3.04, 104.09 + 3.66, and 88.83 + 1.83 mg/dL, respectively. Overall, 1% GEP
slightly reduced serum lipid levels while 3% and 5% GEP reduced the levels significantly. A similar
pattern was observed for TC, HDL, LDL, and FFA levels, suggesting that GEP alleviates increased
cholesterol and lipid concentrations in the blood.

Table 5. Effects of G. lucidum extract on blood lipid and cholesterol levels.

Group. TG (mg/dL) TC (mg/dL)  HDL (mg/dL)  LDL (mg/dL)  FFA (mEq/dL)
ND 7378 £ 15 110.72 +2.79 97.29 + 3.83 35.92 + 2.96 0.98 + 0.04
HFD 123.04+3.12  24863+819  160.65 + 3.42 80.65 + 3.00 1.98 +0.11
HFD + 1% GEP 11891 +3.04  22445+6.83  150.14 + 1.85 70.08 + 1.83 1.93 +0.11
HFD +3% GEP 10409 £3.66  197.19 + 8.61 139.23 3.8 60.19 + 3.71 1.66 % 0.06
HFD + 5% GEP ~ 88.83 + 1.83 17137+ 9.62  119.38 £+ 455 53.39 + 3.74 1.39 +0.07

Data represent the mean + SD of six to seven individual mice. Significant differences vs. the HFD group (control)
were determined by one-way ANOVA; *p < 0.1, ** p <0.01, ** p < 0.001. ND: normal chow diet group; HFD: high-fat
diet group; HFD + GEP: high-fat diet and Ganoderma lucidum extract powder; TG: triglyceride; TC: total cholesterol;
HDL: high-density lipoprotein-cholesterol; LDL: low-density lipoprotein-cholesterol; FFA: free fatty acid.

3.4. Effect of G. Lucidum Extract on Glucose Uptake, Insulin Tolerance, and Glucose Tolerance

Next, we examined the effects of the HFD and GEP on glucose and insulin. After 12 weeks of
treatment, the HFD increased serum glucose and insulin levels compared to the ND, while treatment
with 1, 3, and 5% GEP for 12 weeks significantly reduced glucose and insulin levels in a dose-dependent
manner, with a more pronounced effect on insulin levels (Figure 4A,B).
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Figure 4. GEP improved glucose metabolism. Serum (A) glucose and (B) insulin levels after 12 weeks
of GEP treatment. (C) Glucose tolerance test (GTT) and the area above the curve (AAC). (D) Insulin
tolerance test (ITT) and the AUC. Data represent the mean + SD of six to seven individual mice.
Significant differences compared to the HFD group (control) were determined by one-way ANOVA;
*p<0.1,* p <0.01, ** p < 0.001. ND: normal chow diet group; HFD: high-fat diet group; HFD + GEP:
high-fat diet and Ganoderma lucidum extract powder.

3.5. Effect of G. Lucidum on Adiponectin and Leptin Levels

We also performed GTTs and ITTs to measure the ability of mice to retain circulatory glucose
levels over time after glucose and insulin administration (Figure 4C,D) [32]. In addition, we produced
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glycemia profiles from the GTT and ITT results using area above the curve (AAC) and area under the
curve (AUC) analyses. We found that glucose tolerance, insulin sensitivity, as well as AAC and AUC
glycemia profiles were impaired in HFD-induced obese mice compared to the ND group; however,
treatment with 3% and 5% GEP significantly improved glucose tolerance and insulin sensitivity in a
dose-dependent manner. Similar trends were observed for the GTT AAC and ITT AUC, with the HFD
significantly increasing the AAC and reducing the AUC, but GEP treatment gradually restoring these
profiles to normal levels as the GEP concentration increased. This suggests that GEP improves insulin
regulation and glucose metabolism.

Next, we examined the effect of GEP on leptin and adiponectin in HFD-induced obese mice,
observing that their production correlated positively and negatively with adiposity, respectively.
GEP significantly increased and decreased leptin and adiponectin levels in a dose-dependent manner,
respectively (Figure 5A,B), indicating that GEP may ameliorate adipokine regulation in obese mice.

A B
25 - 60
~50 -
- T —
20 . z *
E - 240 - -
215 1 <
= S 30 -
£10 5
3 829 1
=]
5 - < 10
0 - 0

ND 0 1 3 5 ND 0 1 3 5

HFD + GEP [%)] HFD + GEP [%]

Figure 5. GEP treatment restored the regulation of the adipokines (A) leptin and (B) adiponectin.
Data represent the mean + SD of six to seven individual mice. Significant differences vs. the HFD group
(control) were determined by one-way ANOVA; * p < 0.1, ** p < 0.01, *** p < 0.001. ND: normal chow
diet group; HFD: high-fat diet group; HFD + GEP: high-fat diet and Ganoderma lucidum extract powder.

3.6. Effect of G. Lucidum on Glucose Uptake and Glucose Metabolism-Related Proteins

We also investigated GEP effect on glucose metabolism by assessing glucose uptake in the presence
and absence of human insulin in WAT from 1%, 3% and 5% GEP treated HFD-induced obese mice,
and the expression and activation of proteins involved in insulin signaling. In HFD-induced obese mice
administered with insulin, GEP treatment dose-dependently improved glucose uptake (Figure 6A) and
insulin receptor (IR), IR substrate 1 (IRS1), and AKT serine/threonine kinase 1 (AKT1) phosphorylation,
thereby increasing glucose transporter type 4 and 1 (GLUT4 and GLUT1) levels as well as AKT1
activation at phosphorylation sites T308 and 5473 (Figure 6B,C). These findings indicate that GEP
supplementation may improve glucose metabolism.
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Figure 6. GEP effect on glucose uptake and insulin signaling. (A) In vivo 2-deoxy-glucose uptake in
WAT treated with and without human insulin (10 mU/mL). (B) Western blot analysis of proteins related
to insulin signaling in the presence of human insulin (10 mU/mL). (C) The phosphorylation ratio of IR,
IRS, and AKT1, and the expression of Glut4 and Glutl compared to 3-actin, presented in folds over
ND. Data represent the mean + SD of six to seven individual mice. Significant differences vs. the HFD
group (control) were determined by one-way ANOVA; * p < 0.1, ** p < 0.01, *** p < 0.001. HFD: high-fat
diet group; GEP: Ganoderma lucidum extract powder. 3-actin was used as a relative density control.
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3.7. Effect of G. Lucidum Extract on Lipogenesis-Related Genes and Proteins in WAT and the Liver

To confirm the effect of GEP on lipogenesis at the molecular level, we conducted genetic and
protein analyses on WAT and the liver and analyzed fatty acid synthase (FAS), stearoyl-CoA desaturase
1 (SCD1), and sterol regulatory element-binding protein-1c (SREBP1c) expression using qRT-PCR.
We found that the HFD increased the expression of lipogenesis-related genes (FAS, SCD1, SREBP1c) in
both tissues compared to the ND, while 3% and 5% GEP attenuated the expression of all genes tested
in a dose-dependent manner (Figure 7A,B). Together, these results confirm that GEP downregulates
the mRNA expression of lipogenesis-related genes, thus inhibiting fat formation.
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Figure 7. GEP treatment improved the mRNA expression of the lipogenesis-related genes FAS, SCD1,
and SREBP1c. mRNA expression of lipogenesis-related genes in (A) the liver and (B) WAT measured
using qRT-PCR. The mRNA levels were normalized to 18s rRNA. Data represent the mean + SD of
six to seven individual mice. Significant differences vs. the HFD group (control) were determined by
one-way ANOVA; * p < 0.1, ** p < 0.01, *** p < 0.001. ND: normal chow diet group; HFD: high-fat diet
group; HFD + GEP: high-fat diet and Ganoderma lucidum extract powder.

To investigate the effect of GEP on lipogenic protein expression, we performed western blotting
using (-actin as the control (Figure 8A). Although HFD increased the ratio of lipogenesis-related
proteins (FAS, SCD 1, SREBP1c) compared to 3-actin levels, 3% and 5% GEP decreased this ratio
(Figure 8B-D), suggesting that GEP inhibits lipogenesis and thus obesity.
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Figure 8. Effect of GEP on lipogenesis-related protein expression. (A) Western blot analysis and the
expression of (B) FAS, (C) SCD1, and (D) SREBP1c relative to 3-actin. ND: normal chow diet group
(control); HFD: high-fat diet group; HFD + GEP: high-fat diet and Ganoderma lucidum extract powder.

3.8. Effect of G. Lucidum Extract on AMPK and ACC

GEP supplementation in HFD-induced obese mice enhanced AMPK phosphorylation, leading to
the activation of its downstream targets such as ACC (Figure 9A,B) in a dose-dependent manner;
however, GEP did not affect the expression of AMPK or ACC.
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Figure 9. Effect of GEP on AMPK and ACC protein expression and activation. (A) Western blot analysis
and the phosphorylation ratio of (B) AMPK and ACC in the liver and WAT of HFD-induced obese

mice stated in fold over ND.

4. Discussion

G. lucidum has been used to treat metabolic diseases and obesity in oriental medicine; however,
there is a lack of biochemical evidence to support its reported anti-obesity activities. In this study;,
we demonstrated the anti-obesity effects of GEP in an HFD-induced obese C57BL/6 mouse model.
The mice were administered varying concentrations of GEP for 12 weeks and then body weight gain,
liver and WAT weight, blood parameters, histological features, and the expression of lipogenic genes
and proteins were determined.

We observed insignificant improvements in the tested obesity parameters in mice fed a HFD + 1%
GEP, while the HFD + 3% and 5% GEP groups displayed significantly lower weight gain and liver and
fat tissue weights than the HFD group. Despite no change in food intake, the HFD + 3% and 5% GEP
decreased the FER, suggesting that the observed weight loss may be partly attributed to improved
energy metabolism. A previous study proposed that GEP concentrations above 4% can effectively
improve obesity from the perspective of gut microbiota [33]. Consistently, our study suggests that the
consumption of >3% GEP may improve obesity.

Obesity is characterized by adipocyte dysfunction in which lipids can no longer be stored
intracellularly and spill over into the blood, causing dyslipidemia [3]. Obesity-induced dyslipidemia is
marked by increased TG and LDL, and decreased HDL levels [34]; however, the HFD-induced obese
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mice treated with GEP displayed lower serum TG, TC, HDL, LDL, and FFA levels, suggesting that GEP
may effectively prevent and alleviate hyperlipidemia and cardiovascular diseases induced by obesity.
In addition, histological analysis of the liver and WAT revealed that GEP can reduce intracellular
fat accumulation in both adipocytes and hepatocytes, which appears to improve obesity. Together,
these results indicate that GEP reduces body weight by reducing adipocyte hypertrophy.

Obesity is a major risk factor for metabolic diseases such as type 2 diabetes [3]. In this study,
we measured serum glucose and insulin levels, insulin and glucose tolerance, and glycemia AAC
and AUC as characteristics of type 2 diabetes. We demonstrated that GEP can lower serum glucose
and insulin levels and improve glucose and insulin tolerance in HFD-induced obese mice, suggesting
that GEP reduced insulin resistance and improved glucose metabolism in the body. In addition,
we demonstrated that GEP improved glucose metabolism by enhancing the phosphorylation of IR,
IRS, and Akt, thereby increasing GLUT4 and GLUT1 levels. Akt is a downstream effector in the insulin
signaling pathway that, alongside AMPK, inhibits AS160 to downregulate GLUT4 translocation to
the plasma membrane [35]. Thus, the activation of IR, IRS, and Akt may increase GLUT4 levels and
glucose transport.

The anti-obesity effects of GEP were confirmed by analyzing the mRNA and protein expression
of lipogenesis-related genes, revealing that GEP decreased FAS, SCD1, and SREBP1c mRNA and
protein expression. SREBP1c is an adipogenic transcription factor that regulates several key genes
in adipogenesis such as PPARy, C/EBP«, FAS, and SCD1 [36]. In addition, SREBP1c mediates the
regulation of leptin and adiponectin expression, thus plays an important role in controlling adipogenesis,
lipid metabolism, and insulin sensitivity [37]. FAS is a central enzyme in de novo lipogenesis that
catalyzes the conversion of malonyl-CoA into palmitate [36], while SCD1 is an enzyme involved in
unsaturated fatty acid production that forms a complex with NADH-cytochrome b5 reductase and
cytochrome b5 to convert stearoyl-CoA into oleoyl-CoA [38]. The anti-obesity effects of GEP could be
attributed to its suppression of these lipogenic genes; however, 1% GEP appeared to increase SREBP1c
levels but decreased FAS and SCD1 levels, suggesting that the lipogenesis inhibiting activities of GEP
may also be linked to other regulatory mechanisms.

Adipocyte hypertrophy causes dysregulated adipokine secretion that may in turn disrupt
metabolism and homeostasis [3]. Leptin is an anorexigenic adipokine that controls food intake by
inhibiting appetite. In normal individuals, insulin upregulates leptin production to increase satiety
when glucose levels are high; however, obesity induces leptin resistance, resulting in high blood
leptin concentrations and high food intake [39]. Adiponectin is an adipokine that stimulates insulin
sensitivity, glucose uptake, and fatty acid oxidation, while preventing fatty acid influx into the liver [40].
Consequently, increased adiponectin levels correlate positively with obesity improvements. The effects
of both leptin and adiponectin in obesity may be mediated by AMPK since their receptor binding
can activate AMPK, which inactivates acetyl-CoA carboxylase (ACC1) [41]. The inactivation of ACC1
reduces the production of malonyl-CoA, a carnitine acyl transferase (CPT1) inhibitor that is important
for fatty acid p-oxidation [30]. Thus, increased AMPK activation can enhance 3-oxidation and decrease
the expression of SREBP1c, a transcription factor involved in lipogenesis and cholesterol synthesis.
Adiponectin may also suppress some of the effects of lipid accumulation by activating ceramidase
which breaks down ceramide, a molecule that stimulates fatty acid import, leads to lipid accumulation,
and disrupts insulin activity. Overall, leptin and adiponectin increase lipid oxidation and decrease
fatty acid synthesis and glucose output, thereby enhancing insulin sensitivity [42,43]. In this study,
we demonstrated that GEP can reduce leptin and increase adiponectin levels in a dose-dependent
manner. GEP restored leptin function, thus reducing hyperleptinemia, and increased adiponectin
function to improve lipid and glucose metabolism. These results were consistent with the GEP
antiobesity effect observed in other experiments.

Our findings also revealed that treatment with 3% or 5% GEP significantly improved obesity and
insulin resistance parameters, as well as the expression and activation of proteins related to insulin
signaling pathways. To investigate this further at the molecular level, we assessed AMPK and ACC
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expression and phosphorylation levels in the liver and WAT of mice treated with 3% or 5% GEP.
Notably, GEP enhanced AMPK and ACC activation in a dose-dependent manner but independently of
initial protein levels, confirming that the antihyperglycemic and antihyperinsulinemic activities of
GEP might be mediated by its ability to increase AMPK phosphorylation [9,27]. Since AMPK can be
activated pharmacologically to improve glucose and lipid metabolism in insulin-resistant mice, it could
be a promising new target for treating type 2 diabetes [8]. The binding of AMP to the AMPK y subunit
induces conformational changes that allow upstream kinases to phosphorylate AMPK at Thr172 in its
o subunit [44]. Activated AMPK can then relay signals to induce catabolism and suppress anabolism,
thereby ameliorating obesity and insulin resistance [8,44]. The role of AMPK in metabolic regulation is
mediated by various downstream effectors, including ACC, FAS, and GLUT4. ACC converts acetyl-CoA
to malonyl-CoA, a fatty acid precursor that downregulates fatty acid oxidation by inhibiting CPT1 [45],
thus increasing the availability of FFAs to synthesize other metabolites such as diacylglycerol (DAG)
and ceramide [46]. DAG activates PKC which phosphorylates and inhibits insulin receptor kinase
(IRK), leading to insulin resistance, while ceramide can inhibit glucose uptake by downregulating
GLUT4 at the transcriptional level and inhibiting its localization to the membrane [15,35,47]. Therefore,
ACC phosphorylation and inhibition by AMPK may improve GLUT4 localization and insulin sensitivity.
A previous study reported that the F31 polysaccharide of G. lucidum might activate AMPK to suppress
enzymes that regulate glucose metabolism and inhibit glucose production in the liver, thereby increasing
GLUT4 expression and improving insulin resistance [20]. AMPK activation has also been shown
to decrease WAT, liver, and body weight by suppressing the expression of adipogenic genes such
as FAS and ACC1 [20]. Moreover, -heteropolysaccharides extracted from G. lucidum have been
shown to reduce fasting serum glucose and insulin levels, downregulate the expression of hepatic
glucose regulatory enzyme genes, enhance AMPK activation, and increase GLUT4 mRNA and protein
levels [20]. F31 polysaccharides and (3-heteropolysaccharides contained in G. lucidum may be some of
the active substances that exerted the anti-obesity effects via AMPK activation.

The regulation of insulin sensitivity by AMPK might also be linked to the mTOR pathway, which
deregulates insulin signaling by activating S6K1, which phosphorylates IRS at multiple serine residues
to inhibit its action and reduce glucose uptake [48,49]. In particular, AMPK inhibits mTOR/S6K1
activation, thereby enhancing IR and IRS activation and improving insulin sensitivity [49]. Indeed,
studies have shown that G. lucidum may also exert antidiabetic effects by suppressing PEPCK gene
expression and inhibiting PTP1B activity, leading to decreased blood glucose levels and improved
glucose metabolism [13,50].

GEP used in this study contains myriads of ganoderic acids and glucans (Table 1). Ganoderic acid
A has been demonstrated to reduce obesity via SREBP which is a downstream effector of AMPK [51].
Beta 1,3/1,6 glucan serves as immunomodulator in high-cholesterol induced inflammation [52].
Inflammation is one of the factors that contributes to insulin resistance [5]. G. lucidum’s glucans ability
to alleviate inflammation might help reducing insulin resistance.

Consistent with other works, the findings of this study suggest that G. lucidum extract reduces
obesity by targeting AMPK. By activating AMPK, the master regulator of energy homeostasis [46],
G. lucidum not only ameliorated obesity, but also improved overall systemic metabolism, including
peripheral insulin sensitivity. This study used crude G. lucidum extract which is easier to procure and
more practical for clinical application. We also showed that the use of crude G. lucidum extract does
not cause adverse effects to C57BL/6 mice. A previous study by Chang, et al. [21] showed G. lucidum
ability to significantly reduce obesity using 4% of the extract. Our findings demonstrated that 3% can
have significant effects to reduce obesity and insulin resistance, thus minimizing the concentration
needed for clinical therapy. Future studies should investigate the anti-obesity effects of each active
substances purified from G. lucidum, and GEP application in clinical trial.
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5. Conclusions

This study revealed that G. lucidum could effectively prevent obesity and insulin resistance by
attenuating adipocyte hypertrophy and dyslipidemia and improving homeostasis by recovering insulin
sensitivity and adipokine function in HFD-induced obese C57BL/6 mice. In particular, G. lucidum
exhibited anti-obesity activities by downregulating FAS, SCD1, and SREBP1c, and also displayed
antihyperglycemic and antihyperinsulinemic activities by enhancing the activation of AMPK, ACC, IR,
IRS, and Akt. Together, these results suggest that G. lucidum extract has the potential to be used as a
nutritional supplement to prevent and ameliorate obesity and type 2 diabetes. Future studies should
assess the effects of G. lucidum bioactive compounds on other pathways related to obesity in vivo.
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Abbreviations

18s rRNA 18s ribosomal RNA

AAC Area above the curve

ACC Acetyl-CoA carboxylase

AKT1 AKT serine/threonine kinase 1
AMPK 5" AMP-activated protein kinase
AS160 Akt substrate of 160 kDa

AUC Area under the curve

C/EBPx CCAAT-enhancer-binding protein «
CPT1 Carnitine palmitoyltransferase I
DAG Diacylglycerol

FAS Fatty acid synthase

FER Feeding efficiency ratio

FFA Free fatty acid

G6Pase Glucose 6-phosphatase

GEP Ganoderma lucidum extract powder
GLUT1 Glucose transporter type 1

GLUT4 Glucose transporter type 4

GTIT Glucose tolerance test

HDL High-density lipoprotein-cholesterol
HFD High-fat diet

HMG-CoA B-Hydroxy -methylglutaryl-CoA
IR Insulin receptor

IRS1 Insulin receptor substrate 1

ITT Insulin tolerance test

LDL Low-density lipoprotein-cholesterol
mTOR Mammalian target of rapamycin
ND Normal diet

PEPCK Phosphoenolpyruvate carboxykinase
PI3K Phosphoinositide 3-kinase

PKC Protein kinase C
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PPARy Peroxisome proliferator-activated receptors y
PTP1B Protein tyrosine phosphatase 1B

S6K1 Ribosomal protein S6 kinase beta-1

SCD 1 Stearoyl-CoA desaturase 1

SD Standard deviation

SREBP1c Sterol regulatory element-binding protein-1c
TBC1D4 TBC1 Domain Family Member 4

TC Total cholesterol

TG Triglyceride

TORC2 mTOR Complex 2

WAT White adipose tissue

References

19 of 21

1.  Tremblay, A.; Bouchard, L.; Bouchard, C.; Després, ].P.; Drapeau, V.; Pérusse, L. Long-term adiposity changes

are related to a glucocorticoid receptor polymorphism in young females. J. Clin. Endocrinol. Metab. 2003,
88, 3141-3145. [CrossRef] [PubMed]

2. Ghaben, A.L.; Scherer, PE. Adipogenesis and metabolic health. Nat. Rev. Mol. Cell Biol. 2019, 20, 242-258.

[CrossRef] [PubMed]

3.  Castro, J.P; Grune, T.; Speckmann, B. The two faces of reactive oxygen species (ROS) in adipocyte function

and dysfunction. Biol. Chem. 2016, 397, 709-724. [CrossRef] [PubMed]

4. Ryu, R;Kwon, E.Y.; Choi, ].Y.; Shon, ].C.; Liu, K.H.; Choi, M.S. Chrysanthemum leaf ethanol extract prevents
obesity and metabolic disease in diet-induced obese mice via lipid mobilization in white adipose tissue.

Nutrients 2019, 11, 1347. [CrossRef]

5. Osborn, O.; Olefsky, ] M. The cellular and signaling networks linking the immune system and metabolism in

disease. Nat. Med. 2012, 18, 363-374. [CrossRef]

6.  Yoshimoto, S.; Loo, T.M.; Atarashi, K.; Kanda, H.; Sato, S.; Oyadomari, S.; Iwakura, Y.; Oshima, K.; Morita, H.;
Hattori, M.; et al. Obesity-induced gut microbial metabolite promotes liver cancer through senescence

secretome. Nature 2013, 499, 97-101. [CrossRef]

7. Ruderman, N.B.; Carling, D.; Prentki, M.; Cacicedo, ]. M. AMPK, insulin resistance, and the metabolic

syndrome. . Clin. Investig. 2013, 123, 2764-2772. [CrossRef]

8. Viollet, B.; Lantier, L.; Devin-Leclerc, ].; Hebrard, S.; Amouyal, C.; Mounier, R.; Marc, F; Fabrizio, A. Targeting

the AMPK pathway for the treatment of Type 2 diabetes. Front. Biosci. 2009, 3380-3400. [CrossRef]

9.  Thyagarajan-sahu, A.; Lane, B.; Sliva, D. ReishiMax, mushroom based dietary supplement, inhibits adipocyte
differentiation, stimulates glucose uptake and activates AMPK. BMC Complement. Altern. Med. 2011, 11, 74.

[CrossRef]

10. Li, W,; Li, Y;; Wang, Q.; Yang, Y. Crude extracts from Lycium barbarum suppress SREBP-1c expression and
prevent diet-induced fatty liver through AMPK activation. Biomed Res. Int. 2014, 2014, 196198. [CrossRef]

11.  Galic, S.; Loh, K,; Murray-Segal, L.; Steinberg, G.R.; Andrews, Z.B.; Kemp, B.E. AMPK signaling to acetyl-CoA
carboxylase is required for fasting-and cold-induced appetite but not thermogenesis. eLife 2018, 7, e32656.

[CrossRef] [PubMed]

12.  Friesen, J.A.; Rodwell, V.W. The 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) reductases. Genome

Biol. 2004, 5, 248. [CrossRef] [PubMed]

13.  Seto, SW.; Lam, T.Y,; Tam, HL.; Au, A.L.S.; Chan, SW.; Wu, ].H.; Yu, PH.F,; Leung, G.PH.; Ngai, S.M.;
Yeung, ] HK.; et al. Novel hypoglycemic effects of Ganoderma lucidum water-extract in obese/diabetic

(+db/+db) mice. Phytomedicine 2009, 16, 426-436. [CrossRef]
14. Taylor, R. Insulin resistance and type 2 diabetes. Diabetes 2012, 61, 778-779. [CrossRef]

15. Lyu, K; Zhang, D.; Nozaki, Y.; Zhang, Y.; Bhanot, S.; Cline, G.; Samuel, V.; Shulman, G.I. Membrane sn-1,2
Diacylglycerol Mediates Lipid-Induced Hepatic Insulin Resistance In Vivo. Diabetes 2018, 67, 243. [CrossRef]

16. Cerf, MLE. Beta cell dysfunction and insulin resistance. Front. Endocrinol. 2013, 4, 1-12. [CrossRef]

17. Sanodiya, B.; Thakur, G.; Baghel, R.; Prasad, G.; Bisen, P. Ganoderma lucidum: A Potent Pharmacological

Macrofungus. Curr. Pharm. Biotechnol. 2009, 10, 717-742. [CrossRef] [PubMed]
18. Tang, J.-L,; Liu, B.-Y,; Ma, K.-W. Traditional Chinese medicine. Lancet 2008, 372, 1938-1940. [CrossRef]


http://dx.doi.org/10.1210/jc.2002-021521
http://www.ncbi.nlm.nih.gov/pubmed/12843156
http://dx.doi.org/10.1038/s41580-018-0093-z
http://www.ncbi.nlm.nih.gov/pubmed/30610207
http://dx.doi.org/10.1515/hsz-2015-0305
http://www.ncbi.nlm.nih.gov/pubmed/27031218
http://dx.doi.org/10.3390/nu11061347
http://dx.doi.org/10.1038/nm.2627
http://dx.doi.org/10.1038/nature12347
http://dx.doi.org/10.1172/JCI67227
http://dx.doi.org/10.2741/3460
http://dx.doi.org/10.1186/1472-6882-11-74
http://dx.doi.org/10.1155/2014/196198
http://dx.doi.org/10.7554/eLife.32656
http://www.ncbi.nlm.nih.gov/pubmed/29433631
http://dx.doi.org/10.1186/gb-2004-5-11-248
http://www.ncbi.nlm.nih.gov/pubmed/15535874
http://dx.doi.org/10.1016/j.phymed.2008.10.004
http://dx.doi.org/10.2337/db12-0073
http://dx.doi.org/10.2337/db18-243-LB
http://dx.doi.org/10.3389/fendo.2013.00037
http://dx.doi.org/10.2174/138920109789978757
http://www.ncbi.nlm.nih.gov/pubmed/19939212
http://dx.doi.org/10.1016/S0140-6736(08)61354-9

Nutrients 2020, 12, 3338 20 of 21

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Teng, B.S.; Wang, C.D.; Zhang, D.; Wu, ].S,; Pan, D.; Pan, L.E; Yang, H.J.; Zhou, P. Hypoglycemic effect
and mechanism of a proteoglycan from ganoderma lucidum on streptozotocin-induced type 2 diabetic rats.
Eur. Rev. Med. Pharmacol. Sci. 2012, 16, 166-175.

Xiao, C.; Wu, Q.; Zhang, J.; Xie, Y.; Cai, W.; Tan, J. Antidiabetic activity of Ganoderma lucidum polysaccharides
F31 down-regulated hepatic glucose regulatory enzymes in diabetic mice. J. Ethnopharmacol. 2017, 196, 47-57.
[CrossRef]

Chang, C,; Lin, C.; Lu, C.; Martel, J.; Ko, Y.; Ojcius, D.M.,; Tseng, S.; Wu, T.; Chen, YM.; Young, J.D,;
et al. Ganoderma lucidum Reduces Obesity in Mice by Modulating the Composition of the Gut Microbiota.
Nat. Commun. 2015, 6, 1-17. [CrossRef] [PubMed]

Hirotani, M.; Ino, C.; Furuya, T.; Shiro, M. Ganoderic acids T, S and R, new triterpenoids from the cultured
mycelia of ganoderma lucidum. Chem. Pharm. Bull. 1986, 34, 2282-2285. [CrossRef]

Gao, Y,; Chen, G;; Dai, X;; Ye, J.; Zhou, S. A Phase I/II Study of Ling Zhi Mushroom Ganoderma lucidum
(W.Curt.:Fr.) Lloyd (Aphyllophoromycetideae) Extract in Patients with Coronary Heart Disease. Int. ]. Med.
Mushrooms 2004, 6, 327-334. [CrossRef]

Lin, Z.-B.; Wang, M.-Y,; Liu, Q.; Che, Q.-M. Effects of Total Triterpenoids Extract from Ganoderma lucidum
(Curt.: Fr.) P.Karst. (Reishi Mushroom) on Experimental Liver Injury Models Induced by Carbon Tetrachloride
or D-Galactosamine in Mice. Int. . Med. Mushrooms 2002, 4, 6. [CrossRef]

Chen, R.Y,; Yu, D.Q. Studies on the triterpenoid constituents of the spores from Ganoderma lucidum karst.
Yao Xue Xue Bao 1991, 26, 267-273. [CrossRef]

Wasser, S.P. Current findings, future trends, and unsolved problems in studies of medicinal mushrooms.
Appl. Microbiol. Biotechnol. 2011, 89, 1323-1332. [CrossRef]

Li, B.; Lee, D.S,; Kang, Y.; Yao, N.Q.; An, R.B.; Kim, Y.C. Protective effect of ganodermanondiol isolated from
the Lingzhi mushroom against tert-butyl hydroperoxide-induced hepatotoxicity through Nrf2-mediated
antioxidant enzymes. Food Chem. Toxicol. 2013, 53, 317-324. [CrossRef]

Wirnska, K.; MacZka, W.; Gabryelska, K.; Grabarczyk, M. Mushrooms of the genus ganoderma used to treat
diabetes and insulin resistance. Molecules 2019, 24, 4075. [CrossRef]

Seong, H.A.; Ha, H. Thr55 phosphorylation of p21 by MPK38/MELK ameliorates defects in glucose, lipid,
and energy metabolism in diet-induced obese mice. Cell Death Dis. 2019, 10, 380. [CrossRef]

Jung, S.; Son, H.; Hwang, C.; Cho, K,; Park, S.; Kim, H. Ganoderma lucidum Ameliorates Non-Alcoholic
Steatosis by Upregulating Energy Metabolizing Enzymes in the Liver. J. Clin. Med. 2018, 7, 152. [CrossRef]
Meneses, M.E.; Martinez-Carrera, D.; Torres, N.; Sanchez-Tapia, M.; Aguilar-Lépez, M.; Morales, P.; Sobal, M.;
Bernabé, T.; Escudero, H.; Granados-Portillo, O.; et al. Hypocholesterolemic properties and prebiotic effects
of Mexican Ganoderma lucidum in C57BL/6 mice. PLoS ONE 2016, 11, €0159631. [CrossRef] [PubMed]
Bowe, ].E.; Franklin, Z.].; Hauge-Evans, A.C.; King, A.].; Persaud, S.J.; Jones, PM. Metabolic phenotyping
guidelines: Assessing glucose homeostasis in rodent models. . Endocrinol. 2014, 222, G13-G25. [CrossRef]
[PubMed]

Chang, CJ.; Lin, C.S.; Lu, C.C,; Martel, J.; Ko, Y.E; Ojcius, D.M.; Tseng, S.F.; Wu, T.R,; Chen, Y.YM,;
Young, J.D.; et al. Corrigendum: Ganoderma lucidum reduces obesity in mice by modulating the composition
of the gut microbiota. Nat. Commun. 2017, 8, 16130. [CrossRef] [PubMed]

Klop, B.; Elte, ]. W.E; Cabezas, M.C. Dyslipidemia in Obesity: Mechanisms and Potential Targets. Nutrients
2013, 5, 1218-1240. [CrossRef] [PubMed]

Miinea, C.P,; Sano, H.; Kane, S.; Sano, E.; Fukuda, M.; Perédnen, J.; Lane, W.S.; Lienhard, G.E. AS160, the
Akt substrate regulating GLUT4 translocation, has a functional Rab GTPase-activating protein domain.
Biochem. ]. 2005, 391, 87-93. [CrossRef]

Joseph, S.B.; Laffitte, B.A.; Patel, PH.; Watson, M. A.; Matsukuma, K.E.; Walczak, R.; Collins, J.L.; Osborne, T.E;
Tontonoz, P. Direct and Indirect Mechanisms for Regulation of Fatty Acid Synthase Gene Expression by Liver
X Receptors. J. Biol. Chem. 2002, 277, 11019-11025. [CrossRef]

Payne, V.; Au, W.; Lowe, C.; Rahman, S.; Friedman, J.; O’rahilly, S.; Rochford, ].J. C/EBP transcription factors
regulate SREBP1c gene expression during adipogenesis. Biochem. J. 2010, 425, 215-223. [CrossRef]

Beech, L; Bergel, A.; Mollica, A.; Flemming, H.; Scotto, V.; Sand, W. Simple methods for the investigation of
of the role of biofilms in corrosion. Brite Euram Themat. Netw. MIC Ind. Mater. 2000, 1-27.

Klok, M.D.; Jakobsdottir, S.; Drent, M.L. The role of leptin and ghrelin in the regulation of food intake and
body weight in humans: A review. Obes. Rev. 2007, 8, 21-34. [CrossRef]


http://dx.doi.org/10.1016/j.jep.2016.11.044
http://dx.doi.org/10.1038/ncomms8489
http://www.ncbi.nlm.nih.gov/pubmed/26102296
http://dx.doi.org/10.1248/cpb.34.2282
http://dx.doi.org/10.1615/IntJMedMushr.v6.i4.30
http://dx.doi.org/10.1615/IntJMedMushr.v4.i4.70
http://dx.doi.org/10.1016/j.jep.2016.11.044
http://dx.doi.org/10.1007/s00253-010-3067-4
http://dx.doi.org/10.1016/j.fct.2012.12.016
http://dx.doi.org/10.3390/molecules24224075
http://dx.doi.org/10.1038/s41419-019-1616-z
http://dx.doi.org/10.3390/jcm7060152
http://dx.doi.org/10.1371/journal.pone.0159631
http://www.ncbi.nlm.nih.gov/pubmed/27438015
http://dx.doi.org/10.1530/JOE-14-0182
http://www.ncbi.nlm.nih.gov/pubmed/25056117
http://dx.doi.org/10.1038/ncomms16130
http://www.ncbi.nlm.nih.gov/pubmed/28695905
http://dx.doi.org/10.3390/nu5041218
http://www.ncbi.nlm.nih.gov/pubmed/23584084
http://dx.doi.org/10.1042/BJ20050887
http://dx.doi.org/10.1074/jbc.M111041200
http://dx.doi.org/10.1042/BJ20091112
http://dx.doi.org/10.1111/j.1467-789X.2006.00270.x

Nutrients 2020, 12, 3338 21 of 21

40.
41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

Singla, P. Metabolic effects of obesity: A review. World J. Diabetes 2010, 1, 76. [CrossRef]

Roland, A.V.,; Moenter, S.M. Regulation of gonadotropin-releasing hormone neurons by glucose.
Trends Endocrinol. Metab. 2011, 22, 443-449. [CrossRef] [PubMed]

Boden, G. Effects of free fatty acids (FFA) on glucose metabolism: Significance for insulin resistance and type
2 diabetes. Exp. Clin. Endocrinol. Diabetes 2003, 111, 121-124. [CrossRef] [PubMed]

Haluzik, M.M.; Haluzik, M. PPAR-alpha and insulin sensitivity. Physiol. Res. 2006, 55, 115-122. [PubMed]
Viollet, B.; Andreelli, . AMP-Activated protein kinase and metabolic control. Handb. Exp. Pharmacol. 2015,
203, 303-330. [CrossRef]

Berg, ].M.; Tymoczko, J.L.; Stryer, L. Biochemistry, 7th ed.; W.H. Freeman: Basingstoke, UK, 2012; pp. 634-635.
ISBN 13: 978-1429276351.

Ruderman, N.; Prentki, M. AMP kinase and malonyl-CoA: Targets for therapy of the metabolic syndrome.
Nat. Rev. Drug Discov. 2004, 3, 340-351. [CrossRef]

Long, S.D.; Pekala, P.H. Lipid mediators of insulin resistance: Ceramide signalling down-regulates GLUT4
gene transcription in 3T3-L1 adipocytes. Biochem. J. 1996, 319, 179-184. [CrossRef]

Zhang, J.; Gao, Z.; Yin, J.; Quon, M.]; Ye, J. S6K directly phosphorylates IRS-1 on Ser-270 to promote insulin
resistance in response to TNF-« signaling through IKK2. J. Biol. Chem. 2008, 283, 35375-35382. [CrossRef]
Mukherjee, B.; Hossain, C.M.; Mondal, L.; Paul, P.; Ghosh, M.K. Obesity and insulin resistance: An abridged
molecular ccorrelation. Lipid Insights 2013, 6, 1-11. [CrossRef]

Pan, D.; Zhang, D.; Wu, J.; Chen, C.; Xu, Z.; Yang, H.; Zhou, P. Antidiabetic, antihyperlipidemic and
antioxidant activities of a novel proteoglycan from ganoderma lucidum fruiting bodies on db/db mice and the
possible mechanism. PLoS ONE 2013, 8, e68332. [CrossRef]

Guo, W.L.,; Guo, J.B,; Liu, B.Y,; Lu, J.Q.; Chen, M.; Liu, B.; Bai, W.D.; Rao, PE; Ni, L.; Lv, X.C. Ganoderic
acid A from Ganoderma lucidum ameliorates lipid metabolism and alters gut microbiota composition in
hyperlipidemic mice fed a high-fat diet. Food Funct. 2020, 11, 6818-6833. [CrossRef]

Wu, Y.S.; Ho, S.Y.; Nan, EH.; Chen, S.N. Ganoderma lucidum beta 1,3/1,6 glucan as an immunomodulator in
inflammation induced by a high-cholesterol diet. BMC Complement. Altern. Med. 2016, 16, 500. [CrossRef]
[PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.4239/wjd.v1.i3.76
http://dx.doi.org/10.1016/j.tem.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21855365
http://dx.doi.org/10.1055/s-2003-39781
http://www.ncbi.nlm.nih.gov/pubmed/12784183
http://www.ncbi.nlm.nih.gov/pubmed/15910175
http://dx.doi.org/10.1007/978-3-642-17214-4_13
http://dx.doi.org/10.1038/nrd1344
http://dx.doi.org/10.1042/bj3190179
http://dx.doi.org/10.1074/jbc.M806480200
http://dx.doi.org/10.4137/LPI.S10805
http://dx.doi.org/10.1371/journal.pone.0068332
http://dx.doi.org/10.1039/D0FO00436G
http://dx.doi.org/10.1186/s12906-016-1476-3
http://www.ncbi.nlm.nih.gov/pubmed/27912745
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	G. Lucidum Extract Powder 
	Animals 
	Tissue Weight Measurement 
	Histopathological Observation 
	Measurement of Blood Lipid Concentration 
	Measurement of Blood Glucose Concentration 
	Glucose and Insulin Tolerance Tests (GTTs and ITTs) 
	Measurement of Insulin, Leptin, and Adiponectin Levels 
	Measurement of 2-Deoxy-Glucose Uptake Following In Vivo Insulin Stimulation 
	qRT-PCR of Lipogenesis Genes in Adipose and Liver Tissues 
	Quantification of Glucose and Lipid Metabolism-Related Protein Expression in WATs 
	Statistical Analysis 

	Results 
	Effect of G. Lucidum Extract on Obesity 
	Effect of G. Lucidum Extract on the Liver and Adipose Tissue 
	Effect of G. Lucidum on Serum Lipid Levels 
	Effect of G. Lucidum Extract on Glucose Uptake, Insulin Tolerance, and Glucose Tolerance 
	Effect of G. Lucidum on Adiponectin and Leptin Levels 
	Effect of G. Lucidum on Glucose Uptake and Glucose Metabolism-Related Proteins 
	Effect of G. Lucidum Extract on Lipogenesis-Related Genes and Proteins in WAT and the Liver 
	Effect of G. Lucidum Extract on AMPK and ACC 

	Discussion 
	Conclusions 
	References

