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Abstract. Insulin resistance is a major factor in type II diabetes 
development, occurring when insulin levels are normal, but 
do not have normal interactions with adipose, muscle or liver 
tissue. The present study aimed to explore the hypoglycemic 
effect of Antrodia cinnamomea (AC) mycelium powder by 
evaluating its impact on insulin resistance and plasma free 
fatty acid (FFA) levels in steroid-induced insulin-resistant 
(SIIR) rats. Male Wistar rats were administered dexametha-
sone for 5 days to induce insulin resistance. The SIIR rats 
were subsequently randomly assigned into three experimental 
groups (EGs) and a control group (CG), where saline was orally 
administered. The EGs were orally administered different 
doses of AC (100, 200 or 500 mg/kg) and an optimal dose for 
further study was determined. Changes in plasma insulin and 
glucose levels were calculated to investigate the hypoglycemic 
effect of AC. To evaluate insulin resistance, the homeostasis 

model assessment-estimated insulin resistance of the SIIR rats 
was determined. Changes in plasma FFA levels were detected 
and levels of insulin signal proteins (IRS-1, GLUT-4 and 
PI3K) were analyzed by western blot to elucidate AC's mecha-
nism of action. The SIIR rats exhibited significantly decreased 
plasma glucose levels in the first 30 min, with plasma FFA 
levels displaying a marked downward trend (P<0.05) when 
they were administered the optimal dose of AC (200 mg/kg). 
The decrease in plasma glucose and FFA levels was signifi-
cantly larger in the EG compared to the CG, and insulin signal 
protein levels were also significantly increased (P<0.05). 
The hypoglycemic effect observed may be due to decreased 
plasma FFA levels and increased expression of intracellular 
insulin signal proteins. Furthermore, insulin sensitivity was 
enhanced, indicating that AC acts as an insulin sensitizer in 
insulin resistant animal models.

Introduction

Diabetes mellitus (DM) is one of the top 10 most prevalent 
diseases worldwide, ranking fourth in Taiwan. Individuals 
with DM are at an increased risk of developing eye disease, 
foot lesions, nerve degeneration, cerebrovascular disease, 
cardiovascular disease, hypertension and renal disease (1). The 
pathology of type II DM results from insulin resistance and/or 
a lack of insulin secretion, which ultimately increases plasma 
glucose levels. This hyperglycemic state stimulates insulin 
secretion and induces hyperinsulinemia (2). The clinical symp-
toms of insulin resistance include dyslipidemia, hypertension, 
glucose intolerance, hyperuricemia or gout, central obesity, 
impaired blood coagulation or hyper-coagulation, hyperan-
drogenism like symptoms, fatty liver and coronary vascular 
disease (3). These chronic complications not only threaten the 
life of those diagnosed with type II DM, but also puts a heavy 
burden on medical resources and the social economy (4).
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To date, the best methods for improving insulin resistance are 
exercise (5), smoking cessation (6) and medications including 
metformin, a biguanide (7) and thiazolidinediones (TZDs), 
a class of oral hypoglycemic agents (8). In complementary 
and alternative medicine, it has also been demonstrated that 
electroacupuncture on the Zhongwan (CV12) acupoint or the 
bilateral Zusanli (ST36) acupoints may lower plasma glucose 
and enhance insulin sensitivity (9-11). Among the aforemen-
tioned methods, the use of medication is the most effective and 
convenient for the management of type II DM, but can result 
in adverse side effects. Therefore, it is important to identify 
other methods with fewer side effects that can improve insulin 
resistance.

Antrodia cinnamomea (AC) is a Taiwanese fungus species 
that grows in the hollow trunk of the Cinnamomum kanehirai 
tree. Previous investigations have indicated that AC may 
suppress tumor formation (12), enhance the immune system (13), 
inhibit viral activity and protect the liver (14). It is often used 
in Taiwanese folk medicine. Some evidence has also indicated 
that AC can act as an anti-oxidant, improve hypertension and 
decrease plasma lipids (15-17). Ergostatrien-3β-ol (EK100) 
from the AC was evaluated for its hypoglycemic effects and was 
demonstrated to improve diabetes and dyslipidemia in mice 
fed a high-fat diet. EK100 treatment also resulted in decreased 
visceral adipocyte size and reduced the ballooning degenera-
tion of hepatocytes. Levels of glucose transporter 4 (GLUT-4) 
protein and Akt phosphorylation in skeletal muscle are also 
significantly increased in EK100 treated mice (18). In addition, 
antroquinonol extracted from the mycelium of AC effectively 
inhibited dipeptidyl peptidase-4 activity and AMP-activated 
protein kinase (AMPK) activation (19). Dehydroeburicoic 
acid from AC prevented the development of diabetic and 
dyslipidemic states in streptozotocin-induced diabetic mice, 
through the regulation of GLUT-4, peroxisome proliferator 
activated receptor α, fatty acid synthase and AMPK phos-
phorylation (20). An extract made from the fruiting body of 
AC lowered liver triglyceride and total cholesterol levels (17) 
and enhanced the production of superoxide dismutase, cata-
lase and glutathione peroxidase (21).

In addition to the aforementioned effects of AC, its 
therapeutic effects on insulin resistance have also been inves-
tigated (22-24), but the mechanism by which AC enhances 
insulin sensitivity has not been completely elucidated, particu-
larly for steroid-induced insulin-resistance (SIIR) (25,26). 
Steroids are widely prescribed and are known to cause insulin 
resistance. Patients with DM treated with steroids commonly 
require an increased dose of insulin. Thus, the aim of the 
present study was to use the SIIR rat as a model to explore 
the hypoglycemic and insulin resistance improving effects of 
orally administered AC and to investigate the mechanisms 
underlying its hypoglycemic and insulin resistance improving 
properties.

Materials and methods

Preparation of AC mycelium. AC mycelium was cultured on 
solid-state cereal medium (provided by the Chair Professor 
Wai-Jane Ho, Da-Yeh University, Changhua, Taiwan) for 
85‑90 days at 21‑23˚C in the dark. The solid medium was 
mainly barley-supplemented with yeast extract and glucose. At 

the end of the culturing period, cultures were harvested, dried 
and ground into powder for subsequent experiments. The final 
yield from the solid-state culture was ~20% of the original dry 
weight of cereal medium (Fig. 1A). The powdered culture was 
then mixed with normal saline to produce oral solutions at the 
concentrations of 100, 200 and 500 mg/kg body weight (BW). 
The solutions were subsequently stored in a 4˚C refrigerator 
ready for use.

High‑performance liquid chromatography (HPLC) assay. 
Components of the AC powder methanol extract were assessed 
by HPLC assay with a configured module using a Waters 
Alliance 2695 with auto-sample injection (Waters XTerra 
column, 4.6x250 mm, 5 µm; mobile phase A, water; mobile 
phase B, acetonitrile; injection volume, 10 µl; detector, PDA; 
detector wavelength, qualitative 250 nm, quantitative 280 nm; 
temperature, 25˚C; flow rate, 1.0 ml/min; Waters Corporation, 
Milford, MA, USA). The peaks of the retention time from the 
analysis of the AC methanol extract were compared with the 
peaks of the internal standard dissolved in methanol solution 
(provided by Professor Yueh-Hsiung Kuo, China Medical 
University, Taichung, Taiwan).

Animal models. A total of 24 Male Wistar rats aged 8-10 weeks, 
250-300 g BW, were obtained from the BioLASCO (Taipei, 
Taiwan). They were housed in rooms at 25±1˚C with relative 
humidity of 65±5%. The rats were acclimatized in an alter-
nating 12 h light/12 h dark cycle with free access to water and 
standard rat chow. After 1 week of adaptation, the rats were 
randomly assigned into experimental and control groups. The 
Institutional Animal Care and Use Committee of Da-Yeh 
University approved the methods of this study according to the 
national guidelines for the Care and Use of Animals.

A previously published research protocol was followed 
to establish the SIIR rat model (26). At 8 weeks, rats were 
intraperitoneally (i.p.) injected with dexamethasone at a dose 
of 1 mg/kg daily for 5 days. It was concluded that insulin resis-
tance was successfully induced when their measured fasting 
plasma glucose levels were higher than 150 mg/dl. Tests were 
performed at 8:00 a.m. and all SIIR rats were fasted before each 
test and anesthetized with pentobarbital (40 mg/kg i.p.) (11).

Experimental protocols. The SIIR rats were randomly divided 
into four groups and administered the following treatments 
once: Group A, control group (n=6), 1 ml/kg oral saline; 
group B (n=6), 100 mg/kg AC; group C (n=6), 200 mg/kg; and 
group D (n=6), 500 mg/kg AC. The three experimental groups 
(EGs) were force-fed the AC solution. Every AC sample was 
shock homogenized prior to each feeding. The plasma glucose 
levels were assayed with a commercial enzymatic method 
using Glucose HK stable liquid reagent (Randox Laboratories 
Ltd., Crumlin, UK). The percentage hypoglycemic activity 
was calculated as follows: [plasma glucose levels at 30 min 
(or 60 min) - plasma glucose levels at 0 min/plasma glucose 
levels at 30 min (or 60 min)] x 100. The optimal dose group 
for inducing hypoglycemia was determined and used in 
subsequent experimental procedures.

Assay of plasma free fatty acid (FFA) levels. Plasma FFA 
levels were measured using a non-esterified fatty acid kit 
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(Randox Laboratories Ltd.). FFA levels were measured via an 
ELISA. As described in our previous study (25), plasma FFA 
was transformed into a purple adduct for subsequent detection 
by automatic spectrophotometer (COBAS MIRA Plus system; 
Roche Diagnostics, Basel, Switzerland).

ELISA of plasma insulin levels and resistance test. A Mercodia 
ultrasensitive rat insulin ELISA kit (cat. no. 10-1251-01; 
Mercodia AB, Uppsala, Sweden) was used to detect plasma 
insulin levels. The homeostatic model assessment of insulin 
resistance (HOMA-IR) was calculated using the following 
formula: [fasting plasma insulin levels (µU/ml) x fasting 
plasma glucose (mmol/l)]/22.5 (27,28).

Western blot analysis. The samples were minced coarsely and 
homogenized by an ultrasonic processor (VCX 750; Sonics 
and Materials Inc., Newtown, CT, USA) in a radioimmuno-
precipitation assay lysis buffer with the protease inhibitor, 

phenylmethylsulfonyl fluoride (Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA). The muscle extracts were centri-
fuged at 16,440 x g at 4˚C for 1 h, and the supernatants were 
measured using a spectrophotometer. A total of 90 µg/ml 
protein was separated by 8% SDS-PAGE, and the proteins 
were transferred to a polyvinylidene f luoride (PVDF) 
membrane for western blotting. The PVDF membrane was 
then submerged in 5% non‑fat milk to block the nonspecific 
binding sites in the membrane at 25˚C for 1 h. The membrane 
was incubated overnight with anti-insulin receptor substrate-1 
(IRS-1; 1:200, sc-559), anti-GLUT-4 (1:200, sc-7938) and 
anti-phosphoinositide 3-kinase (PI3K; 1:200, sc-376112) 
antibodies (all from Santa Cruz Biotechnology, Inc.) at 4˚C 
in the refrigerator. Finally, the membranes were incubated 
with goat anti-rabbit immunoglobulin G-horseradish peroxi-
dase antibodies (GTX213110-01, 1:2,000; GeneTex, Inc., 
Irvine, CA, USA) for at 25˚C for 1 h, and specific bands were 
detected by an enhanced chemiluminescence kit (Clarity™ 

Figure 1. (A) Sample of AC from solid-state cereal cultures. (B) HPLC analysis of AC mycelium powder methanol extract. HPLC, high-performance liquid 
chromatography; AC, Antrodia cinnamomea; TR1, eburicoic acid; TR2, dehydroeburicoic acid; TR3, sulphurenic acid; TR4, dehydrosulphurenic acid; 
EK100, ergostatrien-3β-ol.
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and Clarity Max™ Western ECL Blotting Substrates; Bio-Rad 
Laboratories, Inc., Hercules, CA, USA) The bands were quan-
tified using optical densitometry (Gel‑Pro analysis version 4.0; 
Media Cybernetics, Rockville, MD, USA). The actin bands 
were used as an internal loading control, the results are 
presented as a ratio of signal-to-actin (11,26).

Statistical analysis. The experimental results are presented as 
the mean ± standard error in each group (n=6). The statistical 
analysis of the results was performed using the Student's 
t‑test or one‑way analysis of variance, with a least significant 
difference post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

HPLC assay. HPLC analysis detected ebur icoic 
acid + dehydroeburicoic acid (TR1+TR2), sulphurenic 
acid + dehydrosulphurenic acid (TR3+TR4) and EK100 
(standard retention times: 36-38, 20-23, and 52.8 min, respec-
tively). The AC sample contained TR1+TR2, TR3+TR4, and 
EK100 (Fig. 1B).

Hypoglycemic effect of AC in SIIR. The SIIR rats in the 
EGs were administered different doses of AC (100, 200 or 
500 mg/kg) and the CG rats were administered normal saline. 
At 30 min after treatment, the plasma glucose levels in the 
rats administered 200 and 500 mg/kg of AC was significantly 
lower than those in the CG (P<0.05). After 60 min, the plasma 
glucose levels in all EGs was significantly lower than those in 
the CG (P<0.01; Fig. 2A). At 30 min after treatment adminis-
tration, the hypoglycemic activity in the 200 and 500 mg/kg 
groups was 21.69 and 15.22% respectively, which was signifi-
cantly greater than that of the CG (3.33%, P<0.05). After 
60 min, the hypoglycemic activity of the 200 and 500 mg/kg 
groups was 26.59 and 26.86%, respectively, both of which 
were significantly greater than that of the CG (9.74%, P<0.05; 
Fig. 2B). No specific adverse events, including no mortality, 
normal activity, water and food intake were observed following 
each experiment at any dose.

Hypoglycemic effect of the optimal dose of AC. The above 
results indicated that 200 mg/kg AC was optimal to achieve 
a hypoglycemic effect. Therefore, this particular dose was 
used in the subsequent experiments. Thirty minutes after 
administration of 200 mg/kg of AC, the plasma glucose level 
decreased from 155.33±23.12 to 125.81±29.81 mg/dl (P<0.05 
vs. baseline), and to 113.69±14.15 mg/dl after 60 min (P<0.05 
vs. baseline).

Plasma insulin and HOMA‑IR levels in SIIR rats following 
administration of 200 mg/kg AC. Following oral administration 
of 200 mg/kg AC, plasma insulin levels were detected in serum 
samples taken from the femoral vein using an ELISA kit. Plasma 
insulin levels increased from 0.35±0.41 to 0.51±0.30 pmol/l at 
30 min after AC administration, with a significant elevating 
trend compared to those of the CG, in which plasma insulin 
levels changed from 0.11±0.07 to 0.07±0.02 pmol/l after 
30 min. There was a significant difference between the levels 
of insulin in the EG and the CG at 30 min (Fig. 3A).

There were no significant differences in HOMA‑IR levels 
between the EG and the CG at baseline and 30 min after oral 
administration of 200 mg/kg of AC. However, HOMA-IR 
levels in the EG were significantly decreased compared 

Figure 3. (A) Plasma insulin levels after administration of 200 mg/kg AC 200 
to the SIIR rats. (B) The HOMA-IR index after administration of 200 mg/kg 
AC to the SIIR rats. *P<0.05 vs. saline. AC, Antrodia cinnamomea; AC 200, 
200 mg/kg; SIIR, steroid-induced insulin-resistant; HOMA-IR, homeostasis 
model assessment-estimated insulin resistance.

Figure 2. (A) Plasma glucose levels after administration of different AC doses 
to SIIR rats. (B) The hypoglycemic activity of different doses of AC in the 
SIIR Wistar rats (*P<0.05, **P<0.001 vs. saline). AC, Antrodia cinnamomea; 
SIIR, steroid-induced insulin-resistant; AC 100, 100 mg/kg; AC 200, 
200 mg/kg; AC 500, 500 mg/kg.
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with the CG at 60 min after AC administration (1.53±0.22 
vs. 0.83±0.50 respectively, P<0.05; Fig. 3B).

Plasma FFA levels in SIIR rats following 200 mg/kg AC. 
At 60 min, plasma FFA levels in the EG had decreased 
from 1.33±0.24 to 0.58±0.35 mmol/l, and were significantly 
decreased (15.69±3.97%) compared with in the CG, in 
which plasma FFA levels were increased from 1.25±0.19 
to 1.30±0.09 mmol/l (5.5±0.80%). Additionally, the area under 
the curve of plasma FFA in the EG (1.01±0.15) was signifi-
cantly smaller than that of the CG (1.16±0.25, P<0.05; Fig. 4).

Expression of insulin signal proteins following AC adminis‑
tration. The levels of insulin signal proteins, IRS-1, GLUT-4, 
and PI3K, were significantly elevated compared to the CG 
following AC administration. The fold changes (EG/CG) were 
1.71, 2.10 and 1.87, respectively (Fig. 5).

Discussion

Metabolic syndrome has gained growing attention in recent 
years, particularly in developed countries. Overeating and 
an aging society contributes to the increasing incidence of 
metabolic syndrome, and insulin resistance may be a major 
factor that contributes to the development of type II DM (29). 
Therefore, preventing metabolic syndrome or correcting 
insulin resistance may help to slow the development of type II 
DM. There are many oral hypoglycemic agents and insulin 
sensitizers like TZDs available, but the side effects of these 
drugs limit their use (30). An agent with fewer side effects that 
can manage of plasma glucose levels is desirable for patients, 
particularly one that can also improve insulin resistance.

AC is a valuable medicinal fungus found in the forests 
of Taiwan. It grows naturally in the hollow trunk of the old 
Cinnamomum kanehirai tree or through artificial culture on 
host wood sections. Due to its versatile biomedical activi-
ties, AC is highly valued (12-16) and Taiwanese forests are 
threatened with the illegal logging of Cinnamomum kanehirai 
trees. This study developed a solid-state culture method for 
AC product to combat this serious illegal logging problem. 
Additionally, a standard operating procedure was developed 
for the AC solid-state culture method, to verify the quality of 
each batch (provided by Chair Professor Wai-Jane Ho from 
Da-Yeh University; Fig. 1A). The possible toxicity or potential 
side effects of the AC mycelium power may be relative to 
the dose, but in the present study, 100% of the rats survived 
following administration of the highest dose (500 mg/kg). 
Physiological signs including respiration, hair color and food 
and water intake, were all normal after 1 week of AC admin-
istration. As metabolic syndrome is a chronic condition 
requiring long-term treatment, the potential toxic effects of 
AC are very important and should be investigated. However, 
acute and subacute toxicity tests were not the aim of the 
present study.

The AC powder methanol extract was analyzed using 
HPLC to verify the presence of active hypoglycemic compo-
nents, EK100, TR1+TR2 and TR3+TR4 (Fig. 1B). These 
components were previously reported to be bioactive and 
present in AC (18,20,31). There is concern that the solid-state 
culture method may result in variation of the components 
between batches and different strengths of bioactivity, but this 
HPLC analysis method allows for the quality control of each 
batch. Prior to the study, experimental doses were determined 
in preliminary tests by administering various doses to a SIIR 
rat once a week to establish a small, medium, and high dose 
(100, 200, and 500 mg/kg) appropriate for rats. Thus, the doses 
used are different than what would be appropriate in a clinical 
situation.

The hypoglycemic effect of AC was subsequently evalu-
ated and supported by the findings of the present study. The 
optimal oral dose to achieve a hypoglycemic effect was deter-
mined to be 200 mg/kg AC, and this was used to explore the 
mechanism of action of AC.

Previous research has confirmed the hypolipidemic effect 
of AC (17,20,31,32), supporting the results of the present study 
that indicated a decrease in plasma FFA levels. To establish 
the SIIR animal model, steroids were administered, causing an 
increase in plasma FFA levels and the development of insulin 

Figure 4. AUC of the plasma free fatty acid concentration curve; 
a>b (*P<0.05 vs. AC 200). AC, Antrodia cinnamomea; AC 200, 200 mg/kg; 
AUC, area under the curve.

Figure 5. Alterations in signaling proteins for IRS-1, GLUT-4 and PI3K 
in the AC administered SIIR rats. *P<0.05, **P<0.01 vs. saline. IRS-1, 
insulin-receptor substrate-1; GLUT-4, glucose transporter-4; PI3K, 
phosphoinositide 3-kinase; SIIR, steroid-induced insulin-resistant; AC, 
Antrodia cinnamomea; AC 200, 200 mg/kg.
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resistance (11,25). AC improved insulin resistance by lowering 
plasma FFA levels in the SIIR state. Steroids are frequently 
used to treat inflammatory diseases and the impairment of 
insulin sensitivity is a problematic side effect, particularly in 
patients with type II DM. The results of this study demonstrate 
that AC may improve insulin resistance caused by the steroid 
administration.

The increase in plasma insulin in the EG was not signi-
ficant at the 60 min time-point compared with the CG, 
which might have been due to the duration of plasma insulin 
secretion within this studied animal model due to oral 
administration of the AC powder. However, HOMA-IR at 
the 60 min time-point indicated an improvement in insulin 
resistance following AC treatment; enhanced insulin secre-
tion induced by AC was recently reported in MIN6 cells (33). 
Therefore, this AC may elevate plasma insulin and improve 
insulin resistance.

With respect to signal transduction proteins, AC caused 
an increase in IRS-1, PI3K and GLUT-4. Previous studies 
have indicated that AC stimulates AMPK to enhance 
GLUT-4 translocation and activates the peroxisome prolif-
erator activated receptor α (PPARα) to decrease plasma 
FFA levels, which may complement the insulin signaling 
pathway to result in a hypoglycemic effect and improvement 
in insulin resistance (18,20,32,34). In our previous studies, 
we also used the SIIR animal model to test the hypogly-
cemic effect of the Xylaria nigripes (Xn) fungus and the 
Gardenia jasminoides (GJ) plant (26,35). However, Xn was 
found to exert a serotonin-associated hypoglycemic effect, 
and PPAR activation was key to the hypoglycemic effect 
of GJ. This differs from the mechanism of AC identified in 
this study, in which a decrease in plasma FFA levels was 
observed.

Administration of 200 mg/kg AC to SIIR rats resulted in 
a decrease in plasma glucose levels, which was closely asso-
ciated with a decrease in plasma FFA levels. Furthermore, 
an increase in the expression of insulin signaling proteins 
(GLUT-4, IRS-1 and PI3K) was observed with improved 
insulin resistance. These results indicate that AC acts as 
an insulin sensitizer in insulin resistant animals. Due to 
the use of an animal model in this study, results cannot be 
applied to a clinical situation. Thus, a randomized controlled 
trial of AC mycelium powder should be performed to 
determine the clinical dosage and enhance its effect on insulin 
resistance.
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