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RESEARCH ARTICLE
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ABSTRACT
Context: Folium Mori, the leaf of Morus alba L. (Moraceae), has been used in traditional Chinese medicine
(TCM) for treating diabetes. However, it is unclear which components in the mulberry leaf are effective for
the treatment of type 2 diabetes mellitus (T2DM).
Objective: To investigate the flavonoids and polyphenols in mulberry leaves and their antihyperglycemic
and antihyperlipidemic effects in T2DM rats.
Materials and methods: Male Sprague-Dawley rats were divided into five groups: normal control (NC), dia-
betic control (DBC), diabetic group with 0.3 mg/kg b.w./day rosiglitazone (RSG), diabetic group with 7 g/kg
b.w./day TCM formula and diabetic group with 2 g/kg b.w./day Folium Mori extract (FME). After 4 weeks,
the rats were sacrificed; biochemical parameters, gene and protein expression were measured.
Results: The FBG level was significantly lower in the FME group than in the DBC group (p< 0.05). In oral
glucose tolerance test, the AUC was significantly lower in the FME group (p< 0.05). The HOMA-IR level was
significantly decreased in the FME group (p< 0.05). FME decreased the total cholesterol (TC), triglyceride
(TG) and low density lipoprotein (LDL) levels (p< 0.05). FME increased the mRNA and protein expression of
IRS-1, PI3K p85a and Glut-4 increased significantly (p< 0.05). Histological analysis revealed amelioration of
lipid accumulation following FME treatment. Additionally, immunohistochemical analysis displayed stronger
staining of Glut-4 in the FME group compared to the DBC group.
Discussion and conclusion: FME could decrease the body weight, blood glucose, TG, TC and LDL levels,
and improve insulin resistance. FME possessed significant antihyperglycemic and antihyperlipidemic activ-
ities via the IRS-1/PI3K/Glut-4 signalling pathway.
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Introduction

Diabetes mellitus is a complicated disease, whereby 90% of dia-
betic cases are non-insulin dependent, also known as type 2 dia-
betes mellitus (T2DM). Insulin resistance and impaired insulin
secretion are the major characteristics of T2DM. Specifically, if
body glucose homeostasis in the target tissues is disrupted due to
a failure in the control of circulating hormones, insulin resistance
occurs, which can result in many chronic complications clinically
(Saltiel & Kahn 2001; Liu et al. 2010; Carnagarin et al. 2015).
Skeletal muscle is a major contributor to glucose metabolism in
humans and animals and therefore, it is considered to be one of
the most crucial target organs of T2DM (Zisman et al. 2000).

Mulberry leaf (Folium Mori), the leaf of Morus alba L.
(Moraceae), has been used as one of the ingredients in traditional
Chinese medicine (TCM) for the treatment of diabetes (Zhang
et al. 2014; Wilson & Islam 2015), atherosclerosis (Sugimoto et al.
2009; Chan et al. 2013) and as an immune booster due to its anti-
oxidant potential (Bharani et al. 2010; Yimam et al. 2015).
Mulberry leaf extract has previously been reported to ameliorate

T2DM symptoms and complications, such as dyslipidemia
(Trimarco et al. 2015), diabetic nephropathy (Zhang et al. 2015)
and impaired liver functions (Wilson & Islam 2015). Mulberry
leaf extract consists of various chemical components, including
flavonoids, alkaloids and phytochemicals (Nakagawa et al. 2010;
Kozlov & Danilov 2012); however, it is yet unclear, which compo-
nents are effective for the treatment of T2DM. In the present
study, the flavonoids and polyphenols components in mulberry
leaves were separated and their respective antidiabetic effect and
mechanism of action were investigated.

Impairment in insulin receptor (IR) and IR substrate
(Zisman et al. 2000) can affect the activation of signalling
transduction in T2DM. Many signalling pathways involve the
process of glycogen biosynthesis and consumption, of which,
adenosine 50-monophosphate-activated protein kinase and phos-
phoinositide 3-kinase (PI3K) can control the glycogen metabol-
ism and storage via modulating the glycogen synthase. Upon
successful activation of PI3K, translocation of glucose trans-
porter 4 (Glut-4) to the cellular membrane occurs, allowing the
control of glucose uptake in target tissues (Ooms et al. 2009;
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Lee et al. 2012). Up to date, there have been no studies, which
focus on flavonoids and polyphenols in mulberry leaf extract
and their relationship with the IRS-1/PI3K/Glut-4 signalling
pathway in a T2DM model. Therefore, understanding the IRS-
1/PI3K/Glut-4 signalling pathway and the molecular mecha-
nisms involved in T2DM can provide better insight into the
use of mulberry leaf for the treatment of T2DM.

Materials and methods

Plant materials

Dried mulberry leaves were purchased from Beijing Weiren trad-
itional Chinese Medicine Factory, China and identified botanically
by Prof. Zexin Ma (School of Chinese Material Medical, Beijing
University of Chinese Medicine, Beijing, China). A voucher speci-
men (No. 1410121) was deposited at the Beijing University of
Chinese Medicine Experimental Center.

Preparation of plant extraction

The air-dried powdered leaves of Folium Mori (60 kg) were
extracted with 600 L water at 70 �C for three intervals of 60, 45
and 30 min, respectively, using a reflux condenser; residuals were
extracted with 20 L of 70% ethanol at 80 �C for two intervals of
1 h each. Ethyl acetate and petroleum ether were used to extract
ethanol solution; the subsequent water layer was collected and
ethanol was recycled. After dilution with water, a D101 macropo-
rous resin was applied, washed with water until colourless and
30% ethanol was used for elution. Following evaporation at room
temperature, 130.93 g dried extract was obtained, which contained
the flavonoid and polyphenol components.

Chemicals and TCM formula

Streptozotocin (STZ) and rosiglitazone (RSG) were purchased
commercially (Sigma-Aldrich, St. Louis, MO). Gorgon fruit,
cherokee rose, coptis and astragalus (Huangqi) were purchased
from Beijing Weiren traditional Chinese medicine factory as a
standard TCM formula for the treatment of T2DM.

Animals and diet

Eight-week-old male Sprague-Dawley rats were purchased from
Beijing University Science Center. Rats were kept in a 12-h light–-
dark cycle, maintained at 23 ± 1 �C, ad libitum. After acclimatiza-
tion for 2 weeks, rats with weight of 450 ± 20 g were selected for
the experiment. This study was approved by the Animal Care and
Use Committee. The rats were randomly divided into five groups,
with seven rats in each group as follows: normal control (NC),
diabetic control (DBC), diabetic group with 0.3 mg/kg b.w./day
RSG, diabetic group with 7 g/kg b.w./day TCM formula and dia-
betic group with 2 g/kg b.w./day Folium Mori extract (FME).
During the experiment, rats were fed with commercially available
high-fat rat diet. T2DM model in rats was established by feeding
10% fructose solution for the first 2 weeks followed by injection
of STZ (35 mg/kg b.w.) dissolved in citrate buffer (pH 4.4), while
animals in the NC group were fed with normal drinking water
and injected with citrate buffer, as described previously
(Govindaraj & Pillai 2015). Measurement of fasting blood glucose
(FBG) levels were performed 72 h after STZ injection using a
portable glucometer on blood collected from tail veins. Rats were
considered as diabetic if FBG level>16.7 mmol/L.

Blood glucose determination

After 4 weeks of treatment, blood was collected from the tail vein
and FBG level was determined using a commercial kit. Oral glu-
cose tolerance test (OGTT) was performed on all animals on the
final week of experiments (week 14). After fasting overnight
(12 h), rats were orally fed a 2.0 g/kg dosage of D-glucose solution,
and the subsequent blood glucose concentrations were measured
after 0, 0.5, 1 and 2 h, respectively. The area under curve (AUC)
was calculated as follows: AUC¼ 0.25�Aþ 0.5�B
þ 0.75�Cþ 0.5�D (A, B, C and D represented blood glucose
levels at 0, 0.5, 1 and 2 h, respectively).

Serum insulin level determination

After fasting overnight (12 h), blood was collected as described
above. An insulin ELISA assay kit (Life Technology, Carlsbad, CA)
was used to assess serum insulin level according to the manufac-
turer’s protocol. Next, insulin resistance was evaluated by the
homeostasis model assessment of insulin resistance index (HOMA-
IR).

Collection of blood and organs

At the end of the experimental period, animals were fasted for
12 h prior to sacrifice. Blood was collected from the abdominal
aorta, placed into heparin tubes and kept on ice. The blood sam-
ples were centrifuged at 3000 rpm for 15 min, and the separated
serum was stored at �80 �C for further analysis. Skeletal tissues
were washed with ice-cold saline, dried with filter paper and
weighted. Tissue samples including liver and kidney samples were
preserved at �40 �C for further analysis.

Plasma lipid profile determination

Plasma lipid profiles were measured using Automated Chemistry
Analyser.

Quantitative PCR analysis

Total RNA was extracted using Trizol reagent (Life Technology,
Carlsbad, CA) according to the manufacturer’s protocol. The con-
centration of total RNA was quantified by the absorbance at
260 nm using a Nanodrop spectrophotometer (Thermo, Waltham,
MA). Reverse transcription was performed with Prime ScriptVR RT
reagent Kit (Takara, Japan) and the cDNA was prepared for real-
time PCR. Real-time PCR was performed in triplicate with SYBRVR

Premix Ex TaqTM II RT-PCR Kit (Takara, Japan) using ABI
7900HT Fast Real-Time PCR System (Applied Biosystems Inc.,
Foster City, CA). Primers for IRS-1, PI3K p85a and Glut-4 were
used to detect the mRNA expression level of glucose uptake-
related genes in skeletal muscle, and GAPDH was selected as the
internal reference gene. Primers are summarized in Table 1 and
were synthesized by Sangon Biotech (Shanghai, China).

Western blot analysis

Skeletal muscle tissues were collected from individual rats and
proteins were extracted using RIPA lysis buffer for 10 min, fol-
lowed by centrifugation. Protein content was quantified using
BCA protein measurement kit (Beyotime, China). The resulting
proteins were subjected to SDS–PAGE on a 12% acrylamide gel
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for 0.5 h at 80 V followed by 2.5 h at 100 V. Then, the proteins
were then transferred to a PVF membrane for 2 h at 300 mA
using wet transfer equipment. The resulting membrane was incu-
bated in blocking solution containing 5% BSA and incubated with
primary antibodies against IRS-1 (Abcam, Cambridge, MA, Cat#:
ab52167), PI3K p85a (Cell Signaling Technology, Danvers, MA,
Cat#: 4292), Glut-4 (Abcam, Cambridge, MA, Cat#: ab654) and
b-actin (Cell Signaling Technology, Danvers, MA, Cat#: 3700) at
4 �C overnight. After incubation with secondary antibody for 2 h
at room temperature, the membrane was exposed to ECL chemi-
luminescent reagent (Millipore, USA) for 10 min prior to expos-
ure. To determine protein expression, membranes were exposed
to X-ray photographic films in a darkroom, and the band inten-
sities were quantified.

Histopathological analysis

Skeletal muscles of experimental rats were fixed in 10% neutral
buffered formaldehyde, dehydrated up to 100% ethanol in a graded
series and subsequently embedded in paraffin. Tissue sections were
cut into 5 lm thickness using a microtome and the resulting slides
were stained with haematoxylin–eosin. Tissue structures were
observed under light microscopy (40� magnification).

Immunohistochemistry analysis

Paraffin embedded sections of skeletal muscles cut into 5 lm
thickness were used for immunohistochemical staining. The slides
were de-paraffinized and rehydrated, then dipped in 0.01 M cit-
rate buffer (pH 6.0) using a pre-heated water bath to retrieve anti-
gen. The paraffin sections were incubated with 3% H2O2 to quench
the activity of endogenous peroxidase. Next, the sections were incu-
bated in 3% BSA to block non-specific binding sites, simultaneously
inhibiting endogenous avidin-binding activity. Immunodetection
was performed according to the manufacturer’s instruction for the

SABC (rabbit IgG)-POD kit. Rabbit anti-phospho-IRS-1 (Ser307),
rabbit anti-IRS-1 antibody and rabbit anti-Glut-4 antibody were
used (Beijing Bioss Biological Technology Co., Ltd., China) as the
primary antibody, and phosphate buffer saline (PBS) was used as a
negative control.

Statistical analysis

Data were represented as the mean ± standard deviation (SD).
One-way analysis of variance was performed to compare the stat-
istical difference. Significant difference was indicated by p� 0.05.
SPSS software version 19 for Windows (SPSS Inc., Chicago, IL)
was used for statistical analysis.

Results

FME decreased body weight and improved glucose
metabolism

The FBG levels of all rats are summarized in Table 2. The FBG
level was significantly higher in the DBC group than in the NC
group (p< 0.05); in addition, FBG was significantly lower in the
TCM and FME groups than in the DBC group (p< 0.05), while
no significant difference was observed between the DBC and RSG
groups.

Following 4 weeks of treatment with FME, overnight-fasted
rats were subjected to OGTT. Rats were orally supplemented with
2 g/kg glucose and the blood glucose levels were measured at
0 min, 30 min, 1 h and 2 h, respectively. As shown in Table 3, in
the NC group, the blood glucose level peaked at 30 min before
dropping to the initial level after 120 min. In the DBC group, the
blood glucose level rose to a higher level than in the NC group,
peaking after 1 h, but remained higher than the initial level after
2 h. In the RSG group, the blood glucose level increased signifi-
cantly (p< 0.05), and this level was sustained after 1 and 2 h. In
the TCM group, the blood glucose level peaked after 1 h and this

Table 2. Effect of FME on FBG, plasma insulin and HOMA-IR.

FBG level (mmol/l) Serum insulin level (mU/l) HOMA-IR

Group 0 day 28th day 0 day 28th day 0 day 28th day

NC 4.10 ± 0.65 3.29 ± 0.46 27.24 ± 2.76 17.95 ± 1.17 4.96 ± 0.37 2.62 ± 0.46
DBC 9.19 ± 1.73* 9.70 ± 3.55* 25.64 ± 2.28 20.27 ± 1.10* 10.47 ± 1.06* 8.74 ± 0.86*
RSG 8.29 ± 1.48* 9.09 ± 2.13* 28.34 ± 4.41 22.08 ± 1.79* 10.44 ± 0.75* 8.90 ± 0.95*
TCM 8.35 ± 1.76* 8.18 ± 1.52*# 25.84 ± 1.93 18.95 ± 2.03 9.59 ± 1.11* 6.89 ± 0.83*#

FME 7.91 ± 1.19* 6.76 ± 1.36*# 27.22 ± 1.11 20.39 ± 1.57* 9.57 ± 0.75* 6.13 ± 0.87*#

*p< 0.05, compared to the NC group;
#p< 0.05, compared to the DBC group.

Table 3. Effect of FME on TG, TC, HDL and LDL.

TG (mmol/L) TC (mmol/L) HDL (mmol/L) LDL (mmol/L)

Group 0 day 28th day 0 day 28th day 0 day 28th day 0 day 28th day

NC 0.66 ± 0.18 0.26 ± 0.06 1.45 ± 0.08 1.27 ± 0.20 1.08 ± 0.08 0.92 ± 0.15 0.39 ± 0.14 0.53 ± 0.07
DBC 2.08 ± 1.60* 1.09 ± 0.35* 6.66 ± 1.91* 3.22 ± 0.72* 0.96 ± 0.10 0.96 ± 0.16 2.99 ± 1.23* 1.22 ± 0.31*
RSG 2.21 ± 1.62* 0.72 ± 0.30* 8.01 ± 1.24*# 2.38 ± 0.34*# 1.13 ± 0.37 0.98 ± 0.12 4.37 ± 1.47*# 0.89 ± 0.19*#
TCM 1.43 ± 0.74* 0.28 ± 0.12# 5.39 ± 1.86* 1.96 ± 0.40*# 1.05 ± 0.29 1.08 ± 0.22 2.65 ± 0.88* 0.58 ± 0.12*#
FME 1.97 ± 0.22* 0.56 ± 0.19*# 4.75 ± 0.57*# 2.39 ± 0.32*# 0.89 ± 0.24 0.88 ± 0.09 1.24 ± 0.16*# 0.79 ± 0.09*#

*p< 0.05, compared to the NC group;
#p< 0.05, compared to the DBC group.

Table 1. Summary of primers used in current study.

Gene GenBank accession Forward primer Reverse primer Size (bp)

IRS-1 NM_005544 ATGTGGAAATGGCTCGGA TAAGGCAGCAAAGGGTAGGC 144
PI3K p85a NM_005027 GAAGGCAACGAGAAGGA CGTCAGCCACATCAAGTA 213
Glut-4 NM_001042 GCCATGAGCTACGTCTCCATT GGCCACGATGAACCAAGGAA 90
Gapdh NM_008084 AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 123
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level decreased slightly at 2 h. In the FME group, the blood glu-
cose level peaked after 2 h. However, this level was lower than the
measured levels in the RSG and TCM groups at 30 min, 1 h and
2 h. The results of OGTT were represented as overall AUC of
measured glucose level over 2 h. As shown in Figure 1, the AUCs
of DBC, RSG, TCM and FME groups were significantly higher
than in the NC group (p< 0.05); meanwhile, there was no signifi-
cant difference between the DBC and RSG groups, as well as
between the DBC and TCM groups. However, the AUC of the
FME group was significantly lower than among the DBC, RSG
and TCM groups (p< 0.05).

As illustrated in Table 2, fasting blood insulin contents in the
DBC and RSG groups were significantly higher than in the NC
group. HOMA-IR level was significantly decreased in the FME
group (p< 0.05), as well as in the TCM group (p< 0.05); it sug-
gested that administration of FME in diabetic rats resulted in a
significant improvement to the level of insulin resistance when
compared to the DBC group.

FME decreased total cholesterol and triglycerides

As represented in Table 3, in the DBC group, total cholesterol
(TC) and triglyceride (TG) levels were increased significantly
compared to the NC group (p< 0.05). No significant difference
was observed in high density lipoprotein (HDL) level between
NC and DBC groups, although the low density lipoprotein
(LDL) level was significantly higher in the DBC group than in
the NC group (p< 0.05). After 4 weeks’ application of RSG,
TCM and FME, both the TG and TC levels decreased signifi-
cantly compared to the DBC group (p< 0.05). No significant
differences among RSG, TCM, FME and DBC groups were
observed. However, there was a significant decrease in LDL lev-
els in among the RSG, TCM and FME groups compared to

the DBC group (p< 0.05), suggesting that administration of
FME could decrease TC, TG and LDL levels, similar to RSG
and TCM.

Effect of FME on IRS-1, PI3K and Glut-4 expressions in
skeletal tissue

The mRNA expression levels of IRS-1, PI3K p85a and Glut-4
were determined by quantitative real-time PCR (Figure 2). In the
DBC group, the expression of IRS-1, PI3K p85a and Glut-4
decreased significantly (p< 0.05), compared to the NC group. In
the RSG and TCM groups, mRNA expression of IRS-1, PI3K
p85a and Glut-4 were slightly up-regulated compared to the
DBC group (p< 0.05). In the FME group, expressions of IRS-1,
PI3K p85a and Glut-4 were significantly increased compared to
the DBC group (p< 0.05), reaching the equivalent levels of the
NC group. There was a similar tendency in the observed protein
expression levels (Figure 3), where IRS-1, PI3K p85a and Glut-4
protein expression decreased significantly in the DBC group com-
pared to the NC group. In the RSG and TCM groups, elevations
in expression of IRS-1, PI3K p85a and Glut-4 were observed. In
the FME group, a similar protein expression pattern to RSG and
TCM groups was observed. These data suggested that

Figure 1. FME protects against glucose intolerance in diabetic rats. (A) Blood glu-
cose level at 0 min, 30 min, 1 h and 2 h after glucose was given at the dosage of
2 g/kg weight. (B) AUC of OGTT. Data were represented as mean ± SD (n¼ 7).
*p<0.05, compared to the NC group; #p<0.05, compared to the DBC group.

Figure 2. Effect of FME on mRNA expression of IRS-1, PI3K and Glut-4 in skeletal
tissue. Data were represented as mean ± SD (n¼ 7). *p<0.05, compared to the NC
group; #P<0.05, compared to the DBC group.
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administration of FME in diabetic rats could activate the IRS-1/
PI3K/Glut-4 signalling.

FME ameliorated lipid accumulation in skeletal muscle

Histological examinations of skeletal tissue in experimental rats
were performed (Figure 4). In the NC group, regular and tightly
connected skeletal muscle fibres were observed. In the DBC
group, loose skeletal muscle fibres indicated an increase in lipid
accumulation in skeletal muscle. In the RSG and TCM groups,
lipid accumulation was also clearly observed. However, in the
FME group, although lipid accumulation was visible, the connec-
tion of muscle fibres was much tighter than in the DBC, RSG and
TCM groups. This result suggested that administration of FME in

diabetic rats could ameliorate lipid accumulation in skeletal
muscle.

Immunohistochemistry determination on paraffin sections

The immunohistochemical staining of IRS-1 and pIRS-1 demon-
strated that skeletal tissues were completely stained in each group,
with exception of the DBC group, in which pIRS-1 was weakly
expressed (Figure 5). Increased immunostaining of pIRS-1 could
be observed in skeletal tissue of the NC, RSG and TCM groups,
as well as the FME group, compared to the DBC group.

Additionally, immunohistochemical staining of Glut-4 indi-
cated weakly visible staining in the DBC group, while stronger
expressions were observed in the NC, RSG and TCM groups, as
well as the FME group. The immunohistochemistry data were in
accordance with the protein expression results, as previously
described.

Discussion

In the current study, the effect of FME on glucose tolerance and
insulin sensitivity in skeletal muscles of SD rats was investigated.
A rat model of T2DM was established by application of the STZ-
fed method, as previously described (Govindaraj & Pillai 2015).
The biochemical parameters of the blood serum in response to
glucose metabolism were measured to determine insulin resist-
ance. It was established that administration of FME in diabetic
rats for 4 weeks has positive effects on FBG and insulin levels.
Furthermore, the application of FME significantly improved glu-
cose tolerance in diabetic rats. Specifically, the serum glucose level
at 1 and 2 h post-glucose challenge in FME treated diabetic rats
was significantly lower than in DBC treated rats, as well as those
in the RSG and TCM groups. Similarly, the AUC value of the

Figure 3. Effect of FME on protein expression in skeletal tissue (A). The relative
expression of IRS-1 (B), PI3K (C) and Glut-4 (D) were calculated and were shown,
respectively. Data were represented as mean ± SD (n¼ 7). *p<0.05, compared to
the NC group; #p<0.05, compared to the DBC group.

Figure 4. Histological observation of skeletal tissues in experimental rats (HE stain-
ing, 40�), (A) NC group, (B) DBC group, (C) RSG group, (D) TCM group and (E)
FME group.
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FME group was significantly lower than that of DBC, RSG and
TCM groups. Therefore, this study demonstrated that FME treat-
ment had a superior effect on glucose challenge-stimulated insulin
secretion, enhanced glucose metabolism and improved insulin
sensitivity substantially in the skeletal muscles, a major organ of
glucose metabolism.

Diabetic rats that were fed a high-fat diet were characterized
by lipid abnormalities, such as higher levels of TG and TC, due to
the increased mobilization of free fatty acids from peripheral
deposits to central blood circulation (Veerapur et al. 2012). The
lipid profile results obtained from the current study demonstrated
that FME could reduce TC and LDL level in diabetic rats, with
no effect on HDL level. Notably, hyperlipidemia could contribute
to the development of hypertension and atherosclerosis, and is
considered as a strong risk factor for cardiovascular disease
(Cheng et al. 2014; Zhang et al. 2015). Therefore, FME may be
beneficial for the potential treatment and prevention of both
T2DM and cardiovascular diseases.

The association between obesity and insulin resistance has
been widely investigated. In T2DM individuals, insulin-stimulated
glucose deposits in skeletal muscles could be disrupted, resulting
in excess fat accumulation in the myocytes (Simoneau et al.
1999). In addition, the change in fatty acid metabolism in skeletal

muscles was associated with the development of insulin resistance
(Wedick et al. 2009). In the current study, administration of FME
in diabetic rats for 4 weeks significantly decreased the body
weight, while improving abnormal fat accumulation in skeletal
muscles. Therefore, FME treatment could help in reducing insulin
resistance in diabetic rats.

To determine the molecular mechanism of FME, we exam-
ined the gene and protein expression of IRS-1, PI3K and Glut-
4 in skeletal muscles. Biologically, insulin could interact with its
receptor and thereby activating tyrosine kinase, resulting in the
activation of IRS-1, PI3K p85a subunit and resulting in down-
stream translocation of Glut-4. Activation of the IRS-1/PI3K/
Glut-4 signalling pathway could boost glucose uptake and
metabolism in skeletal muscles (Xu et al. 2011; Hu et al. 2013).
The insulin-stimulated glucose uptake was predominantly
handled by the PI3K/PKB pathway, whereby insulin bound to
IR to activate the phosphorylation of IRS proteins (Saltiel &
Kahn 2001). In insulin resistant rats, the phosphorylation of
IRS was drastically inhibited (Whelan et al. 2010); which corre-
sponded to our results, as represented in Figure 5. When there
was a failure in the activation of insulin-related signalling path-
way, this resulted in the resulting insulin resistance and glucose
intolerance (Steppan et al. 2001; Kim et al. 2015). Following
the phosphorylation of IRS, PI3K and PKB was activated,
which activated glucose transport in skeletal tissue, and conse-
quently, Glut-4 was translocated to the plasma membrane in
order to improve glucose metabolism (Dutka et al. 2006; Im
et al. 2007). During the process of T2DM, translocation of
Glut-4 from vesicles to plasma membrane was impaired, and
studies have reported that transcription of Glut-4 was reduced
as a result (Kumar et al. 2009; Koren-Gluzer et al. 2013).

Following FME treatment, phosphorylation of IRS-1 was sig-
nificantly increased in skeletal muscles compared to the DBC
group, along with the gene and protein expressions of IRS-1,
PI3K p85a and Glut-4. These results demonstrated that FME
could be valuable for the control of insulin resistance and glucose
management by activating the IRS-1/PI3K/Glut-4 signalling
pathway.

Conclusion

FME could decrease TG, TC and LDL levels, improve insulin
resistance, reduce body weight and lower blood glucose levels in
diabetic rats. FME possessed significant antihyperglycemic and
antihyperlipidemic activities through activating the IRS-1/PI3K/
Glut-4 signalling pathway in skeletal muscles. Therefore, FME can
be potentially used as an effective drug for the treatment of
T2DM, as well as a nutritional supplement for the prevention of
T2DM and cardiovascular diseases.
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Figure 5. Immunohistochemical staining of skeletal tissues with IRS-1 and pIRS-1
in experimental rats (40� magnification). (A)–(E) represented the staining of IRS-1
in the NC, DBC, RSG, TCM and FME groups, respectively. (F)–(J) represented the
staining of pIRS-1 in the NC, DBC, RSG, TCM and FME groups, respectively.
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