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Abstract

For centuries, mulberry leaf has been used in traditional Chinese medicine for the treatment
of diabetes. This study aims to test the prevention effects of a proprietary mulberry leaf
extract (MLE) and a formula consisting of MLE, fenugreek seed extract, and cinnamon cas-
sia extract (MLEF) on insulin resistance development in animals. MLE was refined to con-
tain 5% 1-deoxynojirimycin by weight. MLEF was formulated by mixing MLE with cinnamon
cassia extract and fenugreek seed extract at a 6:5:3 ratio (by weight). First, the acute toxicity
effects of MLE on ICR mice were examined at 5 g/kg BW dose. Second, two groups of nor-
mal rats were administrated with water or 150 mg/kg BW MLE per day for 29 days to evalu-
ate MLE’s effect on normal animals. Third, to examine the effects of MLE and MLEF on
model animals, sixty SD rats were divided into five groups, namely, (1) normal, (2) model,
(3) high-dose MLE (75 mg/kg BW) treatment; (4) low-dose MLE (15 mg/kg BW) treatment;
and (5) MLEF (35 mg/kg BW) treatment. On the second week, rats in groups (2)-(5) were
switched to high-energy diet for three weeks. Afterward, the rats were injected (ip) with a
single dose of 105 mg/kg BW alloxan. After four more days, fasting blood glucose, post-
prandial blood glucose, serum insulin, cholesterol, and triglyceride levels were measured.
Last, liver lysates from animals were screened with 650 antibodies for changes in the
expression or phosphorylation levels of signaling proteins. The results were further vali-
dated by Western blot analysis. We found that the maximum tolerance dose of MLE was
greater than 5 g/kg in mice. The MLE at a 150 mg/kg BW dose showed no effect on fast
blood glucose levels in normal rats. The MLE at a 75 mg/kg BW dose and MLEF at a 35 mg/
kg BW dose, significantly (p < 0.05) reduced fast blood glucose levels in rats with impaired
glucose and lipid metabolism. In total, 34 proteins with significant changes in expression
and phosphorylation levels were identified. The changes of JNK, IRS1, and PDK1 were
confirmed by western blot analysis. In conclusion, this study demonstrated the potential pro-
tective effects of MLE and MLEF against hyperglycemia induced by high-energy diet and
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toxic chemicals in rats for the first time. The most likely mechanism is the promotion of IRS1
phosphorylation, which leads to insulin sensitivity restoration.

Introduction

Prediabetes and diabetes are prevalent in modern societies worldwide. The treatment for diabe-
tes is expensive and causes significant burden for both the patients’ family and the society.
Herbal intervention could be an effective and safe approach to prevent diabetes development
and to improve the life quality of diabetes-susceptible population. In Asian countries, herbal
ingredients are traditionally used for the prevention or treatment of prediabetes and diabetes.
However, herbal extracts usually contain hundreds of chemical compounds. Identification of
those anti-hyperglycemic active compounds has been difficult. Furthermore, the underlying
mechanisms were not usually elucidated. As a result, the assurance of constant safety and effi-
cacy of herbal extracts has also been difficult. This outcome largely limited their wide range of
applications in diabetes prevention and treatment.

Recent studies on mulberry leaf have demonstrated its physiological activities on various
metabolic diseases, such as cardiovascular diseases [1], obesity [2], diabetes [3, 4], and hyper-
lipidemia [5]. 1-Deoxynojirimycin (DNJ) is regarded as one of the major active iminosugars in
mulberry leaf extracts (MLE). Notably, MLEs used in previous studies have several drawbacks.
First, the DNJ content is low. As a result, large dose of the extracts has to be consumed to
ensure efficacy. Second, those MLEs usually have a dark color and unpleasant odor. These
unfavorable properties have limited the applications of MLEs. Previously, we have developed a
process to obtain MLEs that have a higher DNJ content and lighter color, odor, and taste,
which can be used at a lower dose and can be easily added into health care and food products.
The current study is intended to test the safety and efficacy of this MLE preparation.

In addition to MLE, recent studies have reported the anti-hyperglycemic activities of fenu-
greek seeds and cinnamon. 4-Hydroxyisoleucine, as a unique compound in the fenugreek
seeds, has been reported to stimulate glucose uptake [6], improve insulin resistance [7], and
have insulinotropic effect [8, 9]. By contrast, polyphenol is considered one of the important
classes of active compounds in cinnamon extract, which was reported to have a similar glucose
uptake stimulation effect [10, 11]. This substance was also reported to enhance insulin receptor
sensitivity to insulin stimulation [12]. In addition, polyphenol has an in vitro stimulatory effect
of insulin release [13]. To maximize the potential synergistic effects of these three herbal
extracts, MLEF was formulated through the combination of MLE with 4-hydroxyisoleucine-
enriched fenugreek seed extracts and polyphenol-enriched cinnamon cassia extracts.

In the current study, an animal model with hyperglycemia induced by high-fat diet and
alloxan injection was used to observe the anti-hyperglycemic effects of MLE and MLEF. Two
animal groups were treated with MLE at a low dose (15 mg/kg BW) and a high dose (75 mg/kg
BW) separately. In parallel, to observe the possible synergistic effects of MLE, another group of
rats was treated with MLEF at a 35 mg/kg BW dose, which contains 15 mg/kg BW MLE.
Finally, the possible underlying mechanisms were explored.

Materials and Methods
2.1 Materials

Acetonitrile of HPLC grade was purchased from J. T. Baker (USA). Ammonia (A.R), ammo-
nium acetate (A.R), and ethanol (A.R) were acquired from Beijing Chemical works (China).
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Cation exchange resin (001*7) and macroporous resin (AB-8) were obtained from The Chemi-
cal Plant of Nankai University (Tianjin, China).

Animal feeds were purchased from Beijing Keaoxieli Animal Feed Company. Glucose (Glu)
test kit (batch no.: 120521), triglyceride (TG) test kit (batch no.: 120631), and total cholesterol
(CHO) test kit (batch no.: 120961) were purchased from Zhongsheng Beikong Biotech Co.,
Ltd. (Beijing, China). Alloxan (batch no.: 39H1482) was purchased from Sigma. Glucose
(batch no.: 040302) was purchased from Beijing chemical reagents company (China). Rat
serum insulin assay kit (batch no.: 20120701 A) was purchased from R&D (MN, USA).

Roche complete mini protease inhibitor cocktail tablet (catalog no: 11836153001) was pur-
chased from Roche (Indianapolis, USA). Phenylmethylsulfonyl fluoride (catalog no: 36978)
was purchased from Thermo fisher. Leupeptin (catalog no: 04906837001) is from Roche. Pierce
BCA protein assay kit (catalog no. 23227, Thermo Scientific). Mouse anti-GAPDH monoclonal
antibodies and goat anti-rabbit or mouse immunoglobulin G (IgG) conjugated with horserad-
ish peroxidase were purchased from Beijing Tiandeyue Biotech Co., Ltd. (China).

2.2 MLE/MLEF preparation and quality control

Leaves of Morus alba L. were collected from Anhui Province, China. Plant identity was verified
by Professor Yulin Lin from Institute of Medicinal Plant (IMPLAD), Chinese Academy of
Medical Science. In addition, the voucher specimen was kept in the IMPLAD herbarium. MLE
was prepared by the method described below.

The leaves were dried under 23°C to 25°C at 20% to 30% humidity for 3 days. After the two
extractions of dried leaves with 10 times water by weight, the combined extraction solution was
passed through a strong cation exchange chromatography column. After washing with water,
the 0.5 M amino solution elution was collected and concentrated by vacuum evaporator to
obtain the alkaline fraction. This fraction was re-dissolved in water and passed through a
macroporous resin column. Afterward, the effluent was collected, concentrated, and spray
dried to obtain MLE.

Analyses of MLE DNJ content were performed using Waters HPLC system, which consists
of a 600 pump and a 2420 ELS detector. The ELSD detector was set as spray temperature at
60%, drift tube temperature at 50°C, gain value at 200, and nitrogen flow at 25 psi. The separa-
tion was performed on a Shodex ® Asahipak NH2P-50 4E column (4.6 mm * 250 mm) and the
column temperature was set at 30°C. Acetonitrile-water, which contains 6.5 mM ammonium
acetate, of 84:16 ratio by volume was used in the mobile phase, and the flow rate was 1 mL/
min.

MLEF was formulated by Amway (China) R&D Ltd. This formula was prepared through
the mixture of MLE with the commercially available cinnamon cassia extract (standardized by
20% polyphenol) and fenugreek seed extract (standardized by 20% 4-hydroxyisoleucine) at
6:5:3 ratio (by weight). To prepare the cinnamon cassia extract, the cinnamon bark powder
was extracted by SFT-CO, to remove cinnamon bark oil. The cinnamon extract yield was mea-
sured through UV analysis, and the polyphenol content was found to be 20%. By contrast, to
prepare the fenugreek seed extract, the fenugreek seeds were extracted using 55% to 75% etha-
nol. Moreover, the 4-hydroxyisoleucine was concentrated by strong acidic cation exchange
resin. The extract was standardized by HPLC analysis of the 4-hydroxyisoleucine content,
which was 20%.

2.3 Animals and experimental design

2.3.1 Animals. Experimental Animals: male SD rats (five weeks old, 140 g to 160 g) and
ICR mice (four weeks old, 18 g to 20 g) of SPF grade [Animal License No. SCXK (Beijing)
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2011-0004] were supplied by SibeiFu (Beijing) Technology Co., Ltd. (China). The animals
were housed at 22+1°C with 12 h light/12 h dark cycle and 50% to 60% relative humidity. Free
access to food and water was provided throughout the experiment except during the fasting
period, which was required by the experiments. All procedures that involve animal care were
approved by the Ethics Committee of Beijing Institute of Drug Control. All animals were
allowed to adapt to environment one week before the experiments. All blood samples of the
rats were obtained from the vena orbitalis posterior. The animal model used in the present
study was established by the protocol recommended by the China State Food and Drug
Administration for the evaluation on Registered Health Foods under claims of assistant anti-
hyperglycemic function [14].

2.3.2 Maximum tolerance dose test. ICR mice were fasted (with free water access) over-
night and randomly divided into two groups based on their body weight. These groups include
anormal group and a test group, with 20 animals of half male and half female in each group.
There are five animals with the same gender and group in each cage. Mice in the test group
were administered with MLE at a 5 g/kg BW dose by oral gavage one time, whereas mice in the
control group were given the same volume of purified water. The animals were monitored
prior to dosing until 4 h after the dosing. Afterward, the animals were observed continuously
for 14 days for their general status, toxicity-induced reactions, and death status. The body
weights and food intake were recorded on days 1, 4, 7, 11, and 14. The animals were executed
at the end of the experiments. In addition, tissues and organs were examined for changes.

2.3.3 Effect of MLE on normal rats. Based on blood glucose level, 16 animals were
selected from 20 healthy male SD rats and randomly assigned into normal group or treatment
group, with 8 animals in each group. MLE was administered to the treatment group at 150 mg/
kg BW dose, and the same volume (1.0 m1/100 g BW) of purified water was given continuously
to the normal group by oral gavage everyday for 29 days. On the 30th day, the blood glucose
levels were tested after the animals were fasted for 3 h with free access to water.

2.3.4 Effects of MLE and MLEF on rats with hyperglycemia. The high-energy diet
includes normal diet (52.6%) plus lard (10%), sucrose (15%), egg yolk powder (15%), casein
(5%), sodium cholate (0.2%), calcium bicarbonate (0.6%), CaCO; (0.4%), and cholesterol
(1.2%). Healthy male SD rats were fed with normal diet for 4 days. They were fasted for 3 h
before the blood samples were taken. The first 0 h blood samples were taken immediately after
2.5 g/lkg BW dose glucose was given. The second blood samples were obtained 0.5 h after the
dosing.

The blood samples were tested for changes of blood glucose levels between 0 and 0.5 h,
based on which the rats were divided into five groups. These groups include the (1) normal
group, (2) model group, (3) high-dose MLE treatment group (75 mg/kg BW), (4) low-dose
MLE treatment group (15 mg/kg BW), and (5) MLEF treatment group (35 mg/kg BW that con-
tains 15 mg/kg BW MLE), with 12 rats in each group.

Normal feeds were given to animals in all groups in the first week of the experiment. On the
second week, high-energy diets were given to the model and treatment groups. By contrast, the
normal group was given a normal diet for three weeks. Except the normal group, all the groups
were administered with a single alloxan injection (ip) at 105 mg/kg BW dose after fasting with
free water intake for 24 h. The animals were continuously fed with their original high-energy
or normal diet for another 4 days. During the experimental period, the treatment samples were
given to the treatment groups by oral gavage every day. By contrast, the normal and model
groups received only the same volume of vehicle solution.

At the end of the study, the animals from all groups were fasted for 3 h. The blood samples
were obtained to test the blood glucose levels (0 h). Afterward, the animals were administered
with the test samples. After 15 min, glucose solution at 2.5 g/kg BW was given to the animals.
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Subsequently, the blood samples were obtained at 0.5 and 2 h. The levels of blood glucose (BG)
at 0, 0.5, and 2 h, fasting serum insulin (FSI), cholesterol, and triglyceride were tested. In addi-
tion, the area under curve (AUC) of the glucose tolerance and insulin resistance index (IRI)
was calculated using the following formula.

AUC,,.. = (OhBG + 0.5hBG) x 0.5/2 + (2hBG + 0.5hBG) x 1.5/2
OhBG x FSI

IRI = FSI/22.5¢ "6 ~
/22.5¢ 22.5

where AUC = area under curve; BG = blood glucose level (mmol/L); IRI = insulin resistance
index; FSI: fasting serum insulin level.

2.3.5 Preparation of the liver tissue. About 250 mg tissue sample from the left hepatic
lobe of each anesthetic rat was obtained. This sample was frozen in liquid nitrogen immediately
for 24 h and subsequently kept at —80°C until use.

2.3.6 Statistical analysis. The data were expressed with mean + standard deviation (M+
SD), and the data were analyzed using the SPSS software (IBM, version 20.0). Briefly, the data
were first subjected to normality test. If the distribution conformed to normal distribution,
ANOVA was used; otherwise, nonparametric or Rank sun test was used.

2.4 Antibody microarray

2.4.1 Antibody microarray assay. The Kinex Antibody Microarray KAM 800 (Kinexus
Bioinformatics, Vancouver, B.C. Canada) analyses were performed with detergent-solubilized
protein lysates as described previously [15]. Briefly, 100 ug lysate proteins from rat liver tissues
were labeled with a fluorescent dye at 3 mg/mL concentration. In addition, unincorporated dye
molecules were removed through ultrafiltration. Purified labeled proteins from two samples
were incubated on the microarray. Each microarray consists of two identical fields. Within
each field, 16 subgrids of 11 x 10 spots were used. For every 16th subgrid, positive (anti-actin,
anti-tubulin, and anti-pThr antibodies) and negative control (Mouse IgG, BSA, and Print
buffer) antibodies were used to optimize antibody activity, printing consistency, consistent
intra- and inter-slide variabilities, and appropriate normalization of the amount of protein
across different fields. Each Kinex antibody grid contains antibodies that recognize 650 signal-
ing proteins and phosphosites. These phosphosites include about 530 pan-specific antibodies
and about 270 phosphosite-specific antibodies that are intended primarily for cell signaling
proteins. After probing, arrays were scanned using a ScanArray scanner (Perkin-Elmer,
Wellesley, MA) with a 10 pm resolution. The resultant images were quantified using ImaGene
8.0 (BioDiscovery, ElSegundo, CA).

2.4.2 Identification of genes related to MLE and MLEF treatment from antibody micro-
array data. The quantification of antibody microarray results was performed as described
previously [16]. The quantitative analysis of the fluorescence signal strength for each target
protein is performed in duplicate. First, the Z-scores for each protein (p) are calculated using
the following formula:

Z-score = (intensity, — mean intensity,, , ) = SDp,. p,

where P: any one protein on the microarray; P1. . .Pn: all proteins on the chip; SD: standard
deviations.

In the following analyses, the Z-scores for the results obtained from non-normal groups
were normalized to those from the normal group. As a practice of data flooring, all Z-scores
between 0 and 1 were set as -0.2, and all Z-scores between 0 and -1 were set as -0.20 to indicate
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that these values correspond to the absence of significant changes. The expression profiles for
19 IR-related proteins and 15 IR-non-related proteins were then subjected to clustering analy-
sis using the ward algorithm in the absence of data standardization using JMP software tool
(Research Triangle Park, NC).

2.4.3 Experimental validation of the antibody microarray results through Western blot
analysis. About 0.25 g of liver tissue from each rat was homogenized in a lysis buffer, which
was composed of 50 mM Tris-HCI (pH 7.4), 0.1% sodium dodecyl sulfate (SDS), 2 M phenyl-
methylsulfonyl fluoride, and 10 g/mL leupeptin. The tissue lysate was centrifuged to remove
cellular debris. In addition, protein concentration of supernatant was determined using the
Pierce BCA Protein Assay Kit. Afterward, the supernatant was mixed with the reducing sample
buffer for SDS-polyacrylamide gel electrophoresis (SDS-PAGE). About 20 ug protein was sepa-
rated on a 12% acrylamide gel at 120 V for 60 min and blotted onto a nitrocellulose membrane.
The blot was probed with a specific primary antibody and subsequently with goat anti-rabbit
or mouse immunoglobulin G (IgG) conjugated with horseradish peroxidase. The blot was
developed using the chemiluminescent horseradish peroxidase substrate solution (Millipore
Co., Billerica, MA) for 5 min and subsequently exposed to X-ray films. The primary antibodies
used were rabbit anti-JNK (catalog no. 9252, CST), anti-JRS1 (phosphoS312, catalog no.
Ab66154, Abcam), and rabbit anti-PDKI1 (catalog no. 3062, CST).

Results
3.1 Preparation of plant materials

Using the procedure described above, the MLE powder yield was 1.85% of the weight of dry
leaves. The DNJ content of MLE was found to be 5.0% through HPLC analysis. As described
above, the MLEF is made up of MLE, cinnamon cassia extract, and fenugreek seed extract in a
6:5:3 ratio. The Fenugreek seed extract yield was 1.33% of the weight of dry fenugreek seeds, in
which the 4-hydroxyisoleucine content was found to be 20% through HPLC analysis. The cin-
namon extract yield was 5% of the weight of dry cinnamon cassia bark, which contains 20%
polyphenol determined through UV analysis.

3.2 Acute toxicity of MLE on mice

The mice in the test group and normal group showed no abnormality within 4 h after the
administration of MLE or purified water. During the 14-day observation period, no obvious
abnormality was observed in animal appearance, activities, response to stimuli, secretions, and
excretions. During the entire experimental period, no testing substance-induced toxic reaction
or death was observed. As expected, the animal body weight in the normal group increased as
well as the animals in the testing group. No statistically significant difference was observed
between the body weight and food intake of the animals from the treatment and normal groups
(p > 0.05), as shown in Tables 1 and 2. At the end of the study, all animals were dissected, and
no pathological changes were observed.

3.3 Effect of MLE on normal rats

Oral gavage of MLE to normal rats at the dose of 150 mg/kg BW for 29 days caused no statisti-
cal difference in the fasting glucose level compared with those from the normal group. There-
fore, the MLE had no effect on fasting glucose levels for normal rats (Table 3).
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Table 1. Body weight of mice from MLE acute toxicity study (XtSD, n = 10).

Body weight after treatment (g)

Groups Sex Dose(g/kg Day 0 Day 1 Day 4 Day 7 Day 11 Day 14
BW)
Control g/ /- 18.9+0.8/18.1 22.4+1.1/20.9 27.6+0.7/23.3 30.9£0.7/23.9 31.240.7/24.3 35.942.4/25.6
+0.5 +0.8 +1.4 +1.8 +1.8 2.4
MLE d/?2 5/5 18.940.9/18.1 21.9+1.5/20.4 26.711.6/22.4 30.0+2.4/23.2 30.242.4/23.4 35.241.8/24.7
+0.6 0.8 1.0 +1.1 +1.1 +1.3
doi:10.1371/journal.pone.0152728.1001
Table 2. Food intake of mice from MLE acute toxicity study (X, n = 2).
Body weight after treatment (g)
Groups Sex Dose(g/kg BW) Mice No. Days 0-1 Days 1-4 Days 4-7 Days 7-11 Days 11-14
Control (74 -/- 10/10 2.8/2.9 2.3/2.7 2.1/2.0 1.6/1.5 1.8/2.1
MLE g/R 5/5 10/10 2.7/2.8 2.4/2.6 2.3/2.2 1.5/1.6 1.8/2.1

doi:10.1371/journal.pone.0152728.1002

Table 3. Effect of MLE on the fasting blood glucose levels in normal rats (XSD, n = 8).

Fasting blood glucose

Groups Dose(mg/kg) before treatment (mmol/L) after treatment (mmol/L)
Normal - 6.51+0.82 7.99+0.94
MLE 150 6.59+0.75 8.43+0.61

““ mock control; Normal: animals fed with regular diet, MLE: animals fed with high-energy diet and treated
with MLE.

doi:10.1371/journal.pone.0152728.t003

3.4 Effects of MLE and MLEF on rats with hyperglycemia

As shown in Table 4, the BG level of rats in the control group at 0.5 h was greater than 10
mmol/L. By contrast, the fasting BG level, 0.5 and 2 h BG levels, 2 h AUC, and cholesterol and

Table 4. Effects of MLE and MLEF on blood sugar levels of rats with glucose and lipid metabolism disorders (X£SD, n = 12).

Groups Doses(mg/kg BW)
Normal -
Model -
MLE 75
MLE 15
MLEF 35

Blood Glucose (mmol/L)

0h 05h 2h AUC (mmol/L-h)
6.75£0.43%* 6.60£1.28%** 6.63+0.55** 13.2641.34%**
10.1145.42 16.1246.07 11.00£5.58 26.90+11.21
7.08+2.19% 12.9545.18 9.82+4.76 22.09+7.69
14.46£8.52 19.09+9.69 16.5010.40 35.08+19.25
6.48+0.56%** 13.09+3.55 9.34+3.68 21.71%5.80

Note: all comparisons were conducted against those observations at similar conditions in the model group,

*%% b < 0,001,
** < 0.01,
* p < 0.05.

Normal: animals fed with regular diet; Model: animals fed with high-energy diet; MLE: model animals treated with MLE; MLEF: model animals treated with

MLEF.

doi:10.1371/journal.pone.0152728.1004
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Table 5. Effects of MLE and MLEF on cholesterol and triglyceride levels, as well as IRI of rats with glucose and lipid metabolism disorders (X1SD,

n=12).
Groups Doses(mg/ke BW)
Normal -

Model -

MLE 75

MLE 15

MLEF 35

Cholesterol(mmol/L) Triglyceride(mmol/L) IRI
1.58+0.16%** 0.56+0.32** 4.56+0.90
3.32+0.86 1.1240.48 6.10+£3.12
2.85+0.66 1.48+0.62* 4.32+2.28
4.56+4.22 2.54+2.33 8.20+5.33
3.32+0.35 1.22+0.75 3.81+0.89

Note: all comparisons were conducted against those at similar conditions in the control group, *** p <0.001, ** p < 0.01, * p <0.05

Normal: animals fed with regular diet; Model: animals fed with high-energy diet; MLE: model animals treated with MLE; MLEF: model animals treated with

MLEF.

doi:10.1371/journal.pone.0152728.t005

triglyceride levels in the rats from the model group were all significantly increased compared
with those from the normal group (p < 0.001 or p < 0.01). These results suggested that the ani-
mal model with glucose/lipid metabolism disorder was successfully established. Meanwhile,
the IRI increased in the control group compared with that in the normal group, and the differ-
ence was not statistically significant (Table 5).

Compared with those of the model group, the fasting BG levels in rats from the MLE (75 g/
kg BW) and MLEF (35 g/kg BW) treatment groups significantly decreased (p < 0.05 or
p < 0.001). In addition, a decrease in 2 h postprandial BG levels, AUC, and serum total choles-
terol levels were observed. However, the difference is not statistically significant (Tables 4 and
5). In contrast, the low dose MLE feeding did not show any anti-hyperglycemic and anti-hyper-
lipidemic effect in this study.

3.5 Investigation of the molecular mechanism using antibody array

As shown in Table 6, the expression profiles for the Erkl (MAPK3) + Erk2 (MAPK1) proteins
are identical, which indicates high data reproducibility. By contrast, the expression profiles for
the ZAP70 genes are different after MLE and MLEF treatment. This outcome may result from
some particular types of conformational change that occurred in the ZAP70 after the treat-
ments. As the two antibodies may recognize different ZAP70 epitopes after the treatment, the
two epitopes may have changed significantly. The affinity for the two antibodies for the ZAP70
after conformation may change significantly. However, additional experiments are needed to
test this hypothesis.

Notably, the antibodies used include those recognized phosphorylation sites. As a result, the
increase in intensity can result from either increased expression levels or increased phosphory-
lation levels. For simplicity, we use “expression” to represent both “expression” and “phosphor-
ylation.” As described above, proteins whose normalized Z-scores are > =1 or < = —1 were
considered to have differentially expressed significantly. These proteins include 19 proteins
involved in IR-related pathway and 15 proteins involved in other pathways. The expression
profiles for the IR-related proteins (Fig 1A) and IR-unrelated proteins (Fig 1B) across the four
groups are as follows: normal, model, MLE treatment, and MLEF treatment. These groups
were subjected to hierarchical clustering. These proteins show diverse expression profiles.
However, two groups of proteins will be of particular interest. The first group of proteins
would show expression changes in the model group and subsequent reversed expression
changes after MLE and MLEF treatment. The second group of proteins would show differential
expression among the MLE- and MLEF-treated groups.
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Table 6. Expression or phosphorylation level of proteins found to be significantly changed in at least one condition. The numbers represent Z-

score. Details for the explanation of the Z-score can be found in the method section. 1 and -1 are considered significantly different. The expression level of N

is “0” after being normalized to itself.

Protein Name

IRS1
NFkappaB p50
JNK1/2/3
STAT5B
MEK2
PTEN
MEKS3
mTOR
PKCg
PKCe
PKCq
PDK1
STATS3
RafB
Hpk1
Erk1 (MAPK3)+ Erk2 (MAPK1)
Erk1 (MAPK3)+ Erk2 (MAPK1)
P53
Cdc42
TBK1
hHR23B
S6Kb1
YSKi1
ZAP70
HSF4
ZAP70
Cyclin E
Chk1
PED15
Vimentin
EGFR
Elk-1
c-lIAP1
PDGFRa

N: normal group; M: model group; MLE: model group treated with MLE; MLEF: model group treated with MLEF.

doi:10.1371/journal.pone.0152728.t006

UniProt Accession number

P35568
P19838
P45983
P51692
P36507
P60484
P46734
P42345
P05129
Q02156
Q04759
015530
P40763
P15056
Q92918
P27361
P27361
P04637
P60953
Q9UHD2
P54727
P23443
000506
P43403
Q9ULV5
P43403
P24864
014757
Q15121
P08670
P00533
P19419
Q13490
P16234

N

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

M

-1.31
-2.16
-1.11
-1.96
-0.20
-0.20
-0.20
-0.20
0.20
0.20
0.20
0.20
0.20
1.10
0.20
0.20
0.20
-0.20
0.20
-0.20
-1.08
-0.20
-0.20
-1.39
-0.20
-1.67
1.34
0.20
-0.20
0.20
-0.20
-0.20
1.71
1.25

MLEF

0.38
-0.17
0.26
0.18
-0.20
-0.40
0.00
-0.40
-1.12
-0.86
-1.09
-1.98
0.00
0.90
-0.80
-1.35
-1.40
1.84
1.68
1.41
-0.88
2.27
1.09
-0.01
0.92
-1.87
-0.60
-1.94
-1.40
-1.04
-1.87
-2.22
-0.09
-0.45

MLE

0.70
0.23
-0.06
0.24
1.32
1.11
1.11
1.06
-0.98
-1.11
-1.39
-1.65
-1.85
0.90
0.00
0.00
0.00
-0.20
0.40
1.58
0.72
1.30
1.13
-0.10
0.90
-0.60
0.31
-1.04
-1.52
-1.20
-1.63
-1.70
-0.03
-1.16

IR-related

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

As shown in Fig 1A, the expression of IRS1 (P35568), INK1/2/3 (P45983), NFKappaB p50
(P19838), and STAT5B (P51692) are significantly downregulated in the model group. RafB
was significantly upregulated, whereas Cdc42, PKCg, PKCe, PKCq, PK1, STAT3, Hpkl, and
Erk1 were slightly upregulated. The expression changes of these proteins reflect the effects of
the high-fat diet feeding. After MLE and MLEF treatment, the expression levels of IRS1, JNK1/
2/3, NFkappaB, and STAT5B were upregulated, which was contrary to their downregulation in
the model group. As a result, these proteins may be related to the MLE and MLEF effects. Simi-
larly, the PKCg, PKCe, PKCq, and PDK1 expression levels were downregulated, which was
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Fig 1. Clustering analyses of proteins that are significantly differentially expressed. N: normal; M:
model; MLEF: model treated with MLEF; MLE: model treated with MLE. Black color indicates that the
expression level is similar to that in the normal samples. Green color indicates that the expression level is
lower compared with that in the normal sample. Red color indicates that the expression level is higher
compared with that in the normal sample. (A) Proteins that are involved in the insulin-signaling pathway; (B)
Proteins that are not involved in the known insulin-signaling pathway.

doi:10.1371/journal.pone.0152728.g001
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contrary to their upregulation in the model group. The involvement of these genes in the insu-
lin-signaling pathway is shown in S1 Fig.

Fig 1B shows that the cyclin, c-IAP1, and PDGFRa expression were upregulated, whereas
those of ZAP70 and hHR23B were downregulated. The expression changes in these proteins
reflect the model construction effects. After MLE and MLEF treatment, the cyclin, c-IAP1, and
PDGFRa expressions were reversed compared with those seen in the model group. Therefore,
this outcome may be related to the effects of MLE and MLEF treatment. Compared with pro-
teins involved in the IR-related pathway (Fig 1A), expression changes of several proteins that
were not involved in IR-related pathways are much more similar after MLE and MLEEF treat-
ment. For example, the TBK, YSK1, HSF4, and S5Kb1 expression levels were upregulated after
MLE and MLEF treatment. By contrast, the EGFR, Elk-1, PED15a, and vimentin expressions
were downregulated after MLE and MLEF treatment (Fig 1B).

To compare the effects of MLE and MLEEF, the expression of proteins that were significantly
differentially expressed is plotted in Fig 2. As shown in the figure, MLE treatment led to MEK3,
mTOR, PTEN, MEK2, and hHR23B upregulation compared with those treated with MLEF.
MLE significantly downregulated only the STAT3 expression level. By contrast, MLEF treat-
ment led to significantly upregulated p53 and STAT?3, but downregulated ZAP70, Erk, and
hHR23B. The differential expressions of these proteins suggest that MLE and MLEF may have
distinct effects. Interestingly, most of the affected proteins are involved in IR-related pathways

(Fig 2).

2 N
MLEF
1.5
— O MLE
< 1 ]
=
~— 0.5
o
3 Ot
,\'1-0.5
-1
-1.5
-2 -—
M M N M O N N v Z2 N m
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€ =X <
w w
Gene Name

Fig 2. Comparison of the expression levels for proteins that are significantly differentially expressed
after MLE and MLEF treatment.

doi:10.1371/journal.pone.0152728.9002
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3.6 Validation of antibody array results using Western blot analysis

Validation of protein expression levels using Western blot analysis

Western blot analysis of three proteins, namely, JNK, IRS1, and PDK1, was conducted, and
the results are presented in Fig 3A. The experiments were performed in duplicate, with
GAPDH as the control. The multiple bands seen for JNK and IRS1 are likely to represent vari-
ous forms of the proteins that the antibodies recognize. The bands were then quantified using
Total Lab Quant, and the results are presented in Fig 3B. As shown, among samples from the
four groups, the IRS1 and JNK expression levels decreased in the model group compared with

MLE
MLEF
MLE
MLEF

(A) = zZ = 2

PDK1 e s e a— ————

(B)

11
COMLEF

1.0
S MLE
0.9 — E]M -

0.8 s
0.7
0.5 "
04
03
021
0.1

L

JNK IRS1 PDK1
Fig 3. Validation of the expression levels of JNK, IRS1, and PDK1 proteins by Western blot analysis.
(A) Relative expression levels of the three proteins in samples from model (M), MLE treatment (MLE), MLEF
treatment (MLEF), and normal (N) animals; (B) Western blot analysis of the expression levels of JNK, IRS1
PDK1, and GAPDH in the same set of samples. GAPDH is used as internal control.

doi:10.1371/journal.pone.0152728.g003
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those in the normal group. In addition, their expression levels increased in the MLE and MLEF
treatment groups compared with those in the model group. The expression level of PDK1in-
creased in the model group compared with those in the normal group. By contrast, its expres-
sion decreased in the MLE and MLEF treatment groups compared with those in the model
group. These results are consistent with those observed using the antibody array technology.

Discussion

Mulberry leaf is traditionally used as food stuff in Asian countries. However, its potential toxic-
ity and anti-hyperglycemic effects with a DNJ content of as high as 5% has never been reported
in previous studies. In the current study, we have conducted a preliminary study on the toxicity
and anti-hyperglycemic effects of a MLE preparation as well as a formulation of MLE with two
additional herbal extracts (MLEF). Particularly, we have (1) tested the toxicity of MLE on mice;
(2) tested the effects of MLE on fasting glucose levels in normal rats; (3) constructed an insulin
resistance rat model; (4) tested the effects of MLE and MLEF on the rat model based on the
measurement of levels of BG, cholesterol, and triglyceride and subsequently calculated the IRI;
and (5) explored the potential molecular mechanism using an antibody microarray platform.

According to OECD and USEPA guidance on toxicity classification of chemicals, if the
LDs value is greater than 5 g/kg, then the testing substance could be regarded as non-toxic.
Our results showed that the maximum tolerance dose of MLE is greater than 5 g/kg BW in
mice. Therefore, MLE:s are safe as food supplement.

In normal rats, the MLE treatment with up to 150 mg/kg BW for 29 days showed no effect
on the fasting BG levels. By contrast, in IR model rats, the treatment with MLE (75 mg/kg BW)
or MLEF (35 mg/kg), prior to and during high-energy-diet feeding and alloxan injection, sig-
nificantly decreased the fasting BG levels. Trends of reduction on BG levels at the 0.5 h, 2 h,
AUC of the tolerant test, cholesterol level, and IRI were also observed to be insignificant. These
results indicated a potential protective effect of MLE and MLEF against high fat diet and toxic
chemical-induced hyperglycemia on rats.

Interestingly, an increase in blood triglyceride levels in all treatment groups was observed
compared with those in the normal rats. The increase is statistically significant for the MLE
treatment at 75 mg/kg BW dose. The low dose MLE feeding did not show any anti-hyperglyce-
mic and anti-hyperlipidemic effect in this study, on the contrary, the blood Cholesterol and tri-
glyceride levels increased.

These results disagreed with both the general notions regarding the anti-hyperlipidemic
effect of mulberry leaves and the hypolipidemic effect in the previous study [5]. One possible
explanation is that the triglyceride increase might result from the long-term, high-energy feed-
ing process. Also the large standard deviations observed in the data of low dose MLE feeding
group indicated that: 1) there are large variations among the animals, 2) Low dose MLE feeding
is not strong enough to eliminate the modeling effect. Additional studies need to be performed
to test this hypothesis.

The animal model is critical for the correct interpretation of the obtained results. Previous
studies showed that IR can be induced by long-term excessive fat and/or carbohydrate feeding
in animals [16-18]. Alloxan or streptozotocine have also been used to induce diabetes in ani-
mal models; however, this kind of model is considered more relevant to insulin deficiency in
type 1 diabetes or the later stage of type 2 diabetes [19].

The animal model used in the current study is established based on the method recom-
mended by the China SFDA for the evaluation of health food products, which aims to help in
the reduction of BG level. In this method, a four-week high-energy diet and a single low-dose
of alloxan injection in the last week were both used to induce hyperglycemia. One advantage of
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this method is the shortening of the experiment period compared with those using high-energy
feeding alone as stimulant. Another advantage is that this method successfully simulated symp-
toms of prediabetes, which is more suitable to evaluate the preventive effect of herbal remedy
on diabetes mellitus. As shown in Table 4, a significant increase in the model group on the fast-
ing BG levels, 0.5 and 2 h BG, 2 h AUC, and cholesterol and triglyceride levels were observed,
which indicates the successful establishment of hyperglycemia and hyperlipidemia. However,
the standard deviations of BG levels (Table 4) in the model and treatment groups were large.
This finding is consistent with previous reports that alloxan injection could cause large varia-
tions on animals and absence of an adjustment process to reduce the variation; thus, this
method is an evaluation for prevention effect than for treatment effect [20, 21].

One of the key questions is the potential mechanisms for the observed effects of MLE and
MLEEF. To answer this question, we use Kinex Antibody Microarray KAM 800 to systematically
evaluate the changes in the expression or phosphorylation of a large set of cellular signaling
proteins in the normal, model, and treatment groups. A schematic explanation of MLE and
MLEEF effects based on the results are shown in S1 Fig.

The entry of insulin signaling pathway is the insulin receptor (IR), which is a receptor tyro-
sine kinase that mediates the pleiotropic actions of insulin. Insulin binding leads to phosphory-
lation of several intracellular substrates, which includes insulin receptor substrates (IRS1, 2, 3,
4), SHC, GABI, CBL, and other signaling intermediates [22]. Phosphorylation of IRS proteins
leads to the activation of two main signaling pathways. These pathways include the
PI3K-AKT/PKB pathway, which is responsible for most of the metabolic actions of insulin,
and the Ras-MAPK pathway, which regulates expression of some genes and cooperates with
the PI3K pathway to control cell growth and differentiation [22]. As a result, the deactivation/
dephosphorylation of IRS1 would lead to the impairment of insulin effect, such as the glucose
metabolism disorder and lipid metabolism disorder.

In our present study, IRS1 is the most up-stream protein in the signal pathway, whose
expression levels have been found to be significantly downregulated in the model animals and
upregulated after MLE and MLEF treatment (Fig 1A). As the antibody used in the array specifi-
cally recognized the phosphorylation of amino acid S312 in IRS1, the changes observed should
be the IRS1 phosphorylation at S312. The regulation of IRS1 phosphorylation can lead to the
following three pathways: (i) Insulin can cause the binding of the SH2 domains of PI3K to
phosphotyrosines on IRS1, which leads to activation of PI3K and the generation of phosphati-
dylinositol-(3, 4, 5)-triphosphate (PIP3), a lipid second messenger. PIP3 activates several
PIP3-dependent serine/threonine kinases, such as PDPK1, and subsequently AKT/PKB. The
net effect of this pathway is to produce glucose transporter SLC2A4/GLUT4 translocation
from cytoplasmic vesicles to the cell membrane to facilitate glucose transport (S1 Fig, yellow
dashed line) [23]; (ii) Insulin activates Akt2 through PIP3 (red dotted line), which inhibits
GSK-3 activity. GSK-3 normally inhibits glycogen synthesis, which normally stimulates glyco-
gen synthesis. The net effect is that insulin stimulates glycogen synthesis (S1 Fig, blue dashed
line) [24]; (iii) Insulin leads to inhibition of gluconeogenesis activation of Akt2 also activate
SIK2, which leads to the inhibition of gluconeogenesis (S1 Fig, red dashed line) [25].

In summary, the data support the following model, (i) the treatment with high fat diet and
alloxon injection inhibits IRS1 phosphorylation and activation. IRS1 activation is responsible
for the stimulation of glucose transport and glycogen synthesis and inhibition of gluconeogene-
sis. As a result, the cells are not sensitive to insulin; (ii) treatment with MLE and MLEF upregu-
lates the IRS1 phosphorylation to a level similar to that in the normal group. As a result, the
cells recover their sensitivity to insulin.

Notably, this model does not exclude other explanation of MLE and MLEF effects through
the insulin-independent signal pathway, such as the inhibition of carbohydrate metabolism
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and glucose absorption. Our future work on MLE and MLEF will include long-term safety
study. Further evaluation is needed for the anti-diabetic effect on animal models that are more
suitable than that used in the present study to observe dose vs. effect relationship. Expansion of
the prevention/treatment area of MLE, such as anti-hyperlipidemia, is one of our greatest
focuses.

Supporting Information

S1 Fig. A model that explains the molecular mechanism, which underlies the effects of MLE
and MLEF treatment. The underlying insulin signal pathway was obtained from http://www.
cellsignal.com. The yellow dashed line shows the signaling pathway that leads to GLUT4 exo-
cytosis. The red dotted line shows Akt2 activation by PIP. The red dashed line shows the sig-
naling pathway that leads to gluconeogenesis. The blue dashed line shows the signaling
pathway that leads to glycogen synthesis.
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