@° PLOS | ONE

CrossMark

click for updates

E OPENACCESS

Citation: Wang J, Huang Y, Li K, Chen Y, Vanegas
D, McLamore ES, et al. (2016) Leaf Extract from
Lithocarpus polystachyus Rehd. Promote
Glycogen Synthesis in T2DM Mice. PLoS ONE
11(11): 0166557. doi:10.1371/journal.
pone.0166557

Editor: Gabriel Agbor, Institute of medical research
and medicinal plant studies, CAMEROON

Received: May 28, 2016
Accepted: October 31,2016
Published: November 28, 2016

Copyright: © 2016 Wang et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This study was supported by the forestry
public welfare projects (Number 201204612),
Ministry of Science and Technology of the People’s
Republic of China (Beijing, China).

Competing Interests: JFW, YMH, and KXL
contributed equally to this work. The authors have
declared that no competing interests exist.

RESEARCH ARTICLE

Leaf Extract from Lithocarpus polystachyus
Rehd. Promote Glycogen Synthesis in T2DM
Mice

Jinfei Wang'®, Yumin Huang'®, Kaixiang Li'2®, Yingying Chen’, Diana Vanegas?®, Eric
Scott McLamore?, Yingbai Shen'*

1 College of Biological Sciences and Technology, Beijing Forestry University, Beijing, China, 2 Guangxi
Forestry Research Institute, Nanning, Guangxi, China, 3 Food Engineering Department, Universidad del
Valle, Cali, Valle del Cauca, Colombia, 4 Agricultural and Biological Engineering Department, Institute of
Agricultural and Food Science, University of Florida, Gainesville, Florida, United States of America

® These authors contributed equally to this work.
* ybshen@bijfu.edu.cn

Abstract

The purpose of this study was to investigate the effects of leaf extract from Lithocarpus poly-
stachyus Rehd. on type |l diabetes mellitus (T2DM) and the active ingredients of this effect.
In addition, this study determined, for the first time, the underlying molecular and pharmaco-
logical mechanisms of the extracts on hyperglycemia using long-term double high diet-fed
and streptozotocin (STZ) induced type Il diabetic mice. In the present study, leaf extract,
phloridzin and trilobatin were assessed in vivo (gavage) and in vitro (non-invasive micro-test
technique, NMT) in experimental T2DM mice. The biochemical parameters were measured
including blood glucose and blood lipid level, liver biochemical indexes, and hepatic glyco-
gen. The relative expression of glycometabolism-related genes was detected. The effect of
leaf extracts on physiological glucose flux in liver tissue from control and T2DM mice was
also investigated. Body weight of experimental T2DM mice increased significantly after the
first week, but stabilized over the subsequent three weeks; body weight of all other groups
did not change during the four weeks’ study. After four weeks, all treatment groups
decreased blood glucose, and treatment with leaf extract had numerous positive effects: a)
promoted in glucose uptake in liver, b) increased synthesis of liver glycogen, c) reduced oxi-
dative stress, d) up-regulation of glucokinase (GK), glucose transporter 2 (GLUT2), insulin
receptor (IR) and insulin receptor substrate (IRS) expression in liver, e) down-regulation of
glucose-6-phosphatase (G-6-P) expression, and f) ameliorated blood lipid levels. Both treat-
ment with trilobatin or phloridzin accelerated liver glycogen synthesis, decreased oxidative
stress and increased expression of GK. IRS and phosphoenolpyruvate carboxykinase
(PEPCK) were both up-regulated after treatment with trilobatin. Expression of GLUTZ2,
PEPCK and G-6-P were also increased in liver tissue after treatment with phloridzin. Our
data indicate that leaf extract from L. polystachyus Rehd. has a preferable hypoglycemic
effects than trilobatin or phloridzin alone. Leaf extract significantly increased glucose uptake
and hepatic glycogen synthesis while also inducing a decline of hepatic gluconeogenesis
and oxidative stress in T2DM mice. From this study, we draw conclusions that L.
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polystachyus promoted glycogen synthesis in T2DM mice, and that the active compounds
were not only the trilobatin or phloridzin.

1. Introduction

Type II diabetes mellitus (T2DM) is now the third largest fatal disease, following only cancer
and cardiovascular disease, and is one of the most challenging healthcare epidemics in the
world [1-2]. The most common clinical manifestations of T2DM is high blood glucose levels.
T2DM is a complex disorder characterized by abnormal metabolism of carbohydrates, lipids
and proteins that results in the absolute or relative reduction of insulin activity [3]. Insulin
resistance and pancreatic B cell dysfunction are causative factors and not the main mechanism
of T2DM.

Insulin action is regulated by receptors on the surface of insulin-sensitive tissues, such as
liver, adipose tissue and skeletal muscle [4]. Insulin signal transduction is initiated when insu-
lin receptors (IR) are activated, providing docking sites for insulin receptor substrate (IRS)
proteins that transduce insulin signaling to phosphatidylinositol (PI) 3-kinase [1]. In T2DM,
plasma glucose clearance is relatively inefficient, inducing insulin resistance; within liver tis-
sues this eventually results in altered metabolic gene expression and impaired glycometabolism
[5], contributing to fasting hyperglycemia [6]. There is recent evidence that protein tyrosine
phosphatase 1B (PTP1B) activity is the pathogenesis of insulin resistance [1].

Liver is a key regulator of glucose homeostasis [7], and converting glucose to glycogen is
the primary fate of ingested glucose [8-9]. Plasma glucose levels are largely determined by the
rate of glucose/glycogen turnover in the liver (primarily) and also in skeletal muscle [8]. Glyco-
gen synthase is the rate-limiting enzyme for this process, which is encoded by two genes:
GYS2, primarily expressed in liver, and GYSI, expressed in muscle and other tissues [8].

There are various western medicines to treat T2DM which can be divided into 5 main types
as discussed, including drugs that: a) stimulating insulin production, b) reducing hepatic glu-
cose production, ¢) delaying carbohydrate uptake in the gastrointestinal tract gut, d) improv-
ing insulin action, or and e) targeting the glycogen-like peptide receptor GLP-1 axis [10].
Although the current pharmacological interventions for the treatment of T2DM are effective,
these medications are often associated with adverse side effects such as a slightly increasing
risk of bladder cancer [11-13]. The fact is that the current medicines on the market are not
100% effective, which requested to find new active principles from medicinal plants [14].

Flavonoids are plant secondary metabolites that are now considered potential peripheral
targets in the treatment of TD2M and other diseases. Flavonoids from medicinal plants are
known to have hypoglycemic effects, which has been shown with soybean isoflavone [15],
buckwheat leaf [16], mulberry leaf [17], Momordica grosvenori fruit [18], and Lithocarpus poly-
stachyus leaves/tea [19]. Many flavonoids have been isolated from L. polystachyus, including
phloretin/phlorizin, trilobatin, and quercetin [20].

Flavonoids, including phloridzin (an SGLT1/SGLT2 competitive inhibitor) and trilobatin
(an inhibitor against a-glucosidase) have the ability to sustain normoglycemia in T2DM [21-
23], but are not involved in hepatic glycogen synthesis. Thus, this study examined hepatic gly-
cogen to validate whether leaf extract, phloridzin and trilobatin contribute to glucose homeo-
stasis in T2DM by increasing hepatic glycogen synthesis. In addition, we also investigated the
molecular and biochemical effects of leaf extract, phloridzin and trilobatin, on liver tissue to
clarify the mechanisms of anti-hyperglycemic efficacy.

PLOS ONE | DOI:10.1371/journal.pone.0166557 November 28, 2016 2/24



@° PLOS | ONE

Leaf Extract from Sweet Tea Promote Glycogen Synthesis in T2DM Mice

2. Materials and Methods
2.1 Materials

Kits for measuring total cholesterol (TC), triglyceride (TG), high-density lipoprotein choles-
terol (HDL-C), low-density lipoprotein cholesterol (LDL-C), urea nitrogen (UN), malondial-
dehyde (MDA), total-superoxide dismutase (T-SOD), glutamate pyruvate transaminase
(GPT), and glutathione (GSH) were purchased from Nanjing Jiancheng Chemical Factory
(Nanjing, China). Collagenase I and IV, and streptozotocin (STZ) were purchased from Sigma
(Beijing, China). TRIzol Reagent was purchased from Invitrogen (Carlsbad, CA). cDNA
(RR036A) and quantitative real-time PCR kits (RR420A) were purchased from Takara (Shiga,
Japan). Chloroplatinic acid, lead acetate, cerium (IV) oxide nanoparticle solution (<25 nm
particle size, 10% with H,0), Nafion-117 solution, glucose oxidase (GOx), and glutaraldehyde
were purchased from Sigma Aldrich (Atlanta, GA USA). Glibenclamide (a conventional medi-
cine for T2DM and a type of Western medicine that stimulates insulin production, as a posi-
tive control in this study, which was used to distinguish Chinese tradition medicine and leaf
extract) was purchased from Tianjin Pacific Pharmaceutical Co., Ltd. Portable blood glucose
meter (SUPER GLUCOCARD II GT-1640, Jingdu, Japan), high speed refrigerated centrifuge
(Sigma3-30K), UV spectrophotometer (4802 UV/VIS double beam spectrophotometer),
microplate reader (Bio-Rad, US), CO, incubator (CP-T), ultralow temperature freezer (MDF-
382E(N)), pulverizer (DJ-10A, Shanghai), supersonic cleaner (USC-502, Bolong, Shanghai),
rotary evaporators (laborota4000WB/G1, Shanghai), and macroporous resin (D801) were also
used in this study. All chemicals were reagent grade from commercial source as noted.

2.2 Leaf extract from Lithocarpus polystachyus Rehd. plant

The leaf extract, phloridzin and trilobatin of Lithocarpus polystachyus Rehd. were obtained
from Shanghai Institute of Materia Medica, Chinese Academy of Sciences. The leaves were col-
lected in August 2012 from Bama Yao Autonomous County, Guangxi Zhuang Autonomous
Region, People’s Republic of China, and identified by Mr. Zhonghua Liu of Beijing Forestry
University. A voucher specimen has been deposited at the Herbaria of Beijing Forestry of Uni-
versity (BJFU-2012-GX-Fagaceae-13-1).

Dry leaves, 100g, of L. polystachyus Rehd. were powdered, and ultrasonic extracted twice
with 1.0 L distilled water (25°C, 30min). The aqueous extract was distilled through reduced
pressure distillation (60°C, 100MPa) and freeze-dried to get leaf extract [24]. The process was
shown in S1 Fig. Simultaneously, the same of the aqueous extract were filtered with 0-90%
microporous resin, and collected 40-60% section. This section was re-melted with 30-50%
methanol-water (50-100 mL), and standed for one night, then recrystallized respectively to get
5g phloridzin and trilobatin respectively [25]. Of course, the purity and structure of phloridzin
and trilobatin were detected with 400M Hz "H NMR (Varian, US). The results were shown in
S2 Fig.

2.3 Animals and groups

Clean grade male Kunming mice, 20+2 g, were purchased from Academy of Military Medical
Science. The mice were kept in a separate room as the following conditions: 22+2°C, 50+10%
relative humidity, 12/12 h light-dark cycle [26], with free access to water. The 60 mice were
acclimatized for 1 week, and randomly divided into two groups: 1) standard feed group, n = 10
mice, and 2) high sugar/high fat group [27-28], n = 50 mice. The ingredients for the high
sugar & high fat mice feed are shown in S1 Table. The studies were approved by the Animal
Ethics Committee of Beijing Forestry University.
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After four weeks, the high sugar/high fat group were fasted 12 h (from 20:00PM to 8:00AM
at next day), and then were given a single injection of STZ (60mg/kg body weight, 0.1mL/10g
body weight) [27] dissolved in pre-chilled citrate buffer (pH = 4.2) [29]. On the 7th day after
injection, the tail vein fasting blood glucose was determined using a portable blood glucose
meter. Mice with blood glucose levels of at least 11.1mmol/L were considered experimental
type II diabetes (T2DM) mice. These experimental T2DM mice were randomly divided into 5
subgroups: i) T2DM group, and mice treated with ii) glibenclamide (80mg/kg), iii) leaf extract
(0.8 g/kg), iv) phloridzin (80 mg/kg), or v) trilobatin (80 mg/kg) for four weeks. The standard
feed group (referred to as control group) and T2DM group were gavage tap water for succes-
sive 4 weeks. The gavage doses were 0.1 mL/10g/d for all the mice once daily at 9:00AM. Thus,
there are six groups including control, T2DM, glibenclamide, leaf extract, phloridzin, and tri-
lobatin groups in this study.

2.4 Body weight and blood glucose

Body weights were measured on an electronic scale (maximum range: 200 g, precision: 0.01 g)
once a week at the 7 day (after injection, before gavage), 14™ day (gavage one week), 21" day
(gavage two weeks), 28" day (gavage three weeks), and 35™ day (gavage four weeks) [30].
Simultaneously, blood glucose was measured by tail vein after fasted 2 h.

2.5 Oral glucose tolerance test (OGTT) and area under the curve of
blood glucose (AUCG)

At the end of four weeks’ gavage, all mice were fasted for 12 h (from 20:00PM to 8:00AM at
next day), and 2 g/kg (body weight) glucose solution [28] was administered orally using gavage
[31]. Samples of blood glucose were collected from the tail vein at 30, 60 and 120 min after
gavage. The area under the curve of blood glucose (AUCG) was calculated as described by Gan
etal. [32].

2.6 Blood biochemical measurement (lipids)

On the 35" day, mice were fasted for 12 h, and then anesthetized by ethyl ether. Blood samples
were collected into plastic vacuum blood collection tubes by ocular enucleation, centrifuged
(3500 rpm, 10 min, 4°C) to get serum, and then stored at -20°C. TC, TG, HDL-C, LDL-C and
UN were measured using commercial kits and a UV spectrophotometer. GPT was measured
using commercial kits and the microplate reader.

2.7 Liver biochemical indexes measurement

After collecting blood samples, mice were killed immediately by cervical dislocation and liver
tissue was removed promptly and weighted. A portion of tissue was grinded within liquid
nitrogen, homogenized with cold saline, and centrifuged (2500 rpm, 10 min, 4°C) to get super-
natant for future measurements. Glycogen, MDA, T-SOD and GSH were measured using a
UV spectrophotometer according to instructions of the commercial kits. Another portion was
stored for molecular experiments.

2.8 Liver small tissue culture

Liver tissue was cut into pieces, and enzymolysis was carried out using collagenase I and colla-
genase IV (Quality ratio is 1) 5 mL at 37°C for 45 min in a digital circulating water bath with
intervals of 15min shaking. The supernatant was removed and 10mL of precooled Hank’s
buffer (8 mg KCl, 6 mg CaCl,, 0.35 g NaHCO3, 6 mg KH,PO,, 0.06 g Na,HPO, -12 H,0, 8 ¢
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NaCl, 1 g glucose in 1L DI water) at 4°C was added to terminate enzymolysis [33, 34]. Then,
similar-sized small liver tissue was selected in the black background using an anatomical lens,
and tissue preps were incubated in RPMI 1640 culture media with 5% CO..

2.9 Glucose biosensor flux measurements

Glucose micro biosensors were fabricated based on McLamore ef al. [35] and Chaturvedi et al.
[36]. Briefly, nanoplatinum was electrodeposited on platinum/iridium microelectrodes
(P120033.0A10, 51mm length, 0.256mm shaft diameter, 1-2 um tip diameter, 3 pm parylene C
coated metal shaft) in solution of 0.728% chloroplatinic acid and 0.002% lead acetate at 10 V
for 30 s. Next, the tip of the microelectrode was immersed in cerium (IV) oxide nanoparticle
solution for 5 min, and then air dried at room temperature for one hour. The electrode was
then dipped in Nafion solution for 20 min to form an anion-exclusion membrane and dried in
an oven at 115°C for 1 hour. To impart specificity for glucose, the nanomaterial-modified elec-
trode was dipped in a solution of 50mg GOx/mL PBS for 30 min at 4°C. Finally, the biosensor
was immersed in glutaraldehyde for 10s to cross link the protein, and air dried for 10min in air
at room temperature. For all biosensor experiments a working potential of +500 mV was used.
All glucose biosensors were calibrated in Hanks’ buffer prior to use based on McLamore et al.
[35]. The working range was defined as the linear sensing range where the R* value for linear
calibration plots was > 0.98.

Net flux of glucose [37] was measured using the non-invasive micro-test technique (NMT;
also called the self-referencing microelectrode technique; see McLamore for details on the
technique) [35]. Small liver tissue samples were soaked in Hanks’ buffer in a 35 mm Petri dish
at pH 7.4 for 30 min [38-39]. Then, a glucose microsensor was positioned at the tissue surface
(within 1-2 um), using an inverted microscope and computer controlled 3D linear actuators.
The differential current (Ai) was recorded during oscillation of the microsensor with an excur-
sion distance (4X) of 30 um. After conversion of the oxidative current to glucose concentration
(via the calibration curve), glucose flux (J) was calculated using Fick’s first law of diffusion [35,
37, 40]:

AC C, -G,

J=D AX D “AX (1)
where: J is the glucose flux (pmol cm? s, D is molecular diffusion coefficient for glucose
(1.50x107° cm? s7!), AC is the measured glucose concentration gradient (pmol ml ), and AX is
the excursion distance for the microelectrode oscillation (um). After recording a baseline flux,
a 100uL aliquot of 50 mM glucose was added to the dish and glucose flux was measured. After
20 min, an aliquot of 100 uL of 32 mg/mL drug (as noted) was added while measuring glucose
flux. Each tissue prep was measured once, and the experiment was repeated at least three times.

To analyze the effect of glucose stimulation and extract addition on net flux, glucose flux
data was collected in real time for at least 5 min, and then 20 mM exogenous glucose was
added to Hanks’ buffer; finally, extract was added. For each step in the process, the steady state
glucose flux was used to assess the effect(s) net glucose transport. The steady state parameters
were: i) mean baseline flux (J,4sq1), (i) average glucose flux after stimulating with 20 mM exog-
enous glucose (Jiucose)> and (iii) the glucose flux after addition of 20 mM glucose and drug
(Jpost)- The effect of glucose stimulation on net flux (4/;,,) was calculated as follows:

A, = ]glucose ~ Joasat ( 2)

stim

] basal
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The effect of extract addition relative to baseline flux (A],,,.4icine) Was calculated as follows:

J t J basal
]medit:ine = = — (3)
] basal
The effect of extract addition relative to stimulated flux (A],,.cdicine_siim) Was calculated as fol-
lows:

A] _ ]past - ]glucose (4)

medicien_stim ]
glucose

2.10 Quantitative real-time polymerase chain reaction (QRT-PCR)

The total RNA of six groups was extracted from less than 100mg of liver tissue using TRIzol
reagent. RNA quality and concentration were assessed using a WPA spectrophotometer
(OSTA, China) and 1.5% agarose gel electrophoresis. According to the concentration, reverse
transcription was performed on 3 mg of total RNA using a high-capacity cDNA kit. Primers
used in qRT-PCR are shown in S2 Table. Quantitative real-time PCR was performed in a Bio-
Rad CFX96™ Real-Time System (C1000 Touch Thermal Cycler). The mRNA levels of all genes
were normalized using GADPH as internal control [41-42].

2.11 Statistical analysis

Normal or repeated measures ANOVA analyses were carried out using SPSS 12.0 software, fol-
lowed by LSD or Dunnett’s multiple comparisons tests. Values were considered significantly
different when the P value was less than 0.05. All results are represented as mean + SEM.

3. Results
3.1 Body weight and blood glucose

To test the effects of L. polystachyus Rehd. leaf extract on body weight, all the groups were
tested before and after treatment. Body weight was monitored weekly (Fig 1). Compared with
before gavage, the body weight of all groups did not change significantly, with exception of
TD2M mice—which increased after the first week and then stabilized over the subsequent
three weeks, and trilobatin—which slightly increased at the first week and fluctuated after the
continue weeks.

Fig 2 shows the hypoglycemic effect on experimental T2DM mice for various diet groups
over a four-week period. Before gavage, T2DM mice and all treatment groups had significantly
higher blood glucose than control mice. There was no significant different among the treat-
ment and T2DM groups at before gavage (Fig 2). After one-week gavage, T2DM mice, and
groups of leaf extract, phloridzin and trilobatin had significantly higher blood glucose than the
control group, but mice treated with glibenclamide did not. After two weeks, all the groups
had higher blood glucose levels compared to the control group; there was no difference among
the groups that had high blood glucose. Mice treated with glibenclamide and leaf extract had
markedly lower levels compared with T2DM mice, while both phloridzin and trilobatin
showed little difference compared to T2DM mice. After three weeks, blood glucose was not
different than the control group for mice treated with glibenclamide or leaf extract, and signifi-
cantly lower than T2DM mice; the phloridzin and trilobatin groups were not significantly dif-
ferent than the T2DM mice. At four weeks post gavage, all groups were similar to control
group, particularly the glibenclamide and leaf extract groups. Blood glucose of groups control,
T2DM, phloridzin and trilobatin were relatively stable over the four weeks’ treatment. Blood
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Fig 1. Leaf extracts from L. polystachyus Rehd. have no effect on body weight of mice after four weeks of
gavage. Body weight of groups control (A), glibenclamide (C), leaf extract (D) and trilobatin (F) were relatively
unchanged, while body weight of the T2DM group (B) increased significantly after the first week and stabilized over the
subsequent three weeks. As well as phloridzin (E) slightly increased at first week and fluctuated after the continue weeks.
The data were analyzed using an ANOVA with repeated measures with a Sphericity Assumed or Greenhouse-Geisser
correction, and the mean scores for body weight were statistically reported that control (F (4, 36) =2.312, P=0.076),
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T2DM (F (1.467, 14.675) = 6.556, P=0.014), glibenclamide (F (2.169, 21.686) = 0.802, P=0.471), leaf extract (F (1.505,
15.054) =2.721, P=0.109), phloridzin (F (4, 40) = 5.01, P=0.002) and trilobatin (F (2.606, 26.058) = 6.228, P= 0.003),
respectively. All values are expressed as the mean = SEM, n = 10. Columns labeled with different letters are significantly
different at P< 0.05.

doi:10.1371/journal.pone.0166557.9001

glucose of glibenclamide and leaf extract groups gradually decreased, and after three weeks,
the levels were similar to normal levels observed for control mice. Over the four weeks’ treat-
ment, blood glucose of mice treated with phloridzin slowly decreased, but the levels at fourth
week were still higher than control mice. However, there was no significant downward trend
in trilobatin group over four weeks’ treatment (S3 Fig).

3.20GTT and AUCG

The oral glucose tolerance test (OGTT) was used as a screening method for acute anti-hyper-
glycemic activity, which is a standard method to examine regulation of blood glucose [31]. The
area under the curve of blood glucose (AUCG) test was used to evaluate net drug utilization
[43]. Our results (Fig 3) indicate that experimental T2DM mice treated with leaf extracts of L.
polystachyus Rehd. and glibenclamide had improved regulation of blood glucose. Phloridzin
and trilobatin improved glucose intolerance induced by the high-fat diet based on OGTT, but
to a lesser degree than the leaf extract. Blood glucose of all groups increased to a peak value at
30 min after glucose loading, and then decreased to stable levels. The glibenclamide

(12.74 £ 0.81 mmol/L) and leaf extract (12.18 £ 0.91 mmol/L) groups were closed to control
mice (11.02 + 1.30 mmol/L) at 30 min after glucose loading, but phloridzin (18.54 + 0.43
mmol/L) and trilobatin (19.00 + 4.15 mmol/L) groups were significantly higher, and similar to
the T2DM group (23.34 + 3.63 mmol/L). After one hour of glucose loading, blood glucose of
all groups declined relative to the peak value. After one hour the T2DM group (22.06 + 4.35
mmol/L) was significantly higher than control mice (7.80 £ 0.37 mmol/L), glibenclamide
(9.14 £ 0.52 mmol/L) and leaf extract (9.08 £ 0.38 mmol/L) groups. After two hours post load-
ing, blood glucose of T2DM mice (22.44 + 5.10 mmol/L) was not remarkably different than
the peak value, while all other groups were similar to control mice (7.68 + 0.48 mmol/L). The
AUCG data (Fig 3B) indicates two major responses from the treatment groups: mice treated
with glibenclamide (19.46 + 0.64) or leaf extract (19.25 + 0.65) were not significantly different
than control mice (16.7 + 0.62); while average AUCG for phloridzin (25.18 + 3.44) or trilobatin
(25.48 £ 3.02) treated mice was significantly higher than control mice, but lower than T2DM
mice (43.06 + 8.21).

3.3 Liver glycogen

To further understand hypoglycemic effects induced by increased liver glycogen, the content
of hepatic glycogen was measured for all groups four weeks post gavage (Fig 4). Liver glycogen
for experimental T2DM mice (2.47 + 0.18 mg/g) was significantly lower (P < 0.05) than con-
trol mice (3.69 * 0.34 mg/g). With the exception of glibenclamide treatment (4.02 + 0.56 mg/
g), liver glycogen levels of all groups increased significantly (leaf extract = 7.02 + 1.44, phloridi-
zin = 6.88 + 0.76 and trilobatin = 6.94 + 0.94 mg/g) over the four-week treatment.

3.4 Glucose flux

To further explore the underlying mechanism related to the observation of decreased glucose
with increased glycogen synthesis levels in Figs 2-4, glucose uptake (i.e., influx) at the tissue
surface was measured using the NMT technique. Fig 5A shows a representative plot from one
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Fig 2. Leaf extracts from L. polystachyus Rehd. decrease blood glucose from tail of experimental T2DM mice
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are significantly different at £ < 0.05.

doi:10.1371/journal.pone.0166557.9002
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doi:10.1371/journal.pone.0166557.9003

of the measurements taken from the leaf extract group in the absence of insulin. The baseline
glucose flux followed regular ultradian oscillations (the inset in Fig 5C shows an exploded view
of the oscillations). The mean baseline glucose flux for all experimental T2DM mice was
14.9 + 1.3 pmol cm ™ sec”!, the amplitude of oscillations was 1.5 + 0.4 pmol cm ™ sec”, and the
period of the rhythmic wave was 2-3 min; all measurements are similar to oscillations
observed by Shi (b) et al. [44]. For control mice, the average oscillation period (4-6 min) was
significantly longer (see S4 Fig for details). After addition of 20 mM excess glucose (shown by
a dashed in Fig 5A), the glucose waves were dampened, and glucose flux gradually increased,
which demonstrates that tissues were metabolically active and responsive to glucose stimula-
tion; this dampening is similar to Shi (c) et al. [45] and McLamore et al. [35]. After at least 30
secs of no significant change in flux, extract was added to the dish (noted by an arrow in Fig
5A); this caused an immediate and significant increase in glucose flux. In preliminary experi-
ments, oscillations resumed after approximately 20 min when the concentration decreased to
near basal levels (data not shown). In order to minimize cell stress during these experiments,
extract was added prior to the onset of oscillations. After approximately five minutes of stable
readings (post glucose stimulation), extract was added to the dish, which caused a pronounced
increase in glucose influx for the sample shown in Fig 5. Approximately five min after the peak
in glucose influx, oscillatory behavior continued and persisted for at least 30 min (oscillation
data not shown for brevity). Like shown in Fig 5B, in order to statistical analysis, we calculated
mean flux in Jyasan Jstim» and Jpos (the later flux data were calculated by this way) [44]. Because
in Fig 5B, just one sample was measured, there was no error bar. The mean glucose flux under
basal, exogenous glucose, and glucose plus extract is discussed in detail below (Fig 6).
Normally, blood glucose is elevated after a meal, which results in a concomitant increase in
blood insulin levels. For T2DM, there is a higher concentration of blood insulin than normal

PLOS ONE | DOI:10.1371/journal.pone.0166557 November 28, 2016 10/24
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Fig 4. Leaf extracts from L. polystachyus Rehd. significantly increase liver glycogen of experimental T2DM mice
four weeks post gavage. After 12 h fast, liver samples were immediately separated, dipped into liquid nitrogen and stored
in -80°C prior to measure liver glycogen. The data were analyzed with ANOVA. All the values are expressed as the

mean + SEM, n = 10. Columns labeled with different letters are significantly different at P < 0.05.

doi:10.1371/journal.pone.0166557.9g004

due to insulin resistance. Based on this, the experiment in Fig 5 was repeated in the presence
of various insulin levels: 0 ug/mlL, 2.5 pg/mL (representing lower than physiological condi-
tions), 5.0 ug/mL (normal levels), and 10.0 ug/mL (elevated levels). First, glucose flux for tis-
sues from control mice (Fig 6A-6D), and experimental T2DM mice (Fig 6E-6H) were
measured in Hanks’ buffer.

The data from control mice in Fig 6A-6D shows that for all levels of insulin tested: 1) addi-
tion of exogenous glucose (20mM) induces glucose influx, 2) glibenclamide (a medicine that
stimulates insulin production) has little effect on glucose uptake except 10ug/mL insulin level,
3) leaf extract caused a dramatic increase in glucose influx, as much as four times higher flux
levels than addition of exogenous glucose under 5.0 pg/mL background insulin, 4) phloridzin,
an SGLT1/SGLT2 competitive inhibitor, blocked glucose uptake in control mice at all concen-
trations of insulin, and 5) trilobatin, an inhibitor against o-glucosidase, did not cause a change

PLOS ONE | DOI:10.1371/journal.pone.0166557 November 28, 2016 11/24
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gradually increased (blue highlighted section). After addition of drug, an immediate and significant increase in glucose flux occurred, and flux stabilized
at this level (red highlighted section). (B) Mean flux of glucose in Jpasai Jsim, @and Jpost. (C) Representative glucose oscillations before and after addition
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doi:10.1371/journal.pone.0166557.9g005

in glucose flux for any background concentration of insulin. For T2DM mice (Fig 6E-6H)
some marked differences were noted compared to control mice, namely: 1) glibenclamide
caused an increase in glucose influx with 5.0 pg/mL background insulin, which aligns with the
sulphonylurea theory—together with insulin, sulphonylureas improve insulin section and
decrease blood glucose, 2) leaf extract caused a dramatic increase in glucose uptake, but the
most pronounced effect (as much as four times higher influx than addition of exogenous glu-
cose) occurred with background insulin levels of 5.0 pg/mL, 3) phloridzin inhibited glucose
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doi:10.1371/journal.pone.0166557.9006
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uptake, and 4) trilobatin enhanced glucose influx but only at background insulin levels of
10.0 ug/mL.

Comparing flux for the different background insulin levels, addition of exogenous glucose
(20mM) significantly increased glucose uptake for both control and T2DM mice at all insulin
levels. When there was no background insulin, leaf extract increased glucose uptake. When
insulin levels were low (2.5 pg/mL) treatment with leaf extract increased glucose influx by 3-4
times over other treatments in both control and T2DM mice. With normal insulin levels
(5.0 pg/mL), glibenclamide and leaf extract treatment enhanced glucose uptake in T2DM mice,
although the effect was significantly greater for the leaf extract group; in control mice, only leaf
extract significantly increased glucose uptake. When insulin levels were elevated (10.0 pg/mL),
leaf extract again had the most pronounced effect on glucose uptake, while trilobatin caused a
relatively small increase in glucose uptake for T2DM mice, but not for control mice.

Naturally, there were individual differences among mice, and additional data analysis was
required to gain a deeper understanding of the effect of individual extracts on glucose flux. To
analyze the effect of glucose stimulation on flux, data was collected following the protocol in
Fig 7, and the following three parameters were calculated from the data: i) the effect of glucose
stimulation on net flux (4];,,) was calculated as follows, ii) the effect of medicine addition rel-
ative to baseline flux (A],,,.4icine) Was calculated as follows, and iii) the effect of extract addition
relative to stimulated flux (A],edicine_stim) Was calculated as follows. Fig 7A, 7D, 7G and 7] show
the data for, AJ;,,, which indicate that stimulation by glucose promotes glucose uptake in both
control and experimental T2DM mice. For control mice, the highest AJ;,,, value was with nor-
mal insulin background levels (5.0 pg/mL), except glibenclamide. The value of AJ;,, was lower
with 2.5 ug/mL background insulin, but when there was no background insulin or excessive
levels (10.0 pg/mL), the AJ,;,,, reduced significantly such as leaf extract group. Fig 7B, 7E, 7H
and 7K show the values of (A],,,cdicine) for different treatment groups. With the exception of leaf
extract treatment, medicines had no effect on glucose uptake in control mice. Treatment with
leaf extract increased (4],,cqicine) With increasing insulin levels and was also maximum in the
presence of normal background insulin (5.0 pg/mL). However, in the presence of 10.0 pg/mL
insulin, the (A],cdicine) Was significantly reduced. Analogously, in T2DM mice, added leaf
extract had similar results with gradient insulin level. Nevertheless, with higher insulin level in
Hanks’, rate also increased in T2DM mice and trend was lower than normal level. Fig 7C, 7F,
71 and 7L show AJ,y.edicine_stim data for various treatments. Glibenclamide had no impact on
(AT nedicine_stim) for both control (except 10.0 pg/mL insulin) and experimental T2DM mice.
Leaf extract treatment significantly increased AJ,,cgicine_stim» for insulin levels from 0 to 5.0 pg/
mL, but was suppressed when background insulin levels were high in control mice. Phloridzin
significantly decreased (A],,.cdicine_stim) due to inhibition of SGLT2, but not in the presence of
10.0 pg/mL insulin. For trilobatin, there was no visible effects on (4] cdicine_stim)-

3.5 qRT-PCR

Glucose transport into cells is the first step in glycogen synthesis in the liver; followed by trans-
formation to glucose-6-phosphate (G-6-K) by glucokinase (GK), an isozyme of hexokinase.
Meanwhile, insulin is recognized by IR, which upon activation provides docking sites for IRS
proteins. mRNA relative expression is known to decrease after exogenous addition of glucose
for T2DM [42, 46]. Under this condition, genes related to glycogen synthesis and genes inhib-
iting hepatic gluconeogenesis have also been reported [5]; for example, overexpression of
phosphoenolpyruvate carboxykinase (PEPCK) and G-6-P.

To validate these previous studies and evaluate the effect of L. polystachyus Rehd. leaf
extracts, mRNA relative expression of GK, GLUT2, IR, IRS, PEPCK and G-6-P were measured
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in the liver using qQRT-PCR analysis. Fig 8 shows that other than the glibenclamide group, rela-
tive expression of GK was increased in all groups compared with T2DM mice, with the most
pronounced effect observed for the leaf extract group (Fig 8A). Relative expression of GLUT2
was significantly increased for all groups. Expression of IR and IRS increased for all groups
with the exception of glibenclamide, which caused a decrease in IRS expression. PEPCK
expression (Fig 8E) was unchanged after leaf extract, decreased after glibenclamide treatment,
and increased after phloridzin or trilobatin treatment. The mRNA expression of G-6-P (Fig
8F) decreased after leaf extract treatment, increased for the phloridzin group, and did not
change for the other treatment groups.

3.6 Liver biochemical indexes levels (MDA, T-SOD, GTP and GSH)

Hyperglycemia causes oxidative stress in T2DM [47], which in turn causes many chronic com-
plications [48]. Polyphenols [49] and flavonoids [50] have been shown to alleviate oxidative
stress in by scavenging oxygen free radicals and small molecules associated with antioxidant
injury. T-SOD, GSH were usually regarded as an indicator of the health of the antioxidant
[51]. MDA was an indicator of the lipid peroxidation process [51]. To examine the role of leaf
extract in alleviation of oxidative stress in T2DM mice, we continually evaluated the impact of
L. polystachyus Rehd. leaf extracts on liver oxidative stress (Table 1). Importantly, liver oxida-
tive stress in the T2DM group were significantly increased compared with the control group.
Following treatment with leaf extract and glibenclamide, all levels decreased significantly (this
more pronounced after treatment with extracts than glibenclamide). Treatment with leaf
extract, malondialdehyde and glutathione levels were similar to control mice. After four weeks
of phloridzin treatment, glycosylated serum protein and superoxide dismutase levels decreased
significantly; however, malondialdehyde levels did not change and glutathione levels increased.
Following trilobatin treatment, glutathione levels were lower than control, and glycosylated
serum protein levels slightly decreased; however, malondialdehyde and superoxide dismutase
levels increased following.

3.7 Blood biochemical levels (lipids)

Finally, we assessed the impact of L. polystachyus Rehd. leaf extracts on lipid levels (Table 2).
T2DM mice had higher levels of all lipids compared to the control, with the exception of high-
density lipoprotein cholesterol. After 4 weeks of treatment with leaf extract, levels of low den-
sity lipoprotein cholesterol and urea nitrogen were similar to control mice, while total choles-
terol and triglyceride remained at elevated levels; the total cholesterol levels were high because
the high density lipoprotein cholesterol increased significantly beyond baseline levels, even
though low density lipoprotein levels decreased. Treatment with glibenclamide had a moderate
positive effect, but lipid levels did not return to basal concentration. Phloridzin treatment
caused no change in high-density lipoprotein cholesterol or triglyceride, but caused a decrease
in low-density lipoprotein cholesterol and urea nitrogen. Trilobatin treatment caused an
increase in triglyceride, high-density lipoprotein cholesterol, and urea nitrogen, but a decrease
in low-density lipoprotein cholesterol.

4. Discussion

According to data of Figs 1 and 2, high sugar high fat diet together with peritoneal injection of
60m/kg STZ induced experimental T2DM mice with stable body weight and blood glucose.
After treatment with glibenclamide (a conventional medicine for T2DM), blood glucoses of
T2DM mice gradually decreased. These data confirm that long-term high sugar/fat diet with
STZ injection is a reasonable method for establishing an experimental T2DM mouse [52].
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Fig 8. Effect of L. polystachyus Rehd. leaf extracts on relative expression for T2DM group. (A) glucokinase
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doi:10.1371/journal.pone.0166557.9008
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Table 1. Hepatic biochemical indexes levels of malondialdehyde (MDA), superoxide dismutase (T-SOD), glutamate pyruvate transaminase (GPT),
or glutathione (GSH) in mice following 4 weeks of treatment with glibenclamide, leaf extract, phloridzin, or trilobatin.

Control T2DM Glibenclamide Leaf extract Phloridzin Trilobatin
MDA (nmol/mgprot) 4.36+0.47a 6.50+0.88b 5.98+0.38bc 4.53+0.69abc 6.360.80bc 16.70+1.96¢
T-SOD (U/mgprot) 81.31+5.13a 226.28+1.95b 177.2745.04c 140.93+0.98c 173.97+1.65¢c 242.08+1.88c
GPT (U/mgprot) 174.07+29.43a 515.93+52.72b 389.03+23.07bc 260.72+38.74ac 240.47+24.01c 439.64+27.43bc
GSH (mgGSH/gprot) 0.0415+0.01ac 0.0648+0.01a 0.0453+0.00ac 0.0474+0.01ac 0.0733+0.01ac 0.0384+0.00bc

After four weeks’ treatment, hepatic biochemical indexes levels were performed. The data were analyzed with ANOVA. All the values are expressed as the
mean + SEM, n = 10. Columns labeled with different letters are significantly different at P < 0.05.

doi:10.1371/journal.pone.0166557.t001

From Figs 2 and 3, we confirmed that extracts from L. polystachyus Rehd. leaves had hypo-
glycaemic effects. These effects were consistent with those of previous studies that showed fla-
vanoids with MeOH-Butanol groups can improve the serum glucose level and glucose
tolerance in STZ-induced hyperglycemic mice [19, 53]. Our results (Tables 1 and 2) were simi-
lar to Hou and Zhou, which showed that the antidiabetic ability of flavonoids was due to multi-
ple mechanisms involved in blood lipid and antioxidant mediation [19], including attenuated
leptin resistance in epididymal adipose tissue [54]. After four weeks of leaf extract treatment,
our data show that flavonoids decrease blood glucose and maintain stable blood levels. Mean-
while, leaf extract treatment had a high utilization in body, which was similar to glibenclamide
treatment. It is known that Chinese traditional medicine is a complex formulation which is
typically metabolized in the liver. Zeng et al. (2010) showed that treatment with lower levels of
total flavonoids (< 1g/kg-d) for short time periods (< 13 weeks) does not cause hepatic dys-
function [55]. Based on this work as well as [54], together with our preliminary research, the
proper dose of leaf extract is 0.8g/kg/d.

We found increased hepatic glycogen contributed to the hypoglycemic effect in experimen-
tal T2DM mice (Fig 4). Martin Krssak et al. [56] showed that hepatic glycogen concentrations
in T2DM patients were lower than control—these results were the same as the trends observed
in our data. From Figs 6 through 8, we show that leaf extract treatment promotes hepatic gly-
cogen through increasing glucose uptake and overexpression of genes relative to intracellular
GK. Insulin has been shown to affect hepatic glucose flux via both direct and indirect mecha-
nisms [57, 58]. Our results show that normal level insulin (5.0pg/mL insulin) directly affected
glucose influx. In the liver, GK enhanced glycolysis, and was involved in hepatic glucose
uptake which resulted in reduced blood glucose levels similar to other work [59]. Leaf extract
treatment promoted overexpression of GLUT2 on the cell membrane that facilitated hepatic
glucose influx and in turn increased hepatic glycogen concentration. Liu et al. [1] found that

Table 2. Lipid levels, including total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cho-
lesterol (LDL-C), and urea nitrogen (UN) in mice following 4 weeks of treatment with glibenclamide, leaf extract, phloridzin, or trilobatin.

Control T2DM Glibenclamide Leaf extract Phloridzin Trilobatin
HDL-C (mmol/L) 2.90+0.12a 2.16+0.19b 2.22+0.29ab 3.37+0.19ac 2.18+0.20b 2.82+0.29ab
LDL-C (mmol/L) 0.26+0.042a 0.45+0.09b 0.40+0.05b 0.22+0.06ab 0.384+0.13ab 0.3610.11ab
TC (mmol/L) 2.43+0.15a 3.33+0.16b 2.83+0.35ab 3.28+0.11b 2.99+0.19b 3.23+0.11b
TG (mmol/L) 0.69+0.06a 1.13+0.00b 1.06+0.11b 1.17+0.08b 1.18+0.09b 1.45+0.21b
UN (mmol/L) 12.16+0.14a 13.23+0.31b 11.15+0.45ac 12.88+0.43abc 10.42+0.63ac 15.23+0.39¢c

After 4 weeks’ treatment, lipid levels were performed. The data were analyzed with ANOVA. The values are expressed as the mean + SEM, n = 10.
Columns labeled with different letters are significantly different at P < 0.05.

doi:10.1371/journal.pone.0166557.t002
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in addition to promoting intracellular GLUT4 translocation to the plasma membrane, result-
ing in enhanced glucose uptake, activation of Akt (protein kinase B) can phosphorylate GSK3§
(glycogen synthasekinase-3), and lead to increased glucose transport [58].

Liver is a major insulin sensitive tissue, and responds to insulin-stimulated glucose uptake
through PI3K/ PDK1/PKB signaling [60] and AMPK [61, 62] insulin signal transduction. IR
initiates PI3K/ PDK1/PKB signaling, and depletion of hepatic IR significantly impairs down-
stream insulin signaling [57]. The activated IR led to tyrosine phosphorylation of IRS [61], and
facilitated PI3K/ PDK1/PKB signaling, leading to phosphorylation of Ser/Thr activated kinase
Akt (PKB). Combining these principles with Fig 8, we speculate that leaf extract treatment
caused over-expression of IR and IRS, which increased insulin-sensitivity and insulin resis-
tance by activating PI3K/ PDK1/PKB signaling. Over-expression of IR and IRS were evidence
for hepatic glucose influx with 5.0 ug/mL insulin, leading to decreased blood glucose in T2DM
mice.

Glucose homeostasis maintains not hepatic glycogen and also glycogenolysis. Ping et al.
found transcription of PEPCK and G-6-Pase promoters were suppressed by activated MEK/
ERK (Mitogen activated protein kinase-1/Extracellular signal-regulated kinase) [9]. Others
have shown that palmitate treatment can increase PEPCK and G-6-Pase expression [5], while
olanzapine treatment increases only G-6-Pase expression [63]. These previous works show
that activation or overexpression of PEPCK and/or G-6-Pase contributes to hepatic glucose
production, causing high blood glucose levels. Fig 8 shows that the mechanism by which leaf
extract causes hypoglycemic effect is partially due to inhibition of PEPCK and/or G-6-Pase
mediated hepatic glucose production. Consequently, leaf extract treatment may have conse-
quences on liver functions, including over-activation of glycogenesis by increased glucose
influx, overexpression of GK, GLUT2, IR and IRS and/or a decline in gluconeogenesis under
fasting conditions by suppressing the expression of PEPCK and/or G-6-Pase.

Over 30 years ago, Wu et al. [64] isolated, purified, and identified dihydrochalcone from L.
polystachyus Rehd. leaves, from tea for the first time. Later, trilobatin [65] and phloridzin [24]
were identified in leaf extracts. The presence of SOD and GSH were confirmed over ten years
ago [66], furthermore this work showed that trilobation has a better ability in reducing liver
oxidative stress than phloridzin in vitro. As shown in Table 1, we found similar results for
SOD, but different results for GSH in vivo. Recent work by Dong (2012) showed that trilobatin
can inhibit o-glucosidase with less side effect than acarbose to manage postprandial hypergly-
cemia [21] and attenuate inflammatory response [67] in vitro. Until now, treatment with trilo-
batin from L. polystachyus Rehd. leaves in vivo has not been reported. Fig 1 shows that
treatment with trilobatin has no effect on body weight, but Figs 4 and 6 shows a significant
hypoglycemic effect, and no difference in hepatic glycogen when compared to phloridzin. Our
data of glucose flux and mRNA expression shown increased expression of GK, GLUT2 and
IRS with trilobatin treatment, but no marked increased in glucose influx. We hypothesized
that activated IRS or a lack of activated IR deters activation of Akt, which then causes GLUT4
in the cell membrane to be exposed. Nevertheless, PEPCK was significantly overexpressed
after trilobatin or phloridzin treatment, while only G-6-Pase was overexpressed only with
phloridzin treatment. This may be the reason why trilobatin had antidiabetic effects in vivo.
Furthermore, as shown in Table 2, we conclude that treatment with trilobatin causes over-
expression of GK, expression of GLUT2 and IRS, also leads to a decline in liver oxidative stress
and increase in lipid level.

Dong et al. found that phloridzin and phloridzin-6"-O-salicylate from L. polystachyus Rehd.
leaves increased blood lipid levels and enhanced antioxidant activity in T2DM mice [68, 69],
which was attributed to lower blood glucose levels. Flavonoids eliminate superoxide anion
(O ) by redox chemistry with the phenolic hydroxyl group. In spite of 2’-hydroxyl
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glycosylation [70], phloridzin has a higher comprehensive capacity in reducing liver oxidative
stress than trilobatin. Dong et al. [68] found that sweet tea phloridzin significantly decreased
MDA and increased SOD and GSH-Px in T2DM mice. Our results in Tables 1 and 2, verify
this, showing that treatment with phloridzin leads to higher levels of T-SOD, GPT and MDA
than T2DM, and improves lipid levels in experimental T2DM mice. Phloridzin a known inhib-
itor of SGLT-1 [22, 71] and SGLT-2 [72], and therefore glucose flux in the small intestine. In
liver tissue, phloridzin also inhibited glucose flux (Figs 6 and 7), through GLUT? inhibition,
which confirms work by [71]. Although treatment with phloridzin increased expression of
GLUT?2, expression of similar genes (GK, IR and IRS) was reduced relative to leaf extract treat-
ment, while overexpression of PEPCK and G-6-Pase was pronounced relative to leaf extract
treatment. In summary, phloridzin inhibits glucose uptake in liver tissue, and the antidiabetic
effect is likely due to higher capacity in reducing oxidative stress.

In this study, we found that leaf extract, trilobatin and phloridzin had a remarkable hypo-
glycemic effect caused by enhanced glucose uptake, hepatic glycogen synthesis, and liver glyco-
gen while reducing hepatic gluconeogenesis and liver oxidative stress in long-term double
high-fed and STZ-induced T2DM mice. For the first time, we have connected glycogen metab-
olism with glucose flux in liver tissue, correlating body weight, liver oxidative stress and lipid
levels, and mRNA expression. Although we did not test the combinatorial effect of trilobatin
and phloridzin, we show that leaf extract treatment has enhanced antidiabetic effects when
compared to trilobatin and phloridzin alone.

Supporting Information
S1 Fig. The extraction process of Lithocarpus polystachyus Rehd., phloridzin and trilobatin.

(TIF)

S2 Fig. High resolution '"H- NMR 600 MHz spectra of phloridzin (A) and trilobatin (B).
(TIF)

S3 Fig. Leaf extracts from L. polystachyus Rehd. decreased blood glucose of experimental
T2DM mice after gavage of different groups. Blood glucose of groups control (A), T2DM
(B), glibenclamide (C), leaf extract (D), phloridzin (E) and trilobatin (F) were relatively
unchanged. The data were analyzed using an ANOVA with repeated measures with a Spheric-
ity Assumed or Greenhouse-Geisser correction, and the mean scores for body weight were sta-
tistically reported that control (F (1.255, 5.002) = 0.843, P = 0.429), T2DM (F (1.745, 17.538) =
1.821, P = 0.144), glibenclamide (F (1.723, 17.227) = 4.331, P = 0.035), leaf extract (F (1.779,
17.79) = 3.437, P = 0.059), phloridzin (F (1.511, 13.595) = 1.002, P = 0.37) and trilobatin (F (4,
40) = 1.638, P = 0.184), respectively. All values are expressed as the mean + SEM, n = 10. Col-
umns labeled with different letters are significantly different at P < 0.05.

(TIF)

S4 Fig. The net basal influx of glucose and the fitted curve of control group mice. For this

control mouse sample, the oscillation period was 4.54 min.
(TIF)

S1 Table. Formula of high sugar & high fat mice feed.
(DOCX)

S2 Table. Primer Sequences of Genes.
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0166557 November 28, 2016 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166557.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166557.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166557.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166557.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166557.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166557.s006

@° PLOS | ONE

Leaf Extract from Sweet Tea Promote Glycogen Synthesis in T2DM Mice

Acknowledgments

The authors are grateful to Rujun Zhang and Weimin Zhao for providing plant extract.

The authors are grateful to Yinglang Wan and Hongbo Gao for excellent technical assis-

tance in 2.10.

Author Contributions

Conceptualization: YBS.

Data curation: JFW YMH KXL.

Formal analysis: JFW YYC.

Funding acquisition: YBS.

Investigation: JFW YMH KXL.

Methodology: JFW YMH KXL.

Project administration: YBS JFW.

Resources: YBS.

Software: ESM DV YYC.

Supervision: YBS.

Validation: ESM.

Visualization: ESM DV.

Writing - original draft: JEW.

Writing - review & editing: JFW YBS.

References

1.

Liu ZQ, Liu T, Chen C, Li MY, Wang ZY, Chen RS, et al. Fumosorinone, a novel PTP1B inhibitor, acti-
vates insulin signaling in insulin-resistance HepG2 cells and shows anti-diabetic effect in diabetic KKAy
mice. Toxicology and Applied Pharmacology. 2015; 285: 61-70. doi: 10.1016/j.taap.2015.03.011
PMID: 25796170

World Health Organization [Internet]. World Health Day 2016: Beat diabetes. http://www.who.int/
campaigns/world-health-day/2016/en/.

Azevedo MF, Camsari C, Sa CM, Lima CF, Fernandes-Ferreira M, Pereira-Wilson C. Ursolic Acid and
Luteolin-7-Glucoside Improve Lipid Profiles and Increase Liver Glycogen Content through Glycogen
Synthase Kinase-3. Phytother. Res. 2010; 24: S220-S224. doi: 10.1002/ptr.3118 PMID: 20127879

Ying L, Hakan KRK, Zierath JR. Insulin Signaling Defects in Type 2 Diabetes. Endocrine & Metabolic
Disorders. 2004; 5: 111-117.

Dong Y, Gao GR, Fan HY, Li SX, Li XH, Liu W. Activation of the Liver X Receptor by Agonist TO901317
Improves Hepatic Insulin Resistance via Suppressing Reactive Oxygen Species and JNK Pathway.
PLOS ONE. 2015; 10(4): 963-975.

Calabuig-Navarro V, Yamauchi J J, Lee S, Zhang T, Liu YZ, Sadlek K, et al. FoxO6 Depletion Attenu-
ates Hepatic Gluconeogenesis and Protects Against Fat-Induced Glucose Disorder in Mice. Journal of
Biological Chemistry. 2015; 290: 15581-15594. doi: 10.1074/jbc.M115.650994 PMID: 25944898

Renaud HJ, Cui YJ, Lu H, Zhong XB, Klaassen CD. Ontogeny of Hepatic Energy Metabolism Genes in
Mice as Revealed by RNA-Sequencing. PLOS ONE. 2014; 9(8): 1-13.

Irimia JM, Meyer CM, Peper CL, Zhai LM, Bock CB, Previs SF, et al. Impaired Glucose Tolerance and
Predisposition to the Fasted State in Liver Glycogen Synthase Knock-out Mice. Journal of Biological
Chemistry. 2010; 285(17): 12851-12861. doi: 10.1074/jbc.M110.106534 PMID: 20178984

PLOS ONE | DOI:10.1371/journal.pone.0166557 November 28, 2016 21/24


http://dx.doi.org/10.1016/j.taap.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25796170
http://www.who.int/campaigns/world-health-day/2016/en/
http://www.who.int/campaigns/world-health-day/2016/en/
http://dx.doi.org/10.1002/ptr.3118
http://www.ncbi.nlm.nih.gov/pubmed/20127879
http://dx.doi.org/10.1074/jbc.M115.650994
http://www.ncbi.nlm.nih.gov/pubmed/25944898
http://dx.doi.org/10.1074/jbc.M110.106534
http://www.ncbi.nlm.nih.gov/pubmed/20178984

@° PLOS | ONE

Leaf Extract from Sweet Tea Promote Glycogen Synthesis in T2DM Mice

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Jiao P, Feng B, Li YJ, He Q, Xu HY. Hepatic ERK activity plays a role in energy metabolism. Molecular
and Cellular Endocrinology. 2013; 375(0): 157—-166.

King AJ. The use of animal models in diabetes research. British Journal of Pharmacology, 2012; 166(3):
877-894. doi: 10.1111/j.1476-5381.2012.01911.x PMID: 22352879

Emami-Riedmaier A, Schaeffeler E, Nies AT, Morike K, Schwab M. Stratified medicine for the use of
antidiabetic medication in treatment of type Il diabetes and cancer: where do we go from here? Journal
of Internal Medicine. 2015; 277: 235-247. doi: 10.1111/joim.12330 PMID: 25418285

Bravo-Nuevo A, Marcy A, Huang M, Kappler F, Mulgrew J, Laury-Kleintop L, et al. Meglumine Exerts
Protective Effects against Features of Metabolic Syndrome and Type |l Diabetes. PLOS ONE. 2014; 9
(2): €90031. doi: 10.1371/journal.pone.0090031 PMID: 24587200

Haluzik M, Mraz M, Svacina S. Balancing Benefits and Risks in Patients Receiving Incretin-Based Ther-
apies: Focus on Cardiovascular and Pancreatic Side Effects. Drug Safety. 2014; 37(12): 1003—1010.
doi: 10.1007/s40264-014-0238-8 PMID: 25391858

Li JC. The systemic study of Jiu Zheng Huang Lian in diabetes based on the Literature of Materia Medie
[D]. Chengdu: Chengdu University of Traditional Chinese Medicine. 2011;5.

Huang J. The structure of the soybean bioactive components and its health-care function evalution [D].
Wuhan: Huazhong Agricultural University. 2003;1.

Liu SM, Han SY, Cui GJ, Zhu LS, Lv H. Effects and mechanism of total flavones of buckwheat leaf in
lowering serum glucose and lipid. J Forth Mil Med Univ. 2003; 24(19): 1815-1817.

Li XR, Fang X, Yu LY. Effect of flavonoids from mulberry leaves on antioxidative enzyme and album in
glycosylation in diabetic rat. Journal of Zhejiang University (Agric. & Life Sci.). 2005; 31(2): 203—-206.

Zheng C, Tang JL, Yang DY, Tang L. Effects of Total Flavonoids in Momordica grosvenorion Hypergly-
cemia Rat During Streptoaotocin Diabetes. Chinese Journal of Experimental Traditional Medical For-
mulae. 2011; 17(22): 194—-197.

Hou SZ, Chen SX, Huang S, Jiang DX, Zhou CJ, Chen CQ, et al. The hypoglycemic activity of Lithocar-
pus polystachyus Rehd. leaves in the experimental hyperglycemic rats. Journal of Ethnopharmacology.
2011; 138: 142—-149. doi: 10.1016/}.jep.2011.08.067 PMID: 21924344

Zhao'Y, Li X, Zeng X, Huang S, Hou SZ, Lai XP. Characterization of phenolic constituents in Lithocar-
pus polystachyus. Royal Society of Chemisrty, Anal. Methods. 2014; 6: 1359-1363.

Dong HQ, Li M, Zhu F, Liu FL, Huang JB. Inhibitory potential of trilobatin from Lithocarpus polystachyus
Rehd. against a-glucosidase and a-amylase linked to type 2 diabetes. Food Chemistry. 2012; 130:
261-266.

Ikumi Y, Kida T, Sakuma S, Yamashita S, Akashi M. Polymer-phloridzin conjugates as an anti-diabetic
drug that Inhibits glucose absorption through the Na+/glucose cotransporter (SGLT1) in the small intes-
tine. Journal of Controlled Release. 2008; 125: 42—49. doi: 10.1016/j.jconrel.2007.10.001 PMID:
18006167

Gaucher M, Dugé d BT, Lohou D, Guyot S, Guillemette T, Brisset MN, et al. Histolocalization and phy-
sico-chemical characterization of dihydrochalcones: Insight into the role of apple major flavonoids. Phy-
tochemistry. 2013; 90: 78—89. doi: 10.1016/j.phytochem.2013.02.009 PMID: 23562371

Xiao FK, Liao XF. Isolation and Structural Identification of a Flavonoid from Lithocarpus polysachyus
Rehd. Chemistry and Industry of Forest Products. 2006; 26(3): 85-87.

Kammerer J, Boschet J, Kammerer DR, Carle R. Enrichment and fractionation of major apple flavo-
noids, phenolic acids and dihydrochalcones using anion exchange resins. Food Science and Technol-
ogy. 2011; 44: 1079-1087.

Zhou YS, Gao Y, Li B, Liu DG, Chi JM, Wang S, et al. A Rat Model of Type2 Diabetes Mellitus Induced
by High Fat Chow and Low Dose Streptozotocin Injection. Acta Laboratorium Animalis Scientia Sinica.
2005; 13(3): 154-158.

Guo XH, Liu ZH, Li H, Li LS. Type 2 Diabetes Mellitus Induced by Diets and lts Features of Renal
Involvement in Rat. Chinese Journal of Diabetes. 2002; 10(5): 90—294.

Murovets VO, Bachmanov AA, Travnikov SV, Churikova AA, Zolotarev VA. The Involvement of the
T1R3 Receptor Protein in the Control of Glucose Metabolism in Mice at Different Levels of Glycemia. J
Evol Biochem Physiol. 2014; 50(4): 334—344. doi: 10.1134/S0022093014040061 PMID: 25983343
Zhang FL, Li G, Liu YP, Ding W, Yin J, Xu GW, et al. Rat Model of Type2 Diabetic Mellitus and Its Glyco-
metabolism Characters. Acta Laboratorium Animalis Scientia Sinica. 2002; 10(1): 16—20.

Ouchfoun M, Eid HM, Musallam L, Brault A, Li S, Vallerand D, et al. Labrador tea (Rhododendron

groenlandicum) attenuates insulin resistance in a diet-induced obesity mouse model. European Journal
of Nutrition. 2016; 55(3): 941-954. doi: 10.1007/s00394-015-0908-z PMID: 25916863

PLOS ONE | DOI:10.1371/journal.pone.0166557 November 28, 2016 22/24


http://dx.doi.org/10.1111/j.1476-5381.2012.01911.x
http://www.ncbi.nlm.nih.gov/pubmed/22352879
http://dx.doi.org/10.1111/joim.12330
http://www.ncbi.nlm.nih.gov/pubmed/25418285
http://dx.doi.org/10.1371/journal.pone.0090031
http://www.ncbi.nlm.nih.gov/pubmed/24587200
http://dx.doi.org/10.1007/s40264-014-0238-8
http://www.ncbi.nlm.nih.gov/pubmed/25391858
http://dx.doi.org/10.1016/j.jep.2011.08.067
http://www.ncbi.nlm.nih.gov/pubmed/21924344
http://dx.doi.org/10.1016/j.jconrel.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18006167
http://dx.doi.org/10.1016/j.phytochem.2013.02.009
http://www.ncbi.nlm.nih.gov/pubmed/23562371
http://dx.doi.org/10.1134/S0022093014040061
http://www.ncbi.nlm.nih.gov/pubmed/25983343
http://dx.doi.org/10.1007/s00394-015-0908-z
http://www.ncbi.nlm.nih.gov/pubmed/25916863

@° PLOS | ONE

Leaf Extract from Sweet Tea Promote Glycogen Synthesis in T2DM Mice

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Paulo A, Martins S, Branco P, Dias T, Borges C, Rodrigues Al, et al. The Opposing Effects of the Flavo-
noids Isoquercitrin and Sissotrin, isolated from Pterospartum tridentatum, on Oral Glucose Tolerance in
Rats. Phytotherapy Research. 2008; 22: 539-543. doi: 10.1002/ptr.2403 PMID: 18338765

Gan L, Meng ZJ, Xiong RB, Guo JQ, Lu XC, Zheng ZW, et al. Green tea polyphenol epigallocatechin-3-
gallate ameliorates insulin resistance in non-alcoholic fatty liver disease mice, Acta Pharmacologica
Sinica. 2015; 36: 597—605. doi: 10.1038/aps.2015.11 PMID: 25891086

Beath SV. Hepatic Function and Physiology in the Newborn. Fetal & Neonatal. 2003; 8(5): 337—-346.

Wang L, Xu JB, Tian Y, Wu HS. A simple method for isolation and culture of hepatocytes from neonatal
mouse liver. Chinese Journal of Birth-Health & Heredity. 2007; 15(1): 10-12.

McLamore ES, Shi J, Jaroch D, Claussen JC, Uchida A, Jiang Y, et al. A self-referencing platinum nano-
particle decorated enzyme-based microbiosensor for real time measurement of physiological glucose
transport. Biosensors and Bioelectronics. 2011; 26: 2237—2245. doi: 10.1016/j.bios.2010.09.041 PMID:
20965716

Chaturvedi P, Vanegas DC, Taguchi M, Burrs SL, Sharma P, McLamore ES. A nanoceria—platinum—
graphene nanocomposite for electrochemical biosensing. Biosensors and Bioelectronics. 2014; 58:
179-185. doi: 10.1016/j.bios.2014.02.021 PMID: 24637166

ShiJ(a), McLamore ES, Porterfield DM. Nanomaterial based self-referencing microbiosensors for cell
and tissue physiologyresearch. Biosensors and Bioelectronics. 2013; 40: 127-134. doi: 10.1016/j.bios.
2012.06.059 PMID: 22889647

BaiY, Li SJ, Hao LY, Yang R. Electrochemical Corrosion Behavior of a New Biomedical Ti-24Nb-4Zr-
8Sn Alloy in Hanks Soultion. Acta Metallurgica Sinica. 2012; 48(1): 6-84.

Zeng B, Wu AG, Wang CL, Huang MQ, Chen JN, Lai XP. Solubility and Stability of Dihydroartemisinin
in Hank’s Balanced Salt Solution. Lishizhen Medicine and Material Medica Research. 2011; 22(4): 879—
881.

Taguchi M, Ptitsyn A, McLamore ES, Claussen JC. Nanomaterial-mediated Biosensors for Monitoring
Glucose. Journal of Diabetes Science and Technology. 2014; 8(2): 403—411. doi: 10.1177/
1932296814522799 PMID: 24876594

Burgos-Ramos E, Canelles S, Rodriguez A, Gémez-Ambrosi J, Frago LM, Chowen JA, et al. Chronic
central leptin infusion modulates the glycemia response to insulin administration in male rats through
regulation of hepatic glucose metabolism. Molecular and Cellular Endocrinology. 2015; 415: 157—172.
doi: 10.1016/j.mce.2015.08.014 PMID: 26296906

DeMambro VE, Kawai M, Clemens TL, Fulzele K, Maynard JA, Marin de Evsikova C, et al. A novel
spontaneous mutation of Irs1 in mice results in hyperinsulinemia, reduced growth, low bone mass and
impaired adipogenesis. Journal of Endocrinology. 2010; 204(3): 241-253. doi: 10.1677/JOE-09-0328
PMID: 20032200

Wei JC. Influence of Different Insulin Intensive Therapies on Pancreatic Islet B Cell Function of Initial
Diagnosis Type 2 Diabetics. World Notes on Antibiotics. 2012; 33(5): 214-216.

Shi J(b), McLamore ES, Jaroch D, Claussen JC, Mirmira RG, Rickus JL, et al. Oscillatory glucose flux in
INS 1 pancreatic b cells: A self-referencing microbiosensor study. Analytical Biochemistry. 2011; 411:
185-193. doi: 10.1016/j.ab.2010.12.019 PMID: 21167120

Shi J(c), Claussen JC, McLamore ES, ul Haque A, Jaroch D, Diggs AR, et al. A comparative study of
enzyme immobilization strategies for multi-walled carbon nanotube glucose biosensors. Nanotechnol-
ogy. 2011; 22(35): 2998-3006.

Camer D, Yu YH, Szabo A, Dinh CHL, Wang HQ, Cheng LC, et al. Bardoxolone methyl prevents insulin
resistance and the development of hepatic steatosis in mice fed a high-fat diet. Molecular and Cellular
Endocrinology. 2015; 412: 36—43. doi: 10.1016/j.mce.2015.05.018 PMID: 26001833

Brownlee M. The pathobiology of diabetic complications: a unifying mechanism. Diabetes. 2005; 54:
1615-1625. PMID: 15919781

Di Carli MF, Janisse J, Grunberger G, Ager J. Role of Chronic Hyperglycemia in the Pathogenesis of
Coronary Microvascular Dysfunction in Diabetes. Diabetes and Cardiovascular Disease. 2003; 41(8):
1387-1392.

Wang JZ, Chung MH, Xue BJ, Hong MA, Chaomei MA, Masao H. Estrogenic and Antiestrogenic Activi-
ties of Phloridzin. Biol. Pharm. Bull. 2010; 33(4): 592-597. PMID: 20410591

Galati G, Sabzevari O, Wilson JX, O’Brien PJ. Prooxidant activity and cellular effects of the phenoxyl
radicals of dietary flavonoids and other polyphenolics. Toxicology. 2002; 177: 91-104. PMID: 12126798

Chen P, Zhang QX, Dang H, Liu XM, Tian FW, Zhao JX; et al. Antidiabetic effect of Lactobacillus casei
CCFMO0412 on mice with type 2 diabetes induced by a high-fat diet and streptozotocin. Nutrition. 2014;
30: 1061-1068. doi: 10.1016/j.nut.2014.03.022 PMID: 25102821

PLOS ONE | DOI:10.1371/journal.pone.0166557 November 28, 2016 23/24


http://dx.doi.org/10.1002/ptr.2403
http://www.ncbi.nlm.nih.gov/pubmed/18338765
http://dx.doi.org/10.1038/aps.2015.11
http://www.ncbi.nlm.nih.gov/pubmed/25891086
http://dx.doi.org/10.1016/j.bios.2010.09.041
http://www.ncbi.nlm.nih.gov/pubmed/20965716
http://dx.doi.org/10.1016/j.bios.2014.02.021
http://www.ncbi.nlm.nih.gov/pubmed/24637166
http://dx.doi.org/10.1016/j.bios.2012.06.059
http://dx.doi.org/10.1016/j.bios.2012.06.059
http://www.ncbi.nlm.nih.gov/pubmed/22889647
http://dx.doi.org/10.1177/1932296814522799
http://dx.doi.org/10.1177/1932296814522799
http://www.ncbi.nlm.nih.gov/pubmed/24876594
http://dx.doi.org/10.1016/j.mce.2015.08.014
http://www.ncbi.nlm.nih.gov/pubmed/26296906
http://dx.doi.org/10.1677/JOE-09-0328
http://www.ncbi.nlm.nih.gov/pubmed/20032200
http://dx.doi.org/10.1016/j.ab.2010.12.019
http://www.ncbi.nlm.nih.gov/pubmed/21167120
http://dx.doi.org/10.1016/j.mce.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/26001833
http://www.ncbi.nlm.nih.gov/pubmed/15919781
http://www.ncbi.nlm.nih.gov/pubmed/20410591
http://www.ncbi.nlm.nih.gov/pubmed/12126798
http://dx.doi.org/10.1016/j.nut.2014.03.022
http://www.ncbi.nlm.nih.gov/pubmed/25102821

@° PLOS | ONE

Leaf Extract from Sweet Tea Promote Glycogen Synthesis in T2DM Mice

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Islam MS, Loots d T. Experimental Rodent Models of Type 2 Diabetes: A Review. Methods Find Exp
Clin Pharmacol. 2009; 31(4): 249-261. doi: 10.1358/mf.2009.31.4.1362513 PMID: 19557203

Wei BW, Li M, Li WF. Hypoglycemic Actions of Flavanoids from Lithocarpus Litseifolius. Internal Medi-
cine of China. 2008; 3(4): 510-512.

Zhou CJ, Huang S, Liu JQ, Qiu HQ, Fang YX, Hou PS, et al. Sweet Tea Leaves Extract Improves Leptin
Resistance in Diet-induced Obese Rats. Journal of Ethnopharmacology. 2013; 145: 386-392. doi: 10.
1016/j.jep.2012.09.057 PMID: 23147498

Zeng XB, Wei BW, Li M, Tan L, Deng YY. Studies on Long-term Toxicity of the Extract of Lithocarpus
Litseifolius in Rats. Guangxi Medical Journal. 2010; 32(11): 1326—1329.

Krssak M, Brehm A, Bernroider E, Anderwald C, Nowotny P, Dalla Man C, et al. Alterations in Postpran-
dial Hepatic Glycogen Metabolism in Type 2 Diabetes. Diabetes. 2004; 53: 3048—-3056. PMID:
15561933

Buettner C, Pate R, Muse ED, Bhanot S, Monia BP, McKay R, et al. Severe impairment in liver insulin
signaling fails to alter hepatic insulin action in conscious mice. The Journal of Clinical Investigation.
2005; 115(5): 1306—1212. doi: 10.1172/JCI23109 PMID: 15864350

Newsholme EA, Dimitriadis G. Integration of biochemical and physiologic effects of insulin on glucose
metabolism. Exp Clin Endocrinol Diabetes. 2001; 109 Suppl 2: S122-34.

Hariharan N, Farrelly D, Hagan D, Hillyer D, Arbeeny C, Sabrah T, et al. Expression of Human Hepatic
Glucokinase in Transgenic Mice Liver Results in Decreased Glucose Levels and Reduced Body
Weight. Diabetes. 1997; 46(1): 11-16. PMID: 8971074

Cho JY, Park J. Contribution of Natural Inhibitors to the Understanding of the PI3K/PDK1/PKB Pathway
in the Insulin-mediated Intracellular Signaling Cascade. International Journal of Molecular Sciences.
2008; 9: 2217-2230. doi: 10.3390/ijms9112217 PMID: 19330070

Hoene M, Lehmann R, Hennige AM, Pohl AK, Haring HU, Schleicher ED, et al. Acute regulation of met-
abolic genes and insulin receptor substrates in the liver of mice by one single bout of treadmill exercise.
The Physiological Society. 2009; 587(1): 241-252.

Huang DQ, Luo LY, Wang LL, Luo SW, Li NH, Luo ZJ. The Role of AMPK in Insulin Signal Transduc-
tion Pathway. Chinese Journal of Cell Biology. 2011; 33(11): 1220-1229.

Ikegami M, Ikeda H, Ohashi T, Ohsawa M, Ishikawa Y, Kai M, et al. Olanzapine increases hepatic glu-
cose production through the activation of hypothalamic adenosine 5’-monophosphate-activated protein
kinase. Diabetes, Obesity and Metabolism. 2013; 15: 1128—1135. doi: 10.1111/dom.12148 PMID:
23782571

Wu ZX, Meng LSA, Xu WK. Quantitative analysis of sweetener from Sweet tea. Editorial Board of
Guangxi. 1982; 4: 34.

Zhang Y, Ning ZX, Dong HQ. Inhibitory Potential of Trilobatin from Lithocarpus polystachyus Rehd.
against Key Enzymes Linked to Type Il Diabetes and Its Antioxidant Activity. Food Science. 2011; 32
(5): 32-35.

Yang WM, Liu JK, Qin XD, Wu WL, Chen ZH. Antioxidant Activities of Three Dihydrochalcone Gluco-
sides from Leaves of Lithocarpus pachyphyllus. Zeitschrift Fiir Naturforschung C. 2004; 59(7-8): 481—
484.

Fan XL, Zhang YH, Dong HQ, Wang BY, Ji HQ, Liu X. Trilobatin attenuates the LPS-mediated inflam-
matory response by suppressing the NF-kB signaling pathway. Food Chemistry. 2015; 166: 609-615.
doi: 10.1016/j.foodchem.2014.06.022 PMID: 25053100

Dong HQ, Ning ZX, Yu LJ, Li L, Lin LC. Anti-hypeglycemia and Effects of Flavonoid Phloridzin from
Lithocarpus polystachyus Rehd. on Diabetic Model Mice. Food science, 2006; 27(12): 714—-718.

Dong HQ, Li M, Wu JF, Liu FL, Ma RA. Antioxidant and Hypoglycemic Activities of Phloridzin-6"-O-salic-
ylate. Food Science, 2009; 30(19): 279-282.

Sun YS, Li W, Liu ZB. Preparative isolation, quantification and antioxidant activity of dihydrochalcones
from Sweet Tea (Lithocarpus polystachyus Rehd.). Journal of Chromatography B. 2015; 1002: 372—
378.

Gromova LV. Effect of Phloretin and Phloridzin on Properties of Digestion and Absorption in the Rat
Small Intestine. Journal of Evolutionary Biochemistry and Physiology. 2006; 42(4): 454—460.

Dudash J, Zhang XY, Zeck RE, Johnson SG, Cox GG, Conway BR, et al. Glycosylated dihydrochal-
cones as potent and selective sodium glucose co-transporter 2 (SGLT2) inhibitors. Bioorganic & Medici-
nal Chemistry Letters. 2004; 14: 5121-5125.

PLOS ONE | DOI:10.1371/journal.pone.0166557 November 28, 2016 24/24


http://dx.doi.org/10.1358/mf.2009.31.4.1362513
http://www.ncbi.nlm.nih.gov/pubmed/19557203
http://dx.doi.org/10.1016/j.jep.2012.09.057
http://dx.doi.org/10.1016/j.jep.2012.09.057
http://www.ncbi.nlm.nih.gov/pubmed/23147498
http://www.ncbi.nlm.nih.gov/pubmed/15561933
http://dx.doi.org/10.1172/JCI23109
http://www.ncbi.nlm.nih.gov/pubmed/15864350
http://www.ncbi.nlm.nih.gov/pubmed/8971074
http://dx.doi.org/10.3390/ijms9112217
http://www.ncbi.nlm.nih.gov/pubmed/19330070
http://dx.doi.org/10.1111/dom.12148
http://www.ncbi.nlm.nih.gov/pubmed/23782571
http://dx.doi.org/10.1016/j.foodchem.2014.06.022
http://www.ncbi.nlm.nih.gov/pubmed/25053100

