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Abstract: The present study investigated the possible antiobesity and hypoglycemic effects of
phloretin (Ph). In an attempt to discover the hypoglycemic effect and potential mechanism of
Ph, we used the streptozotocin-induced diabetic rats and (L6) myotubes. Daily oral treatment
with Ph for 4 weeks significantly (P,0.05) reduced postprandial blood glucose and improved
islet injury and lipid metabolism. Glucose consumption and glucose tolerance were improved
by Ph via GOD–POD method. Western blot results revealed that the expression of Akt, PI3K,
IRS-1, and GLUT4 were upregulated in skeletal muscle of type 2 diabetes (T2D) rats and in L6
myotubes by Ph. The immunofluorescence studies confirmed that Ph improved the translocation
of GLUT4 in L6 myotubes. Ph exerted hypoglycemic effects in vivo and in vitro, hence it may
play an important role in the management of diabetes.
Keywords: phloretin, diabetes, insulin sensitivity, blood glucose consumption, skeletal muscle

Introduction
Natural products isolated from fruit extracts have been associated with many positive
health benefits,1 such as being anticancer,2–4 antioxidant,5,6 anti-inflammatory,7 and
antiobesity.8 More recently, much attention has been paid to flavonoids, a group
of phenolic compounds, which have been shown to reduce the risk of major
chronic diseases, such as obesity and diabetes.9 Phloretin (2′,4′,6′-trihydroxy-3(4-hydroxyphenyl)-propiophenone, Ph, Figure 1), a dihydrochalcone, which is the
main component of the chalcone class of flavonoids, exists in apples,10 pears, and
strawberries.11 It has been confirmed that Ph exerts widely biological effects, including
antioxidant, antitumor, and anti-inflammatory properties, and alleviates vascular
endothelial dysfunction and liver injury.4,12–14
Diabetes, in particular type 2 diabetes, is one of the major worldwide health
problems.15 Each year more and more people live with this condition, which can result
in life-changing complications. The International Diabetes Federation estimated that
415 million adults would have diabetes in 2015; also, there were 318 million adults
with impaired glucose tolerance, which puts them at high risk of developing the
disease in the future.16
Diabetes is a kind of metabolic disorder caused by various etiologies; type 2 diabetes
(T2D) is mainly due to the decrease of insulin secretion and the defects with insulin
resistance (IR) of the target tissues, such as liver, skeletal muscle, and adipose tissue.17
Insulin mainly regulates blood glucose by PI3K/Akt (phosphoinositide-3-kinase/
protein kinase B) signaling pathway.18 When blood glucose increases in animals or
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Ph (LOT Number XC20140403, purity .99%) was purchased from Xi’an Plants of Grass Technology Co. Ltd.
(Shannxi, People’s Republic of China). Metformin hydrochloride, 6-[4-(2-piperidin-1-ylethoxy)phenyl]-3-pyridin4-ylpyrazolo[1,5-a]pyrimidine (CAS Number: 866405-64-3,
purity .99%) was purchased from Sigma-Aldrich Inc.
(St Louis, MO, USA). STZ was purchased from SigmaAldrich Inc. A blood glucose meter and blood glucose test
strips were obtained from Johnson & Johnson, Co. (New
Brunswick, NJ, USA). All other chemicals were of the highest grade available commercially.

was reviewed and approved by the Institutional Animal
Care and Use Committee of the Fourth Military Medical
University. Ninety 8-week-old, healthy, specific pathogenfree, male Sprague Dawley (SD) rats weighing 160±15 g
were supplied by the Experimental Animal Center of Fourth
Military Medical University (Xi’an, People’s Republic of
China). All rats were housed in internally flawless animal
rooms with constant temperature (23°C±2°C) and humidity
(55%±10%). The room was kept in a 12 h light/dark cycle
and the rats had unrestricted food and water. After feeding
for 3 days,23 they were randomly divided into three groups:
1) Con group (n=15): fed with normal diet and received
0.5% (w/v) CMC-Na as control (after STZ injection);
2) ConPh group (n=15): fed with normal diet and received
100 mg/kg Ph (after STZ injection); 3) vehicle group (n=60):
fed with high-fat and high-sugar diet (contained 10% lard,
20% sucrose, 0.25% bilesalt, and 1% cholesterol, HFS
diet) for 8 weeks.24 After that, the vehicle rats were starved
overnight and then injected once intraperitoneally (ip) with
30 mg/kg of STZ (freshly dissolved in sodium citrate buffer,
pH =4.0, prepared on ice and protected from light) to induce
diabetes. Seventy-two hours after injection, the vehicle rats
with blood glucose level $11.1 mmol/L were considered
as T2D rats and used in future experiments.25,26 Then the
T2D rats were divided into four groups randomly: 1) TD
group (n=15) received 0.5% (w/v) CMC-Na as vehicle;
2) Pre group (n=15) received 100 mg/kg Ph (dissolved in
0.5% [w/v] CMC-Na, 4 weeks before STZ injection); 3) Ph
group (n=15) received 100 mg/kg Ph (after STZ injection);
4) Tr group (n=15) received 250 mg/kg metformin (dissolved
in 0.5% [w/v] CMC-Na, after STZ injection). The concentration of Ph was determined by preexperiments. Each group
was fed through gastric gavage for 4 weeks to verify the
hypoglycemic effect of Ph. Body weight, food consumption,
and postprandial blood glucose (PBG) were monitored every
week. The whole experiment was summarized in the flow
chart (Figure 2).
At the end of Ph administration, blood samples were
collected for separating serum after a 12 h fast. Then all rats
were killed, and organs and tissues frozen and prepared for
testing. Part of the pancreas was fixed with 4% paraformaldehyde, embedded in paraffin, and sequentially sectioned.
After hematoxylin/eosin (HE) staining, a section of each
block was observed at a magnification of 400.27

Animals and treatment

Oral glucose tolerance test

All the studies on animals were carried out in accordance with
the Guidelines for the Care and Use of Laboratory Animals.
The experimental protocol (20150701) involving animals

At the end of 12 weeks, all rats were made to fast for 12 h
before the test. They were given 2 g/kg 50% glucose solution
by gavage. Then, blood samples were collected from the tail

+2

+2
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Figure 1 Structural formula of phloretin.

human beings, insulin produced by beta cells passes into the
bloodstream. Insulin can bind to insulin receptor (IR) and
activate IR tyrosine kinase, which activates IR substrate
(IRS). Subsequently, the activated IRS recruits and activates
the phosphatidylinositol 3-kinase (PI3K) and protein
kinase B (also known as Akt), leading to glucose transportation, glucagon synthesis, and inhibiting gluconeogenesis
in the liver and skeletal muscle.19–21 Moreover, the activated
PI3K/Akt signaling pathway promotes glucose transport
4 (GLUT4) protein translocated to the cell membrane,
facilitating the uptake of glucose into the cells.22
However, the potential effects of muscle insulin sensitivity associated with Ph remains unknown. Therefore, this
study was designed to establish a T2D model by feeding rats
with a high-sugar and high-fat diet in combination with a
small dose of streptozotocin (STZ) injection, then explored
the antihyperglycemic effect of Ph on T2D rats and the relationship with PI3K/Akt signaling pathway. The molecular
mechanisms of the insulin sensitivity action of Ph in cultured
skeletal muscle cells as an insulin-responsive model were
also evaluated, the results of which are promising for new
targets and drugs for clinical treatment of T2D.

Materials and methods
Chemicals and materials
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Figure 2 The time line of the animal and cell experimental process.
Note: The width of the rectangle represents the content of the rats’ feed or the medium of cell, the length represents the time course, and the rectangle under the line
represents the treatment of rats or cells.
Abbreviations: Ph, phloretin; STZ, streptozotocin; HFS, high-fat and high-sugar diet; PA, palmitic acid; MT, metformin.

vein at 0, 15, 30, 60, 90, and 120 min after glucose loading
for measurement using the blood glucose meter. The areas
under the curve (AUC) values for glucose were calculated
using the trapezoidal method.28

PBG in each group was monitored by blood glucose
meter. Fasting serum levels of free fatty acids (FFAs),
triacylglycerol (TG), total cholesterol (TC), and low-density
lipoprotein (LDL) in each group were detected using
corresponding commercial kits (Biosino, Beijing, People’s
Republic of China). Fasting serum insulin levels were
measured by commercial radioimmunoassay kit (Huaying,
Beijing, People’s Republic of China) performed in duplicate.
The HOMA of insulin resistance index (HOMA-IR) was used
to assess insulin resistance.29

5% CO2 in low-glucose DMEM supplemented with 10%
FBS serum and antibiotics. Myoblasts were subcultured onto
six-well plates, grown to 80%–90% confluence, and then
differentiated into myotubes by altering media to contain 2%
equine serum.30 L6 skeletal muscle cells were considered to
be L6 myotubes after 96 h of differentiation in differentiation medium.31
The cells were also divided into six groups for different
treatments (Figure 2). Palmitic acid (Sigma) was dissolved
in 0.1 mol/L of NaOH at 70°C, and then mixed with 20%
(w/v) bovine serum albumin (BSA, low FFA, Sigma). The
mixtures were kept in water bath at 55°C for 1 h, then filtered
after cooling to be the stock of 10 mM of PA/20% BSA, and
stored at -20°C.32 Cells were preincubated in the presence or
absence of Ph in the dosage of 100 μmol/L for 2 h, and then
stimulated with or without 0.4 mM of PA for 12 h.

Cell culture

Cell viability assay

The myoblast cell line (L6) was obtained from Chinese
Academy of Sciences and maintained at 37°C, 95% O2, and

L6 myotubes were incubated with DMSO or test compounds
for 36 h. PBS-buffered 3-(4,5-dimethylthiazol-2-yl)-2,

Serum analyses
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5-diphenyltetrazolium bromide (MTT) (10 μL, 5 mg/mL)
solution was added to each well and the plates were incubated
at 37°C for another 4 h. Then the medium was discarded
and the formazan blue that formed in the cells was dissolved in DMSO. The optical density was measured using
a microplate spectrophotometer (Bio Tek, Winooski, VT,
USA) at 570 nm.

Glucose consumption assay
L6 myotubes were cultured in 96-well culture plates. When
experiments were conducted, the differentiation culture
medium was replaced by DMEM supplemented with 0.25%
(w/v) BSA containing DMSO (Con), 0.4 mM of PA (IR),
Ph 1, 50, 100, and 200 μmol/L (Ph1, Ph2, Ph3, Ph4), and
10 mmol/L metformin (Tr). The glucose concentration in
the medium was determined by the glucose oxidase and
peroxidase (GOD-POD) method after 24 h of treatment.33 The
glucose concentration of the wells with cells was subtracted
from the glucose concentration of the blank wells to obtain
the amount of glucose consumption.

Western blot analysis
Western blot analysis was performed as previously
described.34 Skeletal muscle tissue homogenates or total
cells were lysed in RIPA lysis buffer (pH 8.0, 50 mmol/L
Tris, 150 mmol/L NaCl, 0.02% sodium azide, 0.1% SDS,
1% NP-40, 0.5% sodium deoxycholate, 1 mmol/L EDTA)
and soon supplemented with a phenylmethanesulfonyl fluoride (1 mmol/L; Sigma), protease, and phosphatase inhibitor
cocktail (100×; Thermo Fisher Scientific, Waltham, MA,
USA). Equal amounts of protein samples were separated by
10% (v/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene
difluoride (PVDF) membrane. After washing, the membranes
were incubated overnight at 4°C with one of the following
primary antibodies: rabbit polyclonal antibodies against Akt,
P-Akt (Thr308), GLUT4, PI3K (p85), and IRS-1 (1:1,000;
Abcam, Cambridge, UK), and Actin (1:1,000; CMCTAG, San
Diego, CA, USA). After further washing, the membranes were
incubated for 1 h with corresponding horseradish peroxidaseconjugated secondary antibodies (anti-rabbit IgG or antimouse IgG, 1:10,000; ComWin Biotech Co., Ltd., Beijing,
People’s Republic of China). Immunoreactive bands were
visualized using an enhanced chemiluminescent substrate
(Thermo Fisher Scientific, Rockford, IL, USA) with a GE
ImageQuant LAS 4000 mini (GE healthcare, Waukesha, WI,
USA). The intensity of protein bands was quantitated using a
Gel Doc XR System (Bio-Rad, Hercules, CA, USA).
316
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Confocal laser scanning fluorescence
microscopy assay
L6 myotubes were grown on glass cover lips. After the
treatment, the cells were washed with PBS (Shenggong,
Shanghai, People’s Republic of China), fixed for 30 min
at room temperature with 4% (w/v) paraformaldehyde
(Boster, Wuhan, People’s Republic of China), permeabilized with 1% (v/v) TritonX-100 in PBS for 10 min at
room temperature, and then blocked with goat serum for
1 h.35 After washing, the cells were incubated overnight
with anti-GLUT4 antibody (1:100) in goat serum and
then incubated for 1 h with fluorescein isothiocyanateconjugated secondary antibody (goat anti-rabbit IgG, Cy3
Conjugated, 1:100, ComWin Biotech Co.). The cover slips
were mounted on glass slides with antifade mounting media
(Invitrogen, Carlsbad, CA, USA), and images were collected
using an Olympus Confocal Microscope model FV1000 at
800×600 pixel resolution with a 60× objective lens (Carl
Zeiss, Oberkochen, Germany). No fluorescence crossover
was observed between the channels, and images were collected separately using the appropriate laser excitation
wavelength and then merged.36

Statistical analysis

Values are expressed as mean ± SE. Two-way Analysis of
Variance (ANOVA) was used to test homogeneity for variance and Tukey’s test was applied to test the significance
of differences between multiple groups. Values of P,0.05
were considered statistically significant.

Results
Ph improved glucose and lipid metabolism
in rats with STZ-induced diabetes
At the beginning of the experiment, the PBG was not
significantly different in all groups. After the high-fat and
high-sugar diet for 56 days, the rats were injected STZ
intraperitoneally and the PBG of the rats had an obvious
rise, except the Pre group. The Ph treatment resulted in
a decrease of PBG over the same period (Figure 3A).
Correspondingly, at the end of experiment, the PBG was
clearly reduced by Ph treatment (Figure 3B). Ph administration resulted in a significant reduction of serum FFA,
TG, TC, and LDL levels (Figure 3C–F). Hyperinsulinemia and insulin resistance also significantly improved
after Ph treatment compared with the corresponding TD
rats (Figure 3G and H). As a positive control, metformin
achieved similar improvements in glucose, lipid, and insulin
metabolism (Figure 3).
Drug Design, Development and Therapy 2017:11
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Figure 3 Ph improved glucose and lipid metabolism, and insulin resistance.
Notes: (A) Evolution of the postprandial blood glucose of each group; (B) postprandial blood glucose of each group of rats at the end of experiment; Ph treatment resulted
in significant reductions of serum, (C) FFA, (D) TG, (E) TC, and (F) LDL. Hyperinsulinemia (G) and insulin resistance (H) were significantly improved after Ph treatment
compared with the corresponding TD group. The horizontal axis represents each experimental group (B–H). The values are expressed as mean ± SE; *P,0.01 vs Con;
**P,0.01 vs TD.
Abbreviations: Ph, phloretin; FFA, free fatty acids; TG, triacylglycerol; TC, total cholesterol; LDL, low-density lipoprotein; SE, standard error; Tr, treat group; Pre,
prevention group; Con, control group; ConPh, control + phloretin group; HOMA-IR, homeostasis model of assessment for insulin resistance index.
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Figure 4 An oral glucose tolerance test was performed on T2D rats (n=10) after 4 weeks of intervention with Ph and metformin.
Notes: 2 g/kg glucose was loaded at 0 min. Blood samples were collected at 0, 15, 30, 60, 90, and 120 min for glucose measurements. (A) Blood glucose time curve of each
group; (B) the glucose AUC of each group. The values are expressed as mean ± SE; *P,0.01 vs Con; **P,0.01 vs TD.
Abbreviations: Ph, phloretin; SE, standard error; AUC, area under the curve; Tr, treat group; Con, control group; ConPh, control + phloretin group; Pre, prevention group.

Effect of Ph on OGTT
At the end of the experiment, the OGTT results showed
that the blood glucose of the TD group increased rapidly
and remained at a high level compared with the Con
group, whereas the blood glucose of the Pre, Ph, and Tr
groups declined rapidly after the 30-min peak (Figure 4A).
Compared with the TD group, the glucose AUC in the Pre,
Ph, and Tr groups showed a significant decrease of 31.7%,
20.0%, and 29.9%, respectively (Figure 4B).

Ph improved islet injury in T2D rats
HE staining showed that pancreatic islets were regularly
round or elliptical and had clear boundaries in the Con
group. There was no change between the Con and ConPh
groups. Compared with the Con rats, the number of islets
in the TD group was obviously lower; meanwhile the islets

were atrophied and had no clear boundaries. However, Ph
and metformin treatments markedly improved the pathologic
damage, especially in the Pre group (Figure 5).

Ph improved glucose metabolism and
had no cytotoxicity in vitro
To examine whether Ph exerts toxic effects in L6 myotubes,
MTT assays were conducted. The MTT data suggested that
Ph had no cytotoxicity in our experimental system, as it did
not influence cell viability at concentrations ranging from
1 to 100 μmol/L. Interestingly, 200 μmol/L Ph showed the
promotion of cell proliferation (Figure 6A). To investigate the
mechanisms of Ph action, we examined glucose consumption
in L6 myotubes. Compared with the Con group, the glucose
consumption was obviously lower in the IR group. However,
Ph treatment increased the reduction of glucose consumption

&

%
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P
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'

P

P

)
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P

Figure 5 HE staining of the islets (×400).
Notes: (A) Con group; (B) ConPh group; (C) TD group; (D) Pre group; (E) Ph group; (F) Tr group.
Abbreviations: Ph, phloretin; HE, hematoxylin/eosin; Tr, treat group; Con, control group; ConPh, control + phloretin group; Pre, prevention group.
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Figure 6 Ph increased glucose consumption in L6 cells.
Notes: L6 cells were cultured in a 96-well plate. Cells were then treated with Ph and metformin (as a positive control) for 24 h. (A) An MTT assay conducted to assess
the cytotoxicity of Ph in vitro did not reveal any cytotoxic effect of Ph on cell viability in L6 cells. (B) Glucose consumption in L6 cells after Ph treatment for different dose.
(C) Evolution of the glucose consumption in L6 cells of each group. (D) Glucose consumption in L6 cells of each group after 24 h of different treatments. The values are
expressed as mean ± SE; n=10; *P,0.01 vs Con; **P,0.01 vs IR.
Abbreviations: h, hours; Ph, phloretin; IR, insulin resistance; SE, standard error; Tr, treat group; Con, control group; ConPh, control + phloretin group; Pre, prevention group.

caused by PA in a dose-dependent manner, ranging from
1 to 100 μmol/L. The glucose consumption of 200 μmol/L
Ph was significantly higher, considering its proliferation
effect. As a positive control, metformin (10 mmol/L) also
caused a clear increase in glucose consumption (Figure 6B).
According to the above assays, we chose 100 μmol/L Ph for
the Pre and Ph groups for the next experiments. Pre, Ph, and
Tr all could increase the reduction of glucose consumption
caused by PA in a time-dependent manner, especially in
the Pre group (Figure 6C). After 24 h of different treatments,
the results were the same as above and there was no difference between ConPh and Con groups (Figure 6D).

Evaluation of the antidiabetic mechanisms
of Ph in vivo and in vitro
To investigate the mechanism of Ph action on diabetes and
insulin sensitivity, we next assessed the effects of Ph on the
expression of certain proteins that are known to play a critical
role in diabetes. As shown in Figure 7A–D, the expression

Drug Design, Development and Therapy 2017:11

of P-Akt, PI3K, IRS-1, and GLUT4 were upregulated in
the skeletal muscle of T2D rats, which declined in the TD
group. The same results were also observed in L6 myotubes
(Figure 7E–H).

Effect of Ph on GLUT4 expression and
translocation
To determine whether Ph stimulates muscle glucose consumption through GlUT4, we used immunofluorescence
staining. L6 myotubes were stained for GLUT4 with Cy3
(red) and nuclei were stained with Hoechst 33342 (blue).
There was no difference in the expression of GLUT4 between
Con and ConPh groups. Compared with the Con group, the
expression in the IR group was lower. However, Ph and
metformin treatments markedly upregulated this decreased
expression (Figure 8). The most important discovery is that
Ph promoted the translocation of GLUT4. As shown in the
figure, GLUT4 was more distributed in the cell membrane
in the Pre and Ph groups.
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Discussion
Diabetes is one of the most common and serious metabolic
diseases of present times. In T2D, also known as noninsulindependent diabetes mellitus, the pancreas usually produces
enough insulin, but for unknown reasons the body cannot
use the insulin effectively, a condition called insulin

$

resistance.37 The chronic disorders related to diabetes apart
from hyperglycemia and hyperlipidemia are cardiovascular
complications, nephropathy, and retinal damage.38
To model T2D we used the high-fat and high-sugar fed,
low-dose STZ-treated rat model. High-fat and high-sugar diet
induces insulin resistance in rats.39 STZ selectively impairs
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Figure 7 Effects of Ph or metformin on expression of protein related to insulin-mediated glucose transport signaling pathways in skeletal muscle of T2D rats or in
L6 myotubes by Western blot.
Notes: (A) Ph increased phosphorylation level of Akt in T2D rats; (B) Ph increased the expression of PI3K in T2D rats; (C) Ph increased the expression of IRS-1 in T2D
rats; (D) Ph increased the expression of GLUT4 in T2D rats; (E) Ph increased phosphorylation level of Akt in L6 myotubes; (F) Ph increased the expression of PI3K in L6
myotubes; (G) Ph increased the expression of IRS-1 in L6 myotubes; (H) Ph increased the expression of GLUT4 in L6 myotubes. The values are expressed as mean ± SE;
n=5; *P,0.01 vs Con; **P,0.01 vs TD or IR.
Abbreviations: Ph, phloretin; IR, insulin resistance; SE, standard error; Tr, treat group; Con, control group; ConPh, control + phloretin group; Pre, prevention group.

pancreatic cells and causes insulin secretion deficiency,
which causes dysfunctional glucose disposal and enhanced
glucose output, leading to increased blood glucose levels.
Long-term hyperglycemia caused by deteriorating insulin
receptor kinase activity accelerates the impairment of insulin
sensitivity.40 The diabetes in these rats is analogous to the
development of human T2D when the decline in hyperinsulinemia is not able to compensate for insulin resistance
and results in the development of hyperglycemia.41 In this
study, SD rats were fed with high-fat and high-sugar diet for
8 weeks, and then, STZ (30 mg/kg) was intraperitoneally
injected to induce diabetes. The experiment lasted 13 weeks.
At the end of the study, PBG, FFA, TC, TG, LDL, and
insulin levels in diabetic models significantly increased,
which suggests the success of the high-glucose and highlipid diabetic model. However, the underlying mechanisms
remain to be clarified and the appropriate cell model was
selected to improve that.
The target tissues of insulin are liver, skeletal muscle, and
adipose tissue. The L6 was isolated from primary cultures of rat thigh muscles, as they are able to maintain
many morphologic and metabolic characteristics of
skeletal muscles.42 These cells represent a good, sensitive
tool for myotoxicity testing and glucose consumption in
skeletal muscle. In this study, L6 myotubes were induced to
insulin resistance by PA and the effect of glucose consumption was investigated.
GLUT4 is an insulin-regulated glucose transporter found
primarily in adipose, skeletal, or cardiac tissues.43,44 Insulin

Drug Design, Development and Therapy 2017:11

induces translocation of GLUT4 from intracellular vesicles
to the plasma membrane, which permits the facilitated
diffusion of circulating glucose down its concentration
gradient into muscle cells leading to a rapid increase in the
uptake of glucose.45 These alterations lead to the increase
of glucose consumption and the decline of blood glucose.
Accumulating evidence indicates that either expression
deregulation or functional impairment of GLUT4 can cause
insulin resistance. Because of its crucial role, GLUT4 has
been considered a potential therapeutic target for T2D.
IRS-1 is the insulin receptor substrate protein and is mainly
located in the hepatic and adipose tissue, which is sensitive
to insulin.46 IRS-1 can associate with IR as the key intermediate in the PI3K/Akt signaling pathway.47 The blocking
of phosphorylation of IRS-1 can reduce IRS-1-associated
PI3K and Akt activity. The activated form of Akt, P-Akt was
reduced. Then, the inhibition of PI3K/Akt would suppress the
translocation and activity of GLUT4 and ultimately decrease
insulin-stimulated glucose transport activity.48
In this experiment, after treatment with Ph for 4 weeks,
Ph reduced PBG and improved islet injury in T2D rats.
In addition, Ph improved lipid metabolism, such as serum
FFA, TG, TC, LDL, and insulin levels. In L6 myotubes,
insulin resistance was ameliorated by the treatment of Ph for
24 h. Ph improved the glucose tolerance by OGTT in T2D rats,
which is the control of PBG. In animal experiments, we found
that the Pre group showed good improvement of glucose and
lipid metabolism, which means that Ph might have a preventive effect on diabetes, with the same result shown in the cell
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Figure 8 Effects of Ph and metformin on expression of GLUT4 in L6 myotubes.
Notes: L6 myotubes were stained for GLUT4 with Cy3 (red) and nuclei were stained with Hoechst 33342 (blue). The merged images showed that Ph and metformin led to
an increase of the GLUT4 expression compared with the IR group. Ph also promoted translocation of GLUT4 to cell membrane.
Abbreviations: Ph, phloretin; IR, insulin resistance; Tr, treat group; Con, control group; ConPh, control + phloretin group; GLUT4, glucose transporter; Pre, prevention group.

322

Powered by TCPDF (www.tcpdf.org)

submit your manuscript | www.dovepress.com

Dovepress

Drug Design, Development and Therapy 2017:11

Dovepress

experiments. In terms of mechanisms, we found that Ph could
increase the glucose uptake and glucose consumption in L6
myotubes by GLUT4, as well as the PI3K/Akt pathway.
It is intriguing to compare the metabolic effects of Ph with
other insulin-sensitizing agents such as metformin. Based on
the data presented here, Ph and metformin share a number
of beneficial features, such as the improvement of blood
glucose, serum lipid metabolism, and insulin resistance.
However, in this study, we did not observe that metformin
led to the translocation of GLUT4, while Ph did that.
These results suggest that Ph may have a different action
mechanism from that of metformin when used to treat glucose
disorders in T2D rats.

Conclusion
We conclude that Ph improves glucose consumption and
glucose tolerance, at least in part, via stimulation of GLUT4
translocation and expression. We also present evidence
for the first time that Ph has a certain preventive effect on
diabetes and displays beneficial effects in the treatment
of glucose and lipid metabolism. Nevertheless, further
mechanistic studies will need to be performed in order to
understand how Ph affects PI3K/Akt signaling pathways, and
metabolic disorders in T2D rats. It will be of future interest
to clarify whether Ph also prevents diabetes in other animal
models or humans, and whether Ph affects other metabolismrelated signaling pathways.
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