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Abstract. Prolonged elevated levels of free fatty acids (FFAs)
contribute to the impairment of insulin secretion function of
pancreatic p cells, a hallmark of type 2 diabetes, which is partly
attributed to the dysfunction of G-protein-coupled receptor 40
(GPR40) signaling. Pollen Typhae total flavone (PTF), an
extract from a Chinese herbal medicine named Pollen Typhae,
has been reported to effectively treat type 2 diabetes, but the
underlying mechanisms remain to be fully elucidated. In the
present study, palmitic acid (PA), a saturated fatty acid, severely
impaired glucose-stimulated insulin secretion (GSIS) in a time-
dependent manner in INS-1 cells, and PTF treatment prevented
the impairment in a dose-dependent manner. Moreover,
PTF improved insulin secretion function in rats presenting
with type 2 diabetes induced by a high-fat diet and low-dose
streptozotocin. Furthermore, PA exposure for 24 h decreased
the protein expression of GPR40, phospholipase C (PLC)pI,
PLCf3, and protein kinase C (PKC), and inhibited the activity
of PLC and PKC stimulated by GW9508, a GPR40 agonist.
In addition, PTF enhanced the protein expression of GPR40
and to a certain extent strengthened the protein expression
of PKC, increased cellular levels of triphosphoinositide (IP3)
and diacylglycerol (DAG), and promoted GW9508-stimulated
activity of PLC and PKC reduced by PA in INS-1 cells, which
were blocked by PLC inhibitor U-73122 and PKC inhibitor
staurosporine, respectively. Additionally, the improvement in
PA-induced impairment of GSIS by PTF in INS-1 cells was
restrained by U-73122, staurosporine, and calcium channel
inhibitor nifedipine, respectively. The results indicate that PTF
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exerts a protective role against PA-induced impairment of GSIS
involving GPR40 signaling in INS-1 cells.

Introduction

Type 2 diabetes, a chronic metabolic disorder, has become
a serious public health issue worldwide. In spite of this, the
prevalence of the disease still continues to increase along with
changes in lifestyle and escalating obesity rates, especially
in developing countries in Asia which have suffered from
a rapidly emerging epidemic of diabetes (1). In addition to
insulin resistance, pancreatic 3 cell dysfunction, characterized
by decreased insulin secretion, is another hallmark of type 2
diabetes. It is well know that type 2 diabetes often coexists
with dyslipidemia, indicating elevated plasma free fatty
acids (FFAs) (2,3). Increased levels of FFAs not only decrease
insulin-induced glucose disposal by inhibiting insulin
signaling, thus leading to insulin resistance (4), but also affect
insulin secretion and insulin content in pancreatic 3 cells (5).
Although FFAs acutely increase insulin output under physi-
ological conditions, constitutive exposure to physiological or
higher concentrations of FFAs cause detrimental effects on
pancreatic (3 cells. Elevated levels of FFAs induce an inflam-
matory response by activating Toll-like receptor-4 (TLR4)/
myeloid differentiation factor 88 (MyD88) signaling (6),
trigger endoplasmic reticulum (ER) stress and apoptosis (7,8),
inhibit adenosine monophosphate-activated protein kinase-o
(AMPKa) (9) and insulin biosynthesis (10), thereby leading to
a loss of pancreatic {3 cells and a reduction in glucose-stimu-
lated insulin secretion (GSIS) (5,8.9), which cause progressive
function failure of pancreatic f cells and exacerbate type 2
diabetes. Moreover, elevated FFAs do not need to enter into
the cells to exert the effects, but sustained binding occurs to
the cell surface receptor called G-protein-coupled receptor 40
(GPR40), highly expressed in rodent and human pancreatic
P cells, and impairs GSIS in pancreatic {3 cells (11). In fact,
the gene expression of GPR40 is significantly decreased
in islets from type 2 diabetic donors and chronic elevated
FFA-incubated islets, which is related to reduced GSIS (11),
implying dysfunction of GPR40 signaling.
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Pollen Typhae, a Chinese herbal medicine, contains
flavonoids such as naringenin, kaempferol, isorhamnetin,
isorhamnetin-3-O-neohesperidoside, typhaneoside, and other
constituents (12,13). According to previous reports, Pollen
Typhae has anticoagulant activity (14) and functions to treat
trauma, coronary heart diseases and myocardial infarc-
tion (15). Recently, Pollen Typhae has been used to treat type 2
diabetes in clinical practice in China. We previously reported
that Pollen Typhae total flavone (PTF), an extract from Pollen
Typhae mainly containing typhaneoside and other compo-
nents (16), decreases blood glucose and improves insulin
resistance and dyslipidemia in type 2 diabetic rats (17). Further
research revealed that FFAs contribute to insulin resistance
involving dysfunction of (-arrestin-2-mediated signaling (18),
and that PTF has beneficial effects on this signaling, thus
ameliorating insulin-induced glucose uptake and palmitic
acid (PA)-induced insulin resistance (16,19). The underlying
molecular mechanisms of PTF in the treatment of type 2
diabetes, however, remain to be fully elucidated. Because of
the action of PTF in improving dyslipidemia, we hypothesized
that PTF would ameliorate FFA-induced impairment of GSIS
in pancreatic {3 cells.

This study aimed to observe the effects of PTF on GSIS
induced by PA in INS-1 cells and to explore the potential
mechanisms.

Materials and methods

Reagents. RPMI-1640 medium and fetal bovine serum (FBS)
were purchased from Gibco (Grand Island, NY, USA).
FFA-free bovine serum albumin (FFA-free BSA), PA,
2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium hydroxide (XTT), strepto-
zotocin (STZ), sodium pyruvate, HEPES, GW9508, U-73122,
nifedipine (NIF), and phenazine methosulfate (PMS) were
obtained from Sigma (St. Louis, MO, USA). Culture plates were
purchased from Corning (New York, NY, USA). Xi'an Salao
Biotechnology Co., Ltd. (Xi'an, China) provided and confirmed
PTF. The BCA protein assay kit and RIPA cell lysis buffer were
from Beyotime Institute of Biotechnology Co., Ltd. (Shanghai,
China). Rat insulin enzyme-linked immunosorbent assay
(ELISA) kit was provided by Mercodia (Uppsala, Sweden). Rat
inositol 1,4,5,-trisphosphate (IP3) ELISA kit was obtained from
CusaBio (Wuhan, China). Rat diacyl glycerol (DAG) ELISA kit
was purchased from Shanghai Tongwei Biological Technology
Co., Ltd. (Shanghai, China). IP-One ELISA kit was obtained
from Cisbio Bioassays (Codolet, France). Protein kinase C
(PKC) kinase activity kit was purchased from Enzo Life
Sciences (Farmingdale, NY, USA). Antibody directed against
GPR40 (cat. no. sc-32905; dilution, 1:200) was purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Antibodies to phospholipase C (PLC)B1 (cat. no. ab140746; dilu-
tion, 1:1,000) and PKC (cat. no. ab23511; dilution, 1:1,000) were
from Abcam (Cambridge, MA, USA). Anti-PLCB3 antibody
(cat. no. 14247; dilution, 1:1,000), secondary HRP-conjugated
antibodies (cat. nos. 7074S and 7076S; dilution, 1:3,000) and
staurosporine (STA) were purchased from Cell Signaling
Technology (Danvers, MA, USA). ECL Plus detection reagents
were provided by Hanbio Biotechnology Co., Ltd. (Shanghai,
China).
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Cell culture. INS-1 rat insulin-secreting cells (Shanghai
Meixuan Biological Science and Technology Co., Ltd.,
Shanghai, China) were cultured in RPMI-1640 medium
(containing 11.1 mM glucose), supplemented with 10% FBS,
100 U/ml penicillin, 100 yg/ml streptomycin, 10 mM HEPES,
1 mM sodium pyruvate, and 50 uM B-mercaptoethanol. The
cells were maintained for growth at 37°C under a humidified
atmosphere containing 5% CO,. Culture medium was changed
every other day.

PA preparation. PA/BSA conjugates were prepared according
to a previously described procedure (18). In brief, PA was
added into 0.1 N NaOH followed by a shaking water bath
at 70°C until the PA was dissolved; the concentration of PA
solution was 75 mM. Then, 10% FFA-free BSA-RPMI-1640
medium was used to dilute the solution to a stock concentra-
tion of 5 mM at 55°C. The solution was sterilized by filtration
and then kept at -80°C in a refrigerator. After being placed
in a water bath at 55°C for 15 min, the PA solution was
cooled to room temperature and diluted with 1% FFA-free
BSA-RPMI-1640 medium. The solution containing the same
concentration of NaOH and 10% FFA-free BSA-RPMI-1640
medium was taken as a control solution.

Viability assay. The viability was determined by XTT
assay (16). Briefly, INS-1 cells were grown in 96-well culture
plates. When the cells reached confluency, the cells were
treated with PA (0 and 0.5 mM) or various concentrations of
PTF (0,0.03125,0.0625,0.125,0.25,0.5 and 1.0 mg/ml), which
were diluted with 1% FFA-free BSA-RPMI-1640 medium and
then added to the cells (100 ul each well). After incubation for
the indicated time, 50 pl of 0.10% XTT dissolved in serum-
free RPMI-1640 medium was added to the cells in each well.
The cells were incubated for 4 h at 37°C, and then the optical
absorbance was measured using a microplate reader (BioTek,
Epoch; BioTek Instruments, Inc., Winooski, VT, USA) at
490 nm.

Insulin secretion assay. Insulin secretion assay was conducted
according to a previously described procedure with some
modifications (20). INS-1 cells were grown in 24-well plates
and reached confluency. After treatment with PA or/and PTF
and inhibitors, the cells were washed with phosphate-buffered
saline (PBS) twice, and incubated with Krebs-Ringer buffer
(KRB: 120 mM NaCl, 5 mM NaHCO,, 5 mM KCI, 1.2 mM
KH,PO,,2.5 mM CaCl,, 1.2 mM MgSO,, 10 mM HEPES, and
0.2% BSA, pH 7.2) for 30 min. Then, the cells were incubated
with KRB containing 2.8 or/and 16.7 mM glucose for 60 min.
The supernatants were collected for insulin analysis using
an ELISA kit according to the manufacturer's instructions.
The attached cells were lysed in cell lysis buffer followed by
centrifugation to remove the debris, and the protein concen-
trations of the supernatants were determined using a BCA
protein assay kit. Final insulin concentrations per well were
normalized by the protein content.

Animal trial design. Hunan Slaccas Jingda Laboratory
Animal Co., Ltd. (Changsha, China) provided male Sprague-
Dawley rats weighing 160-200 g, and Shanghai Slaccas
Laboratory Animal Co., Ltd. (Shanghai, China) provided



Bzl SPANDIDOS
7] .§, PUBLICATIONS

chow diet: normal pellet diet (NPD) with 4.6% fat (~10% of
calories as fat) and high-fat diet (HFD, ~40% of calories as
fat). Type 2 diabetes was induced in the rats by a high-fat diet
and low-dose STZ as previously described (17). The diabetic
rats were randomly divided into 2 groups: the diabetes model
group (MOD, n=8) and the PTF group (PTF, n=8). The rats
in the former group received an equal volume of distilled
water by intragastric administration per day and free access
to HFD, while the rats in the latter group were administered
PTF (0.20 g/kg/day) by oral gavage each day and received HFD
freely. The NPD-fed rats were taken as a control group (CON,
n=8, non-diabetic rats) receiving an equal volume of distilled
water by intragastric administration each day and NPD feeding.
The treatment course lasted for 4 weeks. Blood was collected
before and after treatment, and insulin secretion function of
pancreatic f cells was evaluated by Homeostasis model assess-
ment of (3 cell function (HOMA-f). HOMA-f = 20 x fasting
insulin/(fasting glucose - 3.5) (21). This study was approved
by the Ethics Committee of Guangxi University of Chinese
Medicine. All procedures were in accordance with internation-
ally accepted principles for laboratory animal use and care.

Determination of IP3 and DAG. After treatment with PA
or/and PTF and U-73122 for 24 h, the cells were incubated with
KRB containing 2.5 mM glucose for 1 h followed by treatment
with 16.7 mM glucose for 5 min. Then, the cells were collected
and stored overnight at -20°C. After two freeze-thaw cycles to
break up the cell membranes, the cell lysates were centrifuged
(5,000 x g, 4°C, 5 min for IP3; 1900 x g, 4°C, 20 min for
DAG) to remove the debris. The supernatants were used to
analyze IP3 and DAG levels using ELISA kits according to the
manufacturer's instructions. The final concentrations of IP3
and DAG were normalized by the protein content, respectively.

PLC activity assay. IP-One ELISA kit was used to analyze the
activity of PLC by quantification of inositol phosphate (IP1)
according to the manufacturer's instructions. The cells were
preincubated with PA or/and PTF and U-73122 for 24 h. The cells
were then exposed to GW9508 (20 uM). After stimulation for
60 min, the cells were lysed and centrifuged. The supernatants
were transferred to the ELISA plate followed by an addition
of IP1-HRP conjugate and anti-IP1 monoclonal antibodies.
After incubation for 3 h at room temperature, the plate was
washed and TMB was added and incubation was carried out
for 30 min at room temperature in a dark environment. Finally,
stop solution was added to the plate to stop the reaction and
the optical absorbance was read at 450 nm with optical correc-
tion at 620 nm using a microplate reader (Infinite® 200 Pro
NanoQuant; Tecan, Mannedorf, Switzerland). The concentra-
tion of IP1 was calculated according to the standard curve and
normalized by the protein content.

Determination of PKC activity. The activity of PKC was
determined using a commercial ELISA kit. The cells were
preincubated with PA or/and PTF and STA for 24 h. The cells
were then stimulated with or without GW9508 (20 xM) for
60 min. After cell lysis and subsequent centrifugation, the
supernatants of cell lysates were transferred to the ELISA plate
for determination of PKC activity according to the manufac-
turer's instructions. Finally, the plate was read at 450 nm using
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a microplate reader (Infinite® 200 Pro NanoQuant; Tecan).
The PKC activity was normalized by the protein content.

Western blotting. The protein expression in INS-1 cells was
analyzed by western blotting as previously described with
certain modifications (16). After treatment for 24 h, the cells
were washed twice with ice-cold PBS, and then lysed in RIPA
cell lysis buffer for 15 min on ice. The lysates were centrifugated
(12,000 x g for 5 min, 4°C) to remove the insoluble material.
The supernatants were collected and then the protein concentra-
tions were determined by the BCA method. The proteins were
subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and then electrophoretically transferred
to polyvinylidene difluoride membranes. The membranes were
incubated with the appropriate primary antibodies overnight at
4°C and then with the HRP-conjugated secondary antibodies
for 1 h at room temperature. Immunoreactivity was visualized
by incubation with ECL reagents.

Statistical analysis. The data are presented as the means + stan-
dard deviation (SD). Student's t-test was used to identify the
significant differences between two groups. When multiple
comparisons were performed, the significance was analyzed
by one-way analysis of variance (ANOVA). All data were
analyzed with SPSS 16.0 for Windows. A value of P<0.05 was
regarded as statistically significant.

Results

PA impairs GSIS in INS-1 cells. As shown in Fig. 1, exposure
to 0.5 mM PA of the INS-1 cells for 8, 16 and 24 h significantly
impaired the viability (all P<0.01) (Fig. 1A) as compared to the
control (0.0 mM PA), respectively, but the insulin secretion in
response to 2.8 mM glucose (basic insulin secretion) was not
markedly changed by PA (Fig. 1B). In the presence of high
glucose (16.7 mM) stimulation, PA pretreatment for 8 h only
reduced GSIS by 3.54% without statistical significance when
compared to the control (P>0.05) (Fig. 1C), but administration
of PA for 16 and 24 h obviously decreased GSIS by 16.65%
(P<0.05) (Fig. 1C) and 27.61% (P<0.01) (Fig. 1C), respectively.
The data indicate that PA impairs GSIS in a time-dependent
manner in INS-1 cells.

PTF prevents the impairment of GSIS induced by PA in INS-1
cells. As shown in Fig. 2, treatment with PA (0.5 mM) for
16 (Fig. 2A) and 24 h (Fig. 2B) markedly reduced GSIS in
INS-1 cells, respectively. Moreover, administration of PTF for
16 h at the concentrations of 0.25 and 0.5 mg/ml significantly
prevented the reduction in GSIS induced by PA (all P<0.01).
Moreover, PA-induced impairment of GSIS was also blocked
by PTF treatment for 24 h at all concentrations (0.125, 0.25
and 0.5 mg/ml, all P<0.01). Notably, the improvement by PTF
was dependent on the dose of PTF, meaning that PTF dose
dependently potentiated GSIS induced by PA in the INS-1
cells. Additionally, treatment with PTF for 24 h at the concen-
tration of 0.5 mg/ml also increased GSIS (P<0.01) (Fig. 3A)
in the absence of PA when compared to the control (0.0 mg/
ml PTF). In addition, PTF at the concentrations of 0.03125-
1.0 mg/ml did not obviously affect the viability of the
INS-1 cells (Fig. 3B). The results suggest that PTF prevents
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Figure 1. Effects of palmitic acid (PA) on the viability and insulin secretion in
INS-1 cells. After treatment with PA for 8, 16 and 24 h, respectively, the cells
were analyzed for viability by XTT assay (A), or stimulated with 2.8 [(B) basic
insulin secretion] and 16.7 mM glucose [(C) glucose-stimulated insulin secre-
tion (GSIS)], and insulin secretion was assessed as described in Materials and
methods. "P<0.05 and “P<0.01 vs. the control (0.0 mM PA). n=4-6.

PA-induced impairment of GSIS in a dose-dependent manner
in INS-1 cells.

PTF ameliorates the insulin secretion function in type 2
diabetic rats. To further confirm the effects of PTF on insulin
secretion in vivo, type 2 diabetes was induced in rats by a high-
fat diet and low-dose STZ. We previously reported that type 2
diabetic rats are characterized by hyperglycaemia, insulin
resistance, and dyslipidemia (17). In this study, the insulin
secretion function of pancreatic f§ cells was severely impaired
in type 2 diabetic rats, showing much lower HOMA-{ than
that in the control group (P<0.01) (Fig. 4). Administration of
PTF for 4 weeks significantly inhibited a further reduction in
HOMA- in the type 2 diabetic rats, indicating that HOMA-3
in the PTF group was higher than that in the diabetes model
group (P<0.01). The results provide convincing evidence for
PTF regulation of PA-induced insulin secretion in INS-1 cells.

PTF enhances the protein expression of GPR40 reduced by
PA in INS-1 cells. GPR40 is a membrane-bound receptor for
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Figure 2. Effects of Pollen Typhae total flavone (PTF) on palmitic
acid (PA)-induced impairment of GSIS in INS-1 cells. After treatment with
PA in the presence or absence of PTF for 16 h (A) and 24 h (B), respectively,
the cells were stimulated with 16.7 mM glucose, and insulin secretion was
determined as described in Materials and methods. "P<0.05 and “P<0.01
vs. the control (0.0 mM PA); #P<0.01 vs. 0.5 mM PA. n=4-5.

medium- and long-chain FFAs. Acute FFA exposure promotes
GSIS through GPR40, but chronic elevated FFAs lead to a
reduction in GPR40 expression with decreased GSIS (5,11). In
this study, PA exposure to INS-1 cells for 24 h decreased the
protein expression of GPR40 (P<0.01) (Fig. 5) as compared
to the control (0.0 mM PA), implying that PA impaired GSIS
involving GPR40 and the subsequent cascade reaction in
INS-1 cells. Administration of PTF inhibited the reduction of
GPRA40 protein expression (P<0.05).

Effects of PTF on the protein expression and the activity
of PLC induced by PA in INS-1 cells. GW9508, a selective
GPR40 agonist, binds GPR40 and subsequently activates
the B subtype of PLC, which promotes phosphatidylinositol-
4,5-bisphosphate (PIP2) to produce the second messenger
molecules IP3 and DAG, thus potentiating GSIS in pancreatic
P cells (22,23). IP3 can be transformed into IP2 and IP1. PA
exposure for 24 h significantly decreased the protein expres-
sion of PLCB1 and PLCB3 (P<0.05 or P<0.01) (Fig. 6A) when
compared to the control (0.0 mM PA), while PTF treatment did
not inhibit the reduction in the protein expression in the INS-1
cells. Moreover, PA incubation for 24 h reduced IP3 (Fig. 6B)
and DAG levels (Fig. 6C), and PTF significantly increased IP3
(P<0.01) and DAG levels (P<0.01) induced by PA in the INS-1
cells when compared to the control or 0.5 mM PA, which
were blocked by U-73122, an inhibitor of PLC. Additionally,
GW9508 exposure to INS-1 cells for 60 min acutely increased
IP1 levels (P<0.01) (Fig. 6D), and PA preincubation for
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Figure 3. Effects of Pollen Typhae total flavone (PTF) on glucose-stimulated
insulin secretion (GSIS) and the viability of INS-1 cells. (A) After treatment
with PTF for 24 h, the cells were stimulated with 16.7 mM glucose, and
insulin secretion was determined as described in Materials and methods.
(B) After treatment with PTF for 24 h, the viability of INS-1 cells was ana-
lyzed by XTT assay. “P<0.01 vs. the control (0 mg/ml PTF). n=4-5.
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Figure 4. Effect of Pollen Typhae total flavone (PTF) on homeostasis model
assessment of f§ cell function (HOMA-) in type 2 diabetic rats. Type 2 dia-
betes in rats was induced by high-fat diet and low-dose streptozotocin (STZ).
Before and after PTF treatment for 4 weeks, insulin secretion function of
pancreatic [} cells was evaluated by homeostasis model assessment of {3 cell
function (HOMA-B). “P<0.01 vs. the control group (CON, non-diabetic rats);
#P<0.01 vs. the diabetes model group (MOD); ¥¢P<0.01 vs. before treatment.
PTF, PTF group. n=8.

24 h significantly decreased GW9508-stimulated IP1 levels
(P<0.01), which was similar to U-73122, suggesting decreased
activity of PLC induced by PA. Notably, PTF markedly
prevented this reduction (P<0.01), which was also inhibited
by U-73122. Together, PTF promotes GW9508-stimulated
activity of PLC induced by PA in INS-1 cells.

Effects of PTF on PKC protein expression and activity
induced by PA in INS-1 cells. As shown in Fig. 7, compared
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Figure 5. Effect of Pollen Typhae total flavone (PTF) on the protein
expression of G-protein-coupled receptor 40 (GPR40) reduced by palmitic
acid (PA) in INS-1 cells. After treatment for 24 h, GPR40 protein expression
was determined by western blotting as described in Materials and methods.
“P<0.01 vs. the control (0.0 mM PA); “P<0.05 vs. 0.5 mM PA.

with the control (0.0 mM PA), PA significantly reduced the
protein expression of PKC (P<0.05) (Fig. 7A), and PTF to a
certain extent strengthened the protein expression reduced by
PA in INS-1 cells. Moreover, acute GW9508 exposure mark-
edly increased the activity of PKC (P<0.01) (Fig. 7B), but PA
pretreatment for 24 h led to a significant reduction (P<0.01)
in the activity of PKC stimulated by GW9508 in the INS-1
cells, which was similar to STA, a specific inhibitor of PKC.
Moreover, PTF intervention prevented the reduction (P<0.01),
which was inhibited by STA.

Preventive effect of PTF on PA-induced impairment of GSIS
is abolished by several inhibitors in INS-1 cells. In line
with the above state, PA reduced GSIS in the INS-1 cells,
which was prevented by PTF. The preventive effect of PTF
was abolished by U-73122, STA and NIF, respectively (all
P<0.01) (Fig. 8), known as PLC inhibitor, PKC inhibitor, and
calcium antagonist, respectively. The results imply that PTF
prevents PA-induced impairment of GSIS involving GPR40
signaling.

Discussion

In addition to providing an important energy source, FFAs,
such as saturated fatty acid PA and unsaturated fatty acid oleic
acid (OA), also play a key role in mediating insulin secretion
of pancreatic B cells. Studies have shown that acute FFA
exposure increases insulin output in pancreatic p cells (5,24),
whereas chronic elevated FFAs reduce GSIS (8,25). In the
present study, PA exposure to INS-1 cells severely impaired
cell viability. Although PA did not affect the basic insulin
secretion, PA significantly reduced GSIS in a time-dependent
manner, which was compatible with previous reports (8,25). In
addition, administration of PTF prevented PA-induced impair-
ment of GSIS in a dose-dependent manner, and potentiated
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Figure 6. Effects of Pollen Typhae total flavone (PTF) on the protein expression and the activity of phospholipase C (PLC) reduced by palmitic acid (PA) in
INS-1 cells. (A) After treatment for 24 h, the protein expression levels of PLCB1 and PLCPB3 were determined by western blotting. "P<0.05 and “P<0.01 vs. the
control (0.0 mM PA). (B and C) After treatment for 24 h, the cells were incubated with KRB containing 2.5 mM glucose for 1 h followed by treatment with
16.7 mM glucose for 5 min. Triphosphoinositide (IP3) (B) and diacylglycerol (DAG) (C) levels were assessed as described in Materials and methods. “P<0.01
vs. the control (0.0 mM PA); #P<0.01 vs. 0.5 mM PA; ¥4P<0.01 vs. 0.5 mM PA + 0.5 mg/ml PTF. (D) After treatment for 24 h, the cells were stimulated with
or without GW9508 (20 M) for 60 min, and PLC activity was analyzed as described in Materials and methods. °P<0.01 vs. 0.0 mM PA; “P<0.01 vs. 0.0 mM
PA+GW9508 stimulation; #P<0.01 vs. 0.5 mM PA+GW9508 stimulation; ¥4P<0.01 vs. 0.5 mM PA + 0.5 mg/ml PTF+GW9508 stimulation.

GSIS in INS-1 cells. Moreover, PTF ameliorated the insulin
secretion function in HFD and low-dose STZ-induced type 2
diabetic rats. It is generally accepted that insulin secretion
dysfunction is a hallmark of type 2 diabetes. Moreover, dyslip-
idaemia is a characteristic of type 2 diabetes, and continuous
elevated blood lipids contribute to insulin secretion dysfunc-
tion, thus exacerbating type 2 diabetes (26). We previously
reported that PTF reduces triglyceride (TG) and low-density
lipoprotein cholesterol (LDL-c), decreases blood glucose, and
improves insulin resistance in diabetic rats (17). Together,
these results indicate the protective action of PTF against
PA-induced impairment of GSIS in INS-1 cells, suggesting the
anti-diabetic action of PTF.

GPR40, known as free fatty acid receptor 1 (FFAR1),is a cell-
surface receptor and is predominantly expressed in pancreatic
P cells. GPR40 has a high affinity with endogenous medium-
and long-chain fatty acids including PA and OA. Activated
GPR40 by FFAs or agonist amplifies GSIS from pancreatic
P cells (24,27,28). In fact, GPR40 expression is decreased in
type 2 diabetic islets with reduced GSIS (11,29), and GPR40
knockout impairs GSIS in mice (30,31). On the contrary, over-
expression of GPR40 potentiates GSIS and ameliorates glucose
tolerance in normal and diabetic mice (32). Therefore, GPR40
is a potential therapeutic target for the development of anti-
diabetic drugs (33,34). In this study, elevated PA exposure for
24 h led to a significant reduction in GPR40 protein expression
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Figure 7. Effects of Pollen Typhae total flavone (PTF) on the protein
expression and the activity of protein kinase C (PKC) induced by palmitic
acid (PA) in INS-1 cells. (A) After treatment for 24 h, the protein expression
of PKC was analyzed by western blotting. "P<0.05 vs. the control (0.0 mM
PA). (B) After treatment for 24 h, the cells were stimulated with or without
GW9508 (20 #M) for 60 min, and the activity of PKC was determined as
described in Materials and methods. ““P<0.01 vs. 0.0 mM PA; “P<0.01 vs.
0.0 mM PA+GW9508 stimulation; "P<0.01 vs. 0.5 mM PA+GW9508 stimu-
lation; #¢P<0.01 vs. 0.5 mM PA+0.5 mg/ml PTF+GW9508 stimulation.

in INS-1 cells. Del Guerra et al also reported that increased FFA
preexposure for 24 h significantly decreased GPR40 mRNA in
islets from multiorgan donors (11), consistent with this study,
implying that chronic elevated FFAs result in a reduction in
GPR40 involving impaired GSIS. In addition, PTF treatment
prevented GPR40 reduction induced by PA. Additionally,
similar to the above state, PTF ameliorates insulin resistance
in type 2 diabetic rats (17) in addition to augmenting GSIS in
INS-1 cells and improving insulin secretion function in type 2
diabetic rats, which is similar to rosiglitazone, a peroxisome
proliferator-activated receptor (PPAR)-y agonist functioning
to improve insulin resistance. Rosiglitazone has been reported
to upregulate GPR40 expression and promote insulin secre-
tion in pancreatic islets (29,35), which was blocked by a PLC
inhibitor (35). The data suggest that PTF prevented PA-induced
impairment of GSIS involving GPR40 signaling in INS-1 cells.

Upon stimulation, GPR40 activates the § subtype of PLC,
which catalyzes PIP2 to produce IP3 and DAG. Increased IP3
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Figure 8. Several inhibitors abolish the preventive effect of Pollen Typhae total
flavone (PTF) on palmitic acid (PA)-induced impairment of glucose-stimu-
lated insulin secretion (GSIS) in INS-1 cells. After treatment for 24 h, the cells
were stimulated with 16.7 mM glucose, and insulin secretion was assessed
as described in the Materials and methods. U-73122, phospholipase C (PLC)
inhibitor; STA, staurosporine - protein kinase C (PKC) inhibitor; NIF, nife-
dipine - calcium antagonist. “P<0.01 vs. the control (0.0 mM PA); "P<0.01 vs.
0.5 mM PA; ¥¢P<0.01 vs. 0.5 mM PA+0.5 mg/ml PTF. n=5.

transfers to the ER and promotes the release of stored Ca?*,
and elevated cytoplasmic Ca?* levels augment GSIS (24,34). In
addition, DAG activates PKC and then amplifies GSIS (34,36).
The acute promotion of GSIS by FFAs is dependent on
GPRA40 signaling, which is attenuated by GPR40 knockout,
PLC or L-type Ca** channel inhibitor (24,30,37). Activated
GPR40 by fasiglifam (TAK-875) was also found to promote
the activation of GPR40 substrate cascade signal transduction,
thus augmenting GSIS (38,39). Contrary to the acute effects
of FFAs, chronic FFA exposure to islets decreases GPR40
mRNA expression and GSIS (11), implying impairment of the
GPRA40 signaling pathway. To further reveal the mechanisms,
we observed the effects of PTF on GPR40 signaling induced
by PA in INS-1 cells. In the present study, PA exposure for
24 h significantly decreased the protein expression of PLCPI,
PLCB3 and PKC in the INS-1 cells; moreover, PA reduced
intracellular IP3 and DAG levels, and markedly inhibited
GW9508-stimulated activity of PLC and PKC. Acute exposure
to GW9508, a GPR40 agonist, increased the activity of GPR40
signaling in INS-1 cells, indicating elevated activity of PLC
and PKC, which were inhibited by PLC and PKC inhibitors,
respectively. Interestingly, this inhibition was similar to PA.
Studies have reported that GW9508 amplifies GSIS involving
PKC activation (23), and that TAK-875 enhances GSIS through
IP3-mediated Ca** release and DAG/PKC mechanisms (38),
which were consistent with the findings of the present study.
The data revealed that elevated PA caused inactivation of
the GPR40 pathway in INS-1 cells. Although PTF did not
obviously change the protein expression of PLCB1, PLCB3
or PKC, PTF significantly increased intracellular IP3 and
DAG levels, and potentiated GW9508-stimulated activity of
PLC and PKC induced by PA in the INS-1 cells, which were
similar to GW9508 and blocked by PLC and PKC inhibi-
tors, respectively. Furthermore, the preventive effect of PTF
on PA-induced impairment of GSIS was abolished by PLC
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and PKC inhibitors, and calcium antagonist, respectively.
Glucagon-like peptide-1 (GLP-1), an endogenous glucose-
lowering hormone, also stimulates insulin secretion through
the PLC/PKC-dependent pathway in isolated islets (40). The
extract from Corydalis edulis Maxim., a widely grown plant in
China, was found to enhance insulin secretion by the activation
of PKC in pancreatic {3 cells (41). The results provide evidence
for the protective role of PTF against PA-induced impairment
of GSIS involving GPR40 signaling in INS-1 cells.

In addition to the beneficial effects of PTF on GPR40
signaling in vitro, PTF was found to decrease TG and LDL-c in
type 2 diabetic rats (17). This study showed that PTF improved
insulin secretion function in type 2 diabetic rats. Type 2 diabetes
often coexists with dyslipidemia; it is likely that PTF reduces
plasma FFA levels in vivo, thus decreasing the negative influence
of FFAs on pancreatic {§ cells and improving insulin secretion.
Furthermore, chronic elevated FFAs accumulate in pancreatic
B cells, thereby leading to pancreatic lipotoxicity. Chronic expo-
sure to high FFAs triggers oxidative stress (42,43), inflammatory
response (6,44), and apoptosis (45,46), and inhibits preproinsulin
gene expression (10), thus impairing pancreatic 3 cell function.
Lou et al reported that PTF inhibits IL-6 mRNA expression and
IL-6 secretion via the NF-kB pathway in PA-induced C2C12
skeletal muscle cells (47). We propose that PTF may ameliorate
pancreatic lipotoxicity through inhibition of lipid accumulation
and inflammation, and subsequently protects insulin secretion
of pancreatic 3 cells, which warrants further research.

We previously reported that PTF contains typhaneoside
and other components (16). Moreover, Pollen Typhae extract
was further determined to contain several flavonoids including
typhaneoside, isorhamnetin, naringenin, kaempferol, quercetin
and isorhamnetin-3-O-neohesperidoside (12,13,48). Studies
indicate that naringenin and quercetin enhance GSIS in INS-1E
cells (49), while kaempferol improves the impairment of GSIS
induced by palmitate in INS-1E cells and human islets (50), which
are in line with the findings of the present study. Further studies
revealed that naringenin and quercetin promote the gene expres-
sion of glucose transporter-2 (GLUT-2), glucokinase (GCK),
INS-1, and duodenal homeobox-1 (PDX-1), which involve an
increase in insulin secretion, and that naringenin enhances the
Bcl-2 mRNA level and reduces the caspase-3 mRNA level,
whereas quercetin promotes the Bcl-2 mRNA level, thereby
inhibiting { cell apoptosis (49). Additionally, naringenin inhibits
the activity of dipeptidyl peptidase IV (DPP-IV) (51), which
plays a role in insulin secretion. Quercetin increased Ca®* influx
by activating L-type Ca?* channels, thus inducing insulin secre-
tion, which were nearly abolished by the Ca®* channel antagonist
nifedipine (52). Similarly, the improvement in PA-induced
impairment of GSIS by PTF was also blocked by nifedipine in
this study. Moreover, kaempferol was found to protect INS-1E
cells and human islets against palmitate-induced apoptosis
and improve palmitate-induced dysfunction via upregulation
of the PDX-1/cAMP/PKA/CREB signaling cascade (50). It
was confirmed that increased FFAs induce oxidative stress to
impair GSIS in pancreatic islets (42,43), and typhaneoside and
isorhamnetin-3-O-neohesperidoside have antioxidant capacity
against lipopolysaccharide in human umbilical vein endothelial
cells (12). These two compounds may mediate insulin secretion
in pancreatic  cells. Therefore, it is necessary to ascertain
whether other flavonoids including typhaneoside and isorham-
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netin-3-O-neohesperidoside can regulate insulin secretion and
to reveal the underlying mechanisms.

In conclusion, the present study demonstrated that PTF
exerts a protective role against PA-induced impairment of GSIS
involving GPR40 signaling in INS-1 cells. The study provides
evidence for the treatment of type 2 diabetes using Pollen
Typhae in clinical practice.
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