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ABSTRACT:The effect of lotus leaf (Nelumbo nuciferaGaertn.) on diabetes is unclear. We hypothesized that lotus leaf can regulate
insulin secretion and blood glucose levels. The in vitro and in vivo effects of lotus leaf methanolic extract (NNE) on insulin secretion
and hyperglycemia were investigated. NNE increased insulin secretion from β cells (HIT-T15) and human islets. NNE enhanced
the intracellular calcium levels in β cells. NNE could also enhance phosphorylation of extracellular signal-regulated protein kinases
(ERK)1/2 and protein kinase C (PKC), which could be reversed by a PKC inhibitor. The in vivo studies showed that NNE possesses
the ability to regulate blood glucose levels in fasted normal mice and high-fat-diet-induced diabetic mice. Furthermore, the in vitro
and in vivo effects of the active constituents of NNE, quercetin, and catechin, on glucose-induced insulin secretion and blood glucose
regulation were evaluated. Quercetin did not affect insulin secretion, but catechin significantly and dose-dependently enhanced
insulin secretion. Orally administered catechin significantly reversed the glucose intolerance in high-fat-diet-induced diabetic mice.
These findings suggest that NNE and its active constituent catechin are useful in the control of hyperglycemia in non-insulin-
dependent diabetes mellitus through their action as insulin secretagogues.

KEYWORDS:Nelumbo nuciferaGaertn. (NNE), diabetes mellitus, extracellular signal-regulated protein kinases 1/2, protein kinase
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’ INTRODUCTION

The prevalence of diabetes mellitus is increasing worldwide,
and the disease is becoming a serious threat to health in all parts
of the world.1 It has been estimated that the total number of
people with diabetes is projected to rise from 171 million in 2000
to 366 million in 2030.1 The major complication associated with
long-term diabetic patients is hyperglycemia, which may secon-
darily cause deranged insulin secretion from pancreatic β cells
and/or insulin action in peripheral tissues, as well as diabetic
microvascular complications (nephropathy, retinopathy, and
neuropathy).2 Diabetic patients require pharmacological inter-
vention to achieve optimal glycemic control and prevent diabetic
complications, as well as improve their quality of life.3 Hypogly-
cemic agents can be used either alone or in combination with
other hypoglycemic agents or insulin.4 Treatment options for
patients with type-2 diabetes are quite diverse, including the use
of insulin sensitizers, R-glucosidase inhibitors, and β-cell
secretagogues.4 However, Krentz and Bailey5 have reported that
both sulfonylureas and biguanides could not significantly alter

the rate of progression of hyperglycemia in patients with type-2
diabetes. Furthermore, conventional secretagogues, which are
effective in increasing insulin secretion, might be associated with
abnormal side effects, including hypoglycemia and pancreatic
β-cell death.6 Therefore, there is an urgent need for more
effective, advantageous, and safe antihyperglycemic agents.

The lotus plant (Nelumbo nucifera Gaertn., Nymphaeaceae) is
an aquatic perennial plant that is widely cultivated in eastern Asia
and India. Lotus is an agricultural crop that is cultivated for food
and drink. N. nucifera is also a folk medicine that is traditionally
used for dispersing summer heat. Numerous studies have shown
that N. nucifera possesses pharmacologic and physiologic activ-
ities, including hepatoprotective,7 antioxidant,8 antidiarrheal,9

antiviral,10 immunomodulatory,11 and antiobesity12 effects.
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The leaves of N. nucifera contain several flavonoids and
alkaloids.13 Recently, Lin and colleagues showed that lotus leaves
have potential benefits for human health because of their
antioxidant activities.13 They further indicated that the antiox-
idant capacity of lotus leaves is related to their flavonoid con-
tent.13 Moreover, Mukherjee and colleagues14 showed that the
N. nucifera rhizome extract is capable of reducing hyperglycemia
in streptozotocin-treated diabetic rats. However, the effects of
N. nucifera leaves on hyperglycemia or type-2 diabetes remain
unclear. In a preliminary study, we found that the methanolic
extract of N. nucifera leaf (NNE) is capable of enhancing insulin
secretion by pancreatic β cells. Therefore, we hypothesized that
NNE possesses the ability to promote insulin secretion and
regulate blood glucose levels. In this study, we investigated the
in vitro effects and possible mechanisms of NNE and some of its
active constituents on insulin secretion in pancreatic β cells and
isolated human islets and tested whether NNE regulates blood
glucose levels after starch loading in fasted mice and ameliorates
the altered blood glucose regulation in high-fat-diet-induced
diabetic mice.

’MATERIALS AND METHODS

Plant Materials and Extraction. The plant materials and extracts
were obtained as described previously.13 In brief, the leaves of N. nucifera
were purchased from a local farmer in Tainan, Taiwan. After the leaves
were harvested, they were dried at ambient temperature, blended into a
powder form, and then screened through a 20-mesh sieve. The dried
powders were stored at 4 �C before use. The dried powders of lotus leaves
were extracted 3 times with methanol at 100 �C for 1 h. The methanolic
extract was collected and concentrated to dryness under conditions of
reduced pressure. In addition, the pure compounds (þ)-catechin and
quercetin dehydrate were purchased from Sigma (St. Louis, MO).
Cell Culture. Hamster pancreatic β-cell-derived HIT-T15 cells

[CRL-1777; American Type Culture Collection (ATCC)] were used
for in vitro experiments as described previously.15 The cells were
cultured in a humidified chamber with a 5% CO2-95% air mixture at
37 �C and maintained in RPMI 1640 medium (Gibco BRL, Life
Technologies, Carlsbad, CA) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin and containing 11.1 mM glucose.
Human Islet Purification. Human islets of Langerhans were

isolated by collagenase digestion from rounding non-tumor pancreatic
tissue as described previously.16 Pancreatic tissue was obtained from
patients with benign pancreatic tumors after their written informed
consent was obtained. This experiment was approved by the Research
Ethics Committee at the National Taiwan University Hospital. After
enzyme digestion at 37 �C, the islet cells were obtained at an islet
gradient of 1.069-1.096. The islet number was counted by staining
samples with dithizone and expressed as the number of islets equivalent
to 150 μm in diameter. The islet equivalent of quality (IEQ) was
calculated, and 75-150 μm (1 IEQ = 150 μm) was used. The islet cells
were cultured in CMRL1066 medium containing 5.5 mM glucose
supplemented with 10% fetal bovine serum, 1% penicillin/streptomy-
cin/amphotericin B, 2 mM L-glutamate, 25 mMN-2-hydroxyethylpiper-
azine-N0-2-ethanesulfonic acid (HEPES), and ITS Premix at 37 �C in an
atmosphere of 95% air/5% CO2.
Insulin Secretion. Experiments investigating insulin secretion in

HIT-T15 cells were performed as described previously.15 Cells were
cultured in cell culture media and incubated for 4 h under conditions of
5% CO2/95% air mixture at 37 �C, and studies of insulin secretion in
islets were performed in Krebs Ringer buffer (KRB). All experimental
agents were mixed together in experimental solutions (media or KRB)
and then added to the cells at the start of the experimental incubation.

To measure the amount of insulin secreted, aliquots of samples were
collected from the plasma or experimental solutions at indicated time
points and subjected to an insulin antiserum immunoassay according to
the instructions of the manufacturer (Mercodia AB, Uppsala, Sweden).
In some experiments, cells were preincubated in Ca2þ- and Mg2þ-free
KRB containing 2.8 mM D-glucose and 2 mg/mL bovine serum albumin
(BSA) (experimental solution) for 1 h before the start of experiments.
Cells were subsequently washed with experimental solution and supple-
mented with the agent of interest in the presence of 1.2 mMCaCl2. The
aliquots of samples were collected from each well and subjected to
insulin antiserum immunoassays.
Intracellular Calcium Measurements with Fluo-3. Intracel-

lular calcium was monitored by the calcium indicator fluo-3 by measur-
ing the fluorescence signal at 530 nm using a 488 nm excitation
wavelength as described previously.16 HIT-T15 cells (2 � 105 cells)
were loaded with 5 μM fluo-3/acetoxymethyl ester (fluo-3/AM, Sigma)
in anhydrous dimethyl sulfoxide and incubated for 30min at 37 �C in the
dark. The final dimethyl sulfoxide concentration was less than 0.1% and
had no effect on the basal intracellular calcium level. Fluorescence
intensities were measured using the FACScan flow cytometry device
(Becton Dickinson, Franklin Lakes, NJ). In some experiments, after
30 min of incubation of fluo-3/AM at 37 �C in the dark, the islets were
washed twice and images were captured by a Leica DMIL inverted
microscope equipped with a cooled charge-coupled device (CCD)
camera (RT KE, Diagnostic Instruments, Sterling Heights, MI).
Western Blotting. The experiments were performed as described

previously.15 A total of 50 μg of protein of each cell lysate was sub-
jected to electrophoresis on 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gels. The samples were then electroblotted on poly-
vinylidene difluoride membranes. The membrane was blocked for 1 h in
phosphate-buffered saline and 0.01% Tween-20 (PBST) containing 5%
nonfat dry milk and then incubated with anti-anti-extracellular signal-
regulated protein kinases (ERK)1/2, anti-phospho-ERK1/2, R-tubulin
(Santa Cruz Biochemicals, Santa Cruz, CA), and anti-phospho-protein
kinase C antibodies (PKC, New England BioLabs, Ipswich, MA). After
the membranes were washed in PBST, the respective secondary anti-
bodies conjugated to horseradish peroxidase were applied for 1 h. The
antibody-reactive bands were identified by enhanced chemilumines-
cence reagents (Amersham Pharmacia Biotech, Piscataway, NJ) and
exposed on Kodak radiographic film.
Animals. Male ICR mice (6 weeks old) were purchased from the

Animal Center of the College of Medicine, National Taiwan University,
Taipei, Taiwan. Protocols were approved by the Institutional Animal
Care and Use Committee (IACUC), and the care and use of laboratory
animals were conducted in accordance with the guidelines of the Animal
Research Committee of the College of Medicine, National Taiwan
University. The mice were housed (seven per cage) under standard
laboratory conditions at a constant temperature (23( 2 �C), 50( 20%
relative humidity, with 12 h light and dark cycles. After 3 days of
acclimatization, the mice had free access to either standard rodent chow
(fat content of 12% kcal) or a high-fat diet (TestDiet, Richmond, IN; fat
content of 60% kcal) based on lard for a period of 12 weeks.
In Vivo Experiments in Fasted Normal Mice. The experi-

ments were performed as described previously.16 Male ICR mice
(6 weeks old) were fasted overnight before the experiments. The mice
were orally administered 100 mg/kg of NNE for 2 h. Thereafter, starch
was orally given to fasted mice at a dose of 1 g/kg. Blood samples
obtained from the orbital sinus were drawn before and 15, 45, 75, and
105 min after starch challenge. Blood glucose levels were determined
using the SURESTEP blood glucose meter (Lifescan, Milpitas, CA).
Oral Glucose Tolerance and Insulin Tolerance Tests. The

oral glucose tolerance test was performed as described previously.16 The
mice were administered NNE for 2 h. The control mice or high-fat-diet-
induced diabetic mice with or without drug treatment received an oral
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glucose challenge (1 g/kg). Blood samples were collected before and 15,
45, 75, and 105 min after delivery of the glucose load. Blood glucose
levels were determined using the SURESTEP blood glucose meter.
Moreover, the insulin tolerance test was performed in mice after an 8 h
fast, and insulin (1.0 unit/kg) was administered by intraperitoneal
injection. The mice were orally administered NNE for 2 weeks. Blood
samples were collected from the orbital sinus of each mouse at 0, 30, and
60 min after the insulin injection. Blood glucose levels were determined
using the SURESTEP blood glucose meter.
Statistical Analysis. The values are presented asmean( standard

error of the mean (SEM). Statistical significance was evaluated using
paired Student’s t test. Whenmore than one group was compared to one
control, significance was evaluated according to one-way analysis of
variance (ANOVA); Duncan’s posthoc test was applied to identify group
differences. Probability values <0.05 were considered significant.

’RESULTS

Effect of NNE on Insulin Secretion in HIT-T15 Cells and
Isolated Human Islets. To understand whether NNE could
affect insulin secretion in pancreatic β cells, we investigated the
in vitro effect of NNE (25-150 μg/mL) on insulin secretion.
Exposure of β-cell-derived HIT-T15 cells to NNE for 24 h did
not affect cell viability (data not shown). The measurement of
insulin secretion from HIT-T15 cells after exposure to NNE for
4 h showed that NNE significantly enhanced insulin secretion in

a dose-dependent manner (Figure 1A). In addition, we examined
whether insulin secretion by isolated human islets could also be
regulated by NNE. As shown in Figure 1B, NNE (25-150 μg/mL)
significantly enhanced glucose (20 mM)-stimulated insulin se-
cretion by isolated human islets in a dose-dependent manner.
Role Played by Calcium in NNE-Enhanced Insulin Secre-

tion. Calcium influx was associated with insulin secretion in islet
β cells.16 We next investigated whether NNE could affect
intracellular calcium levels in HIT-T15 cells and isolated islets.
HIT-T15 cells treated with NNE (50-150 μg/mL) for 30 min
had significantly increased intracellular calcium levels as deter-
mined by fluo-3 fluorescence (Figure 2A). Similarly, the result of
fluo-3 fluorescence staining showed that NNE (150 μg/mL)
could also increase intracellular calcium levels in isolated human
islets (Figure 2B).
Furthermore, exposure to NNE or vehicle in the absence of

extracellular Ca2þ caused a small increase in insulin secretion by
HIT-T15 cells in the presence of a substimulatory concentration
of glucose (2.8 mM). However, the addition of extracellular Ca2þ

(1.2 mM) to the medium evoked a much higher degree of

Figure 1. Effects of lotus leaf extract on the glucose-induced insulin
secretion in pancreatic β-cell-derived HIT-T15 cells and human islets.
(A) Cells or (B) islets were treated with lotus leaf extract (NNE, 25-
150 μg/mL) for 4 h under a 20 mM glucose condition. All data are
presented as the mean ( SEM for four independent experiments with
triplicate determinations. (/) p < 0.05 as compared to the control.

Figure 2. Elevation of intracellular Ca2þ levels by lotus leaf extract in
HIT-T15 cells and human islets. (A) HIT-T15 cells were treated with
lotus leaf extract (NNE, 50-150 μg/mL) for 30 min. Intracellular Ca2þ

levels in HIT-T15 cells were determined by flow cytometry using fluo-
3/AM as described in the Materials and Methods. Data are presented as
the mean ( SEM for four independent experiments with triplicate
determinations. (/) p < 0.05 as compared to the control. (B) Fluores-
cence of fluo-3/AM in human islets at 30 min after lotus leaf extract
(NNE, 150 μg/mL) treatment (a, control; b, NNE treatment; left
panels, transmitted light images; right panels, fluorescence images).
Results shown are representative of three independent experiments.
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glucose (2.8 mM)-stimulated insulin secretion by HIT-T15 cells
treated with NNE (50 μg/mL) for 30 min than that evoked by
the vehicle control (Figure 3).
Involvement of PKC and ERK1/2 in NNE-Triggered Re-

sponses in HIT-T15 Cells. It has been shown that Ca2þ can
regulate PKC and ERK1/2 signals in β cells.17,18 Therefore, to
further evaluate the cellular responses triggered by NNE, the
phosphorylation of PKC and ERK1/2 in HIT-T15 cells was
determined. As shown in Figure 4, phosphorylation of PKC
(pan) and ERK1/2 was enhanced in HIT-T15 cells treated with
NNE (50 μg/mL) for 30 min to 2 h. However, Akt phosphor-
ylation in HIT-T15 cells was not affected by NNE (50 μg/mL)
(Figure 4A). RO320432 (a potent PKC inhibitor, 5 μM)
effectively inhibited NNE-enhanced PKC and ERK1/2 phos-
phorylation in HIT-T15 cells (Figure 4B). Moreover, PD98059
(a specific ERK/mitogen-activated protein kinase (MAPK) in-
hibitor, 10 μM) effectively inhibited the phosphorylation of
ERK1/2 triggered by NNE; however, NNE-enhanced PKC
phosphorylation was not inhibited by PD98059 (Figure 4C).
In addition, RO320432 and PD98059 could also inhibit Ca2þ-
stimulated insulin secretion in β cells (Figure 3). These results
imply that NNE enhances insulin secretion through a Ca2þ-
activated PKC-regulated ERK1/2 signaling pathway.
In Vivo Effect of NNE on Blood Glucose Regulation. Next,

the in vivo effect of NNE on blood glucose regulation was
investigated in fasted normal mice and high-fat-diet-induced

diabetic mice. As shown in Figure 5A, NNE (100 mg/kg) was
orally administered for 2 h before starch loading in fasted normal
mice. NNE had a hypoglycemic effect in fasted mice after starch
loading. A significant increase in plasma insulin levels was also
shown in mice treated with NNE for 2 h (Figure 5B). Moreover,
in the oral glucose tolerance test, marked glucose intolerance was
exhibited by high-fat-diet-induced diabetic mice, as compared to
age-matched controls, and this condition could be significantly
reversed by oral administration of NNE (100 mg/kg) for 2 h
(Figure 6A). On the other hand, after the administration of 100
mg/kg of NNE for 2 weeks, insulin sensitivity was markedly
improved in high-fat-diet-induced diabetic mice as determined
by the insulin tolerance test (Figure 6B).
Effects of Some Active Constituents of NNE on Insulin

Secretion in HIT-T15 Cells and Blood Glucose Regulation in
Animal Models. Recently, Lin and colleagues13 isolated several
flavonoids from NNE. Among these compounds, quercetin
showed the highest antioxidant activity and catechin possessed
moderately potent antioxidant activity against low-density lipo-
protein (LDL) oxidation. Therefore, we next evaluated the
effects of quercetin and catechin on glucose-induced insulin
secretion in HIT-T15 cells. As shown in Figure 7, the effects of
quercetin and catechin on glucose-induced insulin secretion in

Figure 3. Elevation of the extracellular Ca2þ concentration stimulates
insulin secretion in HIT-T15 cells treated with lotus leaf extract. Cells
were incubated with a buffered salt solution in the absence of extra-
cellular Ca2þ with or without lotus leaf extract (NNE, 50 μg/mL) in the
presence or absence of RO320432 (5 μM) and PD98059 (10 μM) for
10 min to establish a basal insulin secretion, after which the cells were
incubated with a buffered salt solution in the presence of 1.2 mM
extracellular Ca2þ with or without lotus leaf extract. The aliquots of
samples were collected at indicated time points from experimental
solution and subjected to an insulin antiserum immunoassay. Data are
presented as the mean ( SEM for three independent experiments with
triplicate determinations. (/) p < 0.05 as compared to the control.

Figure 4. Effects of lotus leaf extract on phosphorylations of PKC,
ERK1/2, and Akt inHIT-T15 cells. (A) Cells were treated with lotus leaf
extract (NNE, 50 μg/mL) for 0.5-2 h. In some experiments, cells were
treated with lotus leaf extract (NNE, 50 μg/mL) in the presence or
absence of (B) 5 μM RO320432 or (C) 10 μM PD98059 for 1 h. The
phosphorylations of PKC (pan), ERK1/2, and Akt were detected by
western blotting. Results shown are representative of three independent
experiments.
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HIT-T15 cells were evaluated. Unexpectedly, quercetin (0.1-10
μM) did not affect insulin secretion, but catechin (0.1-10 μM)
significantly and dose-dependently enhanced insulin secretion.
The in vivo analysis showed that catechin has a hypoglycemic

effect in fasted mice after starch loading when catechin (100 mg/
kg) was orally administered for 2 h before starch loading in fasted
normal mice (Figure 8A). Moreover, oral administration of
catechin (100 mg/kg) could also significantly reverse the glucose
intolerance in high-fat-diet-induced diabetic mice (Figure 8B).

’DISCUSSION

In this study, in keeping with the hypothesis, we showed for
the first time that lotus leaf extract enhances insulin secretion and
regulates the blood glucose level in vitro and in vivo. The findings
also indicate that lotus leaf extract significantly enhances insulin
secretion in β cells via a Ca2þ-activated PKC-regulated ERK1/2
signaling pathway.

Type-2 diabetes is one of the fastest growing problems of
public health worldwide. Postprandial glycemia is now well-
known as the major determinant of glycemic control in type-2

diabetes.4 It has been shown that therapy targeted at postprandial
glucose improves glucose control and reduces the progression of
atherosclerosis and cardiovascular events in patients with type-2
diabetes. Some chemically synthesized short-acting insulin se-
cretagogues have been shown to improve postprandial hypergly-
cemia after major meals.19 In the present study, we found that
NNE is capable of enhancing glucose-induced insulin secretion
from cultured β cells and isolated human islets. In the in vivo
experiments, postprandial hyperglycemia was observed in fasted
normal mice and the glucose intolerance observed in high-fat-
diet-induced diabetic mice could be significantly reversed by oral
administration of NNE for 2 h. This in vivo study indicates that
NNE exerts rapid or short-term effects on blood glucose regula-
tion. In addition, insulin resistance was observed in high-fat-diet-
induced diabetic mice. After treatment with NNE for 2 weeks,
insulin sensitivity was markedly improved in high-fat-diet-in-
duced diabetic mice as determined by insulin tolerance tests,
indicating that NNE exerts a long-term effect on blood glucose
regulation via improvement of insulin resistance.

Figure 5. Effects of lotus leaf extract on the regulations of blood glucose
and insulin in fasted normal mice. Lotus leaf extract (NNE, 100 mg/kg)
was orally administered 2 h before starch (1 g/kg) loading in fasted
normal mice. (A) Blood glucose levels were detected in mice before and
15-105 min after starch loading. In some experiments, fasted normal
mice were treated with NNE (100 mg/kg) for 1 and 2 h, and then (B)
plasma insulin levels were determined in NNE-treated fasting mice
15 min after starch loading. All data are presented as the mean ( SEM
(n = 8 in each group). (/) p < 0.05 as compared to the control.

Figure 6. Effects of lotus leaf extract on blood glucose regulation in
high-fat-diet-induced diabetic mice. Lotus leaf extract (NNE, 100 mg/
kg) was orally administered 2 h before (A) glucose (1 g/kg) loading
(glucose tolerance test) or (B) insulin (1.0 unit/kg) injection (insulin
tolerance test) in high-fat-diet (HFD)-induced diabetic mice. Blood
glucose levels were detected in mice before and 15-105 min after
glucose loading or 15-60 min after insulin injection. All data are
presented as the mean ( SEM (n = 8 in each group). (/) p < 0.05 as
compared to the control. (#) p < 0.05 as compared to the HFD group.
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Previous research showed that the activation of voltage-
dependent calcium channels and the increased intracellular
Ca2þ levels play important roles in glucose-stimulated insulin
secretion.20 Another study also showed that enhanced ATP/
ADP ratios cause closure of KATP channels and cell depolariza-
tion and, subsequently, activate L-type Ca2þ channels and
increase cytosolic-free Ca2þ concentrations. The increased in-
tracellular Ca2þ levels triggered the fusion of insulin-containing
vesicles with the cell membrane and induced exocytosis of
insulin.20 The increased intracellular calcium levels could also
be related to membrane-associated PKC activation in rat
islet cells.17 PKCs, especially conventional PKCs (R, β, and γ
isoforms), were activated in a Ca2þ-dependent manner. It has
also been shown that PKC plays an important role in insulin
secretion.17 Moreover, ERK1/2, a serine/threonine kinase of the
MAPK family, could be activated by glucose, insulin, glucagon-
like peptide 1 (GLP-1), KCl, and phorbol esters.21 ERK1/2 has
also been shown to be regulated by Ca2þ entry through L-type
voltage-gated Ca2þ channels in MIN6 cells,18 a β-cell type. It has
further been shown that PKC is involved in the regulation of the
response of ERK/MAPA to glucose in MIN6 cells.22 A PI3K/
Akt-dependent signaling pathway has also been shown to exist in
β cells, and it might function to restrain glucose-induced insulin
secretion from β cells.23 In contrast, the JNK pathway plays a
crucial role in the progression of pancreatic β-cell dysfunction
and insulin resistance.24 However, Burns and colleagues have
shown that the p38/MAPK cascade is not required for the
stimulation of insulin secretion from rat islets.25 In the present
work, we found that lotus leaf extract enhances Ca2þ entry and
insulin secretion in HIT-T15 cells and primary human islets.
Increasing concentrations of extracellular Ca2þ evoked a much
higher stimulation of insulin secretion in NNE-treated β cells.
Furthermore, NNE activated the phosphorylation of PKC and
ERK1/2 in cultured β-cells, and this could be reversed by a PKC
inhibitor (RO320432); however, an ERK inhibitor (PD98059)
did not affect the phosphorylation of PKC. In addition, Akt
phosphorylation was not affected by NNE treatment in β cells.
These results indicate that a Ca2þ-activated PKC-regulated
ERK1/2 signaling pathway is involved in the NNE-enhanced
insulin secretion in β cells.

Flavonoids are a group of phenolic compounds that are
extensively distributed in fruits, vegetables, flowers, and leaves.

The beneficial effects of dietary flavonoids are possibly attributed
to their antioxidant, anti-inflammatory, and antimicrobial acti-
vities.26 Recently, seven flavonoids were isolated from NNE by
Lin et al.13 The contents of these seven compounds in NNE are
as follows: catechin, 14.5 ( 2 mg/g; quercetin, 4.6 ( 0.4 mg/g;
quercetin-3-O-glucopyranoside, 42.1 ( 1.8 mg/g; quercetin-3-
O-glucuronide, 70.3 ( 2.7 mg/g; quercetin-3-O-galactopyrano-
side, 4.2 ( 0.7 mg/g; kaempferol-3-O-glucopyranoside, 8.5 (
1.4 mg/g; and myricetin-3-O-glucopyranoside, 5.0 ( 1.2 mg/g.
Among these compounds, quercetin is present at the lowest level
in NNE but exerts the most potent antioxidant effects against
LDL oxidation and catechin is present at the third highest level
among these seven compounds and shows moderately potent
antioxidant activity against LDL oxidation.13 Dietary catechins
have been suggested to be effective in delaying the progression of
diabetes and the associated oxidative stress.27 Crespy and
Williamson have shown that long-term feeding of tea catechins
could be beneficial for the suppression of high-fat-diet-induced
obesity through modulation of lipid metabolism and could have a
beneficial effect against lipid and glucose metabolism disorders
implicated in type-2 diabetes.28 In the present study, we further
evaluated the in vitro and in vivo effects of quercetin and catechin

Figure 7. Effects of catechin and quercetin on glucose-induced insulin
secretion in HIT-T15 cells. Cells were treated with quercetin and catechin
(0.1-10 μM) for 4 h under a 20 mM glucose condition. All data are
presented as the mean ( SEM for four independent experiments with
triplicate determinations. (/) p < 0.05 as compared to the control.

Figure 8. Effects of catechin on blood glucose regulation in fasted
normal mice and high-fat-diet (HFD)-induced diabetic mice. Catechin
(100 mg/kg) was orally administered 2 h before (A) starch (1 g/kg)
loading in fasted normal mice or (B) glucose (1 g/kg) loading in HFD-
induced diabetic mice. Blood glucose levels were detected in mice before
and 15-105min after starch or glucose loading. All data are presented as
the mean( SEM (n = 8 in each group). (/) p < 0.05 as compared to the
control.
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on glucose-induced insulin secretion and blood glucose regula-
tion. Unexpectedly, quercetin did not affect insulin secretion in
cultured β cells, but catechin significantly and dose-dependently
enhanced insulin secretion. The animal studies showed that
catechin has a hypoglycemic effect in fasted mice after starch
loading and could significantly reverse glucose intolerance in
high-fat-diet-induced diabetic mice. These findings supported
that NNE and its active constituent catechin are useful in the
control of hyperglycemia in non-insulin-dependent diabetes
mellitus because of their action as insulin secretagogues. How-
ever, in addition to the effects of catechin and quercetin, the
effects of other constituents in NNE on insulin secretion and
blood glucose regulation also need to be clarified in the future.

One known class of insulin secretagogues is sulfonylurea
agents (for example, glimepiride). When a sulfonylurea agent is
added, ATP-dependent potassium channels close; therefore, the
efflux of potassium is inhibited, causing membrane depolariza-
tion. In addition, voltage-gated calcium channels are opened, and
calcium influx leads to insulin release.29 Moreover, new insulin
secretagogues that target the incretin gut hormone GLP-1 are
now available. Oral incretin enhancers that act as antagonists of
the enzyme dipeptidylpeptidase-4 (DPP-4), which inactivates
natural GLP-1, could stimulate insulin secretion.30 In the present
study, NNE acted as an insulin secretagogue that is capable of
enhancing insulin secretion in β cells through a Ca2þ-activated
PKC-regulated ERK1/2 signaling pathway and may be effective
in controlling diabetes.

In conclusion, in this study, we found that the lotus leaf extract
enhances insulin secretion and regulates the blood glucose level
in vitro and in vivo. NNE was capable of enhancing insulin
secretion in β cells, which may occur through a Ca2þ-activated
PKC-regulated ERK1/2 signaling pathway. Moreover, catechin,
the active constituent of NNE, significantly and dose-depen-
dently enhanced insulin secretion. The results of in vivo studies
on fasted normal mice and high-fat-diet-induced diabetic mice
indicate that lotus leaf extract and catechin possess the ability to
regulate the blood glucose level and improve postprandial
hyperglycemia under diabetic conditions.
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