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Background and purpose: The traditional Chinese medicine — the flower of Edgeworthia
gardneri — is reported as an effective therapeutic for type 2 diabetes mellitus (T2DM).
Nevertheless, most constituents of the flowers of E. gardneri have not yet been stud-
ied. This study was conducted to investigate the effect of quercetin extracted from the
flowers of E. gardneri on islet protection and amelioration in T2DM and explore its
mechanism.

Method: Quercetin was extracted from the flowers of E. gardneri and verified by high-per-
formance liquid chromatography. Quercetin or crude extract’s effect on insulin secretion was
investigated. ERK1/2 and phospho-ERK1/2 were detected by Western blot analysis, and fluo-3
AM was used to detect intracellular Ca®*. The anti-apoptosis effect of quercetin or crude extract
on MIN-6 cells was investigated by thiazolyl blue tetrazolium bromide (MTT) assay and flow
cytometry analysis. Activation of caspases and expression of Bcl-2 and BAX were tested by
Western blot analysis. In addition, the mitochondrial membrane potential was determined by
JC-1 probe. Moreover, in vivo activity was also tested in db/db mice.

Results: A quercetin level of >10 umol/L could induce insulin secretion. Intracellular Ca’* and
ERK1/2 were involved in the signaling pathway of quercetin-induced insulin secretion. We also
observed that quercetin could inhibit palmitic acid-induced cell apoptosis via suppressing the
activation of caspase-3, -9, -12; increasing the ratio of Bcl-2/BAX and reversing the impaired
mitochondrial membrane potential. Crude extract’s effect on insulin secretion was similar to
that of pure extracted quercetin, while it possessed higher anti-apoptosis activity. Additionally,
intraperitoneal glucose tolerance, plasma insulin level, hepatic triglyceride, hepatic glycogen
and the pathological histology of both pancreatic islet and liver in db/db mice were significantly
improved by the administration of the extracted quercetin.

Conclusion: Our study indicated that quercetin extracted from the flowers of E. gardneri
exerted excellent properties in islet protection and amelioration.

Keywords: quercetin, Edgeworthia gardneri, insulin secretion, anti-apoptosis, type 2 diabetes
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Introduction

Type 2 diabetes mellitus (T2DM), a common chronic disease, has spread rapidly
as a grave threat to people’s health in the past few decades.! It is characterized by
B-cell dysfunction and chronic insulin resistance.* The decline in B-cell function is
characterized as impaired insulin secretion and increased -cell decrease.* Therefore,
improving insulin secretion as well as inhibiting B-cell apoptosis are considered as
two main strategies to treat T2DM.
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The traditional Chinese medicine — the flower of
Edgeworthia gardneri — is a class of herbal teas found
in Tibet that is believed to provide a range of benefits. It
contains various active components including coumarins,
flavones, edgeworin and daphnoretin.® Previous studies have
demonstrated that the extracts of the flowers of E. gardneri
display broad pharmacological activities for the treatment
of diabetes, inflammation and cardiovascular disease.®’ For
example, Zhao et al demonstrated that coumarin from the
flowers of E. gardneri exhibits o-glucosidase and o-amylase
inhibitory activities.® Ma et al showed that phenolics from the
flowers of E. gardneri possess o-glucosidase inhibition and
antihyperglycemic activity.’ Nevertheless, most constituents
of the flowers of E. gardneri have not yet been studied.

Quercetin is a compound of flavones in many Chinese
traditional herbal medicines with good biologic value. It is
known to exhibit a broad variety of biological effects that
have potential applications in medical treatment, includ-
ing anticancer, antioxidant, anti-inflammatory and, in
particular, protective effect in diabetes.!*'> Quercetin was
also found to be abundant in the flowers of E. gardneri,
while its antidiabetic activity has yet to be investigated
systematically.’

Therefore, in the present study, the isolation and biologi-
cal activity of quercetin from the flowers of E. gardneri were
reported. This is the original report on islet protection and
amelioration of T2DM by treatment with quercetin from the
flowers of E. gardneri both in vitro and in vivo.

Materials and methods

Materials

The flowers of E. gardneri were purchased from
ZangXiTang Co., Ltd (Tibet, People’s Republic of China).
Quercetin standard, rutin standard and isoquercetin stan-
dard were purchased from Solarbio (Beijing, People’s
Republic of China). MIN-6 cell line was purchased from
Cell Bank of Chinese Academy Sciences (Beijing, People’s
Republic of China). Both RPMI-1640 medium and fetal
bovine serum were purchased from Gibco (Gaithersburg,
MD, USA). Glimepiride, AZD8330 (inhibitor of ERK1/2),
nifedipine (inhibitor of Ca?* channel) and fluo-3 AM were
obtained from Sigma-Aldrich (St Louis, MO, USA).
Thiazolyl blue tetrazolium bromide (MTT) was purchased
Merck (Darmstadt, German). Insulin concentrations in
cell supernatant were determined using the Mouse Insulin
Elisa Kit obtained from Crystal Chem (Downers Grove, IL,
USA). Rabbit anti-ERK1/2 antibody, rabbit anti-phospho-
ERK1/2 antibody (Thr202/Tyr204) and apoptosis-related

antibody were purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Annexin V-FITC/PI Apoptosis
Detection Kit was purchased from Merck. MitoProbe JC-1
Assay Kit was a product from Thermo Fisher Scientific
(Waltham, MA, USA). Triglyceride Quantification Assay
Kit (Colorimetric/Fluorometric) and Glycogen Colori-
metric/fluorometric Assay Kit were obtained from Abcam
(Cambridge, UK).

Extraction and isolation

Dried powder of the flowers of E. gardneri (500 g) was
extracted by using methanol at room temperature for 3 days.
The resultant extracts were combined and concentrated
under reduced pressure, and the residue was partitioned
into water and extracted with petroleum ether, ethyl acetate
and n-butano in succession. Each fraction was evaporated
in vacuo to yield residue extracts. The ethyl acetate frac-
tion was used to isolate quercetin (3 mg) by using col-
umn chromatography over Sephadex LH-20 according to
Ma et al’s study.’

High-performance liquid chromatography

(HPLC) analysis

HPLC analysis of quercetin extracted from the flowers of
E. gardneri was implemented by a Waters Alliance 2695-
2487 HPLC system with an Agilent C18 column (Waters,
Milford, MA, USA) in gradient elution. The effluent was
detected at 280 nm."

MIN-6 cell culture

The insulin-secreting cell line MIN-6 was cultured in RPMI-
1640 in accordance with previous studies. MIN-6 cells were
cultured and treated with palmitic acid for 24 h to establish
oxidative damage model.™

Measurement of insulin secretion

For insulin secretion studies, 1x10* MIN-6 cells were plated
in a 96-well microplate and cultured for 48 h. After that,
the medium was removed from each well and 1 mL of fresh
medium was added. Increasing concentrations of quercetin
from E. gardneri were added to the medium, and after 1 h of
incubation, the medium was collected. The insulin concentra-
tion in the medium was measured by a commercial Mouse Insu-
lin Elisa Kit in accordance with the manufacturer’s instructions.
Glimepiride was taken as a positive control. Additionally, to
test the role of Ca** channel and ERK1/2 in quercetin-induced
insulin secretion, relevant inhibitors (AZD8330 or Nifedipine)
were added in the medium together with quercetin.'®
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Measurement of cell viability

Cell viability was determined by MTT assay according
to the manufacturer’s instructions.'® Briefly, MIN-6 cells
were plated in 96-well plates in DMEM (high glucose) for
24 h. Cells were incubated with increasing concentrations
of quercetin or crude extract (0, 0.001, 0.01, 0.1, 1, 10, and
100 umol/L) in the presence of palmitic acid for 24 h. After
incubation, cells were washed twice with Krebs-Ringer bicar-
bonate HEPES (KRBH, NaCl 118.5 mmol/L, CaCl,-2H,0
2.54 mmol/L, KHP,O, mmol/L, KC1 4.74 mmol/L, NaHCO,
25 mmol/L, MgSO, 1.19 mmol/L, HEPES 10 mmol/L, 0.1%
BSA, pH 7.4) and incubated with 0.5 mg/mL MTT for fur-
ther 3 h in the dark in a humidified atmosphere (5% CO,,
37°C). Then cells were washed with KRBH and precipitates
were dissolved in 50 UL dimethyl sulfoxide (DMSO). The
absorbance of the reduced intracellular formazan product was
measured at 490 nm on a microtiter plate reader (Molecular
Devices, Sunnyvale, CA, USA).

Flow cytometric measurement

Cell apoptosis was detected by using Annexin V-FITC
staining. Briefly, cells were harvested after treated with
0.8 mmol/L palmitic acid in combination with quercetin for
24 h and washed twice with PBS followed by staining with
Annexin V-FITC at 37°C for 15 min. Data acquisition and
analysis were carried out by flow cytometer detection.!”

Measurement of intracellular Ca?*

The intracellular Ca?* concentration was evaluated by fluo-3
AM. The cells were incubated with 2.5 mmol/L fluo-3 AM in
dark at 37°C to load fluo-3 AM into the cell. After loading,
cells were washed twice with KRBH. Thereafter, 10 umol/L
quercetin was applied onto the cells using a perfusion system.
Fluorescence imaging was performed on Olympus-IX711.
The image at excitation wavelengths of 506 nm was recorded
every 30 min.'8

Western blot

The MIN-6 cells were plated in a six-well microplate. After
24 h of incubation with both 0.8 mmol/L palmitic acid and
different concentrations of extracted quercetin, cells were
collected and total protein was extracted. The expression of
ERK1/2 and ERK1/2 phosphorylation level was identified
by Western blot analysis, which was performed as previously
described by using anti-ERK1/2 antibody or anti-phospho-
ERK1/2 antibody (Thr202/Tyr204)." The activation of
caspase-3, -9, -12 and the expression of BAX and Bc¢l-2 were
also measured by Western blot analysis.

Assessment of mitochondrial membrane

potential

The mitochondrial membrane potential was determined
by JC-1 probe. MIN-6 cells were treated with 0.8 mmol/L
palmitic acid in combination with quercetin for 24 h, and
then the cells were loaded with 1 mg/L of JC-1 at 37°C for
10 min. Then a confocal microscope (Axiovert 200; Carl
Zeiss Meditec AG, Jena, Germany) was used to analyze
fluorescence intensity.*

Glucose tolerance test and insulin

secretion in db/db mice

Db/db mice with T2DM (BKS.Cg-m+/+Leprdb/J) and
their lean wild-type control (C57BLKS/J db/+) were pur-
chased from Model Animal Research Center of Nanjing
University. Mice, 8 weeks old, were used in this study.
The animals had access to diet and water ad libitum. The
animal experiments were conducted in compliance with
the guidelines of Chengdu Medical College Animal Stud-
ies Committee. The institutional review board of Chengdu
Medical College Animal Studies Committee also approved
this study.

The mice were randomly divided into four groups of six
mice each:

Group 1: normal mice were intragastrically administrated
with 0.4 mL distilled water per day for 4 weeks.

Group 2: db/db mice were intragastrically administrated
with 0.4 mL equivalent distilled per day water for 4 weeks.

Group 3: db/db mice were intragastrically administrated
with 0.5 g/kg glibenclamide per day for 4 weeks.

Group 4: db/db mice were intragastrically administrated
with 0.5 g/kg quercetin per day for 4 weeks.

Atthe end of quercetin treatment, [IPGTT was performed.
Each animal was fasted overnight, and IPGTTs were carried
out. For the initial 15 min after the last intragastric adminis-
tration, db/db mice received an intraperitoneal injection of
15% glucose solution (2 g/kg body weight). Tail blood was
collected before (time 0) the administration of the glucose
and 15, 30, 60, 90 and 120 min later for IPGTT and detect-
ing blood insulin level. The concentration of blood glucose
was determined with One Touch Ultra Meter (Johnson &
Johnson, New Buren Zwick, NJ, USA). Meanwhile, plasma
insulin level at different time points was also evaluated by
using mouse insulin Elisa Kit. In addition, after the experi-
mental period, the animals were sacrificed. Liver segments
and other organs from each animal were quickly removed
for the quantification of hepatic fat, hepatic glycogen content
and histopathological studies.?!
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Quantification of hepatic triglyceride and

hepatic glycogen content

Triglyceride (TG) level in hepatic tissue was measured with
Triglyceride Quantification Assay Kit (Abcam), according to
the manufacturer’s instructions. Absorbance was measured
with a microplate spectrophotometric system at OD 570 nm
(colorimetric). The result of TG was expressed as mg TG
per g tissue (mg/g). A Glycogen Colorimetric/Fluorometric
Assay Kit (Abcam) was used in accordance with the
manufacturer’s protocol to measure the hepatic glycogen
content. Results were expressed as mg glycogen per g liver
weight (mg/g).?

Histopathological studies

The pancreatic and liver tissues were fixed in 10% formalde-
hyde, subsequently dehydrated in a graded series of ethanol
and embedded in paraffin. The obtained pancreatic or liver
sections (5 pm thick) were then dewaxed, rehydrated and
stained with hematoxylin—eosin. The staining sections were
observed by the microscope (400x).2

Statistical analysis

Experimental data are presented as mean values + SEM.
Statistical difference was assessed by one-way analysis of
variance. Unpaired two-tailed #-tests and paired two-tailed
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Figure | HPLC chromatogram of the isolated quercetin.

t-tests were used to determine the statistical significance
between test groups as appropriate. P < 0.05 was considered
statistically significant.

Results

Isolation and qualification of quercetin

The quercetin extracted from E. gardneri was identified
with standard quercetin combined with HPLC. As shown
in Figure 1, the retention time of extracted quercetin was
similar with standard substance, showing that the composi-
tion of the extracted product was the same as the composition
of standard quercetin. Quercetin identified in the extract of
E. gardneri naturally exists in two forms: aglycone quercetin
and glycoside quercetin. Rutin and isoquercetin are glycoside
forms of quercetin extracted from E. gardneri.’ The content
of quercetin glycosides accounted for about 72.2% of the
quercetin extracted from E. gardneri according to Ma et al’s
study.’ The extracted quercetin identified in our study was
aglycone quercetin, which was characterized by HPLC as
shown in Figure 1C and D.

Effect of quercetin from the flowers of

E. gardneri on insulin secretion
The decline in B-cell function is identified as a major cause of
T2DM,; thus, insulin secretagogue effect of extracted quercetin
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Notes: (A) Chromatograms of quercetin standard. (B) Chromatograms of quercetin extracted from the flowers of Edgeworthia gardneri. (C) Chromatograms of aglycone
quercetin standard (quercetin) and glycosides quercetin standard (rutin and isoquercetin). (D) Chromatograms of crude extract extracted from the flowers of E. gardneri.

Abbreviation: HPLC, high-performance liquid chromatography.
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was evaluated. The extracted quercetin induced a slightincrease  control group showing that quercetin induced insulin secretion
in insulin secretion in the absence of glucose. While inthe pres-  in a glucose-dependent manner. However, with the quercetin
ence of glucose (8.3 mmol/L), quercetin (10 umol/L) provoked  concentration reaching 100 umol/L, the insulin secretagogue
threefold increase in insulin secretion compared with the  effect was significantly decreased (Figure 2A). In addition, as
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Figure 2 Effect of quercetin or crude extract extracted from the flowers of Edgeworthia gardneri on insulin secretion in MIN-6 cells.
Notes: (A) Effect of increasing concentrations (0, 0.001, 0.01, 0.1, I, 10, and 100 pmol/L) of quercetin on insulin secretion in the absence or presence of glucose. (B) MIN-6
cells were incubated with 10 pimol/L extracted quercetin or glimepiride for different times (0, 10, 20, 30, 40, 50, and 60 min) in the presence of glucose and insulin secretion
was detected respectively. (C) Effect of increasing concentrations (0, 0.001, 0.01, 0.1, I, 10, and 100 umol/L) of quercetin or crude extract extracted (with balanced quercetin
content) from the flowers of E. gardneri on insulin secretion in the absence of glucose. (D) Effect of increasing concentrations (0, 0.001, 0.01, 0.1, I, 10, and 100 pmol/L) of

quercetin or crude extract extracted (with balanced quercetin content) from the flowers of E. gardneri on insulin secretion in the presence of glucose. (E) Effects of 10 umol/L
quercetin on intracellular Ca?* level in the absence of glucose at different time points (0, 30, and 60 min; 400x magnification). (F) Effect of increasing concentrations (0, 0.001,
0.01, 0.1, 1, 10, and 100 umol/L) of quercetin on ERK /2 phosphorylation in the presence of glucose. (G) Effect of ERK1/2 inhibitor (AZD8330) and Ca* channel inhibitor
(Nifedipine) on quercetin-induced insulin secretion in the presence of glucose. Bars with the same letter do not differ significantly (P < 0.05).
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illustrated in Figure 2B, glimepiride as well as the extracted
quercetin (10 umol/L) could induce a time-dependent increase
in insulin secretion in MIN-6 cells. Moreover, the effect of
crude extract of E. gardneri on insulin secretion was similar
to that of pure quercetin (Figure 2C and D).

The high content of Ca?* in insulin secretory granules is
crucial for the secretory function of pancreatic f cells.!” To
investigate whether the insulin secretagogue effect of the
quercetin involves in the change of Ca?*, 10 umol/L quercetin
was applied on MIN-6 cells. The intracellular Ca** levels in
MIN-6 were monitored by using Ca?* indicator fluo-3 AM.
As illustrated in Figure 2E, Ca?* influx in response to quer-
cetin stimulation (10 pumol/L) was significantly greater than
control group.

Youl et al reported that quercetin can potentiate ERK1/2
phosphorylation in INS-1 cells;'® thus, the ERK1/2 phospho-
rylation level trigged by the extracted quercetin was investi-
gated in MIN-6 cells. As depicted in Figure 2F, the extracted
quercetin increased ERK1/2 phosphorylation. Notably, the
extracted quercetin (10 umol/L) promoted a remarkable
phosphorylation of the ERK1/2, which was consistent with
the insulin secretagogue effect of quercetin.

The inhibitors of Ca?* channel and ERK1/2 were also
used to evaluate the quercetin-induced insulin secretion.
As depicted in Figure 2G, in the presence of 10 umol/L
AZD8330 or nifedipine, the elevation of insulin secretion
induced by extracted quercetin was significantly inhibited.

Anti-apoptosis effect of quercetin from

the flowers of E. gardneri

To establish the apoptosis model, palmitic acid was used to
incubate MIN-6 cells. The administration of palmitic acid
(0.05, 0.2, 0.8, 3.2 and 12.8 mmol/L) in the presence of
8.3 mmol/L glucose resulted in a concentration-dependent
cell viability inhibition (Figure 3A). According to the results,
0.8 mmol/L palmitic acid induced ~50% cell viability
decrease. Therefore, quercetin was tested on MIN-6 cells’
viability in the presence of 0.8 mmol/L palmitic acid as well
as 8.3 mmol/L glucose. As shown in Figure 3B, 10 umol/L
extracted quercetin obviously improved MIN-6 cell viability
in the presence of 0.8 mmol/L palmitic acid. Additionally,
viability of MIN-6 cells was significantly increased 16 h after
treatment with quercetin under the induction of palmitic acid
(Figure 3C). According to Figure 3D, the crude extract was
found more active in anti-apoptosis activity than the pure
extract quercetin. As shown in Figure 3E, the percentage of
apoptotic cells increased approximately by 40%, following
treatment with 0.8 mmol/L palmitic acid, as compared with

the control group. Quercetin had an obvious protective effect
on palmitic acid-induced cell apoptosis in a dose-dependent
manner (Figure 3E). Caspase-3, -9, -12 and Bcl-2/BAX are
the important regulators of cell apoptosis, and therefore, we
investigated their involvement during quercetin treatment
in MIN-6 cells. It was observed that quercetin inhibited the
activation of caspase-3, -9, -12 induced by palmitic acid.
Additionally, quercetin increased the expression of Bel-2 and
decreased the expression of BAX (Figure 4A and B).

The decline of mitochondrial membrane potential is an
early landmark event of apoptosis. Therefore, JC-1 fluores-
cent probe was used to monitor the effect of quercetin on the
mitochondrial membrane potential of treated MIN-6 cells. As
depicted in Figure 4C and D, the palmitic acid-treated cells
stained green indicating partial dissipation of the mitochon-
drial membrane potential. Quercetin reversed the repression
of mitochondrial membrane potential and suppressed apop-
tosis induced by palmitic acid in the MIN-6 cells.

Effect of quercetin from the flowers of

E. gardneri in the treatment of db/db

mice

To evaluate the effect of quercetin from the flowers of
E. gardneri on glucose tolerance and insulin secretion,
IPGTT and the plasma insulin were both evaluated. The result
of the IPGTTs is shown in Figure 5A; as expected, db/db
mice exhibited impaired glucose tolerance accompanied by
a significantly diminished glucose-stimulated insulin secre-
tion (Figure 5B). Treatment of db/db mice with quercetin
resulted in a remarkable improvement in glucose tolerance,
as proved by a much more rapid decrease in blood glucose
level compared with db/db mice. Following intraperitoneal
injection of glucose, there was an immediate increase in
plasma insulin levels of normal mice. Compared with db/db
mice, an improved insulin secretion was observed in both
glimepiride and quercetin groups (Figure 5B). The peak
insulin level was significantly higher in the quercetin group
as compared with the db/db mice.

To assess whether fat accumulation in the liver was
improved by quercetin, TG content in liver tissues was deter-
mined. TG was 2.3-fold higher in the db/db mice in comparison
with normal mice. Quercetin treatment was sufficient to sup-
press TG accumulation in the liver substantially (Figure 5C).
As impaired hepatic fat is commonly associated with impaired
glycogen metabolism in the liver; therefore, glycogen con-
tent in the liver was also evaluated. The hepatic glycogen
stores were reduced in both quercetin and glimepiride treat-
ment groups as compared with db/db mice (Figure 5D).
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Figure 3 Anti-apoptosis effect of quercetin or crude extract extracted from the flowers of Edgeworthia gardneri.

Notes: (A) Effects of increasing concentrations of palmitic acid (0.05, 0.2, 0.8, 3.2 and 12.8 mmol/L) on MIN-6 cell viability. (B) Effects of increasing concentrations
(0, 0.001, 0.01, 0.1, I, 10, and 100 pumol/L) of quercetin on cell viability in the presence of 0.8 mmol/L palmitic acid. The cell viability of control group was
taken as 100%. (C) MIN-6 cells were incubated with 10 umol/L extracted quercetin for different times (0, 4, 8, 12, 16, 20, and 24 h) in the presence of
0.8 mmol/L palmitic acid; the cell viability was detected respectively. The cell viability of the control group was taken as 100%. (D) Effects of increasing
concentrations (0, 0.001, 0.01, 0.1, I, 10, and 100 pumol/L) of quercetin or crude extract extracted from the flowers of E. gardneri on cell viability in the presence
of 0.8 mmol/L palmitic acid. (E) Anti-apoptosis effect of 10 and 100 umol/L quercetin in the presence of 0.8 mmol/L palmitic acid for 24 h. The percentage
of apoptotic cells was determined by flow cytometric analysis. Bars with the same letter do not differ significantly (P < 0.05). *A statistically significant difference of
P < 0.05. **A statistically significant difference of P < 0.01.

According to microscopic examination, B cells with  db/db mice. Db/db mice given quercetin revealed a variable

granulated cytoplasm and uniform nuclei were observed in  degree of improvement in the number of pancreatic islets and
the normal mice. However, the 3 cells were found degranu-  degree of vacuolations (Figure SE). Moreover, as compared

lated, with marked vacuolation and dark scanty cytoplasmin  with the liver of normal mice, the liver of db/db mice showed
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Figure 4 Anti-apoptosis mechanism of quercetin extracted from the flowers of Edgeworthia gardneri.

Notes: (A) Western blots of cleaved caspase-3, -9, -12, Bax, and Bcl-2. The cells were incubated with increasing concentrations (0, 0.001, 0.01, 0.1, I, 10 and 100 pumol/L)
of quercetin in the presence of 0.8 mmol/L PA (palmitic acid) for 24 h. (B) Calculated Bcl-2/BAX ratios. The ‘relative intensity’ was defined as the intensity (Bcl-2)/intensity
(BAX). (C) Effect of 10 and 100 pumol/L quercetin on mitochondrial membrane potential. Mitochondrial membrane potential was measured by JC-| after incubation with
quercetin for 24 h in the presence of 0.8 mmol/L palmitic acid (100x magnification). (D) The JC-I fluorescence ratio was calculated by the average optical fluorescence density

ratio of red/green. Bars with the same letter do not differ significantly (P < 0.05).

predominantly large lipid-filled vacuoles and macrovesicular
steatosis. Treatment of db/db mice with quercetin exhibited
less lipid-filled vacuoles and was distinguishable from db/db
mice (Figure 5SE). The aforementioned changes in quercetin
group were similar to those in the positive control group.

Discussion

T2DM is a serious chronic metabolic disorder with its
patient number increasing dramatically in recent decades.'
Insulin, metformin, sulfonylureas, peroxisome proliferator-
activated receptor-y agonists and o-glucosidase inhibitors
are considered as main therapies for T2DM.?* Notably, many
traditional Chinese medicines including herbal medicines
have been widely used for thousands of years in the treat-
ment of T2DM.* The flower of E. gardneri is a commonly
used herbal tea in Tibet, possessing beneficial effects in
the treatment of diabetes and obesity. Hoping to realize the

modernization of traditional Chinese medicine, modern sci-
ence and technology has been used to study the pharmaco-
dynamic components and mechanisms of them. Therefore,
in the present study, we isolated quercetin from E. gardneri
and evaluated its effects on islet protection and amelioration
of T2DM both in vitro and in vivo.

As shown in the HPLC, the retention time of the major
peak of the extracted product corresponded to the standard
quercetin with less impure peaks (Figure 1). It can be con-
cluded that high-purity quercetin was successfully obtained
from the flowers of E. gardneri. The extracted quercetin iden-
tified in our study was aglycone quercetin, which was char-
acterized by HPLC as shown in Figure 1C and D. However,
the glycosides forms of quercetin, rutin and isoquercetin, are
the major forms of quercetin from E. gardneri. Generally,
aglycone form of quercetin exerts better activity in insulin
secretagogue or anti-apoptosis; therefore, a further study to
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Figure 5 Effect of quercetin from the flowers of Edgeworthia gardneri in the treatment of db/db mice.
Notes: (A) Effect of quercetin on glucose tolerance. (B) Effect of quercetin on insulin secretion. (C) Effect of quercetin on hepatic TG. (D) Effect of quercetin on hepatic glycogen.
(E) Effect of quercetin on histological changes in pancreatic islets and livers (400x magnification). Glimepiride was used as positive control. **A statistically significant difference of

P <0.0l.
Abbreviation: TG, triglyceride.

improve the extraction process for obtaining more aglycone
quercetin is needed.

Glucose, a crucial factor in regulating insulin secre-
tion, induces insulin secretion by generating and triggering

signals in 3 cells.?® Our study demonstrated that the extracted
quercetin (10 wmol/L) stimulated a remarkable insulin secre-
tion in MIN-6 cells in the presence of 8.3 mmol/L glucose.
While in the absence of glucose, insulin secretagogue
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effects induced by extracted quercetin were significantly
decreased. According to the results, the effect of crude
extract of E. gardneri on insulin secretion was similar to
that of pure extracted quercetin, indicating that quercetin
was the only effective ingredient with insulin secretagogue
activity in E. gardneri. Previous studies have reported that
impaired acute stimulation of insulin secretion induced by
glucose can be compensated for by medicines directly open-
ing Ca?* channels.?** In our study, the extracted quercetin
(10 umol/L) was shown to significantly enhance the intracel-
lular Ca?* in MIN-6 cells, indicating that Ca*" participated
in quercetin-induced insulin secretion (Figure 2E). Quoyer
et al reported that ERK1/2 participates in the regulation of
insulin secretion.!” Additionally, Youl et al have reported
that quercetin potentiates ERK 1/2 phosphorylation in INS-1
cells.”” Accordingly, the extracted quercetin (10 wmol/L)
was observed to induce a remarkable increase in ERK1/2
phosphorylation, which was consistent with the concentra-
tion of quercetin in stimulating insulin secretion (Figure 2F).
Therefore, ERK1/2 was also suggested to take part in
quercetin-induced insulin secretion.

To further clarify the role of intracellular Ca?* levels and
ERK1/2 in quercetin-induced insulin secretion, the inhibitors
of Ca?* channel and ERK1/2 were used. Both were observed
to inhibit quercetin-induced insulin secretion (Figure 2G).
The inhibited action of AZD8330 and nifedipine proved that
intracellular Ca?" and ERK1/2 were involved in quercetin-
induced insulin secretion.

Increased B-cell apoptosis and B-cell deficit were com-
monly found in T2DM patients.?® Next, our research was
focused on studying the effects of extracted quercetin on palm-
itic acid-induced MIN-6 cell apoptosis, since palmitic acid
was widely used in vitro to establish the apoptosis model.?
The optimal concentration of palmitic acid was found
to be 0.8 mmol/L (Figure 3A). Our study revealed that
10 umol/L quercetin obviously improved MIN-6 cell
viability in the presence of palmitic acid (Figure 3B and
C). This result could be explained by recently published
research showing that quercetin exerts the antioxidant
activity.'” However, the crude extract was found to be
more active in the anti-apoptosis activity than the pure
extracted quercetin (Figure 3D). It has been reported that
E. gardneri consists of a variety of antioxidant ingredients
with excellent anti-apoptosis activity, including quercetin,
ferulic acid, kaempferol and isoquercetin, which also exist
in the crude extract of E. gardneri.® Therefore, the anti-
apoptosis activity of E. gardneri was partly from quercetin.
Detection of apoptosis by flow cytometry shows that quer-
cetin exerted potential anti-apoptosis benefits. Our current

results provided new insights into the mechanisms of
quercetin-mediated anti-apoptosis effect. The results
revealed that quercetin could not only inhibit the activa-
tion of caspase-3, -9, -12 induced by palmitic acid but also
increase the ratio of Bcl-2/BAX in the presence of palmitic
acid. (Figure 4A and B). The level of mitochondrial func-
tion is highly correlated with cell apoptosis. Our results
found that quercetin could inhibit the apoptosis of MIN-6
by reversing the decreased mitochondria membrane poten-
tial. The results proved that quercetin exerted outstanding
anti-apoptosis capacities for MIN-6 cells by suppressing
the activation of caspase-3, -9, -12, decreasing the ratio
of Bcl-2/BAX and reversing the impaired mitochondrial
membrane potential.

The effects of quercetin on islet protection and ameliora-
tion of T2DM were also verified in vivo. Both glimepiride-
and quercetin-treated db/db mice showed a remarkable
improvement in glucose tolerance and had significantly
enhanced plasma insulin levels throughout the IPGTT
(Figure SA and B).

The liver plays an important role in controlling carbohy-
drate metabolism and lipid homeostasis, and dysfunction in
hepatic glucose metabolism can be observed in T2DM.* Our
results showed that decreased liver TG and glycogen stores
were detected after the treatment of quercetin (Figure 5C and
D), showing the liver function of db/db mice was improved by
quercetin. According to Jo et al’s study, quercetin possesses
a strong inhibitive activity in a-amylase and a-glucosidases,
which are involved in the digestion and absorption of car-
bohydrates.’! Thereafter, quercetin is correlated greatly with
carbohydrate metabolism, which probably influences the liver
TG and glycogen stores, although a further understanding of
the molecular mechanisms underlying this function is still
in need of evaluation. Furthermore, treatment with extracted
quercetin could obviously improve the pathological injury in
liver tissues and pancreatic islets of db/db mice (Figure 5E).
The in vivo results revealed that quercetin isolated from
the flowers of E. gardneri could effectively improve the fat
metabolism disorder and decrease the levels of blood sugar
in diabetic mice.

Conclusion

In summary, quercetin isolated from the flowers of
E. gardneri could significantly enhance insulin secretion via
Ca* and ERK1/2 signaling pathway in MIN-6 cell. Addition-
ally, it could inhibit palmitic acid-induced cell apoptosis by
suppressing the activation of caspase-3, -9, -12, increasing
the ratio of Bcl-2/BAX and reversing impaired mitochondrial
membrane potential. Furthermore, the treatment effect of

submit your manuscript

964

Dove

Drug Design, Development and Therapy 2018:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Pharmacological activities of quercetin from the flowers of Edgeworthia gardneri

quercetin in vivo was validated. Quercetin was demonstrated
to be beneficial in the treatment of T2DM; however, further
understanding of its molecular mechanisms in the treatment
of T2DM is still in need of evaluation. Additionally, the
role of quercetin from E. gardneri was well clarified. The
insulin secretagogue activity of E. gardneri was entirely
from quercetin, while its anti-apoptosis activity was partly
due to quercetin. This study provided a base for the further
development of quercetin from the flowers of E. gardneri in
the treatment of T2DM.
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