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	 Background:	 Type 2 diabetes (T2D) is characterized by b-cell dysfunction and insulin resistance. Icariin (ICA), a flavonoid 
from Epimedium, possesses anti-diabetic and anti-inflammatory properties. However, it is unclear whether ICA 
acts on pancreatic b-cells. The present study was designed to explore the effects and latent mechanism of ICA 
on uric acid (UA)-stimulated pancreatic b-cell dysfunction.
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Background

Diabetes mellitus (DM), one of the most frequent endocrine dis-
eases, is characterized by high blood sugar levels. The incidence 
of type 2 diabetes (T2D), the most frequent form of this disease, 
has increased worldwide, due to changes in diet and minimal ex-
ercise [1,2]. T2D is an immediate cause of pancreatic b-cell dys-
function, which may reduce insulin secretion and shorten lifes-
pan [3]. T2D is characterized by insulin tolerance and pancreatic 
b-cell injury, emphasizing the importance of treatments that pro-
tect pancreatic b-cell function and/or block the progression of 
disease [4]. Increased uric acid (UA) levels may led to pancreatic 
b-cell dysfunction, reducing insulin release and enhancing the 
risk of T2D [5]. However, the mechanism underlying UA-induced 
pancreatic b-cell dysfunction has not been fully explored.

Epimedium is a common traditional herbal medicine, with icariin 
(ICA), the major constituent of Epimedii herbaa, being respon-
sible for the pharmacological activities of epimedium [6]. ICA 
has been shown to prevent premature ovarian failure [7], as 
well as having anti-inflammatory [8] and anti-tumor [9] prop-
erties. Furthermore, ICA was shown to block cytokine-induced 
b-cell death by inactivation of NF-kappaB signaling [10] and 
to inhibit insulin resistance in C2C12 mouse muscle cells by 
activation of the AMPK pathway [11]. However, it is unclear 
whether ICA can suppress UA-induced pancreatic b-cell dys-
function or enhance b-cell function.

The PI3K/AKT pathway, the downstream target of the Wnt sig-
naling pathway, has been reported to display vital roles in many 
diseases. For example, down-regulation of miRNA-26a-5p was 
found to promote endothelial cell apoptosis by blocking the 
PI3K/AKT pathway in coronary heart disease [12]. The PI3K/AKT 
pathway may also be involved in the development of insulin 
resistance, and ICA may affect this pathway.

The present study was designed to explore the effects of ICA 
on UA-treated pancreatic b-cells, as well as to evaluate the 
possible mechanisms of action of ICA in diabetes. We there-
fore tested the effects of ICA on cell viability, apoptosis and 
insulin release in UA-treated pancreatic b-cells. The involve-
ment of the PI3K/AKT pathway was analyzed by testing the 
effects of LY294002, a specific inhibitor of the PI3K/AKT path-
way. The results of this study suggest that ICA may be effec-
tive clinically in blocking the progression of T2D.

Material and Methods

Cell culture

The mouse insulinoma cell line Min6 was purchased from the 
American Type Culture Collection (ATCC; Manassas, VA, USA) 

and cultured in Dulbecco’s modified Eagle’s medium (DMEM; 
Hyclone; Marlborough, MA, USA), supplemented with 15% fe-
tal bovine serum (FBS; Gibco, Waltham, MA, USA), 100 U/ml 
penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA), 
in an incubator with 5% CO2 at 37°C. UA solutions were pre-
pared in pre-warmed cell culture medium and passed through 
a 2.2 μm sterile filter. Min6 cells were pre-treated with various 
concentrations of ICA (0, 5, 10, 20 μM; dissolved in fresh me-
dium) for 2 h, and 5 mg/dl UA for another 24 h. For PI3K/AKT 
pathway inhibition, cells were cultivated with 10 mM LY294002 
(dissolved in DMSO; Cell Signaling Technology, Danvers, MA, 
USA) for 2 h before UA treatment.

MTT assay

Min6 cell viability was determined using MTT assays. Briefly, 
cells (5×104 cells per well) were exposed to ICA, UA or LY294002. 
A 20 μl aliquot of MTT solution was added to each sample, 
and the samples were cultured for 4 h. After incubation, 100 μl 
DMSO was added to each well and the samples were incu-
bated in the dark for 10 min. The absorbance of each well at 
570 nm was determined using a micro-plate reader (Bio-Rad, 
Hercules, CA, USA). Each experiment was repeated three times, 
all on cells of the same passage number.

Flow cytometry analysis

To assess cell apoptosis, Min6 cells were incubated with ICA, 
UA or LY294002 for the indicated times. The cells were subse-
quently washed, centrifuged and re-suspended, and aliquots 
of 106 cells were exposed in Annexin V-FITC and PI solutions 
for 15 min in the dark, according to the manufacturer’s in-
structions. Apoptotic cells were quantified by flow cytome-
try (BD Biosciences, Franklin Lakes, NJ, USA), and the results 
were analyzed using FlowJo software. Q1 (AnnexinV-FITC)–/PI+ 
contained dead cells; Q2 (AnnexinV+FITC)+/PI+ contained late 
apoptotic cells; Q3 (AnnexinV-FITC)+/PI– contained early apop-
totic cells; and Q4 (AnnexinV-FITC)–/PI– contained live cells. 
Each experiment was repeated three times, all on cells of the 
same passage number.

Glucose-stimulated insulin secretion (GSIS) assay

Min6 cells (5×104 cells per well) were incubated with various 
concentrations of ICA for 2 h, followed by incubation with 
5 mg/dl UA for an additional 4 h. The cells were subsequently 
incubated with 0.1% BSA (Sigma Aldrich; St. Louis, MO, USA) 
in KRB buffer (Sigma Aldrich) for 1 h, followed by incubation 
with KRB buffer containing low or high concentrations of glu-
cose for another 1 h. Insulin secretion was measured by radio-
immunoassays, as described previously. Each experiment was 
repeated three times, all on cells of the same passage number.
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qRT-PCR analysis

Min6 cells (5×104 cells per well) were incubated with ICA, UA 
or LY294002 for the indicated times. Total RNA was prepared 
using Trizol reagent (Invitrogen) and reverse transcribed to 
cDNA using PrimeScript® RT reagent kits (Vazyme Beyotime; 
Nanjing, China), according to the manufacturers’ instructions. 
qRT-PCR was performed on a Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA) with SYBR Green Master mix 
(TaKaRa; Tokyo, Japan) and primers for
PI3K (forward, 5’-AGTACCTTGTTCCAATCCCA-3’;
reverse, 5’-GTTCCTCTTTAGCACCCTTTC-3’),
AKT (forward, 5’-CGTCGGAGACTGACACCA-3’;
reverse, 5’-GCTGGCCGAGTAGGAGAA-3’) and
GAPDH (forward, 5’-AAGGTCGGAGTCAACGGA-3’;
reverse, 5’-TTAAAAGCAGCCCTGGTGA-3’).

The amplification protocol consisted of an initial denaturation 
for 10 min at 95°C, followed by 35 cycles of denaturation at 
95°C for 60 sec, annealing at 60˚C for 60 sec, and extension 
at 72°C for 15 sec; and a final extension at 72°C for 10 min. 
Levels of expression were calculated by the 2–DDCq method, with 
the expression of PI3K and AKT normalized to that of GAPDH. 
Each experiment was repeated three times, all on cells of the 
same passage number.

Western blot analysis

Total protein was collected from Min6 cells (5×104 cells per 
well) lysed with RIPA lysis buffer (Vazyme Beyotime), and pro-
tein concentrations determined using BCA™ Protein Assay Kits 
(Solarbio; Beijing, China). Aliquots of 40 μg of protein were 
loaded onto each lane, and the proteins separated by 10% 
SDS-PAGE and transferred to PVDF membranes. The mem-
branes were incubated with 5% skim milk and immunoblot-
ted with primary anti-p-PI3K, anti-PI3K, anti-p-AKT, anti-AKT, 

anti-cleaved caspase-3, anti-pro caspase-3 and anti-GAP-
DH (Abcam, Cambridge, UK) antibodies overnight at 4°C, fol-
lowing by incubation with the respective secondary antibod-
ies (Abcam) for 1 h at room temperature. The protein bands 
were visualized using ECL Kits (BestBio, Shanghai, China) and 
quantified with Image J Software (Bio-Rad, Shanghai, China). 
Each experiment was performed three times, all on cells of the 
same passage number.

Statistical analysis

Data are presented as mean±SD and compared by Student’s 
t-test or one-way ANOVA followed by Student-Newman-
Keuls tests. All statistical analyses were performed using 
GraphPad Prism 6.0 software, with P<0.05 defined as statis-
tically significant.

Results

Icariin does not affect Min6 cell viability.

To evaluate the effects of ICA (Figure 1A) on pancreatic b-cells, 
Min6 cells were incubated with 0, 5, 10, 20, and 40 μM ICA for 
24 h, and cell viability was assessed using MTT assays. ICA did 
not affect Min6 cell viability (Figure 1B), suggesting that ICA 
is not cytotoxic to Min6 cells.

Icariin protects Min6 cells from UA-induced cell damage.

To evaluate the effects of ICA on UA-treated pancreatic b-cells, 
Min6 cells were incubated with 0, 5, 10, and 20 μM ICA for 2 h, 
and then with 5 mg/dl UA for an additional 24 h, and the ef-
fects of ICA and UA on cell viability, apoptosis and apoptosis-
associated proteins were determined using MTT, flow cytome-
try and western blotting, respectively. UA treatment markedly 
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Figure 1. �Effects of various concentration of icariin on the viability of Min6 cells. (A) Chemical structure of icariin. (B) Effect of icariin 
on cell viability. Min6 cells were treated with various concentration of icariin (0, 5, 10, 20, 40  μM) for 24 h, and their viability 
evaluated by MTT assays.
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reduced cell viability, as shown by MTT assays (Figure 2A), while 
increasing the numbers of apoptotic cells, as shown by flow 
cytometry (Figure 2B, 2C). Moreover, UA treatment enhanced 
the levels of cleaved caspase-3 protein while reducing the lev-
els of pro-caspase-3 (Figure 2D). All of these effects, however, 
were reversed by ICA treatment in a dose-dependent manner.

Icariin enhances insulin secretion by glucose-treated Min6 
cells.

To further assess the effects of ICA on UA-induced Min6 cell 
dysfunction, Min6 cells were incubated with 0, 5, 10, and 
20 μM ICA for 2 h, with 5 mg/dl UA for 24 h, and with 3 mM 
or 16.7 mM glucose for another 1 h. UA suppressed insulin 

production in response to stimulation with 16.7 mM glucose, 
whereas ICA significantly and dose-dependently increased 
high glucose-induced insulin release compared with UA alone 
(Figure 3). These findings suggested that ICA protected pan-
creatic b-cells from UA-induced injury.

Icariin protects cells from UA-induced injury by regulating 
the PI3K/AKT signal pathway.

To assess the specific mechanism of action of ICA, its roles in 
the PI3K/AKT pathway were investigated. UA treatment mark-
edly reduced p-PI3K and p-AKT levels, but this suppression 
was overcome by treatment with ICA (Figure 4A). In addition, 
the p-PI3K/PI3K (Figure 4B) and p-AKT/AKT (Figure 4C) ratios 
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Figure 2. �Icariin reversed the effects of UA on Min6 cell viability and apoptosis. Min6 cells were treated with various concentration of 
icariin (0, 5, 10, 20 μM) for 2 h, followed by treatment with 5 mg/dl UA for another 24 h. (A) Cell viability and (B) apoptosis 
were assessed using MTT and flow cytometry analysis, respectively. (C) Quantity of apoptotic cells. (D) Protein levels of 
cleaved caspase-3 and pro-caspase-3 were examined using western blotting. ** P<0.01 compared with the control group; 
# P<0.05, ## P <0.01 compared with the UA group.
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Figure 3. �Icariin improved glucose-stimulated insulin secretion in Min6 cells. Min6 cells were treated with icariin for 2 h and 5 mg/dl 
UA for another 4 h, followed by stimulation with low or high concentrations of glucose for another 1 h. Cells were divided 
into six groups: control, UA, UA+5 μM icariin, UA+10 μM icariin, UA+20 μM icariin. Insulin concentrations were measured 
using the GSIS assay. ** P<0.01 compared with the control group; # P<0.05, ## P<0.01 compared with the UA group.

were markedly lower in cells treated with UA alone than in 
control cells, but were enhanced by ICA in a dose-dependent 
manner. In contrast, there were no differences in levels of PI3K 
(Figure 4D) and AKT (Figure 4E) mRNAs. These findings indi-
cate that the PI3K/AKT signal pathway may participate in the 
regulation of ICA in UA-treated Min6 cells.

Effects of LY294002 on the viability, apoptosis and insulin 
secretion of Min6 cells treated with UA and ICA

To determine the specific roles of the PI3K/AKT signal path-
way in UA-induced apoptosis, Min6 cells were treated with the 
PI3K/Akt inhibitor LY294002, followed by treatment with 20 μM 
ICA for 2 h and 5 mg/dl UA for an additional 24 h. Cell viability, 
apoptosis and apoptosis-related proteins were measured using 
MTT assays, flow cytometry and western blotting, respectively. 
LY294002 reversed the effects of ICA on UA-induced cytotoxicity 
(Figure 5A) and apoptosis (Figure 5B, 5C), as well as enhancing 
the expression of cleaved caspase-3 and reducing the expression 

of pro-caspase-3 (Figure 5D). Moreover, GSIS assays showed that 
LY294002 significantly reduced the secretion of insulin by glu-
cose-treated Min6 cells (Figure 5E). Taken together, these find-
ings indicated that LY294002 reversed the protective effects of 
ICA on UA-treated Min6 cells, suggesting that the anti-apop-
totic activity of ICA may be regulated by the PI3K/Akt pathway.

Icariin protects pancreatic b-cell function by activating the 
PI3K/AKT pathway in UA-treated Min6 cells

Because the PI3K/Akt pathway plays a vital role in regulating 
insulin secretion by pancreatic b-cells, we assessed wheth-
er ICA protected pancreatic b-cells via the PI3K/Akt pathway. 
Western blotting showed that LY294002 markedly reduced the 
levels of p-PI3K and p-AKT in Min6 cells treated with 20 μM ICA 
and UA (Figure 6A), while also reducing the p-PI3K/PI3K and 
p-AKT/AKT ratios (Figure 6B, 6C). In contrast, PI3K (Figure 6D) 
and AKT (Figure 6E) mRNA levels did not differ among these 
groups of cells. These results suggested that ICA protected 
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Figure 4. �Effects of icariin on PI3K/AKT signal pathway in UA-induced cell injury. Min6 cells were treated with icariin, UA and/or 
glucose for the indicated times. Cells were divided into six groups: control, UA, UA+5 μM icariin, UA+10 μM icariin, 
UA+20 μM icariin. (A) P-PI3K and p-AKT levels measured by western blotting. (B) p-PI3K/PI3K and (C) p-AKT/AKT ratios. 
Levels of (D) PI3K and (E) AKT mRNAs determined by qRT-PCR. ** P<0.01 compared with the control group; # P<0.05, ## P<0.01 
compared with the UA group.

pancreatic b-cell function by activating the PI3K/AKT pathway 
in UA-stimulated Min6 cells.

Discussion

T2D is a common disease, which results from injury to b-cells, 
impairing insulin release [13]. ICA, a compound in Epimedii 

herbaa, has been shown to prevent estrogen deficiency-induced 
alveolar bone loss via the STAT3 pathway [14]. Moreover, 
ICA was shown to affect a perimenopausal depression-like 
rat model by activating the PI3K-AKT signaling pathway [15] 
and to protect PC12 cells from oxygen-glucose deprivation-
induced injury [16]. Based on these findings, we investigat-
ed whether ICA could effectively protect Min6 cells against 
UA induced injury.
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Figure 5. �LY294002 reversed the protective effect of icariin in UA-induced Min6 cell injury. Min6 cells were treated with LY294002, UA 
and/or icariin for the indicated times. Cells were divided into two groups: UA+20 μM icariin and UA+20 μM icariin+LY294002. 
(A) Cell viability and (B) apoptosis were assessed using MTT and flow cytometry analysis, respectively. (C) Cell apoptosis. 
(D) Protein levels of cleaved caspase-3 and pro-caspase-3 measured by western blotting. (E) Secretion of insulin quantified 
by GSIS. ** P<0.01 compared with the control group; # P<0.05, ## P<0.01 compared with the UA group.

To assess the function of ICA in pancreatic b-cells, Min6 cells 
were cultured in the presence of various concentrations of ICA 
(0, 5, 10, 20, 40 μM) for 24 h. We found that ICA did not af-
fect Min6 cell viability, indicating that ICA did not have a cyto-
toxic effect on b-cells. This assay, however, did not include a 
positive control, making this a limitation of this study. UA, 
a product of purine metabolism, is highly associated with di-
abetes mellitus [17]. Over-expression of UA was shown to be 

related to metabolic syndrome, which, in turn, is associated 
with the development and progression of T2D [18]. UA was 
found to stimulate oxidative stress and inhibit the prolifera-
tion of pancreatic b-cells by activating adenosine monophos-
phate-activated protein kinase [19]. To explore the activity of 
ICA in UA-treated pancreatic b-cells, Min6 cells were treat-
ed with various concentration of ICA (0, 5, 10, 20, 40 μM) for 
2 h, and then with 5 mg/dl UA for another 24 h to induce cell 
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Figure 6. �LY294002 reversed the effect of icariin on the PI3K/AKT pathway in UA-treated Min6 cells. Min6 cells were treated with 
LY294002, UA and/or icariin for the indicated times. Cells were divided into two groups: UA+20 μM icariin and UA+20 μM 
icariin+LY294002. (A) Expression of P-PI3K and p-AKT proteins by western blotting. (B) p-PI3K/PI3K and (C) p-AKT/AKT ratios. 
Levels of (D) PI3K and (E) AKT mRNAs determined by qRT-PCR. ** P<0.01 compared with the UA+20 μM icariin group.

injury and dysfunction. We found that UA markedly inhibited 
Min6 cell viability and increased the numbers of apoptotic cells, 
indicating that UA promoted Min6 cell injury and dysfunction. 
Because cleaved caspase-3 and pro-caspase-3 are regulators 
of cell apoptosis [20], we assessed their levels of expression 
in UA-treated Min6 cells. We found that UA increased the lev-
el of cleaved caspase-3 while reducing the level of pro-cas-
pase-3. All of these effects, however, were reversed dose-de-
pendently by treatment with ICA.

Because reduced insulin release has been reported to be 
the main symptom during the pathogenesis of T2D [21], we 

assessed the effects of ICA on levels of insulin in glucose-treated 
Min6 cells. We found that ICA significantly and dose-depend-
ently increased high glucose-induced insulin secretion when 
compared with cells treated with UA alone. ICA prevented in-
jury to pancreatic b-cells by reducing pancreatic b-cell apop-
tosis and promoting insulin release. The PI3K/AKT signal path-
way has been reported vital to many diseases, and activation 
of this pathway may have anti-diabetic properties. Loganin 
was found to have anti-diabetic effects on INS-1 cells by in-
hibiting FOXO1 nuclear translocation via the PI3K/Akt signal-
ing pathway [22]. Moreover, the in vitro anti-diabetic effects 
of several new norditerpenoid alkaloids were shown to involve 
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the PI3K/Akt signaling pathway [23]. Interestingly, we found 
that UA treatment of Min6 cells markedly reduced the levels 
of p-PI3K and p-AKT, and that these effects were reversed by 
treatment with ICA. Taken together, these findings showed 
that ICA was able to activate the PI3K/AKT pathway in UA-
treated Min6 cells, suggesting that this signal pathway may 
be an important regulator in protecting Min6 cells from UA-
induced dysfunction.

To further analyze the specific mechanisms underlying the 
protective effects of ICA, UA-treated Min6 cells were treated 
with LY294002 and/or 20 μM ICA, and cell viability, cell apop-
tosis and PI3K/Akt signaling pathway-related proteins were 
analyzed. ICA suppressed UA-induced cytotoxicity, whereas 
LY294002 significantly overcame the protective effects of ICA 
and induced cell apoptosis, indicating that the anti-apoptotic 
effects of ICA involve the stimulation of the PI3K/Akt pathway. 
Similarly, LY294002 enhanced cleaved caspase-3 expression 
while reducing pro-caspase-3 levels. Moreover, results from 
the GSIS assay showed that LY294002 significantly reduced 
insulin release in glucose-treated Min6 cells. Similar findings 
were observed when measuring the levels of expression of 
genes and proteins associated with the PI3K/Akt pathway. 
The levels of p-PI3K and p-AKT and the ratios of p-PI3K/PI3K 
and p-AKT/AKT were significantly lower in Min6 cells treated 

with UA, ICA, and LY294002 than in cells treated with UA and 
ICA. However, there were no differences in PI3K and AKT mRNA 
levels. These results further suggested that the PI3K/Akt path-
way was activated after ICA exposure, and that LY294002 sup-
pressed this activation.

This study had several limitations. First, we did not determine 
cell inhibitory effects by assessing the IC50 of various treat-
ments, nor did we quantify the protein levels of cleaved cas-
pase-3 and pro-caspase-3. Moreover, LY294002 is not a non-
selective inhibitor of PI3K/AKT, and therefore should not be 
used to uniquely target PI3K. A second inhibitor, such as wort-
mannin, should be tested.

Conclusions

These findings indicate that ICA restored UA-stimulated injury 
in Min6 cells and that this effect was likely mediated through 
the PI3K pathway. These investigations may suggest a novel 
agent for the treatment of patients with T2D.
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