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The development of diabetesmellitus is the interplay between
insulin secretion and insulin resistance, while insufficient
compensatory beta cell function plays a major role during
the natural progression of the disease. In the past decades, a
lot of work had been carried out to investigate the initiation
and regulation of beta cell dysfunction, yet the underlying
mechanism is largely unknown. In this issue, 11 interesting
papers are compiled to discuss fromexperimental and clinical
aspects the mechanism of beta cell dysfunction in the devel-
opment of diabetes.

MicroRNAs (miRNAs) are small noncoding 18–25
nucleotides that bind to the complementary 3UTR regions
of target mRNAs and function in transcriptional and
posttranscriptional regulation of gene expression. In recent
years, miRNAs were reported to regulate several metabolic
pathways including insulin secretion, cholesterol biosynthe-
sis, carbohydrate, and lipidmetabolism. In this issue, 3 papers
touched upon the regulatory effect of some miRNAs on beta
cell function from different points of view. Dr. X. Chang et
al. reported that the mean level of miR-375 methylation was
significantly lower in T2DM patients from Kazak population
than Han population, which might partly explain from
genetic background that even though Kazak population
clusters more risk factors for T2DM, prevalence rate of
T2DM is 6 times less than that of the Han population in the
same region. Q. Zhang et al. showed that 8-week treatment of
Tianmai Xiaoke Tablet, a chromium picolinate hypoglycemic

agent, in diabetic rat significantly upregulated the expression
of multiple miRNAs such as miR-375 and miR-30d, which
might be part of its effect on improving glucose control.
X. Lin et al. investigated the direct suppression of Bcl-2
by miR-34a, which might account for palmitate-induced
apoptosis in MIN6 cell, the latter of which is believed to be
the most important mechanism of beta cell dysfunction.
Another 2 manuscripts also discussed beta cell apoptosis. Dr.
L. Zhou et al. examined the 3 signaling pathways of MAPKs
in INS-1 cells treated with glucolipotoxicity conditions and
concluded that P38 might be involved in the regulation of
beta cell apoptosis through phosphorylation of IRS-2. Z.
Zhang et al. simulated intermittent high glucose situation
in vitro and investigated its effect on beta cell apoptosis. In
another paper, the attenuating effect of metformin against
high glucose-induced suppression of cell proliferation
and osteogenic-related gene expression in osteoblast was
investigated by X. Shao et al.

Three papers in this issue presented with unique clinical
picture of diabetes in the Chinese population. W. Tang et
al. investigate the relationship between serum uric acid and
residual beta cell function in 1021 T2DM patients. They con-
cluded that patients with higher serum uric acid had greater
insulin secretion at the early stage, but their residual beta cell
function decayed more rapidly. Y. Ma et al. compared newly
diagnosed T2DM patients with or without hyperlipidemia
and found that the former were younger and had worse beta
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cell function. H. Lu et al. reported that ketosis onset type 2
diabetic patients had better beta cell function and were more
insulin resistant.

Two manuscripts brought new exploration in the treat-
ment of type 1 diabetes. Dr. W. Li et al. revealed that, apart
from higher density of insulin-producing beta cells, small
islets transplantation expressed less angiotensin and more
angiotrophic VEGF-A, which might be beneficial for the
facilitation ofmicrocirculation and revascularization in small
islets. H. Luo et al. presented with a novel protocol that
reprogrammed primary hepatocytes into functional insulin-
producing cells using multicistronic vectors carrying Pdx1,
Ngn3, andMafA.These cells activated multiple beta cell gene
expression, synthesized and stored considerable amounts of
insulin, and released the hormone in a glucose-regulated
manner in vitro.

We hope to bring about extensive concern and energetic
discussion about beta cell function from experimental as well
as clinical aspects. We wish that our readers enjoy this special
issue.

Yanbing Li
Li Chen

Chen Wang
Dongqi Tang
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The aim of this study was to investigate the relationship of serum uric acid (sUA) with residual 𝛽-cell function in type 2 diabetes.
Oral glucose tolerance tests (OGTT) were performed on 1021 type 2 diabetes patients. The ratio of area under curve of insulin to
glucose during 0 to 30min and 0 to 120min of the OGTT was calculated as indices of insulin secretion function. The products
of insulin secretion indices multiplied by Matsuda insulin sensitivity index were used as disposition indices. After correlation and
multiple linear regression analysis, sUA was significantly associated with insulin secretion and disposition indices in male, female,
and total groups adjusted for confounding factors (includingmetabolic indicators like sex, age, course of the disease, blood glucose,
blood pressure, serum lipids, and so on). Superficially steeper time-dependent decline of insulin secretion function was found in
patients with sUA above the median than those below it. In conclusion, our results suggest an independent positive association
between sUA and residual 𝛽-cell function in type 2 diabetes. Patients with higher sUA have greater insulin secretion ability than
those with lower sUA at the early stage of disease, but their residual 𝛽-cell function seems to decay more rapidly.

1. Introduction

Lots of studies found increased serum uric acid (sUA) levels
in subjects with metabolic syndrome (MetS) or cardiovascu-
lar disease, and sUA is associated with several components
of MetS, including dyslipidemia, hypertension, impaired
glucose metabolism, and obesity [1–3]. Some recent studies
have already highlighted the connection between sUA and
glucose homeostasis. For example, the Rotterdam Study
showed that the subjects with higher levels of sUA were at
higher risk of type 2 diabetes [4], and a modest positive
association between plasma uric acid concentration and the
incidence of type 2 diabetes in Chinese individuals was
suggested by Chien et al. [5]. As is known, both insulin
resistance and 𝛽-cell dysfunction play determinate roles in
the pathogenesis of type 2 diabetes [6]. The correlation
between sUA and insulin resistance has been verified by
several researches years ago [7, 8], and insulin resistance
is thought to be the principal underlying pathophysiologic

abnormality connecting hyperuricemia and components of
MetS. However, most previous studies were performed on
nondiabetic subjects. Furthermore, few studies focused on
the relationship between sUA level and islet 𝛽-cell dysfunc-
tion, and whether there is a corresponding change of sUA
level with 𝛽-cell function deterioration in type 2 diabetes is
unknown. In this cross-sectional study, we investigated the
association between sUAand𝛽-cell function aswell as insulin
sensitivity in patients with type 2 diabetes, and we further
elucidate the time-dependent changes of insulin secretion
ability in different gender and uric acid level groups.

2. Materials and Methods

2.1. Study Subjects. One thousand and twenty-one patients
with type 2 diabetes who received treatment in the First Affil-
iated Hospital of Nanjing Medical University between 2008
and 2011 were enrolled in this study. Type 2 diabetes mellitus
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was diagnosed according to the criteria of the American
Diabetes Association [9].Themaximum duration of diabetes
was 35 years.The average age of all patients was 56.86 ± 12.34
(mean ± SD) years old. Meanwhile, body mass index (BMI)
and sUA were 25.10 ± 3.50 kg/m2 and 299.08 ± 88.96 𝜇mol/L,
respectively. Patients with severe pancreatic disease, liver
disease, and renal disease and those who suffered recent
diabetic ketoacidosis and hyperosmotic nonketotic diabetic
coma were excluded. Verbal informed consent was obtained
from all participants. The study was approved by the ethics
committee of the First Affiliated Hospital of Nanjing Medical
University.

2.2.Measurements. In all subjects, the height, weight, systolic
blood pressure (SBP), and diastolic blood pressure (DBP)
weremeasured and recorded. History of hypertension, family
history of diabetes (FHD), and the years from diagnosis
of type 2 diabetes were inquired. If one of parents, sib-
lings, or grandparents had been diagnosed with diabetes,
patient was defined as having FHD. All patients stopped
using antidiabetic medicine at least one day before the
blood samples are taken. After 10–12 hours overnight fast-
ing, venous blood samples were collected to measure uric
acid, glycated haemoglobin (HbA1c), triglyceride (TG), total
cholesterol (TC), high-density lipoprotein cholesterol (HDL),
low-density lipoprotein cholesterol (LDL), alanine amino-
transferase (ALT), fasting plasma glucose (G0), and fasting
serum insulin (I0). Then the 75 g oral glucose tolerance
test (OGTT) and insulin secretion test were performed, and
venous blood samples were obtained at 30 and 120 minutes
after glucose load for measuring the plasma glucose (G30,
G120) and serum insulin (I30, I120).

Plasma glucose concentrations were measured using the
hexokinasemethod (OLYMPUSAU5400). HbA1c and serum
insulin were measured by high performance liquid chro-
matography (Bio-Rad D10) and radioimmunoassay (Iodine
[125I] Insulin Radioimmunoassay Kit, Beijing North Institute
of Biological Technology), respectively. ALT and serum lipid
profiles, including TG, HDL, and LDL, were determined with
an automatic biochemical analyzer (HITACHI 7020).

2.3. Calculations. BMI was calculated through dividing
weight (kg) by square of height (m). To evaluate the insulin
secretion, InsAUC30/GluAUC30 (INSR30) was calculated
as a surrogate index for the early phase insulin secre-
tion and InsAUC120/GluAUC120 (INSR120) as a surrogate
index for total insulin secretion, where InsAUC30 and
GluAUC30 are the area under insulin (mIU/L) and glucose
(mmol/L) curves during 0 to 30min of the OGTT and
InsAUC120 and GluAUC120 are the area under insulin
and glucose curves during 0 to 120min, respectively [10].
Matsuda insulin sensitivity index (Matsuda ISI, calculated as
10000/√(G0 × I0) × (G × I), where G and I are the average
levels of plasma glucose (mg/dL) and insulin (mIU/L) during
OGTT) was chosen to evaluate insulin sensitivity [11]. The
homeostasis model assessment of insulin resistance (HOMA-
IR) indexwas calculated as follows: insulin (mIU/L)× glucose
(mmol/L)/22.5 [12]. Glucose disposition indices (disposition

Table 2: Correlations between serum uric acid level and 𝛽-cell
function as well as insulin sensitivity.

Total Female Male
𝑟 𝑟 𝑟

INSR30 0.301# 0.290# 0.395#

INSR120 0.296# 0.275# 0.393#

DI30 0.150# 0.100∗ 0.206#

DI120 0.166# 0.115∗ 0.226#

HOMA-IR 0.192# 0.216# 0.241#

Matsuda ISI −0.252# −0.261# −0.336#

All abnormally distributed continuous variables were log-transformed. ∗𝑃 <
0.05; #𝑃 < 0.001.

index 30 = DI30 = Matsuda ISI × INSR30, disposition index
120 = DI120 = Matsuda ISI × INSR120) [10, 13] were used to
assess 𝛽-cell function, combining both insulin secretion and
insulin sensitivity.

2.4. Statistical Analysis. Student’s t-test and the chi-square
test were used to analyze group differences. The correla-
tivity between sUA and 𝛽-cell function was analyzed by
Pearson’s correlation. The multiple linear regression analysis
was applied to test the associations between 𝛽-cell function
and sUA after adjustment for several covariates. Abnormally
distributed continuous variables, including HbA1c, TG, and
ALT, as well as all the indices for insulin sensitivity and 𝛽-
cell function, were log-transformed to yield an approximately
normal distribution before statistical analysis. 𝑃 value < 0.05
(two-tailed) was considered statistically significant. All statis-
tical analyses were conducted with the Statistical Package for
Social Science for Windows (SPSS, version 13.0).

3. Results

The characteristic of the study patients was shown in Table 1.
The patients were divided into two groups according to the
median sUA levels of females and males, respectively (LUA:
low serum uric acid, which was under the median sUA level;
HUA: high serum uric acid, which was above the median
sUA level). Patients with HUA had higher levels of BMI, TG,
and ALT and greater ratio of hypertension in both genders.
In contrast, the HbA1c and HDL were lower in HUA groups
than in LUA ones. In male, female, and total groups, HUA
patients had greater HOMA-IR and smallerMatsuda ISI than
LUA subjects. Consistent with insulin resistance, patients
with HUA had greater insulin secretion indices, that is,
INSR30 and INSR120, than LUA in all groups. Interestingly,
we found that in men and total groups, patients with HUA
had greater disposition indices (both DI30 and DI120) rather
than in women group. Statistically significant correlations
were found between sUA level and all the indices of 𝛽-cell
function and insulin sensitivity either totally or after being
stratified by gender (shown in Table 2).

To exclude confounding factors which may influence 𝛽-
cell function, multiple linear regression was carried out using
all clinical parameters which were significantly correlated
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Table 3: Multiple linear regression for 𝛽-cell function in total patients.

INSR30 INSR120 DI30 DI120
𝛽 S-𝛽 𝛽 S-𝛽 𝛽 S-𝛽 𝛽 S-𝛽

Sex (0 = female, 1 = male) −0.201 −0.136# −0.229 −0.139# — — — —
Hypertension (yes = 1, no = 0) −0.026 −0.018 −0.018 −0.011 — — — —
Years from diagnosis −0.020 −0.165# −0.029 −0.218# −0.016 −0.217# −0.026 −0.287#

BMI (kg2/cm) 0.021 0.005# 0.018 0.076† — — — —
SBP (mmHg) — — — — 0.002 0.055 0.001 0.021
DBP (mmHg) — — — — −0.005 −0.099† −0.006 −0.111#

HbA1c (%) −0.116 −0.400# −0.156 −0.479# −0.075 −0.414# −0.114 −0.527#

sUA (𝜇mol/L) 0.001 0.147# 0.001 0.146# 0.001 0.154# 0.001 0.156#

TG (mmol/L) −0.006 −0.005 0.015 0.012 — — — —
TC (mmol/L) — — — — −0.011 −0.029 −0.019 −0.040
HDL (mmol/L) −0.077 −0.032 −0.098 −0.036 — — — —
LDL (mmol/L) — — — — −0.007 −0.012 0.009 0.014
ALT (IU/L) 0.091 0.076† 0.103 0.077† — — — —
HOMA-IR 0.497 0.455# 0.426 0.349# −0.222 −0.326# −0.279 −0.343#

Β: partial regression coefficient; S-𝛽: standard partial regression coefficient. All abnormally distributed continuous variables were log-transformed. Only
parameters which were independently associated with 𝛽-cell function indices after multiple stepwise regression are shown. †𝑃 < 0.01; #𝑃 < 0.001.

with 𝛽-cell function indices (data of correlation was not
shown) as independent variables and indices of 𝛽-cell func-
tion as dependent variables. The results of multiple linear
regression analysis are shown in Table 3. The sUA was inde-
pendently associated with INSR30 and INSR120 (𝑃 value of
both partial regression coefficients was less than 0.001) after
adjustment for sex, hypertension, years from diagnosis, BMI,
HbA1c, TG, HDL, ALT, and HOMA-IR. In the regression
model of DI30 and DI120, the relationship between sUA
and disposition indices was statistically significant (𝑃 value
of both partial regression coefficients was less than 0.001)
after adjustment for years from diagnosis, SBP, DBP, HbA1c,
TC, LDL, and HOMA-IR. After grouping patients by sex,
the regression models of 𝛽-cell function were shown in
Table 4. Serum uric acid remained significantly associated
with insulin secretion indices (INSR30 and INSR120) and
disposition indices (DI30 and DI120) after adjusting for
potential confounding factors in both female and male
groups (all 𝑃 value of partial regression coefficients was less
than 0.05).

We also investigated the differences of 𝛽-cell function
changes along with disease duration between low and high
sUA levels. In the scattered plots displayed in Figures 1 and 2,
in both females and males, INSR30 and INSR120 decreased
along with disease duration in both HUA and LUA group (all
regression coefficients were negative, 𝑃 < 0.05). Interestingly,
although INSR30 and INSR120 were higher in HUA group
at the early stage of diabetes, they superficially decreased
more rapidly along with disease duration than in LUA group
and finally dropped to almost the same level as the LUA
group. However, the difference of slop of the lines was not
statistically significant after adjusting for confounding factors
including hypertension, BMI, HbA1c, TG, HDL, ALT, and
HOMA-IR. For disposition indices, in HUA group, DI30 and
DI120 significantly dropped as disease duration increased
in both females and males. However, in LUA group, no

significant regression was found between disposition indices
and disease duration in both genders, except for DI120 in
females.

4. Discussion

The failure of pancreatic 𝛽-cell function plays an important
role in the pathogenesis of type 2 diabetes. Previous studies
have shown that impaired insulin secretion is the key in
the conversion from normal glucose tolerance (NGT) to
impaired glucose tolerance (IGT) and diabetes [14, 15], and
the deterioration of 𝛽-cell function does not stop after
diagnosis. The United Kingdom Prospective Diabetes Study
(UKPDS) showed that 𝛽-cell function, assessed by home-
ostasis model assessment (HOMA), decreased approximately
by 25% in the first 5 years of diabetes [16]. Several factors,
including hyperglycemia, dyslipidemia, cytokines secreted
by adipocytes, and immune response, have been proposed
as reasons for pancreatic 𝛽-cell function deterioration [17–
19]. In addition, our study found the close relationship
between sUA and insulin secretion ability as well as glucose
disposition indices, which was rarely concerned in previous
studies.

Concerning the relationship between sUA level and two
critical sides in the pathogenesis of type 2 diabetes, that is,
insulin resistance and 𝛽-cell dysfunction, the interrelation-
ship between sUA and insulin resistance was revealed by
several studies years ago [7, 8]. Our present study verified
this relationship again by calculating the insulin sensitivity by
either Matsuda ISI or HOMA-IR. Elevated sUA level usually
accompanies insulin resistance. Higher insulin levels can
reduce renal excretion of urate and enhance renal urate reab-
sorption with increased renal tubular reabsorption of sodium
[7, 20, 21]. In addition, increased purine biosynthesis and
turnover, with its attendant increase in sUA, link high sUA
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Figure 1: Scattered plots of simple linear regression between 𝛽-cell function and years from diagnosis in females. LUA, sUA levels under
median of females; HUA, sUA levels above median of females. All 𝛽-cell function indices (INSR30, INSR30, DI30, and DI120) were log-
transformed. Only significant regression lines and formulas are shown. All regression coefficients were negative. The decreases of INSR30,
INSR120, and DI120 per year in the HUA group were greater than that in LUA group.

to insulin resistance and/or hyperinsulinaemia by increased
activity of the hexose monophosphate shunt [22]. On the
other hand, sUA not only may be a consequence of insulin
resistance but also may actually promote or worsen insulin
resistance. Specifically, a recent study showed that sUA plays

an important role in the pathogenesis of MetS, possibly due
to its ability to inhibit endothelial function. In detail, sUA
has been shown to inhibit nitric oxide (NO) bioavailability
and reduce NO concentration which is required in insulin
stimulated glucose uptake [23, 24]. Consequently, higher sUA



Journal of Diabetes Research 7

302010 400

3

2

1

0

−1

−2

−3

In
IN

SR
3
0

(I
U

/m
ol

)

Years from diagnosis
LUA
y = −0.014x − 0.177

HUA
y = −0.022x + 0.335

(a)

302010 400

Years from diagnosis

3

2

1

0

−1

−2

−3

In
IN

SR
1
2
0

(I
U

/m
ol

)
HUALUA

y = −0.016x − 0.050 y = −0.033x + 0.558

(b)

302010 400

Years from diagnosis

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

LUA
HUA

y = −0.011x + 1.969

In
D

I3
0
(L

2
/(

m
g
∗

m
m

ol
))

(c)

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

Years from diagnosis

LUA
HUA

302010 400

y = −0.022x + 2.191

In
D

I1
2
0
(L

2
/(

m
g
∗

m
m

ol
))

(d)

Figure 2: Scattered plots of simple linear regression between𝛽-cell function and years fromdiagnosis inmales. LUA, sUA levels undermedian
of men; HUA, sUA levels above median of males. All 𝛽-cell function indices (INSR30, INSR30, DI30, and DI120) were log-transformed. Only
significant regression lines and formulas are shown. All regression coefficients were negative. The decreases of INSR30 and INSR120 per year
in the HUA group were greater than that in LUA group.

always keeps with more severe insulin resistance, that is,
greater insulin demand of our organs.

Few previous researches investigated the interaction
between 𝛽-cell function and sUA. In present study, we
reported the correlation between sUA level and indices

reflecting islet insulin secretion ability. Subjects with higher
levels of sUA had higher insulin secretion, including the
early phase (INSR30) and total (INSR120) insulin secretion,
and after adjustment for variables associated with insulin
resistance including BMI, TG, ALT, and HOMA-IR, sUA
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is still independently associated with insulin secretion. The
reason why patients with type 2 diabetes of HUA group
can secrete more insulin at the early stage was temporarily
unknown. Insulin resistance may be one of the supposi-
tional reasons, and the increased insulin secretion may be
considered as a compensatory response to overcome the
insulin resistance. Although subjects with higher sUA secrete
more insulin, it does not mean that high sUA is beneficial
to 𝛽-cell function. The insulin secretion ability in those
seems to drop more rapidly than those having lower sUA as
type 2 diabetes duration extends. At last, when the disease
duration is long enough, the difference of both INSR30
and INSR120 between HUA and LUA groups diminishes.
A recent study provided evidence that sUA has a direct
negative effect on 𝛽-cell function, which could cause 𝛽-cell
death and dysfunction by activation of the NF-𝜅B and iNOS-
NO signal axis. This may partly explain the reason why
insulin secretion ability seems to drop more rapidly in HUA
group [25]. Nevertheless, the profound physiology changes
connecting uric acid metabolism and insulin secretion is still
worth further investigation.

Disposition indices which reflect the real glucose
metabolism give attention to both insulin sensitivity and
insulin secretion after glucose load. In our research, the sUA
always kept positive association with disposition indices
in total patients and after having been divided into gender
groups. This finding is consistent with the result also got in
our study that those subjects with higher sUA got statistically
lower HbA1c level. All these suggest that high sUA level
is associated with better glucose utilization. A mechanism
underlying the relationship between glucose utilization and
sUA levels may be due to the uricosuric effect of glycosuria,
which means hyperglycemia facilitates uric acid excretion
when the blood glucose level is above 10mmol/L [26]. By
glycosuria, the sUA concentration of patients with high
blood glucose levels may be low; however high blood
glucose is harmful to islet 𝛽-cells. Furthermore, some studies
demonstrated high sUA levels are associated with increased
generation of free radicals and oxidative stress [27], which
has various adverse effects on 𝛽-cell function [28, 29]. This
could be one possible reason for the faster decline of insulin
secretion function in high sUA patients. However, other
studies have suggested that sUA is an effective antioxidant
[30, 31] and elevated sUA levels may reflect a compensatory
mechanism contributing to the increased oxidative stress
associated with the MetS. Collectively, the exact role of sUA
in oxidation is still controversial, and further research is
required.

We are very cautious about making conclusion in the
close relation between sUA and 𝛽-cell insulin secretion
function as well as glucose disposition because of two points:
firstly, this is just a cross-sectional study rather than longitu-
dinal study; secondly, subjects in our study received a wide
diversity of hypoglycemic therapy which might influence the
nature change of the islet function.

However, from this study, an independent positive asso-
ciation between sUA and 𝛽-cell function is confirmed, sug-
gesting a potential close relation and interaction between uric
acid and insulin secretion ability. Type 2 diabetic patients

with higher sUA level have better insulin secretion but their
residual 𝛽-cell function seems to decay more quickly.
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The neogenesis of insulin-producing cells (IPCs) from non-beta-cells has emerged as a potential method for treating diabetes
mellitus (DM). Many groups have documented that activation of pancreatic transcription factor(s) in hepatocytes can improve
the hyperglycemia in diabetic mice. In the present study, we explored a novel protocol that reprogrammed primary hepatocytes
into functional IPCs by using multicistronic vectors carrying pancreatic and duodenal homeobox-1 (Pdx1), neurogenin 3 (Ngn3),
and v-musculoaponeurotic fibrosarcoma oncogene homolog A (MafA). These triple-transfected cells activated multiple beta-cell
genes, synthesized and stored considerable amounts of insulin, and released the hormone in a glucose-regulated manner in vitro.
Furthermore, when transplanted into streptozotocin-induced diabetic mice, the cells markedly ameliorated glucose tolerance. Our
results indicated that ectopic expression of Pdx1, Ngn3, and MafA facilitated hepatocytes-to-IPCs reprogramming. This approach
may offer opportunities for treatment of DM.

1. Introduction

According to data from International Diabetes Federation
(IDF), there were about 371 million people suffering from
diabetes mellitus (DM) in 2012 [1]. Islet transplantation
has been considered as a promising strategy for curing
DM, whereas it is limited by both scarcity of donor cells
and immunologic rejection. It is widely believed that cell
replacement for curing DM will be applied on a large scale
only when new sources of insulin-producing cells (IPCs) are
discovered.

On the phase of organogenesis, the same as pancreatic
islet beta-cells, hepatocytes also are derived from endoderm
and both of them share many of their epigenomes, such as
glucose transporter-2 and glucokinase (Gk) [2]. Conversion
between hepatocytes and pancreatic islet beta-cells may
therefore require fewer epigenetic changes. Hepatocytes can
serve as the potential source of IPCs.

Transcription factors are the elements that regulate dif-
ferentiation and development of cells. It was documented
that hepatocytes could be reprogrammed into IPCs by
introducing certain transcription factor(s). Pancreatic and
duodenal homeobox-1 (Pdx1) was proved to play a crucial
role on pancreatic morphogenesis and function in postnatal
islet [3]. Ferber et al. reported that ectopic expression of
Pdx1 could induce the conversion from hepatocytes to IPCs
and improve the hyperglycemia in streptozotocin- (STZ-)
treated diabetic mouse [4]. Thereafter, several studies have
confirmed that many other factors involved in pancreas
development, including neurogenin 3 (Ngn3) [5], beta-
cellulin [6], neurogenic differentiation (NeuroD) [7], and
v-musculoaponeurotic fibrosarcoma oncogene homolog A
(MafA) [8], could also turn on endocrine program in hep-
atocytes but not to generate functional beta-cells. Recently,
an exciting and interesting breakthrough in islet regeneration
was found by Melton and his colleagues. Among more than
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1100 pancreas-associated transcription factors, they estab-
lished a specific combination (Pdx1, Ngn3, and MafA) which
was amost efficient precept in reprogramming nonpancreatic
beta-cells into IPCs that closely resemble endogenous 𝛽-cells
[9].

Many groups have attempted to set up a practical
induction of islet regeneration by virus-mediated protocol.
However, safety concerns have been the main bottleneck to
the studies of viral gene delivery. In 1999, the death of a
volunteer due to gene therapy in a clinical trial was caused
by administering adenovirus vectors within 98 hours [10].
The autopsy report revealed that the patient succumbed
to multiorgan failure owing to the fatal immune response
triggered by the administered adenovirus [11]. In order to
allow clinical use of reprogramming, it is urgent to explore
a feasible nonviral strategy.

Here, we showed that coexpression of Pdx1, Ngn3, and
MafA in primary hepatocytes induced hepatocytes-to-IPCs
reprogramming and reversal of hyperglycemia in diabetic
animals by using multicistronic vectors via liposome.

2. Materials and Methods

2.1. Plasmid Construction. The transcription factors ofmouse
Pdx1, Ngn3, andMafA (gene ID: 008814.3, 009719.6, 194350.1)
were PCR-amplified from total RNA and ligated with an
open reading frame (ORF) or 3-untranslated regions (UTR),
subsequently, cloned into a shuttle vector pcDNA3.1 (+)
(Clontech, USA), respectively. Electrophoretic analysis and
gene sequencing were conducted to make sure that all the
recombinant plasmids were correct.

2.2. Cell Culture. 4-week-old male C57BL/6J mice (Lab-
oratory Animal Center of Southern Medical University,
Guangzhou, China) were kept in a controlled-temperature
(22–25∘C) animal room, with a 12 h light and 12 h dark cycle.
Pelleted commercial chow (Laboratory Animal Center of
Southern Medical University) and purified water were avail-
able. The experimental procedures performed in this study
were in accordance with the guidelines of the Institutional
Animal Ethics Committee for the Care andUse of Laboratory
Animals. Hepatocytes were isolated and purified from the
animals by in situ collagenase perfusion, as mentioned
previously [12]. The hepatocytes were plated at 6-well plates
precoated with collagen (Corning, USA) and incubated at
37∘C with 5% humidified CO2.

2.3. Transfection. Primary hepatocytes were transfected by
Lipofectamine 2000 (Invitrogen, USA) according to the
manufacturer’s protocol. In brief, we prepared DNA-reagent
complexes at ratios of 1 : 2.5 (total volume = 500 𝜇L). Twenty
minutes later, the complexes were added to each well. To
investigate transfection efficiency, a green fluorescent pro-
tein (GFP) plasmid was introduced. 48 hours after trans-
fection, flow cytometry analysis was conducted. The cells
that displayed green fluorescence were examined through
FL 1 channel (excitation: 488 nm, emission: 520 ± 10 nm;
FACSCalibur, BD, USA). The efficiency was defined as the

percentage of GFP-positive cells within all viable cells in 3
independent experiments. Hepatocytes treated without GFP
served as control.

2.4. Reverse Transcription Polymerase Chain Reaction. Total
RNA was extracted using TRIzol (Takara, Japan) from two-
day cultured hepatocytes. RT-PCR was performed according
to the manufacturer’s instructions (PrimeScript RT-PCR Kit,
Takara). The following gene-specific oligonucleotide primers
were used for amplification: Pax6 (314 bp), CAG TCA CAG
CGG AGT GAA TCA GC (forward) and GCC ATC TTG
CGT AGG TTG CCC TG (reverse); Nkx6.1 (381 bp), GTT
CCT CCT CCT CCT CTT CCT C (forward) and AAG ATC
TGC TGT CCG GAA AAA G (reverse); and Isl1 (268 bp),
GTG CGG AGT GTA ATC AGT ATT TGG (forward)
and GTC ATC TCT ACC AGT TGC TCC TTC (reverse).
Amplification conditions were initial denaturation at 94∘C
for 10min, followed by 35 cycles of denaturation at 94∘C for
30 sec, annealing at 60∘C for 30 sec and extension at 72∘C for
30 sec, and at last an extension step of 10min at 72∘C.

2.5. Real-Time Fluorescence Relative Quantitative PCR
(qPCR). Total RNA was obtained as above. The primers
were the following: Gk (islet type), CAG AGA CAC AAC
AAC CTT TTC CC (forward) and GCT GTC TCA CTG
GCT GAC TT (reverse); Ins1, TTG GTG CAC TTC CTA
CCC CT (forward) and CAC ACA CCA GGT AGA GAG
CC (reverse); and Ins2, CCA TCA GCA AGC AGG AAG
GTT A (forward) and CAG GTG GGA ACC ACA AAG GT
(reverse). The SYBR-Green real-time PCR reaction solution
was prepared and the PCR conditions were set according
to the manufacturer’s protocol (ABI, USA). The data were
analyzed for target gene expression by the 2−ΔΔCt method.
Normal C57BL/6J mice islet was used as a control.

2.6. Western Blot Assay. Five days after transfection, proteins
were isolated. The protein concentrations were determined
by protein assay (KeyGEN, China). Electrophoresis on a 12%
SDS polyacrylamide gel was performed and the protein was
transferred to a PVDFmembrane (Millipore, Germany). Pro-
tein bands were detected using an enhanced chemilumines-
cence system (Pierce Biotechnology, USA) with antibodies
(Santa Cruz, USA).

2.7. Insulin and C-Peptide Detection. 5-day cultured hepato-
cytes were treated with acid-ethanol at 4∘C overnight. The
supernatants were collected and the intracellular C-peptide
levels were measured by an enzyme-linked immunosorbent
assay (C-peptide-ELISA kit, Millipore). Insulin secretion was
determined by an ELISA kit (Insulin-ELISA kit, Millipore)
after exposure toKrebs-Ringer bicarbonate (KRB) bufferwith
0.1% BSA containing various concentrations of glucose (0, 5,
or 25mM) as described [13]. The values of insulin and C-
peptide were normalized relative to the total protein content
which was detected by protein assay (KeyGEN, China).
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Figure 1: Flow cytometry quantitation of GFP-positive cells demon-
strates that treatment with GFP results in a 16-fold higher number,
compared with those without GFP; 𝑛 = 3.

2.8. Streptozotocin-Induced Diabetic Mice and Cell Transplan-
tation. 6-week-old male C57BL/6J mice (Laboratory Ani-
mal Center of Southern Medical University) were injected
intraperitoneally with streptozotocin (STZ; Merck, Ger-
many) at a dose of 180mg/kg body weight. Diabetes was
diagnosed by blood glucose levels >300mg/dL (16.7mM)
on two consecutive measurements. Recombinant plasmids
which encode Pdx1, Ngn3, and MafA (MNP) as well as null
vectors (NV) were delivered into hepatocytes 3 days before
transplantation. 6–8 × 106 cells suspended in 0.2mL PBS
were transplanted into the liver parenchyma of diabetic mice
through portal injection.

2.9. Glucose Tolerance Test. Mice were injected intraperi-
toneally with glucose at a dose of 1 g/kg body weight after
6 h fast. Blood samples were collected from the tail vein to
monitor glucose levels at the indicated time points.

2.10. Statistical Analysis. All values are expressed as means ±
SD.The differences were analyzed with two-sample Student’s
𝑡-test, and 𝑃 < 0.05 was considered to be significant.

3. Results

3.1. Transfection Efficiency in Our Experiment. Transfection
efficiency was recognized as the proportion of GFP-positive
cells among all viable cells at 48 h after transfection. Our
data indicated that transfection efficiency was 29.3 ± 1.1%
(Figure 1), which was close to previous study [14].
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Figure 5: Evaluation of insulin synthesis and secretary ability in transfected cells. (a)Measurements of intracellular C-peptidewere conducted
by an ELISA kit; 𝑛 = 3. (b) Glucose-induced insulin secretion from transfected hepatocytes. Values are mean ± SD of insulin in 3 different
experiments, relative to 0mM glucose. ∗𝑃 < 0.05.

3.2. Ectopic Coexpression of Pdx1, Ngn3, and MafA Markedly
Promotes Hepatocytes-to-IPCs Reprogramming. Using RT-
PCR,we investigated the expression profiles of the transfected
transcription factors and islet-related genes. As expected, the
transfected transcription factor(s) was (were) detectable in
corresponding group. Interestingly, some factors were found
in their transfection-default group. For example, exogenous
MafA could induce the expression of the endogenous Pdx1.
On the other hand, the mRNA expression of pancreatic
transcription factors including Pax6, Nkx6.1, and Isl1 inMNP
group was higher than the other groups. However, the genes
above were not detectable in control NV group (Figure 2).

A better illustration for the extent of the transdifferentia-
tion process is to quantify the expression of the endogenous
pancreatic markers in transfected hepatocytes. Compared to
MNP group, differences in the expression of islet-type Gk in
bicistronic groups were not significant. It is documented that
Ins2 is detectable in yolk sac and developing brain as well as
in islet cells, while Ins1 appears in islet cells only. In these
hepatocytes, the relative values of Ins2 and Ins1 inMNPgroup
were 0.82 ± 0.04 and 0.76 ± 0.04, respectively, which were
higher than that in the rest groups (Figure 3).

To confirm that transfected hepatocytes can express the
target protein encodes by Ins1 and Ins2, we performed
Western blot analysis. As shown in Figure 4, among all
groups, level of both Ins1 and Ins2 protein was the highest
in MNP group, except positive control group. These data
suggested that transfection with Pdx1, Ngn3, and MafA acti-
vated an endocrine developmental shift in fully differentiated
hepatocytes.

3.3. Triple Transfection Enables Hepatocytes to Reprogram
into IPCs. In order to examine insulin biosynthesizing in
transfected cells, intracellular C-peptide contents were mea-
sured. The figure of C-peptide in MNP group which reached
1200 pg/𝜇g protein was significantly higher (2–120-fold) than
the other groups (Figure 5(a)). Glucose-sensing ability and
the coupling between glucose sensing and insulin secretion
play an important role in pancreatic beta-cell function.There-
fore, insulin secretion was evaluated after static incubation
with glucose using a commercial ELISAkit. FromFigure 5(b),
we can see that the hormone was secreted in a glucose-
responsive manner, in MNP group. These results together
with data from C-peptide secretion implied that IPCs repro-
grammed from hepatocytes with triple transfection closely
resembles normal pancreatic beta-cells.

3.4. IPCs Ameliorate STZ-Induced Hyperglycemia In Vivo. To
further assess effectiveness of IPCs in maintaining glucose
homeostasis, they were transplanted into diabetic mice,
which were treated with STZ to specifically damage islet
𝛽-cells. Meanwhile, hepatocytes transfected with NV were
transplanted as a negative control. A glucose tolerance test
was conducted daily until day 19 after transplantation. As
shown in Figure 6(a), 2 days after transplantation, fasting
blood glucose levels were reduced by IPCs. Furthermore,
IPCs-transplanted mice exhibited a complete reversal of
hyperglycemia on day 7. It is noted that hypoglycemia was
not observed (Figure 6(b)). These data suggested that trans-
fection with Pdx1, Ngn3, andMafAmulticistronic expression
vector through Lipofectamine 2000 was a sufficient nonviral
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Figure 6: Effects on blood glucose levels by transplanting IPCs into diabetic mice at different times. A glucose tolerance test was performed,
and glucose levels were determined from blood drawn from the tail vein. (a) Fasting blood glucose of mice until day 19. ((b) and (c)) Glucose
levels during a glucose tolerance test of mice on days 7 and 19. Data are presented as mean ± SD. ∗𝑃 > 0.05 versus NV; #

𝑃 > 0.05 versus
nondiabetes.

approach to trigger hepatocytes-to-IPCs reprogramming.
However, profound effect of improving hyperglycemia was
not obtained at day 19. Differences at the time point of 0
and 30min during a glucose tolerance test between mice
implanted with IPCs and NV-treated hepatocytes were not
significant (Figure 6(c)).

4. Discussion

It has been confirmed that one kind of adult somatic cells
can transdifferentiate into another one, without undergoing
the process of dedifferentiation [9, 15, 16].This was termed as
cell direct reprogramming technology. It was demonstrated
that the coexpression of Pdx1, Ngn3, and MafA in pancreatic

exocrine cells was themost effective way for IPCs reprogram-
ming [9]. In this study, we examined the potential of IPCs
reprogramming by using multicistronic vectors-mediated
coexpression of the three transcription factors in hepatocytes.

As promoters of hepatocytes-to-IPCs reprogramming,
we focused on the three transcription factors: Pdx1, Ngn3,
and MafA. Pdx1 is a “switch” of pancreas development and
function, and Ngn3 is expressed in endocrine progenitors
and is in charge of islet differentiation [17]. With respect
to MafA, it is a key calibrator of glucose-responsive insulin
secretion [18]. Despite that all the three factors could trigger
the process, none of them could achieve the reprogramming
alone, while the specific combination does. Similar results
were obtained in our study. Substantial increase in insulin
gene expression (Figures 3 and 4) andC-peptide (Figure 5(a))
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was found in MNP group. Furthermore, IPCs responded
to glucose challenge both in vitro (Figure 5(b)) and in vivo
(Figure 6(b)). These results suggested that IPCs acquired the
capacity of insulin synthesis, storing, secretion, and glucose-
sensing. The exact mechanisms underlying the processes are
still elusive at present. However, the following possibilities
may be important in explaining it. Firstly, as mentioned
above, embryological homology between hepatocytes and
islet-cells may facilitate the transdifferentiation. Secondly,
it could be attributed to the powerful synergistic effect of
pancreatic transcriptional network including Pax6, Nkx6.1,
and Isl1 which were elicited by triple overexpression pro-
moting [19]. RT-PCR analysis revealed large induction of
expression of Pax6, Nkx6.1, and Isl1 inMNP group (Figure 2).
The powerful synergistic effect of pancreatic transcrip-
tional network was proved to promote insulin expression
[20, 21].

Besides embryological homology, there is another advan-
tage when using hepatocytes as a source of IPCs. From
Greek myth about Prometheus, ancient Greeks had real-
ized the regenerative capacity of the liver. In modern
times, it has been proved by many studies that injuries,
including chemical insult and surgical remove, can trigger
liver regeneration [22]. The regenerative procedure will
finish within one week in rodents even there are only
approximately 30% of liver left [23]. More importantly, the
structure and function of the liver maintained during the
repopulation [24, 25]. Additionally, laparoscopic approach
has been considered as a safe and effective therapeutic
option in hepatectomy. Thus, the acquirement of hepato-
cytes by laparoscopic approach makes autotransplantation
possible, allowing diabetic patients to be the donors of
themselves.

Viral vectors are attractive tools for gene delivery because
of their high efficiency. Nevertheless, questions regarding
toxicity, immunogenicity, and a probable risk for insertional
mutagenesis following viral vectors are hurdles that may
preclude their widespread use [26]. The success of gene
therapy requires the development of the gene delivery vector.
Owing to its ability to mediate stable transgene efficiency,
large cloning capacity, devoid of eliciting a major humoral
immune response, and lower cost, multicistronic vector has
entered the realm of the current therapeutic gene transfer
arena, recently [27]. By using it, we achieved the hepatocytes-
to-IPCs reprogramming.

In conclusion, our study reveals that multicistronic
vectors-mediated expression of Pdx1 together with Ngn3 and
MafA in hepatocytes was a feasible regimen for inducing
islet neogenesis in vitro and resulting in correction of
diabetic state in vivo. Additional investigations are needed
to prolong duration of euglycemia in animals. We believe
that this information is valuable for cell replacement of
diabetes.
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Pancreatic islet transplantation is a promising therapy to regain glycemic control in diabetic patients. The selection of ideal grafts
is the basis to guarantee short-term effectivity and longevity of the transplanted islets. Contradictory to the traditional notion,
recent findings implied the superiority of small islets for better transplantation outcomes rather than the large and intact ones.
However, the mechanisms remain to be elucidated. Recent evidences emphasized the major impact of microcirculation on islet
𝛽-cell mass and function. And potentials in islet graft revascularization are crucial for their survival and preserved function in the
recipient. In this study, we verified the distinct histological phenotype and functionality of small islets versus large ones both in vitro
and in vivo. With efforts to exploring the differences in microcirculation and revascularization of islet grafts, we further evaluated
local expressions of angiotensin and vascular endothelial growth factor A (VEGF-A) at different levels. Our findings reveal that,
apart from the higher density of insulin-producing𝛽-cells, small islets express less angiotensin andmore angiotrophic VEGF-A.We
therefore hypothesized a logical explanation of the small islet superiority for transplantation outcome from the aspects of facilitated
microcirculation and revascularization intrinsically in small islets.

1. Introduction

Diabetes mellitus is now ranking among the top list of
diseases leading to mortality and disability in human [1].
Type 1 diabetes mellitus is characterized by the autoim-
mune destruction of the pancreatic insulin-producing 𝛽-cells
and subsequently absolute deficiency of insulin to maintain
glucose homeostasis [2]. In later stages of type 2 diabetes
mellitus, the failure of islet 𝛽-cells often plays a core role
in the decompensated glucose homeostasis [3]. Therefore,
most diabetic patient, regardless of the current classification,
would be faced with the indispensable replacement therapy
of insulin and eventually become “insulin dependent” [4].
Currently, exogenous insulin injection generally serves as the
most effective regime [4]. However, administration of insulin
is onerous for the patients. And most importantly, due to

the breach of the closed dynamic regulation loop in response
to physiological changes, it is difficult for exogenous insulin
formulations to avoid episodes of hyperglycemia and hypo-
glycemia [5]. As first introduced by the Edmonton protocol
in the year of 2000, pancreatic islet transplantation (PIT)
emerged as a promising method to normalize metabolic
control in a way that cannot be achieved with exogenous
insulin [6–8]. Great successes have been achieved with this
treatment plan [8–11]. However, there are still several hurdles
before the real success [12]. The first major hurdle is the
source and choice of more qualified grafts which directly
affect the short-term effectivity and long-term survival of the
transplanted islets [4].

It has been traditionally regarded that large and intact
islets during isolation were of better choice for transplanta-
tion. However, in the past decade, evidences have emerged
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indicating that small islets, both in vitro and in vivo, have
more insulin content [13] and stronger secretory function [14,
15]. Better outcomes were also observed in small islets trans-
plantation than in large ones [15]. However, the mechanisms
underlying the superiority of small islets in transplantation
remain largely to be elucidated [16].

A series of work has been done regarding the distinctive
phenotypes between small and large islets [8, 17]. Previous
studies mainly focused on the phenotypic and function
divergence in insulin-producing 𝛽-cells or other endocrine
cells. However, as one of the most vascularized organs,
pancreatic islets consist of a network of specialized capillaries
that regulate islet blood flow as well as endocrine cells
function [18–20]. To note, in PIT, the islet microcirculation
and revascularization were of determinant importance in
both functionality and longevity of transplanted grafts [20–
24]. Therefore, the divergence in microcirculation and revas-
cularization would have causative role in distinct function
and outcomes between different groups of islets.

In this study, we verified the distinct histological phe-
notype and functionality of small islets versus large ones
both in vitro and in vivo. We explored the divergence in
microcirculation as well as expressions of local dominant
regulators of microcirculation and revascularization such as
angiotensin and VEGF-A.

2. Material and Method

2.1. Rat Islet Isolation. Rat islet isolation was performed acc-
ording to the pancreas in situ perfusion method previously
described with minimal modification. Generally, primary
rat islets were derived from health adult Wistar rats with
body weight (250 g), age (10∼12 weeks), and sex (male)
matched. After sterilization, the operation was performed
in sodium pentobarbital anesthetized rats. Common bile
duct was exposed, then punctured using syringe with 28G
needle, and injected with 6mL cold 1mg/mL collagenase V
(Sigma, catalog number: C9263). The engorged pancreas was
removed and incubated in Hanks solution for 12min at 37∘C
and then shook briefly into sand-like mixture. The sand-
like mixture was infiltrated by 50-mesh sieve and washed
with Hanks solution. The pellet was resuspended with 5mL
Histopaque 1077 (Sigma, catalog number: 10771). 10mL
Histopaque 1077 was subsequently added to the mixture
slowly. And the preparation above was filled with 10mL
Hanks solution carefully to keep the interface intact and then
centrifuged for 15min at 800 g without brake. Finally, we
collected islets in the interface between Hanks solution and
Histopaque 1077 using 1ml pipette and washed 3 times with
Hanks solution for further experiment.

2.2. Islet Size Determination and Sorting of Small versus
Large Islets. Triplicate samples of each batch of islets, each
comprising about 5% of the total islet fraction from a single
pancreas, were transferred into 24-well plate and examined
under light microcopy. The diameter of the individual islet
was determined and recorded for calculating total islet
volume. For irregularly shaped islets, diametermeasurements

by two vertical axes on the islet were taken and the average
was used. Islet volumes were calculated and converted to
islet equivalents for the sample and the entire islet fraction.
Diameters were calculated by islet equivalent (IEQ, islet of
diameter every 150 𝜇m is defined as 1IEQ).

The rat islets were sorted into 2 groups manually using
blunted syringe. Based on previous reports concerning large
and small rat islets, small islets were defined as islets with
a diameter of less than 125𝜇m, whereas large ones with
a diameter of over 150 𝜇m. Islets between 125 and 150 𝜇m
diameters were excluded from analysis, in order to obtain
clean group classification.

2.3. Diabetic Models Establishment and Pancreatic Islets
Transplantation. Age matched syngeneic rats (males, 280–
300 g) diabetic models were generated by intraperitoneal
injection of streptozotocin (STZ, 85mg/kg body weight;
Sigma) freshly dissolved in citrate buffer (pH 4.5). One week
after the successful diabetic modeling confirmed by three
days of glucosemonitor (randomglucose levels>16mmol/L),
diabetic rats were randomly distributed into 3 groups (for
each 𝑛 = 6): small islets (as defined above) transplantation
group, large islets transplantation group, and sham-operation
group. Twenty-four hours after isolation, 3,000 IEQ were
injected into the portal vein via 25G needle connected to
syringe as previously described [9].

2.4. Intraperitoneal Glucose Tolerance Test. Before and after
the successful induction of diabetes, blood glucose levels
were monitored by tail vein puncture with an Accu-chek glu-
cometer (Roche, Mannheim, Germany). The transplantation
outcomes were evaluated by routine intraperitoneal glucose
tolerance test (IPGTT) at the 10th day and 40th day after
PIT operation. Generally, after overnight-fasting, rats were
injected intraperitoneally with 2 g/kg glucose. Blood glucose
levels were obtained at indicated time points (0, 30, 60, 90,
120, and 180 min). IPGTT curves were drawn and areas
under curve (AUCs) were also calculated for transplantation
outcomes evaluation using Graphpad Prism 5.01.

2.5. In Vitro Islet Culture and Insulin Secretion Assay.
Rat islets were cultured at 37∘C with 5% CO2 in RPMI
1640 medium (Gibco) supplemented with 10% FBS,
25mmol/LHEPES (Gibco), 50U/mL of penicillin, and
50 ug/mL of streptomycin. 30–50 islets were put into each
well of the 6-well plate. During culture, shake the plate to
avoid gathering. In accordance with the routine culture, fresh
medium is replaced with half of the total amount.

To evaluate and compare the secretion function of small
and large islets graft in vitro, glucose stimulated insulin secre-
tion assay was performed. Islets of total 20 normalized IEQs
were transferred into each well of 24-well plate with 1.5mL
serum-free RPMI 1640 medium. After overnight incubation
at 37∘Cwith 5%CO2, islets were washed 3 timeswith glucose-
freemedium and then incubated in freshmedium containing
2.8mM glucose or 16.7mM glucose for 2 hours. The super-
natant was collected for insulin level assay. The insulin levels
in themediumwere determined by radioactive immunoassay
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in Institute of Experimental Nuclear Medicine, Shandong
University. Triplicate samples were tested for each condition.
And three independent experiments were arranged in our
study.

2.6. Islet Viability Assay. Cultured islets were examined
under lightmicroscopy and recorded at indicated time points
(24 h, 72 h, and 120 h). Isolated islets showed a concentrated
necrosis pattern with prolonged culture in vitro. This was
mainly presented as a reduction in light transmittance mor-
phologically.

To further study difference of the islet grafts viability
between large and small islets, we quantified the islet cells
viability by a colorimeter-based assay. Single islet cell was
obtained immediately after islet isolation. Freshly isolated
islets were digested at 37∘C for 17min with 0.25% EDTA-
trypsin (Sigma) followed by syringe injection through pro-
gressively narrower needles sized from 16 to 22G to disperse
into single-cell suspension [5]. The viability of islet cells
seeded in a 96-well plate (5000 cells/well) was immediat-
ely determined using CCK-8 kit (Beyotime, CN). The
WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt] in
the CCK-8 kit produced a water-soluble formazan dye upon
reduction in the presence of an electron carrier in viable cells.
The light absorbance of the mediumwas measured at 450 nm
using microplate reader. All samples were determined in
triplicate.

2.7. Tissue Total RNA Extraction and Quantitative Reverse-
Transcription PCR. Total RNA was extracted and purified
from isolated fresh islets homogenized using TRIzol Reagent
(Invitrogen, CA, USA) (purity >1.75) and synthesized at once
into cDNA using a RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific) according to the manufacturer’s
manual. Briefly 2 ug of total RNA was reverse transcribed
in a system containing 5x buffer reverse transcriptase, Rnase
inhibitor, poly T primers, 100mM dNTP Mix, and a total
volume of 20 uL. The reaction was carried out in iCycler
thermocycler (Bio-rad, Germany) at 42∘C for 1 h and 70∘C for
5min. The cDNA products were stored at −80∘C for further
quantification assay.

Real time quantitative PCR for rat indicated genes was
performed in the LightCycler 480 System (Roche Applied
Science) using SYBR green (Toyobo) as a dye reagent with 40-
cycle protocol. After initial denaturation (95∘C, 5minutes),
PCR reactions were conducted with the following parame-
ters: denaturation at 95∘C for 15 seconds, annealing at 65∘C for
15 seconds, and extension at 72∘C for 45 seconds. The primer
sequences used for amplification of rat genes were as follows:

Rat VEGF-A: sense, 5-TGCCAAGTGGTCCCAG-3;
and antisense, 5-CGCACACCGCATTAGG-3;

rat Angiotensinogen: sense, 5-TTCAGGCCAAGACCT-
CCC-3; antisense, 5CCAGCCGGGAGGTGCAGT-3;

rat AT1: sense, 5-TTCAGCCAGTGTTTTAGA-3; anti-
sense, 5-TTACTCCTTGGA-GGCCATGT-3 [2];

rat GAPDH: sense, 5-ACTCCCATTCCTCCACCTTT-
3; and antisense, 5-TTACTCCTTGGA-GGCCATGT-3.

The amplification efficiency of the PCR products was calcu-
lated according to the Ct values. Target gene expressions were
demonstrated relative to the number of GAPDH transcripts
used as the internal reference. All samples were detected in
triplicate.

2.8. Western Blotting. Extraction of whole tissue protein was
conducted with RIPA (strong). Protein was quantified with
BCA protein assay kit. 20 ug of protein was separated by
SDS-PAGE. After electrophoresis, protein was transferred to
PVDF membranes which was blocked with 5% nonfat milk
in TBS-T (10mM Tris, 150mM NaCl, and 0.05% Tween-20)
for 2 h. And then PVDF membrane was washed with TBS-
T for 3 times and incubated with primary antibody (1 : 1000
dilution): anti-insulin and proinsulin (ab14042, Abcam), AT1
(sc-57036, Santa Cruz), and VEGF-A (19003-1-AP, Protein-
tech) at 4∘C overnight. Then membrane was incubated with
indicated secondary antibody (1 : 30000) for 1 h. Signal was
detected by chemiluminescence using the ECL detection
system. Quantification of bands was performed using Image
J software.

2.9. Immunohistochemistry. Collected islets or pancreas (isl-
ets in situ) was incubated with 200 uL rat plasma, coagulated
after adding 15 uL thrombin (H32020892). The islet/pancreas
specimenswere soaked in 4% formaldehyde, after embedding
in paraffin; they were sliced into 5 um thick sections. Briefly,
after heat-induced antigen retrieval at 95∘C for 30min, the
slides were dipped in 0.3% H2O2 for 10min to quench the
endogenous peroxidase and then incubated in 1% BSA/PBS
for 10min, followed by overnight incubation with indicated
primary antibodies at 4∘C. The primary antibodies were as
follows: anti-insulin and proinsulin (Abcam, ab8304, 1 : 500),
anti-CD31 (NB100-64796, Novus Biologicals, 1 : 200), and
anti-VEGF-A (19003-1-AP, Proteintech, 1 : 500). Afterward,
the slides were incubated at room temperature for 15min
with appropriate horse radish peroxidase- (HRP-) conjugated
secondary antibodies. The sections were colourated with
DAB and then observed by light microscopy.

2.10. Statistical Analysis. Results were expressed as mean
± SD. Comparisons between two groups were assessed
by the 𝑡-test (paired or nonpaired). Statistical significance
among three groups was checked by ANOVA, and difference
between any two groups was determined by Newman-Keuls
test (𝑞 test) unless the data were not normally distributed, in
which case Kruskal-Wallis test (𝐻 test) was used. All tests
were performed by SPSS 18.0 system. 𝑃 value less than 0.05
was considered statistically significant.

3. Results

3.1. Isolated Islets with Different Sizes Have Distinct Yield
and Histological Features. After routine isolation, the size
and numbers of each islets can be readily determined and
recorded under light microscopy during separation of small
islets (with diameters <125 𝜇m) from large ones (with diame-
ters >150𝜇m). After manual separation of small islets from
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Figure 1: Typical morphology of small and large islets incubated in vitro with indicated time. Note the expanded central reduction of light
transmittance within the large ones.

the large ones, distinct characteristics were noted between
these two groups (typicalmorphology of small and large islets
freshly isolated is shown in Figure 1). Consistent with the
past study, we observed a significantly greater total amount
of small islets from pancreas of each healthy rat. Although
the small islets only accounted for 27% of the total IEQs [15],
they were about twice to three times the amount of large ones
(shown in Figure 2(a)). These indicate the great potential of
the small islet grafts in PIT since the small ones have not been
paid as much attention as their worth.

3.2. Small Islets Freshly Isolated and Cultured In Vitro Survive
Better Than Large Ones. Immediately after manual separa-
tion, isolated islets were cultured under the same condition.
With a 24-hour incubation in vitro, islets were observed
under light microscope. Not surprisingly, large and intact
islets, rather than small ones, underwent typical core cell
death implicated by a reduction in light transmittance mor-
phologically. After a 72-hour incubation, this pattern of cell
death was deteriorated and the dark core area expanded in

large islets. The typical pattern of cell death was less apparent
in small islets until 120 hours later, when the large ones had
failed 50% of the total area (see Figure 1).

Further quantified analysis of cell viability by CKK-
8 kit revealed that small islet grafts demonstrated signifi-
cantly increased viability (shown in Figure 2(b)). Consistent
with the morphological implication, freshly isolated islets
embraced more viable cells compared with large ones (𝑃 =
0.0040). The difference in viability, of both newly isolated
and incubated with prolonged time, further suggests the
superiority of small islets in PIT.

3.3. Small Islets Embrace More Insulin-Producing 𝛽-Cells and
Function More Vigorously under Glucose Load. Immunohis-
tochemistry was performed on sectioned pancreas to deter-
mine the composition and distribution of insulin-producing
cells in small and large islets (shown in Figure 3(a)). Both
large and small islets in situ showed a typical distribution
of insulin-positive cells. It could be obviously observed in
situ that small islets showed a more distinct and intensive
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Figure 2: Distinct yield and islet cell viability between large and small islets freshly isolated. (a) Small islets are as twice to three times the
amount of large ones isolated from each single batch of pancreas. (b) Islet cell viability analyzed by CKK-8 kit. Islet cells from freshly isolated
small grafts are as much as 11% more viable than those from small ones (𝑃 = 0.0040).

insulin staining (brown) comparedwith the large ones, which
is in accordance with the previous study in human. In
isolated islets, insulin content was again analyzed by western
blotting according to islet size. Our data showed that small
islets, normalized to total protein content, have more insulin
reservation than large ones (𝑃 < 0.0001, Figures 3(b) and
3(c)).

To further assess the insulin secretory function in vitro,
we determined insulin levels under both basal condition
(2.8mM glucose) and high glucose challenge (16.7mM glu-
cose).The small islets, once again, demonstrated significantly
stronger insulin secretory capabilities than the large ones
when normalized to IEQ both basally (15.74 ± 2.05 versus
21.26 ± 1.91 𝜇IU/IEQ, 𝑃 = 0.0007) and after glucose challenge
(47.53 ± 4.965 versus 69.42 ± 3.985 𝜇IU/IEQ,𝑃 < 0.0001) (see
Figure 3(c)).

3.4. Small Islets Transplantation Is Superior to Large Ones
in STZ Induced Diabetic Rat Models. We use STZ induced
diabetic rats as recipients. Most rats developed diabetes after
one administration of 85mg/kg STZ. The transplantation
operations were performed a week after successful induction
of diabetes confirmed by tail vein blood glucose monitor
for 3 consecutive days. Short-term transplantation effectivity
was evaluated by IPGTT on the 10th day after PIT. As seen
in Figure 4(a), compared with sham-operated group, PIT
effectively improved the glycolic control in STZ induced
diabetic rats (𝑃 < 0.0001). However, diabetic rats trans-
planted with small syngenic islets demonstrated an almost
euglycemic effect while most of those transplanted with large
islets remained hyperglycemic. At the 10th day after PIT,
the fasting blood glucose levels as well as glucose levels of
indicated time after intraperitoneal glucose challenge were
significantly higher in large islets PIT group than in small
islets PIT group (𝑃 = 0.0335, 0.0106, 0.0002, 0.0507, 0.0078,
and 0.0103 for 0 h, 0.5 h, 1 h, 1.5 h, 2 h, and 3 h, resp.). With
the 40-day follow-up, again the small islets recipient group

demonstrated better long-termoutcomes regarding the better
glucose tolerance (𝑃 = 0.0074, 0.0002, 0.0028, 0.002, and
0.0026 and 𝑃 < 0.0001 at 0 h, 0.5 h, 1 h, 1.5 h, 2 h, and 3 h,
resp., during IPGTT) (shown in Figure 4(a)).

The quantified areas under curve (AUC) of blood sugar
also indicated both better short-term effectivity and long-
term outcome after small islets transplantation therapy (for
both 𝑃 < 0.0001, Figure 4(b)) indicating a more vigorous
function and better survival of the small islet grafts.

3.5. Small Islets with Less Intrinsic Ang II-AT1 Tension Are
Nourished by Adequate Microcirculation. As previously rep-
orted [25], pancreatic islets have an intrinsic expression
of angiotensinogen-Ang II-AT1 receptor system. Here we
verified the local expression of both angiotensinogenand AT1
gene by qRT-PCR. Angiotensinogen is the precursor of Ang
II; the latter has a potent impact on local microcirculation
both natively and in the transplanted site [25]. In our study,
we first revealed a significantly less amount (about one-third)
of angiotensinogen mRNA levels in small islets (𝑃 = 0.0079,
Figure 5(a)). Further the dominant type of Ang II receptor
AT1 expressed intrinsically in islets was also determined. As
shown in Figures 5(b) and 5(c), small islets expressed less
AT1 at both mRNA (𝑃 = 0.0321) and protein (𝑃 = 0.0007)
levels. This might render them less susceptible to either local
or systemic excessive Ang II tension. In our study, this milder
local angiotensinogen-Ang II-AT1 expression corresponded
to the enrichedmicrocirculationmarked byCD31 expression.
Our data suggest novel signal mechanisms involved in the
distinct groups of islets and their difference as grafts in PIT
outcomes.

3.6. Enriched Local VEGF-A Expression in Small Islet Grafts
Coordinates with Better Transplantation Outcomes. The ade-
quate and timely revascularization is critical for islet grafts
survival and function; thus factors affecting islet grafts revas-
cularization were intensively explored. VEGF-A, as proved
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Figure 3: Small islets embrace more insulin-producing 𝛽-cells and function more vigorously. (a) Insulin immunostaining (brown) of islets
in situ in the sectioned pancreas. Small islets showed an apparent more distinct and dense insulin staining compared with the large ones.
(b) Immunoblotting of insulin in isolated islets of indicated size. (c) Quantification of insulin immunoblotting above. Small islets have more
insulin reservation than large ones normalized to total protein content (𝑃 < 0.0001). (d) In vitro glucose stimulated insulin secretion assay
of isolated islets. Small islets represent more potent insulin-secretion ability both in basal state (2.8mM glucose) and after 16.7mM glucose
challenge (𝑃 = 0.0007 and 𝑃 < 0.0001, resp.).

by recent studies, shows a potent and dominant role in pro-
moting vasculogenesis and angiogenesis and improving islet
transplantation outcomes [26, 27]. In this study, the difference
of local VEGF-A expression was explored intensively, both in
situ and in isolated islets. As illustrated by in situ immunohis-
tochemical staining (Figure 6(a)), the small islets embraced a
stronger expression of VEGF-A (brown staining).ThemRNA

and protein levels were further explored in isolated islets. In
consistence with immunohistochemistry result, VEGF-Awas
much more abundantly expressed in small islets than large
ones confirmed by qRT-PCR (𝑃 = 0.0010, Figure 6(b)) and
immunological blotting (𝑃 = 0.0002, Figure 6(c); protein
from HepG2 cell line was arranged as positive control).
The enriched local VEGF-A in small islet grafts coordinated
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Figure 4: IPGTT of rat recipients after PIT at indicated time points. (a) IPGTT of rat recipients after PIT at d10 and d40, respectively. At the
10th day after PIT, the glucose levels of indicated time after intraperitoneal glucose challenge were significantly higher in large islets PIT group
than in small islets PIT group (𝑃 = 0.0335, 0.0106, 0.0002, 0.0507, 0.0078, and 0.0103 for 0 h, 0.5 h, 1 h, 1.5 h, 2 h, and 3 h, resp.). At the 40th
day, the small islets recipient group demonstrated a better glucose tolerance (𝑃 = 0.0074, 0.0002, 0.0028, 0.002, and 0.0026 and 𝑃 < 0.0001
at 0 h, 0.5 h, 1 h, 1.5 h, 2 h, and 3 h, resp., during IPGTT). (b) Comparison of AUCs calculated from IPGTT curves above also indicated both
better short-term effectivity and longevity of small islets transplantation (for both 𝑃 < 0.0001).

with better short-term transplantation effect and long-term
outcomes as shown in Figure 4.

4. Discussion

Since the emergence of PIT as a promising cure therapy of
diabetes, efforts aimed at making PIT a more competitive
alternative to insulin injections have focused on improving
the longevity and functionality of islet grafts [10]. Meanwhile,
barriers to the use of islet transplantation as a practical
treatment for diabetes also include the limited number of
available donor grafts [4]. All of these make the careful
selection of ideal grafts evenmore important in the success of
the therapy. It is evident in recent years that the small islets are
superior in in vitro function and in transplantation outcomes.

The most accessible explanation is the physical barrier to
diffusion. However, this explanation was rebutted since the
reduction of diffusion barriers in isolated rat islets did not
improve insulin secretion or transplantation outcome [16].

In the recent years the potential impacts of islet micro-
circulation, especially islet microvascular endothelium, on 𝛽-
cell fate and function were stressed [20, 28, 29]. The efficient
supply of oxygen and nutrients as well as the transport of
insulin greatly relies on the unique microvasculature. The
microvascular endothelial cells also interface with 𝛽-cell via
localized secretory signals such as vasoactive or angiogenic
substances, cytokines, and growth factors, which promote
𝛽-cell proliferation and affect adult 𝛽-cell function [30, 31].
In contrast to the physical conditions, in PIT, isolated islets
are deprived of their native vascular network [20, 22]. Thus
apart from the immunologic attack, the survival and function



8 Journal of Diabetes Research

Small islets

Large islets

100𝜇m

100𝜇m

50𝜇m

50𝜇m

(a)

Small isletsKidney Large islets

Kidney Small islet Large islet
0.0

0.2

0.4

0.6

0.8

1.0

∗∗∗

AT1

𝛽-Actin

Re
lat

iv
e A

T1
 p

ro
te

in
 le

ve
l

(b)

Small islets Large islets
0.000

0.005

0.010

0.015

0.020
∗

AT
1/

G
A

PD
H

 (f
ol

ds
)

(c)

Small islets Large islets
0.000

0.005

0.010

0.015

0.020

A
ng

io
te

ns
in

og
en

/G
A

PD
H

 (f
ol

ds
)

∗∗

(d)

Figure 5: Small islets with less intrinsic Ang II-AT1 tension are nourished by adequate microcirculation. (a) Immunostains of CD31 (brown)
in islets in situ from the sectioned pancreas. Small islets are embedded in a more adequate microcirculation reflected by a darker vascular
endothelialmarker staining. Quantification of local AT1 receptor expression bywestern blot (b) and qRT-PCR. (c) AT1 receptor is significantly
less intensively expressed in small islets at both mRNA (𝑃 = 0.0321) and protein (𝑃 = 0.0007) levels. (Protein from the kidney tissue was
arranged as positive control.) (d) The qRT-PCR analysis of angiotensinogen. Small islets again expressed less angiotensinogen verified at
mRNA levels (𝑃 = 0.0079).
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Figure 6: Small islets expressed more abundant VEGF-A. Small islets are apparently enriched in intrinsical VEGF-A expression verified by
immunostaining of VEGF-A (brown) in situ and western blot (b and c, 𝑃 = 0.0010) as well as qRT-PCR (d) (𝑃 = 0.0002) of isolated islets.

of islet grafts depend crucially on the timely and adequate
process of revascularization [22]. It is reported that, despite
the administration of a large quantity of islets mass, more
than 70% of the grafts fail to survive within the recipients
[1]. Delayed or insufficient revascularization can deprive
islets of oxygen and nutrients, contributing dominantly to
the loss and failure of the vast majority of grafts shortly
after transplantation irrespective of either transplantation
sites or islet grafts mass [20–22]. Therefore, it is plausible
that differences in microcirculation and revascularization of
different islet grafts play an important role in the different
transplantation outcomes.

With effort to exploring the differences in microcircula-
tion of different islet grafts, immunohistochemical staining
of CD31, which is known as vascular endothelial marker,

was performed. Our data first suggest a significant difference
in vessel density between small and large islets. To further
study the mechanisms underlying, differences in the local
angiotensin-generating system and angiotensin II (Ang II)
receptor type 1 (AT1) expressions were studied. The intrinsic
Ang II-AT1 system in pancreatic islets has been highlighted
with an important role in regulating islet blood flow, vas-
cularization, and 𝛽-cell insulin secretion [21, 25, 32, 33].
Our data revealed for the first time that small islets with
less intrinsic Ang II-AT1 tension are nourished by adequate
microcirculation, which suggested a novel signal involved in
the intrinsic phenotypic divergence as seen between large and
small islets.

Among the intensively explored factors involved in islet
grafts revascularization, VEGF-A is a well-known subfamily
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of key angiogenic signal proteins with a dominant role in pro-
moting vasculogenesis and angiogenesis. VEGF-A is intrinsi-
cally expressed in the pancreatic islets [34–36]. Expression of
VEGF-A in transplanted islets is significantly reduced to 2-
3 days after transplantation, coinciding with the delayed and
insufficient islet revascularization in diabetic mice [35]. In
contrast, enhanced VEGF-A signal improves PIT outcome
[26, 27, 32, 34, 37–41]. In our study, enriched local VEGF-
A expression in small islet grafts was revealed, coordinating
with the better transplantation outcomes in small islets rather
than large ones. Altered local expression of VEGF-A provides
a logical explanation for distinct graft revascularization and,
thus, survival of isolated islet grafts from this functionally
unique population.

In our study, we verified a higher density of insulin-pro-
ducing 𝛽-cells and correspondingly stronger secretory func-
tion in small islets. More importantly, our data revealed
for the first time a less tensed Ang II-AT1 signal and more
angiotrophic VEGF-A expression intrinsically in small islets
compared with large ones. Our data provides novel clues for
the molecular mechanisms underlying the transplantation
superiority of small islet grafts from the aspects of facilitated
microcirculation and revascularization. It also adds bricks
to the current knowledge concerning the phenotypically and
functionally distinct populations of islets.
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The objective is to explore the effects of hyperlipidemia on 𝛽 cell function in newly diagnosed type 2 diabetes mellitus (T2DM).
208 patients were enrolled in the study and were divided into newly diagnosed T2DM with hyperlipidemia (132 patients)
and without hyperlipidemia (76 patients). Demographic data, glucose levels, insulin levels, lipid profiles, homeostasis model
assessment for 𝛽 cell function index (HOMA-𝛽), homeostasis model assessment for insulin resistance index (HOMA-IR), and
quantitative insulin-sensitivity check index (QUICKI) were compared between the two groups. We found that comparing with
those of normal lipid levels, the subjects of newly diagnosed T2DM with hyperlipidemia were younger, and had declined
HOMA-𝛽. However, the levels of HOMA-𝛽 were comparable regardless of different lipid profiles (combined hyperlipidemia,
hypertriglyceridemia, and hypercholesterolemia). Multiple stepwise linear regression analysis showed that high fasting plasma
glucose (FPG), decreased fasting insulin level (FINS), and high triglyceride (TG)were independent risk factors of 𝛽 cell dysfunction
in newly diagnosed T2DM.Therefore, the management of dyslipidemia, together with glucose control, may be beneficial for T2DM
with hyperlipidemia.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic
disease with insulin resistance and insulin secretion defi-
ciency being the two major pathophysiological defects. The
prevalence of T2DM and prediabetes in China was 9.7%
and 15.5%, respectively, which implies that there were 92.4
million adults with diabetes and 148.2 million adults with
prediabetes [1]. Hyperlipidemia, one of the most common
T2DM related comorbidities, refers to the increase of total
cholesterol or/and triglycerides in the serum [2]. On the one
hand, insulin resistance diverts carbohydrate away frommus-
cle glycogen storage into hepatic de novo lipogenesis, thus
leading to the increase of plasma triglyceride concentration
[3].On the other hand, high-fat diet downregulates hormone-
sensitive lipase activity, which promotes diacylglycerol accu-
mulation and lipotoxicity and thus impairs muscular insulin
signaling [4].

Lipotoxicity can not only induce insulin resistance but
impair 𝛽 cell function as well. Our team previously found
that 3T3L1 adipocytes disturbed rat islets insulin secretion
in coculture system (the 3T3L1 adipocytes and the rat islet
cells). The effects may be mediated by multiple pathways,
including the downregulation of glucose-stimulated insulin
secretion (GSIS) gene expression, the suppression of islet cell
insulin signaling, and the induction of oxidative stress [5].
In vivo, it also suggested that the impaired insulin secretion
was accompanied by insulin resistance in the high-fat diet
rats [6]. Lipotoxicity to the extent can be attributable to
hyperlipidemia [7]. Therefore, we hypothesize that 𝛽 cell
function declines in newly diagnosed T2DM with hyperlipi-
demia comparing their normal lipid profile counterparts.

In this study, we examined the demographic data, glu-
cose levels, insulin levels, lipid profiles, homeostasis model
assessment for𝛽 cell function index (HOMA-𝛽), homeostasis
model assessment for insulin resistance index (HOMA-IR),
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and quantitative insulin-sensitivity check index (QUICKI)
in newly diagnosed T2DM with hyperlipidemia and without
hyperlipidemia.

2. Materials and Methods

2.1. Subjects. 208 newly diagnosed T2DM were enrolled in
the study between April 2011 and July 2013. All of them had
been diagnosed DM within six months with euthyroidism.
Diagnosis of T2DM was based on WHO diagnostic crite-
ria in 1999 [8]. Then, the subjects were divided into two
groups according to their serum lipids level: newly diagnosed
T2DM with hyperlipidemia and without hyperlipidemia.
Hyperlipidemia was defined as serum cholesterol (TCH) was
over 5.2mmol/L or/and serum triglyceride (TG) was over
1.7mmol/L.Thosewith hyperlipidemiawere subgrouped into
combined hyperlipidemia, hypertriglyceridemia, and hyper-
cholesterolemia. Combined hyperlipidemia was defined as
both serum TCH was over 5.2mmol/L and serum TG was
over 1.7mmol/L; hypertriglyceridemia was defined as serum
TG was over 1.7mmol/L; hypercholesterolemia was defined
as serum TCH was over 5.2mmol/L. Each patient was
given informed consent; the research was carried out in
compliance with the declaration of Helsinki, and the protocol
was approved by the ethical committees of Shanghai First
People’s Hospital, Shanghai Jiao Tong University.

2.2. Data Collection. The demographic data and clini-
cal data were collected including age, sex, diabetic dura-
tion, body mass index (BMI), TCH level, TG level, high
density lipoprotein-cholesterol (HDL-C) level, low density
lipoprotein-cholesterol (LDL-C) level, fasting plasma glucose
(FPG) level, 2 h postprandial glucose (2hPG) level, fast-
ing insulin (FINS), 2 h postprandial insulin (2hINS), and
hemoglobin A1c (HbA1c) level.

HOMA-𝛽, HOMA-IR, and QUICKI were calculated
to evaluate the 𝛽 cell function, insulin resistance, and
insulin sensitivity, respectively. HOMA-𝛽 = 100 × FINS
(𝜇U/mL)/(FPG (mmol/L)−3.5), HOMA-IR = FPG (mmol/L)
× FINS (𝜇U/mL)/22.5, and QUICKI = 1/(log (FPGmg/dL)) +
log (FINS 𝜇U/mL)) [9, 10].

2.3. Statistical Analysis. Data were tested for a normal
distribution applying the one-sample Kolmogorov-Smirnov
test. Variables with skewed distribution (HOMA-𝛽) were ln-
transformed. Data were shown asmeans± SD. 𝑡-test was used
in comparison with the data between two groups. One-way
ANOVA testwas used for the comparison among the different
types of hyperlipidemia. Multiple stepwise linear regression
analysis was performed for identification of the risk factors
for HOMA-𝛽. In multiple stepwise linear regression, a crite-
rion for entry was 𝑃 < 0.05 and for removal was 𝑃 > 0.1.
All analyses were performed using SPSS software program
(version 17.0), and 𝑃 < 0.05 was considered statistically
significant.

3. Results

3.1. The Comparison of the Demographic and Clinical Data
between Subjects of Newly Diagnosed T2DM with Hyper-
lipidemia and without Hyperlipidemia. 132 (63.5%) T2DM
patients had been identified with hyperlipidemia. The
male/female ratio had no difference between the two groups
(57.6% of male for T2DM with hyperlipidemia and 57.9% of
male for those without hyperlipidemia). Subjects of newly
diagnosed T2DMwith hyperlipidemia were younger (53.41±
11.97 years old versus 57.10 ± 11.77 years old, 𝑃 < 0.05),
had higher TG level (2.38 ± 1.30mmol/L versus 1.21 ±
0.29mmol/L, 𝑃 < 0.01), had higher TCH level (5.50 ±
1.08mmol/L versus 4.26 ± 0.61mmol/L, 𝑃 < 0.05), and
had higher LDL-C level (3.19 ± 1.08mmol/L versus 2.57 ±
0.70mmol/L, 𝑃 < 0.01) compared with those with normal
lipids. However, there were no significant differences in BMI,
diabetic duration, HDL-C, FPG, 2hPG, FINS, 2hINS, and
HbA1c between the two groups (Table 1).

3.2. The Comparison of the HOMA-𝛽, HOMA-IR, and
QUICKI Levels between Subjects of Newly Diagnosed T2DM
withHyperlipidemia andwithoutHyperlipidemia. Compared
with the subjects with normal lipids, those of newly diag-
nosed T2DM with hyperlipidemia have declined HOMA-𝛽
(hyperlipidemia, 3.28±0.70 versus normal lipids, 3.51±0.90,
𝑃 < 0.05, HOMA-𝛽 level was ln-transformed) (Figure 1(a)).
However, HOMA-IR and QUICKI showed no differences
between the two groups (Figures 1(b) and 1(c)).

3.3. The Comparison of HOMA-𝛽 Level in Different Types
of Hyperlipidemia in Newly Diagnosed T2DM. The HOMA-
𝛽 levels were 3.34 ± 0.76, 3.31 ± 0.62, and 3.15 ± 0.73 for
subjects with combined hyperlipidemia (𝑛 = 49, 37.1%), with
hypertriglyceridemia (𝑛 = 50, 37.9%), and with hypercholes-
terolemia (𝑛 = 33, 25%), respectively (HOMA-𝛽 level was
ln-transformed). The different types of lipid profiles seemed
to have comparable effects on beta cell function in newly
diagnosed T2DM (Figure 2).

3.4. Multiple Stepwise Linear Regression Analysis. Multiple
stepwise linear regression analysis with age, sex, BMI, FINS,
2hINS, FPG, 2hPG,HDL-C, LDL-C, TG,TCH, andHbA1C as
independent variables and with HOMA-𝛽 being dependent
variable showed that FPG (standardized coefficient (𝛽):
−0.497, 𝑃 = 0), FINS (𝛽: 0.667, 𝑃 = 0), and TG (𝛽: −0.102,
𝑃 = 0.029) were significantly associated with HOMA-𝛽 of
newly diagnosed T2DM.

4. Discussion

T2DM patients have high risks of lipid disorders character-
izedmainly by elevated levels of TG and LDL-cholesterol [11].
Our data demonstrated that compared with those with the
normal lipid levels, newly diagnosed T2DM with hyperlipi-
demia were more susceptible to impaired 𝛽 cell function.The
association between lipid level and 𝛽 cell function has been
examined in the previous studies, but most of the evidences
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Table 1: Demographic and clinical data between newly diagnosed T2DM with and without hyperlipidemia.

Newly diagnosed T2DM
with hyperlipidemia

Newly diagnosed T2DM
without hyperlipidemia

𝑁 (M/F) 132 (76/56) 76 (44/32)
Age (years) 53.41 ± 11.97∗ 57.10 ± 11.77
Diabetic duration (months) 2.09 ± 1.64 2.01 ± 1.38
BMI (kg/m2) 25.45 ± 3.25 24.67 ± 3.52
TG (mmol/L) 2.38 ± 1.30∗∗ 1.21 ± 0.29
TCH (mmol/L) 5.50 ± 1.08∗∗ 4.26 ± 0.61
HDL-C (mmol/L) 1.17 ± 0.28 1.18 ± 0.28
LDL-C (mmol/L) 3.52 ± 1.10∗∗ 2.57 ± 0.70
FPG (mmol/L) 9.60 ± 2.73 8.84 ± 3.49
2hPG (mmol/L) 17.20 ± 4.61 16.06 ± 5.64
FINS (pmol/L) 59.41 ± 30.99 60.73 ± 43.10
2hINS (pmol/L) 322.45 ± 325.11 353.96 ± 246.03
HbA1C (%) 9.31 ± 2.27 8.93 ± 2.76
Data are expressed as mean ± SD.
BMI: bodymass index; TCH: total cholesterol; TG: triglyceride; HDL-C: high density lipoprotein-cholesterol; LDL-C: low density lipoprotein-cholesterol; FPG:
fasting plasma glucose; 2hPG: 2h postprandial glucose; FINS: fasting insulin; 2hINS: 2h postprandial serum insulin; HbA1c: hemoglobin A1c.
Hyperlipidemia was defined as serum cholesterol was over 5.2mmol/L or/and serum triglyceride was over 1.7mmol/L. ∗𝑃 < 0.05 versus newly diagnosed
T2DM without hyperlipidemia; ∗∗𝑃 < 0.01 versus newly diagnosed T2DM without hyperlipidemia.

were from animal studies. Hao et al. found that apolipopro-
tein E- (apoE-) deficient mice with standard diet displayed
elevated plasma cholesterol levels with plasma free fatty acid
unchanged. The elevated serum cholesterol led to increased
islet cholesterol and reduced insulin secretion. Moreover, 𝛽
cell could restore normal secretion by cholesterol depletion
[12]. Brunham et al. investigated that elevated serum or
islet cholesterol could make 𝛽 cell dysfunction and loss of
insulin secretion in mice regulated by ATP-binding cassette
transporter subfamily A member 1 (ABCA1), a cellular
cholesterol transporter [13]. 𝛽 cell specific ABCA1 knockout
mice exhibited accumulation of cellular cholesterol, marked
reduction in insulin secretion, and significantly impaired
glucose tolerance, but insulin sensitivity was unaltered, sug-
gesting a defect in islet function [14]. Hermans et al. indicated
that T2DM had a high loss rate of insulin secretion and 𝛽
cell function when they had a high ratio of log(TG)/HDL-
C, which was used as the evaluation of atherogenic index of
plasma. And a lower ratio of log(TG)/HDL-Cwould be bene-
ficial to glucose control [15]. Our studywasmainly focused on
the newly diagnosed T2DM (since 𝛽 cell function decreases
linearly with diabetic duration) and explored the association
between 𝛽 cell dysfunction and the hyperlipidemia including
hypertriglyceridemia or/and hypercholesterolemia.Then, the
subjects were further grouped into combined hyperlipidemia,
hypertriglyceridemia, and hypercholesterolemia. And the
results showed that elevated serum TG and TCH had the
comparable effect on 𝛽 cell dysfunction in newly diagnosed
T2DM.

Except lipotoxicity, glucotoxicity is widely regarded as a
key etiology concerning 𝛽 cell dysfunction [16]. Sustained
hyperglycaemia damages 𝛽 cell function through several
ways such as the increase of oxidative stress, activation
of JNK pathway through activated p38 mitogen-activated

protein kinase (p38 MAPK) and protein kinase C (PKC),
the reduction of the pancreatic and duodenal homeobox
factor-1 (PDX-1) function, and the reduction of ERp46
expression [17–19]. United Kingdom prospective diabetes
study (UKPDS) discovered that most of the newly diagnosed
T2DM had at least 50% loss of 𝛽 cell function, so were the
patients in China [20, 21]. While obesity induced insulin
resistance was considered to be an important pathogenesis
in American and European T2DM patients [22], 𝛽 cell
dysfunction was regarded as the main contributor of newly
diagnosed T2DM in Asian [23]. In our study there were
no differences in FPG, 2hPG, and HbA1c levels between
the two groups, and the diabetic duration was comparable
which excluded the deterioration of 𝛽 cell function caused by
hyperglycemia and diabetic duration.

The results of multiple regression analysis showed that
high FPG, decreased FINS, and high TG level were indepen-
dent risk factors of 𝛽 cell dysfunction in newly diagnosed
T2DM. Our result was consistent with prior finding. Ima-
mura et al. have investigated the association of demographic
data, hypertension, lipid level, FPG, and adiposity measures
with incident diabetes preceding chiefly by insulin resistance,
𝛽 cell dysfunction, or both in an 18-year prospective cohort
study. They indicated that higher TG level (≥1.69mmol/L)
and FPG (5.5–7.0mmol/L) were associated with a higher
risk of DM preceded predominantly by 𝛽 cell dysfunction
(HR = 1.75, 95% CI 1.04–2.94 and HR = 4.82, 95% CI 2.75–
8.46, resp.) [24]. Excess TG caused the elevated levels of
circulating free fatty acids (FFAs) by lipolysis and then high
concentrations of FFAs impaired 𝛽 cell function [25]. The
mechanism included overexpression of G-protein coupled
receptor (GPR40) in 𝛽 cells [26], triggering 𝛽 cell apoptosis
through the increase of nitric oxide (NO) production and de
novo ceramide formation, oxidative stress, and endoplasmic
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reticulum stress (ER stress) [27–29]. Therefore, the well
control of TG level was vital to normal 𝛽 cell function.

Dietary energy restriction (600 kcal/day diet) alone
reduced pancreatic and liver triglyceride stores and could
recover 𝛽 cell function and hepatic insulin sensitivity
in T2DM patients [30]. Antihyperlipidemic agents could
improve 𝛽 cell function and delay the need for insulin in
T2DM patients as well [31]. A multivariate analysis proved
that statins could delay 10 months in the need to commence
insulin and cerivastatin could improve first-phase insulin
secretion and increase insulin-mediated glucose uptake in
the early state of obese T2DM [32]. It emphasized the role of
lipid adjustment therapy in both𝛽 cell protection and glucose
control.

5. Conclusions

Newly diagnosed T2DM with hyperlipidemia have impaired
𝛽 cell function compared with those with normal lipid
profiles. High FPG, decreased FINS, and high triglyceride
are independent risk factors of 𝛽 cell dysfunction for those
patients. Therefore, the management of dyslipidemia and
hyperglycemia is comparably crucial for T2DM with hyper-
lipidemia.
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Recent studies have demonstrated that the expression of miR-34a is significantly upregulated and associated with cell apoptosis in
pancreatic 𝛽-cell treated with palmitate. Nevertheless, the underlying detailed mechanism is largely unknown. Here, we showed
that miR-34a was significantly induced inMin6 pancreatic 𝛽-cell upon palmitate treatment. Elevated miR-34a promotedMin6 cell
apoptosis. Intriguingly, ectopic expression of miR-34a lowered the expression of Bcl-2, an antiapoptotic protein. Luciferase reporter
assay indicated the direct interaction of miR-34a with the Bcl-2 3-UTR. Moreover, downregulated expression of Bcl-2 induced
by palmitate could be restored by inhibition of miR-34a. We conclude that direct suppression of Bcl-2 by miR-34a accounts for
palmitate-induced increased apoptosis rate in pancreatic 𝛽-cell.

1. Introduction

Type 2 diabetes (T2DM) is a global public health problem and
the number of affected individuals is increasing at an alarm-
ing rate [1, 2].The pathogenesis of T2DM is characterized by a
progressive insulin resistancewith eventual insulin deficiency
[3]. Both environmental and genetic factors are known to
contribute to the development of the disease. A feedback
loop exists between insulin sensitivity and insulin secretion
under normal conditions.Thus, insulin secretion increases to
maintain normal glucose concentration in the face of insulin
resistance and/or decreasing 𝛽-cell mass [4, 5]. T2DM is
caused when the 𝛽-cell compensatory response cannot be
sustained [6]. Although exact prodiabetic mechanisms are
still largely unknown, it has been implicated that increased
serum level of free fatty acids (FFAs), alone or combined with
hyperglycemia, may contribute to the pathophysiology of the
disease [7]. Accumulating evidences have demonstrated that
chronic high levels of circulating FFAs play a pivotal role in
𝛽-cell failure characterized with impaired glucose-stimulated
insulin secretion (GSIS) and enhanced apoptotic level [8].

Many signaling factors, such as sterol regulatory element-
binding protein (SREBP)-1c, farnesoid X receptor (FXR),
and forkhead box-containing protein O (FoxO) 1, have been
identified to be associated with FFAs-induced 𝛽 cell dys-
function [9, 10].Thus, delineating themolecular mechanisms
underlying FFA-triggered pancreatic 𝛽-cell apoptosis would
put new insights into our understanding of T2DM and open
new avenues for therapy.

Two major pathways, the “extrinsic” (death receptor-
induced) and “intrinsic” (Bcl-2-regulated or mitochondrial)
pathways, have been demonstrated to be contributing signif-
icantly to apoptosis. The B-cell lymphoma-2 (Bcl-2) family is
closely related to the intrinsic pathway of apoptosis [11]. Bcl-2
family proteins are a large family, which may either facilitate
cell survival (Bcl-2, Bcl-XL, Bcl-w, and others) or promote
cell death (Bax, Bak, Bad, and others) [12]. Bcl-2, one of
antiapoptosis genes, was reduced significantly when treated
with fatty acid [13, 14]. Accumulated evidence showed that
FFA-induced pancreatic 𝛽-cell apoptosis was accompanied
by downregulating the apoptosis inhibitor Bcl-2 expression
[15, 16]. Moreover, Bcl-2 overexpression does prevent 𝛽 cell
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Figure 1: MiR-34a involves in palmitate-induced Min6 cells apoptosis. (a) miR-34a expression level was elevated in response to palmitate
treatment. (b) ectopic expression ofmiR-34a enhancedMin6 cell apoptosis. Cells transduced or not withmiR-34a were treated with palmitate
(500 𝜇M) or not for 2 days. The apoptotic rate of cells was determined by scoring the cells displaying pycnotic nucleus and/or fragmented
nucleus. Cleaved caspase-3 expression (c) and caspase-3 activity (d) were carried out to confirm the proapoptotic role of miR-34a in Min6
cells. For (a), (b), (c) and (d), data are shown as means ± SD of three independent experiments. ∗𝑃 < 0.05.

death induced by staurosporine, FasL, and some intrinsic
signals [11].

Many endeavors have been made to elucidate the mecha-
nisms that participate in dysregulation of genes in response
to palmitate in 𝛽-cells. Besides transcription factors, such
as the forkhead box O (FOXO) transcription factor FOXO1,
microRNAs (miRNAs) have been shown to represent another
layer of gene regulation in palmitate-induced alteration of
the gene expression [4, 17]. MiRNAs, endogenous noncoding
small RNAs, bind to specific sites at the 3-untranslated
region (3-UTR) of target genes, thereby suppressing trans-
lation and/or inducing degradation of target mRNAs [18, 19].
Deregulated expression of miRNAs is correlated with various
pathological processes including cancer and diabetes [18, 20].
Recent studies by Lovis et al. have showed thatmiR-34a is one
of the significantly upregulated miRNAs in the 𝛽-cell treated
with palmitate [4]. Moreover, elevated expression of miR-34a
enhanced the 𝛽-cell apoptosis [4, 21, 22]. However, the pos-
sible role of miR-34a in palmitate-induced 𝛽-cell apoptosis
is largely unknown. Here, we found that downregulation of
Bcl-2 expression by miR-34a accounts for palmitate-induced
increased apoptosis of pancreatic 𝛽-cell.

2. Material and Methods

2.1. Cell Culture and Palmitate Treatment. Min6 pancre-
atic 𝛽-cells were maintained in DMEM medium (Gibco,
Carlsbad, CA) containing 25mM glucose supplemented with
10% fetal bovine serum (FBS), 10 nM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 2mM L-glutamine,
100 Unit/mL penicillin, 100 𝜇g/mL streptomycin, and 50 𝜇M
𝛽-mercaptoethanol at 37∘C in 5% CO2. A stock solution
(100 nM) of palmitate (Sigma, St. Louis, MO) was prepared
by dissolving the fatty acid in 50% ethanol and then diluted
in culture medium with 0.5% fatty acid-free BSA (Sigma,
St. Louis, MO) to a final concentration of 1.0mM. The
palmitate/BSA conjugates were administered on culture cells.

2.2. Plasmids and Constructs. Cloning of the mouse Bcl-2 3-
UTR containingmiR-34a binding site was performed by PCR
using the following primers: forward: 5-gcgccgcggtcgaca-
aacctgccccaaac-3; reverse: 5-gcgctgcagacgtttcttggcaattcctg-
3. The PCR product was then cloned into a modified pGL3
control vector where SacII and PstI sites were introduced into
the original Xba I site downstream of the luciferase gene.
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Figure 2:MiR-34a directly targets Bcl-2. (a)miR-34a binding site in the 3-UTR andmutated site in 3-UTR of Bcl-2 in the luciferase reporter.
(b) Ectopic expression ofmiR-34a or palmitate treatment significantly suppressed the protein level of Bcl-2 inMin6 cells. (c)miR-34a inhibited
the Bcl-2 expression by interacting with the 3-UTR of Bcl-2. Min6 cells were cotransfected with the luciferase reporter vector containing
wild-type or mutated 3-UTR andmiR-34a mimic or control oligonucleotides. (d)The effects of palmitate treatment on the luciferase activity
of reporter vector containing wild-type or mutated 3-UTR. For (c) and (d), data are shown as means ± SD of three independent experiments
∗𝑃 < 0.05.

To mutate the binding sites within the 3-UTR, QuikChange
site-directed mutagenesis kit from Stratagene (La Jolla, CA)
was used according to the instruction manual. Cloning of
the mouse Bcl-2 ORF was performed by PCR using follow-
ing primers: forward: 5-ataggtaccatggcgcaagccgggagaac-3;
reverse: 5-cggtctagatcacttgtggcccaggtatg-3. The PCR prod-
uct and the expression vector pcDNA3 (Invitrogen, Carlsbad,
CA) were cut with KpnI and XbaI and ligated to generate the
construct pcDNA3-M-Bcl-2.

2.3. SYBR Green Quantitative PCR Analysis. Real-time PCR
was performed using SYBR Premix Ex Taq (Takara, Dalian,
China) in an ABI7500 system (Applied Biosystems, Carlsbad,
CA, USA). Bulge-loop miRNA qPCR primers for miR-34a
were synthesized by RiboBio (Guangzhou, China). U6 was
used as the internal control.

2.4. Western Blotting (WB). Western blotting was performed
according to a standard method as described previously [23].
The following primary antibodies were used: anti-Bcl-2 and
anti-cleaved-caspase-3 (Cell Signaling, Beverly, MA), and
anti-𝛼-tubulin (Sigma-Aldrich, St Louis, MO).

2.5. Transient Transfection. MiRNA mimic, miRNA inhib-
itor, and their corresponding control oligonucleotides (pur-
chased from RiboBio, Guangzhou, China) were transfected

using Lipofectamine 2000 following the manufacturer’s
instruction (Invitrogen, Carlsbad, CA). The Bcl-2 siRNA
transfection was performed by following the same procedure.
Sense-strand sequences of Bcl-2 siRNAs are 5-AAGUAC-
AUACAUUAUAAGCUG-3 and 5-GUACAUCCAUUA-
UAAGCUG-3.

2.6. Apoptosis Assay. The number of apoptotic cells was
evaluated by scoring cells displaying pycnotic nucleus and/or
fragmented nucleus visualized with Hoechst 33342 as previ-
ously described [24].

2.7. Caspase 3 Activity Assay. A commercial caspase 3 activity
assay kit (Roche, Mannheim, Germany) was used to measure
the intracellular caspase 3 activity according to manufac-
turer’s instruction.

2.8. Reporter Assay. For the reporter assay, cells were seeded
in triplicate in 24-well plates and allowed to settle for 24 h.
Indicated plasmids and oligonucleotides were transfected
into the cells using the Lipofectamine 2000 reagent (Invit-
rogen, Carlsbad, CA). Forty-eight hours after transfection,
Dual-Luciferase reporter assays were performed according
to the manufacturer’s instructions (Promega, Madison, WI).
Results are presented as means ± standard deviation (SD) of
three independent experiments performed in triplicate.
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2.9. Statistical Analysis. All statistical analyses were carried
out using the SPSS 11.0 statistical software package. All values
represent at least three independent experiments and are
expressed as the means ± SD. The differences between two
experimental conditions were compared on a one-to-one
basis using Student’s t-tests. Statistical significance within
groups was analyzed using 1-way ANOVA, followed by a
Dunnett’s post hoc test. 𝑃 < 0.05 was considered statistically
significant.

3. Results

3.1. MiR-34a Is Upregulated and Is Associated with Cell
Apoptosis in 𝛽 Cell in Response to Palmitate Treatment.
We first assessed whether palmitate can induce miR-34a
expression inMin6 pancreatic𝛽 cell. As shown in Figure 1(a),
the expression level of miR-34a was significantly elevated
by palmitate treatment in Min6 cells. Next, we investigated
whether change in the level of miR-34a induced by palmitate
was able to influence apoptotic rate of the cells. As shown
in Figure 1(b), ectopic expression of miR-34a increased the
number of dying cells. As the caspase-3 activity is a key
marker of apoptosis, the expressions of cleaved caspase-
3 and caspase-3 activity were investigated to confirm the
proapoptotic role of miR-34a. As shown in Figures 1(c) and
1(d), overexpression of miR-34a increased the expression of
cleaved caspase-3 and caspase-3 activity. Together, these data
suggested that upregulated miR-34a contributes to proapop-
totic effects of palmitate on pancreatic 𝛽 cell.

3.2. Bcl-2 Is Directly Targeted by miR-34a. We next deter-
mined how miR-34a influences the 𝛽 cell apoptosis. Bcl-2,
an antiapoptotic protein involved in 𝛽 cell apoptosis, is of
specific interest as the computational tool (TargetScan [25]
http://www.targetscan.org/) predicted a miR-34a-binding
site within the Bcl-2 3-UTR (Figure 2(a)). To verify the
potential targeting of Bcl-2 by miR-34a, we measured the
protein level of Bcl-2 in miR-34a transfected Min6 cells. As
shown in Figure 2(b), the expression of Bcl-2was significantly
suppressed by miR-34a transfection. To further confirm that
the suppression of Bcl-2 expression is directly miR-34a-
driven, we generated a luciferase construct containing the
Bcl-2 3-UTR. Meanwhile, a construction with the mutation
at the putative binding site (Figure 2(a)) was also generated
as control. Cotransfection of the wild-type Bcl-2 3-UTR and
miR-34a mimic led to a significant inhibition of luciferase
activity (Figure 2(c)). In contrast, no significant alteration
of luciferase activity was detected in cells transfected with
mutated construct. Consistently, palmitate treatment also
suppressed the luciferase activity of the wild-type Bcl-2 3-
UTR and had no effect on mutated construct (Figure 2(d)).
Taken together, these data suggest that miR-34a suppresses
Bcl-2 expression via directly binding to its 3-UTR.

3.3. Pretreatment of miR-34a Inhibitor Antagonizes the Effects
of Palmitate on Pancreatic 𝛽 Cell. Considering the apparent
increase in the expression of miR-34a in response to palmi-
tate, it is expected that pretreatment of miR-34a inhibitor
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Figure 3: Pretreatment of miR-34a inhibitor antagonizes the effects
of palmitate on pancreatic 𝛽 cell. Min6 cells were transduced with
either miR-34a inhibitor or control oligonucleotides. Twenty-four
hours later, indicated cells were treated with palmitate for 48 h. The
apoptotic rate of cells was determined by scoring the cells displaying
pycnotic nucleus and/or fragmented nucleus (a) ∗𝑃 < 0.05. The
expression levels of Bcl-2 were assessed (b).

may prevent the palmitate imposed effects. Indeed, we
showed that the increased apoptotic rate and decreased Bcl-
2 expression induced by palmitate in pancreatic 𝛽 cell could
be counteracted by pretreatment with miR-34a inhibitor
(Figures 3(a) and 3(b)). Therefore, upregulated miR-34a
expression participates in the palmitate-induced effects on
pancreatic 𝛽 cell.

3.4. Bcl-2 Is Functionally Related to the Effect of miR-34a
in Response to Palmitate. To confirm the functional role of
Bcl-2 in pancreatic 𝛽 cell, inhibition of Bcl-2 expression
by siRNAs was conducted. WB assays were performed and
confirmed that Bcl-2 expression was significantly silenced
(Figure 4(a)). Then we investigated the effect of knockdown
of Bcl-2 on 𝛽 cell apoptosis. As expected, data presented in
Figure 4(b) showed that inhibition of Bcl-2 caused increased
Min6 cell apoptosis. Moreover, reexpression of Bcl-2 in miR-
34a-expressingMin6 cells (Figure 4(c)) partially antagonized
the miR-34a-induced apoptosis. Taken as a whole, these data
indicate that Bcl-2 is a functionally relevant target of miR-
34a’s effect in response to palmitate treatment.
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Figure 4: Bcl-2 is functionally related to the effect of miR-34a in response to palmitate. (a)Min6 cells transfected with specific siRNAs against
mouse Bcl-2.WB assaywere performed to confirm the effect of siRNAs.𝛼-Tubulinwas used as loading control. (b)Min6 cells were transfected
with specific siRNAs against mouse Bcl-2. The cells were cultured for 48 h in DMEM containing 1mM palmitate. The number of apoptotic
cells was evaluated by scoring cells displaying pycnotic nucleus and/or fragmented nucleus visualized with Hoechst 33342. (c) Reexpression
of Bcl-2 with the expression plasmid pcDNA3-M-Bcl-2 in the miR-34a-overexpressing Min6 cells. WB assay was performed to confirm the
effect of Bcl-2 overexpression. 𝛼-Tubulin was used as loading control. (d) Reexpression of Bcl-2 partially antagonized the miR-34a-induced
cell apoptosis. For (b) and (c), data are means ± SD of triplicate assays in three independent experiments ∗𝑃 < 0.05.

4. Discussion

It has been previously demonstrated that Bcl-2 expression
is suppressed during palmitate-induced apoptosis [26] and
miR-34a expression was upregulated in response to palmitate
treatment [4]. Furthermore, analysis of the 3-UTR of Bcl-2
gene shows potential miR-34a binding site. This raised the
possibility that suppression of Bcl-2 in apoptotic cells may
be regulated by miR-34a. We evaluated this hypothesis in
Min6 pancreatic𝛽 cell, where we showed that Bcl-2 is directly
targeted by miR-34a. MiR-34a-induced suppression of Bcl-
2 is associated with palmitate-associated pancreatic 𝛽 cell
apoptosis.

T2DM is a metabolic disorder that is driven by the
interaction between genetic and acquired factors.Overweight
and lack of exercise are lifestyle factors associatedwith T2DM
[27]. The impact of ectopic fat and lipotoxicity on pancreatic
𝛽-cell dysfunction and insulin resistance in humans has
been paid great attention. Accumulated evidence shows that
lipotoxic stress-induced 𝛽-cell death (lipotoxicity) is a key
contributor to the development of T2DMby inducing insulin
resistance [28]. Lipotoxicity is caused by circulating free fatty
acids increased, changes in lipoprotein profiles and body fat
distribution. It is widely accepted that a sustained exposure
to fatty acids impairs glucose-stimulated insulin secretion
(GSIS), promotes apoptosis, and alters insulin gene expres-
sion in vitro and in vivo [29]. Bcl-2, an antiapoptotic Bcl-2
family member, is a crucial controller of the mitochondrial
pathway of pancreatic𝛽-cell apoptosis induced by lipotoxicity
[30]. Although previous studies suggest that the suppression
of Bcl-2 is involved in lipotoxicity induced pancreatic 𝛽 cell
apoptosis, the mechanisms involved in the decreased expres-
sion of Bcl-2 in response to palmitate remains to be clarified.

In researching the mechanism of palmitate-induced
downregulated expression of Bcl-2, we noted thatmiR-34a, as
palmitate, can dramatically induce its expression. It has been

demonstrated thatmiR-34awas involved in various cell apop-
tosis conditions, including pancreatic beta cells. Roggli et al.
have demonstrated that anti-miR-34a can protect pancreatic
𝛽 cell from proinflammatory cytokines-induced cell death
and miR-34a-triggered Bcl-2 downregulation might be asso-
ciated with cytokine-mediated 𝛽 cell apoptosis [20]. More-
over, miR-34a can lead to apoptosis via suppression of SIRT1
in cells [31]. If Bcl-2was inhibited bymiR-34a overexpression,
it is likely that the effect of palmitate on 𝛽 cell apoptosis is
mediated through suppression of Bcl-2 by miR-34a. Here, we
clearly verified that Bcl-2 is a target of miR-34a. An in silico
approach identified a potential miR-34a binding site within
the 3-UTR of Bcl-2 gene. Reporter gene analysis confirmed
the prediction that miR-34a directly repress Bcl-2. Further-
more, the protein level of Bcl-2 is significantly suppressed
by ectopic expression of miR-34a. Intriguingly, anti-miR-34a
pretreatment was able to attenuate palmitate-induced Bcl-2
downregulation, as well as 𝛽 cell apoptosis, strongly indicat-
ing the functional role of miR-34a in the 𝛽 cell in response
to lipotoxicity. We also investigated the importance of Bcl-2
for palmitate-induced cell apoptosis inMin6 pancreatic𝛽 cell
lines by loss- and gain-of-function experiments.

Given that one specific miRNA can regulate a group of
target genes, together with the fact that repressing Bcl-2 could
not fully recapitulate miR-34a phenotype in pancreatic 𝛽
cell, it is expected that other target genes regulated by miR-
34a are involved in palmitate-induced 𝛽 cell dysfunction.
Future work is still needed in the area of defining possible
target genes of miR-34a that contribute to apoptosis of 𝛽 cell
exposed to palmitate.

In conclusion, suppression of Bcl-2 by miR-34a accounts
for palmitate-induced increased apoptotic rate in pancreatic
𝛽 cell. Our findings reveal a new mechanistic aspect of the
proapoptotic effect of palmitate on pancreatic 𝛽 cell and
raise the possibility of influencing miR-34a as a therapeutic
strategy for diabetes.
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Diabetic ketosis had been identified as a characteristic of type 1 diabetes mellitus (T1DM), but now emerging evidence has
identified that they were diagnosed as T2DM after long time follow up.This case control study was aimed at comparing the clinical
characteristic, 𝛽-cell function, and insulin resistance of ketosis and nonketotic onset T2DM and providing evidence for treatment
selection. 140 cases of newly diagnosed T2DM patients were divided into ketosis (62 cases) and nonketotic onset group (78 cases).
After correction of hyperglycemia and ketosis with insulin therapy, plasma C-peptide concentrations were measured at 0, 0.5, 1, 2,
and 3 hours after 75 g glucose oral administration. Area under the curve (AUC) of C-peptide was calculated. Homoeostasis model
assessment was used to estimate basal 𝛽-cell function (HOMA-𝛽) and insulin resistance (HOMA-IR). Our results showed that
ketosis onset group had higher prevalence of nonalcoholic fatty liver disease (NAFLD) than nonketotic group (𝑃 = 0.04). Ketosis
onset group had increased plasmaC-peptide levels at 0 h, 0.5 h, and 3 h and higher AUC0–0.5, AUC0–1, AUC0–3 (𝑃 < 0.05).Moreover,
this group also had higher HOMA-𝛽 and HOMA-IR than nonketotic group (𝑃 < 0.05). From these data, we concluded that ketosis
onset T2DM had better islet 𝛽-cell function and more serious insulin resistance than nonketotic onset T2DM.

1. Introduction

The presence of ketosis was formerly considered as an
important sign of type 1 or insulin-dependent diabetes, but
now emerging evidence had indicated that ketosis can happen
in type 2 diabetic (T2DM) patients even more than type
1 diabetic mellitus (T1DM). Most them were diagnosed as
type 2 diabetes, who had good glucose control, did not need
insulin treatment later during long time followup, and were
lacking autoimmune markers of 𝛽-cell destruction [1–3].
Ketosis onset T2DM was considered as an atypical form of
diabetes which was first reported in subjects of African ori-
gin. It was characterized by obesity, unprovoked ketoacido-
sis, reversible 𝛽-cell dysfunctions, and near-normoglycemic
remission [4], but now it is widely recognized in several
ethnical populations [1, 2, 5]. Some studies have compared
islet 𝛽-cell function among those groups with typical T2DM
or T1DM or nondiabetic subjects, but they have not obtained
uniform conclusions so far [1–3, 6]. Gosmanov et al. [6]

showed that patients with ketosis-prone diabetes displayed
a pattern of insulin secretion similar to that of patients
with ketosis-resistant T2DM and obese nondiabetic subjects
after hyperglycemia remission, but other researches have
reported that non-insulin-dependent ketosis-prone T2DM
showed lower C-peptide than that of typical T2DM after
correction of hyperglycemia and ketosis [4]. The conclusions
were controversial.

Furthermore, there has no systematical studies which
compared islet 𝛽-cell function between ketosis and nonke-
totic onset T2DM patients. Therefore, we designed this case
control study to compare the islet 𝛽-cell function and insulin
resistance between ketosis onset and nonketotic onset T2DM
patients. Several indicators were used for assessment of islet
𝛽-cell function, such as HOMA-𝛽, which represented basal
𝛽-cell function; AUC0–0.5 (the area under the curve, AUC)
of 0 h to 0.5 h C-peptide and AUC0–1 (AUC of 0 h to 1 h C-
peptide) which represented the acute insulin response; and
AUC0–3 which indicated whole 𝛽-cell capacity. In addition,
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HOMA-IRwas calculated to compare their insulin resistance.
We also assessed the metabolic characteristics of two groups.

2. Methods

2.1. Subjects. From January 2008 to June 2013, a total of
140 cases of newly diagnosed T2DM patients, aged 16∼68
years, admitted to our department for medical management
were recruited. Diabetes was diagnosed according to WHO
diagnostic criteria (1999) [7]. T2DM was diagnosed by
clinical characteristics, islet 𝛽-cell function, and autoimmune
diabetic antibodies. In order to exclude the impact of diabetic
duration on islet function, typical symptoms of diabetes were
lasting for less than one year. Patients whose plasma glucose
levels were above 250mg/dL (13.9mmol/L) and urine ketone
body were positive (above 1+) were diagnosed as diabetic
ketosis. With the exception of diabetes, none had evidence of
other diseases or were taking agents known to affect carbohy-
drate metabolism. Patients with obvious precipitating causes
for the development of ketosis (such as stress, infection, or
trauma) were excluded. Islet cell antibodies including GAD-
Ab, IAA, and ICA determined on initial admission were
negative in all patients.

2.2. Clinical Data Collection. All patients received physical
and biochemical examinations after admission to the hos-
pital. Weight (without shoes and in light outdoor cloth-
ing) and height were measured. Body mass index (BMI,
kg/m2) was calculated by dividing weight (kg) by height
squared (m2). Blood pressure was measured with the Riva-
Rocci sphygmomanometer. All venous blood samples were
taken in the morning following an overnight fasting for
at least 10 hours. Serum total cholesterol, triglyceride, low-
density lipoprotein cholesterol (LDL-cholesterol) and high-
density lipoprotein cholesterol (HDL-cholesterol), alanine
aminotransferase (ALT), and aspartate aminotransferase
(AST) were measured using Beckman Biochemical Analyzer
(DXC800, USA). HbA1c was measured by high performance
liquid chromatography with an automated biochemistry
analyzer (Roche, Switzerland). Urine acetone bodies were
measured by chemical analysis. Hepatic ultrasonography
scanning was performed on all subjects after an overnight
fast by assigned and experienced radiologists who were
blinded to subjects’ details. Nonalcoholic fatty liver disease
(NAFLD) was defined by liver ultrasonographic scanning
and diagnosed according to the standard set by the Chinese
Association of Medicine in 2010 [8], excluding viral hepatitis
in nondrinkers.

2.3. Islet 𝛽-Cell Function and Insulin Resistance Assessment.
All patients were treated with insulin intensive therapy on the
basis of diet control and diabetic education. Insulin glargine
(Sanofi-Aventis) at bedtime and premeal insulin aspart (Novo
Nordisk) were used in this study. Initial insulin doses were
0.4-0.5 IU/kg and total daily doses were divided with 50%
of bolus and 50% of basal injection. The doses were titrated
every day according to the capillary blood glucose in order
to reach the glyceamic goal which was defined as fasting

blood glucose (FBG) less than 7.0mmol/L and postprandial
blood glucose (PBG) less than 11.1mmol/L. After correction
of ketosis and/or hyperglycemia situation and urine acetone
bodies became negative in three consecutive days, evaluation
of 𝛽-cell function and insulin resistance was performed. At
one day before testing, insulin treatment was stopped, and
75 g of glucose was orally administered in the morning of the
next day. The blood glucose and C-peptide were measured
at 0, 30, 60, 120, and 180min after glucose administration.
PlasmaC-peptidewas determinedwith a chemiluminescence
immunoassays kit (Abbott, Spain). Its interbatch and intra-
batch were 1.6% and 2.1%, respectively. Area under the curve
(AUC) of C-peptide release test was calculated using the
trapezoidal rule.Homoeostasismodel assessmentwas used to
estimate basal 𝛽-cell function (HOMA-𝛽) and insulin resis-
tance (HOMA-IR) [3]. The following equations were used
to calculate 𝛽-cell function and insulin resistance: HOMA-
𝛽 = Fasting C-Peptide × 0.27/(Fasting Plasma Glucose-3.5)
and HOMA-IR = 1.5 + Fasting Plasma Glucose × Fasting C-
Peptide/2800.

2.4. Statistical Analysis. Data were analyzed with the SPSS
17.0 software (SPSS Inc., Chicago,USA).Normally distributed
and continuous variables (age, BMI, HbA1c, total choles-
terol, LDL-cholesterol, HDL-cholesterol, ALT, andAST)were
presented as mean ± SD and analyzed with ANOVA, and
nonnormally distributed variables (triglycerides, C-peptide,
HOMA-𝛽, and HOMA-IR) were expressed as median (IQR)
and had been log-transformed into analysis. AKruskal-Wallis
H or Friedman test was used to analyze the nonnormally
distributed variables (sex and fatty liver). In all statistical tests,
𝑃 values <0.05 were considered statistically significant.

3. Results

3.1. Comparison of Clinical Characteristics in Two Groups.
The clinical characteristics and metabolic parameters of
ketosis onset and nonketotic onset diabetic patients were
shown in Table 1. 140 cases of newly diagnosed T2DM
without islet-associated autoantibodies were recruited. The
mean age was 46.03 ± 3.89 years and the mean BMI was
24.65 ± 2.08 kg/m2. There were 62 subjects with ketosis
onset and 78 with nonketotic T2DM according to their urine
ketone body. In all subjects, male patients (69.3%) were
more than female ones. There was no significant difference
between two groups regarding other clinical and biochemical
parameters, including years, sex, BMI, HbA1c, ALT, AST,
and lipid profile (all 𝑃 > 0.05). At remission, ketosis onset
and nonketotic group had similar FBG (6.87 ± 0.25 versus
6.76 ± 0.17mmol/L, 𝑃 = 0.72). The mean time to achieve
hyperglycemia remission in ketosis onset group was 5.88 ±
1.45 days and 5.33 ± 1.16 days in nonketotic group (𝑃 = 0.51).
But ketosis onset group had higher percentage of NAFLD
than that of nonketotic onset group (58.1% versus 39.7%, 𝑃 =
0.04).

3.2. Comparison of Islet𝛽-Cell Function and Insulin Resistance
in Two Groups. The characteristics of islet 𝛽-cell function
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Table 1: Clinical and biochemical parameters of subjects.

Variable Ketosis onset T2DM Nonketotic onset T2DM 𝑃

𝑛 62 78
Age (years) 44.84 ± 1.15 46.98 ± 1.03 0.17
Sex (𝑛)

Male/female 41/21 56/22 0.58
BMI (kg/m2) 25.01 ± 0.52 24.37 ± 0.37 0.30
SBP (mmHg) 123.24 ± 2.14 126.78 ± 2.39 0.30
DBP (mmHg) 82.98 ± 1.43 82.12 ± 1.45 0.69
HbA1c (%) 11.02 ± 2.73 11.84 ± 2.75 0.08
Cholesterol (mmol/L)

Total 5.37 ± 0.14 5.65 ± 0.17 0.13
HDL-C 1.08 ± 0.06 1.12 ± 0.03 0.26
LDL-C 3.29 ± 0.14 3.44 ± 0.12 0.88

Triglycerides (mmol/L) 2.67 (2.16) 2.07 (1.21) 0.35
ALT (U/L) 30.48 ± 2.81 31.85 ± 3.93 0.46
AST (U/L) 23.82 ± 1.62 23.91 ± 2.21 0.25
Fatty liver (𝑛)

Yes/no 36/26 31/47 0.04
Normally distributed and continuous variables (age, BMI, HbA1c, total cholesterol, LDL-cholesterol, HDL-cholesterol, ALT, and AST) were presented as
mean ± SD and analyzed with ANOVA, nonnormally distributed variables (triglycerides) were expressed as median (IQR) and have been log-transformed into
analysis. A Kruskal-Wallis H or Friedman test was used to analyze the nonnormally distributed variables (sex and fatty liver). In all statistical tests, 𝑃 values <
0.05 were considered statistically significant.
BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; HbA1c: hemoglobin A1c; HDL-C: high-density lipoprotein cholesterol;
LDL-C: low-density lipoprotein cholesterol; ALT: alanine aminotransferase; AST: aspartate aminotransferase.

and insulin resistance were shown in Figure 1. Plasma fasting
C-peptide and HOMA-𝛽 were used to assess basal 𝛽-cell
function. We found that fasting C-peptide level was higher
in ketosis onset group than nonketotic group (Figure 1(a))
[475.87(406) versus 348.15(283), 𝑃 = 0.02]. AUC0–0.5 and
AUC0–1, which represent the acute insulin response, were
also higher in ketosis onset group than those in nonketotic
group (𝑃 < 0.05) (Figure 1(b)). The AUC0–3, which indi-
cates whole 𝛽-cell capacity, was also higher in ketosis onset
group than that in nonketotic onset group [3960.66(2349.75)
versus 3248.55(2361.69), 𝑃 = 0.02]. HOMA-𝛽 was also
higher in ketosis onset group than that in nonketotic group
(Figure 1(c)) [45.86(6.05) versus 32.08(2.77), 𝑃 = 0.03].
HOMA-IR, which shows insulin resistance, was also higher
in ketosis onset group than that in nonketotic onset group
(Figure 1(d)) [3.08(1.25) versus 2.60(1.08), 𝑃 = 0.02].

4. Discussion

Ketosis onset diabetes is increasingly recognized by featuring
with an emerging syndrome of obesity, unprovoked ketoaci-
dosis, reversible𝛽-cell dysfunction, and near-normoglycemic
remission [4, 5]. In our previous research, we found that
diabetic ketosis was occurred more frequently in T2DM than
T1DM on admission; they often showed obvious polyphagia,
polydipsia, polyuria, and weight loss in a short time, but
better islet 𝛽-cell function in long time followup and lack of
autoimmune diabetic antibodies.

Previous study had found that ketosis onset group had a
strong predominance in male patients [9]; in our case control
study, we found that ketosis onset group patients had lower
predominance of male (66.1% versus 71.8%), but there was

no significant difference (𝑃 = 0.58). We also found that
AUC0–0.5, AUC0–1, and AUC0–3 were all higher in ketosis
onset group than those of nonketotic group. It indicated that
ketosis onset group had better acute insulin response and 𝛽-
cell capacity than nonketotic group. Moreover, ketosis onset
group had more serious insulin resistance.These results were
consistent with the previous report by Mauvais-Jarvis et al.
[4]. They measured insulin secretion (glucagon-stimulated
C-peptide) and insulin action (short intravenous insulin
tolerance test) in T2DM, T1DM, and ketosis-prone diabetes
(KPD) groups during a 10-year followup. The result showed
that triglyceride levels were similar and insulin-dependent
KPD group had more serious insulin resistance than T2DM.
But other studies did not get the same results. Gosmanov
et al. [6] found that AIR (acute insulin response) and FPIR
(first-phase insulin release) to arginine stimulation, as well
as changes in insulin, C-peptide, and the C-peptide-to-
glucose ratio during a 20 h dextrose infusion, were similar
among KPD, T2DM, and obese control subject. We speculate
that different ethnical population may have different insulin
secretion characteristics.

We also found that ketosis onset group had higher
percentage of NAFLD than that of nonketotic onset group
(58.1% versus 39.7%, 𝑃 = 0.04), which was not reported
in other studies. Insulin resistance and fatty liver play an
interaction in the development of T2DM [10, 11]. There was
strong evidence to support the fact that fatty liver affected
insulin signaling in insulin-responsive tissues by producing
humoral factors, such as FGF21 [12], fetuin-A [13, 14], and
retinol binding protein 4 (RBP4) [15]. In addition, Zhou
et al. [16] found that the KPD patients were more likely
to be accompanied with fatty liver (10.1%) compared with
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Figure 1: Comparisons of islet 𝛽-cell function and insulin resistance between two groups.

those with T1DM. Choukem et al. [17] observed the triad
hepatic, adipose tissue, and skeletal muscle insulin resistance
in patients with KPD during near-normoglycemic remission.
We can conclude that fatty liver is a character of KPD.
Whether fatty liver plays a crucial role in the development
of ketosis onset T2DM remains unclear and more studies are
needed.

Although ketosis onset diabetes is sometimes called KPD,
both present with DKA or unprovoked ketosis, KPD is
defined as a widespread, emerging, heterogeneous syndrome
which does not necessarily have the typical phenotype
of autoimmune T1DM [18, 19], but ketosis onset diabetic
patients present with ketosis or ketoacidosis without known
diabetes [20, 21]. So we select this group to study.

The pathogenesis of ketosis onset diabetes still remains
unclear. It comprises reversible insulin secretion, defect
partially, and some degree of insulin resistance. Recently
many studies focused on KPD have been done to unravel
the mechanisms of this disease. KPD was divided into
four subgroups according to the presence of glutamic acid
decarboxylase (GAD) 65, GAD67, or IA-2 autoantibodies
(A+ or A−) and 𝛽-cell functional reserve (𝛽+ or 𝛽−).

The groupdistributionwasA+𝛽−, A−𝛽+, A−𝛽−, andA+𝛽+ [22,
23]. Choukem et al. showed that 𝛽- and 𝛼-cell dysfunctions
both contribute to the pathophysiology of KPD; in addition,
KPD displays a defect in 𝛽-cell sensitivity to glucose and has
reduced 𝛽-cell mass [24]. Umpierrez et al. demonstrated that
hyperglycemia, but not lipotoxicity, played the crucial role
in the pathogenesis of KPD in obese African patients [25].
Gene variation may be another important factor involved
in it. PAX4 (paired box4) is a transcription factor essential
for the development of insulin-producing pancreatic 𝛽-
cells. Mauvais-Jarvis et al. had found gene polymorphism
of PAX4 (Arg121Trp and Arg133Trp) in Japanese and west
Africans origin [26]. Sobngwi et al. had described a high
prevalence of glucose-6-phosphate-dehydrogenase (G6PD)
deficiency without gene mutation in these patients [27]; then
Choukem et al. reported that polymorphism of Arg585Gln
in SREBF-1 was not associated with the KPD phenotype
[28].

Some limitation of this study should be addressed. Firstly,
the diagnosis of ketosis was based on patients’ positive urine
ketone body but not on plasma ketone body. We all know
plasma ketone body ismore sensitive and specific to diagnose
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diabetic ketosis, but because this study was a retrospective
study, our institute had not conducted plasma ketone body
detection in early time, so we selected urine ketone body as
surrogate marker, which was widely used and recognized in
clinical practice. Secondly, because ketosis often occurred in
the state of high glucose, we did not test islet function on
initial admission. Whether ketosis onset group had better
islet function on initial admission or stronger ability of
recovery than nonketotic group remained unknown.Thirdly,
in order to observe their 𝛽-cell function, long time following
up and prospective studies in this area are needed.

5. Conclusion

This study has notable strengths. We found that ketosis onset
T2DM had better islet 𝛽-cell function and more serious
insulin resistance than nonketotic onset T2DM.
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In China, TianMai Xiaoke tablet (TM) is used to treat type 2 diabetes. However, the exact mechanism of TM is not clear.This study
is to investigate the effect of TM on glucose metabolism in diabetic rats and to identify whether TM takes a direct action through
microRNAs on islet. Rats were divided into control group, diabetic group, low dose of TM group (TML), and high dose of TM
group (TMH). Pancreas samples were analyzed using microRNA array and Q-PCR. Eight-week treatment with TM significantly
decreased fasting blood glucose. The blood glucose was significantly reduced in TM-treated groups before and after oral glucose
administration. Fasting insulin and HOMA-IR were suppressed in TM-treated groups. miR-448, let-7b, miR-540, miR-296, miR-
880,miR-200a,miR-500,miR-10b,miR-336,miR-30d,miR-208, let-7e,miR-142-5p,miR-874,miR-375,miR-879,miR-501, andmiR-
188 were upregulated, while miR-301b, miR-134, and miR-652 were downregulated in TMH group. Through target gene analysis
and real-time PCR verification, we found that these miRNAs, especially miR-375 and miR-30d, can stimulate insulin secretion in
islet. Our data suggest that TM can improve blood glucose in diabetic rats which involved increasing the expression of miR-375
and miR-30d to activate insulin synthesis in islet.

1. Introduction

Diabetes mellitus (DM) is a chronic medical condition
involving a group of metabolic disorders of multiple etiolo-
gies. It is characterized by hyperglycemia with disturbances
in the metabolism of carbohydrate, fat, and lipid metabolism
resulting from defects in insulin secretion, insulin action, or
both. 90% of patients with DM belong to type 2 diabetes. DM
is the fourth leading cause of death [1].

It is known that chromium deficiency will lead to
impaired glucose tolerance due to insulin resistance and
hyperglycemia [2]. Trivalent chromium is an essential min-
eral, which is thought to be necessary for normal glucose and
lipid homeostasis [3, 4]. Trivalent chromium in a complex
known as glucose tolerance factor, such as chromium picoli-
nate, is considered the biologically active form.

TianMai (TM) Xiaoke Tablet comprises chromium picol-
inate (1.6mg per tablet, equaling 200𝜇gCr), Radix trichosan-
this (snake gourd root), Radix ophiopogonis (dwarf lilyturf

tuber), and Fructus schisandrae chinensis (Chinese magnolia
vine fruit) and in the ratio of 1.6 : 62.5 : 62.5 : 25. TianMai
XiaokeTablet is approved by the State Food andDrugAdmin-
istration of China (State Medical License no. Z20049007).
TianMai Xiaoke Tablet can decrease HbA1c level [5].

MicroRNAs (miRNAs) are small noncoding RNAs of
18–25 nucleotides in length that bind to complementary
3UTR regions of target mRNAs, inducing the degradation
of transcriptional repression of the target [6]. miRNAs have
been reported to regulate several metabolic pathways such as
insulin secretion, cholesterol biosynthesis, and triglyceride,
carbohydrate, and lipid metabolism [7–9]. Furthermore, not
only have microRNAs been shown to be related to several
human diseases, but also there is evidence that the modula-
tion of miRNAs can provide therapeutic benefits [10–12].

However, little is known about themechanismunderlying
the effect of TM through miRNAs. In the present study,
we aimed to find the mechanism by which TM moderates
hyperglycemia using miRNA arrays.
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Table 1: Composition of normal and high-fat diet.

Integrant Normal diet (%) High-fat diet (%)
Corn 73.5 57.9
Wheat bran 20 15.8
Fishmeal 5 3.9
Flour 1 0.8
Salt 0.5 0.4
Cholesterol 0 1
Bile salt 0 0.2
Yolk powder 0 10
Lard 0 10

2. Materials and Methods

2.1. Animal Models, Grouping, and Treatment. Male Sprague-
Dawley rats (280–320 g) were purchased from the Institute
of Laboratory Animal Science, Chinese Academy of Medical
Sciences and Peking Union Medical College (Beijing, China,
SCXK-2012-0007). According to the previous study [13],
diabeticmodels were fed a high-fat diet (40%of calories as fat,
41% carbohydrate, and 18% protein, Table 1) for 4 weeks and
then administered with a single dose of streptozotocin (STZ,
50mg/kg, tail vein) formulated in 0.1mmol/L citrate buffer,
pH 4.5 (Sigma-Aldrich). One week after STZ injection, the
random blood glucose level of the diabetic rats was measured
to confirm hyperglycemia. Random blood glucose above
16.7mmol/L was used to define rats as diabetic. Diabetic rats
were fed a high-fat diet throughout the experiment. Diabetic
rats with a similar degree of hyperglycemia were randomly
divided into three groups: vehicle, low dose TianMai Xiaoke
Tablet (TML), and high dose TianMai Xiaoke Tablet (TMH)
groups (𝑛 = 8, in each group). The typical human daily dose
of TM is 480 mg/60 kg body weight. According to the follow-
ing formula: 𝑑rat = 𝑑human×0.71/0.11 [14], the corresponding
dose of TM for rats is 51.64mg/kg per day. Therefore, we
selected 50 and 100mg/kg per day as low and high dosages,
respectively. The control (normal diet, 10% of calories as fat,
72% carbohydrate, and 18% protein, Table 1, 𝑛 = 8) and
vehicle group received 0.5% saline, whereas the TML and
TMH groups were given TM (Hebei Fuge Pharmacy, China)
at 50 and 100mg/kg in 0.5% saline, respectively.The drug was
administered once daily for 8 weeks using a gastric gavage.
All animals were housed in an environmentally controlled
room at 25∘C in a 12 h light-dark cycle and were given free
access to food andwater throughout the experimental period.
Fasting animals were allowed free access to water. After 6
weeks of treatment, an oral glucose tolerance test (OGTT)
was performed. After 8 weeks of treatment, blood samples
were taken from rats after anesthesia. Some pancreas tissue
was then collected to perform the miRNA microarray and
quantitative real-time PCR (qRT-PCR) experiments. All pro-
cedures involving animals were approved by the Animal Care
and Use Committee of the Peking Union Medical College
Hospital (Beijing, China, MC-07-6004) and were conducted
in compliance with the Guide of the Care and Use of Lab-
oratory Animals (NIH Publication no. 86-23, revised 1996).

All surgeries were performed under sodium pentobarbital
anesthesia, and all efforts were made to minimize suffering.

2.2. Measurement of Body Weight and Fasting Blood Glucose
Levels. Body weight was monitored every 2 weeks. The 6
h fasting blood glucose (FBG) level was measured monthly
using the enzyme end-point method (Roche, Germany) with
blood from a tail bleed.

2.3. Oral Glucose Tolerance Test (OGTT). After the rats had
fasted for 6 hours, 2.2 g/kg of glucosewas orally administered.
Then, blood samples were collected from tail veins at 0 (prior
to glucose load), 30, 60, and 120min (after glucose load)
for the glucose assay. The area under the curve (AUC) was
calculated for blood glucose (BG) during the OGTT: AUC =
0.5 × (BG0 + BG30)/2 + (BG30 + BG60)/2 + 1 × (BG60 +
BG120)/2.

2.4. SerumBiochemistryAnalysis. Atweek 8, after euthanasia,
blood samples were collected and centrifuged at 1000 g for
10min. Serum was stored in aliquots at −80∘C to assay
serum fasting insulin, measured by enzyme-linked immu-
nosorbent assay (ELISA, Millipore, USA); HOMA − IR =
FBG (mmol/L) × FINS (𝜇U/mL)/22.5.

2.5. miRCURY LNA MicroRNA Array Experiment. miR-
CURY LNA miRNA Array contains 3100 capture probes,
covering all rat microRNAs (388miRNAs) annotated in
miRBase 18.0, as well as all viral microRNAs related to
rats. Total RNA was harvested from pancreas using TRIzol
(Invitrogen) and miRNeasy mini kit (Qiagen) according
to manufacturer’s instructions. After having passed RNA
quantitymeasurement using theNanoDrop 1000, the samples
were labeled using themiRCURYHy3/Hy5 Power labeling kit
and hybridized on themiRCURY LNAArray v.18.0 (Exiqon).
Following the washing steps, the slides were scanned using
the Axon GenePix 4000B microarray scanner.

2.6. Gene Array Data Analysis. Normalization was per-
formed by using a per-chip 50th percentile method that
normalizes each chip on its median, allowing comparison
among chips.

2.7. miRNA Quantitative Real-Time PCR (qRT-PCR). Total
RNA (5 ng) was reverse-transcribed using the TaqMan
MicroRNA Reverse Transcription kit (Applied Biosystems)
and the miRNA-specific reverse-transcription primers pro-
vided with the TaqMan MicroRNA Assay (Applied Biosys-
tems). For the reverse transcription, a PTC-225 Peltier
Thermal Cycler (MJ Research Inc., Waltham, Massachusetts)
was used. The reaction was performed at 16∘C for 30min;
42∘C for 30min, and 85∘C for 5min. The obtained miRNA-
specific cDNA was amplified using the TaqMan Universal
PCR master mix II (Applied Biosystems) and the respective
specific probe provided in the TaqMan Small RNA Assay
(Applied Biosystems). PCR was performed using a CFX-
96TOUCH (BIO-RAD). Amplification was performed at
95∘C for 10min, followed by 40 cycles of 95∘C for 15 s
and 60∘C for 60 s. U6 small nuclear RNA was used as an
endogenous control.The fold change in the miRNA level was
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Table 2: Body weight (g) of rats during 8 weeks.

Groups Week 0 Week 2 Week 4 Week 6 Week 8
Control 352.0 ± 4.7 361.1 ± 5.7 370.6 ± 6.7 379.4 ± 5.8 391.8 ± 6.2

DM 347.2 ± 5.1 350.3 ± 6.2∗ 353.8 ± 5.8∗∗ 353.9 ± 6.9∗∗ 356.4 ± 8.3∗∗

TML 345.0 ± 2.9 347.8 ± 3.5∗ 350.4 ± 5.9∗∗ 350.8 ± 4.7∗∗ 355.3 ± 7.4∗∗

TMH 352.1 ± 6.3 355.2 ± 7.2∗ 358.3 ± 6.4∗∗ 360.8 ± 5.8∗∗ 358.7 ± 6.3∗∗

TML: low dose of TianMai Xiaoke Tablet; TMH: high dose of TianMai Xiaoke Tablet.
Data represent mean ± S.D. (𝑛 = 8).
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01 versus the control group.

Table 3: Fasting blood glucose (mmol/L) of rats during 8 weeks.

Groups Week 0 Week 2 Week 4 Week 6 Week 8
Control 6.1 ± 0.7 6.3 ± 0.4 6.4 ± 0.5 6.3 ± 0.8 6.2 ± 0.7

DM 23.7 ± 3.2∗∗ 24.1 ± 2.5∗∗ 25.3 ± 3.1∗∗ 24.8 ± 4.8∗∗ 23.6 ± 4.3∗∗

TML 24.4 ± 4.1∗∗ 18.0 ± 3.5∗∗# 19.6 ± 2.6∗∗# 18.5 ± 3.4∗∗# 19.4 ± 4.1∗∗#

TMH 22.5 ± 4.2∗∗ 15.4 ± 5.3∗∗# 14.5 ± 3.5∗∗# 16.3 ± 4.3∗∗# 15.3 ± 5.3∗∗#

TML: low dose of TianMai Xiaoke Tablet; TMH: high dose of TianMai Xiaoke Tablet.
Data represent mean ± S.D. (𝑛 = 8).
∗∗
𝑃 < 0.01 versus the control group. #𝑃 < 0.05 versus DM group.

Table 4: Fasting insulin (ng/mL) and HOMA-IR levels.

Groups FINS (𝜇IU/mL) HOMA-IR
Control 10.74 ± 2.50 5.96 ± 0.89

DM 31.90 ± 4.68∗∗ 33.46 ± 8.30∗∗

TML 18.74 ± 5.38∗## 16.12 ± 4.73∗∗##

TMH 15.79 ± 3.75∗## 15.83 ± 4.87∗∗##

TML: low dose of TianMai Xiaoke Tablet; TMH: high dose of TianMai
Xiaoke Tablet.
Data represent mean ± S.D. (𝑛 = 8).
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01 versus the control group; ##𝑃 < 0.01 versus DM

group.

calculated by the log 2 scale of the equation 2-ΔΔCt, where
ΔCt =CtmiRNA-CtU6 andΔΔCt =ΔCt TMH samples−ΔCt
DM samples [15].

3. Result

3.1. TianMai Xiaoke Tablet Showed No Effect on Body Weight
of DM Rats. The mean body weight of DM rats decreased
significantly compared with the control rats at week 2 (𝑃 <
0.05), week 4 (𝑃 < 0.01), week 6 (𝑃 < 0.01), and week 8
(𝑃 < 0.01). No significant differences were noted between
the DM group and TM-treated groups (Table 2).

3.2. TianMai Xiaoke Tablet Decreased Fasting Blood Glucose of
DM Rats. The fasting blood glucose (FBG) levels of DM rats
were significantly higher than those of control rats at week 0
(𝑃 < 0.01), week 2 (𝑃 < 0.01), week 4 (𝑃 < 0.01), week 6 (𝑃 <
0.01), and week 8 (𝑃 < 0.01). FBG levels in TM-treated group
decreased significantly at week 2 (𝑃 < 0.05), week 4 (𝑃 <
0.05), week 6 (𝑃 < 0.05), and week 8 (𝑃 < 0.05) compared to
DM group (Table 3).

3.3. TianMai Xiaoke Tablet Moderated the Glucose Tolerance
of DM Rats. The blood glucose levels in DM group were
higher than those of control group before oral glucose
administration (𝑃 < 0.01) and 30 minutes (𝑃 < 0.01), 60
minutes (𝑃 < 0.01), and 120 minutes (𝑃 < 0.01) after oral
glucose administration. Blood glucose levels of TM-treated
groups significantly decreased before and after oral glucose
administration (𝑃 < 0.05, Figure 1).

3.4. TianMai Xiaoke Tablet Decreased FINS and HOMA in
DM Rats. FINS and HOMA were significantly suppressed
(𝑃 < 0.01) after 8-week TM treatment (Table 4).

3.5. miRNA Differentially Regulated by TM. In TMH group,
20miRNAs showed a significant change (fold change > 2,𝑃 <
0.05). miR-448, let-7b, miR-540, miR-296, miR-880, miR-
200a, miR-500, miR-10b, miR-336, miR-30d, miR-208, let-7e,
miR-142-5p, miR-874, miR-375, miR-879, miR-501, and miR-
188 were upregulated, while miR-301b, miR-134, andmiR-652
were downregulated in TMH group (Table 5).

3.6. miRNA Q-PCR Validation. To validate the microarray
results, all of the miRNAs with differential expression were
selected for Q-PCR quantification. All miRNA expression
levels obtained by Q-PCR were similar to those observed by
microarray analysis (Figure 2).

4. Discussion

In this study, we found that the treatment of TianMai Xiaoke
Tablet to DM rats significantly reduced fasting blood glucose,
fasting insulin, and HOMA-IR. Our results suggest that
TianMai Xiaoke Tablet can moderate glucose and ameliorate
oral glucose tolerance and insulin resistance. The main
integrant of TianMai Xiaoke Tablet is chromium picolinate.
During the experiment, no rats in the TML and TMH groups
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Table 5: Differentially expressed miRNAs (fold > 2, 𝑃 < 0.05).

rno miRNA gene Fold change 𝑃 value Chromosomal location Mature sequence
rno-miR-448 2.175 0.04844 Xq14 UUGCAUAUGUAGGAUGUCCCA
rno-let-7b 3.740 0.02207 7q34 UGAGGUAGUAGGUUGUGUGGU
rno-miR-540 2.899 0.04278 6q32 AGGUCAGAGGUCGAUCCUG
rno-miR-296 3.054 0.02955 3q42 GAGGGUUGGGUGGAGGCUCUCC
rno-miR-880 2.069 0.03130 Xq37 UACUCCAUUCAUUCUGAGUAG
rno-miR-200a 2.493 0.01933 5q36 UAACACUGUCUGGUAACGAUG
rno-miR-500 2.010 0.01848 Xq13 AAUGCACCUGGGCAAGGGUUCA
rno-miR-10b 3.413 0.04138 3q23 CCCUGUAGAACCGAAUUUGUG
rno-miR-336 3.721 0.00746 10q22 UCACCCUUCCAUAUCUAGUC
rno-miR-30d 2.531 0.01836 7q34 UGUAAACAUCCCCGACUGGAA
rno-miR-208 2.300 0.46728 15p13 AUAAGACGAGCAAAAAGCUUG
rno-let-7e 3.268 0.02307 1q12 UGAGGUAGGAGGUUGUAUAGU
rno-miR-142-5p 3.582 0.00483 10q26 CAUAAAGUAGAAAGCACUACU
rno-miR-874 3.751 0.01429 17p14 CUGCCCUGGCCCGAGGGACCG
rno-miR-375 3.412 0.02933 9q33 UUUGUUCGUUCGGCUCGCGUG
rno-miR-879 3.299 0.00634 4q12 AGAGGCUUAUAGCUCUAAGC
rno-miR-501 3.534 0.01714 Xq13 AAUCCUUUGUCCCUGGGUGAA
rno-miR-188 2.609 0.03009 Xq13 CAUCCCUUGCAUGGUGGAGGG
rno-miR-301b 0.354 0.05323 11q23 CAGUGCAAUGGUAUUGUCAAAG
rno-miR-134 0.458 0.00298 6q32 UGUGACUGGUUGACCAGAGGGG
rno-miR-652 0.477 0.01357 Xq14 AAUGGCGCCACUAGGGUUGU
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Figure 1: Oral glucose tolerance (mmol/L). TML: low dose of TianMai Xiaoke Tablet; TMH: high dose of TianMai Xiaoke Tablet. Data
represent mean ± S.D. (𝑛 = 8). ∗∗𝑃 < 0.01 versus the control group. #

𝑃 < 0.05 versus DM group.

died. So, it is safe for rats to take TianMai Xiaoke Tablet.
Rhodes et al. gave rodents chromium picolinate as 30000-
fold of the adults dose for 13 weeks. No effect was observed
on body weight gain or survival of rodents. No compound-
related changes in hematology and clinical chemistry param-
eters were observed. There were no histopathological lesions
attributed to chromium picolinate in rats or mice [16]. Triva-
lent chromium is an essential trace element involved in carbo-
hydrate metabolism. Chromium deficiency has been consid-
ered as a possible risk factor for the development of diabetes
[17]. Administration of chromium to patients with diabetes
has beneficial effects in glycemic control [18]. However, a

considerable number of studies have evaluated chromium in
clinical research trials over the past 40 years. Some researches
reported that chromium picolinate does not improve blood
glucose in diabetic patients [19, 20]. But more recent trials
evaluating chromium supplementation found that chromium
picolinate/biotin combination, administered as an adjuvant
to current prescription antidiabetic medication, can improve
HbA1c and fasting blood glucose in overweight-to-obese
individuals with type 2 diabetes, especially in those with poor
glycemic control on oral therapy [21]. Martin et al. found
that chromium picolinate supplementation had significant
improvement in insulin sensitivity [22]. TM can reduce
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Figure 2:DifferentialmiRNAs expression in gene array andQ-PCR.

new-diagnostic type 2 diabetic patients HbA1c and increase
serum chromium up to 30% [5]. Such different conclusion
may be attributed to the lack of more precise glucose
metabolism assessment, usage of different dose, and formu-
lations and heterogeneous study populations.

In gene array and real-time PCR experiment, we found
that TM could increase the expression of miR-375 in islet
of diabetic rats. miR-375 is a regulator in the process
of exocytosis of insulin during glucose-stimulated insulin
release. It is highly expressed in pancreatic islets. Poy et
al. found that inhibition of endogenous miR-375 function
enhanced insulin secretion [23]. In addition, mice lacking
miR375 (375KO) are hyperglycemic and exhibit increased
total pancreatic alpha-cell numbers and decreased pancreatic
beta-cell mass [24]. PDX-1 (3-phosphoinositide-dependent
protein kinase-1) is one of the validated target genes of miR-
375. Ouaamari et al. found that miR-375 acts as a direct
function with the 3 untranslated region (3UTR) of PDK1
mRNA, thus decreasing PDK1 protein, and it may impact on
cell proliferation given its key role in the PI 3-kinase/PKB
cascade. The expression of miR-375 is decreased in diabetic
Goto-Kakizaki (GK) rats, compared with Wistar rats [25].

Moreover, TM could increase the expression of miR-30d
in islet of diabetic rats. Tang et al. found that overexpression of
miR-30d increased insulin gene expression, while inhibition
of miR-30d abolished glucose stimulation of insulin expres-
sion.These data suggest that miR-30d is important for down-
regulation of an unidentified transcriptional repressor(s) of
the insulin gene [26].

To sum up, TM can moderate glucose metabolism and
insulin sensitivity. These actions may be through activating
miR-375 and miR-30d to increase insulin secretion and
action.
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[16] M. C. Rhodes, C. D. Hébert, R. A. Herbert et al., “Absence of
toxic effects in F344/N rats and B6C3F1 mice following sub-
chronic administration of chromium picolinate monohydrate,”
Food and Chemical Toxicology, vol. 43, no. 1, pp. 21–29, 2005.

[17] R. A. Anderson, A.-M. Roussel, N. Zouari, S. Mahjoub, J.-M.
Matheau, and A. Kerkeni, “Potential antioxidant effects of zinc
and chromium supplementation in people with type 2 diabetes
mellitus,” Journal of the American College of Nutrition, vol. 20,
no. 3, pp. 212–218, 2001.

[18] R. A. Anderson, N. Cheng, N. A. Bryden et al., “Elevated intakes
of supplemental chromium improve glucose and insulin vari-
ables in individuals with type 2 diabetes,” Diabetes, vol. 46, no.
11, pp. 1786–1791, 1997.

[19] N. Kleefstra, S. T. Houweling, S. J. L. Bakker et al., “Chromium
treatment has no effect in patients with type 2 diabetes in a
western population: a randomized, double-blind, placebo-con-
trolled trial,” Diabetes Care, vol. 30, no. 5, pp. 1092–1096, 2007.

[20] J. Komorowski, V. Juturu, J. E. Gunton et al., “Chromium
supplementation does not improve glucose tolerance, insulin
sensitivity, or lipid profile: a randomized, placebo-controlled,
double-blind trial of supplementation in subjects with impaired
glucose tolerance: response to Gunton et al,” Diabetes Care, vol.
28, no. 7, pp. 1841–1842, 2005.

[21] C. A. Albarracin, B. C. Fuqua, J. L. Evans, and I. D. Goldfine,
“Chromium picolinate and biotin combination improves glu-
cose metabolism in treated, uncontrolled overweight to obese
patients with type 2 diabetes,” Diabetes/Metabolism Research
and Reviews, vol. 24, no. 1, pp. 41–51, 2008.

[22] J. Martin, Z. Q.Wang, X. H. Zhang et al., “Chromium picolinate
supplementation attenuates body weight gain and increases
insulin sensitivity in subjects with type 2 diabetes,” Diabetes
Care, vol. 29, no. 8, pp. 1826–1832, 2006.

[23] M. N. Poy, L. Eliasson, J. Krutzfeldt et al., “A pancreatic islet-
specificmicroRNA regulates insulin secretion,”Nature, vol. 432,
no. 7014, pp. 226–230, 2004.

[24] M. N. Poy, J. Hausser, M. Trajkovski et al., “miR-375 maintains
normal pancreatic 𝛼- and 𝛽-cell mass,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 106, no. 14, pp. 5813–5818, 2009.

[25] A. E. Ouaamari, N. Baroukh, G. A. Martens, P. Lebrun, D.
Pipeleers, and E. Van Obberghen, “MiR-375 targets 3l-Pho-
sphoinositide-Dependent protein Kinase-1 and regulates Glu-
cose-Induced biological responses in pancreatic 𝛽-cells,” Dia-
betes, vol. 57, no. 10, pp. 2708–2717, 2008.

[26] X. Tang, L. Muniappan, G. Tang, and S. Özcan, “Identification
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Aims. To study the proliferation of osteoblasts and genes expression under normal glucose, high glucose, and metformin (Met).
Methods. MG63 osteoblast-like cells were cultured in osteogenic medium supplemented with normal glucose (glucose 5.5mmol/L)
or high glucose (glucose 16.7mmol/L) and metformin + high glucose (Met 300𝜇mol/L + glucose 16.7mmol/L). Proliferation was
detected with CCK-8 assay at days 1, 3, and 7. Real-time PCR and Western blot were performed to compare the expression of
collagen I (Col I), osteocalcin (OCN), osteoprotegerin (OPG), receptor activator for NF-𝜅B ligand (RANKL), and metal matrix
proteinases 1 and 2 (MMP1, MMP2). Alkaline phosphatase (ALP) activity was also detected at days 6, 12, and 18. Results. Exposure
to high glucose inhibited the proliferation of osteoblasts (𝑃 < 0.05), with suppressed OCN and OPG. Meanwhile, Col I, RANKL,
MMP1, and MMP2 were unaffected. Metformin attenuated the suppression on proliferation with increased expression of Col I,
OCN, and OPG, meanwhile suppressing MMP1 and MMP2. High glucose lowered the intracellular ALP, while metformin raised
it. Metformin attenuated the downregulation of ALP completely at day 6, partly at day 12, but not at day 18. Conclusions. Metformin
attenuated the suppression effect of high glucose to the osteoblast proliferation and gene expression, more prominently in earlier
stage.

1. Introduction

Hyperglycemia is one of the main causes of osteoporo-
sis, considering the huge population of diabetes mellitus
(DM) in the world [1]. According to surveys around the
world, both type 1 and type 2 diabetic patients had higher
prevalence of osteopenia or osteoporosis [2, 3]. Logically,
correction of hyperglycemia became one of the most reason-
able approaches people can find to improve the bone mass.
Among the diversified oral hypoglycemic agents (OHA) for
type 2 diabetic patients, metformin was defined as the first-
choice according to the ADA/EASD guidelines [4]. Recently,
metformin was also found to be protective to the bone loss,
with an increased bone density in diabetic animals [5]. But the
subtle mechanisms of this protection, whether independent
of the blood glucose control, and the detailed changes in
the osteoblast differentiation and maturation are still to be
elucidated. Some osteogenic genes were proved to be related

to osteoblast differentiation, for example, collagen 1 alpha
(Col1𝛼), osteocalcin (OCN), alkaline phosphatase (ALP),
osteoprotegerin (OPG), and receptor activator for NF-𝜅B
ligand (RANKL) [6–9]. Besides, matrix metalloproteinases
(MMPs), a series of zinc-dependent endopeptidases being
capable of degrading most extracellular matrix proteins, are
also reported to be related to the differentiation of osteoblast
[10]. How metformin affects osteoblasts is undetermined.
In the present study we explored how high glucose and
metformin treatment influence the proliferation and related
gene expression.

2. Materials and Methods

Metformin, ascorbic acid, and dexamethasone were pur-
chased from Sigma (USA). CCK-8 proliferation assay kit was
from Dojindo Bio Co., Kumamoto, Japan. TRIzol nucleotide
extraction kit was from Invitrogen, NY, USA. Protein
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quantification kit with BCA standard was from Nanjing
Jiancheng Biology Corp., Nanjing, China. RT-PCR kit was
from TaKaRa, Tokyo, Japan. MG63 osteoblastic cell line was
kindly donated by Professor Qin SHI, Bone Research Lab, the
First Affiliated Hospital of Soochow University.

2.1. Cell Culture. Human osteoblast-like cells MG63 were
cultured in DMEM medium, supplemented with 10% fetal
calf serum, 100U/mL penicillin, and 100 𝜇g/mL streptomycin
at 37∘C in 95% humidified air with 5%CO2.Themediumwas
replaced every 3 days, and confluent cells were digested with
0.25% trypsin and split at a rate of 1 : 2–1 : 3.

MG63 cells were grouped into four: control (Ctrl, original
DMEM medium), normal glucose group (NG, 5.5mmol/L
glucose), high glucose group (HG, 16.7mmol/L glucose), and
metformin treatment group (HG +Met, 16.7mmol/L glucose
plus 300𝜇mol/L metformin).

2.2. Proliferation Analysis. Cell proliferation was analyzed
using Cell Counting Kit-8 (CCK-8) assays. MG63 human
osteoblast-like cells were plated in 96-well plates (1 × 103
cells/well). Cells were then incubated at 37∘C for the next 7
days with ctrl, NG, HG, and HG + Met mediums. At day 1,
day 3, and day 7 after seeding of the cells, CCK8 assay was
performed according to the manufacturer’s instructions. The
optical density (OD) for each well was measured at 450 nm
using a 96-well plate reader. Three replicate wells were used
for each analysis and at least three independent experiments
were performed. The cell proliferation rate was calculated
according to the following equation provided by the manu-
facturer: the cell proliferation rate = [(OD experiment − OD
blank)/(OD control −OD blank)] × 100% [11].

2.3. Quantitative RT-PCR of Osteoblast Related Genes.
Primers were manufactured as Table 1 by Shanghai Sango
Inc. (China). MG63 cells of four different treatments were
induced with osteogenic medium (50mg/L ascorbic acid,
10mmol/L 𝛽-glycerol phosphate disodium, and 100 nmol/L
dexamethasone). Cells were harvested at day 3 and day 7, and
total RNAwas extractedwithTRIzolmethod according to the
protocols recommended by the manufacturer.The total RNA
concentration and quantity were assessed by absorbance at
260 nm. 𝛽-actin was designed as inner control of RT-PCR.
Products were analyzed using real-time quantitative PCR and
TaqMan probes. Real-time PCR was done in triplicate using
the Applied Biosystems 7500 (NJ, USA).

2.4. Protein Extraction and Western Blot. MG63 osteoblasts
were harvested and rinsedwith cold PBS. Cells were lysed and
homogenized. Then the lyastes were spined at 14000 rpm for
10min at 4∘C. Protein concentration of total protein extracted
was determined by the BCA Protein Assay (Pierce Chemicals
Co., Rockford, IL, USA). The protein was separated by
SDS-polyacrylamide gel electrophoresis and transferred to
PVDF membrane (Millipore, MA, USA) using a semidry
transfer apparatus. Membrane was probed with anti-MMP1,
anti-MMP2, anti-RANKL, anti-OPG (Bioworld, GA, USA),
anticollagen I, anti-OCN antibody (Abcam, MA, USA), and
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Figure 1: Treatment with high glucose significantly inhibited the
proliferation of MG63 cells. Andmetformin could rescue this effect.
Cell proliferation was tested by CCK8 assay as described in the
methods at day 1, day 3, and day 7. Data representmean± SD of three
separate experiments. Comparison among normal glucose (NG),
high glucose (HG), and metformin treatment plus high glucose
(HG + Met), ∗𝑃 < 0.05HG versus ctrl, NG, HG + Met.

anti-GAPDH inner control antibody (Sigma,MO,USA).And
then the blots were incubated with horseradish peroxidase-
conjugated secondary antibodies at room temperature for 1 h.
The immune complexes were visualized with a chemilumi-
nescence detection system (AmershamBioscience, NJ, USA).

2.5. Determination of Alkaline Phosphatase (ALP). Cells were
plated in 6-well plates (1 × 105 cells/well). Four groups as
described above were induced with osteogenicmediummen-
tioned above. Cells were harvested and lysed at days 6, 12, and
18. Supernatant was collected after centrifuge at 2000 r/min
for 5min. Intracellular ALP activity was measured with
automatic biochemical analyzer, with BCA adjusting for the
intracellular protein content.

2.6. Statistics. All the numeric parameters were recorded as
mean ± standard deviation. The Statistical Package for Social
Sciences (SPSS) 10.0 softwarewas used forANOVA.A𝑃 value
<0.05 was considered statistically significant.

3. Results

(1) To assess the influence of normal or high glucose
level and metformin exposure on cell proliferation of
osteoblasts, MG63 cells were cultured in conditions
described above, and CCK-8 assay was performed at
day 1, day 3, and day 7. As shown in Figure 1, CCK-8
assaywas done onMG63 osteoblast-like cells cultured
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Figure 2: Results of real-time PCR andWestern blot. MMP1 (a), MMP2 (b), Col1𝛼 (c), OCN (d), OPG (e), RANKL (f) mRNA expression and
protein of MG63 cells under control DMEM (ctrl), normal glucose (NG), high glucose (HG), and metformin treatment + high glucose (HG
+ Met). ∗𝑃 < 0.05, HG + Met versus ctrl, NG (5.5mmol/L), and HG (16.7mmol/L); ∗∗𝑃 < 0.05, HG + Met versus with HG (16.7mmol/L);
#𝑃 < 0.05, HG (16.7mmol/L) versus ctrl and NG (5.5mmol/L).

with osteogenic induction mediums supplemented
with different concentrations of glucose. At day 1,
all the CCK-8 values and proliferation were similar.
After 3 and 7 days of exposure of glucose with or
without metformin, MG63 cells cultured with high
glucose (Glu 16.7mmol/L) had the lower proliferation
than those with normal glucose. Metformin seemed
to rescue the suppression of proliferation resulting
from high glucose, both at day 3 and day 7.

(2) To quantify the expression of osteogenesis-related
genes, real-time PCR and Western blot were per-
formed with the MG63 cells osteoblast-like cells
cultured in osteogenic mediums supplemented with
different concentrations of glucose, and metformin
(300 𝜇mol/L) was also added to high glucosemedium
(16.7mmol/L). Figure 2 showed the real-time PCR
and Western blot results of MG63 osteoblast-like
cells cultured in different conditions mentioned
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Table 1: Primers used in the PCR.

Gene Sense (5-3) Antisense (5-3)
Col I TGTTCAGCTTTGTGGACCTC CTTGGTCTCGTCACAGATCA
OCN ATGAGAGCCCTCACACTCCTC CTAGACCGGGCCGTAGAAGCG
OPG AGTG GGAG CAGA AGAC ATTG ATTG GACC TGGT TACC TATC
RANKL GCGT CGCC CTGT TCTT CTAT TTGG TGCT TCCT CCTT TCAT
MMP-1 CTCGCTGGGAGCAAACACTG TGATGTCTGCTTGACCCTCAGAG
MMP-2 GAATGAATACTGGATCTACTCA TTGTCTCCAGCAAAGATGTATGTC
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Figure 3: ALP activity (unit/gram of protein) of MG63 cells at days
6, 12, and 18 exposed to normal glucose (NG), high glucose (HG),
and metformin (300𝜇mol/L) treatment plus high glucose (HG +
Met). Data was compared among cells at each timepoint. ∗𝑃 < 0.05,
HG (16.7mmol/L) versus ctrl and NG (5.5mmol/L). ∗∗𝑃 < 0.05,
HG + Met versus HG (16.7mmol/L). #𝑃 < 0.05, HG + Met versus
Ctrl and NG (5.5mmol/L).

previously. The data revealed that the expressions
of OCN (Figure 2(d)) and OPG (Figure 2(e)) were
suppressed when cultured with high glucose level of
16.7mmol/L than those with normal glucose level of
5.5mmol/L and control medium (𝑃 < 0.05), while
those of MMP1 (Figure 2(a)), MMP2 (Figure 2(b)),
Col1𝛼 (Figure 2(c)), or RANKL (Figure 2(f)) were
not affected by high glucose. In addition, MMP1 and
MMP2 mRNA and protein production were signifi-
cantly suppressed by 300 𝜇mol/L metformin (HG +
Met), not by the change of glucose level alone. It is
interesting that metformin promoted the expression
of OCN to the extent that is even higher than the cells
cultured in normal glucose medium (Figure 2(d)).
Metformin also suppressed the expression of MMP1
(decreased by 0.74-fold) and MMP2 (decreased by
0.62-fold).

(3) To evaluate the function of the osteoblast, MG63
osteoblast-like cells were inducted with osteogenic
mediums for 6, 12, and 18 days. Alkaline phosphatase
(ALP) in these cells was detected with an automatic
biochemical analyzer. As shown in Figure 3, when

exposed to high glucose for 6 days, 12 days, and 18
days, MG63 cells have lower ALP activity compared
with those exposed to normal glucose. In compari-
son, metformin could attenuate the downregulation
completely at day 6, partly at day 12, but not at day 18.

4. Discussion

It is well-accepted that diabetes mellitus (DM) could increase
the risk of osteoporosis and fragility fractures [2, 3]. As the
most commonly used oral antidiabetic drug, metformin was
reported to be protective against bone loss [5]. As we know,
osteoblast proliferation is the key element affecting bone
health [12], so it is necessary to research on the influences
from high glucose and metformin. In this study, CCK8 assay
at day 3 and day 7 revealed that high glucose could sup-
press the proliferation of osteoblasts, while metformin could
attenuate this effect. In addition, the protection of metformin
seems independent of the glucose level. The mechanisms of
how high glucose disturbs the proliferation and how met-
formin corrects it could be very complicated and have not yet
been elucidated completely. Reactive oxygen species (ROS)
system, apoptosis, AMP-activated protein kinase (AMPK),
and osteogenic genes are all reported to perform somehow
in these procedures [13, 14].

Matrixmetalloproteinases (MMPs) are able to degenerate
type I collagen, activating bone absorption [10]. Some of the
matrix metalloproteinases can augment the expression of the
osteogenic genes such as osterix, type 1 collagen, alkaline
phosphatase, and osteocalcin [15]. There are few reports
about how metformin affects matrix metalloproteinases in
osteoblast under high glucose. In our result, mRNA and
protein levels of Col𝛼, MMP1, and MMP2 were affected by
metformin rather than glucose concentration. And Col1𝛼
seemed to be controlled by metformin at the gene transcrip-
tion level, aside from the well-known enzyme-substrate level.

It was reported that high glucose (30mmol/L) increases
the expression of MMP2 [16]; and MMP1 expression in
peripheral blood was found to be elevated in chronic diabetic
patients [17]. However, the elevation of MMP1/2 was not
observed in our experiment.The differencemay be explained
by the relatively moderate glucose level (16.7mmol/L) and
short term of treatment in our experiment. At least in
the experiment conditions of our study, aside from those
osteogenic genes, MMPs were affected by metformin rather
than the glucose level. Whether metformin attenuates the
suppression of proliferation through MMPs remains to be
determined.
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ALP has been widely recognized as one of the most
important early marker for osteoblast differentiation [18].
So in this study, ALP activity was used as the indicator of
osteoblast differentiation and maturation. Our result showed
that high glucose could significantly suppress ALP activity
at days 6, 12, and 18, while metformin could rescue them
completely at day 6, partly at day 12, but not at day 18.
This result implied that the metformin functioned mainly
at earlier stage and not in later stage. One of the possible
explanations for this interesting phenomenon might be that
the osteoblasts on their early stage of differentiation could be
more sensitive to chemical stimulations. More work should
be done to confirm it in the future.

OPG and RANKL are two important factors produced
by osteoblasts, affecting the activation of osteoclasts, so as to
function on the protection or absorption of the bone tissues,
respectively [19]. So the ratio of OPG/RANKL could be one
mark for the balance of the bones [20]. High glucose, some
hormones, and lots of chemical compounds are believed to
influence the osteoblasts through the OPG/RANKL/RANK
system [21–23]. In our studies, high glucose (16.7mmol/L)
and metformin (300𝜇mol/L) mainly affected the expres-
sion of OPG rather than RANKL. In this study, we did
experiments on the glucose level of 16.7mmol/L, which is a
relatively moderate glucose level. Future studies with much
higher glucose levels might have different results. At least our
study indicated that a not-so-high glucose level was already
enough to cause a decrease on the ratio of OPG/RANKL, and
metformin was a cure to correct it.

5. Conclusion

Metformin, a former antidiabetic drug, can protect theMG63
osteoblast-like cells from the harm of high glucose, which
not only inhibited the proliferation of the osteoblasts but also
decreased the expression of osteogenic genes, for example,
Col1𝛼, OCN, andOPG.Metformin can inhibit the expression
of MMP1 and MMP2, while promoting the expression of
Col1𝛼, OPG, and OCN. The most possible time course of
metformin influencing the osteoblasts is on the early stage of
cell proliferation.
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Objectives. Glucose fluctuations are both strong predictor of diabetic complications and crucial factor for beta cell damages. Here
we investigated the effect of intermittent high glucose (IHG) on both cell apoptosis and proliferation activity in INS-1 cells and the
potential mechanisms.Methods. Cells were treated with normal glucose (5.5mmol/L), constant high glucose (CHG) (25mmol/L),
and IHG (rotation per 24 h in 11.1 or 25mmol/L) for 7 days. Reactive oxygen species (ROS), xanthine oxidase (XOD) level, apoptosis,
cell viability, cell cycle, and expression of cyclinD1, p21, p27, and Skp2 were determined. Results. We found that IHG induced
more significant apoptosis than CHG and normal glucose; intracellular ROS and XOD levels were more markedly increased in
cells exposed to IHG. Cells treated with IHG showed significant decreased cell viability and increased cell proportion in G0/G1
phase. Cell cycle related proteins such as cyclinD1 and Skp2 were decreased significantly, but expressions of p27 and p21 were
increased markedly. Conclusions. This study suggested that IHG plays a more toxic effect including both apoptosis-inducing and
antiproliferative effects on INS-1 cells. Excessive activation of cellular stress and regulation of cyclins might be potential mechanism
of impairment in INS-1 cells induced by IHG.

1. Introduction

Diabetes is becoming a serious worldwide threat to human
health and rises rapidly in China recently. Pancreatic 𝛽-cell
mass should be dynamic and can respond to physiological
and pathological variations in metabolic demand on insulin
production. But this ability of the endocrine pancreas seems
to be attenuated in type 2 diabetes which finally leads to
hyperglycemia and blood glucose fluctuations [1–3]. Evi-
dence from autopsy also demonstrated that 𝛽-cell mass in
diabetic patients is significantly reduced and its reduction is
associated with increased apoptosis [4, 5]. Glucose control
may become deteriorated despite intensive treatment in
diabetic patients because their pancreatic beta cell mass
decreased abnormally. The patients with long duration of
diabetes will be prone to show a higher glucose variation
[6, 7].

Intermittent high glucose (IHG) as a general phenom-
enon in the duration of diabetes has been suggested to
be more dangerous for the development of diabetes and
diabetes-related complications [8, 9]. Several lines of studies
showed that blood glucose fluctuations can increase activities
of protein kinase C, activate oxidative stress, promote the
apoptosis of cell including the 𝛽-cells, and ultimately result
in progressive beta cell failure and beta cell mass reduction
[10, 11]. Ahigher apoptosis of beta cell induced by intermittent
high glucose was associated with the increased oxidative
stress level [12]. Nevertheless, the mechanism underlying the
action of IHG on 𝛽 cells has not yet been fully studied.
The previous researches mostly focused on the relationship
between apoptosis and IHG; in fact, in addition to cell
apoptosis, the lower proliferation activity in 𝛽 cells may
be another important reason involved in the 𝛽-cell mass
reduction [13].

Hindawi Publishing Corporation
Journal of Diabetes Research
Volume 2014, Article ID 712781, 9 pages
http://dx.doi.org/10.1155/2014/712781

http://dx.doi.org/10.1155/2014/712781


2 Journal of Diabetes Research

In the present study we used an in vitro model to
investigate not only the role of IHG in inducing 𝛽-cells
apoptosis but also the effect on proliferation activity in𝛽-cells
and the possible mechanisms.

2. Materials and Methods

2.1. Reagents and Antibodies. All reagents for cell culture
were purchased from Sigma (St. Louis, MO, USA). Cell
Cycle Analysis Kit and Cell counting kit-8 (CCK-8) and
Reactive Oxygen Species Assay Kit and Annexin V-FITC
Apoptosis Detection Kit were from Beyotime Institute of
Biotechnology. Xanthine Oxidase Assay Kit was from Bio-
Vision Incorporated (Milpitas, CA, USA). 4, 6-Diamidino-2-
phenylindole (DAPI) was purchased from Vector Laborato-
ries (Burlingame, CA). Antibodies against p21 and Skp2 were
purchased from Santa Cruz Biotechnology Inc. (Delaware,
CA, USA). Alexa Fluor 594-conjugated goat anti-rabbit IgG
and cyclinD1 antibodies were purchased from Invitrogen
(Carlsbad, CA, USA). Polyclonal antibodies of p27 were
purchased fromMillipore (Bedford, MA, USA).

2.2. Cell Culture. The INS-1 cells were purchased from cell
repository of laboratory animal centre in Wuhan University.
And then they were grown at 37∘C in a humidified 5% CO2
atmosphere in RPMI-1640 medium (pH 7.4) supplemented
with 10% fetal bovine serum. When the cells were in a
synchronization state, cells were cultured, respectively, in
RPMI-1640 complete medium with the normal glucose con-
centration (5.5mmol/L), constant high glucose concentration
(25mmol/L), and the intermittent high glucose concentra-
tion (the rotation per 24 h in 11.1mmol/L or 25mmol/L) for
7days.

2.3. Determination of Apoptotic Cells. Annexin V-FITC/PI
double staining was used to evaluate the cell apoptosis strictly
following the procedures of Annexin V-FITC Apoptosis
Detection Kit. Briefly, cells were trypsinized and resuspended
at a concentration of 1 × 106/mL in dilute binding buffer and
labeled with 10 𝜇L of Annexin V-FITC at room temperature
in the dark for 30min; then add 5 𝜇L of PI for 5min; 400 𝜇L
of 1 × binding buffer was added into each tube later.

Flow cytometric analysis was finally performed with
excitation at 488 nm as soon as possible to monitor the green
fluorescence of Annexin V and the red fluorescence of DNA-
bound PI.

2.4. Reactive Oxygen Species Production. Intracellular ROS
generation was measured by flow cytometry using peroxide-
sensitive fluorescent probe 2,7-dichlorofluorescein diac-
etate (DCFH-DA, Molecular Probes) following the method
described previously [14]. DCFH-DA will be converted by
intracellular esterases toDCFH, a nonfluorescent compound;
then it is oxidized into the highly fluorescent dichlorofluores-
cein (DCF) in the presence of oxidant. In brief, the treated
cells were harvested and incubated with 10 𝜇M of DCFH-
DA for 30min at 37∘C in the dark, and after being washed

twicewith PBS, the fluorescent intensity of cells fromdifferent
groups was analyzed by flow cytometry.

2.5. XOD Activity Assay. The XOD activity was measured
spectrophotometrically using the Xanthine Oxidase Activity
Colorimetric/Fluorometric Assay Kit [15]. One unit xanthine
oxidase is defined as the amount of enzyme which catalyzes
the oxidation of xanthine, yielding 1.0 𝜇mol of uric acid and
H2O2 per minute at 25∘C. Briefly, cells were trypsinized and
resuspended at a concentration of 1 × 106/mL with dH2O
(400 𝜇L), then extracted with 4 volumes of the Assay Buffer,
and centrifuged (16,000×g, 10min) to get clear XO extract.
For the positive control, add 5 𝜇L positive control solution
to wells and adjust volume to 50𝜇L/well with dH2O. For
each well, prepare a total 50𝜇L reaction mix containing
44 𝜇L Assay Buffer, 2 𝜇L substrate mix, 2 𝜇L enzymemix, and
2 𝜇L OxiRed Probe. Add 50 𝜇L of the reaction mix to each
well containing the H2O2 standard, positive control, and test
samples and mix well. Measure the plate immediately (OD =
570 nm for colorimetric assay).

2.6. Cell Counting Kit-8 Assay for Proliferation Activity. The
treated INS-1 cells were cultured in Corning 96-well flat
bottomed microtiter plates for 7 days. 10𝜇L of CCK-8 was
then added and incubated in a high humidity environment
at 37∘C and 5% CO2 for an hour and optical difference (OD)
was read at 460 nm with a microplate reader [16]. The OD
value represents the proliferation activity.

2.7. Cell Cycle Analysis. Cell cycle analysis was carried out
by flow cytometry according to a standard protocol. INS-1
cells were gained by centrifugation, washed with cold PBS,
and fixed with cold 70% ethanol for 12 hours. Then the fixed
cells were stained with PI solution consisting of 50𝜇g/mL
PI, 20𝜇g/mL RNase A, and 0.1% Triton X-100. After 0.5 h
incubation in the dark, the stained cells were detected in
a FACScan flow cytometer. The distribution of cells in the
different cell cycle phases was analyzed using Multicycle
software (Phoenix Flow Systems, San Diego, CA). The ratio
of cells in each phase of the cell cycle was determined in
triplicate [17].

2.8. Western Blotting Analysis. The treated cells were lysed in
protein lysis buffer (1% SDS in 25mmol/L Tris-HCl, pH =
7.4, 1 mmol/L EDTA, 100mmol/L NaCl, 1mmol/L PMSF,
10 𝜇g/mL leupeptin, and 10 𝜇g/mL pepstatin). Cell lysates
were frozen and thawed 3 times and were further centrifuged
at 12,000 g for 10min at 4∘C to pelletize the insoluble
material. The protein concentration was measured using
the BCA protein assay. The total protein (20𝜇g) from each
sample was separated on 12% SDS-polyacrylamide gel and
transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked in 5% nonfat milk and incubated
with either anti-cyclinD1 (1 : 200), anti-Skp2 (1 : 100), anti-
p21 (1 : 200), anti-p27 (1 : 1000) antibody, or anti-𝛽-actin
(1 : 2000) antibody overnight. After extensive washing, the
immunocomplexes were detected using Western Blotting
Luminol Reagent.
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Figure 1: Determination of apoptotic cells with flow cytometry. After the treatment for 7 days, cells were collected for the detection of cell
apoptosis as described previously.The percentage of apoptotic cells was shown after analysis by flow cytometry. Datawere expressed asmean±
SD of three determinations. Control, normal glucose; CHG, constant high glucose; IHG, intermittent high glucose. ∗𝑃 < 0.05, and Δ𝑃 < 0.05
respectively, indicate a significant difference from controls and CHG.

2.9. Statistical Analysis. Every experiment was repeated five
times. All data were expressed as the mean± S.D. of triplicate
experiments. Differences between groups were tested by one-
way ANOVA followed by a Student-Newman-Keuls test.
And 𝑃 values less than 0.05 were considered as statistically
significant.

3. Results

3.1. Apoptosis in INS-1 Cells Induced by Intermittent High
Glucose Measured by Annexin-V/PI Staining. The apoptosis
of INS-1 cells was determined by Annexin-V/PI staining via

flow cytometry. The percentage of apoptotic cells (Figure 1)
in CHG and IHG group was, respectively, 20.92 ± 3.88%
and 30.67 ± 4.48%, significantly higher than the control
group (normal glucose) 8.91 ± 2.92%. The apoptosis rate
induced by IHG showed a statistical difference (𝑃 < 0.05)
comparedwith theCHGand control group.This resultmeans
that intermittent high glucose significantly increased the cell
apoptosis compared with both normal and constant high
glucose concentrations.

3.2. Intermittent High Glucose Increased Intracellular Reactive
Oxygen Species Level by Enhancing the Intracellular Xanthine
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Figure 2: Intracellular reactive oxygen species level of INS-1 cells with DCFH-DA staining. Images of DCFH-DA staining and data of
fluorescence intensity analysis for INS-1 cells exposed to different treatment by flow cytometry were demonstrated. Control, normal glucose;
CHG, constant high glucose; IHG, intermittent high glucose. ∗𝑃 < 0.05 and Δ𝑃 < 0.05, respectively, indicate a significant difference from
controls and CHG.

Oxidase Activity. To evaluate the influence of IHG on intra-
cellular levels of oxidative stress, we measured the intracel-
lular reactive oxygen species level by flow cytometry using
DCFH-DA fluorescence staining as described previously. As
shown in Figure 2, the intracellular reactive oxygen species
level in INS-1 cells exposed to CHG increased by 2-fold com-
pared with control (normal glucose), but, the reactive oxygen
species level in cells exposed to IHG significantly increased
nearly by 2.63-fold compared with control. The intracellular
XOD activity was measured spectrophotometrically at the
same time. We found that (Figure 3(a)) the cells exposed to
CHG showed a significantly increased XOD activity (0.58 ±
0.03) compared with normal glucose group (0.23 ± 0.03),
while the cells exposed to IHG had the highest XOD activity
(0.79 ± 0.03) and showed a statistical difference (𝑃 < 0.05).

3.3. Effect of IntermittentHighGlucose on ProliferationActivity
in INS-1 Cells. We evaluated the effect of intermittent high
glucose on cell proliferation activity in INS-1 cells with the
CCK-8 assay. As shown in Figure 3(b), INS-1 cells treated
with CHG showed a significantly reduced cell viability (0.67±
0.04) compared with normal glucose group (1.51±0.14).The

cells exposed to IHG showed the lowest proliferation activity
and the difference was statistical (𝑃 < 0.05).

3.4. Effect of Intermittent High Glucose on Cell Cycle Distri-
bution. To determine whether IHG regulates the cell cycle
of INS-1 cells, the distribution of treated INS-1 cells in
various compartments of the cell cycle was examined by flow
cytometry. The ratio of cells in each phase of the cell cycle
in different groups is summarized in Figure 4. Cells treated
with IHG showed amarked accumulation in theG0/G1 phase
and decrease in the G2/M phase compared with the normal
glucose and CHG group (𝑃 < 0.05).

3.5. Effect of Intermittent High Glucose on Expression of
CyclinD1, Skp2, p21, and p27 Protein Levels in INS-1 Cells. To
investigate the cellular mechanism by which IHG inhibited
the proliferation activity of INS-1 cells, we analyzed the
expressions of cyclinD1, Skp2, p21, and p27 protein levels
using Western blot analysis. The expression of cyclinD1
analyzed by Western blotting was shown in Figure 5(a); IHG
could markedly downregulate the expression of cyclinD1
compared with CHG and normal glucose group (𝑃 <
0.05). As shown in Figure 5(b), the expression of Skp2 was
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Figure 3: The intracellular XOD activity and cell viability in INS-1 cells. XOD activity was measured spectrophotometrically using Xanthine
Oxidase Activity Colorimetric/Fluorometric Assay Kit (a). The cell viability in INS-1 cells was measured by Cell Counting Kit-8 assay (b).
Control, normal glucose; CHG, constant high glucose; IHG, intermittent high glucose. Each bar represents the mean ± S.D. ∗𝑃 < 0.05 and
Δ
𝑃 < 0.05, respectively, indicate a significant difference from controls and CHG.

significantly decreased by IHG (𝑃 < 0.01). Meanwhile
we found that in Figures 5(c) and 5(d) the expressions of
p27 and p21 protein level in INS-1 cells were increased by
IHG obviously compared with the normal glucose group
(𝑃 < 0.05). These results indicate that IHG may inhibit the
proliferation activity of INS-1 cells through regulating the
cyclins, such as cyclinD1, Skp2, p21, and p27.

4. Discussion

Recently, the apoptosis of pancreatic beta cells has become
a major focus. There is a growing body of evidence sug-
gesting that pancreatic beta cell mass in diabetic patients
is significantly reduced which mainly resulted from the
increased apoptosis. Both animal and human studies have
demonstrated that increase of𝛽-cell apoptosis is an important
reason for insulin deficiency in T2DM, which finally leads to
hyperglycemia and blood glucose fluctuations [4, 5, 18]. It is
now clear that hyperglycemia is not only the result of 𝛽-cell
deficiency, but also the important reason for further 𝛽-cell
dysfunction and number reduction. Both human pancreatic
islets incubated with high glucose concentrations and animal
models which received hyperglycemia treatment repeatedly
show an obvious increase of apoptosis [19, 20]. Although
pancreatic beta cell glucose toxicity is usually characterized
as an impairment of beta cell functions induced by chronic
constant high glucose, more andmore studies have suggested
intermittent high glucose (IHG) to be more dangerous for
further 𝛽-cell dysfunction and the development of dia-
betes. IHG could more easily induce human umbilical vein
endothelial cells injury and promote development of diabetic
chronic vascular complications compared with sustained
high blood glucose (SHG) [21, 22]. IHG can induce a more
significant impairment of insulin release response in rat islets
and INS-1 cell than SHG; INS-1 cells exposed to IHG showed
higher apoptosis and lower GSIS than SHG [23]. In the
present study, we similarly found that a higher apoptosis rate

of cultured INS-1 cells was induced by IHG compared with
CHG and normal glucose. This result is in agreement with
previous researches.

There are many potential mechanisms whereby blood
glucose fluctuation might cause pancreatic beta cell damage.
Blood glucose fluctuations can enhance activity of protein
kinaseC andNAD(P)H-oxidase and increase oxidative stress,
which in turn induce increased apoptosis [10, 11, 24, 25].
In agreement with previous researches, the present study
showed that the intracellular oxidative stress was more
significantly hyperactivated under the condition of IHG
than the condition of CHG. Meanwhile, the intracellular
XOD activity in INS-1 cells cultured in IHG was enhanced
significantly compared with CHG. We know that Xanthine
oxidase (XOD), an enzyme widely distributed in mammal
tissues, can catalyze metabolism of hypoxanthine to xan-
thine and then to uric acid in the presence of molecular
oxygen accompanied with O2− generation. XOD level could
be upregulated in diabetes and a main source of oxidants
[26–28]. These findings suggest that fluctuation in glycemic
control could be more deleterious to the pancreatic beta cells
than a constant high glucose.The intracellular oxidative stress
produced by hyperactivated XOD activity might play a major
role in mediating the effect of IHG.

Currently, proliferation from preexisting beta cells is con-
sidered to be a major source of newly derived pancreatic beta
cells. The extent of beta cell proliferation changes over time
according to the metabolic requirements; diabetes occurs
when this ability of pancreatic beta cells is attenuated [13, 29,
30]. Hyperglycemia especially the intermittent high glucose
that resulted from 𝛽-cell deficiency can conversely influence
the 𝛽-cell proliferation; it has been proved that IHG could
increase both cell apoptosis and inhibition of proliferation
in human umbilical vein endothelial cells through NF-𝜅B
pathway [22]. The study herein observed the similar effects
of IHG on the proliferation activity of INS-1 cells. As shown
in Figure 3(b), the cells exposed to IHG showed lower cell
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Figure 4: Determination of cell cycle with flow cytometry. After the treatment for 7 days, cells were collected for the detection of cell cycle
according to the standard protocol. The distribution of cells in the different cell cycle phases was analyzed using Multicycle software. Data
were expressed as mean±SD of three determinations. Control, normal glucose; CHG, constant high glucose; IHG, intermittent high glucose.
∗
𝑃 < 0.05, and Δ𝑃 < 0.05 respectively, indicate a significant difference from controls and CHG.

viability compared with CHG. We also found that treatment
of IHG increased accumulation of INS-1 cells in the G0/G1
phase and notably decreased the ratio of the cells in G2/M
phase. Our results demonstrated that the lower proliferation
activity and cell cycle arrest induced by IHG could partially
be responsible for pancreatic beta cell mass reduction.

It is well documented that cell cycle is controlled by
the sequential formation, activation, and inactivation of
a series of cell cycle regulators, that is, cyclins, cyclin-
dependent kinases (CDK), and cyclin-dependent kinase
inhibitors (CKIs). CyclinD1 as positive regulators of cell cycle
rises in G1 phrase and remains high until mitosis, Cdks4, 5,
and 6 complexes mainly combine with the cyclin D family

and function during the G0/G1-phases of the cycle [31].
Cyclin D1 overexpression in beta cells results in a higher
rate of beta cell proliferation in vivo, consistent with a
similar study performed on rat and human islets in vitro
[32, 33]. A number of negative regulators also exist, the
Cdk inhibitors (CDKIs), such as the CIP (Cdk-interacting
protein)/KIP (kinase inhibitor protein) families including
p21, p27 are involved in cyclin binding and kinase inhibitory
function. Studies showed that islets from p21cip1-/- mouse
treated with mitogens in vitro showed higher DNA synthesis
compared with p21-expressing islets. p27 kip1 regulates beta
cell proliferation by arresting the cell cycle in the adult
[34–36]. The accurately ordered cell cycle also includes
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Figure 5: Expressions of cyclinD1, Skp2, p21, and p27 protein level in INS-1 cells were measured by Western blot analyses. Control, normal
glucose; CHG, constant high glucose; IHG, intermittent high glucose. Data were expressed as mean ± SD. ∗𝑃 < 0.05 and Δ𝑃 < 0.05,
respectively, indicate a significant difference from controls and CHG.

the timely degradation of many regulatory proteins via
ubiquitin-mediated proteolysis; the SCF complexes represent
a big family of ubiquitin ligases that determine the abundance
of cell cycle regulatory proteins; Skp2 promotes the ubiq-
uitinylation of the CDKIs, p21, and p27, thereby enhancing
CDK2 activation at the G1/S border [37, 38]. Consistent with
previous researches, in our study, the cells with low cell
viability induced by IHG showed a decreased expression of
cyclinD1 and Skp2 and an increased expression of p27 and
p21.The cell cycle of INS-1 cells was blocked mainly in G0/G1
phrase.

In summary, our study simultaneously investigated the
apoptosis-inducing and antiproliferative role of IHG on INS-
1 cells and preliminarily revealed the possible mechanism.
Chronic exposure to IHG may not only result in more
effective induction of apoptosis via increasing intracellular
oxidative stress produced by hyperactivated XOD activity,
but also inhibit the cell viability and block the cell cycle
progression through changing the expressions of cell cycle
regulators. We know that the cell signal transduction path-
ways are more multifarious and complicated; further studies
may be needed for understanding the exact signaling and
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mechanism, especially studies based on primary 𝛽-cells and
the in vivo studies.
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Han population is six times as likely as Kazak population to present with type 2 diabetes mellitus (T2DM) in China.We hypothesize
that differential expression andCpGmethylation ofmiR-375may be an ethnic-related factor that influences the incidence of T2DM.
The expression level of miR-375 was examined using real-time PCR on Kazak and Han T2DM plasma samples. Furthermore,
the methylation levels of CpG sites of miR-375 promoter were determined by MassARRAY Spectrometry in these samples. The
relative expression levels of plasma miR-375 in Kazak T2DM samples are 1, and the relative expression levels of plasma miR-375
in Han T2DM samples are 3. The mean level of miR-375 methylation, calculated from the methylation levels of the CpG sites, was
8.47% for the Kazak T2DM group and 10.38% for the Han T2DM group. Further, five CpG units showed a statistically significant
difference between Kazak and Han T2DM samples, and, among them, four were hypomethylated and only one CpG unit showed
hypermethylation in Kazak T2DM samples. These findings indicate that the expression levels of plasma miR-375 and its CpG
methylation in the promoter region are ethnically different, which may contribute to the different incidence of diabetes observed
in Kazak and Han populations.

1. Introduction

Type 2 diabetes mellitus (T2DM) is commonly associated
with obesity and results from defects in insulin secretion
and/or diminished sensitivity of target tissues to insulin
action. MicroRNAs (miRNAs) are endogenous about 22
nucleotides noncoding RNAs. They participate in post-
transcriptional regulation of gene expression, therefore, to
directly control the expression of a large portion of the human
genome [1]. Studies showed that miRNAs are involved in the
regulation of major cellular activities, such as metabolism,
differentiation, proliferation, and apoptosis [2, 3].

miRNAs are also important regulators of specialized 𝛽-
cell functions [4–7]. Indeed, expression of appropriate levels
of miR-375, miR-9, and miR-124a are required for insulin
biosynthesis and for optimal release of insulin in response to
secretagogues [4–7]. The dysregulated expressions of several
miRNAs have been reported in the development of diabetes.
In particular, miR-375 is selectively expressed in pancreatic
islets [4, 5] and regulates insulin secretion and islet 𝛽-cell
proliferation to participate in normal glucose homeostasis. Its
abnormal expression may be caused by pancreatic 𝛽-cell dys-
function. The plasma/serum level of miRNAs can be present
in a remarkably stable form and the expression level of serum
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miRNAs is reproducible and consistent among individuals
[8]. We hypothesised that plasma miR-375 concentration
contributed to potential biomarkers in patients with T2DM.
However, to date, there has not been any report on the role of
circulatingmiR-375 in plasma of patients with T2DM and the
exact mechanisms for its aberrant expression remain unclear.

In addition to classical genetic abnormalities in the patho-
genesis of T2DM, epigenetic modifications have emerged
as a central driving force for the development of T2DM.
Epigenetic modifications, especially DNA hypermethylation,
are believed to play an important role in the regulation of
essential protective genes for T2DM. Found in the tumor
area, epigenetic regulations of miRNA genes within or near
CpG islands in their promoter regions can result in aberrant
expressions of a number of miRNAs.miR-375 gene is located
in the intergenic region and it has an independent promoter
containing CpG islands, which provides a structural basis
for regulation of its expression by methylation. Thus, we
speculate that the aberrant methylation of human miRNA-
375 gene promoter may lead to their abnormal expression,
thereby causing 𝛽-cell dysfunction to ultimately participate
in the pathophysiological process of T2DM.

In China, Kazak population is significantly overweight
and has insulin resistance, hypertension, smoking, and other
risk factors for T2DM, but its T2DM prevalence rate is much
lower than theHan population in the same region [9]. Unique
genetic background of Kazak population may protect them
from T2DM. To identify the possible genetic difference of
Kazak population from Han population, we hypothesized
that differential expression and CpG methylation of miR-375
may be an ethnic-related factor that influences the incidence
and severity of T2DM in this two ethnic groups.

2. Materials and Methods

2.1. Patients. This study was prospectively performed and
approved by the Institutional Ethics Committees of the First
Affiliated Hospital of Shihezi University School of Medicine
in China and conducted in accordance with the ethical guide-
lines of the Declaration of Helsinki. One hundred patients
with T2DM from Kazak population and another 100 T2DM
from Han population were recruited from the Departments
of Endocrinology andMetabolism of First Affiliated Hospital
of Shihezi University School of Medicine in China from 2010
to 2011. Written informed consents were obtained from all
patients before they entered the study. Diagnosis of type
2 diabetes was based on the World Health Organization
criteria: fasting glucose ≥ 7mmol/L (126mg/dL) or the 2-
hour oral glucose tolerance test glucose level ≥ 11.1mmol/L
(200mg/dL) or clinical diagnosis of the disease. All subjects
were recruited when they were hospitalized for treatment
of poor glycemic control and any patients suspected of
infectious disease or autoimmunediseasewere excluded from
current study.

2.2. Nucleic Acid Isolation. RNAs were isolated from plas-
ma samples of Kazak and Han T2DM patients using
the miRNeasy Serum/Plasma Kit (Qiagen, Germany) and

genomic DNA was isolated from blood cells using the
DNeasy Blood and Tissue Kit (Qiagen, Germany) according
to manufacturer’s instruction. The nucleic acid samples were
quantified by measuring their absorption at 260 nm.

2.3. Reverse Transcription and Quantitative PCR. Real-time
reverse transcription PCR (RT-PCR) was performed using
an ABI Prism 7500 Fast Real-time PCR System with Taqman
Universal PCR Master Mix, Taqman Reverse Transcription
kit, Taqman MicroRNA Assays, and Human Panel Early
Access kit fromApplied Biosystems (Foster City, CA) accord-
ing to the manufacturer’s instructions. Expression levels of
miRNA genes were determined by normalizing the amount
of the target message to that of the control microRNA-16
transcript.

2.4. Sequenom Methylation Analysis. To quantify methyla-
tion levels of themiR-375 CpG islands in the clinical samples,
the high-throughput MassARRAY platform (Sequenom, San
Diego, USA) was carried out as described previously [10].
Briefly, primers for the miR-375 CpG island were used to
amply bisulfite treated DNA and then the PCR products were
spotted on a 384-pad SpectroCHIP (Sequenom, San Diego,
USA), followed by spectral acquisition on a MassARRAY
Analyzer. Methylation data of individual units (one to three
CpG sites per unit) were generated by the EpiTyper v1.0.5
software (Sequenom, San Diego, USA).

2.5. Statistical Methods. The associations between categorical
variables were assessed using the 𝜒2 test. Significance level
was set as 𝑃 value < 0.05. In the analysis of the Chinese
Kazak T2DM samples, whether the differences in miR-375
gene methylation were differently depending on clinical
parameters was determined by the Mann-Whitney test. The
distances between CpG methylation sites to transcription
start sites were calculated by using the RMySQL pack-
age and the SQL database version of the UCSC genome
browser (http://genome.ucsc.edu/cgi-bin/hgGateway). Two-
dimensional clustering was determined by the heatmap.2
function in the gregmisc package. Classicalmultidimensional
scaling had been performed by using the cmdscale func-
tion, and visualization was done through the scatter plot3d
function in the same package. Power calculations were done
using the software of Power and Sample Size Calculation
3.0 (USA). We calculated the Spearman correlation between
DNA methylation levels and plasma levels of miR-375. Tests
for statistical significance had been used with standard
function in R statistical environment.

3. Results

3.1. Lower Expression of miR-375 in Kazak T2DM Compared
with Han T2DM. To find out if there is difference in miR-
375 expression levels between Kazak and Han populations,
the expression levels of miR-375 in Chinese Kazak T2DM
samples and corresponding Han T2DM samples were deter-
mined by quantitative real-time PCRs. Figure 1 showed that
the relative expression levels of plasma miR-375 in Kazak
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Figure 1:The levels ofmiR-375 expression in Kazak andHan T2DM
samples. The plasma mRNA levels of miR-375 in 100 Kazak and
100 Han T2DM samples were determined by quantitative real-time
PCR as described inMaterials andMethods.The relative expression
values were defined as the expression ratio ofmiR-375 tomiR-16.The
values represented average expression levels with standard deviation
(SD) of three independent experiments and the significant level
was determined by Student’s t-tests between the indicated groups
( ∗𝑃 < 0.05).

T2DM samples are 1, and the relative expression levels of
plasma miR-375 in Han T2DM samples are 3 (𝑃 < 0.05).

3.2. CpG Methylation of miR-375 in Kazak and Han Pop-
ulations. In order to know whether CpG methylation of
miR-375 occurs in Kazak and Han populations, methylation
patterns of miR-375 in 100 samples from each population
were quantitatively analyzed using MassARRAY Spectrome-
try. Hierarchical clustering showed substantial differences in
the quantitative methylation profiling of Kazak T2DM cases
compared with Han T2DM cases (Figure 2).

The promoter region of miR-375 was mapped by UCSC
Genome Browser’s CpG island annotations and miRbase
release 13.0. As illustrated in Figure 3, methylations were
found in the region from −990 bp to −1,258 bp relative to the
transcription start site of miR-375 in Chinese Kazak T2DM
samples. The mean methylation level of the 17 CpG residues
was 8.47% for the Kazak T2DM patients and 10.38% for the
Han patients, which was significantly different with 𝑃 =
0.0005 (Figure 4). The Kazak T2DM samples showed various
levels of miR-375 promoter methylation, ranging from 3.0%
to 18.5%. In addition, we used the methylation level to
characterize relationships among the T2DM samples and to
explore potential associations with their clinical features. Our
study found that none of the clinical parameters (BMI,WHR,
SBP, FBG, LDL-C, TC, TG, and lower HDL-cholesterol) had
statistically significant differences on the methylation status
of the miR-375 promoter (data is not shown).

We noted heterogeneity among individual CpG units, so
eight CpG units of the total 17 analyzed CpG units were
further analyzed and they span 267 bpon the promoter region
ofmiR-375. Among the eight CpG units, five showed a statis-
tically significant difference between Kazak and Han T2DM
patients. And four of the five CpGs were hypomethylated
(CpG 1.2, CpG 3.4, CpG 5.6, and CpG 21.22.23.34), while only
oneCpGunit (CpG 18.19) showedhypermethylation inKazak
T2DM patients (Figure 5).

3.3. Correlation between Promoter Methylation and the
Expression of Plasma miR-375. To further explore the role
of methylation, we analyzed the correlation analysis between
CpG methylation levels of miR-375 promoter and plasma
levels ofmiR375. In Kazak andHanT2DMpatients, we found
an inverse correlation for clear trend towards a negative cor-
relation between DNA methylation levels and plasma levels
of miR-375 (Figure 6(a), Pearson 𝑟 = −0.71; Figure 6(b),
Pearson 𝑟 = −0.86). These suggest the role of methylation
in the regulation of expression of miR-375.

4. Discussion

Han population is six times as likely as Kazak population
to present with T2DM in China [9]. The reason for this
ethical difference is not well understood. Detailed molecular
epidemiological studies that consider behavioral and envi-
ronmental risk factors, inherited susceptibility, and acquired
molecular alterations are needed to elucidate the etiology of
this heterogeneous disease in both Han and Kazak popula-
tions.

Some recent studies show that DNA methylation con-
tributes to downregulation of miR-375 during tumorigenesis
[6, 7, 11]. However, it is not clear whether miR-375 promoter
methylation plays a role in T2DM. We hypothesized that
differential expression and CpGmethylation of miR-375 may
be an ethnic-related factor that influences the incidence and
severity of T2DM.

In this study, we found that the plasma level of miR-375
was significantly lower in Kazak T2DM samples compared to
Han T2DM samples (Figure 1). It has been shown previously
that overexpression ofmiR-375 downregulates the expression
of myotrophin, a known regulator of catecholamine release
[12]. Together, these observations may suggest that miR-
375 is involved in the pathogenesis of T2DM. Since the
plasma/serum level of miRNAs can be present in a remark-
ably stable form and the expression level of serummiRNAs is
reproducible and consistent among individuals, earlier study
demonstrated the presence of circulating miRNAs and their
potential use as novel biomarkers of diseases [8]. Our data
suggested that the plasma level of miR-375 in Chinese Kazak
T2DM individuals might be able to distinguish them from
Han T2DM, and, therefore, miR-375 could be used as a
novel ethnic-related biomarker of T2DM in Chinese T2DM
population.

Epigenetic modification of DNA, such as methylation, is
thought to play a key role in T2DM progression andmiRNAs
are epigenetically regulated by DNAmethylation [7]. To date,
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several studies have revealed that the expression of miR-
375 is epigenetically regulated in hepatocellular, gastric, and
breast cancers [6, 13]. Our previous study demonstrated that
the miR-375 promoter is hypomethylated, in Kazak patients
with T2DM, which may regulate the expression of miR-375
and contribute to the pathogenesis of T2DM [14], but no
studies have directly linked miR-375 promoter methylation
to T2DM and demonstrate its ethnic disparity in the entire
group of studied samples. In the present study, using the
high-throughput robust T-cleavage assay on MALDI-TOF
MS, we showed hypomethylation patterns in Chinese Kazak
T2DM samples compared with Han T2DM samples. This
ethnic difference in the frequency of methylation existed in
the entire group of samples (𝑃 = 0.0005, Figure 4). The
study examined correlations between promoter methylation
and the expression of plasma miR-375. We found for miR-
375 that decreased DNA methylation was correlated with
increased levels of transcription of miR-375 in Kazak and

Kazak T2DM
Han T2DM

∗

∗

∗∗∗

∗∗∗

∗∗∗

Cp
G

 u
ni

t D
N

A
 m

et
hy

la
tio

n

0.4

0.3

0.2

0.1

0.0

Cp
G
1
.2

Cp
G
3
.4

Cp
G
5
.6

Cp
G
7

Cp
G
1
8
.1
9

Cp
G
2
0

Cp
G
2
1
.2
2

.2
3
.2
4

Cp
G
2
5
.2
6

.2
7

Figure 5: Comparison of specific miR-375 CpG methylation in
Kazak and Han T2DM samples. The average methylation levels of
specific CpG units of amplicon from 100 samples in each T2DM
groups were determined by MassARRAY EpiTyper. ∗∗∗𝑃 < 0.001
and ∗𝑃 < 0.05. The error bars represented standard error.

Han T2DM samples (Figures 6(a) and 6(b)). The association
between DNA methylation and gene expression was much
stronger among T2DM samples than among Kazak T2DM
samples.Thus, it implied that studying the epigeneticmakeup
of different ethnic groups may help to elucidate pathogenic
mechanisms of T2DM.

We further evaluated the methylation status of the CpG
units to test the possibility to use them to predict the
progression of Kazak T2DM. Our results showed statistically
significant differences in the frequency ofmethylation at indi-
vidual CpG units between Kazak and Han T2DM samples.
And more than half of the studied individual CpG units were
hypomethylated in Kazak T2DM patients, CpG 1.2, CpG 3.4,
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Figure 6:The correlation analysis between CpGmethylation levels ofmiR-375 promoter and plasma levels ofmiR-375. An inverse correlation
for clear trend towards a negative correlation between DNA methylation levels and plasma levels of miR-375 is shown for each of the two
sample sets: (a) Kazak T2DM and (b) Han T2DM. Spearman correlation coefficients are reported. 𝑃 values for both samples are significant
(𝑃 < 0.001).

CpG 5.6, and CpG 21.22.23.34, as compared with Hans (𝑃 <
0.05). Despite the small sample size, this is the first study,
to the best of our knowledge, to report a possibility that the
methylation frequency at individual CpG units may serve as
novel diagnostic ethnic markers used to distinguish Kazak
T2DM patients from Hans.

In summary, we demonstrated, in this study, the presence
of ethnic differences in the expressions of miR-375 and CpG
methylation ofmiR-375 promoter regions, and this difference
may contribute to the different patterns of T2DM frequency
observed in Kazak and Han populations. Meanwhile, miR-
375 methylation patterns could be added to the known risk
factors in predicting the progression of Kazak T2DM.
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Objectives. The mechanism underlying the regulation of glucolipotoxicity-induced apoptosis by MAPKs was examined in INS-1
cells. Methods. The rat insulinoma cell line INS-1 was cotreated with glucose (30mM) and palmitic acid (0.2mM) (GLU+PA).
Apoptosis was assessed by cell morphology and detection of PARP cleavage. The activation of MAPKs was examined by Western
blotting using specific antibodies against the phosphorylated forms of JNK, ERK1/2, and P38. Results. (1) Live cell imaging studies
showed that treatment with GLU+PA for 72 h induced significant cell death, concomitant with PARP-1 cleavage and caspase-3
activation, which peaked at 96 h of treatment. (2) Western blot analysis of the activation of MAPKs during GLU+PA-induced
INS-1 cell apoptosis showed that phosphorylation of P38 increased gradually and reached a peak at 96 h, which coincided with
PARP-1 cleavage. A transient increase of ERK activation was followed by a rapid decline at 96 h, whereas JNK phosphorylation
status remained unchanged in response to GLU+PA. (3) Phosphorylation of insulin receptor substrate (IRS)-2 at 48 h of treatment
triggered its degradation, which coincided with P38 activation. (4) Inhibition of P38, but not JNK or ERK, blocked GLU+PA-
induced INS-1 cell apoptosis. Conclusions. P38 may be involved in the regulation of glucolipotoxicity-induced apoptosis through
the phosphorylation of IRS-2.

1. Introduction

Type 2 diabetes (T2DM) is a complex disease characterized
by chronic hyperglycemia. Beta cell dysfunction and insulin
resistance are the main pathogenetic factors associated with
T2DM [1]. The evolution of T2DM is characterized by a
progressive decline of 𝛽-cell function that leads to the failure
of oral antidiabetic therapy at controlling glucose levels
and a requirement for insulin injections. However, insulin
resistance generally existed for a long period before diagnosis
of T2DM and remains unchanged after diagnosis, indicating
that 𝛽-cell function might play a more important role in
progressive hyperglycemia. Analyses of human pancreases
obtained by autopsy showed decreased 𝛽-cell volume in indi-
viduals with T2DM compared to nondiabetic controls. The
frequency of 𝛽-cell replication was very low in all cases, and
neogenesis was similar in diabetic and nondiabetic groups.
However, there was a striking increase in 𝛽-cell apoptosis in
the diabetic subjects compared to their respective controls

[2]. This suggests that in T2DM, acceleration of 𝛽-cell apop-
tosis is not compensated by amatched increase in𝛽-cell repli-
cation. Although the pathogenesis of 𝛽-cell decompensation
associated with insulin resistance has not been elucidated,
endoplasmic reticulum stress and oxidative stress caused by
increased levels of glucose or free fatty acids (FFA) contribute
to the deterioration of 𝛽-cell function. The effects of glucose
and FFA on 𝛽-cell dysfunction have been studied extensively
in the last 20 years. Prolonged exposure to elevated levels of
glucose or FFAs is associated with induction of apoptotic cell
death, termed “glucotoxicity” or “lipotoxicity” [3, 4]. Several
lines of evidence indicate that lipotoxicity only occurs in
the presence of a concomitant increase in glucose levels.
Thus, the term “glucolipotoxicity” is now widely accepted
to describe the synergistic effects of elevated glucose and
lipids on 𝛽-cell dysfunction [5–7]. However, the molecular
mechanisms linking glucolipotoxicity to 𝛽-cell dysfunction
remain poorly understood.Therefore, the investigation of this
biologic pathway and the identification of drug targets for the
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design of therapies aimed at protecting 𝛽-cell function and
suppressing the development of T2DM are critical.

Mitogen-activated protein kinases (MAPKs) play pivotal
roles in cell survival, apoptosis, proliferation, and differentia-
tion.MAPKs subfamilies include threemembers, ERKs, JNK,
and P38. ERKsmainly regulate cell survival and proliferation,
whereas JNK and P38 have been associated with cell death
and stress responses [8]. Elevated glucose or FFA activates
MAPK signaling cascades; however, the function of MAPKs
in glucotoxicity and lipotoxicity remains controversial. Some
studies suggest that JNK activation is associated with high
levels of glucose-induced apoptosis. However, under certain
conditions, JNK is a survival signal in response to stress
[9, 10]. In the present study, the rat INS-1 𝛽-cell line was
treated with high levels of glucose (GLU) and palmitic acid
(PA) to induce apoptotic cell death, and the role ofMAPKs in
regulating GLU+PA-induced apoptosis of 𝛽-cells was inves-
tigated. We showed, for the first time, that GLU+PA-induced
apoptosis occurs through a mitochondrial-dependent path-
way, and that P38 plays an important role in the regulation of
GLU+PA-induced apoptosis in INS-1 cells.

2. Materials and Methods

2.1. Chemicals and Reagents. Rabbit anti-phospho-JNK, rab-
bit anti-phospho-ERK, and rabbit anti-phospho-P38 mon-
oclonal antibodies; rabbit anti-insulin receptor substrate
(IRS)-2 and goat anti-PARP-1 polyclonal antibodies; and
rabbit anti-𝛽-actin antibody were purchased from Santa
Cruz Biotechnology, CA, USA. PD98059 was from Cell
Signaling, Beverly, MA, USA, and palmitate was obtained
from Sigma, Louis, MO, USA. SB203580 and SP600125 were
from Calbiochem, San Diego, CA, USA. Hoechst33342 was
from Molecular Probes. Glucose (50%) was from Tianjing
pharmaceutical of Group (Jiaozuo) Ltd., Tianjing province,
China.

2.2. Preparation of PA Solution. Palmitate powder (0.1025 g)
was dissolved in 1mL of 400mMNaOH for 30min at 70∘C.
The solution was shaken until clear and then sterilized by
filtration. A volume of 1mL of the solution was added to 7mL
of 10% fatty acid-free bovine serum albumin and shaken at
55∘C.The stock solutions were finally titrated to 50mMat PH
7.2–7.4 and stored at −80∘C.

2.3. Cell Culture and Induction of Apoptosis. Rat INS-1 cell
lines were a kind gift from Professor Yang Wenying (China-
Japan Friendship Hospital). INS-1 cells were grown in RPMI
1640 medium with 11.2mM glucose supplemented with
10% fetal bovine serum, 10mM HEPES, 2mM L-glutamine,
1mM sodiumpyravate, 50 𝜇M𝛽-mercaptoethanol, 100U/mL
penicillin, and 100mg/mL streptomycin at 37∘C. INS-1 cells
used in the present study were harvested at passages 16−23.
Cell images were obtained using a phase-contrastmicroscope
(IMT-2, Olympus, Tokyo, Japan) equipped with a digital
camera. Cells were plated on glass coverslips and 24 h later,
cells were exposed to glucose (30mM) and PA (0.2mM).

2.4. Fluorescent Immunostaining. INS-1 cells grown on cov-
erslips were treated with GLU+PA. Cells were fixed at
different time points with 4% paraformaldehyde plus 0.1%
glutaradehyde for 15min at room temperature, and then
rinsed 3 times in PBS, permeabilized with 0.2% Triton X-100
in PBS for 15min, and then blocked in 3% BSA in PBS at
4∘C for overnight. After blocking, cells were incubated with
mouse anti-native Cytochrome c (1 : 200 dilution in 3% BSA)
antibody at 4∘C for overnight. Then cells were stained with
secondary antibody which is goat anti-mouse conjugated
with FITC (1 : 200 dilution).

2.5. Real-Time Polymerase Chain Reaction. Total RNA of
cells was extracted with TRIZOL reagents (Invitrogen,
Carlsbad, CA). Real-time PCR was carried out with
SYBR green PCR Master Mix (TOYOBO) as described
by the manufacturer to measure IRS-2 mRNA (forward,
5-CTACCCACTGAGCCCAAGAG-3 and reverse, 5-
CCAGGGATGAAGCAGGAC-3) relative to 𝛽-actin mRNA
(forward, 5-GACAGGATGCAGAAGGAGATTACT-3
and reverse, 5-TGATCCACATCTGCTGGAAGGT-3). All
samples were run in duplicate on a 7300 Sequence Detection
System (Applied Biosystems, Foster City, CA).

2.6. Western Blot Analysis. INS-1 cells were cultured in
100mm Petri dishes. Cells were harvested at different time
points after treatment with 30mM glucose and 0.2mM
palmitate and lysed in NP-40 lysis buffer (50mM Tris-HCL,
PH 8.0, 150mM NaCL, and 1% NP-40) in the presence of
protease inhibitors. Whole cell lysates (100𝜇g/lane) were
separated on 10% SDS-PAGE followed by electrophoretic
transfer onto nitrocellulosemembranes (AmershamPharma-
cia, Piscataway, NJ). Membranes were probed (or reprobed)
with specific antibodies at a dilution of 1 : 1000 for 3 h at
room temperature. The membranes were incubated with
horseradish peroxidase-conjugated secondary antibody at a
dilution of 1 : 5000 for 1 h and developed using the ECL
Western blotting analysis system.

2.7. Cell Imaging. The fixed cells were examined by a fluo-
rescence microscope using a 40 × oil or 100 × oil objective.
Laser line of 488 nm and 365 nm was used to observe FITC
conjugated antibody and Hoechst stained cell nuclei, respec-
tively. Cells with condensed but fragmented chromosomes
were considered as apoptotic cells. To count apoptotic cells, at
least 10 fields andmore than 100 cells for each time point were
examined. We used the MetaMorph v6.0 software (Universal
Image, West Chester, PA) to analyze digital images. Quantity
One Software was used to quantify the targeted bands on
western-blot.

2.8. Statistical Analysis. All values are presented as Means ±
SD. Comparisons among groups were analyzed by ANOVA.
𝑃 < 0.05 was considered statistically significant.
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Figure 1: GLU+PA treatment induces mitochondrial-dependent apoptosis in INS-1 cells.

3. Results

3.1. Combination Treatment with High Concentrations of
Glucose and PA Induces Apoptosis in INS-1 Cells. To examine
the effect of combination treatment with high concentrations
of glucose and PA on pancreatic 𝛽-cells, rat pancreatic INS-
1 cells were exposed to 30mM glucose and 0.2mM PA. Live
cell imaging showed that GLU+PA had a negative effect on
INS-1 cell adherence. As shown in Figure 1(a), most GLU+PA
treated cells were detached from the Petri dish and floated in
the medium at 96 h after treatment.

To determine whether GLU+PA treatment induces apop-
totic cell death in INS-1 cells, PARP-1 cleavagewas assessed by
Western blotting in cells treated with GLU+PA and harvested
at different time points. The cleaved fragment of PARP-1
(approximately 25 kDa) was detected at 72 h after GLU+PA
treatment and its level increased with time, whereas the
full-length PARP-1 (approximately 113 kDa) decreased with

time (Figure 1(b)). In addition, caspase-3 activity increased
with time (Figure 1(c)) and cytochrome c, which is released
from mitochondria during the early stages of apoptosis, was
detected in the cytosol after treatment (Figure 1(d)). These
data suggest thatGLU+PA inducesmitochondrial-dependent
apoptosis in INS-1 cells.

INS-1 cells were grown on 100 mm Petri dishes and
cotreated with 30mM glucose and 0.2mM palmitate. (a)
Cell morphology was assessed by phase-contrast microscopy.
Images were obtained at different treatment time points with
a digital camera. (b) Cells were harvested at 0, 24, 48, 72,
and 96 h of GLU+PA treatment. Cell lysates were analyzed
by 10% SDS-PAGE and immunoblotting against anti-PARP-1
antibodies. Beta-actin was used as a loading control. (c) INS-
1 cells were treated with GLU+PA for the indicated times.
Cell extracts were prepared and used for caspase-3 activity
assay as described in Materials and Methods. (d)INS-1 cells
were treated with 0.5% DMSO (control) or GLU+PA for
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Figure 2: Time course of MAPK activation in response to GLU+PA
treatment in INS-1 cells. INS-1 cells were cotreated with 30 mM
glucose and 0.2mM palmitate and MAPK activation status was
analyzed byWestern blottingwith anti-phospho-JNK, -P38, or -ERK
antibodies.

72 h, immunostainedwith an anticytochrome c antibody, and
visualized by indirect immunofluorescence.

3.2. P38 Is Activated during Glucolipotoxicity-Induced Apop-
tosis. To explore the involvement of MAPKs in 𝛽-cell apop-
tosis, the phosphorylated forms of JNK, ERK1/2, and P38
were detected by Western blotting with specific antibodies to
determine the activation status of these MAPKs in response
to treatment. As shown in Figure 2, GLU+PA treatment
resulted in the transient activation of ERK between 24 and
48 h after treatment. The levels of phospho-ERK started to
decline at 72 h and became undetectable at 96 h. However, the
level of activated JNK remained unchanged during the course
of GLU+PA treatment. The level of phosphorylated P38,
which was low in untreated INS-1 cells, gradually increased
at 24 h and reached a peak value at 96 h after GLU+PA
treatment.

To determine whether MAPKs play a role in GLU+PA-
induced apoptosis, cells were treated with specific inhibitors
of JNK, P38, and MEK. As shown in Figure 3, the P38
inhibitor SB203580 reversed the cytotoxic effect of GLU+PA
on INS-1 cells. However, theMEK inhibitor PD98059 and the
JNK inhibitor SP600125 had no effect on GLU+PA-induced
cell death.

3.3. Phosphorylation and Degradation of Insulin Receptor
Substrate-2 during Glucolipotoxicity-Induced Apoptosis. P38
has been proposed to exert its proapoptotic effects through
the phosphorylation of apoptotic regulators such as Bcl-
2 family proteins. Here, we examined the phosphorylation
status of the antiapoptotic protein IRS-2 during GLU+PA-
induced apoptosis. As shown in Figure 4, mRNA levels
of IRS-2 increased during GLU+PA treatment; however,
the protein levels of IRS-2 decreased dramatically at 96 hr
after treatment. Furthermore, the phosphorylation of IRS-
2 was detected at 48 h and became obvious at 72 h after
GLU+PA treatment, as indicated by the slowmigrating bands
on SDS-PAGE. The levels of phosphorylated IRS-2 became

undetectable at 96 h of treatment, indicating the degrada-
tion of the antiapoptotic protein IRS-2 during GLU+PA-
induced apoptosis. Comparison of the time course of IRS-
2 phosphorylation and P38 activation suggested that IRS-2
phosphorylation is temporally correlatedwith P38 activation.

4. Discussion

The induction of pancreatic 𝛽-cell dysfunction by high levels
of lipids or glucose has beenwell documented in numerous in
vitro experimental systems. Several studies have provided evi-
dence that elevated glucose concentration alone is not toxic
to islet tissue in normal or prediabetic stages, and lipotoxicity
only occurs in the presence of concomitantly elevated glucose
levels. Furthermore, patients with type 2 diabetes often show
high glucose and lipid levels simultaneously. High glucose
level (11–30mM) has traditionally been used to generate the
glucotoxicitymodel, whereas high palmitate (0.2mM) is used
in the lipotoxicity model. However, an experimental model
of glucolipotoxicity remains to be established. In the present
study, we treated INS-1 cells with 30mM glucose and 0.2mM
palmitate to induce glucolipotoxicity. Combination treat-
ment with glucose and PA at these concentrations induced
apoptosis of INS-1 cells. Furthermore, our results showing the
release of cytochrome c from mitochondria into the cytosol
and caspase-3 activation indicated that the combination
GLU+PA induced mitochondrial-dependent apoptotic cell
death in INS-1 cells.

MAPK-dependent signaling pathways are known to
be involved in 𝛽-cell dysfunction. In the present study,
MEK/ERK1/2 was early and transiently activated during
GLU+PA-induced apoptosis. Consistent with previous stud-
ies showing the role of MEK/ERK1/2 as survival signals,
treatment of cells with MEK inhibitors promoted GLU+PA-
induced apoptosis in INS-1 cells in the present study.
However, the roles of JNK and P38 during apoptosis have
remained controversial. Several studies have indicated that
JNK and P38 promote 𝛽-cell apoptosis, whereas other studies
suggest that JNK and P38 may exert a prosurvival effect. This
discrepancy could be attributed to the use of different cell
types and stimuli. In previous studies, high concentrations
of glucose or FFA were used to induce 𝛽-cell apoptosis.
However, neither glucose nor FFA alone is capable of causing
clinically significant 𝛽-cell toxicity, especially in patients
with normal or impaired glucose tolerance. Because high
glucose acts synergistically with FFAs to stimulate 𝛽-cell
apoptosis, combination treatment with high concentrations
of glucose and FFA is a more accurate method to mimic the
physiological diabetic condition. In this experimental system,
exposure to a JNK inhibitor did not affect GLU+PA-induced
apoptosis. However, the activation of P38 during apoptosis
induction and the suppression of apoptosis by a P38 inhibitor
suggested that P38 is indeed involved in GLU+PA-induced
apoptosis. To our knowledge, this is the first study to show
the role of P38 during GLU+PA-induced apoptosis.

P38 has long been postulated as an attractive therapeutic
target for atherosclerosis because of its critical role in the
generation and transduction of proinflammatory cytokine
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Figure 3: Effect of preincubation with MAPK inhibitors on GLU+PA-induced apoptosis of INS-1 cells. (a) INS-1 cells were grown on 60
mm coverslips and preincubated with MAPK inhibitors (JNK: SP60015, P38: SB 203580, ERK: PD98059) before GLU+PA treatment. Cell
morphology was examined and images were acquired by phase-contrast microscopy. (b) The cells were fixed and stained with Hoechst
33342 and at 96 h after GLU+PA treatment. The apoptotic percentages were calculated. ∗∗Comparing to control (only DMSO was added
into GLU+PA-treated cells), 𝑃 < 0.01 (ANOVA).

signaling [11]. Recent studies have suggested an association
between type 2 diabetes and inflammation [12]. Inflammation
is present prior to the development of T2D and cardiovascu-
lar disease (CVD), supporting the “common soil” hypothesis,
which is a reference to the common risk factors for the
development of these two diseases [13]. The Multi-Ethnic
Study of Atherosclerosis showed that higher levels of the
inflammatory markers, C-reactive protein and interleukin-
6, were associated with an increased risk of developing
T2D [14].These proinflammatorymolecules activate the cells
of innate immunity, resulting in damage to tissues in the
vasculature, adipose tissue, and pancreas. Hyperglycemia and
hyperlipidemia are significant stressors that have also been
shown to cause chronic inflammation and contribute to the
pathogenesis of T2D [15]. P38, which contributes to the
pathogenesis of diabetic nephropathy, is activated in in vivo
glomeruli from diabetic rats and in mesangial cells exposed
to high glucose. Early intensive insulin treatment prevents the
increase in renal cortical P38 activity in diabetic rats, thereby
attenuating the pathological changes associated with diabetic
nephropathy [16]. These results suggest that P38 could be a
therapeutic target for diabetes.

The mechanisms underlying the deleterious effects of
P38 on 𝛽-cells remain unclear. In the present study, we
observed similarities in the temporal pattern of P38 activation
and IRS-2 phosphorylation, leading to the assumption that
P38 may contribute to IRS-2 phosphorylation. Our results
suggested that inhibition of P38 activity attenuates INS-1 cell
death by preventing the phosphorylation and degradation

of IRS-2. Further studies are necessary to verify the direct
phosphorylation of IRS-2 by P38.

Taken together, our results indicate that GLU+PA-
induced apoptosis is mediated by the activation of P38 and
the consequent phosphorylation of a variety of substrates,
possibly including IRS-2. Phosphorylated IRS-2 is degraded,
resulting in the reduction of its antiapoptotic effect. Inhibi-
tion of P38 prevents glucolipotoxicity in pancreatic 𝛽-cells
in vitro. Our findings provide evidence supporting the use
of P38 inhibitors as potential new therapeutic agents for the
preservation of 𝛽-cell mass and function.
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Figure 4: Effect of GLU+PA treatment on IRS-2 expression. INS-1 cells were cotreated with 30mM glucose and 0.2mM palmitate. Cells were
collected at 0-, 24-, 48-, 72-, and 96 h after treatment. (a) The relative mRNA levels of IRS-2 were measured. The value obtained in 0 hr was
considered as 1.The data was based on three independent experiments. ∗Comparing to control (0 h), 𝑃 < 0.05 (ANOVA). (b)The cell extracts
were analyzed by 10% SDS-PAGE followed by immunoblotting with antibodies against IRS-2. 𝛽-actin was used as a loading control. (c) The
bars represented densitometric values normalized by 𝛽-actin. The value obtained in 0 hr was considered as 1. ∗Comparing to control (0 h),
𝑃 < 0.05 (ANOVA).
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