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Curcumin protects islet cells from glucolipotoxicity by inhibiting oxidative stress
and NADPH oxidase activity both in vitro and in vivo
Jing Li*, Ninghua Wu*, Xiao Chen, Hongguang Chen, Xiaosong Yang, and Chao Liu

Hubei Key Laboratory of Cardiovascular, Cerebrovascular, and Metabolic Disorders, Hubei University of Science and Technology, Xianning,
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ABSTRACT
Curcumin possesses medicinal properties that are beneficial in various diseases, such as heart
disease, cancer, and type 2 diabetes mellitus (T2 DM). It has been proposed that pancreatic beta
cell dysfunction in T2 DM is promoted by oxidative stress caused by NADPH oxidase over-activity.
The aim of the present study was to evaluate the efficacy of curcumin as a protective agent
against high glucose/palmitate (HP)-induced islet cell damage and in streptozotocin (STZ)-
induced DM rats. INS-1 cells were exposed to HP with or without curcumin. Cell proliferation,
islet cell morphological changes, reactive oxygen species production, superoxide dismutase and
catalase activity, insulin levels, NADPH oxidase subunit expression, and the expression of apopto-
tic factors by INS-1 cells were observed. Our results show that curcumin can effectively inhibit the
impairment of cell proliferation and activated oxidative stress, increase insulin levels, and reduce
the high expression of NADPH oxidase subunits and apoptotic factors induced by HP in INS-1
cells. The STZ-induced DM rat model was also used to determine whether curcumin can protect
islets in vivo. Our results show that curcumin significantly reduced pathological damage and
increased insulin levels of islets in STZ-induced DM rats. Curcumin also successfully inhibited the
high expression of NADPH oxidase subunits and apoptotic factors in STZ-induced DM rats. These
results suggest that curcumin is able to attenuate HP-induced oxidative stress in islet cells and
protect these cells from apoptosis by modulating the NADPH pathway. In view of its efficiency,
curcumin has potential for translation applications in protecting islets from glucolipotoxicity.
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Introduction

The loss of pancreatic beta cells, and subsequent
impairment of compensation for insulin resistance,
contribute to the development of type 2 diabetes
mellitus (T2 DM).1-5 Increased serum free fatty
acids (FFAs), in conjunction with hyperglycemia,
are believed to induce a synergistic loss of beta cells
in T2 DM; this is termed ‘glucolipotoxicity’.6 In fact,
long-term exposure to saturated FFAs induces cell
death in insulin-producing beta cells and isolated
human islets,7,8 and exposure to an elevated concen-
tration of glucose augments FFA-induced cell
death.9 Although the cellular mechanisms involved
in high glucose and FFA-induced cell death are not
fully understood, glucolipotoxicity is thought to be
an augmented form of high glucose-induced gluco-
toxicity or FFA-induced lipotoxicity.6

Many studies have revealed that high glucose
and FFA-induced glucolipotoxicity increases intra-
cellular reactive oxygen species (ROS) in islet cells,
and such excessive levels of ROS result in islet cell
apoptosis.10 Therefore, inhibiting the rise of intra-
cellular ROS in islet cells may be a viable approach
for protecting these cells against glucolipotoxicity.
The excessive production and accumulation of
ROS is, at least in part, due to hyperactivity of
NADPH oxidases.11-15 The NADPH oxidase
family consists of seven isoforms that perform
normal cellular functions under basal conditions,
but when activated persistently, produce harmful
levels of ROS.16-20 Based on these facts, it can be
hypothesized that glucolipotoxicity to islet cells
can be avoided if certain antioxidants are used to
suppress the intracellular ROS increase, or activ-
ities of the NADPH oxidases are inhibited in a safe
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and effective manner, thereby attenuating oxida-
tive stress.

Curcumin is a hydrophobic polyphenol derivative
with diverse pharmacological properties that is usually
extracted from natural herbs.21-31 Curcumin has been
used as an anti-inflammatory, antioxidant, and antic-
ancer agent over a long period of time, including for
the treatment of varied types of cancers, diabetes,
cardiovascular diseases, and autoimmune diseases.32-
37 A recent study revealed that curcumin attenuates
oxidative stress in islet cells and can play protective
and therapeutic roles in protecting these cells.38 With
renewed interest in the pharmaceutical potential of
natural products with minimal side effects, many stu-
dies have been carried out exploring the use of curcu-
min for medicinal purposes.39 Furthermore, although
many aspects of curcumin-induced cytoprotection are
studied, its efficacy in protecting islet cells against
glucolipotoxicity-induced oxidative stress and
NADPH oxidase-mediated damage has not been
demonstrated so far. We hypothesized that curcumin
may protect islet cells against glucolipotoxicity-
induced oxidative stress and NADPH oxidase
activation and resulting beta cell damage. Logically,
curcumin would impart some protection against oxi-
dative damage to beta cells, but itwould be of interest
to investigate themode of curcumin-induced cytopro-
tectionmechanism. In this study, we have investigated
the protective action of curcumin on glucolipotoxi-
city-induced islet cells damage in vitro and in vivo.We
show here for the first time that curcumin treatment
prior to high glucose/palmitate or streptozotocin
(STZ) exposure rescues islets from damage and dys-
function by virtue of its free radical scavenging activity
and the NADPH pathway modulating.

Results

Effect of curcumin on HP-induced islet cell
damage

To determine whether curcumin affected high glu-
cose/palmitate (HP)-induced glucolipotoxicity, its
effect on the reduction in INS-1 cell viability induced
by HP was investigated. Curcumin showed
a concentration-dependent protective effect on the
HP-induced viability reduction of INS-1 cells
(Figure 1). Treatment with 20 μMcurcumin increased
viability to 89% compared to 59% in cells not treated

with curcumin (p < .05). These data confirm that
curcumin can protect against HP-induced islet cell
proliferation dysfunction.

Effect of curcumin on HP-induced oxidative stress
in islet cells

ROS levels in INS-1 cells were detected by using
2,7-dichlorodihydrofluorescin diacetate (DCFH-DA)
as a fluorescent probe. The images in Figure 2A show
that cells treated with HP exhibited brighter green
fluorescence than control cells, signifying that the HP
treatment led to an increase in intracellular ROS
levels. In contrast, green fluorescence in cells treated
with the combination of HP and curcumin was
reduced in intensity when compared with cells trea-
ted with HP alone. Data for ROS fluorescence inten-
sity are depicted in Figure 2B and the bar-graphs
provide quantitative evidence that curcumin can sig-
nificantly inhibit the HP-induced increase in ROS
levels (P < .05). This demonstrates that curcumin
significantly inhibits the HP-induced production of
ROS in islet cells. Figure 2C,D demonstrate that the
HP-treatment resulted in a big decrease in superoxide
dismutase (SOD) and catalase activity (P < .05). The
decrease of activity of two antioxidant enzymes is
closely related to the increase of intracellular oxida-
tive stress level. In contrast to these observations,
curcumin can inhibit the decrease in SOD and cata-
lase activity, allowing these two typical indexes to be
back to the normal cellular levels, and ultimately
resist the increase of oxidative stress in cells.

Figure 1. Effect of curcumin (20 μM) on the decreased viability
caused by treating INS-1 cells with HP. n = 5 independent
experiments. Culture time: 48 h. (*p < .05 vs Con group,
#p < .05 vs HP group). CUR, curcumin; HP, 30 mM glucose
+0.5 mM palmitate; Con, control.
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Effect of curcumin on insulin levels in HP-treated
islet cells

HP-induced islet cell damage was detected as
green fluorescence by using an anti-insulin anti-
body. Figure 3A shows that HP-treated cells had
less green fluorescence than control cells (see mid-
dle column). Importantly, the fluorescence of cells
treated with the combination of HP and curcumin
was increased. Data for insulin fluorescence inten-
sity are depicted in Figure 3B and the bar-graphs
provide quantitative evidence that curcumin can
significantly inhibit the HP-induced decrease in
insulin levels (P < .05). This indicates that HP
can significantly reduce insulin production by
islet cells, and this effect can be inhibited by cur-
cumin. Thus, curcumin can effectively protect islet
cells from glucolipotoxicity and restore insulin
production.

Effect of curcumin on islet cell damage in
STZ-induced DM rats

Histological analysis using hematoxylin and eosin
staining showed pancreatic tissue damage after
STZ administration (Figure 4). Control rats
showed normal acini and a normal cellular popu-
lation of islets of Langerhans, while in STZ-

induced DM rats there were pancreatic lesions
with reduced islet numbers and size (Figure 4).
Curcumin treatment rescued pancreatic tissue in
STZ-induced DM rats, reducing tissue degenera-
tion as evidenced by the partial restoration of
a normal cellular population of islets of
Langerhans and the absence of islet damage.

Effect of curcumin on insulin levels in
STZ-induced DM rats

The insulin level in islets from STZ-induced DM
rats was detected as green fluorescence by using an
anti-insulin antibody. Figure 5A shows that the
damaged islets in STZ-induced DM rats had less
green fluorescence than matching control islets
(see middle column). The green fluorescence asso-
ciated with STZ-induced DM rats treated with cur-
cumin was increased. Data for insulin fluorescence
intensity are depicted in Figure 5B and the bar-
graphs provide quantitative evidence that curcumin
can significantly inhibit the STZ-induced decrease
in insulin levels (P < .05). This indicates that STZ
significantly reduces insulin levels of pancreatic islet
tissue, which can be inhibited by curcumin. Thus,
curcumin can effectively protect islets from glucoli-
potoxicity, which is consistent with the immuno-
fluorescence results with INS-1 cells.

Figure 2. Effect of curcumin (20 μM) on the increased oxidative stress in INS-1 cells treated with HP. ROS levels were determined
using DCFH-DA. (A) Representative images of cells stained with DCFH-DA. Scale bar: 20 μm. (B) Fluorescence intensity of DCFH-DA
(*p < .05 vs Con group, #p < .05 vs HP group). (C) SOD levels in cells. (D) catalase activity in cells. n = 5 independent experiments.
CUR, curcumin; ROS, reactive oxygen species; CUR, curcumin; HP, 30 mM glucose+0.5 mM palmitate; DCFH-DA, 2’,7’-dichlorodihydro
fluorescein diacetate; Con, control; SOD, super oxide dismutase.
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Influence of curcumin on the expression of
NADPH oxidase and apoptosis- promoting
factors in islet cells exposed to HP

TheNADPHoxidase pathway plays an important role
in regulating cellular survival, oxidative stress, and
apoptosis.40 The NADPH oxidase complex, including
gp91phox, p67phox, p47phox, and p22phox, is expressed in
the pancreas and regulates the production of ROS.We
measured the expression of these subunits in islet cells
using western blots. The expression of gp91phox,
p67phox, and p47phox was significantly higher in cells
from the HP group than the control group (Figure 6;
p < .05). However, there was no significant difference
in the expression of p22phox. Importantly, curcumin

markedly reduced gp91phox, p67phox, and p47phox

levels in islet cells, which was increased when cells
were exposed to HP (Figure 6; p < .05). Apoptosis is
regulated by a series of apoptotic-related proteins.
Among them, cleaved caspase-3 and Bax are regarded
as pro-apoptotic effectors. We investigated whether
curcumin suppressed HP-induced apoptosis by mea-
suring levels of these regulatory proteins. Western
blotting demonstrated enhanced expression of cleaved
caspase-3 andBax inHP-treated INS-1 cells compared
to control cells (Figure 7; p < .05). Remarkably, curcu-
min significantly down-regulated cleaved caspase-3
and Bax-2 expression in islet cells exposed to HP
(Figure 7; p < .05).

Figure 3. Effect of curcumin (20 μM) on the decreased insulin levels in INS-1 cells treated with HP. Insulin levels were assessed
immunofluorescence. Insulin was stained using a FITC-conjugated secondary antibody (green), and nuclei were stained with DAPI
(blue). (A) Representative images of cells stained with insulin. Scale bar: 20 μm. (B) Fluorescence intensity of insulin (*p < .05 vs Con
group, #p < .05 vs HP group). n = 5 independent experiments. CUR, curcumin; HP, 30 mM glucose+0.5 mM palmitate; DAPI:
4’,6-diamidino-2-phenylindole; Con, control.
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Figure 4. Effect of curcumin on histological abnormalities of islet cells in STZ-induced DM rats. Pancreatic tissue was sectioned at 5
μm and the slides were stained with hematoxylin and eosin. Representative images fromlongitudinal and transverse H&E staining for
pancreatic tissue were shown. All images were obtained by microscope with 400× amplification. CUR, curcumin; STZ, streptozotocin;
DM, diabetes mellitus; Con, control.

Figure 5. Effect of curcumin on the decreased insulin levels in islet cells from STZ-induced DM rats. Pancreatic tissue was
sectioned at 5 μm and the slides were stained immunohistofluorescence. All images were obtained by microscope with
400× amplification. (A) Representative images of cells stained with insulin. Scale bar: 20 μm. (B) Fluorescence intensity of
insulin (**p < .01 vs Con group, #p < .05 vs DM group). There were 3 animals in each group, and, for each animal, 5
pathologic slices from the histological specimens were observed. CUR, curcumin; STZ, streptozotocin; DM, diabetes mellitus;
Con, control.
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Influence of curcumin on the expression of
NADPH oxidase and apoptosis- promoting
factors in pancreatic tissue of STZ-induced DM
rats

The expression of gp91phox, p67phox, and p47phox in
pancreatic tissue was much higher in the STZ-
induced DM group than control group (Figure 8;
p < .05, p < .01). However, there was no significant
difference in the expression of p22phox. Moreover, the
increased expression of gp91phox, p67phox, and p47phox

was markedly inhibited by curcumin in pancreatic
tissue of STZ-induced DM rats (Figure 8; p < .05,
p < .01). These data suggest that the protective role
of curcumin against islet injury in STZ-induced DM
rats is largely through inhibition of the NADPH oxi-
dase-mediated pathway. We also examined the anti-
apoptotic effect of curcumin in pancreatic tissue of

STZ-induced DM rats. Western blotting showed
enhanced expression of cleaved caspase-3 and Bax in
the STZ-induced DM group compared to control
(Figure 9; p < .05). Curcumin significantly down-
regulated cleaved caspase-3 and Bax-2 expression in
pancreatic tissue of STZ-induced DM rats (Figure 9;
p < .05). These findings suggest that curcumin attenu-
ates pancreatic apoptosis in STZ-induced DM rats.
This may be partially related to its ability to decrease
the activity of the NADPH oxidase pathway and sup-
press oxidative stress.

Discussion

Chronic increases in blood glucose and FFAs in T2
DM impair or damage to beta cells.41 Furthermore,
increased FFAs, in conjunction with hyperglycemia,

Figure 6. Effect of curcumin (20 μM) on the increased expression of NADPH oxidase subunits in INS-1 cells treated with HP. NADPH
oxidase subunits were detected by western blot. A. Representative bands of p22phox, p47phox, p67phox and gp91phox (inner reference:
β-actin). B. Quantitative analysis of p22phox, p47phox, p67phox and gp91phox expression (*p < .05 vs Con group, #p < .05 vs HP group).
n = 5 independent experiments. CUR, curcumin; HP, 30 mM glucose+0.5 mM palmitate; Con, control.
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are believed to induce a synergistic loss of beta cells in
T2 DM; this is termed ‘glucolipotoxicity’.6 Oxidative
stress is one causal factor of glucolipotoxicity.42 ROS
are generated in response to mitochondrial dysfunc-
tion, altering the production of intracellular energy.43

Normally, the generation of ROS in cells is a natural
process, and the majority of normal cells can remove
ROS generated in this manner using enzymatic and
non-enzymatic antioxidants.44-47 However, the
expression levels of antioxidant enzymes in beta cells
are lower than those in other cells. Thus, these cells
tend to bemore sensitive to damage fromROS.48,49 In
this study, we observed an increase in ROS levels and
a significant decrease in proliferation after exposure of
INS-1 cells to HP. Therefore, we hypothesized that
ROS induced by glucolipotoxicity may cause beta cell
dysfunction.

Because elevated ROS levels cause strong injurious
effects on diabetic patients, various types of antioxi-
dant agents have been investigated for their potential
to treat T2 DM.50 Curcumin, a natural antioxidant,
has been used to scavenge excessive amounts of ROS

and enhance antioxidant defenses.51 The current
results confirm that curcumin can alleviate the oxida-
tive stress of INS-1 cells induced by HP, and comple-
tely reverse the decreased proliferation caused by this
treatment. These results suggest that curcumin has
a protective effect on islet cell injury induced by
glucolipotoxicity. Furthermore, we found that curcu-
min treatment significantly reduced the pancreatic
damage in STZ-induced DM rats and restore insulin
to normal levels, compared with STZ-induced DM
rats not treated with curcumin. These in vivo results
are in accordance with the in vitro experiments sug-
gesting that curcumin pretreatment can significantly
protect insulin producing cells from HP-induced
damage. Overall, it can be concluded that curcumin
significantly diminishes the islet damage caused by
glucolipotoxicity, and the mechanism is related to the
effects on the oxidative stress pathway.

The membrane bound enzyme complex,
NADPH oxidase, is a major source of ROS in
islet cells.11 It has been proposed that pancreatic
beta cell dysfunction in T2 DM is promoted by

Figure 7. Effect of curcumin (20 μM) on the increased expression of cleaved caspase-3 and Bax in INS-1 cells treated with HP.
Cleaved caspase-3 and Bax were detected by western blot. A. Representative bands of cleaved caspase-3 and Bax (inner reference:
β-actin). B. Quantitative analysis of cleaved caspase-3 and Bax expression (*p < .05 vs Con group, #p < .05 vs HP group). n = 5
independent experiments. CUR, curcumin; HP, 30 mM glucose+0.5 mM palmitate; Con, control.
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oxidative stress caused by over-activity of NADPH
oxidase.52 Based on these reported results, we
investigated whether curcumin could inhibit the
NADPH oxidase pathway, thereby protecting islet
cells from glucolipotoxicity. In the present study,
elevated expression of the NADPH oxidase subu-
nits p47phox, p67phox, and gp91phox was induced by
HP in islet cells. Curcumin is a potent free radical
scavenger that can quench ROS such as hydrogen
peroxide, superoxide, and peroxynitrite.53,54 Under
our experimental conditions, curcumin was able to
return the increased expression of p47phox,
p67phox, and gp91phox induced by HP back to
normal and, hence, protect islet cells from HP-
induced glucolipotoxicity. These results were con-
firmed in vivo by showing that the expression of
p47phox, p67phox, and gp91phox in pancreatic tissue

of STZ-induced DM rats was significantly
increased, and curcumin treatment could signifi-
cantly reduce these changes.

Cleaved caspase-3 and Bax proteins play crucial
roles in mitochondrial-mediated apoptosis.55 In our
study, when curcumin was applied to cells exposed to
HP, cell injury and apoptotic death were greatly
reduced. Because apoptosis is tightly controlled by
a series of regulatory proteins, we determined the
expression of the pro-apoptotic proteins, cleaved cas-
pase-3 and Bax. As expected, the increased expression
of cleaved caspase-3 and Bax in islet cells exposed to
HP was inhibited by the addition of curcumin.
Interestingly, we found that the expression of cleaved
caspase-3 and Bax in pancreatic tissue of STZ-induced
DM rats was significantly higher than that of normal
rats. It is noteworthy that these increases were

Figure 8. Effect of curcumin on the increased expression of NADPH oxidase subunits in pancreatic tissue from STZ-induced DM rats.
NADPH oxidase subunits were detected by western blot. A. Representative bands of p22phox, p47phox, p67phox and gp91phox (inner
reference: β-actin). B. Quantitative analysis of p22phox, p47phox, p67phox and gp91phox expression (*p < .05 vs Con group, #p < .05 vs
DM group). There were 3 animals in each group. CUR, curcumin; STZ, streptozotocin; DM, diabetes mellitus; Con, control.
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inhibited after curcumin treatment. On the basis of all
western blot observations mentioned in this study, it
can be deduced that curcumin may inhibit NADPH
oxidase activity and prevent glucolipotoxicity-
induced islet injury.

In conclusion, curcumin was found to significantly
inhibit the HP-induced increase of intracellular ROS
levels, and significantly diminish glucolipotoxicity-
induced apoptosis of islet cells. A possible mechanism
for curcumin to protect islets involved inhibition of
the NADPH oxidase pathway by diminishing the
expression of several specific subunit proteins to
their normal levels. Overall, the results presented
here suggest that curcumin has the potential to pre-
vent islet cells from glucolipotoxicity both in vitro and
in vivo.

Materials and methods

Materials

RPMI 1640, fetal bovine serum (FBS) and type-II
collagenase were purchased from Gibco (USA). ROS
assay kit was obtained from Applygen Inc. (China).

Rabbit polyclonal antibodies against cleaved caspase-
3, Bax, p22phox, p47phox p67phox, gp91phox and anti-
insulin antibody were purchased from Abcam (USA).
β-actinwas purchased fromSantaCruzBiotechnology
(USA). Hybond C membranes and ECL western blot
detection kit were purchased from Pierce Company
(USA). 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-
phenytetrazoliumro mide (MTT) assay kit were pur-
chased from Sigma-Aldrich (USA). Palmitate, STZ
and all other reagents were of analytical grade and
used as received.

INS-1 cell culture

INS-1 cells were cultured in RPMI 1640 containing
11.1 mM glucose, supplemented with 10% FBS,
100 U/mL penicillin and 100 mg/mL streptomy-
cin, at 37°C in humidified air containing 5% CO2.
The medium was changed every 2 days.

MTT assay

The expended INS-1 cells were suspended in phos-
phate-buffered saline (PBS) for further use. INS-1

Figure 9. Effect of curcumin on the increased expression of cleaved caspase-3 and Bax in pancreatic tissue from STZ-induced DM
rats. Cleaved caspase-3 and Bax were detected by western blot. A. Representative bands of cleaved caspase-3 and Bax (inner
reference: β-actin). B. Quantitative analysis of cleaved caspase-3 and Bax expression (*p < .05 vs Con group, #p < .05 vs DM group).
There were 3 animals in each group. CUR, curcumin; STZ, streptozotocin; DM, diabetes mellitus; Con, control.
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cells were seeded in 96-well plates at a density of
1 × 105 cells/well. After incubation overnight, cells
were co-cultured with varied groups of drugs for
a period up to 48 h. At the end of the prescribed
incubation periods, cells in each well were thor-
oughly rinsed with PBS, and additionally incu-
bated with an MTT agent (0.5 mg/mL) for 4 h at
37°C. After that, the media were fully discarded
and DMSO was added to each well prior to spec-
trophotometric measurements (570 nm).

Measurement of ROS levels

The fluorescence probe DCFH-DA (Beyotime,
Haimen, China) was used to detect intracellular
ROS. Briefly, INS-1 cells were seeded in 6-well
plates (2 × 104 cells/well) and cultured with
RPMI-1640 medium (containing 10% FBS
+0.05 mM 2-mercaptoethanol) for 24 h. Cells
were then divided into different groups and
exposed to HP (30 mM glucose+0.5 mM palmi-
tate) or HP+curcumin (20 μM) for 24 h at 37°C.
Cells were then washed with cold PBS and further
incubated with fresh medium containing 10 mM
of DCFH-DA at 37°C in the dark for 20 min.
Fluorescence images of cells were captured using
an electronic camera (Olympus, Tokyo, Japan).

Biochemical analysis

Antioxidant enzymes such as SOD and catalase were
measured using an SOD activity kit and a catalase
activity kit, respectively. SOD assay was determined
based on its ability to inhibit the oxidation of oxymine
byO2

−· produced from the xanthine/xanthine oxidase
system. Catalase activity was measured by employing
hydrogen peroxide to generate H2O and O2. Protein
concentration was determined by the coomassie blue
staining. The detailed procedures followed the
instructions in the corresponding assay kits.

Animal experiments

Male Sprague-Dawley rats (8 weeks of age) were
obtained from the Laboratory Animal Center of
Wuhan University (SCXY(E) 2010–0009). The rats
were raise under a sonsistent daily light cycle with
12 h of light and 12 h of darkness, and given free
access to water and food. After adaptive feeding for

one week, the diabete group were given the high
glucose (10%) and high-fat (20%) diet till the end of
experiment, whereas control group was fed normal
diet as before. After 4 weeks of high glucose and high
fat diet, the diabete group were induced by intraper-
itoneal injection of STZ (35 mg/Kg) and control
group injected with freshly prepared citrate buffer
(pH = 4.5). After 2 weeks, rats with blood glucose
levels over 16.7 mM were considered diabetic.
Diabetic rats were randomly divided into two groups,
including diabetic group (DM group) and curcumin
group (DM+CUR). Each group consisting of 9 rats.
Every three rats were randomly selected for histology,
immunofluorescence staining and western blot ana-
lysis. In DM+CUR group, curcumin (about 300 mg/
day) was administered intragastrically for 16 weeks
and the following tests were performed. In order to
successfully complete the intragastric administration,
we prepared curcumin suspension with 1% CMCNa
solution and suspended it sufficiently before admin-
istration until no sediment was found. In control
group and DM group, we replaced curcumin with
saline of equal volume. All animal experiments were
permitted by the Committee of Experimental
Animals of Hubei University of Science and
Technology.

Histology

Pancreatic samples from STZ-treated and control
rats were paraffin-embedded and cut into 3 μm
serial sections. Paraffin was then removed by
a xylene substitute (Hemo-De; Thermo Fisher
Scientific, Darmstadt, Germany). The histology pro-
cedure was performed with a BenchMark
Automated IHC/ISH slide staining system, accord-
ing to the manufacturer’s instructions (BenchMark
Ventana, Tucson, AZ, USA). Briefly, tissue sections
were dehydrated sequentially with ethanol gradient
washes, pre-heated, and stained with hematoxylin
and eosin. Four distinct preparations for each pan-
creatic sample were done, and 20 fields of view were
analyzed in each preparation for a total area of
1.43012e±0.001 mm2 at 400× magnification.

Immunofluorescence staining

INS-1 cells were seeded into 6-well plates and incu-
bated with complete medium for 24 h. They were
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then divided into different groups and treated with
HP or HP+curcumin (20 μM) for 24 h at 37°C. The
washed cells were subjected to immunofluorescence
staining for insulin following the methods provided
by anti-insulin mouse antibody (WuHan servicebio,
GB13121). Pancreatic tissue paraffin sections (3 μm)
from STZ-treated and control rats were deparaffi-
nized and rehydrated, then subjected to antigen
retrieval in 0.01 M citrate buffer (pH = 6.0) by
microwave heating. After blocking with 5% bovine
serum albumin, the sections were incubated with an
anti-insulin antibody (1:500; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) overnight at
4°C, followed by the secondary antibody (1:300;
Santa Cruz Biotechnology). 4’,6-Diamidino-2-phe-
nylindole (DAPI) was used to stain the nuclei.
Sections were viewed under a fluorescence micro-
scope (Nikon, Japan; 400 × magnification) and
images were taken using an electronic camera.
Fluorescence intensity (green, insulin; blue, DAPI)
measurements and calculations were done using
Leica IM500 and Leica QWin image analysis soft-
ware (Leica, Wetzlar, Germany). In quantification,
we first calculated the average value of five slices of
each animal, and then calculated the average value
of three animals in each group.

Western blot analysis

Cells or tissue homogenates were lysed and total
proteins were quantified by the Bio-Rad protein
assay (Bio-Rad Laboratories, Milan, Italy). Each pro-
tein sample was loaded and electrophoresed in an 8%
polyacrylamide gel, and electrotransferred onto
a polyvinylidene difluoride membrane. Blots were
blocked with 5% nonfat dry milk in PBS-T (PBS-
0.05% Tween 20) for 1 h at room temperature, and
then incubated overnight at 4°C with the following
primary antibodies in blocking solution: p22phox,
p47phox, p67phox, gp91phox, cleaved caspase-3, Bax,
and β-actin. Immunoreactive signals were detected
following a 1 h incubation at room temperature with
a goat anti-rabbit (sc-2004) horseradish peroxidase-
conjugated secondary antibody (1:2000 in PBS-T;
Santa Cruz Biotechnology). The signal was visualized
using an enhanced chemiluminescence system
(Amersham Pharmacia, Uppsala, Sweden). A semi-
quantitative analysis of protein levels was performed
by the ChemiDoc-It 5000 system using VisionWorks

Life Science Image Acquisition and Analysis software
(UVP, Upland, CA, USA). Signals are expressed as
densitometric units. Protein levels were normalized
with respect to the signal obtained after incubation
overnight at 4°C with the anti-β-actin antibody
(1:200 in blocking solution; sc-8432, Santa Cruz
Biotechnology).

Statistical analysis

The mean±SEM is used to represent the data
obtained from the experiment. The Tukey test
following one-way ANOVA analysis was used for
statistical analysis. Differences were considered to
be significant at p < .05.
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