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Abstract. Pancreatic β cells are sensitive to oxidative stress, 
which is one of the predominant causes of cell damage and the 
emergence of diabetes. The identification of effective therapeutic 
strategies to protect pancreatic cells from oxidative stress has 
increased interest in the screening of antioxidants from natural 
products. the present study aimed to investigate the protective 
effects of morin against streptozotocin (StZ)-induced cell 
damage in a rat insulinoma cell line (rinm5f pancreatic β cells) 
and to identify the underlying mechanisms. the results indicated 
that morin inhibited the increase in intracellular reactive oxygen 
species, attenuated the activity of poly (adP-ribose) polymerase, 
restored intracellular nicotinamide adenine dinucleotide levels 
and reduced the apoptotic cell death of StZ-treated pancreatic 
β cells. Treatment with morin significantly upregulated catalase 
in pancreatic β cells, and ameliorated the StZ-induced loss of 
catalase at the genetic, protein and enzymatic level. in further 
experiments, morin induced the phosphorylation of 5' adenosine 
monophosphate-activated protein kinase (amPK), which subse-
quently promoted the translocation of forkhead box o3 (foXo3) 
to the nucleus. Specific small interfering rnas (sirnas) 
against amPK and foXo3 suppressed morin-induced catalase 
expression. Furthermore, catalase‑specific siRNA abolished the 
protective effects of morin against StZ-stimulated cell death. 
taken together, these results indicated that morin protected 
rinm5f cells from StZ-induced cell damage by triggering the 
phosphorylation of amPK, thus resulting in subsequent activa-
tion of foXo3 and induction of catalase.

Introduction

Previous studies have revealed that oxidative stress is associ-
ated with almost every aspect promoting diabetes and its 
complications, thus suggesting the importance of antioxi-
dant therapy in the development of novel treatments for this 
disease (1,2). Particularly, pancreatic β cells are vulnerable 
to oxidative stress, as they have a high metabolic activity and 
low antioxidant capacity. once the overproduction of reactive 
oxygen species (roS) exceeds the available antioxidant defense 
systems, it may result in cellular membrane, protein, rna and 
dna damage, dysregulation of roS signaling pathways and 
activation of inflammatory responses, which may eventually 
lead to the dysfunction or apoptosis of pancreatic islet β cells (3). 
Scavenging of roS by antioxidants and the re-establishment 
of redox homeostasis in pancreatic cells offers a promising 
strategy to alleviate the suffering of patients with diabetes. 
notably, roS neutralization by antioxidants has not yielded the 
expected outcomes (4). numerous studies have suggested that it 
would be more beneficial to target the pathways involved in ROS 
generation (5,6). Therefore, the identification of antioxidants and 
the characterization of their associated signaling pathways are 
critical for future antidiabetes drug design.

2',3,4',5,7-Pentahydroxyflavone (morin) has exhibited 
novel activity in reducing roS production and increasing 
the antioxidative capacity of cells; therefore, it has received 
increasing attention with regards to its clinical applications. 
Morin is a dietary flavonol found in fruits or dietary plants, 
including figs, apples, tea and cereal grains (7,8). Morin treat-
ment has not exhibited any lethal toxicity to experimental 
animals, even at high doses (9,10). In addition, the beneficial 
effects of morin against oxidative stress-induced cell damage 
have been demonstrated in cardiovascular cells (11), hepato-
cytes (12) and neurons (13) . morin is effective in retaining 
the normal histological appearance of pancreatic islets, as 
well as in preserving insulin-positive β cells in streptozotocin 
(StZ)-induced diabetic rats (14). furthermore, morin has been 
reported to increase protein expression and enzyme activity 
of catalase in lung fibroblast cells (15). However, in pancreatic 
cells, the detailed molecular mechanisms responsible for the 
protective effects of morin have yet to be elucidated.
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increasing evidence has indicated that the 5' adenosine 
monophosphate-activated protein kinase (amPK) pathway 
exerts protective effects against oxidative stress-induced cell 
damage (16-18). the amPK pathway is a key energy metabolic 
signaling pathway involved in roS regulation (19). it has been 
reported that amPK activation can promote cell survival by 
inducing autophagy, mitochondrial biogenesis and the expres-
sion of genes, which are involved in antioxidant defense in 
response to oxidative stress (20,21). forkhead box o (foXo) 
transcription factors are prime candidates that are regulated 
by amPK. Previous studies have revealed the pivotal roles of 
foXo3 in cell resistance to oxidative stress and highlighted 
the clinical potential to develop novel therapeutic strategies 
through approaches that target foXo3 (22,23). inactivation 
of foXo3 and its downstream target genes contributes to 
oxidative stress in early diabetic nephropathy, and accelerates 
renal disease (24). in cardiomyocytes, activated foXo3 may 
increase downstream target antioxidant enzymes, including 
catalase, effectively manage roS and alleviate diabetic cardio-
myopathy (25,26). regulating the transcription of antioxidant 
enzymes based on targeting the amPK-foXo3 signaling 
pathway has been suggested as a promising approach to limit 
the progression of oxidative stress-mediated diseases and has 
merited intensive investigation (16,27,28).

although there is some evidence to suggest that the 
antidiabetic effects of morin may be due to its capacity 
to decrease oxida tive stress, few studies have focused 
on its cytoprotective effects on pancreatic β cells and the 
underlying molecular mechanism. due to the potential role 
of the amPK-foXo3 pathway in protecting cells against 
oxidative stress, it is of great interest to determine whether 
morin may activate this pathway, and thus upregulate the 
antioxidant enzyme catalase. there fore, the present study 
aimed to investigate the protective effects of morin against 
StZ-induced β cell damage and to identify the underlying 
molecular mechanism. the purpose of the present study was 
to characterize a potential antioxidant with precise targeting 
for the development of novel therapeutic strategies for the 
treatment of diabetes and associated complications.

Materials and methods

Reagents. Morin, 2',7'‑dichlorodihydrofluorescein diacetate 
(DCFH‑DA), MTT, Hoechst 33342 and STZ were all purchased 
from Sigma-aldrich (merck Kgaa, darmstadt, germany). 
catalase (sc-271803) and β-actin (sc-8432) primary antibodies 
were purchased from Santa cruz Biotechnology, inc. (dallas, 
tX, uSa). Phosphorylated-amPKα (thr-172; cat. no. 2531), 
amPKα (cat. no. 5831) and foXo3 (cat. no. 2497) antibodies 
were obtained from cell Signaling technology, inc. (danvers, 
ma, uSa). anti-tata binding protein (tBP; ab818) antibody 
was obtained from abcam (cambridge, ma, uSa). anti-poly 
(adP-ribose) (Par; cat. no. 4335-mc-100) antibody was 
purchased from trevigen (gaithersburg, md, uSa). all other 
chemicals and reagents were of analytical grade.

Cell culture. rinm5f rat pancreatic β cells were obtained 
from the american type culture collection (manassas, va, 
uSa). all the cells used in this study were maintained at 37̊c 
in a humidified atmosphere containing 5% co2, and were 

cultured in roswell Park memorial institute-1640 medium 
supplemented with 10% heat-inactivated fetal bovine serum, 
streptomycin (100 µg/ml) and penicillin (100 u/ml).

Determination of the toxicity of STZ. cells were seeded into 
96-well plates at a density of 1x105 cells/ml. after 16 h, cells 
were incubated for 24 h with various concentrations of StZ 
dissolved in 0.1 M citrate buffer (pH 4.5); the final concentra-
tions were as follows: 1, 2, 4, 6, 8 and 10 mm. the toxicity of 
StZ on rinm5f cells was examined using the mtt assay, 
which is based on the cleavage of a tetrazolium salt by mito-
chondrial dehydrogenase in viable cells (29).

Cell viability assay. to evaluate the effects of morin on 
StZ-induced cell death, cell viability was examined using the 
mtt assay. cells were seeded into 96-well plates at a density 
of 1x105 cells/ml. after 16 h, the cells were treated with various 
concentrations of morin (10, 25 and 50 µm) for 1 h, followed 
by exposure to StZ for 24 h at 37̊c. Subsequently, 50 µl mtt 
stock solution (2 mg/ml) was added to each well and incubated 
for a further 4 h at 37˚c. the medium containing mtt was 
aspirated and the formazan crystals in the viable cells were 
then dissolved using 150 µl dimethyl sulfoxide. the absor-
bance of each well was determined using a multiskan go 
Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, 
ma, uSa) at 490 nm.

Determination of intracellular ROS. levels of intracellular 
ROS were determined using the DCFH‑DA method as previ-
ously described (15). Briefly, rinm5f cells were seeded 
in 6-well plates at 1x105 cells/ml. after 16 h, the cells were 
treated with 25 µm morin for 1 h. following exposure to 
StZ for 12 h, cells were collected and incubated with 10 µm 
DCFH‑DA at 37̊c for 30 min. Subsequently, the cells were 
rinsed twice and resuspended in PBS, and fluorescence 
intensity was measured by flow cytometry (facScalibur; 
Bd Biosciences, franklin lakes, nj, uSa). the data were 
analyzed using cellQuest (version 7.5.3; Bd Biosciences). 
The relative fluorescence intensity was recorded as the mean 
value from three repeated experiments. image analysis for 
the generation of intracellular roS was also conducted. 
Briefly, cells were seeded onto cover slips in 6‑well plates at 
1x105 cells/ml and were incubated with 5 µm DCFH‑DA for 
30 min at 37̊c as previously described. after washing with 
PBS, the stained cells were mounted onto a microscope slide 
in mounting medium (dako; agilent technologies, inc., Santa 
clara, ca, uSa). microscopic images were captured under a 
laser confocal microscope (Zeiss gmbH, Jena, germany).

Determination of cellular nicotinamide adenine dinucleo‑
tide (NAD+). intracellular nad+ content was measured using 
the enzychrom™ nad+/NADH quantification kit (BioAssay 
Systems, Hayward, CA, uSA), according to the manufac-
turer's protocol.

Detection of sub‑G1 hypodiploid cell. the proportion of 
apoptotic sub-g1 hypodiploid cells was determined by flow 
cytometry (30). cells were initially treated with 25 µm morin 
for 1 h. Subsequently, StZ was added and cells were incu-
bated for a further 24 h. Harvested cells were washed twice 
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with PBS and fixed in 70% ethanol for 30 min at 4̊c. cells 
were then rinsed twice with PBS and were incubated for 
30 min in the dark at 37̊c in 1 ml PBS containing 100 µg 
propidium iodide (Pi) and 100 µg rnase a. flow cytometric 
analysis was performed using a flow cytometer (FACSCalibur; 
Bd Biosciences). the proportion of sub-g1 hypodiploid cells 
was assessed using histograms generated by the computer 
programs cellQuest (version 7.5.3; Bd Biosciences) and 
ModFit (version 3.0; Verity Software House, Inc., Topsham, 
me, uSa).

Nuclear staining with Hoechst 33342. cells were plated 
in 24-well plates at 1x105 cells/ml. after 16 h, cells were 
treated with 25 µM morin for 1 h and then with STZ at a final 
concentration of 6 mM for 24 h. Subsequently, a DNA‑specific 
fluorescent dye, Hoechst 33342, at a final concentration 
of 15 µg/ml, was added to each well and incubated for 
10 min at 37̊c. the stained cells were then observed using 
a fluorescence microscope to examine the extent of nuclear 
condensation.

Quantitative polymerase chain reaction (qPCR) analysis. 
total rna was isolated from cells using trizol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). cDNA synthesis 
was performed with 2 µg isolated rna using SuperScript iii 
Reverse Transcriptase (Invitrogen; Thermo Fisher Scientific, 
inc.). qPcr was performed in 96-well optical plates using a 
cfX-96 touch™ real-time Pcr detection system (Bio-rad 
Laboratories, Inc., Hercules, CA, uSA). The PCR reaction was 
conducted in a total volume of 20 µl: 10 µl 2X SYBr Premix 
Ex Taq ii kit (takara Bio, inc., otsu, japan ), 1 µl diluted 
template cdna (~10 ng) and 10 µm each forward and reverse 
primers. the Pcr protocol was conducted as follows: 
Pre-incubation at 95̊c for 30 sec, followed by 40 cycles of 
denaturation at 95̊c for 5 sec and annealing and extension at 
60̊c for 34 sec. Primers used in the present study were as 
follows: β-actin, forward 5'-gaa gat cct gac cga 
gcgtg-3', reverse 5'-cga agt cta ggg caa cat 
agca-3'; and catalase, forward 5'-agg tgc ttt tgg ata 
ctt tgagg-3' and reverse, 5'-cga ctg tgg aga atc gga 
Cgg‑3'. The quantification cycle (Cq) method was employed 
to evaluate relative alterations in gene expression and the 2-ΔΔcq 
value was calculated after β-actin normalization (31).

Western blot analysis. cells were rinsed twice with PBS and 
lysed in 100 µl lysis buffer [40 mM Tris (pH 8.0), 120 mM 
nacl, 0.1% nP-40] on ice for 30 min, after which they were 
centrifuged at 13,000 x g for 15 min at 4˚c. Supernatants were 
collected and total protein concentrations were determined 
using the bicinchoninic acid protein assay kit (Beyotime 
institute of Biotechnology, Haimen, China). Aliquots (40 µg 
total protein) of the collected supernatants were boiled for 
5 min, separated by 10% SdS-Page and transferred to 
nitrocellulose membranes. the membranes were blocked with 
5% non-fat milk for 1 h, and then incubated with primary 
antibodies (targeting catalase (1:1,000), β-actin (1:5,000), 
p-amPKα (1:1,000), AMPKα (1:1,000), FOXO3 (1:1,000), TBP 
(1:2,000), and Par (1:1,000) overnight at 4˚c), washed with 
ttBS, and incubated with horseradish peroxidase-conjugated 
anti-immunoglobulin-g secondary antibodies (cat. nos. 31430 

and 31460; 1:5,000 Pierce; Thermo Fisher Scientific, Inc.) for 
1 h at room temperature. the blots were visualized using an 
enhanced chemiluminescence western blotting detection kit 
(ge Healthcare Life Sciences, Little Chalfont, uK).

Nuclear extract preparation. cells were seeded in culture 
dishes at a density of 1.5x105 cells/ml for 16 h. the cultured 
cells were then treated with morin for a series of time 
periods. cells were harvested and lysed on ice with 1 ml 
lysis buffer [10 mM Tris‑HCl (pH 7.9), 10 mM NaCl, 3 mM 
mgcl2 and 1% nP-40] for 4 min. cell pellets were collected 
by centrifugation at 3,000 x g for 10 min at 4˚c, suspended 
in 5 µl extraction buffer [20 mM HePeS (pH 7.9), 20% glyc-
erol, 300 mm nacl, 1.5 mm mgcl2, 0.2 mm edta, 1 mm 
dtt and 1 mm PmSf] and incubated on ice for 30 min. the 
extraction solution was centrifuged at 13,000 x g for 5 min at 
4˚c, and the supernatants were harvested as nuclear protein 
extracts for further blotting analysis and stored at -70̊c.

Catalase activity assay. cells were seeded into Petri dishes 
at a density of 1.5x105 cells/ml. after 16 h, cells were treated 
with morin for a series of time periods. catalase activity 
was determined using a catalase assay kit (S0051; Beyotime 
institute of Biotechnology) according to the manufacturer's 
protocol. in this assay, catalase reacts with hydrogen peroxide 
(H2o2) to produce water and oxygen; unconverted H2o2 is 
then converted to a chromogenic product, which is measured 
at 520 nm using a spectrophotometer. catalase activity is 
presented as u/mg, and 1 unit catalase activity is defined as 
the amount of enzyme catalyzing the degradation of 1 µmol 
H2o2/min under the conditions of 25̊C and pH 7.0. In order 
to detect the effects of morin on StZ-induced suppression of 
catalase activity, cells were pretreated with morin for 1 h, and 
were then incubated with StZ for 24 h. catalase activity was 
assessed using the aforementioned catalase assay kit.

Transient transfection of small interfering RNA (siRNA). 
cells were seeded at 1.5x105 cells/ml in 24-well plates 
and reached ~50% confluence prior to transfection with 
amPK sirna (siamPK), foXo3 sirna (sifoXo3) (both 
from Invitrogen; Thermo Fisher Scientific, Inc.), catalase 
sirna (sicatalase) or control mismatched sirna (both from 
Santa cruz Biotechnology, inc.). cells were transfected with 
10-50 nm sirna using lipofectamine® 3000 (invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. a total of 24 h post-transfection, cells were 
treated with or without morin and/or StZ for 24 h and were 
subjected to western blot analysis and mtt assay.

Statistical analysis. all experiments were performed in tripli-
cate and all values are presented as the means ± standard error 
of the mean. the results were analyzed by one-way analysis of 
variance in the SigmaStat 3.5 and the post hoc tukey's test was 
used to assess statistical significance. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Cytotoxicity of STZ in RINm5F cells. the effects of various 
concentrations of StZ on rinm5f cell viability are presented 
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in fig. 1. a dose-dependent decrease in cell viability was 
observed when cells were exposed to various concentrations 
of StZ for 24 h. following treatment with 6 mm StZ, ~50% 
inhibition of rinm5f cell viability occurred, and at a concen-
tration of 10 mm, cell viability was markedly reduced to 20%. 
Based on these results, 6 mm was selected as the appropriate 
dose of StZ for further experiments.

Effects of morin on the viability of STZ‑damaged RINm5F cells. 
the protective effects of morin on the viability of StZ-treated 
cells were measured using the mtt assay. as shown in 
fig. 2a, exposure to 6 mm StZ for 24 h markedly reduced the 
viability of rinm5f cells, whereas pretreatment with morin 
at 10, 25 and 50 µm for 1 h resulted in amelioration of cell 
viability. Pretreatment with 25 µm morin exhibited the highest 
efficiency with regards to the protection of RINm5F cells. In 
addition, treatment with various concentrations of morin alone 
did not exhibit any adverse effects on cell viability (fig. 2B); 
therefore, morin at 25 µm was chosen as the appropriate dose 
for subsequent experiments. these results indicated that morin 
may be capable of protecting rinm5f cells from StZ-induced 
cell damage.

Effects of morin on intracellular STZ‑induced ROS genera‑
tion in RINm5F cells. to confirm the effects of morin on 
StZ-induced roS production, roS fluorescence intensity 
was detected by flow cytometry. The results of flow cytometric 
analysis revealed that StZ increased roS generation; however, 
pretreatment with morin ameliorated the StZ-stimulated 
increase in roS content (fig. 3a). in addition, intracellular 
ROS levels were observed under a fluorescence microscope. 
as presented in fig. 3B, exposure to StZ for 12 h markedly 
increased red fluorescence intensity in RINm5F cells, whereas 
pretreatment with morin reduced red fluorescence intensity 
upon STZ treatment, thus reflecting a reduction in ROS genera-
tion. These results indicated that morin significantly decreased 
StZ-induced elevated roS levels, thus suggesting that morin 
conferred resistance to oxidative stress by suppressing the 
increase in intracellular roS levels.

Effects of morin on STZ‑induced alterations in PAR poly‑
merase (PARP) activity and NAD+ levels. ParP is known to 
be activated under conditions of oxidative stress and has been 
well demonstrated in the StZ-induced model of diabetes (32). 
ParP activity may be examined by western blotting of the 
Par protein, as previously described (33). as shown in fig. 4a, 
the expression levels of Par were markedly increased in 
StZ-treated cells compared with in the control cells, whereas 
pretreatment with morin inhibited StZ-induced Par protein 
expression. as an important substrate for ParP, nad+ is a 
crucial component in the modulation of cellular metabolism. 
therefore, intracellular nad+ levels were measured in the 
present study. As expected, pretreatment with morin signifi-
cantly ameliorated the loss of nad+ levels, which was induced 
by StZ treatment (fig. 4B). these results indicated that ParP 
may be activated in response to StZ stimulation, which was 
accompanied by nad+ depletion; however, morin effectively 
reversed the increase in ParP activity and the depletion of 
nad+ levels in StZ-treated cells.

Effects of morin on STZ‑induced apoptosis of RINm5F cells. 
the protective effects of morin against StZ-induced apoptotic 
cell death were assessed. as shown in fig. 5a, the combina-
tion of morin and StZ markedly increased cell survival 
rate compared with in StZ-treated cells. a previous study 
reported that StZ treatment stimulated pancreatic β cells to 

figure 2. effects of morin on the viability of StZ-treated rinm5f cells. 
(a) cells were treated with morin at various concentrations. after 1 h, 
6 mm StZ was added to the cells and cell viability was determined after 
24 h by mtt assay. *P<0.05 vs. control cells; **P<0.05 vs. StZ-treated cells. 
(B) cells were treated with various concentrations of morin. following a 24 h 
incubation, cell viability was determined by mtt assay. StZ, streptozotocin.

figure 1. toxic effects of StZ on rinm5f cells. rinm5f cells were treated 
with various concentrations of StZ and cell viability was determined after 
24 h by mtt assay. data are presented as the means ± standard error of the 
means from three experiments. *P<0.05 vs. control cells. StZ, streptozotocin.
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produce large amount of roS, which in turn induced cell 
apoptosis (34). to determine the cytoprotective effects of 
morin on StZ-induced pancreatic cell apoptosis, cell nuclei 
were stained with Hoechst 33342 for microscopic examina-
tion. the microscopic images presented in fig. 5B indicated 
that the nuclei of the control cells were intact, whereas the 
StZ-treated cells exhibited marked nuclear fragmentation, 
which is a typical feature of apoptosis. However, when the 
cells were pretreated with morin, a marked decrease in nuclear 
fragmentation was observed. in addition, the anti-apoptotic 
effects of morin on STZ‑treated cells were confirmed by flow 
cytometric analysis with Pi staining. as shown in fig. 5c, 
apoptotic sub-g1 dna content in StZ-treated cells was 
increased compared with in the control cells. However, prior 
treatment with morin reduced apoptotic sub-g1 dna content 

in StZ-treated cells. these results indicated that morin 
reduced apoptotic cell death, thus suggesting that the cyto-
protective effects of morin on rinm5f cells may be due to 
the inhibition of apoptosis.

Effects of morin on catalase mRNA transcription, protein 
expression and enzyme activity. it is well known that the 
pancreas is particularly susceptible to StZ-induced free 
radical damage, due to the low levels of endogenous anti-
oxidant enzymes responsible for scavenging free radicals (35). 
Since catalase serves an important role in the cellular defense 
against ROS, and morin has been reported to significantly 
increase protein expression and enzyme activity of catalase 
in lung fibroblast cells (15), the effects of morin on catalase 
expression and activity in rinm5f cells were investigated 

figure 3. effects of morin on StZ-induced intracellular roS production. cells were treated with morin (25 µm) for 1 h, after which 6 mm StZ was added 
to the cells for an additional 12 h. Intracellular ROS generation was detected by (A) flow cytometry following 2',7'‑dichlorodihydrofluorescein diacetate treat-
ment. measurements were conducted in triplicate and the values are presented as the means ± standard error of the mean. *P<0.05 vs. control cells; **P<0.05 
vs. STZ‑treated cells. (B) Representative confocal images illustrating the increase in red fluorescence intensity produced by ROS in STZ‑treated cells compared 
with in the control cells, and the reduced fluorescence intensity in STZ‑treated cells pretreated with morin. ROS, reactive oxygen species; STZ, streptozotocin.

figure 4. effects of morin on StZ-induced increases in ParP activity and depletion of nad+ levels. cells were treated with 25 µm morin for 1 h and were then 
incubated with 6 mm StZ for 24 h. (a) cell lysates were electrophoresed and the protein expression levels of Par were examined by western blot analysis. 
(B) intracellular nad+ content was measured using the nad+/NADH quantification kit. The measurements were made in triplicate and the values are pre-
sented as the means ± standard error of the mean. *P<0.05 vs. control cells; **P<0.05 vs. StZ-treated cells. nad+, nicotinamide adenine dinucleotide; ParP, 
poly (adP-ribose) polymerase; roS, reactive oxygen species; StZ, streptozotocin.
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in the present study. the present results revealed that morin 
treatment alone induced catalase mrna transcription in a 
time-dependent manner (fig. 6a). in addition, catalase protein 
expression and enzyme activity were time-dependently 
increased following treatment with morin (fig. 6B and c). 
treatment with STZ alone for 24 h significantly attenuated 
the mrna transcription, protein expression and enzyme 
activity of catalase in rinm5f cells. compared with these 
findings, pretreatment with morin reduced StZ-induced 
attenuation of catalase mrna transcription and protein 
expression (Fig. 6D and e), leading to a significant increase in 
catalase activity (fig. 6f).

Effects of morin on AMPK activation and FOXO3a subcel‑
lular translocation. Since amPK is an upstream kinase that 
regulates foXo3 activation, and the amPK-foXo3 signa-
ling pathway has been suggested to be responsible for the 
induction of antioxidant enzymes (16,36), the effects of morin 
on amPK-foXo3 activation were examined by western 
blot analysis. As shown in Fig. 7A, 25 µΜ morin induced 
phosphorylation of the amPK catalytic unit amPKα in a 
time-dependent manner, thus promoting the nuclear accumu-
lation of foXo3 (fig. 7B).

Role of the AMPK‑FOXO3 pathway in regulation of catalase 
expression. Since catalase is a downstream transcri ptional 
target of foXo3, the present study aimed to determine whether 
the amPK-foXo3 signaling pathway is involved in the 
induction of catalase by morin. following transfection of the 
pancreatic cells with siamPK or sifoXo3, cells were treated 
with morin for 24 h and the protein expression levels of catalase 
were determined. Silencing of amPK or foXo3 expression 
markedly suppressed the morin-dependent increase in cata-
lase protein expression (fig. 8a and B). to determine whether 
morin-enhanced catalase activity confers cytoprotection against 
oxidative stress, cells were transfected with sicatalase. sicata-
lase reduced the protective effects of morin against StZ-induced 
cytotoxicity (fig. 8c). taken together, these results revealed that 
amPK may be involved in the activation of foXo3 and the 
upregulation of catalase.

Discussion

in the present study, StZ treatment was employed to mimic the 
diabetes-associated oxidative stress environment in pancreatic 
β cells. StZ is a widely used chemical, which is able to induce 
experimental diabetes in animals and can induce cells to produce 

figure 5. Protective effects of morin on StZ-induced damage in rinm5f cells. (a) cell viability was determined by mtt assay. (B) apoptotic body formation 
was observed under a fluorescence microscope following Hoechst 33342 staining; apoptotic bodies are indicated by arrows. (C) Apoptotic sub‑g1 dna content 
was detected by flow cytometry following propidium iodide staining. Measurements were made in triplicate and the values are presented as the means ± stan-
dard error of the mean. *P<0.05 vs. control cells; **P<0.05 vs. StZ-treated cells. StZ, streptozotocin.
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several types of roS, including superoxide anion, hydroxyl 
radical and H2o2 (37). Previous studies have demonstrated 
that exposure to StZ may result in β cell dysfunction and 

apoptosis (38,39). in addition, it has been suggested that StZ 
may enter β cells and cause alkylation of dna; dna damage 
induces activation of PARP. Hyperactivation of PARP is able 

figure 7. effects of morin on amPK activation and foXo3a translocation. cells were treated with 25 µm morin for the indicated time periods. (a) cell lysates 
underwent western blotting with primary antibodies against p-amPKα and amPKα. (B) nuclear fractions were prepared and foXo3a protein expression 
levels were examined by western blot analysis. tBP was used as a loading control. amPK, 5' adenosine monophosphate-activated protein kinase; foXo3, 
forkhead box o3; p-amPK, phosphorylated-amPK; tBP, tata binding protein.

figure 6. effects of morin on catalase mrna transcription, protein expression and enzyme activity. (a) cells were treated with 25 µm morin for a series of 
time periods, total rna was extracted and catalase mrna expression was analyzed by qPcr. β-actin was used as the internal reference. (B) cells were treated 
with 25 µM morin for the indicated time periods. Cell lysates were electrophoresed and the expression of catalase protein was detected using a catalase‑specific 
antibody. β-actin was used as a loading control. (c) cells were treated with morin for the indicated time periods. catalase activity was measured using a 
colorimetric assay kit. *P<0.05 vs. control cells. (d) cells were treated with 25 µm morin for 1 h, after which 6 mm StZ was added for 12 h. total rna was 
extracted and catalase mrna expression was analyzed by qPcr. (e) cells were treated with 25 µm morin for 1 h, 6 mm StZ was then added for 24 h. cell 
lysates were electrophoresed and the expression of catalase protein was detected by catalase‑specific antibody. (F) Catalase activity was measured using a 
colorimetric assay kit. *P<0.05 vs. control cells; **P<0.05 vs. StZ-treated cells. qPcr, quantitative polymerase chain reaction; StZ, streptozotocin.
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to initiate the programmed cell death pathway, resulting in the 
depletion of cellular nad+ (37). in the present study, exposure 
of RINm5F cells to STZ significantly increased intracellular 
roS production, which was accompanied by a marked decrease 
in cell viability, augmentation of ParP activity, attenuation of 

nad+ levels and an increase in apoptosis. flavonoids, including 
morin, have been reported to possess potent antioxidant 
and antidiabetic activity in animal models of experimental 
diabetes (40,41). therefore, the present study further investigated 
the protective roles of morin in StZ-treated rinm5f cells.

the present results suggested that morin could effectively 
protect pancreatic cells by augmenting cellular catalase levels. 
Pretreatment with morin significantly reduced roS levels, 
restored cell viability, reduced ParP activity, ameliorated intra-
cellular nad+ levels and inhibited apoptosis induced by StZ. 
generally, cells can be protected from excessive roS via the 
augmentation of endogenous antioxidant enzymes. a previous 
study reported that stable transfection of insulin-producing 
rinm5f cells with catalase resulted in defense against cytokine 
toxicity (42). furthermore, β cell‑specific transgenic expression 
of catalase has been revealed to shield isolated islets from H2o2 
and reduce the effects of StZ treatment (43,44). although a 
previous study indicated that morin possesses antioxidant and 
antidiabetic activities (45), few studies have elucidated the 
molecular mechanisms by which morin may protect pancreatic 
β cells and regulate endogenous antioxidant enzymes. the 
present study investigated the effects of morin on the regulation 
of catalase expression and activity. notably, morin time-depend-
ently increased the gene tran scription, protein expression and 
enzyme activity of catalase, and alleviated the downregulation 
of catalase in β cells induced by exposure to StZ. in addition, 
knockdown of catalase using specific siCatalase abolished the 
protective effects of morin against StZ-induced cell death, 
providing evidence verifying the vital role of catalase in the 
cytoprotective mechanism of morin in rinm5f cells. these 
results suggested that the cytoprotective effects of morin may 
be attributed to augmentation of the gene transcription, protein 
expression and enzyme activity of catalase.

the present study also demonstrated that augmentation of 
catalase was associated with activation of the amPK-foXo3 
signaling pathway. morin treatment time-dependently incre-
ased the phosphorylation of amPK, thus suggesting that morin 
may activate amPK and function via its downstream network 
of signaling pathways. it has previously been reported that 
amPK activation is involved in the antioxidant defense system 
in response to oxidative stress (21). disruption of amPK activa-
tion in cells under oxidative stress may trigger cell death due to 
accumulation of roS. in addition, knockdown of the catalytic 
amPK-α1 subunit in human umbilical vein endothelial cells 
attenuated the expression of key components in the antioxidant 
defense system, including catalase (27).

regarding how the amPK pathway upregulates catalase, 
the present study examined foXo3 expression. morin induced 
foXo3 expression, and its subsequent translocation into the 
nucleus. it has previously been reported that amPK may 
directly phosphorylate and activate foXo3 (46). activated 
foXo3 is subsequently translocated into the nucleus and regu-
lates antioxidant enzymes in response to oxidative stress (16). 
In mouse hematopoietic stem cells, FOXO3 has been identified 
as a critical mediator of cell resistance to physiological oxida-
tive stress. furthermore, the conditional deletion of foXo3 
can lead to mass roS generation (46,47). a previous study 
indicated that resveratrol could upregulate foXo proteins 
and provide photoreceptor cells with effective protection 
against oxidative stress (48). it has also been reported that 

figure 8. induction of catalase by morin via the amPK-foXo3a signaling 
pathway. (a) cells were transfected with 10-50 nm sicontrol or siamPK. a total 
of 24 h post-transfection, cells were treated with 25 µm morin for 24 h. the pro-
tein expression levels of catalase were then evaluated in cell lysates by western 
blot analysis. (B) cells were transfected with 10-50 nm sicontrol or sifoXo3a. a 
total of 24 h post-transfection, cells were treated with 25 µm morin for 24 h, and 
the protein expression levels of catalase were evaluated in cell lysates by western 
blot analysis. (c) cells were transfected with 10-50 nm sicontrol or sicatalase, 
followed by 1 h treatment with morin and exposure to 6 mm StZ for 24 h. cell 
viability was measured using the mtt assay. *P<0.05 vs. StZ + sicontrol-
transfected cells; **P<0.05 vs. morin + StZ + sicontrol-transfected cells. amPK, 
5' adenosine monophosphate-activated protein kinase; foXo3, forkhead box o3; 
si/sirna, small interfering rna; StZ, streptozotocin.
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foXo3 may be involved in the induction of catalase (49). the 
AMPK‑FOXO3 signaling pathway has been confirmed to be 
responsible for the induction of catalase in vascular endothe-
lial cells (28). in the present study, transfection of cells with 
siamPK or sifoXo3 reduced morin-induced protein expres-
sion of catalase. These findings suggested that activation of the 
amPK-foXo3 signaling pathway may be critically involved 
in morin-induced catalase expression and enzyme activity.

the foXo3 transcription factor is not the only transcriptional 
regulator of catalase. the transcription factor nf-e2-related 
factor 2 (nrf2) has also been reported to be involved in the regula-
tion of catalase in pancreatic β cells (50). therefore, future studies 
may focus on the association between foXo3 and nrf2 in the 
regulation of morin-induced catalase. furthermore, targeting the 
phosphoinositide 3-kinase/protein kinase B/foXo3 signaling 
pathway may lead to the development of novel approaches for the 
possible treatment of diabetic neuropathy (51). in addition, it will 
be interesting to determine the signaling network responsible 
for the regulation of FOXO3. These findings suggested that the 
identification of potential FOXO3 activators may be promising 
to limit the progression of oxidative stress-mediated diseases and 
merits intensive investigation.

Besides upregulation of catalase, amPK has been reported 
to mediate the expression of manganese superoxide dismutase, in 
order to reduce mitochondrial roS production in human umbilical 
vein endothelial cells (52) and chang liver cells (36). there fore, it 
may be hypothesized that the amPK-foXo3 signaling path way 
serves an essential role in the expression of various antioxidant 
enzymes, including catalase, in pancreatic β cells. future studies 
should aim to investigate the role of the amPK pathway in the 
regulation of other antioxidant enzymes for the protection of 
β cells from oxidative stress-induced cell damage.

in conclusion, the present study demonstrated that morin may 
suppress StZ-induced intracellular roS production and apop-
tosis, which may be ascribed, at least partly, to the upregulation of 
catalase via the induction of foXo3 expression and its subsequent 
translocation into the nucleus via amPK activation. therefore, 
morin-induced activation of the amPK-foXo3-catalase pathway 
may be considered one of the pathways that potentially mediates 
the antioxidative functions of morin. morin may be considered 
a promising strategy for the amelioration and/or prevention of 
pancreatic β cell dysfunction and diabetes.
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