
Disorders in the functioning of pancreatic β-cells

are common in type 1 and 2 diabetes mellitus. Type 1 dia-

betes mellitus is an autoimmune disease resulting from

destruction of insulin-producing pancreatic β-cells due

to the attack of autoreactive clones of cytotoxic lympho-

cytes. The death of the majority of pancreatic β-cells

occurring due to the activation of autoreactive T-lym-

phocytes leads to the glucose accumulation in blood, so

that type 1 diabetes patients require lifetime use of

insulin [1]. Type 2 diabetes mellitus is a severe metabolic

disease characterized by the dysfunction (and not by

destruction) of β-cells and impaired insulin resistance

known as glucose toxicity [2]. Oxidative stress arising

during the development of type 1 and 2 diabetes is

believed to be the major pathophysiological factor of dia-

betes mellitus [3]. Although treatment of various dia-

betes-associated pathologies with antioxidants, mainly,

low-molecular-weight natural and synthetic substances,

has been reported [4, 5], it is reasonable to assume that

antioxidant enzymes can be more efficient in their abili-

ty to neutralize reactive oxygen species (ROS) than low-

molecular-weight antioxidants. Earlier, we have shown

the therapeutic effect of recombinant peroxiredoxin 6

(Prx6) in various oxidative stress-associated pathologies,

including mechanical and thermal skin traumas, chemi-

cal burns of the respiratory pathways, and hypoxia/reper-

fusion of the intestine [6-8]. The antioxidative activity of

Prx6 was significantly higher than the activity of known

antioxidant proteins, such as superoxide dismutase

(SOD), catalase, and glutathione peroxidase (GPx). We

believe that Prx6 can be an efficient agent for suppression

of oxidative stress in diabetes mellitus. In comparison

with other mammalian tissues, pancreatic β-cells con-

tain lower levels of antioxidant enzymes (SOD, catalase,

and GPx), which makes them more sensitive to the dam-

aging action of ROS [9]. Because of the insufficiency of
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Abstract—Taking into account a special role of pancreatic β-cells in the development of diabetes mellitus, the effects of per-

oxiredoxin 6 (Prx6) on the viability and functional activity of rat insulinoma RIN-m5F β-cells were studied under diabetes-

simulating conditions. For this purpose, the cells were cultured at elevated glucose concentrations or in the presence of pro-

inflammatory cytokines (TNF-α and IL-1) known for their special role in the cytotoxic autoimmune response in diabetes.

It was found that the increased glucose concentration of 23-43 mM caused death of 20-60% β-cells. Prx6 added to cells sig-

nificantly reduced the level of reactive oxygen species and protected the RIN-m5F β-cells from hyperglycemia, reducing the

death of these cells by several fold. A measurement of insulin secretion by the RIN-m5F β-cells showed a significant stim-

ulatory effect of Prx6 on the insulin-producing activity of pancreatic β-cells. It should be noted that the stimulatory activi-

ty of Prx6 was detected during culturing the cells under both normal and unfavorable conditions. The regulation of the NF-

κB signaling cascade could be one of the mechanisms of Prx6 action on β-cells, in particular, through activation of

RelA/p65 phosphorylation at Ser536.
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endogenous antioxidant enzymes, it might be interesting

to use new proteins that possess antioxidative activity and

are capable of protecting pancreatic β-cells during the

development of diabetes. In this work, we for the first

time studied the effectiveness of Prx6 in the reduction of

damaging effects in rat insulinoma pancreatic cells

(RIN-m5F line) cultured under conditions provoking

apoptosis and suppression of the insulin-producing

activity of these cells.

We have shown earlier that diabetes development in

animals involves signaling transduction in the immune

cells, in which the NF-κB cascade plays a special role

[10]. We established that the use of the NF-κB signaling

inhibitors significantly lowers the level of immune imbal-

ance in the cells of mice with alloxan-induced diabetes

[11]. In the present work, we studied in vitro effects of

Prx6 on the NF-κB signaling in β-cells as a pathway

involved in the regulation of proinflammatory response

during oxidative stress.

MATERIALS AND METHODS

Culturing of RIN-m5F cells. Rat insulinoma RIN-

m5F cells (Vertebrate Cell Collection, St. Petersburg,

Russia) were grown in cultural flasks in a 1 : 1 mixture of

RPMI 1640 and DMEM (Paneco Ltd., Russia) supple-

mented with 10% fetal calf serum (FCS; Thermo, Great

Britain) and antibiotics (100 µg/ml penicillin, 100 µg/ml

streptomycin, 50 µg/ml gentamycin) in the presence of

low glucose concentrations (8 mM) at 37°C in 5% CO2

atmosphere. The cells were used in the experiments after

3-7 passages. Hyperglycemia was induced by adding glu-

cose in a concentration of 15 to 35 mM; the final glucose

concentration was 23-43 mM. Cytokine-induced apopto-

sis was triggered by adding a mixture of proinflammatory

tumor necrosis factor (TNF-α) (30 ng/ml) and inter-

leukin (IL-1β) (15 ng/ml). Prx6 in the concentration of

150 µg/ml was added 30 min before the addition of glu-

cose/cytokines. In each independent experiment, the

results were obtained from 9-12 repeats and expressed as

mean. To determine the significance of differences

between the groups, four independent experiments were

performed (n = 4). Cells untreated with glucose,

cytokines, or Prx6 were used as the control.

Survival test (cytotoxic test). RIN-m5F cells were

cultured in 96-well plates (TPP, Switzerland; 2·104 cells in

100 µl per well) in RPMI 1640 medium (Paneco Ltd.)

supplemented with 10% FCS, 2.04 mM L-glutamine

(Paneco Ltd.), and 100 µg/ml streptomycin at 37°C in 5%

CO2 atmosphere. After culturing for 24 h, 1 µg/ml acti-

nomycin D was added to the formed cell monolayer

together with glucose and/or cytokines and Prx6. After

another 24 h of culturing, the monolayer was washed

three times in PBS and stained with 0.05% crystal violet

(Sigma, USA) for 10 min. The wells were then carefully

washed with running distilled water, and 100 µl of 1%

SDS was added to each well. Absorption of the cell lysates

was measured after 10 min at 546 nm with a Titertek

Multiscan MCC/340 plate reader (Flow Laboratories,

Finland).

Measurement of insulin concentration. RIN-m5F

line cells were cultured in 24-well plates (TPP; 1.5·106

cells in 1 ml per well) in RPMI 1640 medium supple-

mented with 10% FCS, 2.04 mM L-glutamine, and

100 µg/ml streptomycin at 37°C in 5% CO2. After 24 h of

culturing, glucose or cytokines and/or Prx6 were added in

the above-mentioned concentrations to the formed cell

monolayer. After another 24 h of culturing, the cells were

disintegrated by three rounds of freezing-thawing, cen-

trifuged (ELMI, Latvia) at 3000g for 10 min, and the

supernatant was used the further analysis. Insulin con-

centration was measured with a commercial Rat Insulin

INS ELISA kit (Cloud-Clone Corp., China) as recom-

mended by the manufacturer. Absorption was measured

at 450 nm with a Titertek Multiscan MCC/340 plate

reader.

Measurement of reactive oxygen species (ROS) using

carboxy-H2DCFDA. RIN-m5F line cells were cultured

for 24 h in a 96-well plate (2.5·104 cells in 100 µl per well)

in DMEM and then washed with PBS. The cells were

then incubated with carboxy-H2DCFDA (freshly pre-

pared in sterile DMSO; Invitrogen, USA) in a final con-

centration of 2.5 µM in the medium supplemented with

2% depleted FCS in the darkness for 1 h; then Prx6 and

glucose were added, and the cells were incubated for

another 1 h. The cells incubated in the absence of Prx6

and glucose were used as a control. The fluorescence at

530 nm was measured with an Infinite 200 plate-reader

(Tecan, Austria) (excitation at 480 nm) as described ear-

lier [12].

SDS-PAGE and immunoblotting. To prepare samples

for electrophoresis, 2·106 cells were disintegrated by soni-

cation with an UZDN-2T ultrasonic disintegrator

(Russia) on ice at continuous stirring for 2 min. Proteins

were precipitated with acetone; 2× solubilizing buffer

(50 mM Tris-HCl, 2% SDS, 25% (v/v) glycerol, 5%

β-mercaptoethanol and 0.1% bromophenol blue, pH 6.8)

was then added to the samples at a 1 : 1 ratio. The samples

were boiled for 5 min. The final protein concentration in

the samples was 1 mg/ml (as determined by Bradford

method [13]); 10 µl of each sample was loaded on a gel.

After the transfer of fractionated proteins onto the mem-

branes, the membranes were probed for the proteins of

interest using the following antibodies: rabbit antibodies

to phospho-NF-κB (Ser276) (Santa Cruz, USA), rabbit

antibodies to phospho-NF-κB (Ser536), and rabbit anti-

bodies to caspase-3 (Cell Signaling, USA).

The proteins were detected with an ECL system (GE

Healthcare, Sweden), and the developed blots were pho-

tographed using a TFX-35.WL trans-illuminator (Vilber

Lourmat, France). The amounts of the proteins were
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determined densitometrically using the Qapa program

(v. 3.7). Three independent experiments were performed

(using the cells from different passages) for each protein.

The obtained data were normalized to the corresponding

load control (GAPDH) and expressed in relative units.

Statistical analysis was performed using the

Student’s t-test.

RESULTS

The effect of Prx6 on the viability of pancreatic β-

cells was studied in vitro in insulinoma RIN-m5F cells. It

is known that the proliferative and regenerative abilities of

pancreatic β-cells are closely associated with the amount

of released insulin; there is an inverse correlation between

insulin secretion and glucose concentration in the blood

[14]. RIN-m5F β-cells were used as a model of diabetes

mellitus, and the viability of these cells was studied under

unfavorable conditions, such as increased glucose con-

centrations or the presence of proinflammatory

cytokines. We also analyzed the levels of insulin secretion

and apoptosis, activity of the NF-κB signaling cascade,

and effectiveness of the protective influence of Prx6. The

antioxidant activity of Prx6 in the cells was tested using

carboxy-H2DCFDA. The obtained results indicated that

Prx6 significantly decreased the level of ROS in RIN-

m5F cells cultured in the presence of 33 mM glucose

(table).

Effect of proinflammatory cytokines on cell survival.

Figure 1 shows the data on the survival of β-cells in the

presence of the proinflammatory cytokines TNF-α and

IL-1β. Incubation with a mixture of these two proinflam-

matory cytokines for 24 and 48 h induced the death of

pancreatic β-cells. The cytotoxic effect of the proinflam-

matory cytokines was more pronounced with the increase

in the exposure, as well as in the concentration of the

added cytokines. Thus, culturing the cells for 24 h at the

maximal concentration of the cytokines (40 ng for TNF-

α and 15 ng for IL-1β) caused the death of 50% RIN-

m5F cells; when the exposure time was increased, more

than 60% cells died under the same conditions.

Effect of Prx6 on the survival of b-cells under hyper-

glycemic conditions. In the following series of experi-

ments, we studied the survival of RIN-m5F β-cells in the

presence of increased glucose concentrations in the cul-

ture medium and the effect of Prx6 addition on the cell

survival (Fig. 2). An increase in the glucose concentration

to 23-43 mM caused the death of 20-60% β-cells. At the

same time, addition of Prx6 reliably protected the cells

against hyperglycemia by decreasing 5-fold the number of

dead cells (at the glucose concentration of 43 mM).

These results are very important because the observed

direct protection of pancreatic β-cells by Prx6 from the

hyperglycemia-induced death allowed us to suggest that

this antioxidant enzyme could be also effective under in

vivo conditions. Survival of β-cells under unfavorable

hyperglycemic conditions in the presence of Prx6 rose a

question about the functional activity of these cells,

whose main role is insulin secretion.

Effect of Prx6 on insulin secretion of by the RIN-m5F

b-cells. The results shown in Fig. 3 demonstrate a pro-

nounced stimulatory effect of Prx6 on the insulin-pro-

ducing activity of the pancreatic β-cells. It is interesting

that the stimulatory effect of Prx6 was detected when β-

cells were cultivated under normal conditions and under

unfavorable conditions leading to the cell death. In fact,

the addition of Prx6 to the culture medium rapidly

enhanced the insulin-producing activity of the cells both

in the presence of cytokines and under hyperglycemic

conditions.

Effect of Prx6 on apoptosis and activity of NF-kB

cascade in RIN-m5F cells. The apoptosis levels in RIN-

m5F β-cells were assessed by measuring the

activated/inactivated caspase-3 ratio (Fig. 4a). It was

shown that elevated glucose concentrations (33 mM) sig-

nificantly activated apoptosis, whereas Prx6 completely

Control

100 ± 10.5

Prx6

115.6 ± 8.52

Glucose + Prx6

# 137.5 ± 20.8

Glucose

* 182.8 ± 14.6

Effect of Prx6 on the ROS levels in RIN-m5F cells in the

presence of increased glucose concentration

Note: The cells were incubated for 1 h in the presence of the fluores-

cent dye carboxy-H2DCFDA and 33 mM glucose and/or Prx6

(150 µg/ml). Each value presents a mean for green fluorescence

intensity from 9-12 repeats (calculated as % of the control).

* Significant difference with the control, p < 0.01.
# Significant difference with the group “glucose”, p < 0.05.

Fig. 1. Death of RIN-m5F β-cells cultured for 24 and 48 h in the

presence of cytokines. * Significant difference with the control,

p < 0.05; ** significant difference with the control, p < 0.01; # sig-

nificant difference between 24 and 48 h.
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abolished the effect of hyperglycemia on the cells by nor-

malizing the ratio between the activated and inactivated

forms of caspase-3.

Transcription factor NF-κB is a key component of

the cell response to stress, damage, and inflammation

[15]. In the cytoplasm, NF-κB is present as a p65/p50

heterodimer which is maintained in its inactive state by

IκB proteins. In response to various factors, including

oxidative stress, NF-κB is activated through phosphory-

lation of IκB and release of p65, which leads to the NF-

κB translocation to the nucleus and triggers expression of

genes regulating cytokine production [16]. It is known

that the transcriptional specificity of p65/NF-κB is

determined by its post-translational modifications. The

most important phosphorylation sites in p65 are Ser276

and Ser536. Ser536 is phosphorylated by kinases IKK,

TANK (TBK1), and RSK1; Ser276 is phosphorylated

mainly by protein kinase A (PKA) in the cytoplasm and

MSK1 kinase in the nucleus [17]. The post-translational

modification of p65 via phosphorylation of Ser536 has

been described virtually in all types of unspecific cell

response, and its biological role is similar to the function

of phospho-Ser276-p65. While activation at Ser276

increases the half-life of p65 [18], phosphorylation of

Ser536 with the involvement of IKK is associated with the

increased proteasomal degradation of this transcription

factor in activated macrophages [19]. Thus, phosphoryla-

tion of p65 at Ser276 is likely associated with the cell sur-

vival, whereas phosphorylation at Ser536 can lead to the

cell death via apoptosis. The activity of the NF-κB sig-

naling cascade was assessed from phosphorylation of

RelA/p65 at two serine residues (Ser276 and Ser536)

(Fig. 4b). We showed that culturing the cells in the pres-

ence of 33 mM glucose increased 2-fold the phosphoryla-

tion level of RelA/p65 at Ser276 but did not change the

extent of phosphorylation at Ser536. Interestingly, Prx6

addition to the cells resulted in more pronounced phos-

phorylation of RelA/p65 at Ser536, while phosphoryla-

tion of NF-κB at Ser276 did not change. It is important

to note that in the absence of increased glucose levels,

Prx6 addition also significantly increased the NF-κB cas-

cade activity without influencing the level of RIN-m5F

cell apoptosis.

Therefore, Prx6 exhibited a pronounced in vitro pro-

tective effect on β-cells by increasing their survival and

insulin-producing activity in the presence of increased

glucose concentrations. It has been proven that the effect

of Prx6 on β-cells is realized through activation of the

NF-κB signaling cascade via increase in the extent of

RelA/p65 phosphorylation at Ser536.

DISCUSSION

Dysfunction of pancreatic β-cells is a key factor in

the emergence and progress of diabetes mellitus.

Impaired functioning of β-cell contributes to the

decrease in insulin secretion and subsequent accelerated

development of the disease. In this work, we for the first

time used the antioxidant enzyme Prx6 for protection of

RIN-m5F β-cells. We were able to demonstrate the effi-

ciency of Prx6 in both reducing the level of β-cell apop-

tosis under hyperglycemic conditions and restoring their

ability to secrete insulin.

In this connection, it seemed important to study the

effects of Prx6 on the insulin secretion by β-cells, as well

as on the survival of these cells under unfavorable condi-

tions caused by the presence of cytokines or increased

Fig. 2. Protective effect of Prx6 on the viability of RIN-m5F cells

cultured for 24 h in the high-glucose medium. * Significant differ-

ence with the control, p < 0.05; ** significant difference with the

control, p < 0.01; # significant difference with the cells cultured

without Prx6 in the presence of 43 mM glucose, p < 0.01.

Fig. 3. Production of insulin by RIN-m5F cells cultured for 24 h

in the presence of high glucose concentrations (33 mM),

cytokines (40 ng/ml TNF-α and 15 ng/ml IL-1β), Prx6, and com-

binations of these compounds. * Significant difference with the

control, p < 0.01; ** significant difference with the control, p <

0.05; # significant difference with the “cytokines” group, p < 0.01;
+ significant difference with the “glucose” group, p < 0.01.
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glucose concentrations. In this study, RIN-m5F cells

grown in the high-glucose medium were less viable than

the cells grown at low glucose concentrations, which is in

accordance with the previously obtained data. However,

by using Prx6, we were able to significantly promote the

survival of cells cultured under hyperglycemic conditions.

These new data suggest that the use of Prx6 might be a

promising approach for reducing pathological conse-

quences of diabetes mellitus.

It is known that proinflammatory cytokines (TNF-

α and IL-1β) are important components in the patho-

genesis of the 1 type diabetes [20], β-cells being the tar-

gets for these cytokines. The destructive action of IL-1β

is realized through inhibition of the MafA transcription

factor and insulin gene transcription [21]. Production

and secretion of this cytokine is induced by high glucose

levels and promote the death of β-cells [22]. Here, we

have shown that the presence of TNF-α and IL-1β

decreases the survival of RIN-m5F cells, while Prx6

addition to the culture medium protects the cells against

the toxic effect of the cytokines by increasing their abili-

ty to produce insulin. Thus, it has been established that

in the presence of Prx6, pancreatic β-cells cultured

under unfavorable conditions (for instance, at high glu-

cose levels or in presence of proinflammatory cytokines)

retain their ability for increased insulin secretion. We

a b

Fig. 4. Effect of Prx6 on apoptosis (a) and NF-κB signaling cascade activity (b) in RIN-m5F β-cells cultured in the presence of 33 mM glu-

cose for 24 h. Representative Western blots are shown; the histograms show the mean values from three independent experiments.

a) Histograms under the blot indicate the ratio between two caspase forms; * significant difference with the control, p < 0.05; # significant dif-

ference between the “glucose” and “Prx6 + glucose” groups, p < 0.01. b) Histograms under the blots show the amount of protein (as meas-

ured by densitometry; relative units); * significant difference with the control, p < 0.05; # significant difference between the “glucose” and

“Prx6 + glucose” groups. GAPDH was used as a load control.
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believe that this observation is the most important result

of the present work.

A question arises about the mechanism of Prx6

action on the insulin secretion by β-cells cultured under

normal conditions. In fact, Prx6 stimulates insulin pro-

duction independently of the presence of glucose or

cytokines. Other authors have studied the influence of the

peroral GPx mimetic (antioxidant enzyme) on the

changes in the insulin blood levels in young rats and

found that in the antioxidant-treated animals, the level of

insulin significantly increased by the 14th week [23]. The

authors believed that this was due to the upregulation of

two transcriptional factors – Pdx1 and MafA – which are

important for insulin synthesis. It is very likely that Prx6

is also involved in the regulation of insulin production,

but this hypothesis should be verified experimentally.

Various pathologies associated with oxidative stress

in animals have been studied, and it was established that

the mechanism of Prx6 protective action is due to at least

two factors: the peroxidase activity of the enzyme and the

regulatory function of Prx6 not associated with its perox-

idase activity, as it was shown in our review [24].

Based on the results of previous studies, NF-κB acti-

vation can trigger either pro- or anti-apoptotic cascades

[25]. Pancreatic β-cells are known to be a target of the

autoimmune response provoked by proinflammatory

cytokines that activate NF-κB and promote its transloca-

tion to the cell nucleus [26]. These cytokines modify

expression of hundreds of genes, resulting in the dysfunc-

tion of β-cells and their death [27]. Some of the cytokine-

induced genes are regulated via NF-κB activation and

might be the targets for NF-κB [28].

Other data show that the activated NF-κB signaling

cascade can play a protective role in β-cells. Thus, a

model of transgenic diabetic mice was obtained, in which

NF-κB in pancreatic β-cells was inhibited [29]. It was

shown in this work that a long-term blockade of NF-κB

in newborn animals during the pancreas development

downregulated expression of the key genes of the insulin

secretion pathway and reduced the total number of

endocrine cells in the pancreas. This does not contradict

the data obtained by Kim et al. [30] who demonstrated

that NF-κB prevents cell death and development of the

type 1 diabetes in transgenic NOD mice, indicating that

NF-κB could play an anti-apoptotic role in β-cells of

these mice and potentially prevent diabetes development.

Here, we demonstrated that addition of Prx6 to

RIN-m5F β-cells significantly increases activity of the

NF-κB cascade. We conclude that on the background of

increased viability and insulin-secreting activity of β-

cells, NF-κB displays the anti-apoptotic activity.
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