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ABSTRACT
Whereas oxidative stress is linked to cellular damage, reactive oxygen species (ROS) are also believed to be involved in the propagation of

signaling pathways. Studies on the role of ROS in pancreatic beta-cell physiology, in contrast to pathophysiology, have not yet been reported.

In this study we investigate the importance of maintaining cellular redox state on pancreatic beta-cell function and viability, and the effects of

leptin and adiponectin on this balance. Experiments were conducted on RINm and MIN6 pancreatic beta-cells. Leptin (1–100 ng/ml) and

adiponectin (1–100 nM) increased ROS accumulation, as was determined by DCFDA fluorescence. Using specific inhibitors, we found that the

increase in ROS levels was mediated by NADPH oxidase (Nox), but not by AMP kinase (AMPK) or phosphatidyl inositol 3 kinase (PI3K). Leptin

and adiponectin increased beta-cell number as detected by the XTT method, but did not affect apoptosis, indicating that the increased cell

number results from increased proliferation. The adipokines-induced increase in viability is ROS dependent as this effect was abolished by N-

acetyl-L-cysteine (NAC) or PEG-catalase. In addition, insulin secretion was found to be regulated by alterations in redox state, but not by

adipokines. Finally, the effects of the various treatments on activity and mRNA expression of several antioxidant enzymes were determined.

Both leptin and adiponectin reduced mRNA levels of superoxide dismutase (SOD)1. Adiponectin also decreased SOD activity and

increased catalase and glutathione peroxidase (GPx) activities in the presence of H2O2. The results of this study show that leptin and

adiponectin, by inducing a physiological increase in ROS levels, may be positive regulators of beta-cell mass. J. Cell. Biochem. 113: 1966–

1976, 2012. � 2012 Wiley Periodicals, Inc.
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R eactive oxygen species (ROS) are by-products of normal

metabolic activity, and are also produced as a consequence of

several environmental factors [Zadak et al., 2009]. O2 is capable of

giving rise to reactive excited states such as free radicals and

derivatives, including superoxide radical (O2\cdot�), hydrogen

peroxide (H2O2), and hydroxyl radical (OH�). Both O2\cdot� and

OH� are extremely reactive and can interact with proteins, lipids,

and nucleic acids leading to extensive molecular damage [Auten and

Davis, 2009]. Accumulation of ROS as a result of increased

production or reduced antioxidants leads to oxidative stress, a

common denominator in many diseases, such as cancer, neurode-

generative diseases, and presumably also diabetes [Valko et al.,

2007].

Whereas it is generally believed that development of insulin

resistance and pancreatic beta-cell death are linked to the presence

of oxidative stress [Evans et al., 2005; Fridlyand and Philipson,

2005; Lenzen, 2008; Bashan et al., 2009], several studies found that

administration of antioxidants is ineffective for prevention of

diabetes mellitus [Song et al., 2009] and may even accelerate

the failure of beta-cells leading to the development of type 1 or

type 2 diabetes [Stranges et al., 2007; Ristow et al., 2009]. These

disappointing results could be either because excessive antioxidants
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might be converted to pro-oxidants, or because various ROS may

have differential effects on physiological and pathological

processes. In this regard, it has recently become apparent that

‘non-damaging’, strictly regulated levels of ROS are not always

harmful byproducts. ROS, especially H2O2 and O2\cdot� are highly

regulated metabolites which are involved in several important

physiological functions in cells [Giorgio et al., 2007]. ROS act as

intracellular signaling molecules mediating gene expression, cell

proliferation, differentiation, and viability [Droge, 2002]. Transient

bursts of ROS lead to a temporary shift of the intracellular redox

state, affecting signaling pathways such as insulin signaling, MAPK,

and JNK [Goldstein et al., 2005; Forman et al., 2010]. Thus, tight

regulation of the redox potential of cells is crucial for maintenance

of normal cell function. While the deleterious effects of increased

ROS levels on pancreatic beta-cell function are well documented, the

importance of well-regulated ROS production on insulin secretion

and beta-cell proliferation and survival has not yet been reported.

Several hormones are known to regulate beta-cell function,

among which are leptin and adiponectin, secreted by adipose tissue,

whose function is known to be crucial for protection against the

development of metabolic syndrome and diabetes [Weyer et al.,

2001; Oral et al., 2002]. Leptin and adiponectin improve insulin

sensitivity of peripheral target tissues [Stefan et al., 2002; Paz-Filho

et al., 2008], and play a role in the regulation of pancreatic beta-cell

function [Rakatzi et al., 2004; Covey et al., 2006]. Several studies

show involvement of leptin and adiponectin in the regulation of

redox state. Anti-oxidative effects of adiponectin prevented

steatohepatitis in mice [Fukushima et al., 2009] and LDL oxidation

in vascular endothelial cells [Ouedraogo et al., 2006]. Leptin protects

hepatoma cell line against ethanol-induced oxidative stress

[Balasubramaniyan et al., 2007], but increase ROS production in

monocytes [Sanchez-Pozo et al., 2003] and keratinocytes [Savini

et al., 2003]. These various and potentially conflicting results

indicate the need to clarify the role of leptin and adiponectin on

redox regulation and their involvement in protection against

oxidative stress, particularly in pancreatic beta-cells. Accordingly,

in this study, we have investigated the importance of redox

regulation on pancreatic beta-cell function, and the effects of leptin

and adiponectin on regulation of cellular oxidative state.

MATERIALS AND METHODS

MATERIALS

Reagents and media for cell cultures, recombinant rat leptin and

globular adiponectin were obtained from Biological Industries

(Beith Haemek, Israel). ELISA detection kit for insulin was purchased

from Mercodia. N-acetyl-L-cysteine (NAC) was obtained from

Merck. PEG-catalase was obtained from Sigma, diphenylene-

iodonium (DPI), compound C and LY-294002 were purchased

from Calbiochem.

CELL CULTURE

Rat RINm insulinoma cells were grown in RPMI 1640 medium,

containing 10% fetal calf serum (FCS), 2mM glutamine, 1%

ampicilin, 11mM glucose, 10mM Hepes buffer, and 1mM sodium

pyruvate. Mouse MIN6 insulinoma cells were grown in DMEM

medium, containing 10% FCS, 25mM glucose, 2mM glutamine, 1%

ampicilin, 64mM beta-mercaptoethanol. Cells were grown at 378C,
in a humidified atmosphere containing 5% CO2.

INSULIN SECRETION STUDIES

MIN6 cells were cultured at a concentration of 105 cells/ml. After

48 h, cells were treated with leptin, adiponectin, NAC, or H2O2 for

40min. Cells were preincubated in KRBH buffer containing 25mM

NaHCO3, 115mMNaCl, 4.7mMKCl, 2.56mM CaCl2, 1.2mMMgSO4,

20mM HEPES, 0.1% BSA for 30min and the supernatant was

collected. The cells were then incubated in KRBH buffer containing

15mM glucose for an additional 30min. The supernatant was

collected, and insulin concentration at the basal state and after

induction was measured using an insulin immunoassay kit

(Mercodia) according to the manufacturer’s instructions.

DETERMINATION OF CELL VIABILITY

Cell viability was measured by XTT Cell proliferation kit (Biological

Industries) or cellTiter blue Cell Proliferation Assay (CTB, Promega).

For the XTT method, RINm and MIN6 cells were subcultured at a

concentration of 105 cells/ml. Twenty four hours after seeding, cells

were treated with leptin or adiponectin, with or without the addition

of NAC or PEG-catalase in a growth media containing 2% FCS. After

an additional 24 h, cells were washed and incubated with XTT for 4 h

according to the manufacturer’s instructions. Optical density (OD)

was measured using a Tecan Infinite F200 fluorescence microplate

reader (Tecan, Salzburg, Austria) at a test wavelength of 492 nm and

a reference wavelength of 690 nm. For the CTB proliferation assay,

MIN6 cells were seeded at a density of 105 cells/ml. Twenty four

hours after seeding, cells were treated with leptin or adiponectin, in

growth medium containing 2% FCS. After an additional 24 h, cells

were washed and incubated with CTB reagent (20ml/well). The cells

were incubated at 378C for a further 2–3 h, and then fluorescence

was measured at 560/590 nm.

ANALYSIS OF mRNA EXPRESSION BY PCR REACTIONS

Total RNA was extracted from RINm cells using PerfectPure tissue

RNA Kit (5 PRIME, Gaithersburg). 2.5 ng of total RNA were reverse

transcribed by oligo dT priming (Stratascript, Stratagene) according

to the manufacturer’s instructions. Real-time PCR amplification

reactions were performed using SYBRGreen Master mix (ROVA-

LAB), by the MxPro QPCR instrument (Stratagene).

Primer sequences and their respective PCR fragment length were

as follows: Preproinsulin (160 bp): Forward 50-tcaaacagcaccttt-30,
reverse 50-agtgccaaggtctga-30. Superoxide dismutase (SOD)1

(204 bp): Forward 50-tgcagggcgtcattcactt-30, reverse 50-caacatg-
cctctcttcatcc-30. SOD2 (197 bp): Forward 50-cacattaacgcgcagat-30,
reverse 50-ctcaggtttgtccagaaa-30. Catalase (220 bp): Forward 50-
agcagtggaaggagcagc-30, reverse 50-tcaaagtatccaaaagcacc-30. Gluta-
thione peroxidase (GPx) (160 bp): Forward 50-cat gaccgaccccaag-
taca-30, reverse 50-gggttgctaggctgcttgga-30. Rat HPRT was used as

housekeeping gene (130 bp): Forward 50- aggccagactttgttggat-30,
reverse 50-gcttttccactttcgctgat-30.
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DETECTION OF INTRACELLULAR ROS ACCUMULATION

Cellular oxidative stress was measured using 5-(and 6-) chlor-

omethyl-20,70-dichlorodihydrofluorescein diacetate, acetyl ester

(CM-H2DCFDA, Sigma). RINm and MIN6 cells were seeded at a

density of 2.0� 105 cells/ml. Two days after seeding cells were

treated with 10mM CM-H2DCFDA for 30min in the dark. Following

treatment, cells were incubated with the appropriate growthmedium

for 15min to recovery. Background fluorescence was determined

using microplate reader set at an excitation wavelength of 485 nm

and an emission wavelength of 520 nm. Finally, cells were treated

with leptin or adiponectin for 40min. Fluorescence was detected,

and for each well the value was corrected for intracellular protein

and background fluorescence.

DETECTION OF INTRACELLULAR H2O2 PRODUCTION

H2O2 generation was detected using Amplex Red reagent (Molecular

Probes). RINm and MIN6 cells were seeded at a density of 2.0�
105 cells/ml. Two days after seeding cells were treated for 40min

with leptin or adiponectin, washed twice with cold PBS, and

scraped in the presence of Sodium-phosphate buffer (0.25M, pH 7.4).

Lysates were centrifuged at 2,500g, at 48C for 10min. H2O2 was

detected immediately using Amplex Red reagent according to the

manufacturer’s instructions.

LIPID PEROXIDATION ANALYSIS

Lipid peroxidation was quantified using the thiobarbituric acid

reactive substance (TBARS) assay. RINm and MIN6 cells were seeded

at a density of 2.0� 105 cells/ml. Two days after seeding cells were

treated for additional 24 h with leptin, adiponectin, or with H2O2

(70mM) as a positive control. Cells (adherent and detached cells)

were collected in cold PBS and centrifuged at 3,000 rpm for 10min.

The pellet was resuspended and lysed in Sodium-phosphate buffer

(0.25M, pH 7.4). Lysates were centrifuged at 14,000 rpm, at 48C for

10min, and supernatant was collected. Two hundred microliter of

cell lysates, 200ml of SDS 8.1%, 1.5ml of acetic acid (20%) pH 3.5,

1.5ml TBA 1%, and 1ml water were added in this order to a tube. The

mixture was vortexed, and the reaction was carried out in a boiling

water bath for 1 h. The mixture was allowed to cool, and centrifuged

at 3,000 rpm for 15min. ODwas measured spectrophotometrically at

532 nm by a Tecan Infinite F200 microplate reader (Tecan, Salzburg,

Austria). Values were calculated as nmolMDA/mg protein according

to a calibration curve of 1,1,3,3-tetraethoxypropane.

MEASUREMENT OF ANTIOXIDANT ENZYMES ACTIVITY

RINm cells were cultured at a concentration of 3� 105 cells/ml.

After 72 h, cells were treated with leptin or adiponectin with or

without the addition of H2O2 for 40min. Activity of antioxidant

enzymes was measured in cell lysates. GPx activity was measured

using GPx assay kit, SOD activity was measured using SOD Assay kit

and Catalase activity was measured using Catalase assay kit (all

purchased from Cayman chemical) according to manufacturer’s

instructions.

INDUCTION AND DETECTION OF APOPTOSIS

RINm cells were seeded at a concentration of 3� 105 cells/ml.

Apoptosis was induced by the different stimuli 48 h after seeding in

serum-free medium, containing 0.5% BSA. Apoptosis was induced

either by H2O2 (70mM), palmitic acid (250mM, as described by

Rakatzi et al. [2004], or by cytokine mix. Cytokine mix was

composed of: IL-1ß (50U/ml); rat IFNg (100U/ml); rat TNFa

(1,000U/ml), (All were purchased from Peprotech). In both cases,

cells were treated with or without the addition of leptin or

adiponectin.

Apoptosis was detected by measuring DNA fragmentation and

caspase-3 activity. DNA fragmentation was determined by

measuring mono- and oligonucleosomes in the cytoplasmic fraction

of cell lysates using a cell death detection ELISA kit (Roche),

according to the manufacturer‘s instructions. Caspase-3 activity was

measured using a caspase-3 colorimetric assay kit (MBL) according

to the manufacturer’s instructions. Results were normalized to

protein concentration in each well, which was measured using

Bradford reagent.

STATISTICAL ANALYSIS

Values are presented as means� SEM. Statistical differences

between the treatments and controls were tested by unpaired

two-tailed Student’s t-test or one-way analysis of variance

(ANOVA), followed by Bonferroni’s posthoc testing, when appro-

priate. Analysis was performed using the GraphPad Prism 5.0

software. A difference of P< 0.05 or less in the mean values was

considered statistically significant.

RESULTS

H2O2 AT LOW CONCENTRATION INCREASES PANCREATIC

BETA-CELL’S VIABILITY

Dose-dependent curves of effects of H2O2 and NAC on the viability

of RINm pancreatic beta-cells are shown in Figure 1. High

concentrations of both H2O2 (70mM) and NAC (10mM) were found

to reduce beta-cell viability (viability of 22 and 58% respectively,

compared to control). These results indicate that disturbance of the

redox balance, either to the oxidative or to the reductive state may

be harmful. However, whereas low concentrations of NAC did not

affect cell viability, a low concentration of H2O2 (4mM) was not only

non-toxic, it actually increased the viability compared to control

untreated cells. Treatment of cells with the damaging concentration

of H2O2 (70mM) combined with different concentrations of NAC

(0.15–10mM), neutralized the oxidative effect of H2O2 and reduced

cell mortality. Combined treatment of H2O2 with 5mM NAC

even increased the viability of cells compared to controls. However,

over-neutralization of H2O2, as observed following treatment with

higher concentration of NAC (10mM) abrogated this effect,

indicating that there is an optimal redox balance that favors

cell proliferation (Fig. 1C). In another series of experiments, cells

were treated with 10mM NAC, combined with different concentra-

tions of H2O2 (Fig. 1D). An increase in viability compared to control

was detected in cells treated with 10mM NAC and H2O2 at 17.5

and 35mM. This effect was not obtained in cells treated with 10mM

NAC combined with higher (70mM) or lower (2–8mM) H2O2

concentrations.
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LEPTIN AND ADIPONECTIN INDUCE ROS GENERATION

Studies on the role of leptin and adiponectin in regulation of redox

state in pancreatic beta-cells have not been reported. Accordingly,

we next examined effects of these adipokines on ROS generation

in the RINm and MIN6 cell lines. Dose response curves of ROS

accumulation by adiponectin and leptin in RINm cells are presented

in Figure 2A and B, respectively. On the base of these results, 10 nM

adiponectin and 10 ng/ml of leptin were used for subsequent

experiments. As shown in Figure 2C, both adipokines increased ROS

generation in RINm and MIN6 cell line, the effect of adiponectin

being considerably stronger than that of leptin. Thus, leptin

increased ROS generation by 347% (P< 0.0005) in MIN6 cells and

by 186% (P< 0.005) in RINm cells, whereas adiponectin increased

ROS production by 841% (P< 0.0005) in MIN6 cells and by 411%

(P< 0.0005) in RINm cells. This ROS accumulation was much lower

than that which resulted from addition of H2O2 (1,297 and 4,029% in

RINm and MIN6, respectively compared to control; data not shown).

Pretreatment with the antioxidant NAC blocked ROS generation

induced by the adipokines and H2O2 in both RINm (Fig. 2D) and

MIN6 cells (data not shown). H2O2 levels (measured specifically by

the Amplex red reagents) were increased following adiponectin

treatment by 144 and 156%, respectively in RINm and MIN6

compared to control (Fig. 2E). The magnitude of the effect of

adiponectin was much lower as determined by H2O2 levels

specifically compared to total ROS levels. In addition, the increase

in H2O2 in RINm cells following treatment with leptin was not

statistically significant. These findings indicate that there are other

ROS in addition to H2O2 generated by beta-cells in response to leptin

and adiponectin. The possibility that the increase in oxidation of

DCFDA may be attributed to an increase in reactive nitrogen species

(RNS) appears to be negated by experiments in which we failed to

observe an increase in RNS following treatment with leptin or

adiponectin (RNS were measured using the Griess reaction, data not

shown). The adipokines-induced increase in intracellular ROS was

not followed by lipid peroxidation, a marker of oxidative cell

damage (Fig. 2F), as was measured by the TBARS assay using RINm

cells, indicating that the increase in ROS concentration does not

reach pathological levels.

LEPTIN AND ADIPONECTIN REGULATE mRNA EXPRESSION AND

ACTIVITY OF ANTIOXIDANT ENZYMES

In order to further examine the effects of leptin and adiponectin on

the oxidative state of pancreatic beta-cells, we measured the activity

and mRNA level of several major antioxidant enzymes in RINm cells

(Fig. 3). SOD is an enzyme which converts the high-reactive

radical O2\cdot� to the less reactive radical H2O2. There are three

isoforms of SOD: SOD1 is cytoplasmic, SOD2 is mitochondrial, and

SOD3 is extracellular. In preliminary experiments, we found that

SOD1 mRNA expression in beta-cells is 14.5 times higher than the

expression of SOD2, and 2,732 times higher than that of SOD3,

which was barely detected (data not shown). Accordingly we studied

the effect of leptin and adiponectin on the expression of SOD1 and

SOD2 but not SOD3.

As shown in Figure 3A, total activity (cytosolic and mitochon-

drial) of SOD was inhibited by H2O2 and adiponectin. Combined

treatment of H2O2 and adiponectin had a greater inhibitory effect on

Fig. 1. H2O2 at low concentration increases and in high concentration decreases viability of pancreatic beta-cells. RINm cells were plated at a density of 105 cells/ml.

Twenty four hours after plating cells were treated with (A) different concentrations of H2O2, (B) NAC, (C) combination of H2O2 (70mM) and different concentrations

of NAC (0.15–10mM), or (D) combination of NAC (10mM) and different concentrations of H2O2 (2–70mM) for 24 h. Viability was measured 24 h after treatment using

the XTT method, as described in Materials and Methods section. Each point represents the mean� SEM of five independent experiments. �P< 0.05, ��P< 0.005 by one-way

ANOVA.
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SOD activity than adiponectin alone. mRNA levels of SOD1 but not

of SOD2 were also reduced by adiponectin (Fig. 3D,E). Thus,

adiponectin i-nhibited both activity and mRNA expression of

SOD1. Although H2O2 is less reactive than O2\cdot�, excess

intracellular H2O2 can attack molecules and induce oxidative

damage as well. Thus, H2O2 is neutralized by the activity of catalase,

which catalyses the reaction in which H2O2 is converted

to H2O and O2, or by the activity of GPx, which couples the

reduction of H2O2 to the oxidation of glutathione. As shown in

Figure 3B,C, Catalase and GPx activities were not affected by either

adiponectin or H2O2, but were increased following combined

treatment of these agents. In addition, mRNA expression of GPx

was increased by adiponectin (Fig. 3F). However, in spite of the

stimulatory effect of adiponectin on catalase activity in the presence

of H2O2, mRNA expression of catalase was reduced by adiponectin

(Fig. 3G). These results indicate that under acute oxidative stress,

adiponectin modifies the activity of the defensive antioxidant

enzymes to a state of reduced production and increased disposal

of H2O2.

In contrast, whereas leptin by itself did not affect SOD activity, it

blocked the H2O2-dependent reduction in the activity of SOD (Fig.

3A) and reduced SOD1 mRNA (Fig. 3D). Catalase activity and its

mRNA expression were not affected by leptin (Fig. 3B,F). Contrary

to this, leptin decreased the activity of GPx in the presence of

H2O2 and increased GPx mRNA expression (Fig. 3 C, G). Thus,

interestingly, under acute oxidative stress, leptin increases the

production and inhibits the disposal of H2O2 by modifying SOD and

GPx activity.

Fig. 2. Leptin and adiponectin induce ROS generation by pancreatic beta cells. RINm and MIN6 cells were plated at a density of 105 cells/ml. Twenty four hours after plating,

cells were treated with leptin (1–100 ng/ml) or adiponectin (1–100 nM) for 40min. ROS generation was measured as described in Material and Methods section. A, B: Dose

response curves of ROS generation in RINm cells by adiponectin (A) and leptin (B). C: Leptin and adiponectin increase total ROS in RINm and MIN6 cell lines. Cells were treated

with leptin (10 ng/ml) or adiponectin (10 nM) for 40min. ROS generation was measured as described. D: NAC abrogates ROS generation in RINm cells. Cells were treated or not

with NAC (10mM) for 20min before the addition of adipokines. E: Leptin and adiponectin increase H2O2 production. RINm and MIN6 cells were plated at a density of 105 cells/

ml and treated as in Figure 2C. H2O2 was detected using Amplex red reagent, as described in Material and Methods section. F: Lipid peroxidation is not increased following

treatment with leptin and adiponectin. RINm cells were plated at a density of 105 cells/ml. Twenty four hours after plating, cells were treated with leptin (10 ng/ml), adiponectin

(10 nM), or H2O2 (70mM) for 24 h. TBARS were measured as described in Material and Methods section. In all graphs, results are mean� SEM of five independent experiments.

(��P< 0.005, ���P< 0.0005 compared to untreated cells, ###P< 0.0005 compared to the appropriate treatment without NAC, by ANOVA.)
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IDENTIFICATION OF SIGNALING MOLECULES MEDIATING ROS

PRODUCTION INDUCED BY LEPTIN AND ADIPONECTIN

In order to identify signaling pathways that might mediate ROS

generation induced by leptin and adiponectin, we first treated MIN6

cells with specific inhibitors of AMP kinase (AMPK), phosphatidyl

inositol 3 kinase (PI3K), or NADPH oxidase (Nox), and followed ROS

generation in response to the adipokines. Adiponectin, but not leptin

is known to activate AMPK in pancreatic beta-cells [Huypens et al.,

2005]. Inhibition of AMPK did not alter leptin- or adiponectin-

dependent ROS generation (Fig. 4A). In contrast, leptin, but not

adiponectin, is known to activate PI3K in various cell types [Maroni

et al., 2005; Perez-Perez et al., 2010; Uddin et al., 2010]. However,

inhibition of PI3K not only did not block ROS generation, it actually

increased basal and leptin-induced ROS production (Fig. 4B),

indicating that PI3K activates signaling pathways that reduce ROS

levels. Adiponectin-dependent ROS production was not affected by

blockade of PI3K.

DPI is a widely used inhibitor of the Nox family of proteins

[Li et al., 2010; Zhuang et al., 2010; Syed et al., 2011]). Inhibition

of Nox using DPI blocked both leptin and adiponectin-dependent

ROS production (Fig. 4C), indicating that Nox activity is crucial for

adipokines-dependent ROS generation.

LEPTIN AND ADIPONECTIN INCREASE PANCREATIC

BETA-CELL VIABILITY

The results so far show that leptin and adiponectin increased ROS

levels in pancreatic beta-cells by a Nox-dependent mechanism. In

order to clarify the physiological relevance of ROS production, we

investigated the effects of leptin and adiponectin-induced ROS

on beta-cell viability. As shown in Figure 5A, both leptin and

adiponectin increased viability of RINm and MIN6 cells. The effects

of these adipokines on viability of MIN6 cells was also validated by

an additional assay which showed similar results, as is presented in

Figure 5B. (CellTiter Cell Proliferation Assay, Promega). This effect

Fig. 3. Leptin and adiponectin regulate activity and mRNA expression of antioxidant enzymes. RINm cells were plated at a density of 105 cells/ml and 24 h after plating treated

for 40min with leptin (10 ng/ml,) or adiponectin (10 nM) in the presence or absence of H2O2 (70mM). Activities of SOD (A), catalase (B), and GPx (C) were measured as

described in Materials and Methods section. Cells were treated for 5 h with leptin (10 ng/ml) or adiponectin(10 nM). mRNA expression of SOD1 (D) SOD2 (E) GPx (F) and

catalase (G), was measured by real-time PCR. Results were normalized to the expression of housekeeping gene, HPRT. Results are mean� SEM of three independent experiments.
�P< 0.05, ��P< 0.005 compared to untreated cells by Student’s t-test.
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was blocked by either NAC (Fig. 5C) or PEG-catalase (Fig. 5D), thus

indicating that ROS are required for the molecular pathways leading

to increased viability.

LEPTIN AND ADIPONECTIN DO NOT PROTECT BETA-CELLS AGAINST

APOPTOTIC STIMULI

Although insulin resistance is the primary defect leading to the

development of type 2 diabetes, the clinical symptoms of diabetes

result from alteration in beta-cell function and apoptosis leading to

reduced beta-cell mass. Several triggers for the induction of

apoptosis in beta-cells have been suggested, including lipotoxicity,

increased ROS and elevated inflammatory cytokines [Cnop et al.,

2005]. The ability of leptin and adiponectin to activate anti-

apoptotic pathways in beta-cells is unclear. As shown in

Figure 6A, we found that leptin and adiponectin had no protective

function against palmitic acid-, cytokine-, or ROS-induced RINm

cell death. In addition, in order to clarify whether the increased

viability observed following treatment with adipokines (Fig. 5A) was

due to increased proliferation rather than to inhibition of apoptosis,

we measured caspase-3 activity and DNA fragmentation in cells

treated with leptin and adiponectin compared to untreated cells. As

shown in Figure 6B,C, neither leptin nor adiponectin reduced

apoptosis as determined by either DNA fragmentation or caspase-3

activity. This indicates that the adipokine-induced increase in

viability resulted from induction of proliferation.

OXIDATIVE STATE REGULATES INSULIN SECRETION IN BETA-CELLS

In order to study the effects of redox potential on insulin secretion

we treated MIN6 cells for 1 h with leptin, adiponectin, NAC, or two

concentrations of H2O2- 70 and 4mM, which were found to have

opposite effects on beta-cell viability (Fig. 7A). Whereas adiponectin

did not affect either basal or glucose stimulated insulin secretion

(GSIS), leptin inhibited GSIS. Disturbance of the redox state either

to the oxidative (70mM H2O2) or to the reductive state (NAC)

inhibited GSIS. NAC reduced basal insulin secretion as well. In

contrast, 4mM H2O2 increased GSIS. Preproinsulin mRNA expres-

sion was not affected by any of these treatments (Fig. 7B).

DISCUSSION

In our initial experiments, we found that, whereas high concentra-

tions of H2O2 induced beta-cell death, low concentrations of this

radical increased the viability of these cells. In apparent contradic-

tion to these results, we observed that a high concentration of the

antioxidant NAC also inhibited beta-cell growth. These results thus

suggest that disturbance in the redox balance either to oxidative or

reductive state, rather than H2O2 itself, may alter beta-cell viability

and growth. Indeed, the effect of low H2O2 but not NAC to increase

beta-cell viability indicates that a moderate oxidative state may

selectively favor proliferation. Among the different ROS, H2O2 is

the likeliest candidate to act as a second messenger, and has

been reported to be involved in physiological signal transduction

pathways of several growth factors [Valko et al., 2007; Forman et al.,

2010]. Induction of cell proliferation correlates with a transient

increase of H2O2. H2O2 regulates signaling pathways by oxidation of

cysteinyl thiol, formation of disulfide bonds, and induction of

glutathionylation of cysteine residues in target molecules [Forman

et al., 2010].

We further found that both leptin and adiponectin increase

intracellular ROS levels in pancreatic beta-cells, as measured both

by the oxidation of DCFH-DA to DCF, reflecting total intracellular

ROS levels, and by the specific levels of H2O2. Whereas leptin and

adiponectin each increased total ROS by several folds, only

Fig. 4. ROS generation induced by leptin and adiponectin depends on Nox

activity. MIN6 cells were plated at a density of 105 cells/ml. Twenty four hours

after plating cells were treated with leptin (10 ng/ml) or adiponectin (10 nM)

in the presence or absence of (A) compound C (5mM for 30min), (B) LY294002

(20mM for 40min), or (C) diphenylene-iodonium (DPI- 0.5mM for 40min).

ROS generation was measured as described in Material and Methods section.

Results are mean� SEM of five independent experiments. �P< 0.05,
���P< 0.0005 compared to untreated cells by ANOVA.
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adiponectin increased H2O2 levels, but to a lower magnitude than its

effect on total ROS. These results indicate that while H2O2 at low

concentrations increases proliferation, there are other ROS, such

as O2\cdot�, which are generated by leptin and adiponectin and

likely participate in the pro-proliferative effect of leptin and

adiponectin as well. Leptin and adiponectin may increase ROS to

levels that can regulate signaling pathways, but do not reach the

damaging levels associated with oxidative stress, as treatment

with physiological concentrations of these adipokines was not

accompanied by increased apoptosis or lipid peroxidation products.

Using specific blockers of Nox, AMPK, and PI3K, we found that

both leptin- and adiponectin-induced increases in ROS levels were

dependent on Nox activity. Nox proteins are membrane-situated

enzymes that catalyze the reduction of oxygen to the production

of O2\cdot� using NADPH as an electron donor. Historically, Nox

proteins are known to be the source of oxidative burst for phagocyte

action. However, it has become clear that Nox enzymes and the

subsequently generated ROS, are important contributors to many

other signaling pathways in various cell types, including pancreatic

beta cells [Newsholme et al., 2009], and are essential for normal cell

physiology [Brown and Griendling, 2009]. Thus, the involvement of

Nox in adipokine-dependent ROS generation strengthens the

assumption that adipokine-induced ROS serve as secondmessengers

for regulation of signaling pathways rather than being byproducts

of metabolic pathways. In addition, the inhibitory effect of the Nox

inhibitor on ROS production indicates that O2\cdot�, the product of

Nox activity is one of the major ROS produced by leptin and

adiponectin. In contrast, AMPK, which is a main signaling molecule

mediating adiponectin activity, appears not to be involved in ROS

generation. It was reported that leptin action in beta-cells is PI3K,

but not AMPK-dependent [Leclerc et al., 2004; Ning et al., 2006]. We

found, however, that blockade of PI3K not only did not abrogate

leptin-induced increase in ROS, but it even slightly increased it. This

indicates that leptin may activate a second antagonistic pathway,

mediated by PI3K, which could reduce ROS levels. This pathway

could be activated by leptin, but not adiponectin, and may be the

reason for the higher increase in ROS levels following adiponectin

compared to leptin treatment. This possibility is currently being

studied.

The involvement of ROS in beta-cell physiology, in contrast to

pathophysiology, has hardly been studied. An indication as to the

importance of maintaining ROS in beta-cells may be found in a

study showing early onset of type 1 diabetes in mice overexpressing

catalase [Li et al., 2006]. Thus, it is possible that the failure of

antioxidant supplementations to improve glucose tolerance (as well

as other health outcomes) in intervention studies may result from

excessive antioxidant intake leading to an unregulated redox state.

Regulation of intracellular ROS levels is attributed also to the

activity of the cellular antioxidant system which is responsible for

the clearance of ROS. We found that adiponectin, which increased

Fig. 5. Leptin and adiponectin increase viability of pancreatic beta-cells. RINm and MIN6 cells were plated at a density of 105 cells/ml and (A,B) treated with leptin (10 ng/ml)

or adiponectin (10 nM) 24 h after plating. NAC and PEG-catalase abrogate leptin- and adiponectin-induced increase in beta-cell viability. C,D: 24 h after plating RINm cells

were treated with leptin (10 ng/ml) or adiponectin (10 nM) in the presence or absence of 10mM NAC (C) or 50 U/ml PEG-catalase (D). Beta-cell viability was measured 24 h

after leptin or adiponectin treatment using the XTT (A, C and D) or CTB (B) reagents as described in Material and Methods section. Results are mean� SEM of five independent

experiments. �P< 0.05, ��P< 0.005 compared to untreated cells, #P< 0.05, ##P< 0.005 compared to the appropriate treatment without NAC, by ANOVA.
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ROS level, decreased SOD activity and increased catalase and GPx

activities in the presence of damaging levels of H2O2. Thus, we

suggest that adiponectin couples increased ROS generation to

activation of the antioxidant enzyme system in order to prevent

accumulation of cellular ROS, which may lead to cytotoxic effects.

This idea is supported by our results showing that the increased ROS

levels induced by adiponectin were not followed by increased

apoptosis. In addition, it was suggested [Savini et al., 2003] that

adiponectin activates antioxidant enzymes in a way that increases

the tolerance of cells to oxidative stress. Our results, however, do not

support these findings, as we found that neither adiponectin nor

leptin protected beta-cells against oxidative stress, even when given

24 h before its induction (data not shown). Thus, the physiological

relevance of leptin and adiponectin-dependent regulation of

antioxidant enzymes needs to be better clarified.

While the anti-atherogenic and anti-inflammatory properties of

adiponectin are well documented, the physiological effects of

adiponectin on pancreatic beta-cell function are poorly understood.

Adiponectin has been reported to augment [Gu et al., 2006], decrease

[Winzell et al., 2004] or, as supported by our results, not to be

Fig. 7. Oxidative state affects insulin secretion in beta-cells. A: Glucose-

Induced Insulin Secretion. MIN6 pancreatic beta-cells were grown as described

and treated for 1 h with leptin (10 ng/ml), adiponectin (10 nM), H2O2 at low

(4mM) or high (70mM) dose, or NAC (10mM). Supernatant was collected at

the basal state from nonstimulated cells and after glucose induction of insulin

secretion. The induction of insulin secretion and measurement of insulin

secretion were performed as described in the Materials and Methods section.

Results are mean� SEM of three independent experiments (#P< 0.05 com-

pared to basal insulin secretion in untreated cells, �P< 0.05, ��P< 0.005

compared to glucose-induced insulin secretion in untreated cells. B: Preproin-

sulin mRNA expression. The change in expression was measured by real-time

PCR following 5 h of treatment with 10 ng/ml leptin, 10 nM adiponectin, H2O2

at low (4mM) or high (70mM) dose, or 10mM NAC. Results were normalized

to the expression of HPRT (housekeeping gene). Results are mean� SEM of

three independent experiments.

Fig. 6. Apoptosis is not affected by leptin and adiponectin. RINm cells were

plated at a density of 3� 105 cells/ml. A: Cell viability in response to cytokine

mix or palmitic acid. Twenty four hours after plating cells were treated with

leptin (10 ng/ml) or adiponectin (10 nM) in the presence or absence of palmitic

acid (250mM), cytokine mix or H2O2 (70mM). Beta-cell viability was measured

as described in Material and Methods section. B: Leptin and adiponectin do not

alter DNA fragmentation. Twenty four hours after plating cells were treated as

in (A). DNA fragmentation was measured 24 h later using ELISA cell death

detection kit (Roche). C: Leptin and adiponectin do not alter caspase-3 activity.

Activity was measured using Caspase-3 colorimetric assay (MBL). Results

are mean� SEM of five independent experiments. �P< 0.05, ��P< 0.005

compared to untreated cells by Student’s t-test.
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involved [Staiger et al., 2005a] in insulin secretion. In addition,

the ability of adiponectin to protect beta-cells against apoptotic

stimuli is also controversial [Staiger et al., 2005; Lin et al., 2009].

We confirmed that apoptosis induced by palmitic-acid, H2O2 and

cytokines is not abrogated by adiponectin. On the other hand,

we showed in two different cell-lines that adiponectin increased

pancreatic beta-cell viability. These results are in accord with two

recently published studies reporting increased viability of MIN6 and

mouse islets [Brown et al., 2010; Wijesekara et al., 2010] following

adiponectin treatment.

We also showed that leptin has effects similar to adiponectin on

beta-cell viability, as has been shown in other studies [Tanabe et al.,

1997; Okuya et al., 2001]. The findings that caspase-3 activity and

DNA fragmentation were not inhibited by leptin and adiponectin are

consistent with those showing that leptin and adiponectin increased

viability via induction of proliferation rather than inhibition of

apoptotic pathways. We found that the induction of proliferation by

leptin and adiponectin depends on the existence of low levels of

ROS, as treatment with NAC and PEG-catalase abrogated the effect

of leptin and adiponectin on beta-cell viability. The possibility that

antioxidant supplementationmay affect beta-cell mass and interfere

with leptin and adiponectin function in-vivo remains to be clarified.

Insulin secretion is affected as well by alteration of the redox

potential in cells [Robertson, 2006]. In this regard, we found that a

short exposure to either H2O2 or NAC, at a concentration that alters

cell viability, inhibited insulin secretion. Oxidative stress is known

to interrupt insulin secretion secondary to oxidative cell damage as

well as by activation of several stress-sensitive signaling pathways

[Hou et al., 2008]. Similarly, NAC, a known scavenger of ROS,

inhibited basal insulin secretion and completely blocked GSIS. Thus,

by completely eliminating cellular ROS, insulin secretion is

depressed. In accord with that, we found that a low concentration

of H2O2 slightly increased insulin secretion in RINm cells, as was

also shown in INS-1 cells [Pi et al., 2007] indicating that ‘non-

damaging’ levels of ROS may be required for the propagation of the

pathways leading to insulin secretion. Whereas the effect of leptin

and adiponectin on beta-cell viability is ROS-dependent, we assume

that leptin regulation of insulin secretion occurs by a ROS-

independent mechanism. Thus, we found that while low concentra-

tion of H2O2 increases insulin secretion, the ROS-independent

mechanism activated by leptin inhibits the ROS-dependent

induction of GSIS, presumably due to moderate ROS production

by leptin. Even though adiponectin increases ROS generation, this

adipokine has no effect on insulin secretion, as shown in several

other studies. The difference between the effect of H2O2 and the

adipokines on insulin secretion may also indicate that leptin and

adiponectin increase ROS other than H2O2.

In summary, the results of this study show that leptin and

adiponectin have positive effects on beta-cell viability. Moreover,

the findings demonstrate the importance of maintaining well-

regulated redox balance for the induction of beta-cell proliferation.

REFERENCES

Auten RL, Davis JM. 2009. Oxygen toxicity and reactive oxygen species: The
devil is in the details. Pediatr Res 66:121–127.

Balasubramaniyan V, Shukla R, Murugaiyan G, Bhonde RR, Nalini N.
2007. Mouse recombinant leptin protects human hepatoma HepG2 against
apoptosis, TNF-alpha response and oxidative stress induced by the hepato-
toxin-ethanol. Biochim Biophys Acta 1770:1136–1144.

Bashan N, Kovsan J, Kachko I, Ovadia H, Rudich A. 2009. Positive and
negative regulation of insulin signaling by reactive oxygen and nitrogen
species. Physiol Rev 89:27–71.

Brown DI, Griendling KK. 2009. Nox proteins in signal transduction.
Free Radic Biol Med 47:1239–1253.

Brown JE, Conner AC, Digby JE, Ward KL, Ramanjaneya M, Randeva
HS, Dunmore SJ. 2010. Regulation of beta-cell viability and gene
expression by distinct agonist fragments of adiponectin. Peptides 31:944–
949.

Cnop M, Welsh N, Jonas JC, Jorns A, Lenzen S, Eizirik DL. 2005. Mechanisms
of pancreatic beta-cell death in type 1 and type 2 diabetes: Many differences,
few similarities. Diabetes 54(Suppl 2):S97–S107.

Covey SD, Wideman RD, McDonald C, Unniappan S, Huynh F, Asadi A,
Speck M, Webber T, Chua SC, Kieffer TJ. 2006. The pancreatic beta cell is a
key site for mediating the effects of leptin on glucose homeostasis. Cell Metab
4:291–302.

Droge W. 2002. Free radicals in the physiological control of cell function.
Physiol Rev 82:47–95.

Evans JL, Maddux BA, Goldfine ID. 2005. The molecular basis for oxidative
stress-induced insulin resistance. Antioxid Redox Signal 7:1040–1052.

Forman HJ, Maiorino M, Ursini F. 2010. Signaling functions of reactive
oxygen species. Biochemistry 49:835–842.

Fridlyand LE, Philipson LH. 2005. Oxidative reactive species in cell injury:
Mechanisms in diabetes mellitus and therapeutic approaches. Ann NY Acad
Sci 1066:136–151.

Fukushima J, Kamada Y, Matsumoto H, Yoshida Y, Ezaki H, Takemura T, Saji
Y, Igura T, Tsutsui S, Kihara S, Funahashi T, Shimomura I, Tamura S, Kiso S,
Hayashi N. 2009. Adiponectin prevents progression of steatohepatitis in mice
by regulating oxidative stress and Kupffer cell phenotype polarization.
Hepatol Res 39:724–738.

Giorgio M, Trinei M, Migliaccio E, Pelicci PG. 2007. Hydrogen peroxide: A
metabolic by-product or a common mediator of ageing signals? Nat Rev Mol
Cell Biol 8:722–728.

Goldstein BJ, Mahadev K, Wu X. 2005. Redox paradox: Insulin action is
facilitated by insulin-stimulated reactive oxygen species with multiple
potential signaling targets. Diabetes 54:311–321.

GuW, Li X, Liu C, Yang J, Ye L, Tang J, Gu Y, Yang Y, Hong J, Zhang Y, Chen
M, Ning G. 2006. Globular adiponectin augments insulin secretion from
pancreatic islet beta cells at high glucose concentrations. Endocrine 30:217–
221.

Hou N, Torii S, Saito N, Hosaka M, Takeuchi T. 2008. Reactive oxygen
species-mediated pancreatic beta-cell death is regulated by interactions
between stress-activated protein kinases, p38 and c-Jun N-terminal kinase,
and mitogen-activated protein kinase phosphatases. Endocrinology 149:
1654–1665.

Huypens P, Moens K, Heimberg H, Ling Z, Pipeleers D, Van de Casteele M.
2005. Adiponectin-mediated stimulation of AMP-activated protein kinase
(AMPK) in pancreatic beta cells. Life Sci 77:1273–1282.

Leclerc I, WoltersdorfWW, da SX, Rowe RL, Cross SE, Korbutt GS, Rajotte RV,
Smith R, Rutter GA. 2004. Metformin, but not leptin, regulates AMP-
activated protein kinase in pancreatic islets: Impact on glucose-stimulated
insulin secretion. Am J Physiol Endocrinol Metab 286:E1023–E1031.

Lenzen S. 2008. Oxidative stress: The vulnerable beta-cell. Biochem Soc
Trans 36:343–347.

Li J, Wang JJ, Yu Q, Chen K, Mahadev K, Zhang SX. 2010. Inhibition of
reactive oxygen species by Lovastatin downregulates vascular endothelial
growth factor expression and ameliorates blood-retinal barrier breakdown in
db/db mice: Role of NADPH oxidase 4. Diabetes 59:1528–1538.

JOURNAL OF CELLULAR BIOCHEMISTRY ADIPOKINES AND REDOX STATE IN BETA-CELLS 1975



Li X, Chen H, Epstein PN. 2006. Metallothionein and catalase sensitize to
diabetes in nonobese diabetic mice: Reactive oxygen species may have a
protective role in pancreatic beta-cells. Diabetes 55:1592–1604.

Lin P, Chen L, Li D, Liu J, Yang N, Sun Y, Xu Y, Fu Y, Hou X. 2009.
Adiponectin reduces glucotoxicity-induced apoptosis of INS-1 rat insulin-
secreting cells on a microfluidic chip. Tohoku J Exp Med 217:59–65.

Maroni P, Bendinelli P, Piccoletti R. 2005. Intracellular signal transduction
pathways induced by leptin in C2C12 cells. Cell Biol Int 29:542–550.

Newsholme P, Morgan D, Rebelato E, Oliveira-Emilio HC, Procopio J, Curi R,
Carpinelli A. 2009. Insights into the critical role of NADPH oxidase(s) in the
normal and dysregulated pancreatic beta cell. Diabetologia 52:2489–2498.

Ning K, Miller LC, Laidlaw HA, Burgess LA, Perera NM, Downes CP, Leslie NR,
Ashford ML. 2006. A novel leptin signalling pathway via PTEN inhibition in
hypothalamic cell lines and pancreatic beta-cells. EMBO J 25:2377–2387.

Okuya S, Tanabe K, Tanizawa Y, Oka Y. 2001. Leptin increases the viability
of isolated rat pancreatic islets by suppressing apoptosis. Endocrinology
142:4827–4830.

Oral EA, Simha V, Ruiz E, Andewelt A, Premkumar A, Snell P, Wagner AJ,
DePaoli AM, Reitman ML, Taylor SI, Gorden P, Garg A. 2002. Leptin-
replacement therapy for lipodystrophy. N Engl J Med 346:570–578.

Ouedraogo R, Wu X, Xu SQ, Fuchsel L, Motoshima H, Mahadev K, Hough K,
Scalia R, Goldstein BJ. 2006. Adiponectin suppression of high-glucose-
induced reactive oxygen species in vascular endothelial cells: Evidence
for involvement of a cAMP signaling pathway. Diabetes 55:1840–1846.

Paz-Filho G, Esposito K, Hurwitz B, SharmaA, Dong C, Andreev V, Delibasi T,
Erol H, Ayala A, Wong ML, Licinio J. 2008. Changes in insulin sensitivity
during leptin replacement therapy in leptin-deficient patients. Am J Physiol
Endocrinol Metab 295:E1401–E1408.

Perez-Perez A, Gambino Y, Maymo J, Goberna R, Fabiani F, Varone C,
Sanchez-Margalet V. 2010. MAPK and PI3K activities are required for leptin
stimulation of protein synthesis in human trophoblastic cells. Biochem
Biophys Res Commun 396:956–960.

Pi J, Bai Y, Zhang Q, Wong V, Floering LM, Daniel K, Reece JM, Deeney JT,
AndersenME, Corkey BE, Collins S. 2007. Reactive oxygen species as a signal
in glucose-stimulated insulin secretion. Diabetes 56:1783–1791.

Rakatzi I, Mueller H, Ritzeler O, Tennagels N, Eckel J. 2004. Adiponectin
counteracts cytokine- and fatty acid-induced apoptosis in the pancreatic
beta-cell line INS-1. Diabetologia 47:249–258.

Ristow M, Zarse K, Oberbach A, Kloting N, Birringer M, Kiehntopf M,
Stumvoll M, Kahn CR, Bluher M. 2009. Antioxidants prevent health-
promoting effects of physical exercise in humans. Proc Natl Acad Sci
USA 106:8665–8670.

Robertson RP. 2006. Oxidative stress and impaired insulin secretion in type 2
diabetes. Curr Opin Pharmacol 6:615–619.

Sanchez-Pozo C, Rodriguez-Bano J, Dominguez-Castellano A, Muniain MA,
Goberna R, Sanchez-Margalet V. 2003. Leptin stimulates the oxidative burst
in control monocytes but attenuates the oxidative burst in monocytes from
HIV-infected patients. Clin Exp Immunol 134:464–469.

Savini I, Catani MV, Rossi A, Duranti G, Ranalli M, Melino G, Sabatini S,
Avigliano L. 2003. Vitamin C recycling is enhanced in the adaptive response

to leptin-induced oxidative stress in keratinocytes. J Invest Dermatol
121:786–793.

Song Y, Cook NR, Albert CM, Van DM,Manson JE. 2009. Effects of vitamins C
and E and beta-carotene on the risk of type 2 diabetes in women at high risk
of cardiovascular disease: A randomized controlled trial. Am J Clin Nutr
90:429–437.

Staiger K, Stefan N, Staiger H, Brendel MD, Brandhorst D, Bretzel RG,
Machicao F, Kellerer M, Stumvoll M, Fritsche A, Haring HU. 2005. Adipo-
nectin is functionally active in human islets but does not affect insulin
secretory function or beta-cell lipoapoptosis. J Clin Endocrinol Metab
90:6707–6713.

Stefan N, Vozarova B, Funahashi T, Matsuzawa Y, Weyer C, Lindsay RS,
Youngren JF, Havel PJ, Pratley RE, Bogardus C, Tataranni PA. 2002. Plasma
adiponectin concentration is associated with skeletal muscle insulin receptor
tyrosine phosphorylation, and low plasma concentration precedes a decrease
in whole-body insulin sensitivity in humans. Diabetes 51:1884–1888.

Stranges S, Marshall JR, Natarajan R, Donahue RP, Trevisan M, Combs GF,
Cappuccio FP, Ceriello A, Reid ME. 2007. Effects of long-term selenium
supplementation on the incidence of type 2 diabetes: A randomized trial. Ann
Intern Med 147:217–223.

Syed I, Kyathanahalli CN, Kowluru A. 2011. Phagocyte-like NADPH oxidase
generates ROS in INS 832/13 cells and rat islets: Role of protein prenylation.
Am J Physiol Regul Integr Comp Physiol 300:R756–R762.

Tanabe K, Okuya S, Tanizawa Y, Matsutani A, Oka Y. 1997. Leptin induces
proliferation of pancreatic beta cell lineMIN6 through activation ofmitogen-
activated protein kinase. Biochem Biophys Res Commun 241:765–768.

Uddin S, Bu R, Ahmed M, Hussain AR, Ajarim D, Al-Dayel F, Bavi P, Al-
kuraya KS. 2010. Leptin receptor expression and its association with PI3K/
AKT signaling pathway in diffuse large B-cell lymphoma. Leuk Lymphoma
51:1305–1314.

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J. 2007. Free
radicals and antioxidants in normal physiological functions and human
disease. Int J Biochem Cell Biol 39:44–84.

Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa Y, Pratley RE,
Tataranni PA. 2001. Hypoadiponectinemia in obesity and type 2 diabetes:
Close association with insulin resistance and hyperinsulinemia. J Clin Endo-
crinol Metab 86:1930–1935.

Wijesekara N, Krishnamurthy M, Bhattacharjee A, Suhail A, Sweeney G,
Wheeler MB. 2010. Adiponectin induced erk and akt phosphorylation
protects against pancreatic beta cell apoptosis and increases insulin gene
expression and secretion. J Biol Chem. 285:33623–33631.

Winzell MS, Nogueiras R, Dieguez C, Ahren B. 2004. Dual action of
adiponectin on insulin secretion in insulin-resistant mice. Biochem Biophys
Res Commun 321:154–160.

Zadak Z, Hyspler R, Ticha A, Hronek M, Fikrova P, Rathouska J, Hrnciarikova
D, Stetina R. 2009. Antioxidants and vitamins in clinical conditions. Physiol
Res 58(Suppl 1):S13–S17.

Zhuang J, Jiang T, Lu D, Luo Y, Zheng C, Feng J, Yang D, Chen C, Yan X.
2010. NADPH oxidase 4 mediates reactive oxygen species induction of
CD146 dimerization in VEGF signal transduction. Free Radic Biol Med 49:
227–236.

1976 ADIPOKINES AND REDOX STATE IN BETA-CELLS JOURNAL OF CELLULAR BIOCHEMISTRY


