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Abstract Resveratrol is a strong antioxidant that exhibits

blood glucose-lowering effects, which might contribute to its

usefulness in preventing complications associated with diabe-

tes. The present study aimed to investigate resveratrol effects on

catalase (CAT) and glutathione peroxidase (GPx) gene and

protein expression, their phosphorylation states and activities in

rat liver of STZ-induced diabetes. Diabetes increased the levels

of total protein phosphorylation and p-CAT, while mRNA

expression, protein levels, and activity were reduced. Although

diabetes induced transcriptional repression over GPx, it did not

affect the protein levels and activity. When resveratrol was

administered to diabetic rats, an increase in activity was asso-

ciated with an increase in p-GPx levels. Decrease in Sirtuin1

(SIRT1) and nuclear factor erythroid 2-related factor (Nrf2) and

increase in nuclear factor kappa B (NFjB) gene expression in

diabetes were associated with a decrease in CAT and GPx

mRNA expression. A possible compensatory mechanism for

reduced gene expression of antioxidant enzymes is proved to be

nuclear translocation of redox-sensitive Nrf2 and NFjB in

diabetes which is confirmed by the increase in nuclear and

decrease in cytoplasmic protein levels of Nrf2 and NFjB.

Taken together, these findings revealed that an increase in the

oxidized state in diabetes intricately modified the cellular

phosphorylation status and regulation of antioxidant enzymes.

Gene regulation of antioxidant enzymes was accompanied by

nuclear translocation of Nrf2 and NFjB. Resveratrol admin-

istration also activated a coordinated cytoprotective response

against diabetes-induced changes in liver tissues.

Keywords Diabetes � Protein phosphorylation �
Resveratrol � Catalase � Glutathione peroxidase

Abbreviations

CAT Catalase

GPx Glutathione peroxidase

STZ Streptozotocin

p-CAT Phosphorylated catalase

p-GPx Phosphorylated glutathione peroxidase

qRT-PCR Quantitative real-time PCR

SIRT1 Sirtuin1

Nrf2 Nuclear factor erythroid 2-related factor

NFjB Nuclear factor kappa B

ROS Reactive oxygen species

GR Glutathione reductase

GSH Reduced glutathione

PAGE Sodium dodecyl sulfate (SDS)-

polyacrylamide gel electrophoresis

HRP Horseradish peroxidase

PTPs Protein tyrosine phosphatases

TBARS Thiobarbituric acid reactive substances

Introduction

All types of diabetes mellitus are characterized by hyper-

glycemia due to an insufficient or complete lack of insulin

activity. Both a loss of insulin secretion and insulin
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resistance result in diabetes, which cause alterations in

carbohydrate, protein, and lipid metabolism [1]. There is

considerable evidence that hyperglycemia results in the

production of reactive oxygen species (ROS), which

mediate oxidative stress in various tissues and, importantly,

exerts damaging effects on all cellular biomolecules. Cells

regulate the levels of ROS using enzymatic and non-

enzymatic cellular defense mechanisms. Catalase (CAT), a

strong antioxidant enzyme, is a primary defense component

that catalyzes the decomposition of H2O2 to water, a

function that is shared with glutathione peroxidase (GPx).

Trans-resveratrol (3,5,40-trihydroxystilbene), a poly-

phenol, is present as a biologically active substance in

plants. It exhibits a wide range of biological properties, and

its antioxidant properties have been previously demon-

strated in the prevention and treatment of diabetic com-

plications [2, 3]. Several lines of evidence have

demonstrated that resveratrol also exhibits anti-inflamma-

tory, anti-aggregation, and neuroprotective properties [2,

4]. Recently, resveratrol has become increasingly attractive

as a therapeutic agent in the treatment of a variety of

pathologies, including diabetes mellitus [5]. However, the

mechanisms underlying the beneficial effects of resveratrol

have not been completely elucidated, although its antioxi-

dant activity has been demonstrated to protect tissues, such

as the liver, kidney, and brain against a variety of damage

caused by oxidative stress [4, 6–8].

Recent studies have indicated a strong relationship

between redox signaling and steady-state levels of protein

phosphorylation due to reactive oxygen species (particu-

larly H2O2), which might alter the cellular phosphorylation

status, thereby affecting the activities and expression of

antioxidant enzymes [9–11]. Furthermore, the activities or

presence of antioxidant enzymes in cells are strongly reg-

ulated by transcriptional, translational, and post-transla-

tional mechanisms as a consequence of changes in the

cellular redox potential [12].

Nuclear factor erythroid 2-related factor (Nrf2) func-

tions as a key mediator of the redox homeostatic gene

regulatory network, where under conditions of oxidative

and electrophilic stress, the Nrf2 signaling pathway is

activated to enhance the expression of multiple antioxidant

and phase II enzymes, which can restore redox homeosta-

sis. The function of Nrf2 and its downstream target genes

have been shown to be important for protection against

oxidative stress [13]. Depletion of cellular antioxidant

defense mechanisms and the generation of oxygen-free

radicals result in the activation of nuclear factor kappa B

(NFjB) [14], an inducible transcription factor, and thus

promote the expression of NFjB-regulated genes, which

thereby contributes to the further enhancement of proin-

flammatory cytokines and defense against oxidative stress

[15]. This orchestrated regulation of gene expression by

Nrf2 and NFjB is very efficient in increasing cellular

detoxification and antioxidant capacity, indicating an

important role for NFjB-Nrf2-ARE (Antioxidant Response

Elements) pathways as a cellular antioxidant defense sys-

tem. In addition, sirtuins (SIRT1) are a class of NAD?-

dependent deacetylases, which regulate systems that con-

trol the redox environment, thereby counteracting oxidative

damage, which is associated with common diseases of

aging and also contributes to aging itself. It has been pre-

viously proposed that the chemical activation of the SIRT1

gene and/or proteins with several agents, including resve-

ratrol, may have antidiabetic and other beneficial health

effects [16].

Recent studies have demonstrated that transcription of

CAT and GPx may be mediated by redox-sensitive tran-

scription factors, such as Nrf2 and NfjB, which can affect

the fate of redox status in pathophysiological changes [17,

18]. Furthermore, tyrosine phosphorylation at specific

tyrosine residues of CAT and GPx may regulate their

activities and proteolytic degradation [19, 20]. Thus, we

hypothesized that oxidative stress in diabetes is correlated,

at least in part, with the gene expression and protein

phosphorylation of antioxidant enzymes. We examined the

expression and activity levels of hepatic CAT and GPx in

combination with their phosphorylation states in resvera-

trol treated diabetic rats. Moreover, we investigated (1) the

oxidized state of liver tissues associated with diabetes, (2)

total protein phosphorylation levels in conjunction with the

CAT and GPx phosphorylation status, and (3) hepatic

expression of CAT and GPx and their concomitant tran-

scription factors; Nrf2, NFjB and the cellular regulator

SIRT1 in diabetic rats with or without resveratrol.

Materials and methods

Materials

Streptozotocin (STZ), nicotinamide adenine dinucleotide

reduced phosphate (NADPH), and glutathione reductase

(GR) were purchased from Sigma (St. Louis, MO, USA).

Trans-resveratrol was obtained from Molekula (Gilling-

ham, Dorset, UK), Total RNA isolation kits were obtained

from Qaigen (Venlo, Netherlands) and reagents for cDNA

synthesis were obtained from Fermentas (Burlington,

Canada). Real-time PCR SYBR Green I Master Mix was

purchased from Roche (Foster City, CA, USA). Phospho-

protein purification kits were obtained from Santa Cruz

(Santa Cruz, CA, USA). Antibodies were obtained from

Abcam (Cambridge, MA, USA) and Santa Cruz (Santa

Cruz, CA, USA). PVDF membranes were purchased from

Bio-Rad (Hercules, California, USA). All other chemicals

used in this study were of the highest analytical grade
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available, and the buffers were prepared using sterile dis-

tilled water.

Animal procedure and tissue preparation

Experiments were performed on eight-week-old adult male

Wistar rats weighing between 200 and 250 g. All animal

procedures were approved by the Committee for the Ethi-

cal Animal Care (Kobay DHL, 2012/45) according to rules

of the Guide for the Care and Use of Laboratory Animals

as published by the US National Institute of Health (NIH

Publication No: 85/23, revised in 1986). The rats were fed

with a standard diet and were randomly divided into four

groups: (1) non-diabetic control group (n = 12) given only

vehicle (10 % DMSO), (2) non-diabetic control group

(n = 12) given a daily i.p. dose of 20 mg/kg/day resvera-

trol in 10 % DMSO throughout the 4-week period, (3)

diabetic group received STZ (55 mg/kg) dissolved in

0.05 M citrate buffer (pH: 4.5) (n = 12) and vehicle for

each day, and (4) diabetic group treated with resveratrol,

which received a daily i.p. dose of 20-mg/kg/day resvera-

trol (n = 9) throughout the 4-week period, starting from

2 days after STZ administration. After 4 weeks of diabetes,

the rats were fasted overnight and decapitated for the

removal of liver tissues, which were quickly frozen in

liquid nitrogen, and kept at -85 �C for subsequent bio-

chemical analyses.

Tissue homogenization and protein extraction

Homogenates of liver tissues were obtained with the aid of

the Tissue RuptureTM (Qiagen, Venlo, Netherland)

homogenizer using a homogenization solution consisting of

1.15 % (w/v) KCl, 5 mM EDTA, 0.2 mM PMSF, and

0.2 mM DTT in 25 mM phosphate buffer at pH 7.4. Next,

the homogenates were centrifuged at 1.5009g for 10 min

at 4 �C and the supernatants were aliquoted to perform

enzyme assays and other biochemical analysis. Protein

concentrations of the homogenates were determined

according to the Lowry method [21].

Purification of total phosphoproteins

Total phosphoproteins obtained from liver tissues were

separated using phosphoprotein purification affinity col-

umns with commercially available kits (Santa Cruz, CA,

USA) according to the manufacturer’s protocol with some

modifications. Accordingly, 50 mg liver tissues were

homogenized in 300-ll RIPA buffer (15 mM NaCl, 1 %

NP-40, 0.5 % sodium orthovanadate, 0.1 % SDS, 50 mM

Tris pH 8.0), including proteinase and phosphatase inhib-

itor cocktail tablets (1 tablet/10 ml) (Pierce; Brebières,

France). Next, the volume was raised to 1 ml with

2 9 binding and washing buffer, which were supplied in

the kit. The protein concentration was determined using the

Lowry method [21], where 5 mg of total protein was

applied to the equilibrated phosphoprotein purification

columns and incubated at 4 �C for 30 min. Unbound flow-

through containing non-phosphorylated proteins was eluted

and washed from the column. Next, the phosphoprotein

fractions were eluted using successive 1-ml elution with

elution buffer and their protein contents were determined

using the Lowry method [21], which was adapted to

microplate measurements in a total volume of 200 ll. After

isolation, total phosphoproteins were concentrated using

ultrafiltration columns, which were provided in the phos-

phoprotein purification kit.

Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic proteins were extracted and iso-

lated from liver tissues using Thermo Scientific NE-PER�

Nuclear and Cytoplasmic Extraction Kit (Thermo Scien-

tific, Rockford, IL, USA) according to manufacturer’s

protocol. Briefly, liver tissues underwent lysis in cytoplasm

extraction reagent and were centrifuged at 16,0009g for

extraction of the nuclear material. Proteins from the

nuclear material were extracted by the addition of nuclear

extraction reagent to the nuclei and centrifugation at

16,0009g. Nuclear and cytoplasmic extracts were stored at

-85 �C until use.

Sodium dodecyl sulfate (SDS)-polyacrylamide gel

electrophoresis (PAGE) and immunoblot analysis

For the determination of cytosolic CAT, GPx, SIRT1,

NFjB-p65, and Nrf2 protein contents, whole homogenates

containing 50 lg (10 lg for CAT) of proteins were loaded

onto 4 % stacking and 10–12 % separating slab gels and

separated under 200 V constant voltage. Nuclear NFjB

and Nrf2 protein levels were studied from isolated nuclear

fraction and p-CAT and p-GPx levels were studied using

isolated total phosphoprotein fractions instead of whole

homogenates. After SDS-PAGE, proteins were electro-

blotted onto PVDF membranes [22]. Then, blotted mem-

branes were blocked with 5 % (w/v) bovine serum albumin

(BSA) and incubated with CAT (Anti-CAT Rabbit IgG,

Abcam: Cambridge, USA, 1:6.000), GPx (Anti-GPx Rabbit

IgG, Abcam: Cambridge, USA, 1:1.000), SIRT1 (Anti-

SIRT1 Rabbit IgG, Santa Cruz, USA, 1/100), NFjB-p65

(Anti- NFjB-p65 Rabbit IgG, Santa Cruz, USA, 1/100),

Nrf2 (Anti-Nrf2 Rabbit IgG, Santa Cruz, USA, 1/100)

primary antibodies for 2 h. As a cytoplasmic internal

control, glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) proteins were also labeled with anti-GAPDH

Rabbit IgG (Santa Cruz, USA, 1:2.000) and nuclear
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internal standard which is Lamin B (Anti-Lamin B Rabbit

IgG, Santa cruz, USA, 1/250) was used for the normali-

zation of nuclear proteins. Horseradish peroxidase (HRP)-

conjugated secondary antibody (Goat anti-rabbit IgG-HRP

conjugate Abcam: Cambridge, USA, 1:10.000) was incu-

bated for 1 h and the blots were then incubated in Clar-

ityTM Western ECL (Bio-Rad Laboratories, Hercules CA,

USA) substrate solution. Images of the blots were obtained

using the ChemiDocTM MP chemiluminescence detection

system (Bio-Rad Laboratories, Hercules CA, USA)

equipped with a CCD camera. The relative expression of

proteins with respect to the reference proteins was calcu-

lated using the ImageLab4.1 software.

Determination of protein thiols, reduced glutathione

(GSH), lipid peroxidation, and protein carbonyl

contents

Protein thiol groups were estimated using Ellman’s pro-

cedure [23], and reduced GSH determination was per-

formed on the basis of the oxidation of GSH by 5,50-
dithiobis-(2-nitrobenzoic acid) [24]. Lipid peroxidation

was examined using TBARS measurement [25], and the

protein carbonyl contents were determined as described

elsewhere [26].

Determination of enzymatic activities

The CAT activities were determined using a method in

which the rate of H2O2 decomposition was measured at

240 nm [27], and the GPx activities were measured by

following the oxidation of NADPH at 340 nm [28]. The

activities were calculated as U/mg, which reflects the

amount of substrate consumed in 1 min by one mg protein

containing cytosolic fraction.

Determination of CAT, GPx, SIRT1, Nrf2, and NFjB

Gene Expression using Real-Time Quantitative PCR

(qRT-PCR)

Total RNAs were isolated from 50 mg of liver tissue using

the RNeasy total RNA isolation kit (Qiagen, Venlo,

Netherlands) as described according to the manufacturer

protocol. After isolation, the amount and quality of total

RNA were determined using spectrophotometry at

260/280 nm and the Agilent 2100 bioanalyzer (Santa

Clara, USA). cDNA synthesis was performed using 1 lg of

total RNA and oligo(dT)18 primers using the commercial

first strand cDNA synthesis kit (MBI Fermentas, USA).

The mRNA expressions of CAT, GPx, SIRT1, Nrf2, and

NFjB were determined using qRT-PCR by mixing 1 ll

cDNA, 5 ll 2X SYBR Green Mastermix (Roche FastStart

Universal SYBR Green Master Mix), and primer pairs

(Table 1) at 0.5 mM concentrations in a final volume of

10 ll.

Next, qRT-PCR (LightCycler480 II, Roche, Basel,

Switzerland) was performed as follows: initial denatur-

ation at 95 �C for 10 min, denaturation at 95 �C for

10 s, annealing at 58 �C for 15 s, and extension at 72 �C

for 15 s with 45 repeated thermal cycles measuring the

green fluorescence at the end of each extension step. The

PCR reactions were performed in triplicates and the

specificity of PCR products was confirmed using melt

analysis. In addition, negative controls lacking template

were used in all reactions. The relative expression of

genes with respect to the internal control GAPDH was

calculated with the efficiency corrected advance relative

quantification tool provided by the LightCycler� 480 SW

1.5.1 software.

Statistical analysis

The gene and protein expression data were normalized to

the mean of the control groups, which was arbitrarily set to

onefold, and the relative changes were given as fold

changes over control. Other data were presented as the

mean ± standard error of the mean. SPSS 15.0 statistical

software (IBM Corporation, Armonk, NY, USA) was used

to calculate the statistical significance between groups,

which was determined using one-way ANOVA with the

appropriate post-hoc test (Tukey’s Honestly Significant

Difference). A probability of 0.05 was established as the

level of significance in the data analysis and comparisons

between groups.

Table 1 Primer pairs used for

the determination of CAT, GPx,

SIRT1, Nrf2, NFjB gene

expression with respect to

GAPDH in rat liver tissues

Forward primer (50 ? 30) Reverse primer (50 ? 30)

CAT GCGAATGGAGAGGCAGTGTAC GAGTGACGTTGTCTTCATTAGCACTG

GPx CCACCACCGGGTCGGACATAC CTCTCCGCGGTGGCACAGT

SIRT1 CGGTCTGTCAGCATCATCTTCC CGCCTTATCCTCTAGTTCCTGTG

Nrf2 GATTCGTGCACAGCAGCA GCCAGCTGAACTCCTTAGAC

NFjB GGGTCAGAGGCCAATAGAGA CCTAGCTTTCTCTGAACTGCAAA

GAPDH TCCTTGGAGGCCATGTGGGCCAT TGATGACATCAAGAAGGTGGTGAAG
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Results

Resveratrol effect on STZ-induced hyperglycemia

and body weight loss

STZ-treated rats displayed a significant induction in fasting

blood glucose concentration compared to age-matched

controls (Fig. 1a). Resveratrol, which is known to dem-

onstrate insulin-like effects, did not significantly change

the diabetic blood glucose levels. Moreover, STZ-treat-

ment decreased the body weight of the rats (p \ 0.05)

(Fig. 1b). Similarly, resveratrol resulted in a reduction in

body weight since the newly recognized function of res-

veratrol has been found to activate a family of key enzymes

in calorie restriction such as Sir2-family histone deacety-

lases. So resveratrol effectively mimics calorie restriction

in animals [29, 30] and modulates the body weight as in

this study.

Resveratrol effect on oxidative stress markers

in diabetic liver

We found a statistically significant elevation in lipid per-

oxidation and protein carbonyl and reduction in protein

thiols and glutathione levels in diabetic liver (Fig. 2a–d),

suggesting diabetes-promoted oxidative stress. An increase

in the levels of lipid peroxides and protein carbonyls in the

liver tissues of diabetic group of rats suggested increased

oxidative stress. Resveratrol did not significantly alter these

oxidative markers as given to the control rats. Although

there was a slight modification in previously described

biomarkers with resveratrol, except protein carbonyl con-

tents, these levels did not return to normal levels in diabetic

rats.

Total phosphoprotein content

After phosphoprotein purification, the total protein amount

was quantified in the fractions (Fig. 3). Both STZ-treat-

ment and resveratrol application increased the total phos-

phorylation levels above the control group. Resveratrol

administration further enhanced protein phosphorylation in

diabetic rats.

Resveratrol effect on CAT expression, activity,

and phosphorylation levels in diabetic liver

The gene and protein expressions of CAT were measured

in liver tissues, which indicated that a decrease in activity

was associated with a decrease in mRNA and protein

expression with STZ-treatment (Fig. 4a, b). In contrast

with this decrease, p-CAT levels were enhanced (Fig. 4d)

indicating that CAT is over-phosphorylated in diabetes,

which regulates enzymatic activities (Fig. 4c). Even

though application of resveratrol further reduced mRNA

expression in both control and diabetic rats, CAT protein

levels and enzymatic activity were partially recovered as

compared to untreated diabetic group. Resveratrol

enhanced enzymatic activities of CAT while reduced the

phosphorylation over CAT.

Resveratrol effect on GPx expression, activity,

and phosphorylation levels in diabetic liver

Representative western blot images for CAT, p-CAT, GPx,

p-GPx, and internal standard GAPDH bands which were

measured in the groups are provided in Fig. 5a. Except

mRNA expression levels, STZ-treatment did not signifi-

cantly change the GPx and p-GPx levels and its enzymatic

activities. The decrease in gene expression levels of GPx

with diabetes was further enhanced with resveratrol

application (Fig. 5b). Similarly, resveratrol also suppressed

Fig. 1 Effects of diabetes and resveratrol administration on fasting

blood glucose levels (a) and changes in body weight (b) of the

experimental groups. Values were given as the mean ± SEM for all

groups. Asterisk (*) indicates that the means were significantly

different (p \ 0.05) compared to control groups
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the protein expression of GPx when administered to both

control and diabetic animals (Fig. 5c). The enzymatic

activity and p-GPx levels were elevated when resveratrol

was administered to diabetic rats (Fig. 5d, e).This result

indicated that the post-translational phosphorylation of

GPx by resveratrol caused the enzymatic activities to be

elevated in the STZ-treated group.

Diabetes and resveratrol effect on the mRNA

expression levels of SIRT1, Nrf2, and NFjB

qRT-PCR results demonstrated that the gene expression

levels of SIRT1 and Nrf2 were suppressed with diabetes

(Fig. 6a,b). This was in contrast with NFjB expression,

which was significantly enhanced (p \ 0.05) in STZ-treated

rats (Fig. 6c). Application of resveratrol to diabetic group

increased Nrf2 and SIRT1 mRNA levels while, when

applied to the control group, resveratrol had no effect.

Immunoblot analysis of SIRT1, Nrf2, and NFjB

In this study, we also analyzed the protein levels of SIRT1,

Nrf2, and NFjB and their concerted modulation in diabetic

liver. Immunoblot analyses were carried out in both cyto-

plasmic and nuclear fractions of rat liver and representative

blot images are demonstrated in Fig. 7a. Densitometric

analysis revealed that similar with the mRNA expression,

cytoplasmic protein levels of SIRT1 were reduced in dia-

betic liver which was normalized to control values with the

resveratrol administration (Fig. 7b). This result was in

agreement with mRNA expression of the same protein.

Furthermore, cytoplasmic Nrf2 and NFjB protein level

was reduced and nuclear form of these two proteins was

significantly higher in diabetic rats (Fig. 7c–f). Any sig-

nificant effect of resveratrol was observed on protein levels

of Nrf2 and NFjB.

Discussion

Oxidative stress can either be a cause or consequence of

damage to cellular macromolecules, such as lipids, pro-

teins, and nucleic acids in diabetes mellitus [1]. Consistent

with this depiction, we determined the degree of lipid

Fig. 2 Effect of diabetes and

resveratrol on liver lipid

peroxidation (a) protein thiols

(b) protein carbonyl (c) and

reduced glutathione contents.

Asterisk (*) indicates that the

means were significantly

different (p \ 0.05) compared

to control groups. Hash (#)

indicates that the means were

significantly different

(p \ 0.05) compared to diabetic

groups

Fig. 3 Total phosphoprotein concentrations of fractions eluted from

purification columns after 5-mg protein load. Values were given as

the mean ± SEM for all groups. Asterisk (*) indicates that the means

were significantly different (p \ 0.05) compared to control groups.

Hash (#) indicates that the means were significantly different

(p \ 0.05) compared to diabetic groups. Each bar represents at least

four rats
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peroxidation and protein carbonylation levels, which was

enhanced by diabetes. These results indicated the oxidized

state of liver tissues in diabetic rats. Diabetic depletion of

GSH and protein thiols also supports the oxidized state.

Deterioration in glucose homeostasis is thought to be

source of oxidative stress, which results in changes in the

Fig. 4 Effect of diabetes and

resveratrol on CAT mRNA

(a) total CAT protein (b) CAT

enzymatic activity (c) and CAT

phosphorylation levels (d). For

the p-CAT measurement, each

bar represents at least four rats.

Asterisk (*) indicates that the

means were significantly

different (p \ 0.05) compared

to control groups. Hash (#)

indicates that the means were

significantly different

(p \ 0.05) compared to diabetic

groups

Fig. 5 Representative images

for CAT, p-CAT, GPx, and

p-GPx protein expression as

measured using Western

blotting analyses (a). The

intensity of the bands was

quantified using densitometric

analysis and normalized with

corresponding GAPDH. Effect

of diabetes and resveratrol on

GPx mRNA (b) total GPx

protein (c) GPx enzymatic

activity (d) and GPx

phosphorylation levels (e). For

the p-GPx measurement, each

bar represents at least four rats.

Asterisk (*) indicates that the

means were significantly

different (p \ 0.05) compared

to control groups. Hash (#)

indicates that the means were

significantly different (p \ 005)

compared to diabetic groups
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expression of oxidative markers. Although resveratrol is

known to have antioxidative function [31], it partially

normalizes the oxidative state by only alleviating protein

carbonyls to control levels. Furthermore, diabetes-mediated

oxidation of proteins and its recovery following resveratrol

treatment suggests that the antioxidant and free radical

scavenging activity of resveratrol may contribute in

reducing the toxic effects of diabetes [32].

In this study, diabetes amended the intracellular protein

phosphorylation, which may be correlated, at least par-

tially, with oxidative stress. Recent studies have indicated a

strong association between redox signaling and protein

phosphorylation states and demonstrated that sources of

oxidative stress, particularly hydrogen peroxide (H2O2),

may modify cellular phosphorylation, which can manipu-

late the activities and expression levels of antioxidant

enzymes [33]. An increase in intracellular protein phos-

phorylation, as observed in diabetes, might be due to the

reversible oxidation of several protein tyrosine phospha-

tases (PTPs) with oxidative conditions, causing a decrease

in its activities, thereby resulting in an overall amplification

of phosphorylation in these tissues [9, 33]. Furthermore, an

increase in protein phosphorylation levels by resveratrol

may be attributed to an increase in kinase activities by

allosteric modulation [34–36] or to a lesser extent, by its

prooxidant effect, which has been proposed in some studies

[31, 37]. Despite any statistical significance found, the

trend in tissue thiobarbituric acid reactive substances

(TBARS) levels, GSH and protein thiols with resveratrol

may be an indicator of the probable prooxidant activity of

resveratrol in the long term.

Normally, two main antioxidant enzymes, CAT and

GPx, protect cells and tissues from oxidative injury and

regulate redox signaling within cells [38]. The activities or

presence of CAT and GPx in the cells are strongly regu-

lated by transcriptional, translational and post-translational

mechanisms as a consequence of changes in the cellular

redox potential [39, 40]. Previous studies have demon-

strated that CAT and GPx activities are regulated by post-

translational events, such as phosphorylation at specific

tyrosine residues. Moreover, GPx activity is regulated by

phosphorylation at Tyr96 and the post-translational level

modification of CAT occurs at Tyr231 and Tyr385 phos-

phorylation [19, 20]. Phosphorylation of these two

enzymes was shown to be mediated by the redox-sensitive

protein tyrosine kinases, c-Abl and Arg, which form a

heterodimer and become activated via oxidative stress

promoters [41]. Modulation of the activities with phos-

phorylation provides protection against oxidative condi-

tions or induces protein turnover because over-

phosphorylation might mark the proteins for ubiquitination

[19]. Herein we presented evidence that diabetes induced

an increase in CAT phosphorylation and decreased CAT

mRNA and protein expression and catalytic activity.

Because phosphorylation has the ability to change enzy-

matic activity, enzymatic silencing of CAT in diabetic liver

tissues may have resulted in decreased mRNA and protein

expression as well as its phosphorylation. However, over-

phosphorylation of CAT with diabetes induces its ubiqui-

tination, resulting in its degradation [19]. Another potential

mechanism for the reduction of CAT activities may be due

Fig. 6 Relative gene expression levels of SIRT1 (a) Nrf2 (b) and

NFjB (c) with respect to internal standard GAPDH. The gene

expression level of these proteins was given as fold changes over the

control groups whose expression values were arbitrarily set to one.

Asterisk (*) indicates that the means were significantly different

(p \ 0.05) compared to control groups. Hash (#) indicates that the

means were significantly different (p \ 0.05) compared to diabetic

groups
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to the inactivation caused by the excess of free radicals

and/or by non-enzymatic glycation due to persistent

hyperglycemia, which has been extensively reported to

occur in diabetes [42]. Resveratrol application to diabetic

rats increases CAT protein expression and activity and

decreases p-CAT when compared to diabetic liver. It is

possible that this reduced CAT phosphorylation is involved

in increased CAT protein stability and therefore CAT

protein level.

Changes in the activities and protein expressions of GPx

in STZ-treated rats were different compared to those

observed for CAT. Although the activity and protein

amounts did not significantly change with diabetes, the

mRNA expressions were reduced with STZ administration.

This study also reported that resveratrol demonstrated a

post-translational effect over the GPx enzyme, which

increased the phosphorylation level, thereby enhancing

enzymatic activities in diabetes. On the basis of these

findings, resveratrol may potentially modulate CAT and

GPx activities, thereby enlarging the antioxidative capacity

toward ROS and providing higher protection against oxi-

dative damage induced by diabetes [42].

In tissues, some redox-sensitive proteins, which can

undergo reversible oxidative and reductive reactions, can

Fig. 7 Immunoblot analysis results of SIRT1, Nrf2, and NFjB-p65

from both nuclear and cytoplasmic fractions. Representative blot

images (a), SIRT1 protein levels in cytoplasm (b), cytoplasmic and

nuclear protein levels of Nrf2 (c, d), and cytoplasmic and nuclear

protein levels of NFjB-p65 (e, f) were given. Asterisk (*) indicates

that the means were significantly different (p \ 0.05) compared to

control groups. Hash (#) indicates that the means were significantly

different (p \ 0.05) compared to diabetic groups
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activate or delay downstream signaling pathways, includ-

ing antioxidant enzyme systems [33, 43]. Some of these

redox-sensitive proteins are metabolic enzymes or proteins,

such as Nrf2, NFjB and phosphatases, which are capable

of sensing oxidant signals [9]. The metabolic and gene

regulatory responses of the liver to oxidative stress and

diabetic state occur in conjunction with changes in Nrf2

and NFjB and their subsequent effect on the expression of

their target genes, particularly genes encoding CAT and

GPx [44, 45]. During hyperglycemia-mediated oxidative

stress, the expression of Nrf2 and its down-regulated pro-

teins, including GPx and CAT, were significantly

decreased in the liver tissues of diabetic rats. However,

resveratrol treatment significantly modulated the gene

expression of Nrf2 in such a manner that the CAT and GPx

activities were up-regulated in diabetes. Repression of Nrf2

gene expression with diabetes [44, 46] and its normaliza-

tion with resveratrol treatment demonstrated that Nrf2

signaling was down-regulated with oxidative changes,

which in turn affected downstream regulatory proteins,

such as GPx and CAT, in the diabetic rat group [47].

Under normal oxidative conditions, Nrf2 is present in

the cytoplasm and unable to operate if there is any signal

but as the redox potential of the cell changes, they are

activated to localize themselves into nucleus. When the

redox status altered as in the case of diabetes, these tran-

scription factors can move into the cell nucleus and

impinges on the ARE found in the promoter regions of

genes encoding phase II detoxification enzymes and anti-

oxidant proteins [48]. Thus, any changes occurring in these

transcription factors with oxidative redox differences may

be a potential candidate mechanism for the regulation of

antioxidant enzymes in these tissues. Herein we presented a

transcriptional repression of GPx and CAT which could be

counterbalanced with nuclear translocation of Nrf2 con-

firmed by immunoblot analysis from cytoplasmic and

nuclear fractions. Similarly, transcription factor NFjB is

also located in the cytoplasm and can move into nucleus for

the transcriptional regulation of several genes, including

antioxidant enzymes and proteins that are responsible for

immune and inflammatory responses [17]. We also dem-

onstrated that the gene expression levels of NFjB were

elevated in STZ-treated rats, which was consistent with

previous studies [14, 49], and immunoblot analysis of

NFjB from both cytoplasmic and nuclear fractions indi-

cated that diabetes induced nuclear translocation which is

revealed from significant increase in the nuclear to cyto-

plasmic protein ratios in the liver tissues. These results

indicated that the regulatory responses of the liver to

inflammation were induced with STZ-treatment.

Sirtuins are a class of NAD?-dependent deacetylases,

which function as metabolic regulators contributing to

cellular regulation in stress response and energy

metabolism. Sirtuins can regulate systems that control the

redox environment to help counteract oxidative damage.

One of the subtypes of sirtuins; SIRT1 modulates carbo-

hydrate metabolism via the deacetylation of other tran-

scription factors and can repress NFjB activity [50].

Chemical activation of SIRT1 gene and/or proteins with

agents, such as resveratrol, has been shown to exhibit

antidiabetic and other beneficial health effects [16]. Con-

sistent with recently published data [51], our data also

indicated that repressed SIRT1 gene and protein expression

with STZ diabetes was enhanced to normal levels with

resveratrol administration. Activation of SIRT1 by resve-

ratrol in diabetes may also increase the expression of

several transcription factors, which increases antioxidant

target genes, such as CAT and GPx, to reduce ROS levels

in diabetic rats.

In the present study, it has been presented that diabetes-

induced oxidative stress may be causally related to the down-

regulation of CAT and GPx combined with an attenuation of

enzymatic activities. A possible compensatory mechanism for

reduced gene expression of antioxidant enzymes is proved to

be nuclear translocation of redox-sensitive Nrf2 and NFjB in

diabetes. STZ diabetes also modulates overall protein phos-

phorylation as well as CAT and GPx phosphorylation, which

affects cellular defense mechanisms. By inducing CAT

activity and reducing p-CAT in diabetic liver, resveratrol

could influence CAT protein stability and activity which is in

correlation with detected increase in CAT protein expression;

GPx activity and phosphorylation levels are increased by

resveratrol treatment in diabetes, suggesting that resveratrol

promotes GPx activation by influencing its phosphorylation.

Furthermore, resveratrol exerts beneficial effects on diabetes-

induced oxidative stress and hepatic repression of Nrf2 and

SIRT1 by revitalizing these affected pathways. Thus, future

studies should investigate whether resveratrol supplementa-

tion is useful in the alleviation of diabetes-induced alterations.
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lipoic acid upregulates antioxidant enzyme gene expression and

enzymatic activity in diabetic rat kidneys through an O-GlcNAc-

Mol Cell Biochem (2014) 393:111–122 121

123

http://dx.doi.org/10.1016/j.biocel.2009.06.003
http://dx.doi.org/10.1016/j.biocel.2009.06.003
http://dx.doi.org/10.1016/j.ejphar.2010.02.054
http://dx.doi.org/10.1016/j.ejphar.2010.02.054
http://dx.doi.org/10.1038/nrd2060
http://dx.doi.org/10.1038/nrd2060
http://dx.doi.org/10.1016/j.freeradbiomed.2007.05.004
http://dx.doi.org/10.1016/j.freeradbiomed.2007.05.004
http://dx.doi.org/10.1074/jbc.M412424200
http://dx.doi.org/10.1016/j.ceb.2005.02.004
http://dx.doi.org/10.1016/j.ceb.2005.02.004
http://dx.doi.org/10.1097/01.ASN.0000077404.45564.7E
http://dx.doi.org/10.1097/01.ASN.0000077404.45564.7E
http://dx.doi.org/10.1210/er.2001-0039
http://dx.doi.org/10.1139/H10-094
http://dx.doi.org/10.1139/H10-094
http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.525
http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.525
http://dx.doi.org/10.1007/s12011-012-9401-1
http://dx.doi.org/10.1111/j.1365-2443.2010.01473.x
http://dx.doi.org/10.1111/j.1365-2443.2010.01473.x
http://dx.doi.org/10.1074/jbc.M301292200
http://dx.doi.org/10.1074/jbc.M305770200
http://dx.doi.org/10.1016/j.mad.2010.02.007
http://dx.doi.org/10.1016/j.mad.2010.02.007
http://dx.doi.org/10.1042/BJ20050977
http://dx.doi.org/10.1042/BJ20050977
http://dx.doi.org/10.1179/135100009X466131
http://dx.doi.org/10.1016/j.ejphar.2008.08.019
http://dx.doi.org/10.1016/j.abb.2004.05.024
http://dx.doi.org/10.1073/pnas.0610068104
http://dx.doi.org/10.1002/lt.21405
http://dx.doi.org/10.1007/s11120-005-8425-1
http://dx.doi.org/10.1089/ars.2005.7.1483
http://dx.doi.org/10.1105/tpc.105.033589
http://dx.doi.org/10.1105/tpc.105.033589
http://dx.doi.org/10.1074/jbc.M300058200
http://dx.doi.org/10.1074/jbc.M300058200
http://dx.doi.org/10.1016/j.biochi.2011.08.005
http://dx.doi.org/10.1161/01.RES.0000188210.72062.10


dependent mechanism. Eur J Nutr 52:1461–1473. doi:10.1007/

s00394-012-0452-z
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