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Abstract The importance of hypoxia inducible factor

(HIF) as the master regulator of hypoxic responses is well

established. Oxygen-dependent prolyl hydroxylase domain

enzymes (PHDs) negatively regulate HIF directing it to the

path of degradation under normoxia and are, consequently,

attractive therapeutic targets. Inhibition of PHDs might

upregulate beneficial HIF-mediated processes. In this

study, we have examined the efficacy of PHD inhibitor

ethyl 3,4-dihydroxy benzoate (EDHB) in affording pro-

tection against hypoxia-induced oxidative damage in L6

myoblast cells. L6 cells were exposed to hypoxia (0.5 %

O2) after preconditioning with EDHB for different times.

Levels of HIF-1a, oxidative stress and antioxidant status

were measured after hypoxia exposure. Preconditioning

with EDHB significantly improved cellular viability, and

the diminished levels of protein oxidation and malondial-

dehyde indicated a decrease in oxidative stress when

exposed to hypoxia. EDHB treatment also conferred

enhanced anti-oxidant status, as there was an increase in

the levels of glutathione and antioxidant enzymes like

superoxide dismutase and glutathione peroxidase. Further,

augmentation of the levels of HIF-1a boosted protein

expression of antioxidative enzyme heme-oxygenase I.

There was enhanced expression of metallothioneins which

also have antioxidant, anti-inflammatory properties. These

results thus accentuate the potential cytoprotective efficacy

of EDHB against hypoxia-induced oxidative damage.
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Introduction

Oxygen is the regulator of various metabolic processes in

the body. Oxygen homeostasis thus needs to be tightly

regulated to meet the requirement for critical oxygen-

dependent processes. The condition of hypoxia occurs

when availability or delivery of oxygen decreases below

the required level for sustaining various processes at cel-

lular level or at tissue level. Hypoxia enhances the gener-

ation of reactive oxygen species (ROS), which regulate the

cellular response to low oxygen tension. As a part of var-

ious metabolic processes, cells continuously produce ROS

which are neutralized by the antioxidant defense system

which includes both enzymatic and non-enzymatic anti-

oxidants. During high altitude exposure, hypoxic stress

induces an imbalance between the oxidant and antioxidant

systems due to high ROS levels [24]. The antioxidant

system, including enzymatic antioxidants like superoxide

dismutase (SOD), glutathione peroxidase (GPx) and glu-

tathione S-transferase (GST) and non-enzymatics like

reduced glutathione (GSH), tries to maintain the balance

between the production and elimination of ROS levels, but,

under severe cellular oxidative stress, these cannot provide

complete protection, thus resulting in damage to lipids,

proteins and DNA [1, 4, 25, 29].
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The cellular responses to hypoxia are complex and

involve the regulation of various signaling pathways and

transcription factors. There are various mechanisms to

sense, adapt and respond at varying oxygen levels [31].

Regulation by a family of transcription factors called

hypoxia inducible factor-1 (HIF-1) is one of the impor-

tant cellular responses to low oxygen concentration.

HIF-1 is a heterodimer consisting of two subunits, one of

which is a constitutively expressed b subunit and the

other is a subunit. HIF-1a is continuously synthesized

and rapidly degraded by the ubiquitosomal pathway

under normoxia and stabilized under hypoxic conditions.

The alpha subunit of HIF-1 then combines with the b
subunit and binds to hypoxia-responsive elements in

target genes, along with its co-activators, and elicits

various cellular responses. HIF-1 is regulated by certain

oxygenases which have been identified as key oxygen

sensors, a family of O2-dependent prolyl hydroxylase

domain enzymes (PHD). Under normoxia, in the pre-

sence of oxygen, ferrous ion and 2-oxoglutatrate, these

enzymes hydroxylate specific proline residues of HIF-1

leading to its degradation by the ubiquitosomal pathway

[41]. During hypoxia, due to decreased oxygen avail-

ability, the process of proline hydroxylation is con-

strained because of inhibition of PHD enzymes resulting

in stabilization of HIF-1, thus activating its target genes

involved in compensation of hypoxia, including EPO

(erythropoetin), VEGF (vascular endothelial growth

factor), and HO-1 (heme-oxygenase-1). Recent studies

by Yang et al. [38, 39] have shown the protective role of

hypoxia preconditioning with PHD inhibitors by signif-

icantly reducing the cell death in C6 glioma cells, sug-

gesting involvement of HIF-1 in the development of

tolerance to brain injury. Hypoxic preconditioning is the

process which makes a tissue more tolerant to sub-

sequent lethal conditions like hypoxia and ischemia [9,

12]. Preconditioning with PHD inhibitor ethyl 3,4-

dihydroxy benzoate (EDHB) has been shown to have a

cytoprotective effect against oxidative stress in primary

astrocytes, suggesting a role of HIF in maintaining oxi-

dative status [6]. EDHB is an analogue of 2-oxoglutarate

and thus a competitive inhibitor of PHDs. It is known as

protocatechuic acid and is present in plant foods such as

olives, roselle, du-zhong, and white grape wine [21]. It

has been reported to have antioxidant [40], cardiopro-

tective [33], neuroprotective [22], antimicrobial [28],

anti-inflammatory and myoprotective activity [32], as

well as anti-ulcer activity. Therefore, we proposed to

explore the modulatory role of EDHB as a hypoxic

preconditioning agent in the amelioration of hypoxia-

mediated damage in the myoblast cell line.

Materials and methods

Chemicals

All chemicals were purchased from Sigma (St. Louis,

USA) and SRL. Antibodies were purchased from Santa

Cruz Biotech (Santa Cruz, CA, USA).

Cell line

L6 (rat skeletal muscle myoblasts) cell line were obtained

from NCCS, Pune (India), grown and maintained as

myoblasts in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10 % fetal bovine serum

(FBS), 0.1 g/l streptomycin, gentamycin and ampicillin,

2.2 g/l sodium bicarbonate and kept in an incubator with

5 % CO2 at 37 �C.

Hypoxia exposure studies and cell viability assay

MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoli-

um bromide tetrazolium] assay was used to determine the

cytotoxic effect of hypoxic exposures. It measures the

activity of enzymes that reduce MTT or related dyes to

formazan dyes, giving a purple color and thus allowing the

assessing the viability (cell counting) and the proliferation

of cells (cell culture assays). In brief, after washing with

PBS, cells were trypsinized, centrifuged at 2,500 rpm for

10 min, and seeded in 96-well plates. After 70–80 %

confluence, the cells were exposed to different hypoxic

environments by varying O2 concentration, i.e., 0.5, 1, 3 %

in incubator at 37 �C for different time intervals. After

each exposure, 50 ll MTT (2 mg/ml) was added to each

well and incubated for 3 h at 37 �C. Afterwards, the media

were decanted off from plates and formazan crystals were

dissolved in 200 ll dimethyl sulfoxide. Absorbance was

measured at 595 nm. The optimum concentration of O2

was found to be 0.5 %. Further experiments were done at

this O2 concentration.

Drug response studies with EDHB

EDHB at the concentrations of 500 and 1,000 lM was

added, when the myoblast culture became 70–80 %

confluent and exposed to hypoxia for different time

durations, i.e., 12, 24 and 48 h at 0.5 % O2 concentra-

tion. EDHB was prepared in DMSO and diluted to the

required concentration in incomplete media. Morpho-

metric analysis of cells was carried out using a Phase

contrast microscope.
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HIF estimation by ELISA

HIF-1a protein concentration in cell lysate was determined

using sandwich enzyme-linked immunoassay (Quantikine

R&D systems, Minneapolis, MN, USA) according to the

manufacturer’s protocol, and measured on a microplate

reader (Fluostar OMEGA; BMG Labtech).

Biochemical analysis

For biochemical analysis, cells were trypsinized after

washing with PBS and centrifuged at 2,500 rpm for

10 min. The supernatant was discarded, the pellet was

resuspended in 19 lysis buffer (50 mM Tris pH 7.4,

300 mM sodium chloride, 10 %v/V Glycerol, 3 mM

EDTA, 1 mM MgCl2, 20 mM sodium orthovanadate,

25 mM sodium fluoride, 1 %v/v Triton X-100) and incu-

bated on ice for 20 min. This was followed by centrifu-

gation at 10,000 rpm for 15 min at 4 �C. The supernatant

was stored at -80 �C for further analysis. Protein con-

centration was determined by Lowry’s method [23].

Reactive oxygen species estimation

Reactive oxygen species (ROS) such as superoxide and

hydrogen peroxide are continually produced during meta-

bolic processes. ROS generation is normally counter-bal-

anced by the action of antioxidant enzymes and other redox

molecules. However, excess ROS can lead to cellular

injury in the form of damaged DNA, lipids and proteins.

ROS generation by cells can be detected by using 20,70-
dichlorfluorescein-diacetate (DCFH-DA) [3]. The detection

is based on the conversion of nonfluorescent DCFH-DA to

the highly fluoresecent compound 20,70-dichlorfluorescein

(DCF) [18]. Briefly, cells were plated in 96-well black

tissue culture plates. After exposure for different durations,

10 ll DCFH-DA (50 lM) was added to each well and

incubated at 37 �C. 20,70-dichlorofluoroscein formation was

determined fluorimetrically after 30 min using Fluostar

OMEGA (BMG Labtech) at an excitation of 488 nm and

emission at 525 nm. The fluorescent intensity parallels the

amount of ROS formed.

Malondialdehyde (MDA)

Reaction of thiobarbituric acid with MDA results in for-

mation of thiobarbituric acid reactive substances (TBARS),

which are used to measure the MDA level, which is used as

an index of lipid peroxidation [30]. Briefly, 100 ll cell

lysate was mixed with 300 ll tricarboxylic acid (TCA

20 %) and then reacted with 750 ll thiobarbituric acid

(0.67 %) for 1 h at 80 �C. Thiobarbiturate was used as

standard and OD was measured at 531 nm. The levels of

lipid peroxides were expressed as MDA nmol/mg protein.

Protein oxidation

Protein oxidation was measured by determining the car-

bonyl groups after derivitization of proteins with dinitro-

phenyl hydrazine (DNPH) [19]. Briefly, 100 ll cell lysate

was incubated with 100 ll 10 mM DNPH in 2 M HCl for

60 min at 50 �C. Protein was then precipitated using 20 %

TCA and the untreated DNPH was removed by centrifu-

gation at 14,000g for 10 min. The pellet was resuspended

in 1 M NaOH and the absorbance was measured at

450 nm.

Enzymatic and non-enzymatic antioxidants

Reduced glutathione was measured by the method of Kum

Talt et al. [17]. GSH is oxidized by 5, 50dithiobis (2-

nitrobenzoic acid) (DTNB) to give GSSG with the for-

mation of 5-thio 2-nitrobenzoic acid (TNB). Briefly, cell

lysate was precipitated with diluted (1:2) metaphosphoric

precipitating the reagent (3.34 gm metaphosphoric acid, 0.4

gm EDTA, 60 gm NaCl in 200 ml distilled water). Then,

after centrifuging at 8,000 rpm for 15 min. 250 ll super-

natant was mixed with 1 ml of 0.3 M sodium phosphate

solution and 125 ll DTNB (80 mg in 1 % sodium citrate

soln). The rate of formation of TNB was followed at

412 nm. Activity of glutathione peroxidase (GPx, EC

1.11.1.9) was determined using commercially available kits

(Randox, UK) as per the manufacturer’s instructions.

Superoxide dismutase (SOD, EC 1.15.1.1) was determined

using the protocol described by Kakkar et al. [16]. Briefly,

100 ll sample was mixed with 1.5 ml SOD buffer (50 mM

Tris–cacodylate buffer, pH 8.2), 300 ll nitroblue tetrazo-

lium chloride (NBT) (1 mM in distilled water), 300 ll

Triton X-100 (0.01 %), 800 ll distilled water and 10 ll

pyrogallol (60 mM). Absorbance was measured at 540 nm

at an interval of 15 s for 180 s. A single unit of enzyme

was expressed as 50 % inhibition of NBT reduction/min/

mg protein.

Western blotting

Protein expression studies for heme oxygenase-1 [HO-1(H-

105), rabbit polyclonal, cat no. SC10789] and metallo-

thioneins [MT (FL-61), rabbit polyclonal, cat no.

SC11377] was done by western blotting. Briefly, 50 lg

protein of each cell lysate was subjected to SDS-PAGE and

electroblotted on to a nitrocellulose membrane (Millipore,

USA). The membranes were blocked with 3 % BSA for

2 h, washed with Tris buffer saline with Tween 20 (0.1 %)
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(TBST) and probed with the respective mouse/rabbit

monoclonal/polyclonal antibodies (Santa Cruz) for 3 h.

The membranes were washed with TBST and incubated

with antimouse/antirabbit-IgG-HRP conjugate (1:40,000)

for 2 h. The membranes were then incubated with chemi-

luminescent substrate (Sigma) and the bands were devel-

oped using X-ray films (Kodak, USA). The densities of

bands were quantified using LabWorks software (UVP;

Bioimaging Systems, UK).

Statistical analysis

All the experiments were performed twice and in tripli-

cates. Data are presented as mean ± SD. Data were ana-

lyzed using one–way analysis of variance with post hoc

Bonferroni analysis using SPSS, and p \ 0.05 was con-

sidered as statistically significant.

Results

Effect of hypoxic exposure on cell viability

L6 (rat muscle cells) cells were exposed to different O2

concentrations, i.e., 3, 1 and 0.5 % for 0, 12, 24, 48 and

72 h. Cell viability was studied by MTT assay. No sig-

nificant fall in cell viability was observed at 3 % O2 after

72 h, while there was a little decrease in viability at 1 % O2

after 48 and 72 h. Exposure to 0.5 % O2 led to a reduction

in cell viability from 81 % at 24 h to 60 % after 72 h

exposure. Since very little effect was observed on cell

viability at 1 and 3 %, 0.5 % O2 concentration was taken as

the optimum hypoxia exposure condition for further

experiments (Fig. 1).

Effect of EDHB on cell viability

L6 cells were treated with different EDHB concentration,

i.e., 500 and 1,000 lM for different durations, i.e., 12, 24

and 48 h. There was a significant increase (p \ 0.01) in

absorbance of cells treated with 1,000 lM EDHB after

12 h (6 %), 24 h (5 %) and 48 h (20 %) of hypoxic

exposure as compared to hypoxia control, indicating

enhanced cell viability. Cells treated with 500 lM EDHB

also showed an increase in OD after 24 h (5 %), and 48 h

(6 %) respectively. Morphometric analysis of cells by

phase contrast microscope also showed similar results, as

there were no detrimental changes in morphology or cell

count in EDHB-treated cells (Figs. 2, 3).

Fig. 1 Effect of hypoxia on cell

viability for optimization of

exposure conditions. L6 muscle

cells were exposed to varying

O2 concentrations for different

times and cell viability was

determined by MTT assay.

Values are mean ± SD.

a = 0.5 % O2 vs. 3 % O2,

b = 0.5 % hyp vs. 1 % hyp,

c = 1 % hyp vs. 3 % hyp,

*Significantly different

(p \ 0.01)

Fig. 2 Effect of EDHB on cell viability by MTT assay for different

times at 0.5 % exposure. Values are mean ± SD. #Significantly

different with respect to hypoxia control, *significantly different

(p \ 0.01)
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Effect of EDHB on HIF-1a

HIF-1 functions as a master regulator of hypoxia respon-

sive genes. Under normoxia, PHDs hydroxylate HIF

resulting in degradation of HIF. In contrast, under hypoxic

conditions, prolyl hydroxylation is suppressed resulting in

the stabilization of HIF-1a. Exposure to hypoxia (0.5 %

O2) resulted in an increase in HIF-1a level at all time

points (12, 24 and 48 h) as compared to normoxia control.

Preconditioning with EDHB further elevated HIF-1a pro-

tein with/without hypoxia. EDHB at 500 lM concentration

resulted in maximum rise in levels of HIF-1 after 24 h (1.7

fold) even under normoxia, which was further augmented

under hypoxic exposure (Fig. 4).

Effect of EDHB on oxidative status under hypoxic

condition

ROS levels

ROS was measured by determining the fluorescein DCF

moiety released in the media of exposed and control cells.

Higher ROS levels were observed in EDHB-treated cells at

all time points as compared to the respective controls

(Fig. 5). ROS generation is normally counter-balanced by

Fig. 3 Morphometric analysis

of cell viability of L6 cell after

0.5 % hypoxic exposure at

different times by phase contrast

microscopy. There were no

detrimental changes in

morphology or cell count in

EDHB-treated cells

Fig. 4 Effect of EDHB on HIF levels estimated by ELISA. After

0.5 % hypoxic exposure for different times, HIF levels were

estimated in cell lysate. A marked increase in the level of HIF was

observed in the cells treated with EDHB after hypoxia exposure.

Values are mean ± SD. #Significantly different with respect to

normoxia control (p \ 0.01), ##significantly different with respect to

normoxia control (p \ 0.05), *significantly different with respect to

hypoxia control (p \ 0.01), **significantly different with respect to

hypoxia control (p \ 0.05). NC normoxia control, HC hypoxia

control, ND1 normoxia EDHB 500 lM, HD1 hypoxia EDHB

500 lM, ND2 normoxia EDHB 1,000 lM, HD2 hypoxia EDHB

1,000 lM
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the action of antioxidant enzymes and other redox mole-

cules, and there is evidence which suggests that ROS may

act as intracellular signaling molecules participating in the

processes of growth, differentiation, cellular apoptosis and

gene expression.

Malondialdehyde (MDA)

ROS degrades polyunsaturated lipids by forming mal-

ondialdehyde. This is a reactive aldehyde and most fre-

quently used as an indicator of lipid peroxidation, which is

measured by the extent of peroxide generation from free

radical mechanisms and removal by the antioxidant system.

Products of lipid peroxidation like thiobarbituric acid are

thus used to measure the extent of peroxidation. At 0.5 %

hypoxic exposure, a significant (p \ 0.01) rise in MDA

levels was seen in the control hypoxia group at different

time points and the maximum was observed after 48 h. In

the cells treated with 500 lM EDHB, there was a fall in the

levels of MDA under hypoxic conditions as compared to

hypoxia control at all time points (Fig. 5). Treatment with

1,000 lM EDHB further reduced MDA levels (1.5 times)

on hypoxic exposure. Despite the increase in ROS, there

was a significant reduction in MDA by EDHB under

hypoxia.

Protein oxidation

After derivitization of proteins with DNPH, carbonyl

groups were estimated as the extent of protein oxidation

(PO). Exposure of proteins to reactive oxygen leads to

modification in the protein structure which then impinges

Fig. 5 EDHB supplementation reduce oxidative stress. a Levels of

ROS was determined by measuring the fluorescein DCF. An increase

in ROS levels was observed in drug groups under hypoxic conditions.

b MDA is used as an indicator of lipid peroxidation. MDA levels

were estimated by measuring thiobarbituric acid reactive substances.

There was decrease in the levels of MDA after hypoxia exposure in

EDHB-treated cells. c PO was measured as the carbonyl content after

protein derivitization by DNPH. Reduction in PO levels was observed

in EDHB-treated cells as compared to controls. Values are

mean ± SD. ##Significantly different with respect to normoxia

control (p \ 0.05), #significantly different with respect to normoxia

control (p \ 0.01), *significantly different with respect to hypoxia

control (p \ 0.01), **significantly different with respect to hypoxia

control (p \ 0.05). NC normoxia control, HC hypoxia control, ND1

normoxia EDHB 500 lM, HD1 hypoxia EDHB 500 lM, ND2

normoxia EDHB 1,000 lM, HD2 hypoxia EDHB 1,000 lM
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on cellular metabolism. In our study, there was a decrease

in protein carbonyl content in drug-treated groups, indi-

cating protection of cells against oxidative damage. There

was a significant increase (p \ 0.01) in protein oxidation in

untreated hypoxia-exposed cells after 12 (11.6 %), 24

(15 %), and 48 (40 %) h as compared to normoxia control,

while an appreciable (p \ 0.01) decrease was observed by

EDHB treatment at all time durations. Treatment with

500 lM EDHB resulted in 12.45 and 50 % decreases in PO

after 24 and 48 h, respectively, as compared to hypoxia

control. Treatment with 1,000 lM EDHB further reduced

the PO by 19.33, 30.2 and 69 % after 12, 24 and 48 h,

respectively (Fig. 5).

GSH status

Glutathione directly scavenges ROS and forms GSSG with

the help of GPx and thus protects cells from oxidative

damage. Therefore, an increase in GSH is indicative of

enhanced antioxidant status that helps in protection. An

increase in GSH levels was observed on hypoxia exposure

as compared to normoxia control, which was further

boosted by EDHB under normoxia as well as hypoxia.

Cells treated with 1,000 and 500 lM EDHB showed much

higher GSH levels (61 and 51 %, respectively, p \ 0.01)

even after 48 h exposure as compared to hypoxia control

groups, indicating enhanced antioxidative status, thus

providing sufficient protection to the cells against oxidative

damage (Fig. 6).

GPx activity

GPx enzyme catalyses the reduction of H2O2 and organic

peroxides (R–O–O–H) to water and the corresponding

stable alcohol by using glutathione as reducing agent, thus

inhibiting the formation of free radicals. Therefore,

Fig. 6 Augmentation of antioxidant status by EDHB. a Increased

levels of GSH in EDHB-treated groups, indicative of enhanced anti-

oxidant status thus helps in protection against hypoxia-induced

damage. b GPx inhibits the formation of free radicals by reducing

peroxides to water. Elevated levels of GPx in EDHB-treated groups

signifies reduced oxidative stress. c A higher level of SOD in EDHB-

treated groups indicates a potential defense system against ROS, as

SOD provides the first line of defence against oxidative stress. Values

are mean ± SD. #Significantly different with respect to normoxia

control (p \ 0.01), ##significantly different with respect to normoxia

control (p \ 0.05), *significantly different with respect to hypoxia

control (p \ 0.01). NC normoxia control, HC hypoxia control, ND1

normoxia EDHB 500 lM, HD1 hypoxia EDHB 500 lM, ND2

normoxia EDHB 1,000 lM, HD2 hypoxia EDHB 1,000 lM
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increase in activity of GPx is indicative of enhanced anti

oxidative activity. Significant increase in levels of GPx was

observed in EDHB-treated cells under normoxia as com-

pared to control. After 0.5 % hypoxic exposure there was

appreciable (p \ 0.01) rise in GPx levels by 500 lM

EDHB at all-time points which was boosted further by

1,000 lM EDHB as compared to hypoxia control (Fig. 6).

Sod

Superoxide dismutase (SOD), is one of the most important

antioxidative enzymes, catalyzes the dismutation of the

superoxide anion into hydrogen peroxide and molecular

oxygen. We observed a significant decrease in SOD in the

control group after 24 and 48 h hypoxia (p \ 0.01). EDHB

treatment resulted in augmentation of SOD levels as

compared to controls after hypoxia exposure (Fig. 6). This

rise in SOD levels suggests the role of SOD in providing

protection against oxidative stress under hypoxic condition

in EDHB-treated cells.

Protein expression studies

HO-1 is induced by diverse problems including heme

oxidants, hyperoxia and has potent antioxidant and anti-

inflammatory properties. Preconditioning with EDHB (500

and 1,000 lM) resulted in increased expression of HO-1

after hypoxic exposure as compared to control. At different

time durations there was a difference in the expression of

HO-1. Maximum expression was seen in cells treated with

1,000 lM EDHB under hypoxic condition, which was

further enhanced after 48 h exposure to hypoxia as com-

pared to hypoxia control. It also confers protection against

reactive oxygen intermediates. Thus, increased expression

of HO-1 after hypoxic preconditioning with EDHB sug-

gests the promotion of antioxidant and anti-inflammatory

status (Fig. 7). Similarly, a progressive increase in

expression of MT-1 was observed with time and concen-

tration of EDHB, suggesting the promotion of antioxidant

activity by EDHB (Fig. 7). Both doses of EDHB accorded

almost similar protection against hypoxia, therefore the

lower dose of 500 lM can be used for further studies.

Discussion

The present study was designed to investigate the efficacy

of PHD inhibitor EDHB in alleviating the deleterious effect

of hypoxia-mediated oxidative injury in L6 myoblast cell

line. There are various enzymatic and non-enzymatic

defense mechanisms against reactive oxygen species.

Balance between oxidant and antioxidant levels determines

the extent of protection of cells from oxidative stress [20,

35]. Increases in the concentration of free radicals can

cause damage at various levels of cellular organisation,

thus leading to conditions of oxidative stress. We observed

appreciable increases in ROS level after hypoxic exposure

and also in EDHB-treated groups with/without hypoxia

Fig. 7 Effect of EDHB on

expression of HO-1 and MT-

1.was studied by western blot.

L6 cells were exposed to 0.5 %

hypoxia and protein expression

studies were done in cell lysate.

Blots were normalized with b-

actin as loading control.

##Significantly different with

respect to normoxia control

(p \ 0.05), *significantly

different with respect to hypoxia

control (p \ 0.01),

**significantly different with

respect to hypoxia control

(p \ 0.05). NC normoxia

control, HC hypoxia control,

ND1 normoxia EDHB 500 lM,

HD1 hypoxia EDHB 500 lM,

ND2 normoxia EDHB

1,000 lM, HD2 hypoxia EDHB

1,000 lM
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with time. Parallel to this, there was a time-dependent rise

in MDA level subsequent to hypoxia in the control as well

as in EDHB-treated cells, though the increase was less

pronounced in treated groups as compared to untreated

hypoxia control. Hypoxia resulted in increases in protein

oxidation with time whereas the opposite was observed

after EDHB treatment. Notwithstanding the elevation in

ROS, the diminished levels of MDA and protein carbonyls

in EDHB-treated groups as compared to the control hyp-

oxic group indicated protective efficacy of EDHB against

oxidative damage. These results concurred with the

improved cell viability as was observed by pre-treatment

with EDHB, further confirming the protection accorded by

EDHB against hypoxia-induced oxidative injury. The

increased ROS might have significance as signaling mol-

ecules as also reported by other researchers [7]. MDA and

PO, the indicators of oxidative stress in cells, damage

membranes, enzymes, etc. [8]. Due to their high abundance

and rapid reaction rates, proteins are the major target for

oxidative damage [13]. Earlier studies have shown that

activated oxygen has the potential to react with all the

amino acids [11]. Carbonyl groups can also be generated

by the reaction of amino acids with the product of the

reaction between ROS and lipids or carbohydrates leading

to loss of protein function [2, 34].

To explore the efficacy of EDHB against oxidative

stress, we examined the levels of various antioxidant

markers. GSH, which is one of the most important

endogenous antioxidants, is a tripeptide thiol and acts as an

intracellular antioxidant to reduce peroxides by supplying

its sulfhydryl group. Glutathione with the help of GPx

directly scavenges ROS and forms GSSG and thus protects

cells from oxidative damage. In the present study, a sig-

nificant increase in GSH levels was observed with time in

the groups treated with different concentrations of EDHB

indicating improved antioxidant status. SOD is known to

provide the first line of defence against oxidative stress.

There was a decrease in SOD levels in cells exposed to

hypoxia whereas the increase in SOD with time in EDHB-

treated cells on hypoxia exposure indicates an increase in

the inhibition of the formation of hydroxyl ions from

hydrogen peroxide, thus providing protection against oxi-

dative stress [14, 26]. Glutathione peroxidase is the enzyme

involved in the reduction of H2O2 to H2O by oxidizing

glutathione (GSH). Glutathione peroxidase prevents the

formation of hydroxyl radicals by the reduction of hydro-

gen peroxide and hydroperoxides (formed from fatty acids

that can initiate lipid peroxidation) into water and diatomic

oxygen, thereby effectively removing the toxic peroxides

from living cells [27]. In support of this, in our study,

elevated levels of GPx with EDHB revealed greater pro-

tection against oxidative stress.

Heme oxygenase plays an important role in the free

heme-mediated oxidative process. Heme oxygenase is the

rate limiting enzyme in the degradation of heme and plays

an important role in defense mechanisms. HO-1 is induced

by its substrate heme, and its induction occurs as an

adaptive and beneficial response against various stimuli

like oxidative stress resulting from hypoxia, ischemia or

I/R injury. HO-1 has anti-oxidant, anti-inflammatory and

cytoprotective functions [10]. An EDHB-mediated increase

in HO-1 expression as observed in the present study can be

attributed to enhanced levels of HIF, which is the central

regulator of various responses under hypoxia [36]. Studies

have reported the induction of HIF1 expression by PHD

inhibitors and their role in tolerance to oxidative injury in

primary astrocytes [5, 6, 37]. Metallothioneins (MT) are

small cysteine-rich proteins that play a cytoprotective role

in stress situations such as oxidative stress and are potent

hydroxyl radical scavengers. The primary determinant of

MT protection against oxidative stress is the release of zinc

sequestered by MT and its subsequent uptake by plasma

membranes, since zinc protects against lipid peroxidation

and thereby stabilizes membranes [15]. Enhanced expres-

sion of MT by EDHB also indicates an antioxidant prop-

erty of EDHB. Thus, the improved antioxidant status and

HIF-1-mediated induction of HO-1 might be responsible

for according protection against oxidative damage, thereby

improving the adaptive responses under hypoxic condi-

tions, thus emphasizing the significant cytoprotective role

of EDHB in protecting against oxidative stress under

hypoxia. These findings provide the basis for the possible

use of EDHB for preconditioning against hypoxia-induced

cell damage and also as a potent antioxidant.
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