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Abstract
Background: Nitroalkene derivatives of oleic acid (OA-NO

2

ischemia-reperfusion injury. In the present study, we elucidated the protective mechanisms 
of OA-NO

2
 against renal ischemia-reperfusion injury. Methods: HK-2 cells were subjected 

to oxygen and glucose deprivation followed by re-oxygenation (OGD/R) to mimic renal 

translocation, cytochrome c and apoptosis-inducing factor (AIF) cytosolic leakage and Akt/

Results: OGD/R injury promoted mitochondrial translocation and 
activation of Bax, leakage of cytochrome c and AIF, subsequent caspase-3 activation, and 
eventually cell apoptosis. Pre-incubation with OA-NO

2

2

dependent way. Conclusion:
2
 attenuates OGD/R-induced 

apoptosis by inhibiting Bax translocation and activation and the subsequent mitochondria-
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Introduction

Renal ischemia-reperfusion(I/R) injury, which occurs in many clinical settings including 
renal transplantation, shock, and vascular surgery, is a major cause of acute renal failure. 
A number of pathologic processes contribute to renal I/R injury, including reduced renal 

species (RNS) and reactive oxygen species (ROS) [2, 3]. These inter-related events cause 
renal cell injury and lead to eventual cell death. Activation of the apoptotic cell death cascade 

thus inhibition of apoptosis can ameliorate renal ischemia-reperfusion injury [4, 5]. 

therapeutic target in a wide range of pathologies elicited by ischemia and reperfusion, such 
as myocardial infarction, ischemic stroke and acute kidney injury. The protective role of 

subjected to intestinal I/R suffer more pronounced injury than wild-type control mice [6] 

pursued. 
Nitrated unsaturated fatty acids (NO

2
-FA) are derived from nitric oxide (NO) and NO

2
- 

dependent redox reactions with unsaturated fatty acids, including nitro-oleic acid (OA-
NO

2
) and nitro-linoleic acid (LNO

2

anti-oxidative and vascular-protective actions. NO
2

exert vascular protection by up-regulating HO-1 and endothelial nitric oxide synthase 
(eNOS) expression in pulmonary epithelium and aortic endothelial cells [14-16]. NO

2
-FA 

also activate heat shock factor (HSF) and nuclear factor-E2-related factor 2(Nrf2), mediators 

2
-FA have been found to 

be robust endogenous activating ligands for all three PPARs, exhibiting the greatest potency 

promoting adipogenesis in 3T3-L1 pre-adipocytes, inducing CD36 receptor expression in 
. 

The evidence to date suggests that NO
2

cell vitality of cardiomyocytes after ischemia-reperfusion injury both in vivo and in vitro [23]. 
We previously showed that OA-NO

2
 attenuated functional and histological indices in a mouse 

model of renal I/R injury [24]. These results suggested protective effects of NO
2
-FA against 

ischemia-reperfusion injury. However, it is unclear whether NO
2
-FA can alleviate renal I/R 

injury via directly regulating cell apoptotic signaling. Therefore, we evaluated whether OA-
NO

2
 could protect renal tubular cells from mitochondria-mediated apoptosis triggered by 

combined oxygen and glucose deprivation/re-oxygenation (OGD/R), a widely used in vitro 

Materials and Methods

Cell culture and OGD/R protocol, cell treatments

Normal human kidney epithelial (HK-2) cells (CCTCC, Wuhan, China) were maintained in Dulbecco’s 

-1penicillin / streptomycin. One day before the assays, 

5 * 103 or 2 * 105 cells per well were plated into 96 or 6-well tissue culture plates and cultured at 37  in a 

2
.
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2 2
, 

2

2
 at 37°C. Cells maintained at normal culture condition (complete culture medium, 

2

controls.(Fig. 1A)

In the pre-treatment assays, cells were treated with OA-NO
2

OA-NO
2

CCK-8 assay

Japan), following the manufacturer's instructions. The absorbance was measured at 450 nm using the 

Flow cytometry analysis of apoptosis 

Hoechst staining 

-1  for 20 min. Fluorescent-

Immunocytochemistry

. After being 

stained with DAPI for 5 min at room temperature, cells were adhered to glass slides in anti-fade mounting 

. Cells were 

reactivity was performed by determining the percentage of HK-2 cells that showed positive punctate staining 

with the 6A7 monoclonal antibody. 

Subcellular fractionation and Western blotting analysis

After transfection and/or stress, whole cell lysates of HK-2 cells were obtained using total protein 

 with primary antibodies. After incubation 

http://dx.doi.org/10.1159%2F000373944
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In some experiments, fractionation of the cell lysates into cytosolic and mitochondrial fractions was 

instructions before the Western blotting.

RNAi transfection
4/

(CAACAGACAAATCACCATT) or control siRNA (TTCTCCGAACGTGTCACGT) (Genechem, Shanghai, China) at 

After being cultured for another 120 h in complete medium, cells were harvested to evaluate the protein 

Statistical analysis

Results

Oxygen and glucose deprivation/re-oxygenation (OGD/R) gradually decreased viability 
in HK-2 cells

h or 24 h followed by a re-oxygenation period of 24 h to mimic renal ischemia-reperfusion 
injury in vitro (Fig. 1A). The cell viability gradually declined as the OGD time was prolonged. 

Fig. 1. Oxygen and glucose depri-

vation/re-oxygenation (OGD/R) 

gradually decreased viability in 

were subjected to oxygen-glucose 

deprivation (OGD) with or wit-

hout OA-NO
2 

pretreatment for the 

indicated period of time to mimic 

ischemia. Reperfusion injury was 

imitated by resupplying glucose 

HK-2 cells were subjected to OGD 

24h-recovery with or without OA-

NO
2

-

assay. Each assay was representa-

tive of three independent experi-

ments. Data were shown as means 

0.05, **p 0.01 and 

***p 0.001.
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Fig. 2. 

0.05, **p 0.01 

and ***p 0.001.
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The time course of active caspase-3 and cleaved PARP during reperfusion was further 

levels by 3 h of re-oxygenation and was detectable for several hours afterwards. Accordingly, 

caspase-3. 
Overall, these data indicated that cell viability declined as duration of OGD increased 

and cell apoptosis occurred during the whole re-oxygenation period, peaking at 3 h. Thus 16 
h of OGD followed by 3 h of re-oxygenation was selected as the standard assay condition for 
studying the OGD/R-induced apoptosis.

OA-NO
2
 but not OA improved cell viability after OGD/R injury

treated with OA-NO
2 

Pretreatment with OA-NO
2 

In contrast, the native fatty acid precursor of OA-NO
2
, oleic acid (OA), did not show a 

2
 in OGD/R injury was 

2

examine its protective effect in the following assays. 

OA-NO
2
 protected HK-2 cells against OGD/R-induced apoptosis

The potential for OA-NO
2 

to protect against OGD/R-induced apoptosis was tested 

2
 for 45 min reduced cell apoptosis from 

4A).

the nuclei appeared relatively large and faintly stained. After 16h-OGD followed by 3h-re-
oxygenation, the nuclei appeared to be condensed, fragmented or heterogeneous. OA-NO

2
 

Fig. 3. OA-NO
2 

but
 

with OA-NO
2 2

or without OA-NO
2 
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showed that OA-NO
2
 reduced the expression of cleaved caspase-3 and cleaved PARP induced 

by 16h-OGD and 3h-re-oxygenation (Fig. 4C). Above all, these results indicated that OA-NO
2
 

could exert its renal protection via inhibiting apoptosis induced by OGD/R injury.

OA-NO
2
 inhibited OGD/R-induced Bax translocation, activation and subsequent 

Mitochondrial Outer Membrane Permeabilization (MOMP)

and induces leakage of cytochrome c and AIF into the cytosol upon activation [30]. Here, 

Fig. 4. OA-NO
2

to OGD for 16 h followed by 3 h re-oxygenation period (H16R3) with or without OA-NO
2

-

 

-
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2
 

(Fig. 5A). OA-NO
2

of OA-NO
2

the 6A7 staining often coincided with the condensed and/or fragmented chromatin. OA-NO
2
 

changes of the nuclei (Fig. 6). These data indicated that OA-NO
2
 attenuated OGD/R-induced 

OA-NO
2

We evaluated whether Akt activation was involved in the protection of OA-NO
2
. OGD/R 

 
Akt content, whereas OA-NO

2 2
  

(Fig. 7). 

Fig. 5. OA-NO
2

-

tion period (H16R3) with or without OA-NO
2

0.05, 

**p 0.01 and ***p
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2
 against OGD/R 

induced injury

2

and induced a slight reduction in cell proliferation, compared to the control siRNA. Neither 

2
 were completely abolished after 

2
 on phosphorylated Akt 

2
 exerted its anti-apoptotic effects via a 

2
 on Bax activation

2

detected in OA-NO
2

normal culture conditions.

Fig. 6. OA-NO
2

16 h followed by 3 h re-oxygenation period (H16R3) with or without OA-NO
2

0.001.
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 OA-
NO

2

NO
2

 

Discussion

tubular injury of different etiologies [24, 33, 34], while recent experimental evidence 
points to their therapeutic potential in directly promoting cell survival in cardiac ischemic 
infarction [23, 35, 36]. How OA-NO

2
 modulates pro-survival signaling against renal ischemia-

reperfusion injury is not yet fully understood. In this study, we showed that OA-NO
2 

(1.25 

activation.
Although renal failure after ischemia has traditionally been attributed to acute tubular 

necrosis, it is now clear that necrosis fails to account for the severity of organ impairment, 
especially in humans [37]. This implicates cell apoptosis as a potential key participant in 

Fig. 7. OA-NO
2

subjected to OGD for 16 h followed by 3 h re-oxygenation period (H16R3) with or without OA-NO
2 

-

sentative of three independent experiments. *p 0.05 and ***p
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Fig. 8. 
2
 against OGD/R induced injury. 

-

 

(H16R3) in the presence of OA-NO
2

-
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organ failure. The contribution of apoptosis to acute organ injury in previous experiments 
was confounded by the evanescent nature of apoptotic cells and the stochastic nature of 
the apoptotic process [4]. Despite these limitations, caspases were activated during renal 

indicating the importance of apoptosis in ischemic renal failure. In this study, we showed 
that cell apoptosis played a prominent role in OGD/R injury, especially during the re-

4C), while pretreatment with OA-NO
2

apoptosis in HK-2 cells with OGD/R injury. Consistent with our observations, NO
2
-FA have 

been reported to induce mild uncoupling of mitochondria and to improve cardiomyocyte 
viability in isolated post-stimulate ischemia reperfusion cardiomyocytes [35]. Furthermore, 
long-term pretreatment with OA-NO

2

myocardial ischemia and 24 h of in vivo reperfusion [23]. NO
2
-FA also afford acute protection 

against I/R injury at the isolated heart level via ANT1-Cys57 nitroalkylation [36]. However, 
others have reported pro-apoptotic actions of NO

2
-FA. NO

2
-FA were reported to induce rat 

aortic smooth muscle cell apoptosis via activation of caspase-dependent pathways [40] and 

basis for these opposite actions of NO
2
-FA is unclear, but several sources of variations such 

as cell types, experimental conditions, and concentrations of the ligands may account for the 
discrepant observations between the present study and previous reports. In this study, OA-
NO

2

potential toxicity of this compound at high doses. In summary, this study demonstrates for 

Fig. 9. 
2
 against OGD/R induced Akt in-

-

period (H16R3) in the presence of OA-NO
2

-

pendent experiments.
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Fig. 10. 
2 

 

-

jected to OGD for 16 h followed by 3 h re-oxygenation period (H16R3) in the presence of OA-NO
2
 (1.25 

condition per experiment. Each assay was representative of three independent experiments. Data were 

0.05, **p 0.01 and ***p

http://dx.doi.org/10.1159%2F000373944
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Fig. 11. Possible mechanism of OA-NO
2
-me-

diated cyto-protection against OGD/R indu-

ced apoptosis was shown. In the schematic 

diagram, activation pathways were indicated 

by ( ), and the inhibitory pathways were 

indicated by ( ).

2 

in HK-2 cells.
How does OA-NO

2

membrane-bound form and forms homooligomeric pores or opens existing mitochondrial 

or -independent apoptosis [30, 42, 44]. In our study, pre-incubation with OA-NO
2
 markedly 

similar to that reported previously [45]. In contrast, OA-NO
2
 failed to induce a discernible 

suggests that OA-NO
2

was found to be regulated by the OA-NO
2

2

eliminated the regulatory effects of OA-NO
2

2

receptor superfamily of transcription factors involved in the regulation of vital processes such 

.

http://dx.doi.org/10.1159%2F000373944
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[50]. Since NO
2

2 

2
 during OGD/R injury 

(Fig. 9). 

modulate Akt activation by increasing the expression of HSP27 [54]. HSP27, in turn, promotes 

study. Alternatively, NO
2
-FA have been reported to regulate cell signaling by a covalent and 

residues of proteins are highly susceptible nucleophilic targets of electrophile reactions, 

phosphatases contain an active site motif that includes an invariant Cys with a low pK
a
 value, 

a property that promotes nucleophilic reactivity and susceptibility to nitroalkylation [56]. 
Thus NO

2
-FA might regulate Akt activity via nitroalkylation of protein-tyrosine phosphatases, 

but this remains to be determined and will be the subject of our future investigations.
In conclusion, our study clearly demonstrates that pretreatment of the post-OGD/R 

renal tubular cells with OA-NO
2
 results in the attenuation of ischemia and reperfusion-

induced apoptosis. The protective effects of OA-NO
2
 were attributed to a combination of Akt 

2
 protects against renal ischemia-reperfusion 

injury by directly modulating mitochondria-mediated apoptosis. Future investigations will 
be necessary to determine the mechanism of Akt activation by NO

2

a novel application for NO
2
-FA in the treatment of ischemia and/or reperfusion injury in 

myocardial infarction, organ transplantation and ischemic stroke in the future.
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