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Nitric oxide (NO) donors are a potent inducer of heme oxygenase-1 (HO-1). However, it is unclear
whether or not HO-1 expression induced by NO donors is a direct consequence of NO released by
NO donors. Here, we investigated the effects of NO donors on the expression of HO-1 in primary
rat articular chondrocytes. NO donors (SIN-1, SNAP, and SNP) significantly induced the accumulation
of HO-1 protein accompanied by an increase in HO-1 mRNA. NO donor-induced HO-1 expression
exerted cytoprotection against NO and/or superoxide-induced cell death. Guanylate cyclase signaling
was not associated with Nrf2 and HO-1 expression in NO donor-treated chondrocytes. Interestingly,
NO scavenger carboxy-PTIO and SOD mimetic TEMPOL markedly inhibited NO donor-induced HO-1
expression in chondrocytes. In addition, NO donor-induced HO-1 expression was completely abro-
gated by the peroxynitrite scavenger MnTBAP. Since peroxynitrite can be physiologcally formed in
the cell through reaction of NO with superoxide, we analyzed whether or not peroxynitrite could di-
rectly induce HO-1 expression in chondrocytes. Peroxynitrite treatment in chondrocytes evoked dose-
and time-dependent Nrf2 and HO-1 expression. These results indicate that HO-1 expression induced
by NO donors in rat articular chondrocytes is due to NO-mediated peroxynitrite rather than NO.
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Introduction

Chondrocyte cell death is a hallmark of degenerative joint

diseases such as osteoarthritis. Articular chondrocytes recov-

ered from patients with osteoarthritis exhibit elevated nitric

oxide (NO) production and upregulation of inducible NO

synthase (iNOS) [25,26]. NO produced by chondrocytes from

normal cartilage is a mediator of normal physiological re-

sponses and may have beneficial effect such as improved

blood flow through vasodilatation. However, at higher con-

centrations, NO may enhance chondrocyte death and sup-

press the synthesis of the cartilaginous matrix [23].

Among the intrinsic systems to attenuate NO-mediated

cytotoxicity, one putative candidate is the heme oxygenase-1

(HO-1) enzyme. HO-1, the rate-limiting step in heme catabo-

lism, is a negative regulator of oxidative stress, in-

flammation, and apoptosis [17,24,27]. Moreover, HO-1 acti-

vation could attenuate NO-mediated cytotoxicity by neg-

atively modulating expression or activity of iNOS [14,27].

In addition, numerous studies have documented that NO

is a potent inducer of HO-1 in various cell types and the

induction of HO-1 by NO donors occurs predominantly via

transcriptonal mechanism [2,4,15].

On the other hand, higher NO concentration through re-

action with endogenous superoxide also leads to the for-

mation of peroxynitrite, a short-lived and damaging oxidant

which may have diverse negative effects on important bio-

logical molecules [22]. Some reports have shown that perox-

ynitrite induces HO-1 expression in endothelial cells [5] and

that the HO system contributes to protection against the cy-

totoxic effects of peroxynitrite [6].

3-morpholinosydnonimine (SIN-1) is also known to be a

generator of peroxynitrite through simultaneous release of

superoxide and NO, and peroxynitrite rather than NO is re-

sponsible for SIN-1-induced HO-1 expression in PC12 cells

[13]. However, SIN-1-induced HO-1 expression is inhibited

by the NO scavenger but not SOD in artery endothelial cells

[20]. In addition, other reports strongly suggest that NO has

a negligible role as a mediator of HO-1 expression induced

by sodium nitroprusside (SNP), which produces NO and

iron [11,16], in RAW 264.7 murine macrophages [10]. Thus,

the mechanism underlying the effects of NO on the HO-1

expression induced by NO donors is remained to be
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clarified.

In the present study, we examined the effects of several

NO donors on the HO-1 induction in rat articular

chondrocytes. Our results show that peroxynitrite rather

than NO from NO donors is involved in the induction of

HO-1 expression in rat chondrocytes.

Materials and Methods

Materials

SIN-1, S-nitroso-N-acetyl-penicillamine (SNAP), SNP,

1H-[1,2,4]oxadiaxolo[4,3-a]quinoxalin-1-one (ODQ), anthra

(1,9-cd)pyrazol-6(2H)-one 1,9-pyrazoloanthrone (KT5823),

Zinc protophorphyrin (ZnPP), protease inhibitor cocktail,

and trypan blue (0.4%) were purchased from Sigma-Aldrich

Chemical Co. (St. Louis, MO). Peroxynitrite, 2-(4-carbox-

yphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl3-oxide

(carboxy-PTIO), 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-

oxyl (TEMPOL), and Mn(III)tetrakis (4-Benzoic acid) por-

phyrin chloride (MnTBAP) were obtained from Calbiochem

(San Diego, CA). Anti-HO-1, NF-E2-related factor 2 (Nrf2),

and β-actin antibodies were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA). The secondary horse radish

peroxidase (HRP)-conjugated antibody and the enhanced

chemiluminescence (ECL) Western blotting kits were ob-

tained from Amersham Pharmacia Biotech (Piscataway, NJ).

Fetal bovine serum (FBS) and other tissue culture reagents

were purchased from Life Technologies (Gaithersburg, MD).

Cell culture

Articular chondrocytes for primary cell culture were iso-

lated from knee joint cartilage slices of 5 wk-old

Sprague-Dawley rats [12]. Cartilage slices were dissociated

by enzymatic digestion for 2 hr with 0.2% collagenase type

II in DMEM. After collection of individual cells by brief cen-

trifugation, cells were resuspended in DMEM supplemented

with 10% FBS, 50 units/ml of penicillin and 50 μg/ml of

streptomycin. Cells were plated on culture dishes at a den-

sity of 5×104 cells/cm2. Medium was replaced every 2 days,

and cells were reached confluence at 5 days of culture. Cells

at day-4 culture were treated with various reagents, as speci-

fied in each experiment.

Evaluation of cell viability

Chondrocytes grown for 4 days were pretreated for 1 hr

in the presence and absence of 2.5 μM ZnPP and then in-

cubated for an additional 16 hr with each NO donor (0.5

mM). Then, cells were collected, washed with cold PBS, har-

vested by trypsinization (0.01% trypsin-EDTA), rinsed in

medium containing FBS and, centrifuged at 300× g. Cells

were resuspended in medium, and viable cells and dead

cells were counted by the trypan blue dye exclusion method

using a hemocytometer.

RNA isolation and RT-PCR

Chondrocytes grown for 4 days were incubated for 6 hr

in fresh medium with or without each NO donors (0.5 mM).

Then, total RNA was isolated using TRIzol reagent and re-

verse transcription was performed with superscript reverse

transcriptase (Invitrogen, Carlsbad, CA) according to the

manufacturer’s instructions. Total RNA, 2 μg, was used to

prepare cDNA (Bionics, Seoul, Korea). The following pri-

mers were used in our study: HO-1, 5’-ACTTTCAGAA

GGGTCAGGTGTCC-3’ (sense) and 5’-TTGAGCAGGAAG

GCGGTCTTAG-3’ (antisense), and glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH), 5’-AGTGTAGCCCAGGAT

GCCCTT-3’ (sense) and 5’-GCCAAGGTCATCCATGACA

AC-3’ (antisense). PCR reactions were performed in 25 μl

reaction volume with the following program: 95°C for 4 min,

30 cycles of 94°C for 30 sec, 60°C for 30 sec, 72°C for 1 min,

72°C for 5 min.

Western blot analysis

Equivalent amounts (10 μg) of total protein were sepa-

rated by 10% SDS-polyacrylamide gel electrophoresis

(PAGE). Proteins in the gel were transferred onto nitro-

cellulose membranes using an electroblotting apparatus

(Bio-Rad, Richmond, CA) and reacted with primary

antibodies. Blots were then washed with TBS-T (TBS and

0.1% Tween 20) and incubated with HRP-conjugated secon-

dary antibody. The membranes were developed with ECL

reaction system and visualized using LAS-3000 Luminescent

Image Analyzer (FujiFilm, Tokyo, Japan). β-Actin was used

as an internal control.

Statistics or reproducibility

Each experiment was repeated at least three times. Data

were expressed as the means±SD from each independent

experiment. The data for the experimental and control

groups were tested for statistical significance by a one-tailed

Student’s t-test, with p<0.05 accepted as the level of

significance.
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Fig. 1. Effects of NO donors on the induction of HO-1 expression

in articular chondrocytes. (A) Primary chondrocytes were

stimulated with various concentrations of NO donors

(SIN-1, SNAP, and SNP) for 6 hr. (B) Chondrocytes were

stimulated with NO donors at 0.5 mM for different time

periods. Whole cell extracts were analyzed by Western blot

analysis using an anti-HO-1 antibody. β-Actin was used

as an internal control for equal protein loading. (C)

Chondrocytes were treated with NO donors at 0.5 mM for

6 hr and total RNA was prepared. HO-1 mRNA level was

analyzed by RT-PCR. GAPDH was used as a control to

monitor equal loading.

Results

Several NO donors induce HO-1 expression in rat

articular chondrocytes

Although NO donors are known to induce HO-1 ex-

pression, the mechanism underlying NO donors-induced

HO-1 expression is not clear. We, in the present study, inves-

tigated the effect of NO on the expression of HO-1 in rat

articular chondrocytes. As shown in Fig. 1A and 1B, treat-

ment of primary chondrocytes with several different NO do-

nors upregulated HO-1 expression in dose- and time-de-

pendent manners. The maximal induction of HO-1 protein

by each NO donor was achieved with 0.5 mM. Also, RT-PCR

analysis showed that NO donors treatment of rat chon-

drocytes for 6 hr resulted in an increase in HO-1 mRNA

(Fig. 1C).

HO-1 induced by NO donor has cytoprotective

effect in chondrocytes

Next, the functional role of HO-1 on cytotoxicity by NO

donors was examined. As shown in Fig. 2, the viable cells

Fig. 2. Effect of ZnPP on the NO donor-induced cytotoxicity

in chondrocytes. Primary chondrocytes were pre-

treated for 1 hr in the absence or presence of 2.5 μM

ZnPP, and then incubated for an additional 24 hr with

NO donors at 0.5 mM. Cell viability was analyzed by

the trypan blue dye exclusion method. Data shown are

the mean±SD obtained from three independent

experiments.
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Fig. 4. Effects of several radical scavengers on NO donor-induced HO-1 expression in rat chondrocytes. Primary chondrocytes were

treated with NO donors at 0.5 mM for 6 hr in the absence or presence of 250 μM carboxy-CPTIO (A) or 0.5 mM TEMPOL

(B). (C) Chodrocytes were treated with NO donors at 0.5 mM for 6 hr in the absence and presence of various concentrations

of MnTBAP. Whole cell extracts were analyzed by Western blot analysis using anti-Nrf2 and anti-HO-1 antibodies. β-Actin

was used as a control.

remained > 80% as cells were treated with 0.5 mM SIN-1

or SNAP for 24 hr and treatment of SNP showed higher

toxicity (about 50% cell death) as compared with that of

SIN-1 or SNAP. Interestingly, the addition of the HO-1 in-

hibitor ZnPP at 2.5 μM, enhanced cell death by NO donors.

ZnPP alone at 2.5 μM had no effect on cell viability in rat

chondrocyte.

Guanylate cyclase signaling is not associated with

NO donor-induced HO-1 expression in chondrocytes

Guanylate cyclase is known to a main target of NO in

many cell types. Thus, we next investigated the involvement

of cGMP signaling pathway on the NO donor-induced HO-1

induction. In rat chondrocytes, neither the soluble guanylate

cyclase inhibitor ODQ nor the protein kinase G inhibitor

KT5823 had substantial effect on the induction of both HO-1

and Nrf2 by NO donors (Fig. 3A and 3B).

Induction of HO-1 by NO donors is due to

peroxynitrite rather than NO in rat chondrocytes

To this end, we determined whether increases of HO-1

expression by treatment of NO donors was due to NO. Rat

chondrocytes were pretreated with carboxy-PTIO known

Fig. 3. Effects of ODQ and KT5823 on the HO-1 induction by

NO donors in chondrocytes. Primary chondrocytes were

stimulated with NO donors at 0.5 mM for 6 hr in the

absence or presence of 10 μM ODQ (A) or 10 μM KT5823

(B). Whole cell extracts were analyzed by Western blot

analysis using anti-Nrf2 and anti-HO-1 antibodies. β
-Actin was used as a control.
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Fig. 5. Effect of peroxynitrite on the induction of HO-1 expression in rat articular chondrocytes. (A) Primary chondrocytes were

treated with various concentrations of peroxynitrite for 12 hr. (B) Chondrocytes were treated with 25 μM peroxynitrite for

different time periods, as indicated. (C) Rat chondrocytes were treated with 25 μM peroxynitrite for 6 hr in the absence

or presence of 25 μM MnTBAP. Whole cell extracts were analyzed by Western blot analysis using anti-Nrf2 and anti-HO-1

antibodies. β-Actin was used as an internal control.

scavenger of NO. As shown in Fig. 4A, an increase of HO-1

expression by NO donors was markedly attenuated by pre-

treatment of carboxy-PTIO. Moreover, pretreatment of mem-

brane permeable SOD mimetic TEMPOL also inhibited the

induction of HO-1 expression by NO donors (Fig. 4B). As

expected, NO donor-induced HO-1 induction always accom-

panied accumulation of Nrf2, which is known to be main

factor on transcriptional activation of HO-1. Interestingly,

the induction of Nrf2 and HO-1 by NO donors used in this

study was also blocked by MnTBAP (Fig. 4C). Peroxynitrite

is a potent oxidizing agent formed by the reaction between

NO and superoxide, which causes increase in HO-1 ex-

pression and enzyme activity in several cell types [5,6].

SIN-1 can be used as peroxynitrite generator as it can pro-

duce NO and superoxide simultaneously. In addition, NO

from SNAP or SNP can also induce peroxynitrite formation

via a reaction with endogenous superoxide [16]. Therefore,

an increase of HO-1 expression by NO donors may be due

to peroxynitrite mediated by NO. To verify the hypothesis,

rat chondrocytes were treated with various concentration of

peroxynitrite for 12 hr. As shown in Fig. 5A, peroxynitrite

strongly induced the expression of HO-1 accompanied by

accumulation of Nrf2. The maximal induction of Nrf2 and

HO-1 was achieved with 25 μM peroxynitrite. A time course

of Nrf2 and HO-1 protein expression in rat chondrocytes

treated with 25 μM peroxynitrite revealed significant in-

crease in as early as 3 hr (Fig. 5B). The peroxynitrite-induced

Nrf2 and HO-1 expression was completely inhibited by

MnTBAP known as a membrane-permeable peroxynitrite

scavenger (Fig. 5C). These results suggest that NO-mediated

peroxynitrite rather than NO is responsible for the induction

of HO-1 by NO donors.

Discussion

NO donors are used to induce HO-1 expression via tran-

scriptional or post-transcriptional regulation in various cell

types [2,7]. And, peroxynitrite is physiologically formed in

the cell through the reaction of NO with superoxide.

Therefore, cells exposed by exogenous NO donors can gen-

erate peroxynitrite becacuse NO diffuses easily through

membranes and superoxide is constitutively produced in mi-

tochondria under a normal condition. Also, NO can abrogate

the action of MnSOD and cytochrome oxidase, which in-

creases superoxide production and peroxynitrite formation

[8,19]. Recently, other investigator showed that iron released

from SNP contributes to HO-1 induction in RAW 264.7 cells

[10]. In our study, induction of HO-1 expression by SNP was

early time event. However, iron chelation by DFO failed to

affect the SNP-induced HO-1 expression in early time point
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of treatment (data not shown). Our data show that NO do-

nor-induced expression of HO-1 was also inhibited by SOD

mimetic TEMPOL in primary rat chondrocytes. Moreover,

induction of HO-1 by NO donors was completely abrogated

by peroxynitrite scavenger MnTBAP in a concen-

tration-dependent manner. These results indicate that perox-

ynitrite is a crucial mediator in the regulation of HO-1 ex-

pression by NO donors such as SIN-1, SNAP, and SNP.

The signaling mechanism by which NO donors induce

HO-1 gene expression is poorly understood. Studies in nu-

merous cell types suggest that the induction of HO-1 by NO

is dependent or independent of the cGMP-signaling path-

way according to the cell types [7,20]. cGMP produced by

guanylate cyclase is a main factor in the regulation of many

biological events such as vasodilation, platelet aggregation

and neuronal signaling. Guanylate cyclase, which is an en-

zyme with subsequent formation of cGMP, is activated by

binding of NO to heme moiety in soluble guanylate cyclase

[3,21]. However, neither ODQ (guanylate cyclase inhibitor)

nor KT5823 (protein kinase G inhibitor) had effect on the

induction of HO-1 by NO donors in rat chondrocytes. These

results indicate that cGMP-signaling pathway was unlikely

to contribute to induction of HO-1 by NO donors in rat artic-

ular chondrocytes.

The transcription factor Nrf2 has emerged as a main factor

on the transcriptional activation of antioxidant enzymes, in-

cluding HO-1 [1,30]. Nrf2 activation is tightly regulated by

its interaction with the actin-binding protein Keap1, a neg-

ative modulator of nuclear translocation of Nrf2 [29].

Phosphorylation of protein as a potential mechanism for the

activation of Nrf2 leads to dissociation with Keap1 in cytosol

and nuclear localization of Nrf2. Several cytosolic kinases

including phosphatidylinositol 3-kinase (PI3K) and mitogen

activated protein kinase (MAPK) have been shown to acti-

vate Nrf2 [9,28]. A recent report has been demonstrated that

protein kinase CK2 is involved in the regulation of chon-

drocyte apoptosis [12]. Moreover, it is also reported that pro-

tein kinase CK2 plays a potential role in Nrf2 activation and

degradation [18].

In conclusion, we demonstrate that induction of HO-1 ex-

pression by NO donors is due to NO-mediated peroxynitrite

rather than NO in rat articular chondrocytes, which may be

associated with the cytoprotection in response to oxidative

stress. Further studies are required to elucidate whether per-

oxynitrite activates Nrf2 via PI3K, MAPK, or protein kinase

CK2 signaling which leads to induction of HO-1 expression.
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초록：흰쥐 관절연골세포에서 NO donor에 의해 유도된 HO-1 발현에서 peroxynitrite의 관련성 연구

송주동
1
․김강미

1
․김종민

2
․유영현

2
․박영철

1
*

(
1
부산대학교 의학전문대학원 미생물학 및 면역학교실,
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Nitric oxide (NO) donors는 heme oxygenase-1 (HO-1)의 강력한 유도제이다. 그러나 NO donors에 의한

HO-1의 발현이 NO donor에 의해 방출되는 NO에 의한 직접적인 영향인지는 불분명하다. 본 연구에서 흰쥐의

무릎으로부터 분리 배양한 관절연골세포에서 HO-1의 발현에 NO donors의 영향을 조사하였다. NO donors

(SIN-1, SNAP 그리고 SNP)는 HO-1의 mRNA와 단백질의 합성을 크게 증가시켰다. 그리고 NO의 표적 분자인

guanylate cyclase와 protein kinase G의 관련성을 살펴본 결과, NO donors에 의한 Nrf2와 HO-1의 발현증가와는

무관한 것으로 보였다. 흥미롭게도, NO scavenger인 carboxy-PTIO와 SOD mimetic TEMPOL은 NO donors에

의한 HO-1의 발현을 억제하였다. 게다가, peroxynitrite scavenger인 MnTBAP에 의해서도 Nrf2와 HO-1의 발현

이 완전히 억제되었다. Peroxynitrite는 NO와 superoxide의 반응에 의해 세포 내에서 자연적으로 형성되는 물질

이므로 peroxynitrite가 관절연골세포에서 HO-1의 발현에 직접적인 영향을 주는지를 관찰하였다. 관절연골세포

에 peroxynitrite를 처리한 결과, 시간과 농도 의존적으로 Nrf2와 HO-1의 발현을 크게 증가시켰다. 본 실험 자료

는 NO donors에 의한 HO-1의 발현증가는 방출되는 NO의 직접적인 영향이라기 보다는 NO와 superoxide의 반

응으로 형성되는 peroxynitrite에 의해 유도된다는 것을 시사한다.


