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To determine effect of nitric oxide (NO) on cellular 
glutathione peroxidase (GPX) level in living cells, we 
measured the activity, protein and mRNA of GPX in 
rat kidney (KNRK) cells under a high NO condition. 
Combined treatment of lipopolysaccharide (LPS, 1 pg/ 
ml) and tumor necrosis factor-c~ (TNF-a, 50ng/ml) 
synergistically enhanced (23-folds) nitrite production 
from KNRK cells. This was suppressed by an indu- 
cible NO synthase (iNOS) inhibitor (aminoguanidine, 
N-nitro-L-arginine methylester hydrochloride) and 
arginase, iNOS expression was detected by RT-PCR 
in the treated cells. GPX was inactivated irreversibly 
when the cells had been homogenized before expos- 
ure to a NO donor, S-nitroso-N-acetylpenicillamine 
(SNAP). In living KNRK cells, SNAP and LPS+ 
TNF-a exerted a transient effect on the GPX activity. 
The treatment with SNAP (200 ~M) or sodium nitro- 
prusside (200~M) enhanced GPX gene expression, 
which was blocked by a NO scavenger, 2-phenyl- 
4,4,5,5,-tetramethylimidazoline-l-oxyl-3-oxide. GPX 
mRNA was markedly increased by the treatment with 
LPS + TNF-a, and aminoguanidine blocked the effect. 
In cells metabolically labeled with 7SSe, LPS + TNF-a 
accelerated the incorporation of radioactivity into 
GPX molecule by 2.1-fold. These results suggest that 
inactivation of GPX by NO triggers a signal for indu- 
cing GPX gene expression in KNRK cells, thereby 

restoring the intracellular level of this indispensable 
enzyme. 

Keywords: Glutathione peroxidase, nitric oxide, antioxidant 
enzymes, gene expression, cell line, free radicals 

INTRODUCTION 

Nitric oxide (NO) is a free radical messenger mole- 
cule wi th  diverse roles in vascular homeostasis,  
immune  system and  neurotransmission.  I1-31 

It is synthesized from L-arginine by  NO 
synthase (NOS) in mammal ian  cells. Basically 
two groups  of NOS exist. One is a constitutive 
NOS (cNOS; neuronal  NOS and endothelial  
NOS) whose  activity is dependen t  on calcium. 
The other is an inducible NOS (iNOS) which 

is synthesized de novo in response to a variety 
of inf lammatory stimuli. Both cNOS and iNOS 
have the same catalytic activity, bu t  they differ 
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from each other in the structure, the chromosomal 
localization and the regulation for gene expres- 
sion. NO is Involved in protective or regulatory 
functions in the cells at a low level, whereas it 
can be toxic at a high concentration. Once iNOS 
is induced, it remains active for a long time and 
continuously produces NO excessively. Peroxy- 
nitrite (ONOO-), generated by reaction of NO 
with superoxide (02), is considered to play a 
major role in the cytotoxic process. [1-31 

Reactive oxygen species (ROS; 02, H202 
and HO') and reactive nitrogen species (RNS; 
NO and ONOO-) are implicated in the patho- 
physiology of various human diseases) 4"s] 
The ROS are scavenged by both enzymatic 
and non-enzymatic antioxidant defense systems. 
If not fully detoxified, the ROS and RNS can 
attack cellular DNA, proteins and lipid mem- 
branes, resulting in tissue damage and cellular 
dysfunction. Antioxidant enzymes such as cata- 
lase, glutathione peroxidase (GPX) and super- 
oxide dismutase (SOD) are the first line of 
defense for maintaining the balance of cellular 
redox status. [4"5! 

GPX (Se-dependent cellular type), which pos- 
sesses a selenocysteine in the active center, cata- 
lyzes the reduction of organic hydroperoxides 
and hydrogen peroxide (H202) using reduced 
glutathione as the substrate. I6] GPX is widely 
distributed in a cell; cytosol, mitochondria and 
peroxisomes. I7"sI However, little is known about 
the regulatory mechanism of the GPX gene 
expression except that by selenium (Se) status. [9] 
Recently NO is reported to directly inactivate 
GPX molecule by binding to its cysteine sulfhy- 
dryl (SH) residue in a cell free system, fl°'lll The 
effect of inactivation of GPX by NO on the sub- 
sequent gene expression in living cells has not 
yet been elucidated. The activity of other anti- 
oxidant enzymes such as catalase, copper-zinc 
SOD (CuZnSOD) and manganese SOD (MnSOD) 
are not affected by a NO donor in vitro. [1°! How- 
ever, in living cells the levels of these enzymes 
are also reported to be modulated by NO or its 
metabolite.[  12-141 

In the present study, we studied the effect of 
NO on GPX expression in rat kidney (KNRK) 
cells by exposure of both exogenously admin- 
istered and endogenously produced NO, and 
we elucidated the initial inactivation and sub- 
sequent de novo synthesis of GPX by NO. 
Such regulatory mechanism for balancing cellu- 
lar redox status plays a pivotal role In the living 
cells. 

MATERIALS AND METHODS 

Cell Culture and Treatments 

KNRK cells, which was originated from a nor- 
mal rat kidney and transformed by Kirsten sar- 
coma virus (American Type Culture Collection, 
Rockville, MD, No. 514882), were grown to con- 
fluency in Dulbecco's Modified Eagle's Medium 
(DMEM, Gibco BRL, Rockville, MD.) containing 
10% fetal bovine sertan. They were then cul- 
tured in the same medium without serum and 
treated with the following peptides and chem- 
icals. Lipopolysaccharide (LPS) from Escherichia 
coli (Sigma Chemical Co., St. Louis, MO.) and 
recombinant tumor necrosis factor-a (TNF-a), 
kindly provided from Dainihon Pharmaceutical 
Co., Osaka, Japan, were used as iNOS inducers. 
S-nitroso-N-acetylpenicillamine (SNAP; Calbio- 
chem, San Diego, CA.) and sodium nitroprus- 
side (SNP; Sigma Chemical Co.) were as NO 
donors. Aminoguanidine hydrochloride (AG; 
Wako Pure Chemicals, Osaka, Japan), N-nitro-L- 
arginine methyl ester hydrochloride (L-NAME; 
Sigma Chemical Co.) and arginase (Sigma 
Chemical Co.) were used as NO blockers, and 
2-phenyl-4,4,5,5-tetra-methylimidazoline (PTIO; 
Calbiochem) as a NO scavenger. 

Cell Viability 

The viability of the cells was estimated by the 
spectrophotometric measurement of rate of 3- 
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
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GPX EXPRESSION BY NO TREATMENT 321 

bromide (MTT, Sigma Chemical Co.) reduction a 2% agarose gel containing ethidium bromide 
as described previously. [as1 (0.5 ~tg/ml). 

NO Production 

NO synthesis was estimated by the assay for 
nitrite, a stable reaction product of NO and 
molecular oxygen. Briefly, 600~d of culture 
supernatant was incubated with 100~tl of 
Griess-Romijn reagent (Wako Pure Chemicals). 
After incubating for 15m in at 25°C, the 
samples were measured spectrophotometrically 
at 520 rim. Fresh culture medium (DMEM) was 
used as the blank. Nitrite concentrations were 
calibrated using sodium nitrite as the stand- 
ard.I151 

RNA Isolation and Reverse-Transcriptase 
Coupled Polymerase Chain Reaction 
(RT-PCR) Analysis 

Total RNA was isolated from KNRK cells by the 
acidic guanidine isocyanate/phenol/chloroform 
extraction method using Ultraspec-II RNA isola- 
tion system (Biotecx Laboratories Inc., Houston, 
TX.). Reverse transcription was carried out on 
1 ~tg of the treated RNA using Superscript Pre- 
amplification System (Gibco BRL), according to 
the manufacturer's instruction. PCR reaction 
was carried out by commercial kit (Takarashuzo 
Co., Osaka, Japan). Amplification was per- 
formed on a Thermal Cycler (Perkin Elmer Co., 
Norwalk, CT.) under the following conditions; 
94°C (5m in) for 1 cycle, 94°C (30sec), 54°C 
(lmin), 72°C (1m in) for 35 cycles. 72°C 
(10 min) for 1 cycle. Oligonucleotide primers for 
iNOS were synthesized based on the sequences 
described by Geller et al. I16] The PCR amplified 
products, which corresponded to the nucleotide 
positions of 447 to 1176 (730bp) for iNOS and 
183 to 667 (484bp) for GPX, were confirmed by 
restriction mapping. Oligonucleotide primers for 
glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) were used as control. The PCR pro- 
ducts were visualized by electrophoresis in 

GPX Activity in KNRK Cells 

For homogenization, KNRK cells were sus- 
pended in 0.01M potassium phosphate with 
0.01% digitonin (pH 7.4) and sonicated. GPX 
activities were measured using tert-butyl hydro- 
peroxide as a substrate by the method described 
previously. [a71 One unit of the enzyme is defined 
as I~mol of NADPH oxidized per min per mg 
protein. The contribution of non-Se dependent 
isoenzyme, glutathione S-transferase as GPX 
activity in the present system is minimal, tls'x9l 
The protein concentration was determined 
by using the Bio-Rad protein assay reagent 
(Bio-Rad, Hercules, CA.). 

Immunoblot Analysis 

The mono-specific polyclonal antibodies against 
rat cellular GPX have been described pre- 
viously, t71 Sodium dodecyl sulfate (SDS)-poly- 
acrylamide gel electrophoresis (PAGE) was 
performed by the method of Laemmli using 
12.5% slab gels. [19"2°] After electrophoresis, the 
proteins were transferred onto a polyvinylidene 
difluoride membrane, incubated overnight at 
4 °C with rabbit anti-GPX antiserum at a dilution 
of 1:3000, followed by incubation with goat anti- 
rabbit IgG Fab fraction conjugated to horse- 
radish peroxidase (MBL Co., Nagoya, Japan) for 
60m in at room temperature. The peroxidase 
activity was visualized by an ECL western blot- 
ting analysis system kit from Amersham Life 
Science (Arlington Heights, IL.). [151 

Metabolic Labelling and Immunoprecipitation 

One day after the 75% confluence (day 0), 75Se- 
selenious acid (specific radioactivity 7742mCi/ 
mmol) were added into the culture medium of 
KNRK cells at the concentration of 92.5 kBq/ml 
(2.5 ~tCi/ml) for metabolic labeling. I61 On day 3, 
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the KNRK cells were treated with LPS and 
TNF-a. After 12h of treatment, the cells were 
lysed in the buffer containing 0.2% SDS, 2 m M  
N-ethylmaleimide, 4 mM phenylmethylsulfonyl  
fluoride, 1% Nonidet  P-40, 1% deoxycholate 
and 4raM EDTA in 0.1M Tris HC1 (pH 8.3). Anti- 
GPX antibody was coupled to Protein A-Sephar- 

ose CL-4B (Amersham Pharmacia Biotech, 
Uppsala, Sweden) by incubation for 30 min at 
37 °C. Then the cell lysate was added to the gel 
and incubated for 2 h by  gentle mixing at room 
temperature.  The immunoprecipitate,  which 
was coupled to the gel, was exhaustively 
washed with the same buffer, and then the 
radioactivity of the gel was counted with Auto- 

well-v-system, ARC-380 (Aloka, Tokyo, Japan). 

RESULTS 

Figure 1 summarizes the change in GPX activity 

in KNRK cell homogenates  during exposure to 
SNAP. The GPX activity declined in a dose- and 
t ime-dependent  manner.  The effect of SNAP 
was not significant over 90rain of incubation 
time at a concentration of 1 I~M. When the SNAP 
concentration was increased to 10 and 100~M, 
the activity declined to 88.6% (ns) and 13.8% 
(p < .05), respectively, of that of the untreated 
control homogenate  at 30min, and to 33.0% 
(p< .05) and 12.4% (p<.05),  respectively, at 
60min. At 90min, GPX activities declined to 
around 10% of the control at the SNAP concen- 
tration of both 10 and 100 ~M. The GPX activity 
was not restored toward control level thereafter 
(data not shown), indicating that inactivation of 
the GPX molecules by SNAP was irreversible 
process when the cells had been homogenized.  

Figure 2 summarizes the NO product ion 
(nitrite) from KNRK cells into the culture med- 
ium by the treatment with LPS and TNF-a. The 
nitrite product ion was increased 4.6-fold by the 
treatment with LPS alone, but  not with TNF-a 
alone. The combination of LPS with TNF-a 
exhibited a synergistic effect on the nitrite pro- 

120 
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~ 80 

0 
-~ 60 
.=. 

40 

m | m m m 

0 30 60 90 

Incubation time (rain) 

FIGURE 1 GPX activities in KNRK cell homogenates incu- 
bated with S-nitroso-N-acetylpenicillamine (SNAP). KNRK 
cell homogenate was incubated at 37 °C in the presence of 
1,10 or 100 laM of SNAP. GPX activities were measured at 30, 
60 and 90 rain. Data are expressed as the percent of the 
activity in untreated control. The brackets indicate SD 
(n = 4). The GPX activities in the homogenate treated with 
100~M of SNAP declined rapidly and were significantly 
(p < .05) decreased by 30rain compared with controls. Those 
treated with 10~M of SNAP were significantly (p <.05) 
decreased by 60 min. GPX activities did not decrease signi- 
ficantly in the homogenate treated with 1 ~tM of SNAP 
(Mann-Whitney test). 

duction. The nitrite level was increased 23-folds 
by the combined treatment from the control 
level. The nitrite product ion induced by LPS 
and TNF-~ was suppressed dose-dependent ly  
by  the co-treatment with iNOS inhibitors, AG 
and L-NAME. Arginase is an enzyme that 
depletes arginine, the substrate of iN(Y3. This NO 
blocker also suppressed the nitrite product ion 
induced by LPS and TNFoa. 

When the KNRK cells were incubated for 24 h 
as intact cells with LPS + TNF-a, LPS + T N F - a  
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FIGURE 2 Effect of LPS and TNF-c~ (TNF) on NO produc- 
tion from KNRK cells. KNRK cells were treated with LPS 
(1 ~g/ml) and/or  TNF (50ng/ml) in the presence or absence 
of a NO blocker. The nitrite concentration in culture medium 
was measured 24 h after the treatments as per mg cell pro- 
reins. The brackets indicate SD (n = 5). Aminoguanidine (AG; 
0.1 or 0.5 mM), N-nitro-L-arginine methylester hydrochloride 
(L-NAME; 0.1 or 0.5 mM) or arginase (100 U/ml) was admin- 
istered 1 h before the combined treatment of LPS and TNF 
(L + T). a: p < .01 (vs control), b: p < .01 (vs L + T), c: p < .01 
(vs the group with a lower concentration of NO blocker: 
Mann-Whitney test). 

+ A G  or  S N A P  a l o n e ,  G P X  ac t iv i t i e s  w e r e  

s i m i l a r  b e t w e e n  t h e  t r e a t e d  g r o u p s  a n d  c o n t r o l s  

( F i g u r e  3A).  T h e  i m m u n o b l o t  a n a l y s i s  a l so  

d e p i c t e d  the  s i n g l e  p r o t e i n  b a n d s  i n  a s i m i l a r  

i n t e n s i t y  i n  al l  l a n e s  ( F i g u r e  3B). F i g u r e  4 

s u m m a r i z e s  t h e  t i m e  c o u r s e  of t h e  c h a n g e s  i n  

G P X  ac t iv i t i e s  i n  l i v i n g  K N R K  cel ls  a f ter  t he  

t r e a t m e n t  w i t h  L P S + T N F - c ~  or  S N A P .  G P X  

a c t i v i t y  i n i t i a l l y  d e c r e a s e d  a n d  r e a c h e d  t h e  n a d i r  

i n  2 h ( S N A P ,  84.6% of  the  i n i t i a l  ac t iv i ty )  a n d  4 h 

(LPS + TNF-c~, 85.8%), a n d  t h e n  w a s  g r a d u a l l y  

r e s t o r e d  t o w a r d  the  b a s e l i n e  l eve l  b y  4 h i n  S N A P  

t r e a t m e n t  a n d  6 h i n  t h e  c o m b i n a t i o n  t r e a t m e n t .  
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FIGURE 3 The activity and protein level of GPX in KNRK 
cells treated with 1 tlg/ml of LPS plus 50ng/ml  of TNF-c~ 
(L + T), L + T + AG (0.5 mM) and SNAP alone (200 ~M). The 
cells were incubated for 24h and then the GPX activity was 
measured CA). The same samples were subjected to immuno- 
blot analysis (B). A specific band was detected at the 22 kDa 
level in each lane. GPX activities and the protein level were 
similar in the four groups. Data are the results of a represen- 
tative experiment from 4 observations. 

! 
30 

20 

10 

" 4 -  LPS+TNF 

- © - SNAP 

0 2 4 6 8 12 18 24 

Hours after treatment 

FIGURE 4 The time course of the change in GPX activity in 
KNRK cells after the treatment with the combination of LPS 
(1 ~g/ml) and TNF-c~ (TNF, 50ng/ml) or SNAP (200 ~M). In 
both cases the GPX activity declined initially and then gradu- 
ally restored to the baseline level. LPS + TNF (n = 4): 0 h vs 
2 h; p < .05, 2 h vs 4 h; ns, 4 h vs 6 h; p < .05. SNAP in = 4): 0 h 
vs 2h; p < .01, 2h vs 4h; p < .005. 
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G P X  

G A P D H  

Control SNAP SNP SNAP 
+PTIO 

FIGURE 5 RT-PCR analyses of mRNA for GPX in KNRK 
cells treated with NO donors. The GPX mRNA expression in 
KNRK ceils was increased by the 24 h treatment with SNAP 
(200 pM) or SNP (200 ~M). PTIO (0.5 mM), a NO scavenger, 
appears to block the effect of SNAP. GAPDH: glyceralde- 
hyde 3-phosphate dehydrogenase was used as the control. 
Data are the results of a representative experiment from 5 
observations. 

GPX 

iNOS 

GAPDH 

~ n t r o l  LI~  TNF ~ T  ~ T  
~ +AG 

FIGURE 6 RT-PCR analyses of mRNA for GPX and iNOS in 
KNRK cells treated with the LPS (1 ~g/ml) or /and  TNF-~ 
(TNF, 50ng/ml).  GPX mRNA expression was enhanced by 
the 24h treatment with LPS or TNF alone. The combination 
treatment (L+T) synergistically enhanced the expression. 
AG (0.5mM) completely blocked the effect of combination 
treatment. The mRNA for iNOS was clearly detected in 
KNRK cells treated with combination of LPS and TNF. AG, 
a competitive inhibitor for iNOS, did not affect the expres- 
sion of iNOS. GAPDH was used as the control. Data are the 
results of a representative experiment from 5 observations. 

In RT-PCR analysis, GPX mRNA signal was 
more intense in the cells treated with NO 
donors, SNAP and SNP, than in the controls 
(Figure 5). Pretreatment with PTIO, a NO scav- 
enger, completely abolished the effect of 
SNAP on the GPX expression. Figure 6 sum- 
marizes the RT-PCR analysis of the mRNA for 
GPX and iNOS in KNRK cells treated with the 
combination of LPS and TNF-c~. GPX expression 
was more intensely depicted in the lanes for the 
cells treated with LPS or TNF-c~ alone compared 

with that for the untreated control cells. The 
combined treatment further enhanced the exp- 
ression of GPX. AG, a competitive inhibitor for 
iNOS, completely inhibited the GPX mRNA 
induction by the combined treatment in KNRK 
cells. The iNOS mRNA was clearly depicted in 
the lane of the cells with the combined treatment. 
AG did not affect the expression of iNOS mRNA. 

The result of the metabolic labeling by 75Se- 
selenious acid is shown in Figure 7. The radio- 
activity in the immunoprecipitate of the anti-GPX 
antibody was 2.1-fold higher in the cells treated 
with combination of LPS and TNF-a than in 
untreated control, indicating that the combined 
treatment accelerated the de novo incorporation 
of selenium into GPX molecule. 

The viability of the KNRK cells was not 
affected by the 24 h treatment with LPS, TNF-a, 

6 

5 

4 " 

" 

OS 
2 - 

| 

1 - 

_ 

p<0.01 

Control LPS+TNF 

FIGURE 7 The incorporation of radioactive selenium (Se) 
into GPX. KNRK cells were metabolically labeled by the 
addition of 7~Se-selenious acid in the culture medium three 
days before the treatment with LPS (1 ~g/ral) and T N F ~  
(TNF, 50ng/ml).  The radioactivity for the immunoprecip- 
itate by specific GPX antibodies was counted 24h after the 
combination treatment, p < .01 (control vs LPS + TNF; Mann- 
Whiiney test; n = 5). 
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GPX EXPRESSION BY NO TREATMENT 325 

SNAP and SNP either in the presence or absence 
of NO blockers and scavengers. The mean viabi- 
lity (n = 5) was greater than 95% in each group of 
the KNRK cells (data not shown). 

DISCUSSION 

In the present study, cellular GPX was inactiv- 
ated irreversibly when the KNRK cells had 
been broken before exposure to a NO donor, 
SNAP. On the other hand, the NO donor and 
iNOS inducers exerted a transient effect on the 
GPX in living KNRK cells. The restoration of 
GPX level in the living KNRK cells was asso- 
ciated with an enhanced GPX gene expression 
and de novo protein synthesis. Such induction 
was completely blocked by the co-incubation 
with either a NO scavenger or an iNOS inhibitor, 
suggesting that the inactivation and subsequent 
induction of GPX, observed here, was due to a 
high intracellular concentration of NO. 

Asahi et al. reported that SNAP inactivated 
purified bovine GPX in a cell free system in a 
dose- and time-dependent manner [1°1 and that 
peroxynitrite also exerted similar effect on the 
GPX. II1! Excessive NO production can inactivate 
cellular enzyme systems by several different 
mechanisms; inactivation of the iron-sulfur clus- 
ter, [211 auto-ADP-ribosylation, [221 nitrosylation of 
free SH groups [23] and release of Z n  2+ from zinc- 
sulfur clusters. I241 It has been shown by mass 
spectrometry that NO mainly oxidizes seleno- 
cysteine residue of the catalytic center for GPX 
to form a selenenyl sulfide (Se-S) with a free 
thiol, leading to the inactivation of biological 
activity. Illl The inactivation of the GPX observed 
in this study suggested that such oxidative reac- 
tion on the intracellular GPX by RNS also took 
place in the KNRK cells. Similar to our present 
results, Asahi et al. also observed the transient 
and a little effect of SNAP on GPX activity in in- 
tact U937 cells that GPX was maximally reduced 
to 75.9% of the control after I h treatment then 
gradually recovered. I1°1 However, this restora- 

t-ion mechanism of intracellular GPX has not yet 
been understood. 

The induction of iNOS by LPS treatment in 
cultured cells is variable. LPS alone can enhance 
iNOS expression in phagocytes, however, most 
of other cell types require additional action 
of inflammatory cytokines such as TNF-c~, inter- 
feron-3, or interleukin-lfl for the induction of 
iNOS. LPS, when administered to animals in 

vivo, induces iNOS expression in various rat 
tissues including adipocytes, I15'251 and increases 
NO secretion into circulation. [15"25] The LPS 
administration elicits inflammatory cells to pro- 
duce cytokines, resulting in iNOS induction in 
various other cell types as their combined effect. 
In the present study, combined treatment of LPS 
and TNF-c~ exhibited a synergistic effect on ex- 
pression of iNOS in KNRK cells. To our know- 
ledge, this is the first report of the induction of 
iNOS in KNRK cells by the combined treatment 
of LPS and a cytokine. RNS is known to attack 
nuclear DNA, inducing apoptosis of cells and 
conversely exhibiting carcinogenesis on different 
occasions. [s'261 Whether the RNS directly induces 
gene expression has not been reported. 

The effect of in vivo administration of LPS to 
rat on the tissue GPX levels has been variously 
reported to be increased or unchanged depend- 
ing on cell types. Dhaunsi et al. reported that LPS 
treatment increased the activity and protein 
level of the peroxisomal but  not mitochondrial 
and cytosolic GPX in rat liver. [291 Thus, LPS- 
induced alterations in GPX enzyme level may 
vary depending on the cell types and also on 
subcellular sites. MnSOD gene is well known to 
be induced by inflammatory cytokines such as 
TNF-c~, interleukin-lfl and interleukin-6 in a 
va r i ous  cell types. |27'28] Whether such direct 
induction by cytokines or LPS occurs in GPX 
gene has not been elucidated. 

The results of the present s tudy in KNRK 
cells suggest that the initial inactivation of GPX 
molecule by excessive NO itself compensatory 
triggers a signal for inducing GPX gene expres- 
sion, thereby restoring the intracellular level 
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of this enzyme  that is indispensable for cell sur- 

vival. 
Purified antioxidant enzymes  such as catalase, 

CuZnSOD and MnSOD are not inactivated in 

vitro by N O  molecules generated f rom SNAP. ll°J 

On the other hand,  NO donors  or iNOS indu- 

cers, when  adminis tered to intact cells, modula te  

antioxidant  enzymes  including GPX in certain 
cell types. [12-14] Such t reatment  increases intra- 

cellular ROS concentration and eventually leads 

to cell death  media ted  by  RNS. Hydro gen  per-  

oxide synergistically enhances the cytotoxicity of 
N O  donors. I3°'311 A variant  h u m a n  leukemia cell 

line, HL-NR6, which has higher levels of catalase 

and CuZnSOD compared  with original HL-60 
cells, is resistant to NO-induced  apoptos is )  321 

Cells that are t ransformed for over-expressing 

antioxidant  enzymes  are protected against  cyto- 
toxicity of RNS der ived f rom ROS and NO. I3°1 

Over-expression of GPX is reported to be more  

protective against  the toxicity of SNAP and SNP 
than that of SOD. [3°] Thus, the balance and the 

synergism of antioxidant  enzymes  also play a 

key role for protection against RNS toxicity in 

cells. 

In the present  study, GPX molecule appeared  

to detoxify the N O  by  the direct binding, and 

that was  followed by  a compensa tory  induction 

of the enzyme  protein. Thus, cellular GPX acts as 

an intracellular N O  scavenger (or as a chain- 
breaking antioxidant) in cells, along with  its 

intrinsic action as a prevent ive  antioxidant  to 

reduce the concentration of ROS. GPX is suggested 
to inhibit I n Ba phosphory la t ion /degrada t ion  

and subsequent  NF-~ B activation, thereby pre-  
venting the induction of iNOS gene. [331 Thus, cell 

has protective mechanisms to keep the balance 

in product ion  and detoxification of ROS and 

RNS at different levels. 
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