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Abstract Neonatal rat cardiomyocytes were subjected to 24 h of hypoxia 95%N,/5%CO, and 24 h
of hypoxia plus 4 h of reoxygenation 95%0.,/5%CO,. 24 h of hypoxia increased the levels of NO,
NO,/NO;, TBARS and LDH. 24 h of hypoxia plus 4 h of reoxygenation decreased the levels of NO,

NO,/NO;, but further increased TBARS and LDH. The hypoxia up-regulated the expression of

bcl-2, p53 and p21/wafl/cipl but the reoxygenation down-regulated the expression of bcl-2, and
further up-regulated p53 and p21/wafl/cipl. The hypoxia increased cell apoptosis and reoxygena-

tion further increased both apoptotic and necrotic cell death. NO, NO,/NO;, TBARS, DNA frag-

mentation and cell apoptosis were enhanced by SNP and inhibited by L-NAME respectively. In
addition, SOD/catalase down-regulated the expression of p53, p2l/wafl/cipl and TBARS but up-

regulated bcl-2 and increased indirectly the level of NO, NO,/NOj, and inhibited DNA fragmenta-

tion. The results suggest that hypoxia-induced cell death is associated with the activation of NO,
bcl-2 and p53 pathway, while hypoxia-reoxygenation induced cell death via the generation of reac-
tive oxygen species and activation of p53 pathway. The present study clarified that NO may be an
initiative signal to apoptotic cell death and the activation of bcl-2, p53 and p21/wafl/cipl pathway in
hypoxic and hypoxia-reoxygenated cardiomyocytes.
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Two types of cellular demise can occur simultaneousdly in tissues or cultured cell by necrosis
and apoptosis. Loss of membrane integrity, cell edema and break, and the cell components re-
leased out are the characteristics of necrosis. While the cell apoptosis is a program cell death cod-
ed by gene and activated serious endogenous enzymesY. Recent studies have demonstrated that
myocardial ischemia-reperfusion injury resulted in apoptotic cell death in addition to tissue necro-
sisl?4,

Oxygen stress is one of the reasons that caused cell apoptosis and the oxygen radicals in the
stress cause the DNA fragmentation, activate poly-ADP-ribose transferase, and increase p53 and
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cell apoptosis®. Increasing evidence demonstrates that NO is involved in the apoptotic process!”.
Superoxide anions react with NO to form peroxynitrite (ONOO") and damage cell®®. NO donor
causes accumulation of p53 and cell apoptosig®d. Hypoxia myocardium generates NO by acti-
vating inducible NO synthase (iNOS) through cGMP pathway and induces cell apoptosigi®ty,

Oncogene bcl-2 and p53 are important factors that regulated cell apoptosig?>'d. Recent
studies suggested that apoptosis was associated with the accumulation of p53 and its target gene
p21/waf1/cipl in hypoxia®*¥l. However, arguments arose from the recent studies that suggested
apoptotic cell death to be independent of p53 gene expression in hypoxia-reoxygenated or ische-
mia-reperfused cardiomyocytes®™. At the same time, decrease of bcl-2 expression in cardiomyo-
cytes was shown to be an important reason for cell apoptosis. Bcl-2 could inhibit the NO-induced
cell apoptosis and break of poly-ADP-ribose-polymerase. Expression of bcl-2 could inhibit p53-
induced cell apoptosis!'®™. The involvement of bcl-2 in apoptotic cell death during hypoxia and
reoxygenation injury was still a controversy!™®. Some reported bcl-2 expression increased and
other reported it decreased in ischemia-reperfusion myocardium(*°29,

There are more publications about the mechanism of hypoxia and ischemia induced cell
apoptosis, but less about reperfusion and reoxygenation induced apoptosis. In order to identify the
hypothesis that NO generated from hypoxia-reoxygenated cardiomyocytes may trigger cell death,
we performed in vitro studies using cultured neonatal rat cardiomyocytes exposed to hypoxia and
hypoxia followed by reoxygenation respectively. The expression of bcl-2, p53 in cardiomyocytes,
NO concentration of culture supernatant, and DNA fragmentation were investigated to further
address the role of bcl-2, p53 signa pathway in cell death of hypoxia-reoxygenated cardiomyo-
cytes.

1 Materialsand methods

1.1 Agents

DMEM (GIBCO), feta calf serum (FCS, Kibbutz Beit Haemek, Isragl), HEPES (Farco), bcl-
2 antibody (N-19, Santa cruz), P53 antibody (CM-1, Novo), p21l/waf1 antibody (C-19, Santa cruz),
sheep-anti-rat FITC (Doko), Annexin V-Flous Boechringer Mannheim), Propidium iodide (Pl),
NADPH, FAD, sodium nitroprusside (SNP), thiobarbituric acid (TBA), SOD, catalase, N U-nitro-
L-arginine methyl ester (L-NAME), cytosine arabinoside (Sigma). Other chemicas made in China
were of analytical grade.

1.2 Cel mode for hypoxia-reoxygenation injury

Neonatal rat cardiomyocytes were cultured according to the Tanaka method with minor
modificatior?. In brief, the hearts from 2—3 days Wistar rats (Medical Zoology Center, the First
Military Medical University) were minced and dissociated with 0.06% trypsin. The cells were
incubated on 100-mm culture dish for 15 min at 37°C with 100% relative humidity in a CO, in
cubator. Non-attached viable cells were collected and incubated in DMEM supplemented with
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10% fetal calf serum penicillin 50 U/mL and streptomycin (50 ng/mL) for 6 h, followed by incu-
bation in the same media supplemented with 10 mol/L cytosine arabinoside for 48 hto reduce
the rate of non-cardiomyocytes. The cultured media were replaced by DMEM supplemented with
1% FCS and the cells were incubated for 24 h. Cardiomyocytes were incubated at 37°C in an air-
tight incubator where normal air was pumped out with a vacuum pump and replaced by 95%
N./5% CO, for 24 h to induce hypoxia injury. After 24 h of hypoxia, the gas was replaced by 95%
0O,/5% CO, for another 4 h to produce hypoxia-reoxygenation injury. Before hypoxia, SNP (5
mmol/L), L-NAME (100 nmol/L), D-NAME (100 mmol/L), and SOD/catalase (100 U/mL each)
were separately added to the cultured media and incubated with cardiomyocytes for 24 h of hy-
poxia or 24 h of hypoxia followed by 4 h of reoxygenation. The normal control cardiomyocytes
were incubated under 95% air/5% CQO..

1.3 Electrophoretic analysis of DNA fragmentation
DNA was extracted from cultured cardiomyocytes and the occurrence of DNA fragmentation
was determined by agarose gel electrophoresis as in the previous method!?.

1.4 Annexin-V-FLUOS/propidium iodide (Pl) double staining cytometry

Double staining for Annexin-V-FLOUS/PI was performed according to Vermes method?>23,
After being washed twice with PBS, 10%/mL cardiomyocyte cells were suspended in binding
buffer (10 mmol/L HEPES/NaOH, pH 7.4, 140 mmol/L NaCl, 2.5 mmol/L CaCl,). Annexin V-
FLOUS and PI were separately added to a final concentration of 1 mg/mL in cell suspension. The
mixture was incubated for 20 min in the dark at room temperature and then measured at 488 nm
and 560 nm by FACScan (EPICS Elite). The cell populations of Annexin-V-FLOUS'/PI" and
Annexin-V-FLOUS'/PI* were calculated respectively to represent apoptotic and necrotic cells and
the cell without Annexin-V-FLOUS and Pl as control.

1.5 ELISA detection of cell apoptosis

Cdlular DNA fragmentation was determined using the cell death detection ELISA reagents
(Boehringer Mannheim, Mannheim) following the manufacturer’ s instructions. The DNA frag-
mentation was expressed with the enrichment of histone-associated mono- and oligonucleosomes
released into the cytoplasm. The enrichment factor (EF) was calculated according to absorption at
405 nm.

1.6 bcl-2, p53 and p21/wafl/cipl/protein measurement
The expression of bcl-2, p53 and p2l/wafl/cipl proteins was detected as by the pervious

method!?. Fixed cells were washed twice in PBS containing 4% BSA (PBS/BSA). The 1 100
dilution of the primary antibodies, bcl-2, p53 and p21/wafl/cipl were added separately to the cell
pellet and placed at 4°C for 60 min. The cells were washed in PBS/BSA and incubated inal 50
dilution of the secondary antibody, goat-anti-mouse FITC for 60 min. Excess antibody was rinsed
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and the cells were suspended in PBS supplemented with Pl (10 mg/mL) and RNase (1.0 mg/mL).
Samples were analyzed using FACScan (EPICS Elite). At least 5000 cells were detected for each
sample and the buffer without antibody as control and the percent of expressed proteins of bcl-2,
p53, and p21/wafl/cipl were calculated.

1.7 LDH measurement
LDH was measured with LDH kit made by Zhongsheng Com. (Institute of Biophysics, Chi-
nese Academy of Sciences) on UV-photospectrometer (Beckman DU-640).

1.8 NO messurement

The culture media were replaced by 3 mL DMEM buffer solution containing 1% FCS, 5
mmol/L DETC, 1 mmol/L FeCl,. The cardiomyocytes were incubated at 37°C for 30 min, then
cooled down to stop the reaction, and 1 5 volume ethyl acetate was added to the mixturel?.
After being shaken for 3 min, the solution was centrifuged at 10000 g for 6 min, the organic sol-
vent layer was separated from the water and kept in the dark at 0—4C for ESR detection. ESR

conditions: X-band, 100 kHz modulation with 3.2 G amplitude, microwave power 20 m\W, central
magnetic field 3380 G with sweeping 400 G, time constant 0.3 s.

1.9 Nitrite and nitrate determination
The concentrations of NO,/NOj in culture supernatants were measured by the previous

method with minor modification’?®. In brief, cultured supernatant (200 ni) was incubated with
100 ni of nitrate reductase (90 mU/mL), 100 i b-nicotinamideadenine dinucleotide phosphate
(b-NADPH, 0.28 mmol/L), 100 m_ of flavin adenine dinucleotide (FAD, 35 mmol/L) and 200 ni
of potassium phosphate buffer (0.1 mol/L, pH 7.5) for 60 min at 25°C. After the solution was
boiled for 3 min, an equal volume of Griess reagent (1 1 mixture of 2% sulfanilamide in 5%
H;PO, and 0.2% N-(1-naphthyl) ethylenediamine dihydrochloride in water) was added to the re-
duced samples and incubated at 60°C for 10 min. The absorption at 550 nm was measured using
Bio-Rad 450 ELISA reader. A standard curve (0—20 nmol/mL) of sodium nitrate was indicated as

NO,/NO3 (nmol/mL).

1.10 TBARS measurement

The concentrations of TBARS in supernatants were measured by means of Ohkawd s
method®? at 532 nm using Beckman DU-640 spectrophotometer. Tetragthylox (10 nmol/L) as
standard sample and the TBARS in the culture solution are expressed as nmol/mL.

111 Statistical anaysis
All data were analyzed by Newman-Keult and t-test. When P < 0.05, statistical significance
was accepted.
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2 Reaults

2.1 Hypoxiareoxygenation induced DNA fragmenta-
tion, apoptosis and necrosis

Asshown in fig. 1, aladder pattern of DNA frag-
mentation appeared in hypoxic (24 h) and hypoxia (24
h)-reoxygenated (4 h) cardiomyocytes. SNP increased
but SOD/catalase and L-NAME inhibited the formation
of DNA fragmentation, while D-NAME had no inhibi-
tory effects on DNA fragmentation, suggesting that NO
and superoxide anions may contribute to apoptotic cell
death in hypoxic and hypoxic-reoxygenated cardio-
myocytes.

To evauate quantitatively DNA fragmentation,
cell death detection ELISA method was employed in
the study (fig. 2). The enrichment factor (EF) represents
the enrichment of histone-associated DNA fragmenta-
tion and accounts for apoptosis of cardiomyocytes. EF
was significantly increased by administration of SNP

Fig. 1.

Agarose gel electrophoresis analysis on
DNA fragmentation in cultured cardiomyocytes. A,
| DNA/EcoR I +Hind marker; B, control; C, hy-
poxia; D, hypoxia-reoxygenation; E, hypoxia+ SNP;
F, hypoxiatL-NAME; G, HR+SOD/catal ase.

and inhibited by L-NAME in both hypoxic and hypoxia-reoxygenated cardiomyocytes, but D-
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Fig. 2. Enrichment factor (EF) of DNA fragmentation in
cultured cardiomyocytes detected by cell death ELISA. HO,
Hypoxia, HR, hypoxia plus reoxygenation; L-NAME (100
mmol/L); D-NAME (100 mmol/L); SNP (5 nmol/L);
SOD/CAT (100 U/ml, each); @, Vs. contral, p < 0.05; *, Vs.
HO, p<0.05; #, Vs. HR, p< 0.0.

NAME had no significantly inhibitory effects on
it. In addition, SOD/catalase also decreased EF
in hypoxia-reoxygen ated cardiomyocytes. The
results further support the hypothesis that NO
and superoxide radicals may contribute to apop-
totic cell death during hypoxia-reoxygenation
injury.

In order to differentiate necrotic cells from
apoptotic cells, Annexin V-FLOUS was simulta-
neoudly applied with Pl in hypoxia-reoxygenated
cardiomyocytes. As shown in fig. 3, the vita
cells are negative for both fluoresceinated an
nexin V binding and Pl uptake (Annexin V-/PI).
The apoptotic cells are positive for fluorescein-
ated annexin V binding but negative for Pl up-

take (Annexin V*/PI"), while the necratic cells are positive for both fluoresceinated Annexin V
binding and PI uptake (Annexin V*/PI"). The statistic data are showed in fig. 4. 24 h of hypoxia
alone induced mainly apoptotic cell death while 24 h of hypoxia plus 4 hours of reoxygenation
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caused mainly necrotic cell death. The results indicate that hypoxia-reoxygenation not only medi-
ates cardiomyocytes apoptosis but also induces cardiomyocytes necrosis. The rates of apoptosis
and necrosis were increased by SNP and inhibited by L-NAME respectively in both hypoxic and
hypoxia-reoxygenated cardiomyocytes, suggesting that NO contributes to apoptotic and necrotic
cell death. It is interesting that SOD/catalase inhibited significantly both apoptotic and necrotic
cell death in hypoxia-reoxygenated cardiomyocytes but without protective effects in hypoxic car-
diomyocytes. The results suggest that superoxide anions contribute to cell death in hypoxia-
reoxygenation injury, but not in hypoxiainjury.
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Fig. 3. Analysis of Annexin V-FLOUS / Propidium iodide (PI) double staining FACS measurement in cultured car-
diomyocytes. (d) Normal control; (b) hypoxia (HO); (c) hypoxia-reoxygenation (HR); (d) HO+L-NAME (100 nmol/L);
(e) HO+SNP (5 nmol/L); (f) HO+SOD/CAT (100 U/mL, each); (g) HR+L-NAME (100 nmol/L); (h) HR+SNP (5
mmol/L); (i) HR+SOD/CAT (100 U/mL, each). Region 3 represents the vital (Annexin V//PI") population; region 4

represents the apoptotic (Annexin V*/PI-) population, and region 2 represents the necratic (Annexin V*/PI*) popul a
tion.

2.2 Generation of NO, NO,/NOj; in hypoxiareoxygenated cardiomyocytes
The ESR spectrain fig. 5 came from incubation of (DETC),Fe?* with cardiomyocytes of hy-
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poxia-reoxygenation and control. The signa at g = 2.034 with ay = 12.5 G comes from complex
(DETC),Fe?*-NO. The signal increased with addition of L-arginine and decreased with addition of
L-NAME, indicating that the NO came from NOS.
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Fig. 4. Apoptotic and necrotic cell death rates (%) in cultured cardiomyocytes based on Annexin V/ Pl double

staining FACS measurement. HO, Hypoxia; HR, hypoxia plus reoxygenation; L-NAME (100 nmol/L); D-NAME

(100 nmol/L); SNP (5 nmol/L); SOD/CAT (100 U/mL, each). @, Vs. control, p < 0.05; *, Vs. HO, p < 0.05; #, Vs.
HR, p<0.05,n=3—5.

Fig.5. ESR spectraof NO generated from 1, hypoxia-reoxygenated cardiomyocytes and trapped by (DETC),Fe?;
2, control without cardiomyocytes. Other conditions are described in sec. 1.

Asshown in table 1, the level of NO, /NO3 was significantly increased by 24 h of hypoxia,

while reduced after reoxygenation. The level of NO;,/NOj3 was decreased by administration of
NOS inhibitor L-NAME and increased by NO donor SNP. Administration of SOD/catalase in-

creased significantly the level of NO,/NO3.
2.3 TBARSand LDH leakage
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Asshownin table 1, the levels of TBARS and LDH in the media were slightly increased by
24 h of hypoxia and significantly augmented by 4 h of reoxygenation as NO,/NO3 decreased.

Tablel Changesof NO (mmol/L), TBARS (mmol/L) and LDH (U/L) in the culture solution of cardiomyocytes
(meant SE, n=23)

Group NO, /NO; TBARS LDH
Control 2.47 £ 0.09 4.10+0.21 2.60+0.31
HO 14.28 +0.78* 5.33+0.43* 7.82 +0.47*
HR 12.32 +0.27# 7.41+0.42% 12.77 +0.56*
HR+SNP 18.24 +2.07° 9.85+0.28° 16.35+0.28°
HR+L-NAME 6.35 + 0.63° 5.52+0.27° 7.50 + 0.63°
HR+D-NAME 11.57+1.42 7.49+0.37 10.78 £0.55
HR+SOD/CAT 10.73+0.69 5.07 £ 0.28° 8.06 + 0.95°

HO, Hypoxia; HR, hypoxia-reoxygenation; *, Vs control p < 0.05; #, Vs. HO, p < 0.05; D, HR, p < 0.05.

TBARS and LDH were significantly decreased in the media of hypoxia and hypoxia-reoxygenated
cardiomyocytes in the presence of SOD/catalase and L-NAME but no effect by the presence of D-
NAME, indicating that NO and oxygen radicals played an important role in the hypoxia
reoxygenation cardiomyocytes injury.

2.4 Expression of bcl-2, p53 and p21/waf1/cipl protein

24 h of hypoxia increased the expression of bcl-2, p53 as well as p2l/wafl/cipl protein in
cardiomyocytes and bcl-2 decreased but p53 and p21/waf1/cipl protein further increased by fol-
lowing 4 h of reoxygenation (figs. 6—8). Administration of L-NAME or SOD/catalase inhibited
significantly the expression of p53 and p2l/wafl/cipl and up-regulated bcl-2, while SNP up-
regulated p53 and down-regulated bcl-2 but no effect on p2l/waf-1/cip-1. There was no effect of
D-NAME on the above proteins. The results suggested that apoptotic cell death induced by NO or
reactive oxygen species may be via the dterations of the expression of bcl-2, p53 and
p21l/waf1/cipl in cardiomyocytes of hypoxia-reoxygenation injury.
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Fig. 6. Expression rates (%) of bcl-2 proteins in cultured cardiomyocytes. HO, Hypoxia; HR, hypoxia plus re-
oxygenation; L-NAME (100 mmol/L); D-NAME (100 mmol/L); SNP (5 mmol/L); SOD/CAT (100 U/mL, each). @,
Vs. control, p < 0.05; *, Vs. HO, p < 0.05; #, Vs. HR, p < 0.05,n =3—5.
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and p21/wafl/cipl, but down-regulation of bcl-2. There are reports about hypoxia-!?, ischemia-
reperfusion- and infarct-?") induced myocardia apoptosis. Active oxygen radicals are important
factors for inducing cell apoptosis, but there are reports about cell apoptosis without relation with
oxygen radicals. Active oxygen and bcl-2 and p53 are related to the apoptosis in hypoxia cardio-
myocytes. But there are a few reports about the relation of active oxygen with bcl-2, p53 and
p2l/wefl/cipl in reoxygenation. This study found that hypoxia increased the production of NO,

NO,/NOg3, and dightly increased TBARS while reoxygenation reduced the level of NO and

NO; /NOj3; but increased TBARS significantly. Hypoxia caused DNA fragmentation and induced

apoptosis, while reoxygenation not only increased apoptotic cell death but aso led to necrosis.
Hypoxia up-regulated the expression of bcl-2, p53 as well as p21l/waf 1/cipl proteins while reoxy-
genation down-regulated bcl-2 but continually up-regulated p53 and p2L/wafl/cipl, indicating that
oxygen and NO generation was closely related to the change of bcl-2, p53 and p2l/wafl/cipl. It

needs to note that both the expression of bcl-2 and the production of NO and NO,/NOj in

creased in hypoxia, while both of them decreased in reoxygenation, indicating that there was a
relation between them. NO donor SNP down-regulated and L-NAME up-regulated bcl-2 in reoxy-
genation, indicating that NO itself could down-regulate bcl-2. The reason of bcl-2 up-regulation in
hypoxia may come from the stress reaction induced by hypoxia. There was similar report about no
expression of bcl-2 in norma myocardiun?® and increased expression of bcl-2 in infracted myo-
cardium*¥, This study indicated that there was high expression of bcl-2 in normal cardiomyocytes
and 24 h hypoxia increased the level of bcl-2, suggesting that hypoxia was an inducing factor for
up-regulating the expression of bcl-2. TBARS indicated the lipid peroxidation mediated by oxy-
gen radicals and reflected the level of oxygen radicals. Less oxygen free radical generated lower
TBARS leve in hypoxia. Reoxygenation generated “ oxygen burst” and a lot of oxygen radicals
were generated and higher level of TBARS was detected. Addition of SOD/catalase decreased
TBARS and up-regulated bcl-2, indicating that there was close relation between oxygen radicals
and bcl-2. At the same time, hypoxia and hypoxiareoxygenation up-regulated p53 and
p2l/wafl/cipl proteins, and L-NAME and SOD/catalase down-regulated p53 and p21/waf 1/cipl
proteins in cardiomyocytes, indicating that NO and oxygen radicals generated by hypoxia
reoxygenated participated in and stimulated the expression of bcl-2, p53 and p2l/wafl/cipl. It was
reported that DNA fragmentation was related with p53 transcription activity, and p53 protein ac-
cumulation in the apoptosis processi™. It was also reported that p21/wafl/cipl did not inhibit the
protein complex in cell cycle and block cell cycle. Although p2l/wafl/cipl did not induce cell
apoptosis, they could stop the cell in G1®! and participate in the apoptosis process mediated by
p531*4. NO and oxygen radicals may trigger cardiomyocytes apoptosis via the above pathway.

To clarify the above ideas, three methods were used to study the mechanism of apoptosisin
hypoxia-reoxygenated cardiomyocytes. DNA fragmentation and oligoribonucleotide and polyri-
bonuclectide bodies formed in early apoptotic cell were examined by anti-histone protein, DNA-
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antibody-ELISA method. Application of Annexin V and Pl simultaneously can differentiate
necrotic cells from apoptotic cells. Hypoxia induced redistribution of PS and apoptotic cell death
while reoxygenation further increased redistribution of PS and led to both apoptotic and necrotic
cell death®. Based on this method, we demonstrated that 24 h hypoxia induced cell apoptosis and
reoxygenation did not increase apoptosis but increased necrosis significantly. Moreover, hypoxia
induced LDH release and further increased in the following reoxygenation. Hypoxia increased

TBARS and NO, NO;/NO3 and reoxygenation further increased TBARS but decreased nitrite

compounds, indicating that hypoxia induced generation of NO, and reoxygenation induced “ oxy-
gen burst” and superoxide radicals, and further caused lipid peroxidation injury. NO may trigger
apoptotic and necrotic cell death via the production of ONOO". As a powerful oxidant, ONOO
not only degrades to toxic hydroxyl radicals, but also induces nitration of proteins and in conse-
guence causes DNA damage and DNA strand breaks. Therefore, the decrease of NO in reoxy-
genation cardiomyocytes could be detected. These results indicate that cell death may be attribut-
ed to the synergetic effects of NO and superoxide radicals in hypoxia-reoxygenated cardiomyo-
cytes. In order to prove this possibility, SNP, L-NAME and SOD/catal ase were added separately to

the culture solution before hypoxia. SNP could increase the level of NO, NO,/NOj, LDH ac-

tivity, and apoptosis and necrosis in the solution; L-NAME inhibited the level of NO, NO,/NO3,

LDH, and apoptosis and necrosis in the solution; SOD/catalase aso inhibited the level of NO,
NO,/NO;, LDH, and apoptosis and necrosis in the solution. These results further suggest that
oxygen and NO radicals participate in the apoptosis and necrosis process in hypoxia
reoxygenation cardiomyocytes. Hypoxia mainly causes apoptosis and increase of NO. Reoxy-
genation not only causes apoptosis but also necrosis and increase of oxygen radicals, suggesting
that NO may mainly cause apoptosis and oxygen radical may mainly cause necrosis.
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