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Apoptosis is a critical determinant of tissue mass
omeostasis and may play a role in carcinogenesis.
he aim of the present study was to investigate an-
xia-induced cell death in colon-derived HT29 cells
nd the effect of nitric oxide on this phenomenon. It
as found that HT29 cells subjected to anoxia undergo
poptosis in a time dependent manner, as determined
y DNA fragmentation and Hoechst-33258 dye stain-
ng. Cytochrome c release from mitochondria to cy-
osol is a key step in this process and this release
recedes DNA fragmentation. NO inhibits anoxia in-
uced apoptosis in these cells by inhibiting the release
f cytochrome c and thus may play a role in modulat-
ng the apoptotic cell death of colon-derived epithelial
ells. © 1999 Academic Press

Key Words: nitric oxide; apoptosis; cytochrome c;
T29 cells.

Apoptosis is a programmed form of cell death with
ide-ranging significance in health and disease (1).
poptotic cell death occurs in two phases: an initial
ommitment phase followed by an execution phase
hich is characterized by a series of changes including

ell shrinkage, plasma membrane alterations, and con-
ensation and fragmentation of chromatin (2). During
poptosis, most of the cell contents, including many of
ts organelles, cytoskeleton, and plasma membrane,
ndergo far-reaching changes. In the nucleus, chroma-
in is disrupted, laminin B is degraded (3), and endo-
ucleases are activated, which result in cleavage of
NA (4). Also associated with apoptosis is activation of
spartate-specific cysteine proteases (caspases) (5)
hich leads to cleavage of poly(ADP-ribose) polymer-

1
 To whom correspondence should be addressed. Fax: 91 0416
32035. E-mail: wubalu@hotmail.com.
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se (PARP)2 (6) and protein kinase C (7), among other
roteins. Recent work has suggested that mitochondria
ay play a role in inducing apoptosis (8). The demon-

tration that the anti-apoptotic bcl-2 protein is ex-
ressed on the mitochondrial membrane supports a
ole for mitochondria in apoptosis (9). Mitochondria
ave also been found to release cytochrome c during
poptosis and this was capable of inducing DNA frag-
entation in isolated nuclei incubated with cytosol

10). The finding that intact cells undergo apoptosis
fter release of cytochrome c into the cytosol has pro-
ided further support for an apoptotic function of this
itochondrial protein (10). Kharbanda et al. recently

eported that the release of cytochrome c from mito-
hondria during induction of apoptosis can be pre-
ented by bcl-XL (11).
Mucosal cells lining the gastrointestinal tract un-

ergo continuous turnover. In the small and large in-
estine, new cells originate from stem cells located near
he base of the crypts and migrate upward from the
rypt base over the course of 3–7 days, finally under-
oing apoptosis at the mucosal surface (12). Recently,
e demonstrated that, of the isolated cells at various

tages of differentiation from the monkey small intes-
inal epithelium, apoptotic cells are seen only in the
illus tip (13). Our studies on the possible role of oxi-
ative stress in turnover of these cells indicated that
lthough oxidative stress is seen in both villus and
rypt stem cells (14), mitochondrial function and struc-
ural alterations indicated a drastic damage in the
illus tip cells (15).

2 Abbreviations used: PARP, poly(ADP-ribose) polymerase;
-NAME, L-nitrosoarginine monomethyl ester; SNP, sodium nitro-
russide; GSNO, S-nitrosoglutathione; FCS, fetal calf serum; PBS,
hosphate-buffered saline; DMSO, dimethyl sulfoxide; PAGE, poly-

crylamide gel electrophoresis; MTT, 3-(4,5 dimethylthiazol-2-
l),2,5-diphenyl tetrazolium bromide.
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241NO PREVENTS ANOXIA-INDUCED APOPTOSIS IN HT29 CELLS
The maintenance of normal cell number in tissues
equires a balance between the rate of cell division and
he rate of cell death. The uncontrolled cell prolifera-
ion seen in malignancy could be due to an increased
roliferation or decreased cell death. Thus, a block in
poptosis has also been implicated in cancer (16), since
ancer cells often have an immature phenotype repre-
enting a block in the normal differentiation pathway
17) and restoration of the normal differentiation pro-
ram in cancer cells thus appears to activate an apo-
totic mechanism similar to the normal physiological
rocess (18).
Increasing attention has been focused recently on

he interplay of nitric oxide in diverse biological pro-
esses in nearly all aspects of life (19–22). NO has been
hown to induce apoptosis in cells such as macrophages
nd T84 tumor cells (23–25), but to prevent apoptosis
n others (26, 27). Since a possible involvement of NO
n the pathogenesis of various disorders such as carci-
ogenesis, ischemia, traumatic hemorrhage, inflam-
atory reactions, and hypoxia has been shown (28), it
as interesting to explore the role of NO in anoxia-

nduced cell death in the colon carcinoma derived HT29
ells, especially a possible role for NO in modulating
he signaling cascade in apoptosis. In this study, we
emonstrate that NO protects anoxia-induced apopto-
is in colon-derived adenocarcinoma cells possibly by
reventing cytochrome c release from mitochondria.

ATERIALS AND METHODS

Chemicals. Bovine serum albumin, L-arginine, L-nitrosoarginine
onomethyl ester (L-NAME), glutathione (GSH), sodium nitroprus-

ide (SNP), succinate, ATP, ADP, protein molecular weight markers,
ytochrome c, DNA molecular weight markers, agarose, ethidium
romide, Hoechst-33258, RNase, and proteinase K were all obtained
rom Sigma Chemical Company (St. Louis, MO). RPMI-1640 medium
nd fetal calf serum were obtained from Flow Laboratories. All other
hemicals used were of analytical grade.
Synthesis of S-nitrosoglutathione. S-Nitrosoglutathione (GSNO)
as prepared as described (29, 30). Briefly, GSNO was synthesized
y mixing equimolar concentrations of GSH and sodium nitrite. This
tock solution was diluted to a final concentration of 1 mM in the
xperiments described below.
Cell culture and experimental conditions. Human colon carci-

oma cell line HT29 obtained from American Type Culture Collec-
ion (ATCC, Rockville, MD) was used in this study. The cell line was
aintained in RPMI-1640 supplemented with 10% (v/v) fetal calf

erum (FCS), 100 units/ml penicillin, 100 mg/ml streptomycin, and
.025 mg/ml fungizone. Cells were grown in 150 cm2 flasks at 37°C in
% CO2, fed at 2-day intervals, and passaged at 4-day intervals.
tock cells were trypsinised and suspended at 105 cells/ml in me-
ium, and 20 ml was seeded in tissue culture flasks. Cells were
ultured for 48 h and confluent monolayers were used for this study.
ell cultures were made anoxic in anaerobic jars to which a vacuum
as applied, followed by flushing with nitrogen. Where indicated, the

ells were pretreated (1 h) with 1 mM arginine or arginine plus 1 mM
-NAME. Experiments were also carried out with other NO donors,
NP or GSNO, at 1 mM final concentration.

Assessment of cell viability. Viability of cultured cells were as-

essed by trypan blue exclusion. N
MTT reduction by HT29 cells. Cell viability and mitochondrial
unction were assessed by MTT reduction using a microplate reader
s described (31). In a total volume of 150 ml in each well, cell
uspension corresponding to 1 3 105 cells/ml was taken, 6 ml of 1.25
M MTT was added and the volume was made up with 25 mM

hosphate buffered saline (PBS). MTT was dissolved in PBS and
ltered to remove the small amount of insoluble residue in some
atches of MTT. Plates were incubated at 37°C for 20 min followed by
ddition of 150 ml of DMSO, and mixed thoroughly to dissolve the
ormazan. The plates were read on a multiwell scanning spectropho-
ometer (ELISA reader) using a test wavelength of 570 nm and
eference wavelength of 630 nm. The amount of MTT formazan
ormed was calculated from the standard curve prepared using au-
hentic MTT formazan (20–100 mM).

Measurement of oxygen uptake. Oxygen uptake was determined
olarographically using a Clark-type electrode in 2 ml of respiratory
edium (225 mM sucrose, 5 mM MgCl2, 10 mM KH2PO4, 20 mM
Cl, 10 mM Tris, and 5 mM Hepes, pH 7.4), containing 5 mM

uccinate as respiratory substrate. One hundred thousand cells were
sed. Oxygen uptake was stimulated with 0.3 mM ADP.
DNA fragmentation analysis. Cells were evaluated for evidence

f apoptosis by agarose gel electrophoresis of genomic DNA to detect
NA fragmentation associated with apoptosis. This was done as
escribed (13) with slight modification. After various treatments, the
ells were separately lysed in 0.5 ml of buffer consisting of 100 mM
ris–HCl, pH 8.0, 150 mM NaCl, 20 mM EDTA, and 0.8% SDS or 5%
riton X-100. RNA was eliminated by the addition of 10 ml of RNase
(10 mg/ml) and digested for 1 h at 37°C. Proteins were degraded by

igestion with 10 ml of proteinase K (20 mg/ml) at 50°C for 2 h. DNA
as then purified by a single phenol–chloroform extraction followed
y ethanol precipitation after which the DNA pellet was redissolved
n 20 ml of TE buffer (10 mM Tris–HCl, pH 8.0, with 1 mM EDTA).
NA integrity was assessed by electrophoresis using 1.8% agarose
els and staining with ethidium bromide. DNA internucleosomal
leavage or laddering is indicative of apoptosis.
Hoechst 33258 staining. Cells were smeared on glass slides and

llowed to air dry. An ethanol, chloroform, and acetic acid mixture
6:3:1 v/v) was used as a fixative. After 10 min exposure, cells were
tained with Hoechst (500 mg/ml) for 10 min. The cells were then
xamined under an Olympus fluorescent microscope using an UV
lter.
Detection of cytochrome c release. Cells were homogenized in PBS

nd spun at 15,000 rpm for 10 min to pellet mitochondria. The
ostmitochondrial supernatant was separated on a polyacrylamide
el (16% acrylamide separating gel) and visualized by Coomassie
rilliant blue staining. Cytochrome c release was also assessed by
ecording the absorption at 550 nm of the postmitochondrial super-
atant.
Statistical analysis. Three separate estimations were carried out

nd results are presented giving the means 6 SD. A Student t test
as done to compare the changes. (*P , 0.05 as compared with

ontrol, **P , 0.05 as compared with anoxia).

ESULTS

An attempt was made to determine whether anoxia
nduces cell death in the commonly used colon carcinoma
ell line (HT29) and whether NO has any role in modu-
ating this process. As NO donors, arginine, which is a
ubstrate for NO synthase and thus a precursor of NO in
ells, as well as other NO donors like SNP and GSNO
ere used. Experiments were also carried out with an
nalogue of arginine, L-NAME, which is an inhibitor of

O synthase. Cell viability as assessed by trypan blue
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242 MADESH, RAMACHANDRAN, AND BALASUBRAMANIAN
xclusion was considerably decreased after anoxia and
he cells were protected by the presence of arginine or
ther NO donors (Fig. 1A). Reduction of the tetrazolium
ye (MTT) is also a measure of cell viability and this was
sed as an additional index of cell death after anoxia and
he protection offered by NO donors. As shown in Fig. 1B,
noxia induced a decrease in MTT reduction which was
revented by the presence of arginine or other NO do-
ors. To test whether anoxic cell death is due to apopto-
is, characteristic changes such as DNA fragmentation
nd nuclear condensation (by Hoechst dye staining) were
tudied. Analysis of the DNA pattern after anoxia
howed DNA fragmentation which was inhibited by the
resence of NO donors (Fig. 2). The specific morphological
hanges occurring in anoxic cell death were further clar-
fied by staining cells with the Hoechst-33258 dye. As
een in Fig. 3, treatment with nitric oxide donors pro-

IG. 1. Cell viability of HT29 cells after anoxia in the presence and
bsence of nitric oxide donors, as assessed by trypan blue (A) and
TT reduction (B). HT29 cells were subjected to 1 h of anoxia in an

noxic chamber. (1) control, (2) anoxia, (3) anoxia 1 1 mM arginine,
4) anoxia 1 1 mM L-NAME, (5) anoxia 1 1 mM arginine 1 1 mM
-NAME, (6) anoxia 1 1 mM SNP, (7) anoxia 1 1 mM GSNO.
ided significant protection against anoxia-induced nu-
a
(

lear fragmentation. Figure 4 shows the quantitation of
poptotic cells after Hoechst dye staining expressed as a
ercentage apoptotic cells. As can be seen, arginine and
ther NO donors offered significant protection against
noxia-induced apoptosis.
Sulindac is a nonsteroidal anti-inflammatory drug

NSAID) which is known to induce apoptosis in various
ell types (32). To further test NO protection against
poptosis, HT29 cells were treated with sulindac in the
resence and absence of arginine. It was found that
ulindac induced DNA fragmentation in HT29 cells
nd this too was inhibited by arginine (Fig. 5).
Mitochondria are now recognized to play a pivotal

ole during the apoptotic process (33). Since the MTT
ssay is also an index of mitochondrial function and
TT reduction was decreased in anoxia induced apo-

tosis, mitochondrial damage and protection by NO
onors were investigated. Anoxia induced a decrease in
he respiratory control ratio which is indicative of un-
oupling of respiration from oxidative phosphorylaton.
s shown in Fig. 6, the presence of NO donors pro-

ected against this decrease and helped to maintain
itochondrial function. One of the key signals during

poptosis is release of cytochrome c into the cytosol
rom the mitochondria, and on analyzing the postmi-
ochondrial supernatant on PAGE, the presence of cy-
ochrome c in anoxia treated cells was noted. PAGE
ad been used earlier to detect cytochrome c release
fter the mitochondrial permeability transition (34).

IG. 2. DNA electrophoresis after anoxia in HT29 cells in the
resence and absence of nitric oxide donors. DNA extracted after 1 h
f anoxia was run on an 1.8% agarose gel and visualized after UV
ransillumination. (1) molecular weight markers, (2) control, (3) an-
xia, (4) anoxia 1 1 mM arginine, (5) anoxia 1 1 mM L-NAME, (6)

noxia 1 1 mM arginine 1 1 mM L-NAME, (7) anoxia 1 1 mM SNP,
8) anoxia 1 1 mM GSNO.
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IG. 3. Fluorescence photomicrographs of HT29 cells after 1 h of anoxia. Cells were stained with Hoechst-33258 as described in under
aterials and Methods. Control cells (A) show normal morphology. Apoptotic cells (arrowhead) are visible after anoxia (B). Cells subjected
o anoxia in the presence of arginine (C) and other NO donors, SNP (F) and GSNO (G), showed normal morphology. L-NAME-treated cells
howed apoptosis (D), while inclusion of arginine along with L-NAME had a protective effect (E).
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244 MADESH, RAMACHANDRAN, AND BALASUBRAMANIAN
his release of cytochrome c was inhibited by the pres-
nce of NO donors (Fig. 7).
To elucidate the sequence of events occurring during

noxia induced apoptosis in HT29 cells, cells were sub-

IG. 5. DNA fragmentation of HT29 cells after treatment with
ulindac (600 mM) for 48 h, as seen after ethidiun bromide staining
nd UV transillumination. (1) Molecular weight markers, (2) control,

IG. 4. Quantitation of apoptotic cells in anoxia-induced apoptosis
ollowing fluorescent Hoechst dye staining. Cells were counted and
xpressed as percentage apoptotic cells.
3) sulindac, (4) sulindac 1 arginine, (5) sulindac 1 L-NAME, (6)
ulindac 1 L-NAME 1 arginine.

a
(

ected to various periods of anoxia such as 15, 30, 45,
nd 60 min. Following this, cytochrome c release and
itochondrial function were assessed. With 45 min of

noxia, a small decrease in mitochondrial function as
ssessed by MTT reduction was observed (Fig. 8A)
hough the respiratory control ratio was affected at 30
in of anoxia itself. These changes were reversed by

he presence of arginine (Fig. 8B). Cytochrome c was
eleased into the cytosol by 45 min of anoxia (Fig. 9A)
s assessed by PAGE, which was further confirmed by

IG. 7. Polyacrylamide gel electrophoresis of the postmitochon-
rial supernatant from HT29 cells after anoxia in the presence and
bsence of NO donors. (1) Standard cytochrome c, (2) control, (3)
noxia, (4) anoxia 1 1 mM arginine, (5) anoxia 1 1 mM L-NAME, (6)

IG. 6. Respiratory control ratio of HT29 cells after anoxia in the
resence and absence of NO donors. (1) control, (2) anoxia, (3) an-
xia 1 1 mM arginine, (4) anoxia 1 1 mM L-NAME, (5) anoxia 1 1
M arginine 1 1 mM L-NAME, (6) anoxia 1 1 mM SNP, (7) anoxia 1
mM GSNO.
noxia 1 1 mM arginine 1 1 mM L-NAME, (7) anoxia 1 1 mM SNP,
8) anoxia 1 1 mM GSNO.
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245NO PREVENTS ANOXIA-INDUCED APOPTOSIS IN HT29 CELLS
bsorption at 550 nm (Fig. 9B) and this was not seen in
rginine-treated cells. DNA fragmentation was seen
nly at 60 min anoxia and not earlier (data not shown).
o test whether NO was inhibiting anoxia-induced ap-
ptosis or merely delaying it, experiments were carried
ut for longer durations of anoxia, namely, 2 and 3 h.
he presence of arginine was seen to inhibit both DNA

ragmentation and cytochrome c release even after 3 h
f anoxia (data not shown).

ISCUSSION

The intracellular pathways involved in the response

IG. 8. Mitochondrial function in HT29 cells after various periods
f anoxia in the presence and absence of 1 mM arginine, as assessed
y MTT reduction (A) and the respiratory control ratio (B).
o hypoxia are largely unknown and there is even less i
nformation about the long-term effects of hypoxia. Hy-
oxic injury is of major clinical importance, especially
n organ transplantation and cardiac reperfusion in-
ury (35). Biochemical changes in hypoxic injury in-
lude depletion of ATP levels, increase in cytosolic cal-
ium, and membrane phospholipid degradation (35).
ypoxia also induces the p53 gene and stabilization of

he p53 protein (36). The present study has shown that
T29 colon carcinoma cells undergo apoptotic death
fter being subjected to anoxia and this was further
onfirmed by studying changes characteristic of apo-
tosis after various periods of anoxia.
Apoptotic cell death is a fundamental feature of vir-

ually all animal cells. It plays an important role dur-
ng a number of physiological processes such as tissue
omeostasis and immune function (37). Irrespective of
he initiating stimuli, cells undergo apoptosis as a re-
ult of a sequence of highly coordinated and interlinked
teps. Even though reactive oxygen species have been
mplicated in hypoxic injury to neurons (38), it has
een demonstrated that bcl-2, the prototype of a novel
amily of proto-oncogenes, can inhibit apoptosis that
as induced by very low oxygen pressure, suggesting

hat reactive oxygen species may not be an absolute
equirement for programmed cell death (39).
Recent evidence indicates that mitochondria play a

ivotal role in the apoptotic cascade (40). This was
nitially suggested based on the localization of the anti-
poptotic protein bcl-2 to the mitochondria (41), but
ow release of cytochrome c from mitochondria has
een found to be a key signaling event in the apoptotic
rocess. Released cytochrome c has also been shown to
ctivate the caspase enzymes which are considered the
executioners” in programmed cell death (PCD) which
n turn lead to DNA fragmentation and other later
vents (42).
The present data suggest that HT29 cells exposed to

noxia undergo changes characteristic of apoptosis and
hese changes occur in a time-dependent manner.
hort periods of anoxia (15 min) did not show any
armful effects to the cells, with both cellular DNA
ntegrity and mitochondrial function being main-
ained. With 30 min of anoxia, mitochondrial function
as affected, as seen by decreased MTT reduction as
ell as a decrease in the respiratory control ratio. The
ecline in mitochondrial function observed in our stud-
es and reported from other laboratories is one of sev-
ral potentially drastic functional alterations that take
lace in apoptotic cells (43). Release of cytochrome c
rom mitochondria was seen only by 45 min of anoxia,
nd this was not accompanied by DNA fragmentation.
NA fragmentation was seen only by 60 min of anoxia
hen fragmentation of the nucleus was also seen ac-

ompanied by mitochondrial dysfunction as well as
ytochrome c release. Thus, anoxia-induced cell death

n HT29 cells seems to proceed in a time dependent,
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IG. 9. Cytochrome c release from mitochondria of HT29 cells after different periods of anoxia in the presence and absence of 1 mM
rginine. (A) Polyacrylamide gel electrophoresis of postmitochondrial supernatant: (1) standard cytochrome c, (2) control, (3) 15 min anoxia,
4) 30 min anoxia, (5) 45 min anoxia, (6) 15 min anoxia 1 arginine, (7) 30 min anoxia 1 arginine, (8) 45 min anoxia 1 arginine. (B) Scanning

pectroscopy of the postmitochondrial supernatant. (A) standard cytochrome c, (B) control, (C) 45 min anoxia, (D) 45 min anoxia 1 arginine
bsorption peaks at 416 nm and 550 nm are consistent with the absorption spectrum of cytochrome c.
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247NO PREVENTS ANOXIA-INDUCED APOPTOSIS IN HT29 CELLS
tepwise fashion. This system is ideal to dissect out the
arious steps in the process of apoptotic cell death.
Nitric oxide is a molecule whose biological roles are

ow under intense investigation. The effect of NO on
ells may be viewed as a double-edged sword. On one
and, NO kills invading pathogens or tumor cells and
herefore can be regarded as an essential component of
he nonspecific immune defense system. On the other
and, massive NO production relates to severe medical
ymptoms like sepsis and type I diabetes mellitus and
hus seems destructive and detrimental to the whole
rganism (44). It has recently been shown that NO
lays an essential role in apoptotic processes in a va-
iety of cell types. A limited amount of NO protects B
ymphocytes from antigen-mediated apoptotic death.
egarding the mechanism by which NO prevents apo-
tosis in B cells, it was demonstrated that NO release
revents the drop in the expression of the proto-onco-
ene bcl-2 (27). NO is also known to inhibit spontane-
us apoptosis in cultured ovarian follicles via a cGMP-
ependent mechanism (45). It has been shown that NO
revents apoptosis in hepatocytes by inhibiting
aspase-3 like protease activation through a cGMP-
ependent mechanism and direct S-nitrosylation of
aspase-3 (46). Also, nitric oxide has been shown to
nhibit Fas-induced apoptosis (47). The finding by So et
l. that suppression of JNK2 phosphotransferase ac-
ivity by NO also supports the observation that NO
lays an important anti-apoptotic role in hepatocytes,
plenocytes, eosinophils, and B lymphocytes (48). Re-
ently, Kim et al. have shown that NO inhibits cyto-
hrome c release by inhibiting caspase-3 activation and
leavage of bcl-2 (49). Thus it was interesting to see the
ffect of NO on anoxia-induced apoptosis in HT29 cells.
t was observed that anoxia induced apoptosis in HT29
ells was prevented by the nitric oxide synthase sub-
trate arginine as well as other NO donors. In contrast
o the effects observed with arginine, its analogue L-
AME reversed the inhibitory effect of arginine on
noxic cell death.
Apoptosis is of critical importance both to the patho-

enesis of cancer and to the likelihood of resistance to
onventional antineoplastic treatment. Mutations in
enes that lead directly or indirectly to reduced apo-
tosis are generally associated with a poor prognosis in
variety of tumors (50). It has been observed that

atients with ulcerative colitis are prone to develop
alignancies and there is increased production of ni-

ric oxide in ulcerative colitis (51). Our results suggest
reason for the susceptibility to malignancy in ulcer-

tive colitis since increased nitric oxide levels could
nhibit normal apoptosis in the colon, causing develop-

ent of malignancies.
In conclusion, these results indicate that anoxia in-

uces apoptosis which can be prevented by NO donors.

he possible action of NO involves prevention of mito-

2

hondrial damage and cytochrome c release which is an
arly step in the apoptotic process.
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