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Abstract

Increased expression of cyclooxygenase (COX) and overproduction of
prostaglandins (PGs) have been implicated in the development and pro
gression of colorÃ©ela!cancer (CRC). Recent observations suggest that
reactive oxygen intermediates play a role in tumor cell growth regulation
and expression of the inducible COX, COX-2. We therefore evaluated the
effects of various antioxidants on COX expression and cellular growth in
the human CRC cell line HCA-7. The antioxidants pyrrolidinedithiocar-
bamate (PDTC), N-acetylcysteine, 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox), and U74006 decreased PG production, intra-
cellular redox status, and cellular growth in a concentration-dependent
manner. The decrease in cellular growth was associated with the induction
of apoptosis. Unlike the selective COX inhibitors l-[(4-methy!sulfonyl)
phenyl]-3-trifluoromethyl-5-[(4-fluoro)phenyl]pyrazole (SC 58125) and
(2-cyclohexyloxy-4-nitrophenyl)methanesulfonamide (NS 398) that inhibit
COX-2 catalytic activity, these antioxidants decreased COX-2 expression
at the transcriptional level. Combined treatment of HCA-7 cells with
PDTC and SC 58125 resulted in an additive decrease in PG levels and
anchorage-dependent and -independent growth. Furthermore, whereas
antioxidants or SC 58125 reduced tumor growth in vivo, coadministration
of PDTC and SC 58125 resulted in actual tumor regression. These results
suggest that combined therapy with NSAIDs and antioxidants might be
useful in the prevention and/or treatment of CRC.

Introduction

CRC3 is the second leading cause of cancer mortality in Western

societies. Epidemiological studies have reported up to a 50% decrease
in the relative risk of CRC in persons who regularly ingest aspirin or
other NSAIDs, suggesting that these drugs are effective cancer che-

mopreventive agents ( 1). NSAIDs exert their pharmacological effect
by inhibiting COX, the enzyme responsible for PG synthesis. How
ever, prolonged use of drugs such as aspirin frequently results in
untoward gastrointestinal side effects, which has led to the develop
ment of more selective COX inhibitors (2).

Two isoforms of COX, COX-1 and COX-2, have been identified.
Although they both catalyze the formation of the unstable PG en-
doperoxide intermediate PGH,, COX-1 and COX-2 are likely to have
fundamentally different biological roles. COX-1 is constitutively ex-
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pressed in most tissues and is thought to be involved in maintaining
cellular homeostasis (3). In contrast. COX-2 is frequently undetect-

able at baseline in normal tissues, but it is readily expressed in gastroin
testinal epithelial cells in response to inflammatory cytokines, LPS,
mitogens, and reactive oxygen intermediates (4). Overexpression of
COX-2 has also been associated with CRC. In human studies, COX-2 is
increased in 80-90% of CRC tumors and in 40% of premalignant
colorectal adenomas (5). Furthermore, COX-2 but not COX-1 expression
is markedly elevated in most colonie tumors in azoxymethane-treated rats

and in intestinal adenomas from multiple intestinal neoplasia (Mm) mice
(6, 7). Although the proposed role of COX-2 in tumor development and

progression has not been fully elucidated, numerous studies have dem
onstrated that selective COX-2 inhibitors can significantly reduce polyp

formation and tumor growth in vivo (8, 9).
Alterations in oxidant tone have been associated with perturbations

of cell growth and transformation. Irani et ai (IO) reported that
activation of H-Ras in fibroblasts led to an elevation of Superoxide

production, which was associated with increased cellular prolifera
tion. More recently, we have demonstrated a relationship between
intracellular redox status and CRC cell growth (11). Numerous genes
and their enzyme products, including COX-2, are regulated by cellular

redox status. For example, nitric oxide and peroxynitrite, the coupling
product of nitric oxide and Superoxide, have been shown to increase
COX-2 activity in the murine macrophage cell line RAW 264.7 (12).
Additionally, interleukin 1 and LPS-induced COX-2 expression has
been reported to be decreased after antioxidant treatment of rat me-

sangial cells and alveolar macrophages, respectively (13, 14). We
have therefore evaluated the effect of various antioxidants on intra
cellular redox status and COX-2 expression and function in human
CRC cell line HCA-7 and correlated these changes with effects on
cellular proliferation. HCA-7 cells express COX-1 and COX-2 and

produce large amounts of PGs (15). We report herein that antioxidants
significantly decrease PG production and proliferation in this cell line.
The decrease in proliferation is due to an induction of G, cell cycle
arrest and/or apoptosis. In addition, we examined the potential addi
tive interaction between antioxidants and SC 58125 in in vitro and in
vivo models of CRC. Whereas the administration of SC 58125 alone
reduced tumor growth in vivo, the combination of an antioxidant and
SC 58125 caused significant tumor regression. Therefore, these data
suggest that coadministration of antioxidant(s) and selective COX-2
inhibitor(s) may be useful in the prevention and/or treatment of CRC.

Materials and Methods

Materials. Cell culture reagents were purchased from Lite Technologies.
Inc. (Grand Island, NY). Chemicals were purchased from Sigma Chemical Co.
(St. Louis. MO), unless otherwise stated. | 'HIThymidine was purchased from
Amersham (Arlington Heights, IL). Polyclonul antibodies to human C'OX-I

and COX-2 were purchased from Santa Cruz Biotechnology (Santa Cru/, Ã‡A).

The antioxidunt la/aroid U74006 (tirila/id mesylute) was a gift from John
McCall (Upjohn-Phurmuciu Pharmaceuticals. Kalamazoo, MI). SC 58125 was

generously provided by Peter Isakson (G. D. Searle and Co., St. Louis, MO),
and NS 398 was purchased from Cayman Chemicals.
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Cell Culture and Cell Growth Assays. HCA-7 cells were grown as

described previously (15). Effects of selected agents on DNA synthesis were
evaluated by | 'H]thymidine incorporation. HCA-7 cells ( I X 10' cells/filter) were

plated on 24-mm Transwell filters (0.4 Â¿impore size: Costar. Cambridge. MA) in

DMEM. and experiments were performed when cells reached 100% confluence.
Cells were serum-starved for 48 h before the addition of test agents. After a 21-h
incubation, cells were pulsed with | 'H|thymidinc (1 nCi/well) for an additional

3 h. The relative amount of radioactivity incorporated into trichloroacetic acid-

insoluble material was determined by scintillation counting in aqueous fluor
(Amersham). Results were normalized to cell number that was determined in
replicate wells for each condition, and all results presented are representative of at

least three separate experiments.
To assess anchorage-independent cell growth. HCA-7 cells (1 X IO5 cells/

35-mm dish) were plated in DMEM supplemented with \Â°/c(v/v) fetal bovine

serum and 0.4% (w/v) agar in the presence or absence of the selected agent. The
colony number was quantified after 10 days using an Omnicon image analyzer.
Colonies greater than 50 Â¿xmin diameter (approximately 50 cells) were scored as
positive. Values are representative of three experiments carried out in triplicate.

Flow Cytometric Analysis. Unsynchronized HCA-7 cells were exposed to

different concentrations of selected agent for 24 h. and the cell cycle profile
was determined as described previously (11). Detection of apoptotic cells by
flow cytometry was performed using the ApopTag plus in situ apoptosis
detection kit (Oncor. Gaithersburg. MD).

Alterations in Intracellular Redox Status. Intracellular redox status (as
determined by endogenous H2O2 levels) was performed as described previ
ously using 5 /AMDHR as a specific fluorescent dye probe (Molecular Probes.

Inc., Eugene. OR: Ref. 11).
Determination of PCs. Serum-starved HCA-7 cells ( I x IO5 cells/filter)

were treated with selected agent! s ) for 24 h. Arachidonic acid (>99% pure: Nu
Chek Prep.. Inc.. Elysian. MN) was added for the last 30 min of the incubation at
a final concentration of 20 /AM.Medium was removed from the basolateral surface
of the cells. PGE2 was measured by a stable isotope dilution assay using gas
chromatography/negative ion chemical ionization mass spectrometry (15).

Western Blot Analysis of COX Proteins. Total cell extracts were pre
pared and denatured by boiling for 5 min in SDS-polyacrylamide sample
buffer. Total cell extract (100 /Â¿g)was resolved by 12% SDS-PAGE and
elcctrotransferred to Immobilon-P membrane (Millipore. Bedford. MA). The

membrane was then incubated with 5% nonfat dry milk in PBS for 1 h at room
temperature and subsequently incubated with antibodies against COX-1 or
COX-2 (0.1 /ng/ml) overnight at 4Â°C.Protein products were visualized with

enhanced chemiluminescence (Amersham).
Northern Blot Analysis. Polyadenylated mRNA was isolated from treated

HCA-7 cells as described previously (II). mRNA (3 fig) was separated by
electrophoresis through 1% (w/v) agarose-formaldehyde gels and blotted onto
0.2-/J.IT1 nitrocellulose membranes. Hybridizations were performed with
human-specific probes labeled by RNA polymerase-directed reverse transcrip
tion ( IB15) or random primer extension (COX-I or COX-2: kindly provided

by Dr. Raymond N. DuBois. Nashville. TN). IBI5 was used as a constitutive
cDNA probe to assure equivalent loading and transfer of RNA.

Nuclear Run-On Assay. HCA-7 nuclei were prepared in NP40 lysis buffer
[10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCU. and 0.5% (v/v) NP40].
Nuclei were isolated from cells in serum-free medium alone (control) or with
selected agents for the indicated intervals. Nuclear run-on transcripts were labeled

as described previously (16). Equivalent amounts of radioactivity were added to
each nitrocellulose filter and hybridized for 4 days at 42Â°Cin the presence of 50%

(v/v) formamide. Filters were prepared by blotting 5.0 /Â¿gof COX-1. COX-2, or
IB15 cDNA inserts as well as BKSII* plasmid DNA. Posthybridization washes
were performed at 42Â°Cusing 0.1 X SSC, 0.1% (w/v) SDS. and 1 mM EDTA.

TumoriRenicity in Vivo. HCA-7 cells (1 x I0h) suspended in 0.2 ml of

PBS were injected s.c. between the scapula of male athymic mice (BALB/c
nu/nu: HarÃanSpraguc Dawley Inc.. Indianapolis. IN). When tumors reached
a mean size of 150 mm1, animals received thrice-weekly i.p. injections of

either SC 58125 (5 mg/kg). PDTC ( 100 mg/kg). a combination of both agents,
or saline for 5 weeks. Tumor volumes were estimated weekly as described
previously (11). In preliminary experiments, a series of single doses of SC
58125 and PDTC were administered over a 30-day period to establish the LD5()

and an effective route of administration.
Statistical Analyses. Paired t tests were used to test for significant differ

ences between treated and untreated cells in growth assays. Tests of hypotheses

concerning the relationships between DHR fluorescent changes. [ !H]thymidine

incorporation, and PC release or the overall therapeutic efficacy of agents used
in vim were carried out using the restricted maximum likelihood mixed effect
model. All tests of significance were two-sided, and differences were consid
ered statistically significant when /'s were < 0.05.

Results

Effect of Antioxidants on Intracellular Redox Status, Cell Pro
liferation, and PG Levels in HCA-7 Cells. Initially, we addressed
the ability of antioxidants (U74006, NAC. PDTC. and Trolox). selec
tive COX-2 inhibitors (NS 398 and SC 58125), a nonselective COX
inhibitor (indomethacin) or a non-COX modulator (acetaminophen) to
affect the growth, PG production, and redox status of HCA-7 cells in

vitro. As shown in Table 1, antioxidants inhibited cellular prolifera
tion, as measured by a concentration-dependent reduction in [3H|thy-

midine incorporation and cell number (data not shown). As previously
reported, indomethacin. SC 58125. and NS 398 exerted similar
growth-inhibitory effects in these cells (15), whereas cellular prolif

eration was unaffected by acetaminophen.
To determine whether these effects on proliferation correlated with

the antioxidant properties of these compounds on the modulation of
PG production, we quantified the intracellular redox status (by meas
uring DHR fluorescence as an indicator of endogenous H2O2 levels)
and PGE-, levels in parallel cultures over a 24-h period. As shown in
Table 1, antioxidants dose-dependently decreased endogenous H-.O,.

an event that correlated with a decrease in PGE, levels. These cellular
changes (H-.O-, production and PGE-, levels) were significantly cor

related with the observed decrease in cellular proliferation
(P < 0.001). This statistically significant correlation demonstrates a
link between the ability of antioxidants to alter intracellular redox
status, cellular proliferation, and PGE2 production. In distinct con
trast, H2O2 levels failed to correlate with PGE-, production and pro
liferation in HCA-7 cells treated with either nonselective or selective
COX-2 inhibitors, except at very high concentrations.

Antioxidants Inhibit COX-2 Expression at the Transcriptional
Level. The effect of antioxidants and NSAIDs on COX-1 and COX-2
expression in HCA-7 cells was then determined. Initial studies

showed that PG production was maximally inhibited at 8 h after
antioxidant or NSAID treatment (data not shown); thus, COX-1 and
COX-2 mRNA were measured at this time point. PDTC dose-depen
dently reduced COX-2 but not COX-1 mRNA and protein levels (Fig.
1, A and B). Similar decreases in COX-2 mRNA and protein were
observed after treatment of HCA-7 cells with U74006, NAC, or

Trolox. Because previous reports have demonstrated that PDTC can
modulate nuclear factor KB and CAAT/Enhancer Binding Protein
(C.EBP) ÃŸDNA-binding activities (11, 17), and recognition sites for
these factors are located within the COX-2 gene promoter (18), the
mechanism by which COX-2 mRNA was reduced by PDTC was
further investigated by nuclear run-on transcription assays. Fig. 1C
shows that the treatment of HCA-7 cells with 50 /AMPDTC signifi
cantly decreased COX-2 transcription by 1 h of treatment. This
suppression of COX-2 transcription persisted even after 24 h of
treatment with PDTC (data not shown). Treatment of HCA-7 cells
with U74006 (10~6 M) or NAC (50 /AM)exhibited similar reductions

in COX-2 mRNA transcripts (data not shown), indicating that anti
oxidants decrease COX-2 activity at the transcriptional level. In
contrast, the selective COX-2 inhibitor SC 58125, which inhibits
COX-2 activity by binding directly to the catalytic site, failed to alter
COX-2 transcriptional activity, although a slight decrease in COX-2
protein was noted at 50 /AM(Fig. 1, A-C). Treatment of cells with
acetaminophen failed to alter COX-1 or COX-2 expression.

Antioxidants Decrease HCA-7 Cell Growth in Vitro and in Vivo.
To examine the effect of antioxidants on tumorigenicity, HCA-7 cells

were initially treated with various antioxidants or SC 58125 in a soft
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Table I Association between hit race! lula r redox status, PGE-, release, and cell growth in HCA-7 cells treated with various antioxidanis or NSAIDs

Changes in redox status were determined by measurement of endogenous H->Q-, levels (DHR fluorescence), PGE-, release was determined by gas chromatography/negative ion
chemical ioni/ution mass spectrometry, cell proliferation was determined by [ HJthymidine incorporation, and apoptosis was determined by TÃšNEL analysis afer 24 h of treatment.
Data are expressed as mean Â± SE/105 cells (or the percentage of TÃšNEL positive cells) and are representative of three experiments carried out in triplicate. Underlined values are
significantly decreased compared to controls (P < 0.05), as determined by unpaired Student's t test.

Treatment
Cellular redox

(DHR fluorescence/IO5 cells) (ng/ml/lO^cells)
DNA synthesis

O9 cells)
Apoplosis

(% TÃšNEL positive)

Control
Acetaminophen
Antioxidants

NAC
NAC
NAC
Lazaroid
Lazaroid
Lazaroid
PDTC
PDTC
PDTC
Trolox
Trolox
Trolox

COX-1 and -2 inhibitor

Indomethacin
Indomethacin

COX-2 inhibitor

NS 398
NS 398
NS 398
SC58I25
SC 58125
SC 58125(50

pun)(10

UM)
(25 JIM)
(50/an)(IO

8M)
(IO~7M)(10

6M)(10/iM)(25

JIM)
(50 JIM)
(0.1 mM)
(1 mM)
(5mM)(10/U.M)(50

JIM)(10

JIM)(25
UM)

(50JIM)(IO
Â¿Â¿M)(25

(iM)
(50 P.M)11

5.3 Â±4.7
112.0Â±4.4107.7

Â±2.1
85.7 -5.176.0

-3.5107.7
+2.198.Â»
->-3.593.0
-5.289.0

Â±1.778.3
Â±2.064.3
-3.6106.7

Â±3.1
100.0 Â±4.0106.3

Â±4.673.7
Â±5.9108.4*6.1106.2

+7.089.2
-5.3105.3
-7.3107.1

-6.190.4
- 7.915.2

Â±0.7
18.8 Â±5.5I0.5Â±

1.7
9.2 Â±0.58.5

-0.99.0
-0.99.9

Â±0.19.0
Â±0.49.2
Â±0.67.7
-1.15.4

Â±0.417.1
Â±2.3

12.1 Â±1.1
10.6 Â±0.420.6

Â±0.9

5.8 Â±0.95.3
Â±0.34.8
Â±0.85.4
Â±0.25.0

Â±0.14.0
- 0.45503.0

Â±449.5
5101.3 Â±305.94863.3

Â±170.0
3678.0 -146.02448.7

Â±122.23847.0-
171.33588.3

-159.83258.7
-222.03194.7

-453.92433.0
-308.01295.7
+143.55285.3

Â±268.1
5132.7 Â±126.2
4876.3Â±110.57703.3

Â±82.9
1075.7Â±61.64567

-123.62987
-154.91098
-70.94078
-224.72977

Â±163.81199-
78.63Â±

14
Â±18

Â±2
24 Â±358-86-311

Â±221
Â±316
Â±239-761-94Â±

1
6Â± 2

13-24Â±2

29-39-218-231-26

- 1
13-226

Â±3

agar ex vivo model of tumor growth. As shown in Fig 2A. PDTC (25
JU.M)caused a significant reduction in anchorage-independent growth
of HCA-7 cells that correlated with a decrease in [3H]thymidine

incorporation and PGE-, production in cells grown on Transwell filters
(Fig. 2, B and Q. Similar results were obtained for NAC, U74006, and
Trolox (data not shown). A decrease in anchorage-independent cell
growth, [3H]thymidine incorporation, and PGE2 levels was also ob

served when cells were treated with SC 58125 (25 /IM).
Studies were then performed to examine combined treatment of

PDTC and SC 58125 on anchorage-independent growth of HCA-7

cells. As shown in Fig. 2, combined treatment resulted in a further
decrease (approximately 60%) in HCA-7 cell growth. This effect was
accompanied by an additional reduction in [3H]thymidine incorpora

tion and PGE2 levels, suggesting that inhibition of PG synthesis is
associated with decreased tumorigenesis.

We next examined the therapeutic efficacy of PDTC alone (100
mg/kg) or in combination with SC 58125 (5 mg/kg) in vivo by treating
athymic mice bearing HCA-7 tumor xenografts. After the establish
ment of palpable tumors (mean tumor volume, 150 mm3), animals

received either PDTC, SC 58125, both agents, or saline control i.p. three
times/week. As shown in Fig. 3. PDTC or SC 58125 given individually
significantly slowed tumor growth over the 5 weeks of treatment in
comparison with saline-treated controls, although tumor growth was not

prevented by either single agent. However, treatment of animals with the
combination of PDTC and SC 58125 led to a cessation of tumor growth,
and by week 5 of treatment, there was actual tumor regression. Cessation
of treatment resulted in a small but significant increase in tumor growth
over the following 16 weeks (965 Â±125 mm3).

Discussion

These studies demonstrate that antioxidants, in addition to NSAIDs,
modulate PG production in the CRC cell line HCA-7. In contrast to
the specific COX-2 inhibitor SC 58125, however, nuclear run-on

experiments demonstrate that the ability of antioxidants to decrease
PGs is regulated at the level of COX-2 gene expression. Associated

with the decrease in PG levels were significant reductions in H2O2

production and proliferation, suggesting a direct relationship between
the ability of antioxidants to decrease eicosanoid synthesis, alter
intracellular redox status, and affect growth in HCA-7 cells. The

ability of these compounds to reduce PG production and proliferation
is likely due to their antioxidant properties as opposed to other
pharmacological effects, because we studied agents that varied widely
with regard to chemical and physical properties. Whereas the ability
of antioxidants to decrease PG production in HCA-7 cells seems to be
due to a reduction in COX-2 gene transcription, antioxidants regulate

eicosanoid synthesis in several ways. It has been reported previously
in the macrophage cell line RAW 264.7 that enhanced eicosanoid
synthesis is dependent on the intracellular formation of peroxynitrite.
a potent oxidant generated from nitric oxide and superoxide (12).
Superoxide dismutase mimetics or nitric oxide synthase inhibitors
decrease PG production in this cell line. Peroxynitrite likely affects
PG synthesis by directly altering the catalytic activity of COX. Fur
thermore, it has been reported that vitamin E and other antioxidants
decrease thromboxane formation in human platelets both in vitro and
in vivo, probably by directly inhibiting the formation of the COX-

derived bicycloendoperoxide intermediate PGH2 (19, 20). On the
other hand. Sakamoto el al. (21) could find no effect of vitamin E on
PG synthesis in LPS-stimulated rat macrophages. In addition to in

hibiting the catalytic activity of COX, Tetsuka el al. (13) have
reported that antioxidants decrease COX levels via a posttranscrip-

tional mechanism in rat mesangial cells. Furthermore, in alveolar
macrophages. Hempel et al. (14) have reported that antioxidants
decrease COX-2 gene transcription, leading to a decrease in eico
sanoid synthesis. In the present studies, we have found that COX-2

levels are regulated by antioxidants at the transcriptional level. None
theless, it is also conceivable that antioxidants regulate eicosanoid
synthesis in HCA-7 cells by inhibiting the catalytic activity of COX or

posttranscriptional regulation of mRNA stability.
Unlike previous reports in which antioxidants have been shown to

regulate eicosanoid production in various cell lines, we have found a
link between this biochemical perturbation and a functional response
in HCA-7 cells, namely, inhibition of growth. How antioxidants affect

2325

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/11/2323/2466382/cr0580112323.pdf by guest on 19 M

ay 2023



ANTIOXIDANTS AND COX EXPRESSION

COX-l

COX-2

PDTC (uM)

COX-l

COX-2

SC 58125 (uM)

0 10 25 50

0 10 25 50

B COX-lCOX-2IBISPDTC

(uM)COX-l

COX-2

IBISSC

58125(uM)Plasmid

IBISmmm0*Â»:0Â«Ãœ10Il

ioÂ¿;.Â«Â§25m-iA25Wv-;".

^7m50*Â»

W50

COX-l â€”¿� _ Â»

COX-2 â€¢¿� â€”¿�

PDTC (50 uM) Oh Ih 2h

Plasmid
IBIS â€¢¿� â€¢¿� â€¢¿�

COX-l â€¢¿�Â»iÂ» â€¢¿�

COX-2 4Â» 4Â» â€¢¿�

SC 58125 (50 uM) Oh Ih 2h

Fig. 1. Effect of PDTC or SC 58125 on COX expression in HCA-7 cells. A. Western
blot of HCA-7 cells alter PDTC or SC 58125 treatment for 24 h. COX-2 but not COX-l
protein levels are decreased by PDTC in a concentration-dependent manner. K. Northern
blot of HCA-7 cells treated for 8 h as described above. IBI5 is shown as a control tor
equivalent loading and transfer. O nuclear run-on analysis of COX transcription in
HCA-7 cells after treatment with SC 58125 (50 JIM) or PDTC (50 piM) for 0. I. and 2 h.
Nascent niRNA transcripts were elongated with RNA polymerase and 250 /Â¿Ciof
|'-P|UTP. Equal counts were added to nitrocellulose membranes containing 5 u.g of

plasmid DNA, COX-l. COX-2. or IB15 cDNA inserts.

tumor cell growth is an area of intense interest. In this regard, we have
previously reported that antioxidants inhibit growth in CRC cell lines.
including HCT 116 and HCT 15, by induction of P21WA"/C'IP1

through a mechanism involving CAAT/Enhancer Binding Protein
(C.EBP) ÃŸindependent of p53 (11). However, this pathway is inde
pendent of PG synthesis, because neither HCT 15 cells nor HCT 116
cells express detectable COX protein, and neither generates eico-
sanoids.4 A decrease in cell proliferation can be attributed to either

growth arrest or cell loss due to apoptosis. Growth of HCA-7 cells in

the presence or absence of selected agents for 24 h, followed by
propidium iodide staining of cells and subsequent flow cytometric

analysis, revealed that selected antioxidants and COX-2 inhibitors

induced a significant accumulation of cells in the G, phase of the cell
cycle and/or the appearance of a sub-G, peak in a dose-dependent
manner (data not shown). As shown in Table 1, treatment of HCA-7

cells with antioxidants at high concentrations led to an increase in the
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Fig. 2. Effects of PDTC and SC 58125 on HCA-7 cell growth and PGE, levels m wfro.
A, soft agar colony formation was measured by seeding HCA-7 cells in agar supplemented

with either medium alone (control). PDTC (25 /XM).SC 58125 (25 /Â¿M),or both agents.
Colonies were scored after 10 days of growth at 37Â°C.Values are representative of three

experiments carried out in triplicate. *. PDTC or SC 58125 significantly decreased anchorage-

independent cell growth compared to that of untreated cells (P < 0.01 ). A. treatment with
PDTC and SC 58125 significantly decreased anchorage-independent cell growth compared to
that of cells treated with the individual agent (P < 0.05). ÃŸ.HCA-7 cells were grown in
Transwell filters and were serum-starved for 48 h. Cells were then treated with PBS (control).
PDTC (25 (Â¿M).SC 58125 (25 JIM), or PDTC and SC 58125. A 3 h pulse of [ 'H|thymidine

( 1 u,Ci/ml ) was administered 21 h after agent treatment, and trichlor<tacetic acid-precipitable
counts were determined. All experiments were performed in triplicate and repeated three
times. Values are expressed as mean Â±SE. *. PDTC or SC 58125 significantly decreased
DNA synthesis compared to that of untreated cells (P < 0.05). A. treatment with PDTC and
SC 58125 significantly decreased DNA synthesis compared to that of cells treated with the
individual agent (P < 0.05). C under identical experimental conditions as those described in
0, a 30-min pulse of arachidonic acid (20 ^M) was administered before media were collected.
POE, release into the medium was quantified as described in Table I. Results are expressed
as nanograms of PGEVIO5 cells. *. PDTC or SC 58125 significantly decreased PGE, release

compared to that of untreated cells (P < 0.05). A. PDTC and SC 58125 significantly decreased
PGE, synthesis compared to that of cells treated by the addition of either single agent alone'
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Fig. 3. Growth curve of HCA-7 tumor xenografts. HCA-7 cells (1 x 10"| were injected

s.c. between the scapulae ot nu/nu mice. When tumors reached approximately 15(1mm1,

animals received i.p. injections of PDTC ( 100 mg/kg). SC 5S125 (5 ing/kg), both agents,
or saline three limes/week. Each piani on the graph indicates the average volume of six
tumors. *. treatment of animals with either PDTC or SC 58125 significantly decreased
tumor volumes compared to those of saline-treated animals (P < 0.05). A. treatment with
PDTC and SC 58125 significantly reduced tumor volumes compared to treatment with
individual agent (P < 0.01). â€¢¿�.control: â€¢¿�PDTC (100 mg/kg): A. SC 58125 (5 mg/kg):
Â», PDTC -I- SC 58125.

number of TUNEL-positive cells, indicating that the sub-G, peak was
most likely due to the induction of apoptosis. In addition, HCA-7 cells

treated with NSAlDs displayed apoptotic effects, as has been reported
for other intestinal epithelial cell lines (22, 23).

Thus, our studies have now provided evidence that a second path
way, presumably involving PG production, seems to be operative in
the inhibition of CRC tumor growth by antioxidants. The relationship
between PG production and the induction of p21WAFI/clpl, however,

remains to be determined.
An important aspect of the present study is that the combined

administration of antioxidants and SC 58125 to HCA-7 cells in vitro

results in an additive decrease in PG production and cell growth
compared to cells treated with either agent alone. These observations
are supported by in vivo experiments in athymic mice that show that
PDTC combined with SC 58125 inhibits HCA-7 tumor xenograft

growth to a greater extent than either agent alone. Furthermore, in
these studies, tumor size actually decreases in mice receiving both
agents. These results would suggest an additive or synergistic effect
between antioxidants and NSAIDs to inhibit eicosanoid synthesis
leading, presumably, to cell death. We have previously reported that
antioxidants enhance the cytotoxicity of chemotherapeutic agents
toward CRC tumors in athymic mice ( 11). It would thus be of interest
to determine whether an additional cytotoxic effect is observed when
athymic mice bearing CRC tumors are given NSAIDs in addition to
antioxidants and chemotherapeutic agents.

In summary, the present studies report that antioxidants modulate
PG production, COX expression, and cellular growth in the human CRC
cell line HCA-7. In addition, antioxidants combined with NSAIDs inhibit

tumor cell growth in vitro and in vivo to a greater extent than either agent
alone and, in fact, cause a decrease in tumor burden in athymic mice.
These observations may provide an impetus to determine whether com
bination therapy with NSAIDs and antioxidants is beneficial in the
prevention and/or treatment of human CRC.
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