






TreatmentGrowth
inhibitionu

(IC50, @.LM)Apoptosisâ€•(EC50,@sM)COX
inhibitionc

(IC50,@sM)Aspirin>3,000>2,500235Salicylic

acid>3,000>2.000>10,000Naproxen>1,000>750103Ibuprofen600>650474Tolmetin550>

1,00055Sulindac

sulfoxide380>550> I0,000Sulindac

sulfone250475>10,000Diclofenac901000.4Indomethacin75751.4Sulindac

sulfide50651.8

Table 2 Effect of sulindac metabolites on cell cycle distribution,cell growth. and apoptosis in resting andproliferating HT-29cellsCell

cycle distributionâ€•Cell growthâ€•Apoptosis'

%G1 %S %G2-M Cellno. % reduction % apoptoticcells Foldinduction

42.535.422.15.98 x106895.74.42.1l.SOX
l0@97.5718.985.81

1.92.38.0 x l0@84.6718.9

4.24.73.81 x l0@1I4.45.88.01
X10'79.0908.24.410.11.27
X 10666.7585.3

MECHANISM OF SULINDAC GROWTH INHIBITION

Table 1 Growth-inhibitory, apoptosis-inducing, and COX inhibitory activity of a series
of NSAJDs

bromide, as determined by morphology assays of apoptosis (data not
shown).

To confirm that the dose of sulindac metabolites effective for
increasing DNA fragmentation corresponded to the active dose range
for inhibiting cell growth, cell number was measured by the SRB
assay in corresponding cultures used for measuring DNA fragmenta
tion as described above. As shown in Fig. 2, treatment for 6 days with
either sulindac sulfide or sulfone reduced SRB staining, and this effect
occurred within the same dose range that was effective for increasing
DNA fragmentation.

To further determine whether apoptosis accounts for NSAID inhi
bition of cell growth, a series of NSAIDs with different potencies for
growth inhibition were evaluated for their ability to induce apoptosis.
As summarized in Table 1, compounds such as aspirin, salicylic acid,
and naproxen, which failed to inhibit HT-29 cell growth, also failed to
induce apoptosis within the dose range evaluated. Other compounds
such as tolmetin, ibuprofen, and sulindac sulfoxide inhibited HT-29
cell growth but with low potency. These compounds also failed to
induce apoptosis, even when tested at concentrations appreciably
higher than their IC50 for growth inhibition. By comparison, com
pounds such as sulindac sulfide and sulfone, dicbofenac, and indo
methacin inhibited cell growth with higher potency and induced
apoptosis with an EC50 value comparable to their IC3() value for
growth inhibition. None of the compounds caused necrotic cell death
at doses that were growth inhibitory (data not shown).

Requirement for COX Inhibition. Using the same series of
NSAIDs evaluated above, we determined if potency for COX inhibi
tion correlated with their potency to inhibit cell growth and induce
apoptosis. As summarized in Table 1, there was no apparent relation
ship among these compounds between their potency to inhibit COX
and their potency to inhibit cell growth or induce apoptosis. The
majority of compounds that were capable of inhibiting COX required
appreciably higher concentrations to inhibit cell growth and induce
apoptosis. Most striking were the effects of compounds such as
sulindac suifone and sulfoxide that essentially lacked COX-inhibitory
activity, yet were capable of inhibiting cell growth at doses compa
rable to other drugs showing high potency for COX inhibition.

Add-back experiments were also conducted to determine whether
the stable prostaglandin analogue, dimethyl-PGE2, could reverse or
limit the apoptosis-inducing activity of an active NSAID, such as
sulindac sulfide. As shown in Fig. 3, the apoptosis-inducing activity of
sulindac sulfide in HT-29 cells was not affected by exogenous di
methyl-PGE2. Dimethyl-PGE2 treatment alone did not affect apopto
sis. PGE2 and the prostaglandin precursor, arachidonic acid, also did
not reverse the growth-inhibitory effects of sulindac sulfide (data not
shown).

a IC,0s of drugs for inhibiting HT-29 cell growth were determined from a 6-point

dose-response curve (duplicate samples) by the SRB assay as described under â€œMaterials
andMethods.â€•

b EC@s for drugs to induce apoptosis of HT-29 cells were determined from a 6-point
dose-responsecurve(duplicatesamples)by the DNAfragmentationassaysas described
underâ€œMaterialsandMethods.â€•

CIC@s for inhibiting COX (type 1) were determined from a 5-point dose-response
curve (duplicate samples) as described under â€œMaterialsand Methods.â€•

four different experiments were highly reproducible, with values of 65
@tMfor the sulfide and 425 p.M for the sulfone. Dose escalation with

both sulindac sulfide (i.e., >200 fLM)and sulfone (i.e., >800 pM)
caused the DNA fragmentation response to become diminished. This
was likely the result of necrotic cell death because these doses
increased the percentage of cells uniformly labeled with ethidium
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Fig. 3. Effect ofdimethyl-PGE2 on sulindac sulfide induction ofapoptosis. HT-29 cells
(1 X l0@cells) were plated in 25-cm2 flasks, allowed to grow for 10 days, and treated with
the indicated dose of sulindac sulfide in the presence (â€¢)or absence (0) of dimethyl
POE2 (5 @LM)for 6 days. Apoptosis was measured by morphology as described under
â€œMaterialsand Methods.â€•

Treatment

Proliferating cellsâ€•
Vehicle
Sulfide (120 J.LM)
Sulfone (480 j.LM)

Nonproliferating celise
Vehicle 91.1
Sulfide (120 @LM) 89.7
Sulfone (480 MM) 854

a Determined from duplicate flasks after 24 h of treatment.
b Determined from duplicate flasks after 6 days of treatment.
CDetermined from duplicate flasks after 6 days of treatment using the same flasks used to measure viable cell number.
d HT-29 cells (12.5-cm2 flasks) were grown until day 10, and medium was replenished. Treatment was initiated on day 10.
e Same as proliferating cultures except treatment was initiated on day 12.
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Table 3 Effectof 5-FU on cell cycle distribution,cell growth. andapoptosis in resting andproliferating HT-29cellsTreatment

ICell

cycle distributionâ€•Cellgrowthâ€•Apoptosis'%G,-MCell

no.% reduction% apoptotic cells Fold induction

41.944.613.54.45 x1061292.86.50.15.90
x 10' 86.8756.381.7

76.812.6 17.89.3 5.42.65
x 106

1.55 x 106 41.515 42 2.8

MECHANISM OF SULINDAC GROWTh INHIBITION

Proliferating cells'1
Vehicle
5-FU (50 @.LM)

Nonproliferating cells'
Vehicle
5-FU (50 5M)

a Determined from duplicate flasks after 24 h of treatment.

F, Determined from duplicate flasks after 6 days of treatment.

C Determined from duplicate flasks after 6 days of treatment using the same flasks used to measure viable cell number.

(1HT-29 cells (12.5-cm2 flasks) were grown until day 10, and medium was replenished. Treatment was initiated on day 10.

e Same as proliferating cultures except treatment was initiated on day I 2.

Requirement for Cell Cycle Arrest and Comparison with Che
motherapeutic Drugs. To determine the relative contribution of cell
cycle arrest and apoptosis to growth inhibition by sulindac metabo
bites, simultaneous measurements of cell cycle distribution, apoptosis,
and viable cell number were performed under conditions involving
either rapidly proliferating or nonprobiferating HT-29 cell cultures.
Established cultures of HT-29 cells contain greater than 90% of cells
in 0@ as they reach confluence and/or exhaust nutrients in the medium
(27). Replenishment of such cultures with fresh medium simulates a
synchronized progression into S phase, with approximately 60% of
the cell population in S and G2-M phase 24 h after medium replen
ishment. Greater than 90% of the cells return back to G1 within 48 h
after medium replenishment and remain in 0 I phase for up to 7 days
in culture. Table 2 shows the comparative effect of treatment with
subindac sulfide or sulfone if the drugs were added at the same time as
medium replenishment (i.e., proliferating cultures) or 48 h after me
dium replenishment (i.e., nonproliferating cultures). In proliferating
cultures, sulindac metabolites effectively blocked cell cycle progres
sion as determined by measuring cell cycle distribution after 24 h of
treatment. Under these conditions and after 6 days of treatment,
sulindac sulfide and sulfone reduced viable cell number by 97.5 and
84.6%, respectively, and induced apoptosis to a comparable bevel
(8.9-fold). As expected, treatmentof nonproliferatingcultures with
sulindac metabolites did not alter cell cycle progression. However,
under these resting conditions, subindac sulfide and sulfone inhibited
cell growth by 79 and 66.7%, respectively, and induced apoptosis by
8.2-and5.3-fold,respectively.Theseresultsdemonstratethatsulin
dac metabolites are capable of causing appreciable growth inhibition
and apoptosis under conditions where cell cycle arrest does not occur.
The effectiveness of 5-Hi for inhibiting cell growth and inducing
apoptosis in proliferating and nonproliferating cultures was next de
termined. As summarized in Table 3, 5-Hi treatment of proliferating
cultures caused G@arrest, reduction of viable cell number (86.8%),
and induction of apoptosis (6.3-fold) to a level comparable to sulindac
sulfide. In contrast to treatment with the sulfide or sulfone, which
caused comparable effects on proliferating and nonproliferating cub
tures, 5-FU treatment was appreciably less effective in nonproliferat
ing cultures (42% reduction in viable cell number; 2.8-fold induction
of apoptosis) relative to proliferatingcultures.

To test the possibility that 5-FU and sulindac metabolites share
common pathways for the induction of apoptosis, the effects of
combined treatment on apoptosis were evaluated. As shown in Fig. 4,
subindac sulfone or sulfide induced apoptosis in approximately 40â€”
50% of the cell population in the absence of 5-FU. Combination
treatment with 5-FU did not result in a greater apoptotic response
compared with 5-FU treatment alone.

p53 Induction. To determine whether p53 is induced during the
apoptotic response to sulindac metabobites and 5-FU, the expression
of p53 protein was measured by Western blotting using whole-cell

extracts prepared from treated HT-29 cell cultures. Levels of p53 were
measured in the same cultures where the percentage of apoptotic cells
had been predetermined to directly compare expression levels with the
degree of apoptosis. As shown in Fig. 5, treatment of HT-29 cells with
sulindac sulfide (120 .LM)and 5-FU (50 p@M)markedly induced
apoptosis to comparable bevels. Sulindac sulfone (480 @.LM)also in
duced apoptosis, but the effect was less pronounced. Densitometric
scanning of multiple gels demonstrated that sulfone treatment did not
alter p53 expression, whereas 5-FU treatment significantly increased
expression by greater than 3.5-fold. Sulfide treatment, on the other
hand, decreased p53 levels by approximately 50%.

An osteosarcoma cell line, Saos-2, which lacks functional p53 (48),
was used to assess the potential involvement of p53 in the apoptotic
response to sulindac metabolites and 5-FU. Saos-2 cells where grown
under the same conditions as HT-29 cells and treated with similar
doses of drugs to directly compare the response of the two cell lines
to drug treatment. As shown in Fig. 6, sulindac metabolites induced
apoptosis of Saos-2 cells to a bevel comparable to HT-29 cells (Fig. 5).
By contrast, 5-FU treatment caused an approximate 6-fold induction
of apoptosis in HT-29 cells but caused less thana 2-fold inductionin
Saos-2 cells at the same dose. To confirm that Saos-2 cells lacked p53
protein, extracts from HT-29 and Saos-2 cells were probed for p53 by
Western blotting. Although p53 could readily be detected in extracts
from vehicle-treated HT-29 cells, no p53 could be detected in either
vehicle- or drug-treated Saos-2 cell extracts (data not shown).
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Fig. 4. Effects of sulindac sulfide or sulfone on 5-Hi-induced apoptosis of HT-29 cells.
HT-29 cells (I X 106 cells) were plated in 25-cm2 flasks, allowed to grow for 10 days, and
treated with the indicated dose of 5-FU in the absence (â€¢)or presence of 60 p@ sulindac
sulfide (0) or 240 )LMsulfone (A) for 6 days. Apoptosis was determined by morphology
as described under â€œMaterialsand Methods.â€•
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a 6.5-fold bower EC50 relative to the sulfone for inducing apoptosis,
this difference may be attributed to factors other than COX inhibition.
For example, the sulfide is significantly more lipophilic than either the
sulfone or sulfoxide (bog P difference of approximately 2), and this
could enhance membrane penetration, thereby lowering the effective
dose range independent of an effect on COX. With regard to other
NSAIDs, we found that doses effective for inhibiting cell growth or
inducing apoptosis were appreciably higher than those effective for
COX inhibition. In addition, add-back experiments demonstrated that
the stable prostaglandin analogue, dimethyb-PGE2, did not reverse or
limit the apoptosis inducing effects of sulindac sulfide. This observa
tion is consistent with results described by other investigators testing
other prostaglandins (29, 49). Although COX inhibition is a charac
teristic property of NSAIDs, we speculate that this effect is ancillary
for their antineoplastic benefits. Together with evidence demonstrat
ing that subindac sulfone has chemopreventive properties in rodent
models of experimental carcinogenesis (36, 37),4 these observations
suggest that intracellular targets other than COX are responsible for
apoptosis-inducing properties of NSAIDs.

Chemotherapeutic drugs act by numerous biochemical mechanisms
that result in the disruption of DNA synthesis or replication. Cell cycle
arrest and inhibition of rapidly proliferating cell populations are, in
fact, hallmarks of efficacy of most chemotherapeutic drugs, as well as
their toxicity to tissues that have rapid rates of cell turnover. Although
the primary target of NSAIDs has not yet been defined and is un
doubtedly different from chemotherapeutic drug targets, we have
shown that apoptosis induced by sulindac metabolites is fundamen
tally distinct from that induced by 5-FU at both the cellular and
biochemical levels. Subindac metabolites were equally active in both
proliferating and nonproliferating cells, whereas 5-Hi was markedly
less effective in nonproliferating cells relative to proliferating cells.
The expression of p53 was significantly elevated in apoptotic cells by
5-Hi treatment, whereas treatment with subindac metabolites did not
induce its expression. In fact, subindac sulfide reduced p53 expression,
an effect reported previously by other investigators (50). Lastly, from
experiments involving combination treatment, we found no evidence
that subindac metabobites and 5-FU caused an additive or synergistic
apoptotic response. Therefore, in contrast to sulindac metabolites,
apoptosis induced by 5-FU appears to be linked with cell cycle arrest.
In vivo studies support this possibility. For example, acute treatment

MECHANISM OF SULINDAC GROWTH INHIBITION
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DISCUSSION

Using cultured human colon adenocarcinoma cells, the observa
tions described in this study demonstrate that apoptosis primarily
accounts for the growth-inhibitory activity of sulindac metabolites.
Experiments involving simultaneous measurement of apoptosis and
viable cell number showed that increased apoptosis accompanies
growth inhibition in time and that doses effective for both processes
are comparable. Moreover, a correlation was observed among a series
of NSAIDs between their potency to inhibit cell growth and ability to
induce apoptosis. Although sulindac metabolites are capable of caus
ing cell cycle arrest under conditions involving mitogenic stimulation,
we observed appreciable growth inhibition and apoptosis under con
ditions where cells were maintained in G1 throughout the course of
treatment.

COX inhibition does not appear to be necessary or sufficient for the
growth-inhibitory or apoptosis-inducing properties of NSAIDs. Sulin
dac sulfone, for example, which lacks COX-inhibitory activity at
concentrations up to 10 mM, inhibited cell growth and induced apop
tosis similar to the sulfide that inhibits COX at an IC50 of 1.8 p@M,a
potency difference of at least 5000-fold. Although the sulfide showed

5-FU

B@p

4

5-FUSulfide Sulfone
Treatment

Fig. 5. Effects of sulindac metabolites and 5-FU on apoptosis (A) and p53 expression
(B) in HT-29 cells. HT-29 cells (4 X 106 cells) were plated in 75-cm2 flasks, allowed to
grow 10 days, and treated with sulindac sulfide (120 ,sM), sulfone (480 @sM),or 5-FU (50
)LM) for 6 days. Apoptosis was determined by morphology as described under â€œMaterials

and Methodsâ€•and represents the average of two separate experiments. p53 protein levels
were determined from the same cultures as used for apoptosis measurements and detected
by Westem blotting as described under â€œMaterialsand Methods.â€•Fold induction of p53
was quantified by densitometric scanning of the area of the p53 protein band from four
different gels (two different cell preparations). Bars, SD.
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Fig. 6. Effects of sulindac metabolites and 5-FU on the induction of apoptosis in

p53-negative Saos-2 cells. Saos-2 cells (I X 106 cells) were plated in 75-cm2 flasks,
allowed to grow for 10days, and treated with sulindac sulfide (120 SM),sulfone (480 @sM),
or 5-Hi (50 pM) for 6 days. Apoptosis was determined by morphology as described under
â€œMaterialsand Methods.â€•Saos-2 cells were confirmed to lack p53 protein by westem
blottingextractspreparedfromthesameculturesas usedforapoptosismeasurementsand
detected as described under â€œMaterialsand Methods.â€•
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of ratswith 5-FU causes a pronouncedincreasein apoptosisin normal
cobonic mucosa as determined by terminal deoxynucleotidyl
transferase-mediated nick end labeling of formalin-fixed tissue (51).
Because apoptotic cells were exclusively present in the proliferative
compartment of the crypt, increased apoptosis was likely the result of
cell cycle arrest of rapidly proliferating cobonocytes.

On the basis of observations described in this report, we propose that
increased apoptosis is a key mechanism responsible for the ability of
sulindac to cause regression of and prevent recurrence of polyps in FAP
patients. This hypothesis and the possibility that COX inhibition is not
necessary for adenoma regression is presently being investigated in a
Phase I-il clinical trial involving treatment of FAP patients with sulindac
sulfone (FGN-1).5 Preliminary evidence from in situ measurements of
apoptosis in polyp biopsies from these patients revealed higher apoptosis
labeling indices as a result of both the dose and duration of FGN-l
treatment. Moreover, polyps that showed evidence of regression (i.e.,
flattening and size diminution) had significantly higher rates of apoptosis
relative to exophytic polyps present before or after treatment. Biopsies
from normal colonic mucosa showed that FGN-l treatment did not alter
apoptosis rates in normal tissue. The biochemical mechanism responsible
for the selectivity by which sulindac sulfone induces apoptosis of neo
plastic cells is presently under investigation.
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