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Several lines of evidence suggest that long-term treatment
with non-steroidal anti-inflammatory drugs may reduce the
risk of colon cancer and the size and number of colonic polyps
in patients with familial adenomatous polyposis. Aspirin has
also been shown to inhibit cell proliferation in human tumor
cell lines and to induce apoptosis in colonic mucosa of familial
polyposis patients. To elucidate the molecular mechanisms of
the antiproliferative action of aspirin, we studied the effects of
aspirin on cell growth and differentiation of the human colon
carcinoma Caco-2 cell line. These cells represent a useful tool
for studying the mechanisms involved in the regulation of cell
growth and differentiation of intestinal epithelial cells since
they spontaneously differentiate into polarized cells, express-
ing brush border enzymes. We show in this study that aspirin
(0.1–10 mM) induces a profound inhibition of cell replication
as assessed either by cell counts or thymidine incorporation.
Moreover, aspirin concentrations of 5 and 10 mM induce
apoptosis, whereas concentrations of 1 and 2 mM do not. The
inhibition of growth is associated with a dose-dependent
reduction in insulin-like growth factor II mRNA expression
and with an increase in sucrase activity (a brush border
enzyme) and apolipoprotein A-I mRNA expression, 2 specific
markers of the differentiative status of this cell line. Our data
thus show that aspirin-dependent inhibition of cell growth is
associated with the enterocyte-like differentiation of Caco-2
cells. Int. J. Cancer 73:880–884, 1997.
r 1997 Wiley-Liss, Inc.

Epidemiologic data suggest that long-term treatment with aspirin
may reduce the risk of colon cancer (Giovannucciet al., 1994;
Thun et al., 1991). Furthermore, long-term use of non-steroidal
anti-inflammatory drugs (NSAIDs) causes a reduction in size and
number of colonic polyps in patients with familial adenomatous
polyposis (FAP) (Nugentet al.,1993; Giardielloet al.,1993). The
mechanism underlying these effects has not yet been completely
elucidated. Prostaglandins (PG) arein vivo ubiquitous autocrine/
paracrine modulators of cellular responses and cell growth (DeWitt
and Smith, 1995). Aspirin and other NSAIDs decrease PG synthe-
sis (Meadeet al., 1993; Vane, 1994) through the inhibition of
cycloxygenase (COX)-1 and -2, the rate-limiting enzymes in
prostanoid synthesis. COX-2 expression is normally induciblein
vivo (during the inflammatory response) andin vitro by growth
factors and tumor promoters (O’Banionet al.,1991; DuBoiset al.,
1994); increased COX-2 mRNA levels have been found in most
human colon cancers (Eberhartet al., 1994). TheCOX-2 gene
knockout suppresses intestinal polyposis in APCD716 knockout
mice, an experimental model of FAP (Oshimaet al.,1996).

The chemopreventive action of aspirin might therefore be related
to the antiproliferative effect obtained by the inhibition of PG
synthesis. Human colonic mucosa as well as human colon cancer
cells show a profile of prostanoid biosynthesis (Hubbardet al.,
1988; Leeet al., 1992; Eberhart and DuBois, 1995); NSAID
treatment also decreases the rate of cell growth of many intestinal
and non-intestinal tumor cell lines (Hialet al.,1977; Denizotet al.,
1993; Shiffet al.,1995, 1996).

An alternative hypothesis to explain the mechanism of the effect
of NSAIDs on colon carcinogenesis could be that these drugs are
capable of inducing apoptosis. Tsujii and DuBois (1995) indeed
showed that highCOX-2 expression reduces apoptosis in rat
intestinal epithelial cells. Several NSAIDs induce apoptosis in an

intestinal tumor cell line (Shiffet al., 1995, 1996). This effect is
associated with a decrease in cell replication and with an increased
proportion of cells arrested in the G0/G1 phase of the cell cycle
(Shiff et al.,1995, 1996). Pasrichaet al. (1995) found a significant
increase in apoptosis in the colonic mucosa of FAP patients after
treatment with the NSAID sulindac.

Scarce data are available on the relationship between PG and cell
differentiation. In an osteoblastic tumor cell line PGE1 was able to
interfere with cell differentiation (Hakedaet al., 1987). High
COX-2 expression is associated with an undifferentiated phenotype
in rat intestinal epithelial cells (Tsujii and DuBois, 1995).

The human colon carcinoma cell line Caco-2 spontaneously
differentiates into mature enterocytes, expressing brush border
enzymes, microvilli and tight junctions. Sucrase isomaltase, alka-
line phosphatase and aminopeptidase, brush border enzymes
peculiar to the adult small intestine, are increasingly produced
during differentiation that begins after confluence (Pintoet al.,
1983; Chantretet al., 1988). We have shown that Caco-2 cell
growth is sustained by insulin-like growth factor-II (IGF-II) autocrine
synthesis and that an inverse correlation exists between IGF-II expres-
sion and Caco-2 cell differentiation (Zarrilliet al.,1994, 1996).

Since Caco-2 cells express high levels of COX-2, they may
provide an excellent model to study the effects of NSAIDs on
human colon cancer cells (Kutcheraet al., 1996). Our study was
designed to explore the effect of aspirin on cell growth, apoptosis
and differentiation in Caco-2 cells and to assess whether any such
effect was associated with alteration of IGF-II expression.

MATERIAL AND METHODS

Cell culture

Caco-2 cells were routinely grown in 100 mm plastic dishes at
37°C in a humidified incubator with 5% CO2/95% air atmosphere
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FCS, glutamine (2 mM), penicillin (100 U/ml) and
streptomycin (100 µg/ml) and buffered with N-2-hydroxy-
ethylpiperazine-N8-2-ethane sulfonic acid (HEPES) (20 mM).
Caco-2 cells were seeded at 53 104 cells/ml and routinely
subcultured when about 80% confluent. The culture medium was
changed every other day. Confluence was reached 6–8 days after
the inoculum and the stationary phase on day 10. Cell cultures were
stopped after 15 passages. To assess the effect of aspirin on cell
growth, on day 3 cells were treated for 48 hr at doses of 0.1, 0.5, 1,
2, 5, 10 and 20 mM. The toxicity of aspirin treatment was assessed
by plating efficiency experiments; after 2 days of treatment, cells
were trypsinized and seeded to assess the efficiency of colony
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growth. To evaluate the effect of aspirin on apoptosis and differen-
tiation, aspirin treatment (1, 2, 5 and 10 mM) was started on day 3
after seeding, and experiments were performed after 24 and 48 hr.
Sucrase isomaltase and apolipoprotein A-I (Apo A-I) were used as
markers of differentiation. Aspirin (Sigma, Milano, Italy) was
dissolved in a 0.1 M Tris-HCl, pH 7.8, solution. To avoid medium
acidification, the solution was buffered with Tris base and the final
pH was equal to that of control DMEM medium.

Thymidine incorporation
Cells (10,000/well) were seeded in 24-well plates in DMEM

supplemented with 10% FCS. On day 3 of culture cells were
incubated with increasing aspirin concentration for 24 hr. Two
hours before the end of incubation, cells were pulse-labeled for 2 hr
by the addition of 3H-thymidine (1 µCi/well). Medium was

removed by aspiration, and after trypsinization, the cells were
collected on glass fiber filter mats using an LKB (Bromma,
Sweden) automatic cell harvester prior to liquid scintillation
counting. Results are expressed as counts/min/102 cells; in each
experiment, 3 replicate wells were labeled for each point and mean
values were plotted.

FACS analysis
The Caco-2 cells were trypsinized, pelleted, washed twice with

PBS, permeabilized and stained in 0.1% sodium citrate, 0.1%
Triton with the addition of 50 µg/ml propidium iodide at 4°C for 24
hr. The DNA content of Caco-2 cells was analyzed with a flow
cytometer (Becton Dickinson, Mountain View, CA) coupled with an HP
computer. For each sample, 20,000 events were stored in list mode.

Sucrase assay
The culture plates were washed 3 times with ice-cold saline.

Cells were scraped with a rubber policeman and sonicated in 0.1 M
sodium phosphate buffer, pH 7.2. Sucrase was assayed by the
method of Dahlqvist (1964) and proteins by that of Lowryet al.
(1951). Sucrase units are expressed as µmol of glucose released in 1
min at 37°C, pH 7.2.

Northern blot analysis
Total RNA was isolated from Caco-2 cells by the guanidium

thiocyanate acid-phenol procedure (Chomczynski and Sacchi,

FIGURE 1 – Effect of different doses of aspirin on hemocytometric
Caco-2 cell count. Treatment started on day 3 and continued for 48 hr
when cell counts were performed. Results are the mean6 SD of 3
experiments.

FIGURE 2 – 3H-thymidine incorporation in Caco-2 cells treated with
aspirin. Caco-2 cells at day 3 of culture were incubated with 0.5, 1 and
2 mM aspirin for 24 hr. Results are expressed as counts/min/102 cells
and are the mean6 SD of 3 experiments.

FIGURE 3 – FACS analysis of Caco-2 cells following 48 hr of
treatment with different aspirin doses. The percentage of the subdiploid
peaks is shown for each point.
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1987). Northern analysis was carried out as described previously
(Zarrilli et al., 1994). Briefly, the IGF-II probe was an 800-bp
EcoRI-PstI insert isolated from human cDNA that spans exons 6–8
and the 58-end of exon 9. The Apo A-I cDNA probe was a 850-bp
BamHI insert of a full-length human cDNA. An oligonucleotide
(58-AACGATCAGAGTAGTGGTATTTCACC-38) complemen-
tary to human 28 S rRNA was used as loading control. RNA levels
were quantified by densitometric scanning of the autoradiographs
using a Sony CCD videocamera linked to a Macintosh IIfx
computer and the NIH IMAGE program (public domain).

RESULTS

In this study, we tested the toxicity of several aspirin doses (0.1,
0.5, 1, 2, 5, 10 and 20 mM) on Caco-2 cells. A toxic effect was only
evident at 20 mM concentration, as assessed by the low plating
efficiency of the cells. Either 24 or 48 hr of incubation at the other

dosages did not exert toxic effects, since treated cells showed the
same plating efficiency as untreated control cells (data not shown).
We also assessed the effect of different doses of aspirin on
replication of Caco-2 cells. Aspirin (0.1–10 mM) dose dependently
inhibited cell growth as assessed by cell counts, with complete
suppression of cell proliferation at the concentration of 10 mM
(Fig. 1).

To investigate whether the reduction in cell number was
dependent on a decrease in cells in S-phase, we studied the effect of
aspirin on thymidine incorporation. Incubation for 24 hr with
increasing concentrations of aspirin caused a dose-dependent
inhibition of thymidine incorporation (Fig. 2).

To determine whether the inhibition of growth was related to an
increased rate of cell death, we investigated the ability of aspirin to
induce apoptosis. No subdiploid peak was evident in the DNA
content of cells after 48 hr of treatment at doses ranging between
0.5 and 2 mM (Fig. 3). On the contrary, apoptosis was induced in
cells treated with aspirin at concentrations of 5 and 10 mM for 48 hr
(Fig. 3).

FIGURE 4 – Effect of 0.5, 1 and 2 mM aspirin treatment on IGF-II and Apo A-I mRNA expression in Caco-2 cells. Treatment started on day 3 of
culture and RNA was prepared after 48 hr. A representative experiment is shown.(a) Northern blot analysis of IGF-II and Apo A-I mRNA
expression. The same filter was sequentially hybridized to the probes shown.(b) Densitometric analysis of the autoradiographs. IGF-II and Apo
A-I mRNA levels were calculated by normalizing specific hybridization values to those of 28 S rRNA.
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Since we have previously shown that IGF-II is an autocrine
growth factor for Caco-2 cells (Zarrilliet al.,1994), we evaluated
whether the aspirin-dependent inhibition of growth at doses that do
not induce apoptosis was associated with any change in IGF-II
expression. Aspirin treatment at doses ranging between 0.5 and 2
mM induced a dose-dependent inhibition of IGF-II mRNA expres-
sion (Fig. 4).

To study further the effects of aspirin on Caco-2 cells at doses
that do not induce apoptosis, we also studied whether aspirin
affected the expression of differentiation markers such as Apo A-I
and sucrase. As shown in Figure 4, 48 hr of treatment with aspirin
(0.5–2 mM) induced a dose-dependent increase in Apo A-I mRNA
expression (Fig. 4a). Densitometric analysis showed that Apo A-I
mRNA expression was 4-fold higher in cells treated with 2 mM
aspirin than in controls (Fig. 4b). Moreover, 48 hr of incubation
with aspirin caused an increase in sucrase activity that was more
evident at the dose of 2 mM (Fig. 5). Incubation for 24 hr with
aspirin increased sucrase activity only at the dose of 10 mM (data
not shown).

DISCUSSION

Our findings indicate that aspirin profoundly reduces Caco-2 cell
growth without inducing apoptosis. This effect is associated with
reduced expression of IGF-II and increased expression of the
enterocyte differentiation markers.

Epidemiologic data suggest that long-term treatment with aspirin
may reduce the risk of colon cancer, while the use of NSAIDs
reduces the size and number of colonic polyps in patients with FAP
(Nugent et al., 1993; Giardielloet al., 1993). The mechanisms
underlying these effects have been poorly investigated, but an
effect on cell growth or on apoptosis has been demonstrated (Hial
et al.,1977; Denizotet al.,1993; Tsujii and DuBois, 1995; Pasricha
et al.,1995; Shiffet al.,1995, 1996).

We investigated the effect of aspirin on the proliferation and
differentiation of Caco-2 cells in anin vitro model to study the
mechanisms of NSAID-dependent prevention of colon cancer. We
showed that aspirin significantly reduces cell growth and that this
effect is dose dependent. This is in accordance with previous results
showing that NSAIDs exert anti-proliferative effects on intestinal
and non-intestinal tumor cell lines at range of concentrations
similar to those used in this study (Hialet al.,1977; Denizotet al.,
1993; Shiffet al., 1996). The effects observed in our model with
exogenous aspirin treatment could be due to acetyl salicylic acid

and/or salicylic acid, since aspirin is readily metabolized to salicylic acid
at tissue culture conditions (Rumble and Roberts, 1981).

In our study, the inhibition of cell growth was associated with a
decrease in thymidine incorporation while no effect on induction of
apoptosis was observed at doses up to 2 mM. This is in agreement
with previous results on HT 29 human colon cancer cells, in which
aspirin up to a concentration of 1.5 mM did not induce apoptosis
(Shiff et al.,1996). However, NSAIDs other than aspirin have been
shown to induce apoptosis in HT 29 human colon cancer cells
(Shiff et al., 1995, 1996). Our data show that aspirin treatment at
doses of 5 and 10 mM induced apoptosis of Caco-2 cells. This
could be explained by the high levels of COX-2 expression in
Caco-2 cells (Kutcheraet al., 1996), since it has been shown that
high COX-2 levels increase resistance to apoptosis (Tsujii and
DuBois, 1995).

We have previously shown that Caco-2 cells synthesize and
secrete IGF-II during their replicative phase when this peptide
stimulates cell growth by an autocrine loop (Zarrilliet al., 1994).
When cells reach confluence and stop growing, the expression of
IGF-II is strongly reduced and Caco-2 cells start to differentiate
(Pignataet al., 1994; Zarrilli et al., 1994). Constitutive IGF-II
expression obtained through transfection of Caco-2 cells with rat
IGF-II cDNA under the control of a viral promoter persistently
stimulates cell growth and interferes with the enterocyte-like
differentiation of this cell line (Zarrilliet al., 1996). To clarify
further the mechanisms involved in the inhibition of Caco-2 cell
replication induced by aspirin, we investigated the modifications in
IGF-II mRNA expression following drug treatment and found that
the effect of aspirin on cell growth was associated with a
dose-dependent inhibition of IGF-II. This finding suggests that a
decrease in IGF-II synthesis might be involved in aspirin-induced
inhibition of cell growth, even though the parallel decrease in
IGF-II mRNA expression and cell proliferation does not establish
cause and effect.

We therefore studied the effects of aspirin treatment at doses that
do not induce apoptosis on Caco-2 cell differentiation, by determin-
ing sucrase activity and Apo A-I mRNA expression, differentiation
markers that are expressed scarcely in pre-confluent replicating
Caco-2 cells and that increase progressively after confluence
(Chantret et al., 1988; Pignataet al., 1994). We observed a
significant increase in sucrase activity and Apo A-I mRNA
expression following aspirin treatment for 48 hr. Therefore, in
contrast to the normal behavior of Caco-2 cells, aspirin treatment
causes the cells to differentiate before they reach confluency. The
effects of NSAIDs on intestinal differentiation have previously
been shown in rat intestinal epithelial cells (Tsujii and DuBois,
1995). In this model COX-2 over-expression inhibits the activity of
alkaline phosphatase, a marker of intestinal epithelial differentia-
tion, and the effect can be reversed by the COX inhibitor sulindac
sulfide (Tsujii and DuBois, 1995). Our data demonstrate an effect
of aspirin on differentiation of human intestinal epithelial cells. No
effect of NSAIDs on cell differentiation was observed in HT 29
human colon cancer cells (Piazzaet al., 1995; Goldberget al.,
1996). This discrepancy may depend on the different NSAIDs used
(sulindac and sulindac sulfidevs.aspirin) or on differences related
to the experimental model and/or conditions. Growth and intestinal
differentiation are dependently regulated in Caco-2 cells (Pintoet al.,
1983; Pignataet al., 1994; Zarrilli et al., 1996), while this does not
always occur in HT 29 cells (Schroyet al.,1994; Goldberget al.,1996).

Our results indicate that the effect of aspirin on Caco-2 cell
differentiation is mediated by inhibition of the G1/S phase transi-
tion of the cell cycle. The mechanisms responsible for this effect
may involve changes in the main pathway of signal transduction.
We have shown previously that protein kinase C and protein kinase
A play a pivotal role in the regulation of Caco-2 cell differentiation
(Pignataet al.,1994). In accordance with this hypothesis, an effect
of prostaglandins E1, E2 and F2 on protein kinase C and/or protein
kinase A has been observed (Hakedaet al., 1987; Sawadaet al.,
1993). Further studies are needed to investigate the effect of aspirin
on these molecular pathways.

FIGURE 5 – Effect of 0.5, 1, 2 and 5 mM aspirin treatment for 48 hr
on sucrase activity in Caco-2 cell homogenates. Treatment started on
day 3 of culture, and assays were performed after 48 hr. Results are the
mean6 SD of 3 experiments.
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In conclusion, we have shown that aspirin decreases Caco-2 cell
growth without inducing apoptosis. This effect is associated with
increased expression of differentiation markers and inhibition of
IGF-II mRNA expression. On the basis of these results, we
speculate that the reduced risk of colon cancer after long-term
treatment with NSAIDs may be dependent on both inhibition of
cell replication and stimulation of differentiation.
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