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Abstract

Considerable research effort is currently being directed towards understanding the mechanisms mediating the antiproliferative effects of
non-steroidal anti-inflammatory drugs (NSAIDs) and, more recently, of cyclooxygenase (COX)-2 inhibitors as well. A key question is
whether NSAIDs (excluding sulindac) exert their anticarcinogenic effectsin vivo by a mechanism that is dependent on their capacity to
inhibit COX activity. Some studies with cultured tumor cellsin vitro have argued against such a linkage, showing that NSAIDs inhibit cell
replication and/or augment apoptosis only at concentrations that exceed those required to inhibit COX activities 10- to 100-fold. The
significance of these results for the observed anticarcinogenic effects of NSAIDsin vivo has not yet been evaluated. We addressed this
question by comparing, for the same tumor cells, the effects of the NSAID indomethacin on cell growth parameters when the cells were
grown in culture to the effects seen in thein vivo growing tumor in the mouse. Indomethacin added to cultured Lewis lung carcinoma cells
exerted a potent antiproliferative effect (3H thymidine assay) and reduced cell viability (MTT[3-(4,5-dimethyl(thiazol-2-yl)-2,5 diphenyl
tetrazolium bromide] assay) at low doses (10–20mM) in parallel with its inhibitory effect on cellular cyclooxygenase. These effects of
indomethacin appeared to arise from a clear antiproliferative shift in the profile of the cell cycle parameters towards a reduced percentage
of cells at the S and G2/M phases, together with an increased percentage of cells at the G1 phase. Significantly, similar results were seen
when indomethacin was givenin vivo at the low dose of 2 mg per kg/day, which blocked blood platelet COX activity and at the same time
produced a delay in tumor growth initiation and attenuation of apparent primary tumor growth as well as growth of lung metastases. These
results thus provide strong support for the notion that COX inhibition is a major determinant in the antitumorigenic effect of indomethacin
in vivo. © 2001 Elsevier Science Inc. All rights reserved.

Keywords:Cyclooxygenases; NSAIDs; Indomethacin; Tumor cells; Cell cycle; Cell proliferation

1. Introduction

Previous studies have demonstrated that NSAIDs given
in vivo to rodents [1–3] and humans [4] can inhibit tumor
growth. The biochemical mechanism generally ascribed to
this effect is the inhibition of both COX enzymes. In addi-
tion to NSAIDs, which inhibit COX-1 and COX-2, selective
COX-2 inhibitors were also found to attenuate tumor
growth in some animal tumor models [5,6]. An explanation
for the antineoplastic properties of NSAIDs was first sug-

gested in 1972 by Adolpheet al. [7], who reported that
certain NSAIDs were capable of inhibiting the proliferation
of cultured HeLa cells by causing cell cycle arrest. Re-
cently, several groups have shown that certain NSAIDs
induce apoptosis of tumor cell lines [8–13]. The caveat of
most of these results is that they are based onin vitro studies
with cultured cells which are treated with NSAIDs at con-
centrations 10- to 100-fold higher than those required for
inhibition of both COX enzymes. Nevertheless, these find-
ings led some investigators [11–13] to suggest that non-
COX mechanisms are involved at least in part in the anti-
neoplastic effects of NSAIDs seenin vivo. However, these
suggestions remain to be validated, since the exceedingly
high concentrations employed in cell culture experiments
far exceed the systemic and tumor concentrations obtained
when the drugs are given in an effective anticarcinogenic
dosein vivo. To directly address this issue, we compared the
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effect of the NSAID indomethacin when addedin vitro to
cultured tumor cells to its effectin vivo in the same cells
when they were freshly isolated from tumors grown in mice.
The results obtained demonstrate that indomethacin givenin
vivo to mice at a low dose of 2 mg per kg/day drastically
inhibits systemic COX activity in parallel with inhibition of
tumor growth by a mechanism that involves reduced tumor
cell proliferation as well as increased apoptosis.

2. Materials and methods

2.1. Studies with cells in culture

2.1.1. Cell culture
3LL-D122, a highly metastatic variant of mouse LL

carcinoma cells [14], was kindly provided by Dr. Lea Eisen-
bach of the Department of Cell Biology, Weizmann Insti-
tute of Science (Rehovot, Israel). The cells were grown in
culture in DMEM containing 10% PBS, 2% glutamine, 1%
non-essential amino acids, 1% Na-pyruvate, and penicillin/
streptomycin. Cells were passed at 80% confluency by short
exposure to 0.25% trypsin–EDTA. For experiments with
indomethacin, an 0.15 M stock solution was prepared in 1
M Tris–HCl, pH 5 8.2, and then diluted with culture me-
dium to a concentration of 1–15 mM, from which 10-mL
aliquots were added to 1 mL of culture medium to obtain the
final concentrations indicated.

2.1.2. [3H]Thymidine incorporation
Subconfluent cells were cultured in 6-well plates and

incubated for 24 hr with 5 uCi of [3H]thymidine. The cells
were then washed 3 times with HBSS, lysed with 1 N
NaOH, and the lysate counted by liquid scintillation.

2.1.3. MTT cell viability assay
This method provides a quantitative measure of the num-

ber of cells with metabolically active mitochondria and is
based on the mitochondrial reduction of a tetrazolium bro-
mide salt (MTT) with resulting characteristic absorption at
around 450 nm. Cells were plated in a 96-well plate at
104/well and after 24- to 48-hr incubation, MTT was added
(final conc. 1 mg/mL) for 4 hr and the absorbance at 450 nm
read by an ELISA plate reader. This absorbance was lin-
early proportional to the number of live cells with active
mitochondria.

2.1.4. Cell sorter analysis
Cells were cultured as described. Harvested cells were

diluted to contain approx. 106 cells/mL. DNA distribution
analysis was performed after digestion of cells by adding 50
mL of Triton X-100, followed by vortex and staining with
propidium iodide (Sigma) (50mL of 1 mg/mL solution
added). Analysis was done in a Becton Dickinson FAC-
Sorter using the Cell Quest Software.

2.1.5. Assay of cellular COX activity
Cultured cells were treated with indomethacin (0.1–50

mM) for 30 min, after which arachidonic acid was added (15
mM final concentration) and the cells incubated for 15 min.
The media were analyzed by radioimmunoassay using anti-
PGE2 (prostaglandin E2) antisera from Sigma. Assay of
platelet COX-1 activity was performed by withdrawing
blood from the mice by orbital eye bleeding and allowing it
to clot at 37° for 15 min. The resulting serum was assayed
for thromboxane B2 (TXB2) by radioimmunoassay using
anti-TXB2 antisera from Sigma.

2.2. Mouse footpad primary tumor model

Male C57BL/6J mice, aged 8–10 weeks, were obtained
by in-house breeding from the Tel Aviv University Animal
Care Facility. Food and water were suppliedad lib. Mice
were kept in rooms at constant temperature and humidity
and weighed weekly. LL carcinoma cells were grown and
passed in culture as described above. For inoculation in the
paw, cells were harvested and suspended in HBSS contain-
ing Ca21 and Mg21 at a concentration of 6.73 106/mL, and
30 mL of the suspension was injected s.c. into the right
footpad of the mice using an insulin syringe with a 28 G
needle. Progression of tumor growth was determined by
measuring tumor dimensions (footpad thickness and width)
with a caliper every 3–4 days and calculating tumor volume
according to the formula 0.523 thickness squared3 width.
In some groups, indomethacin (prepared as a 100X stock of
1 mg/mL in 0.25 M Tris–HCl, pH5 8.5) was added in the
drinking water at a final concentration of 10mg/mL. Fresh
drinking water containing indomethacin was prepared daily.

2.3. Ex vivo studies with cells isolated fromin vivo
growing tumors

Mice were killed by cervical dislocation, the footpad
tumor punctured, and the tumors cells’ soft mass squeezed
and weighed. Approx. 100 mg of tumor mass was resus-
pended in 1 mL of HBSS using a 200-mL pipette tip. The
suspension was allowed to settle for 5 min, during which
tissue debris and connective tissue settled. The upper layer
cell suspension was aspirated and diluted to contain approx.
106 cells/mL. Cell sorter DNA distribution and MTT cell
viability assays were performed as described above. Cellu-
lar COX activity was determined by incubating the cells
with arachidonic acid (15mM) for 15 min and the super-
natant assayed for prostaglandin E2 radioimmunoassay.

2.4. The natural metastases model

In some experiments, tumor-bearing mice in which the
tumor reached a volume of 0.2–0.25 mL were anesthetized
with a mixture of ketamine–HCl and xylazine and the foot-
pad with the tumor aseptically amputated. The mice recov-
ered quickly and did not appear to be significantly hindered
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in their movements. As demonstrated previously in this type
of model [15], there is acceleration of metastatic growth
following the removal of the primary tumor. In our studies,
the control mice developed substantial lung metastases
25–30 days after tumor amputation and began to die soon
afterwards. The time-span between the date of amputation
and the date of death of the first mouse to die in the control
group was recorded, and all mice in all groups were killed
individually at the same time interval after amputation and
the lung plus metastatic tissue isolated and weighed.

2.5. The direct metastases model

In contrast to the previous model, where metastases de-
velop from tumor cells originating from the primary tumor,
the second model we tested is a direct metastasis model in
which tumor cells are injected into the bloodstream and,
with this cell type, lodge preferentially in the lungs. Cul-
tured cells were harvested, diluted in HBSS to give 1.673
106 cells/mL, and 0.3 mL (53 105 cells) injected into the
tail vein. Control mice developed metastases in 25–30 days
and began to die shortly thereafter, at which time animals in
all groups were killed and the lungs plus tumors isolated and
weighed.

2.6. Statistical analysis

Evaluation of statistical significance between values in
different groups was done using the Student’st-test, except
for the data presented in Fig. 5C, where ANOVA was used
for repeated measurements.

3. Results

3.1. Effect of indomethacin on LL carcinoma cells grown
in culture

3.1.1. Effect of indomethacin on cell proliferation and
cell viability

Cultured cells at approx. 50% confluency were incubated
with various doses of indomethacin and [3H]thymidine for
48 hr. The cells were then washed twice with HBSS and the
radioactivity in the cells counted. Indomethacin at a dose of
10 mM inhibited prostaglandin E2 synthesis from added
arachidonate by.90% (data not shown) and also reduced
[3H]thymidine uptake by approx. 50% (Fig. 1A).Analysis
of cell viability using the MTT assay showed that indometh-
acin significantly inhibited cell viability at 20mM, with
50% inhibition at approx. 60mM (Fig. 1B).

3.1.2. Effect of indomethacin on cell cycle parameters
Cell sorter analysis of isolated cultured tumor cells

grown to approx. 50% confluency revealed a rapid growth
rate which was attenuated dose-dependently by indometha-
cin, as evidenced by the decline in the percentage of cells in

the G2/M phase with the concomitant increase in the per-
centage of cells in G1 (Fig. 2). Significantly, a pre-G1
apoptotic peak was not seen in control cultured cells (Table
1) nor in cells treated with indomethacin up to a concentra-
tion of 80 mM (data not shown). Overall, the data indicate
that indomethacin added to cultured LL carcinoma tumor
cells in concentrations of up to 20mM exerts significant net

Fig. 1. Dose-dependent effects of indomethacin on [3H]thymidine incor-
poration and on cell viability (MTT accumulation) in cultured LL carci-
noma cells. (A) Cells were plated on 6-well plates and grown to approx.
50% confluency (generally 36–48 hr). The cells were then treated with
various doses of indomethacin (10–50mM) for 24 hr, after which cellular
incorporation of [3H]thymidine was determined. Values are means6 SEM
of 6 wells and are significantly different from each other (t-test, P ,
0.01). (B) LL carcinoma cells were grown on a 96-well plate for 24 hr to
reach approx. 50% confluency. Various doses of indomethacin were then
added and the incubation continued for 24 hr, after which the cells were
treated with MTT and assayed for cellular MTT uptake. Values are
means6 SEM of 15 wells. All values are significantly different (t-test,
P , 0.05) from the value obtained without added indomethacin.
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antipoliferative effect by reducing both the rate of mitosis
and cell viability.

3.2. Effect of in vivo administration of indomethacin on
overall tumor growth and tumor cell viability/apoptosis in
tumor-bearing mice

3.2.1. Effect of indomethacin on tumor growth and cell
viability

Indomethacin given at a concentration of 10mg/mL in
the drinking water (calculated to be approx. 2 mg/kg/day)
inhibited platelet COX-1 (thromboxane B2 formation) by
.95% (data not shown) and significantly delayed the onset
of tumor growth and the initial growth rate of the footpad
tumors (Fig. 3). Tumor cells isolated from the footpad

tumors were prepared for MTT viability assay as described
in Materials and Methods and in the legend to Fig. 1B.
Indomethacin treatment produced a marked decline of ap-
prox. 85–90% in the viability ofin vivogrowing tumor cells
as determined by the MTT assay (Fig. 4A).

3.2.2. Effect of indomethacin on cell cycle parameters
In contrast to the cell cycle profile seen with cultured

tumor cells, thein vivo growing tumor cells did contain a
substantial number of pre-G1 apoptotic cells in the range of
7–17% of total cells depending on the size of the tumor at
the time of its excision (Table 1). Indomethacin treatment
significantly elevated the number of apoptotic cells in the
tumor (Fig. 4B). Furthermore, tumor cells from indometh-
acin-treated mice showed a decline in the number of cells in
the G2/M and S phases and a concomitant increase in the
percentage of cells in the G1 phase (Fig. 4B). Thus, the
overall effect ofin vivo low dose indomethacin treatment is
antitumorigenic by virtue of its both accelerating apoptosis
and causing a G1 arrest.

3.2.3. Inhibition by indomethacin of the growth of lung
metastases and tumor-associated cachexia

We also evaluated the antimetastatic effect of indometh-
acin using both the natural and the direct metastases models.
In the natural metastases model, the primary tumor is am-
putated when it is relatively small and not life-threatening.
Examination of mouse lungs at this stage reveals no visible
macro- or micrometastases. If, however, the animals are
kept for an additional 25–30 days, they develop massive
metastatic tumors in their lungs. The overall model is de-

Fig. 2. Dose-dependent modulation of cell cycle progression by indometh-
acin. LL carcinoma cells were grown in T-75 flasks as described in Fig. 1.
Indomethacin at different doses was then added and the cells incubated for
24 hr. The cells were then harvested, washed with HBSS, and processed for
cell cycle analysis. Values are means6 SEM from 4 flasks.

Table 1
Comparative effects of indomethacin on the proliferative/apoptotic
profile of tumor cells grownin vitro and in vivo

Cell cycle
phase

% cells in cell cycle phase

Cultured cells
50%
confluent

Cultured cells
80%
confluent

In vivo growing
footpad tumor
cells

G1 19.76 1.4* 31.96 2.2** 46.46 4.3***
S 49.96 3.1* 49.26 4.1* 32.66 2.5**
G2/M 30.36 2.7* 18.86 2.1** 12.16 1.7***
Apoptosis 0* 0* 8.96 1.2**

Cell sorter analysis was performed on LL carcinoma cells culturedin
vitro and harvested when either in log phase (approx. 50% confluent) or
approaching confluency (80% confluent) in comparison to cells isolated
from an in vivo growing tumor. Values are means6 SEM of 6 wells or 6
footpad tumors.

For each cell cycle phase, values with a different superscript are signif-
icantly different from each other (Student’st-test,P , 0.01).

Fig. 3. Low dose indomethacin inhibits tumor growthin vivo. Mice were
given drinking water containing 10mg/mL of indomethacin beginning one
day before inoculation with LL carcinoma cells and continuing until the
termination of the experiment. Tumor growth in the inoculated paw was
followed and tumor volume measured every 3–4 days. Net tumor volume
was calculated by subtracting the volume of the contralateral uninjected
paw. Values are means6 SEM of 10 mice per group.
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signed to be similar to an antitumorigenic treatment course
in humans following resection of the primary tumor. In mice
subjected to the amputation-dependent natural metastases
model, indomethacin at 2 mg/kg/day was found to be a
highly potent inhibitor of metastatic tumor growth when
given from the day of tumor inoculation (Fig. 5A). Indo-
methacin given only from the day of amputation was also
effective in attenuating metastatic growth concurrent with
prolonging the life of the treated mice from an average of 29
days postamputation for control animals to 56 days for the
indomethacin-treated mice. We further tested the effect of
indomethacin directly on metastatic growth in a model with-

out a primary tumor, i.e. where the tumor cells are injected
directly into the blood circulation. Indomethacin was also
found to be highly effective in inhibiting lung metastatic
growth in this direct metastases model (Fig. 5B).

Finally, we evaluated whether the antimetastatic effect of
indomethacin was also accompanied by attenuation of tu-
mor-associated cachexia. Using the direct metastases
model, we found that whereas the control mice began to lose
weight when lung tumor growth began to appear (days
10–17) and continued to lose weight thereafter, the indo-
methacin-treated mice continued to gain weight normally at
least until the end of the experiment on day 24 (Fig. 5C).
This group of mice did begin to develop metastases con-
currently with cachexia, but only after an additional 2–3
weeks.

4. Discussion

There is a growing interest in understanding the mecha-
nisms mediating the antiproliferative effects of NSAIDs and
in determining whether these effects are linked to their
cyclooxygenase-inhibiting properties or independent of
them. Data obtained inin vitro studies with cultured cells
show that NSAIDs inhibit cell proliferation and/or increase
cellular necrosis/apoptosis, resulting in overall inhibition of
cell growth [8–13]. These findings, however, show that
these effects are seen only at extremely high NSAID doses,
e.g. 600mM indomethacin [11], 3–20 mM aspirin [11–13],
or 200 mM naproxen [11], concentrations which are not
generally found in the circulating blood or tissues of exper-
imental animals or humans treated for inflammation-related
diseases. A case in point is a recent study [13] in which
aspirin and salicylate were found to be equipotent in induc-
ing apoptosis and activation of caspases in cultured B-cell
chronic lymphocytic leukemia cells when the drugs were
given at concentrations of 5–10 mM. As pointed out by
others [16], such plasma concentrations, if achieved, will be
above the documented limit of toxicity in man [17], making
their use in clinical situations unlikely. In a recent publica-
tion [18], indomethacin as well as the selective COX-2
inhibitor NS-398 were shown to exert inhibition of angio-
genesis as assayedin vitro in cultured cells. This effect,
however, was again seen at a relatively high concentration
of 0.25–0.5 mM, which considerably exceeds the blood
levels attained with these drugs when they are used effec-
tively in vivo.

Our goal in the present study was to determinein vivo
whether low dose indomethacin would exert antitumori-
genic and/or antimetastatic effects and to investigate which
phases of the cell cycle are affected by this treatment. We
specifically contrasted thein vitro effects of indomethacin
on cultured cells with those on tumor cells isolated from the
in vivo growing tumor. Indomethacin provided to mice in
the drinking water at 10mg/mL (approx. 2 mg per kg/day)
was found to be highly effective in delaying the growth of

Fig. 4. Low dose indomethacin inhibits cell viabilityin vivo by causing an
antiproliferative shift in cell cycle progression. (a) Mice were treated as
described in the legend to Fig. 3. Tumors of approx. 8 mm in width
(approx. 0.3–0.35 mL in volume) were obtained and the soft mass tumor
cells isolated, incubated in 96-well plates for 24 hr and processed for MTT
assay as described in Methods. Values are means6 SEM (3 mice/group;
12 wells/mouse). Values are significantly different (t-test,P , 0.01). (b)
Mice were treated with indomethacin and inoculated with LL carcinoma
cells as described in the legend to Fig. 1. For both control and indometh-
acin-treated groups, tumors were isolated when they reached approx. 0.3–
0.35 mL in volume, and the soft tumor mass was resuspended in HBSS
buffer. The upper cell suspension was diluted to 106 cells/mL and pro-
cessed for cell sorter analysis as described in Methods. Values are means6
SEM of cells isolated from 6 mice in each group. Values of the two
treatments are significantly different (t-test,P , 0.01).

569Y. Eli et al. / Biochemical Pharmacology 61 (2001) 565–571



both the primary tumor inoculate and of lung metastatic
nodules. Mechanistically, we demonstrate here that indo-
methacin treatmentin vivo causes acceleration of apoptosis
as well as inhibition of cell proliferation. Significantly,
indomethacin attenuated metastatic growth even when
given only after primary tumor amputation, at which time
micrometastases are already present in the lungs. All the
indomethacin effects were seen at plasma concentrations of
approx. 6mg/mL, which bears direct relevance to the ther-
apeutic blood levels of this drug in man. A recent report on
the effects of COX inhibitors on tumor angiogenesis [19]
demonstrated that indomethacin as well as the selective
COX-2 inhibitor celecoxib inhibit tumor growthin vivo by
blocking angiogenesis in the growing tumor [19]. Our re-
sults are in full agreement with these recent data and pro-
vide further support for the proposition that NSAIDs (ex-
cept for sulindac, for which there is evidence otherwise; see
Refs. 20–22) as well as COX-2 inhibitors exert their anti-
tumorigenic and anti-angiogenic effectsin vivo to a major
extent through COX-dependent mechanisms.
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