British Journal of Pharmacology (2009), 157, 362-370
© 2009 The Authors
Journal compilation © 2009 The British Pharmacological Society Al rights reserved - 0007-1188/09

www.brjpharmacol.org

RESEARCH PAPER
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Background and purpose: Fluoroquinolones are potent anti-microbial agents with multiple effects on host cells and tissues.
Previous studies have highlighted their pro-apoptotic effect on human cancer cells and an immunoregulatory role in animal
models of inflammatory bowel disease. We examined the effect of ciprofloxacin on proliferation, cell cycle and apoptosis of
HT-29 cells, a human colonic epithelial cell line sensitive to transforming growth factor (TGF)-B1-mediated growth inhibition
and its role in TGF-B1 production. We also examined the effect of ciprofloxacin on proliferation of HT-29 cells in combination
with 5-fluorouracil (5-FU), a well-established pro-apoptotic agent.

Experimental approach: Using subconfluent cultures of HT-29 and Caco-2 cells, we studied the effect of ciprofloxacin, TGF-B1
and 5-FU on proliferation, apoptosis, necrosis and cell cycle. The effect of ciprofloxacin on TGF-f1 mRNA expression and
production was studied in RNA extracts and cell culture supernatants respectively, using confluent cultures.

Key results: Ciprofloxacin decreased proliferation of HT-29 cells in a concentration- and time-dependent manner. This was
mediated by accumulation of HT-29 cells into the S-phase but without any effect on apoptosis or necrosis. Additionally,
ciprofloxacin enhanced the antiproliferative effect of 5-FU. Interestingly, ciprofloxacin was found to up-regulate TGF-B1
production by HT-29 cells and its anti-proliferative effect was abolished when TGF-f1 was blocked. Confirming this mechanism
further, ciprofloxacin had no effect on Caco-2, a human colonic epithelial cell line that lacks functional TGF-B1 receptors.
Conclusions and implications: We demonstrate a novel anti-proliferative and immunoregulatory effect of ciprofloxacin on
human intestinal epithelial cells mediated via TGF-31.
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Introduction traditional representative of the fluoroquinolones’ family and

it is used in various clinical settings like infectious enteritis
Fluoroquinolones are broad spectrum antibiotics with few and inflammatory bowel disease (Oldfield and Wallace, 2001;
side effects that exert their antibacterial activity by inhibiting  Greenberg, 2004). Recently, several immunomodulatory
bacterial DNA-gyrase, which is responsible for supercoiling, activities of quinolones have been reported including sup-
transcription, replication and chromosomal separation  pression of pro-inflammatory cytokines and induction of
of prokaryotic DNA (Shen, 1994). Ciprofloxacin is the  nitric oxide (Riesbeck, 2002; Kolios et al., 2006). Furthermore,
there are reports that ciprofloxacin is able to induce apoptosis
in various human cancer cell lines including the human
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Transforming growth factor (TGF)-B1 is a multifunctional
cytokine capable of regulating cell growth, differentiation and
eventually tissue homeostasis. It participates in both innate
and adaptive immune responses and acts as the key regulator
of immune tolerance (Letterio and Roberts, 1998). On the
other hand, defects in TGF-B1 regulation have been impli-
cated in the pathogenesis of many diseases. Defective TGF-B1
production has been observed in Crohn'’s disease and ulcer-
ative colitis potentially contributing to the perpetuation of
inflammation (Becker etal., 2006). In oncogenesis, the
TGF-B1 signalling pathway has been considered both suppres-
sor and promoter; during early stages, it has been shown, in
animal models, that epithelial cells lose their growth-
inhibitory responsiveness to TGF-B which eventually pro-
motes invasion and metastasis in the later stages of carcinoma
development (Derynck etal., 2001; Siegel and Massague,
2003). In certain forms of cancer, transcriptional repression of
TGF-B receptors (TGF-BRy or TGF-BR;) has been reported and
may be primarily responsible for loss of sensitivity to TGF-B1
antiproliferative control contributing to tumour formation
(Siegel and Massague, 2003).

We investigated the effect of ciprofloxacin on proliferation
and survival of the colonic cancer cell lines HT-29 and Caco-2.
We found that ciprofloxacin can suppress proliferation of
HT-29 but has no effect on Caco-2 cells. The observed differ-
ential outcome parallels the expression of functional TGF-$
receptors by the two cell lines with HT-29 being sensitive to
TGF-B1, and Caco-2 being resistant to TGF-f1 (Matsushita
etal., 1999; Chen et al., 2002; Zanetti et al., 2003). We further
demonstrated that ciprofloxacin induces TGF-B1 expression
and secretion by HT-29, resulting in suppression of prolifera-
tion through TGF-Bl-dependent cell cycle arrest. We also
demonstrated that ciprofloxacin enhances the antiprolifera-
tive effect of 5-fluorouracil (5-FU), a well-established treat-
ment for colon cancer (Nita et al., 1998), on HT-29 colonic
adenocarcinoma cells.

Methods

Cell culture

HT-29 and Caco-2 colonic epithelial cell lines were obtained
from the European Collection of Animal Cell Cultures
(ECACC, Porton Down, Wiltshire, UK). HT-29 cells are an
epithelial cell line derived from a colon adenocarcinoma,
which have characteristics of normal intestinal epithelium.
HT-29 and Caco-2 were passaged weekly and grown at 37°C in
McCoy’s 5A and minimum essential medium alpha medium
respectively, which were supplemented with 10% foetal
bovine serum (FBS), penicillin/streptomycin (10 u-mL™ and
10 ug-mL™) and fungizone (0.5 ug-mL™). Both cell lines were
seeded at 2-3 x 10*/cm? in six-well plates and were main-
tained at 37°C in an atmosphere of 5% CO, until confluent. In
order to study TGF-B1 expression and production, 24 h before
stimulation the confluent cell cultures were washed and cul-
tured in fresh medium without FBS. Growth-arrested cultures
were then stimulated with ciprofloxacin (100 ug-mL™) for up
to 48 h, as described in the results section. Cell culture super-
natants were collected for protein determination and RNA
extraction was performed as follows.
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Table 1 Primer sequences used for the RT-PCR studies

Gene Primers Product size

TGF-B1 Sense: 5-TGCTGAGGCTCAAGTTAAAA-3" 224 bp
Antisense: 5’-TGTGTTATCCCTGCTGTCAC-3’

GAPDH Sense: 5-CAACGGATTTGGTCGTATTG-3" 184 bp

Antisense: 5-GATGACAAGCTTCCCGTTCT-3’

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; RT-PCR, reverse tran-
scription polymerase chain reaction; TGF, transforming growth factor.

RT-PCR

Total RNA was extracted from HT-29 cells into TRIzol and
treated with DNAse as described by the manufacturers. Mul-
tiplex RT-PCR was performed as previously described (Valatas
et al., 2004). Briefly, 1 ug mRNA was denatured at 70°C for
10 min in the presence of 5 umol-L™ oligo (dT) 12-18 primer.
It was then reverse transcribed in a 10 pL volume with Super-
script 1T, 1X RT buffer, 1 mmol-L™ deoxyribonucletide triph-
osphates (ANTPs), 5 mmol-L™' DDT and 2.5 u-uL™" RNAsin at
42°C for 60 min; 1 pL aliquots of cDNA were PCR amplified in
a 25 uL reaction containing: 1 X PCR buffer and 2 mmol-L™
MgCl,, 0.2 mmol-L™" dNTPs, 0.5 mmol-L™ sense and antisense
primers, and 0.4 u polymerase. The oligonucleotide sequence
and product size for specific primer pairs used are shown in
Table 1. The conditions for amplification were: 5 min 94°C,
30 cycles of 30 s 94°C, 30 s annealing temperature, 30 s 72°C,
followed by an extension for 7 min at 72°C. PCR products
were resolved by electrophoresis on 2% agarose gels and visu-
alized by ethidium bromide staining. In order to control for
genomic contamination, an identical parallel PCR reaction
(RT-negative) was performed for each sample containing start-
ing material, which had not been reverse transcribed. The
integrated density of the bands was used as quantitative
parameter and was calculated by digital image analysis. The
ratio of the integrated density of TGF-Bf1 divided by that of
GAPDH, used as the housekeeping gene, was used to quantify
the results.

ELISA for TGF-f1

HT-29 cells were seeded in six-well plates and cultured until
confluence. Growth-arrested cultures were then stimulated
with ciprofloxacin (100 ug-mL™) for up to 48 h. Supernatants
were collected and TGF-B1 production was assessed by ELISA
according to the manufacturer’s instructions.

Cell viability and growth assay

HT-29 and Caco-2 cell lines were seeded in 24-well plates at an
initial concentration of 1.5 x 10* cells per well and 2 x 10* cells
per well respectively. This resulted in 60-70% confluence after
6 days of culture. The effect of ciprofloxacin, TGF-B1 and 5-FU
was assessed 1 day after seeding. For incubations lasting 6
days, medium and compounds were renewed every 3 days.
Each treatment was performed in quadruplicate. After 3 or 6
days of treatment, growth and viability of cells were measured
by the tetrazolium salt assay [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenol tetrazolium bromide (MTT)] (Mosmann, 1983). In
order to determine whether the antiproliferative effect of
ciprofloxacin after 6 days of treatment is reversible, we
removed media and plates were gently washed with Hank’s
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buffered salt solution. Fresh media without ciprofloxacin was
added and an MTT assay was performed 2 days later, which is
after a total of 8 days in culture.

Apoptosis assays

Apoptosis in HT-29 cells was initially evaluated by 7-amino-
actinomycin D (7-AAD) and annexin-V staining. HT-29 cells
were seeded in six-well plates at a density of 7.5 x 10* per well.
One day later, the medium was changed to medium contain-
ing 50 pg-mL™" ciprofloxacin. After 6 days of incubation, cells
were gently trypsinized and washed with ice-cold phosphate-
buffered saline (PBS). Cells were resuspended in 100 uL of 1 X
binding buffer, stained with SpuL of FITC-annexin-V
(50 ug-mL™) and 10 pL of 7-AAD (1 mg-mL™) and then incu-
bated for 15 min on ice in the dark. Every sample was diluted
with 385 uL of binding buffer and immediately analysed by
flow cytometry (FACScalibur, Becton Dickinson). We identi-
fied three subsets of cells, based on the staining intensity:
annexin’/7-AAD- (live cells), annexin*/7-AAD~ (early apop-
totic cells) and annexin*/7-AAD* (late apoptotic and necrotic
cells). Apoptosis was further examined by cell death detection
ELISA plus kit for analysis of DNA fragmentation according to
manufacturer’s instructions. HT-29 and Caco-2 cells were
seeded in a 96-well plate at an initial concentration of 1.5 x
10* cells per well. After 24 h, the medium was replaced with
ciprofloxacin-containing medium (0, 5 and 50 pg-mL™). Cells
were treated for 24 h and ELISA was performed in supernatants
and cell lysates in order to detect necrotic and apoptotic cells
respectively.

Cell cycle analysis

HT-29 cells (1.5-2 x 10°%) were seeded in 25 cm? flasks. After
24 h, medium was changed with fresh, supplemented or not
(control) with ciprofloxacin (50 ug-mL™). After 2 and 4 days
of incubation (at a 50-60% cell confluence), cells were har-
vested with trypsin, washed in PBS without Ca®/Mg*, fixed in
70% ethanol and stored at —20°C until staining. Nuclear DNA
staining was performed by propidium iodide (PI). Briefly, after
the cells had been washed in PBS without Ca*/Mg*", 10° cells
were stained in 2 mL of PI staining solution (50 pg-mL™ PI,
1 mg-mL™" RNase in PBS without Ca*/Mg?*). DNA flow cytom-
etry was performed in duplicate with a FACScalibur flow
cytometer. Cell cycle analysis was performed by the WinMDI
software (Windows Multiple Document Interface for Flow
Cytometry).

Statistical analysis

Unless otherwise indicated, values represent mean =+ s.e.mean
of at least three independent experiments. Comparative sta-
tistical evaluation between groups was performed by ANOVA.
Bonferroni t post-hoc analysis and Student’s t-test were used
for statistical comparison between individual variables as
appropriate. A probability value of P < 0.05 was taken as the
criterion for statistical significance.

Materials

Recombinant human TGF-f1 and monoclonal anti-human
LAP (TGF-B1) antibodies were purchased from R&D Systems
(Abingdon, UK). TRIzol, Oligo (dT) 12-18 primer, Superscript
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11, RT buffers and dNTPs were purchased from Gibco BRL Life
Technologies. RNAsin was from Promega (Southampton, UK).
PCR buffers, DNAse and expand polymerase were purchased
from Roche Molecular Biochemicals, (Lewes, Sussex, UK).
Functional grade purified mouse 1gG2a isotype control was
purchased from E-bioscience (San Diego, CA, USA) and 5-FU
from Teva Pharma (Milano, Italy). PI and FITC-annexin V
were from BD Biosciences (San Diego, CA, USA), whereas
7-AAD was from Calbiochem-Novabiochem, (La Jolla, CA,
USA). All other reagents, including ciprofloxacin, MTT and
RNase, were from Sigma-Aldrich (Steinheim, Germany). All
cell culture reagents and plastics were from Gibco BRL Life
Technologies (Paisley, UK) and Nalge Nunc (Hereford, UK)
respectively. The ELISA kits were from R&D systems (Minne-
apolis, MN, USA). Our drug/molecular target nomenclature
conforms to BJP’s Guide to Receptors and Channels
(Alexander et al., 2008).

Results

Ciprofloxacin suppresses proliferation of HT-29 cells
Proliferation of HT-29 cells was assessed following culture of
HT-29 for 6 days in the presence of various concentrations of
ciprofloxacin (0-100 pg-mL™). Proliferation rate was signifi-
cantly (P < 0.001) suppressed by ciprofloxacin in a concentra-
tion (ICso = 9.46 ug-mL™")- and time-dependent manner
(Figure 1A and B). Maximum inhibition was 25% on day 3
and 36% on day 6 compared with untreated cells (Figure 1A).
The effect of ciprofloxacin was reversible and cell proliferation
could be reinstituted by removing ciprofloxacin from cultures
(Figure 1B).

In order to explain the observed anti-proliferative effect of
ciprofloxacin, we further examined its ability to induce cell
apoptosis and/or necrosis. Ciprofloxacin treatment did not
induce apoptosis or necrosis of HT-29 cells as quantification of
viable (84 = 6%), pre-apoptotic (10 = 3%) and apoptotic (6 *
3%) cells by annexin-V and 7-AAD staining, revealed no dif-
ference from vehicle-treated cultures (Figure 1D). HT-29 cell
necrosis and apoptosis following ciprofloxacin treatment
were also measured in culture supernatants and cell lysates,
respectively, by analysis of DNA fragmentation using anti-
histone and anti-DNA antibodies and the above results were
confirmed (Figure S1).

To evaluate whether ciprofloxacin could cause any specific
perturbation of the cell cycle, an analysis of ciprofloxacin-
treated HT-29 cells was performed at days 2 and 4 of exposure.
Ciprofloxacin caused an accumulation of cells mostly in the
S-phase in both time-points. In particular, the percentage of
cells at the S-phase significantly increased from 25.94 = 1.38
to 31.65 £ 0.98% (P =0.028), and from 23.64 = 0.66 to 27.72
+ 0.68% (P = 0.014) after treatment with 50 pg-mL™ ciprof-
loxacin on days 2 and 4 respectively (Figure 1D). These results
indicate that ciprofloxacin exerts its anti-proliferative effect
on HT-29 cells by inducing cell cycle arrest.

The anti-proliferative effect of ciprofloxacin is mediated

through TGF-p1

Recent studies have shown that TGF-$1 may be involved in
the regulation of epithelial cell homeostasis (Letterio and
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Figure 1 Ciprofloxacin suppresses HT-29 cell proliferation by inducing cell cycle arrest. (A) MTT assessed proliferation of HT-29 cells after

treatment with 0-100 pg-mL™" of ciprofloxacin for 3 and 6 days, as described in Methods. (B) MTT assessed proliferation of HT-29 cells treated
with ciprofloxacin for 6 days, which was followed by removal of ciprofloxacin and subsequent 2 days treatment with vehicle; x10, x50 and
%100 indicate initial concentrations of ciprofloxacin (*P < 0.05, **P < 0.01 different from control values). (C) Apoptosis of HT-29 cells after
treatment with vehicle (Ctr) or ciprofloxacin (50 ug-mL™) evaluated by 7-AAD and annexin-V staining. (D) Effects of ciprofloxacin on cell cycle
assessed by propidium iodide (PI) staining. HT-29 cells were treated for 2 days and 4 days with vehicle (CTR1, CTR2) or 50 ug-mL™" of
ciprofloxacin (CIP1, CIP2). Two representative graphs from six independent experiments are shown. 7-AAD, 7-amino-actinomycin D; MTT,

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenol tetrazolium bromide.

Roberts, 1998). Data derived mostly from studies on epithelial
cell lines suggest that TGF-B1 is produced by epithelial cells
themselves, in an autocrine manner, and regulates epithelial
cell proliferation and survival (Bierie and Moses, 2006). We
wanted to see if changes in TGF-B1 production could account
for the anti-proliferative effect of ciprofloxacin on HT-29
cells.

At first, we examined the effect of TGF-B1 (0-100 ng-mL™)
on the proliferation of HT-29 cells. TGF-f1 treatment signifi-
cantly suppressed HT-29 cell proliferation in a concentration-
dependent manner, with the highest concentration resulting
in a 40% inhibition (P < 0.001, Figure 2A). We next investi-
gated whether TGF-B1 is produced by HT-29, and whether this
production could be modified by treatment with ciprofloxa-
cin. TGF-B1 production was measured by ELISA in confluent

serum-free cell culture supernatants after 24 and 48 h of treat-
ment with vehicle or ciprofloxacin (0 and 100 pg-mL™).
Vehicle-treated HT-29 cells were found to produce substantial
amounts of TGF-B1 at 24 and 48 h (Figure 2B). Furthermore,
treatment of HT-29 cells with ciprofloxacin resulted to a sig-
nificant increase in TGF-B1 production at 24 and 48 h
(Figure 2B).

Furthermore, we investigated whether the observed
increase of TGF-f1 production occurs via induction of TGF-B1
mRNA expression or via ciprofloxacin-induced modifications
at the post-translational level. Therefore, we examined the
effect of ciprofloxacin on TGF-f1 mRNA expression by semi-
quantitative RT-PCR. Untreated HT-29 cells showed a basal
TGF-B1 expression, which was increased at least twofold
within 4 h of ciprofloxacin treatment (Figure 2C).

British Journal of Pharmacology (2009) 157 362-370
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Figure 2 Ciprofloxacin-induced cell cycle arrest is mediated through TGF-B1. (A) MTT assessed proliferation of HT-29 cells after treatment
with 0-100 ng-mL™" of TGF-B1 for 3 days. (B) TGF-B1 production by HT-29 cells after 24 and 48 h treatment with vehicle (0) or ciprof-
loxacin (100 ug-mL™") evaluated by ELISA in cell culture supernatants. (C) Expression of TGF-31 mRNA by HT-29 cells. Total RNA was
extracted from HT-29 cells after treatment with ciprofloxacin (100 pg-mL™") for 1 to 6 h and multiplex RT-PCR for TGF-B1 and GAPDH was
performed. Upper panel: representative PCR blot of mRNA expression for TGF-f1 and GAPDH. Lower panel: the ratio of the integrated
density of TGF-B1 divided by that of GAPDH, measured by densitometry analysis, is expressed as a percentage of the maximum TGF-B1
mRNA expression after stimulation with ciprofloxacin (100 pg-mL™"). One experiment representative of three independent experiments with
similar results is shown. (D) MTT assessed proliferation of HT-29 cells after treatment with ciprofloxacin (100 ug-mL™") for 6 days in the
presence of 10 ug-mL™"' of neutralizing anti-human-TGF-B1 (LAP) antibody or 10 ug-mL™" of purified mouse IgG2a isotype control
(*P < 0.05, **P < 0.01, ***P < 0.001). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenol

tetrazolium bromide; RT-PCR, reverse transcription polymerase chain reaction; TGF, transforming growth factor.

In order to verify if ciprofloxacin action is strictly depen-
dent on TGF-B1, we tried to prevent the anti-proliferative
effect of ciprofloxacin by anti-TGF-B1 blockade. Proliferation
of HT-29 cells was measured after 6 days of treatment with
ciprofloxacin (50 ug-mL™) added alone or in combination
with 10 ug-mL" of monoclonal anti-human LAP (TGF-f1)
neutralizing antibody (Figure 2D). As expected, ciprofloxacin
suppressed HT-29 cell proliferation by 35% after 6 days of
treatment. On the contrary, the addition of 10 ug-mL™ of
monoclonal anti-human LAP (TGF-B1) neutralizing antibody
abolished the ciprofloxacin-induced suppression suggesting
that the antiproliferative effect of ciprofloxacin is mediated by
TGF-B1.

To further confirm this result, we examined the effect of
ciprofloxacin on cell proliferation, apoptosis or necrosis of
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Caco-2, a human colonic epithelial cell line. In contrast to
HT-29, Caco-2 lack functional TGF-B1 receptors (Biasi et al.,
2002). Therefore, if the anti-proliferative effect of ciprofloxa-
cin depends on TGF-B1, ciprofloxacin would not be
expected to suppress Caco-2 proliferation. Initially, we con-
firmed the un-responsiveness to TGF-1 by culturing Caco-2
cells in the presence of various concentrations of TGF-B1
(0-100 ng-mL™). TGF-B1 had no effect on Caco-2 prolifera-
tion (Figure 3A). Moreover, treatment of Caco-2 cells with
various concentrations of ciprofloxacin (0-100 pg-mL™) con-
firmed that in the absence of TGF-B1 signalling ciprofloxa-
cin has no effect on cell proliferation (Figure 3B). Similar to
HT-29, as expected, analysis of DNA fragmentation showed
no effect of ciprofloxacin on Caco-2 cell apoptosis/necrosis
(data not shown).
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Figure 3 Ciprofloxacin has no effect on TGF-B1-resistant Caco2
cells. (A) MTT assessed proliferation of Caco-2 cells after treatment
with TGF-B1 for 3 days. (B) MTT assessed proliferation of HT-29
and Caco-2 cells after treatment with ciprofloxacin for 6 days
(*P < 0.05, **P < 0.01 different from control values). MTT, 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenol  tetrazolium bromide; TGF,
transforming growth factor.

Ciprofloxacin acts synergistically with 5-FU to suppress HT-29
cell proliferation

S-fluorouracil is a well-established chemotherapeutic agent in
colonic cancer (Nita et al., 1998). We wanted to investigate if
ciprofloxacin could enhance the anti-proliferative effect of
5-FU in colonic epithelial cells. In order to examine their
possible synergistic effect, we cultured HT-29 with 5-FU or
ciprofloxacin or a combination of them both (Figure 4). After
6 days of treatment with 1 mmol-L™' 5-FU, the proliferation
rate of HT-29 cells was suppressed by 31.12 + 1.75%. The
addition of 50 ug-mL™" ciprofloxacin further suppressed HT-29
proliferation by 59.37 = 2.06% (Figure 4). Thus, the addition
of ciprofloxacin in culture significantly enhanced the anti-
proliferative effect of 5-FU on HT-29 cells (P < 0.001, Figure 4).

Discussion

In the present study, we demonstrated that ciprofloxacin
inhibits proliferation of the colonic epithelial adenocarci-
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Figure 4 Ciprofloxacin augments the anti-proliferative effect of
5-FU. MTT assessed proliferation of HT-29 cells after treatment for 6
days with ciprofloxacin (100 ug-mL™") added alone or in combination
with T mmol-L™" of 5-FU. (*P < 0.05, ***P < 0.001 different from
control values, P < 0.05 different from 5-FU treatment). 5-FU,
5-fluorouracil; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenol
tetrazolium bromide.

noma cell line HT-29 in a concentration- and time-dependent
manner. These results extend those found previously showing
the antiproliferative effect of ciprofloxacin on human cancer
cell lines. The antitumour efficacy of ciprofloxacin and other
members of the fluoroquinolone family has been reported in
several cancer cell types including leukaemic (Somekh et al.,
1989), bladder (Seay et al., 1996; Aranha et al., 2000; Kamat
and Lamm, 2004), prostate (El-Rayes et al., 2002), osteoblast
(Holtom et al., 2000), osteosarcoma (Miclau et al., 1998), neu-
roblastoma (Norris et al., 2001) and colon cancer cell lines
(Rabau et al., 1995; Herold et al., 2002). Data from the litera-
ture suggest that ciprofloxacin in high concentrations
(>100 ug-mL™") can induce apoptosis, possibly in part by
blocking mitochondrial DNA synthesis (Lawrence et al., 1996;
Aranha et al., 2002; Herold et al., 2002). However, lower con-
centrations of ciprofloxacin (20-100 pug-mL™) suppress prolif-
eration by arresting the cell cycle (Riesbeck etal., 1990;
Holtom et al., 2000).

The effect of ciprofloxacin in our model was not attributed
to apoptosis but rather to cell cycle arrest that could be
reversed after the removal of the quinolone. Previously pub-
lished studies have demonstrated a 35% inhibition of mam-
malian cell growth by ciprofloxacin in concentrations higher
than 20 ug-mL™' (Forsgren etal., 1987). However, in our
experiments ciprofloxacin suppressed proliferation in con-
centrations as low as 10 ug-mL™, a concentration that can be
achieved in human tissues using standard dosing regimens of
ciprofloxacin. Serum concentrations of ciprofloxacin that can
be achieved in patients after standard dosing regimens are
0.5-10 ug-mL™" (Crump et al., 1983; Bergeron, 1989; Wolfson
and Hooper, 1991; Shah et al., 1994), while the ICs, of the
toxic effect of ciprofloxacin in cell lines is 40-80 pg-mL™
(Riesbeck, 2002). In our experiments, the ICs, value for the
antiproliferative effect of ciprofloxacin in HT-29 cells was
9.46 ug-mL™", which is within achievable concentrations in
human tissues.

British Journal of Pharmacology (2009) 157 362-370
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In our study, TGF-B1 suppressed proliferation of HT-29
cells but had no effect on Caco-2 cells, acting similarly to
ciprofloxacin. These results are in accordance with already
published data showing that in contrast to HT-29 cells,
Caco-2 cells show a decreased expression of the two main
TGF-B1 receptors, R; and R;. In addition, these receptors are
located at the basolateral cell surface in this cell line (Biasi
et al., 2002). There is a discrepancy between our results and
the results reported by Zanetti et al. (2003) that demonstrate
an apoptotic effect in Caco-2 cells after treatment with
10 ng-mL™" of TGF-B1. In our hands, TGF-B1 had no effect on
the growth of Caco-2 cells. In fact, we observed a trend
towards higher rates of proliferation when higher concentra-
tions of TGF-f1 were used. Additionally, we observed no
change in Caco-2 apoptosis or necrosis with TGF-B1 treat-
ment (data not shown).

The TGF-B family of peptides, acting in an autocrine or
paracrine manner, can effectively inhibit growth of intestinal
epithelium. In particular, TGF-$1 has been shown to inhibit
cell growth and to induce apoptosis of normal colonic epi-
thelial cell types (Elliott and Blobe, 2005). Specifically, TGF-31
has been shown to activate cytostatic gene responses at any
point in the cell-cycle phases G1 (primarily), S or G2 (Siegel
and Massague, 2003). With regard to apoptosis, TGF-B acts on
multiple pathways producing a variety of responses depend-
ing on the cell type (Bierie and Moses, 2006). It is thought
that TGF-B1 exerts an inhibitory effect in the early stages of
cancer, while in the later stages of cancer progression cancer
cells escape from the inhibitory control of TGF-1, to some
extent, due to mutations on the TGF-B1 signal transduction
pathways. Multiple effects of TGF-f1 in tissue homeostasis,
like its effect on angiogenesis, can also affect tumour progres-
sion (Seoane, 2006).

The observation that both ciprofloxacin and TGF-B1 sup-
press proliferation of HT-29 cells led us to further examine a
possible effect of ciprofloxacin on the production of TGF-B1.
TGF-B1 production by HT-29 cells has been described previ-
ously (Kucharzik et al., 1997). In the present study, we dem-
onstrated for first time that stimulation of HT-29 cells with
ciprofloxacin increases TGF-B1 production. The effective
concentration of ciprofloxacin was considerably higher than
the expected levels of ciprofloxacin in tissues of treated
patients (Naber efal., 1993; Weidekamm and Portmann,
1993; Madu et al., 1996). The ciprofloxacin-induced concen-
tration of TGF-B1 seems to be less than the concentration
needed to observe an effect on HT-29 proliferation.
However, in order to interpret this result we have to bear in
mind that the maximal anti-proliferative effect of ciprof-
loxacin was observed after 6 days of treatment, whereas the
ciprofloxacin-induced TGF-B1 was measured after 2 days of
treatment. This experimental design was considered neces-
sary as it is impossible to perform a 6 day treatment experi-
ment in the serum-free conditions needed to measure true
TGF-B1 production. Therefore, the relevant concentrations
of ciprofloxacin-induced TGF-f1 in these experiments
cannot be estimated. Furthermore, possible differences
between autocrine and paracrine actions of self-produced
versus exogenously added TGF-B1 may also play a role. In
order to establish a causal relationship between the ciprof-
loxacin anti-proliferative effect and the ciprofloxacin-
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induced TGF-B1 production, we showed that treatment of
HT-29 cells with neutralizing TGF-B1 antibody in the pres-
ence of ciprofloxacin reversed the antiproliferative effect of
ciprofloxacin at almost all concentrations used. Our obser-
vations suggest that ciprofloxacin exerts its anti-proliferative
effect on HT-29 cells by increasing TGF-B1 production. Epi-
thelial cell-derived TGF-B1 can then suppress cell prolifera-
tion acting in an autocrine or/and a paracrine way.

Our results indicate a possible antineoplastic activity of
ciprofloxacin in the premalignant or early stages of colonic
adenocarcinoma, when TGF--1 transduction pathways
remain intact (Manning et al., 1991; Matsushita et al., 1999).
On the other hand, inducing TGF-B receptors expression in
Caco-2 cells, as previously reported (Chen et al., 2002), can
lead to their sensitization to the antiproliferative effect of
TGF-B1. Such a sensitization procedure may possibly alter the
effect of ciprofloxacin on Caco-2 cell proliferation and theo-
retically, it could be used in some cases of advanced colonic
neoplasias in order to induce the TGF-pl-depedent anti-
proliferative effect of ciprofloxacin.

It has already been reported that ciprofloxacin has an addi-
tive effect with well-known chemotherapeutic agents in
several human cancer cell lines, including head and neck
cancer (Norris et al., 2001), colon cancer (Herold et al., 2003),
prostate cancer (El-Rayes ef al., 2002). In these in vitro experi-
ments, ciprofloxacin either sensitized multiresistant cancer
cells to chemotherapy or increased efficacy of the chemo-
therapeutic agent (Norris etal., 2001). In our work, we
showed for first time an additive effect of ciprofloxacin on the
anti-proliferative effect of 5-FU in colonic cancer cells. Our
results warrant further investigation of the in vivo relevance of
these findings, as they highlight a possible adjuvant role of
ciprofloxacin in 5-FU regiments for TGF-B1-sensitive colonic
cancers.

Several immunomodulatory activities of quinolones have
recently been elucidated including regulation of several
cytokines and other inflammatory mediators (Riesbeck, 2002;
Dalhoff and Shalit, 2003; Kolios et al., 2006). Our work sug-
gests a novel immunomodulatory effect of quinolones on a
well-differentiated colon epithelial cell line without the pre-
requisite presence of a triggering inflammatory cytokine. The
recent report that ciprofloxacin suppresses experimental
colitis in mice suggests a possible in vivo anti-inflammatory
effect of ciprofloxacin in non-infectious colitis (Lahat et al.,
2007). In addition to reducing and modifying colonic bacte-
rial load, induction of TGF-B1 by ciprofloxacin might be asso-
ciated with the observed end result.

In conclusion, we demonstrated a new mechanism of
action of ciprofloxacin that is the induction of TGFB-1 by
colonic epithelial cells, which concurs with the previously
reported immunomodulatory and growth inhibitory effects of
ciprofloxacin. Whether this mechanism of action can operate
in vivo during non-infectious gut inflammation or colonic
cancer is a matter that needs further investigation.
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Figure S1 Ciprofloxacin treatment had no effect on apopto-
sis or necrosis of HT-29 cells. Apoptosis and necrosis of HT-29
cells after treatment with O (vehicle), 50 and 100 pg-mL™
ciprofloxacin, evaluated by analysis of DNA fragmentaction as
described in Methods.
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