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HBs ¥i4% | HBc HLk HBsaiﬁl‘r’%'lﬁ
| [ ZIEN oA
RS e | |
(N=agy | 2170 (78.2%) (85.4%)
B¥§i§§§§fﬁ ¥ 1g** 19%*
(g | (20:5%)|(40.8%) | (43.2%)

*p<0.005, **p<0.001 (#k2) & DE&EK)

# Z TXIZ, prospective study & L T
HCV PR IER S ES (BEME, i
7r) 41260 BEEIC BV T, Cox HHINY —
NEFNMT L BB 2(To 72, TORBR, R
21T & O R BRI LS. 14
fEofEBET, HBsHiEBE» > H 5 Vit
HBc HiiEBEE I B » TlEflic b L2.14
fEofEBR, KEEE (Smoking index=
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Z HCC OBV ERICHED SN L Z B
%6ﬁt&okoﬁio, C BV EERE
£z 8T HBV BhETUARB S, FEZET
HDIE, KREBEEY HCC OFREDGER
MRENZ LRI ENY, Db, CH
B EEBREICB W T HBV BEEIEG S
5 HCC FEE DA RE WV I E0HS
mEigotebld THDE, ZDLDZEERM
DIN—T7 EHBEFEREREICBVTO
HCC RERBRAT & L TEKZBER zHRE
LTWw5eih,

T4, HBs FiiEBE»2H 5 v ix HBe it
BRI BV THEBEE HCC FEHR S W
Y 2 kiE, UToOBEHEBHEREENSE, »
bWw2occult HBVEEDLNZ2 LD TH
21238 — 2 13 HBV 5 O Rl gEME
BIEW & #E 2 515 HBsAg (—) HCV
(+) HCCWwBWT b, RROBEI 2D
A FEYENFEEZRAVRSCEI ST,

18 FF 223200 FFREZE18049)) (28

A ERERREAF—Cox LkBINF—FEFLIZL 58
H—
(RBRZEMLERNENYTT . 3~1993.6)
Abjusted
Variable Justee 95% Cl X2
Rate Ratio
Stage of disease
Liver cirrhosis 5.14 2.52~10.46 | 0.000!
Chronic hepatitis .00
Anti-HBs and/or Anti-HBc
Positive 2.14 | .13~ 4.07 |0.02
Negative 1.00
Smoking
Smoking index* Z 400 2.46 |.ll~ 5.49  0.03
Smoking index< 400 .67 0.75~ 3.73 | 0.2l
Nonsmoking .00

*Smoking index : averrage of cigarettes per day multiplide by total

years of smoking.
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%3 HBV DNA&H A P DESE FEEEHE#KE~DHE
AAHZD PCRE (EEFHEERE) D& 5%

HBY DNA

X gene Pre-C gene S gene P gene

No. (%)
Tumourous
umed 3(18.8) 4(25.0) 5(31.3) | 3(18.8)
tissue (n=16)
Nontumourous
, 3(18.8) 6(37.5) 3(18.8) | O
tissue (n=16) ;
Coexsistence 3(18.8) 2(12.5) 2(12.5) ‘l 0
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Abstract

Background: Ribavirin-induced hemolytic anemia is one of the important adverse effects for the premature cessation of interferon and
ribavirin combination therapy for hepatitis C virus clearance. To elucidate the mechanism of this matter, we examined the effects of plasma
and erythrocyte ribavirin concentration on hemoglobin (Hb) reduction to assess hemolytic anemia in this combination therapy.

Method: Nineteen patients, treated with the interferon alpha-2b and ribavirin combination therapy, were included. Plasma and erythrocyte
ribavirin concentrations were monitored for the first 28 days of the combination therapy, in relation to changes in hematological parameters,
Hb and hematocrit values. The initial dose of ribavirin was 11.5 & 1.5 mg/kg/day.

Results: Steady-state plasma and erythrocyte ribavirin concentrations were 8.9 4 2.6and 1218 £ 270 uM, respectively. Significant correlation
was observed between erythrocyte ribavirin and Hb reduction (r=0.360. p <0.05), but not between plasma ribavirin and Hb reduction. The
patients with higher levels of erythrocyte ribavirin (=1000 uM) had greater Hb reduction compared to those with lower levels (<1000 pM)
(3.8+ 1.2 g/dL versus 2.6 £ 0.9 g/dL, p < 0.05). Nine cases out of 12 patients who developed anemia within the first 28 days of the combination
therapy had higher levels of erythrocyte ribavirin (>1000 1M).

Conclusion: We confirmed that erythrocyte ribavirin was strongly associated with Hb reduction in interferon and ribavirin combination
therapy.

© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Erythrocyte ribavirin; Anemia; Hepatitis C virus; Interferon

1. Introduction apy suffers from severe hemolytic anemia, which sometimes

requires ribavirin dose reduction and cessation of the treat-

Ribavirin co-administration with interferon alpha-2b
including pegylated derivatives plays an important role in
hepatitis C virus (HCV) clearance, leading to improvements
in sustained viral response [1-4]. However, a substantial
population of the patients receiving this combination ther-
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ment [5-7].

Although the mechanism of ribavirin-induced anemia has
remained unclear, it has been speculated that highly accu-
mulated ribavirin in erythrocytes reduces erythrocyte life
span [8-10]. Once incorporated into erythrocytes via the
equilibrate nucleoside transporter 1 (ENT-1), ribavirinis con-
verted into phosphorylated metabolites by intracellular phos-
phorylation [9,11,12]. Since the phosphorylated metabolites
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are not substrates for ENT-1, they cannot be effluxed out
of the erythrocytes and so accumulate internally. Phospho-
rylated ribavirin (mono- and tri-phosphates) is thought to
exert antiviral effects on HCV in hepatocytes [13]. On the
other hand, after entering erythrocytes it impairs erythro-
cyte integrity by reducing intracellular ATP levels, resulting
in accelerated erythrophagocytosis in the reticuloendothelial
system [8].

Thus, ribavirin disposition in erythrocytes may influence
the occurrence of anemia in interferon and ribavirin com-
bination therapy. We previously observed that marked ele-
vation (around 1000 uM) of erythrocyte ribavirin includ-
ing phosphorylated metabolites associated with hemoglobin
(Hb) reduction in the combination therapy [14]. However,
we could not assess the threshold of ribavirin concentra-
tion in blood (plasma and erythrocyte) leading severe Hb
reduction, because of the limited number of patients. In the
present study, we report the impact of blood ribavirin concen-
tration, especially 1000 uM of erythrocyte ribavirin, on Hb
and hematocrit (Ht) reduction in further conducted the ther-
apeutic drug monitoring of ribavirin under the combination
therapy.

2. Patients and methods
2.1. Patients

Nineteen patients with chronic hepatitis C under the
interferon alpha-2b and ribavirin combination therapy were
examined. The dosage regimen for interferon and ribavirin
was observed in accordance with the standard dosing
instructions set for Japanese HCV patients. Patients received
10 million TU of interferon alpha-2b daily for the first 2
weeks followed by 6 million IU three times weekly for 22
weeks. The initial dose of oral ribavirin was adjusted in
accordance with their body weight, 600 mg/day for patients
weighing less than 60kg, and 800mg/day for patients
weighing over 60 kg. The mean initial dose of ribavirin was
11.5+ 1.5mg/kg/day. The patients’ profile is indicated in
Table 1.

Venous blood samples for determining blood ribavirin
concentration were collected from the patients. Heparinized
blood collection (10mL) was done at 0, 1, 3, 7, 14, 21,
and 28 days after starting the combination therapy. Hema-
tological parameters, such as Hb, Ht, white blood cell and
platelet counts, and biochemical parameters, such as HCV-
RNA, aspartate aminotransferase and alanine aminotrans-
ferase (ALT), blood urea nitrogen, and serum creatinine
were also measured on each sampling day. Anemia was
defined as blood hemoglobin level less than 13.5 g/dL in
male and less than 11.5g/dl. in female patients in this
study. Informed consent was obtained from the patients and
the study was approved by the ethical committee of our
University.

Table 1

Patients’ profile and response to interferon and ribavirin combination therapy
Baseline Day 28

Age (year) 491 + 14.1

Sex (M/F) 14/5

Body weight (kg) 619 £ 114

Ribavirin (mg/kg/day) 115 +15 112+12

Hepatitis C virus RNA (kIU/mL)" 1963 4+ 3409 24 + 57

Sero group: 1/2/unknown 12/5/2

White blood cell (x10% wL=1)" 52+ 06 31 £13
Hemoglobin (g/dL)™ 150 £ 1.5 114+£13
Hematocrit (%)™ 44 L5 3444

Platelet (x10° L~!) 134 £ 29 118 £ 45
Aspartate aminotransferase (U/L)" 60 + 27 35 4+ 14
Alanine aminotransferase (U/L)" 94 = 47 36 £+ 18
Blood urea nitrogen (mg/dL) 15.8 £ 35 134+ 16
Serum creatinine (mg/dL) -0.77 £ 0.16 0.69 £ 0.17
Ribavirin concentration (M)

Plasma 89 +£26

Erythrocyte 1218 £ 270

Data are expressed as mean + S.D. or number of patients.

* Significant difference was observed between baseline and day 28 at
p<0.05.

** Significant difference was observed between baseline and day 28 at
p <0.0001.

2.2, Quantification of blood ribavirin

Quantification of plasma and whole blood ribavirin con-
centration was carried out by high-performance liquid chro-
matography (HPLC) developed by us [10). Briefly, a 20 pL of
whole blood supplemented with a six-fold volume of ice-cold
distilled water was subjected to acid phosphatase (2 units,
Sigma-Aldrich Co., St. Louis, MO) digestion to convert
phosphorylated metabolites into free ribavirin. The resulting
mixture, spiked with an internal standard (3-methylcytidine
methosulfate, Sigma—Aldrich Co.), was treated by phenyl
boronic acid (PBA) column (Bond Elute PBA: Varian, Palo
Alto, CA) extraction followed by reverse-phase HPLC analy-
sis. The dephosphorylation step was omitted when unchanged
ribavirin was determined in plasma and whole blood. Since
phosphorylated ribavirin was undetectable in plasma [10],
plasma samples were not treated with acid phosphatase, The
concentration of erythrocyte ribavirin was calculated with the
following formula:

[Cw — Cp(1 — HY)
Ht ’

where Cp, is the erythrocyte ribavirin concentration; Cy, the
concentration in whole blood; C, the concentration in plasma;
and Ht is the hematocrit.

The HPLC apparatus used in this study was the model
8020 system (Tosoh Corp., Tokyo, Japan) equipped with a UV
detector, an auto-sampler, and a pump. A C18 reverse-phase
column (TSK-Gel ODS-80Ts, Tosoh Corp.) was used for sep-
aration of ribavirin from other contaminants. The detection
wavelength was set at 225 nm. The mobile phase solvent,
10 mM ammonium phosphate buffer (pH 2.5), was pumped
out at a flow rate of 1.0 mL/min. All chemicals for the assay

Crbc =
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were of HPLC or regent grade (Wako Pure Chemicals Ind.,
Osaka, Japan or Sigma-Aldrich Co.).

2.3. Statistical analysis

Changes in Hb and ALT from the baseline after starting
the combination therapy were analyzed by the Dunnett test.
Correlation coefficients between ribavirin concentrations and
hematological parameters were determined by linear regres-
sion analysis. Student’s t-test was used to assess the difference
in ribavirin concentrations and the reduction of hematological
parameters between the two groups, patients with <1000 and
>1000 uM of erythrocyte ribavirin concentration. A p-value
less than 0.05 was considered to be significant.

3. Results

The change in ALT, Hb, plasma-, and erythrocyte rib-
avirin concentrations during the first 28 days of the com-
bination therapy is shown in Fig. 1. ALT and Hb were grad-
ually decreased and significant reductions were observed on
days 7 and 14, respectively (Fig. 1). Steady-state plasma
and erythrocyte ribavirin concentrations reached levels of
89+2.6 and 1218 £ 270 pM, respectively, 28 days after
starting the combination therapy (Table 1). Phosphorylated
metabolites (1133 % 234 uM) accounted for 93% of erythro-
cyte ribavirin, whereas the metabolites were not detected
in plasma (data not shown). These concentrations observed
in the present study agreed with our previous study of
a small number of HCV patients [10,14]. The erythro-
cytes/plasma ratio of ribavirin concentration was gradu-
ally increased, reaching a plateau of 149445 within 2
weeks (data not shown). Hb levels decreased correspond-
ingly with the raise of ribavirin concentrations, and bottomed
out at around day 28. We confirmed that ribavirin concen-
trations and Hb did not change significantly after day 28
(data not shown). '
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Fig. 1. Change in plasma (C) and erythrocyte (@) ribavirin concentrations,
and consequent reduction of hemoglobin (B) and alanine aminotransferase
(C) levels after starting interferon alpha-2b and rbavirin combination ther-
apy. Significant differences were observed at *p<0.05 and " p<0.0001.

There was no correlation between Hb reduction and the
daily dose of ribavirin (mg/kg/day) (data not shown). Signif-
icant correlation was not observed between Hb reduction and
ribavirin concentration on day 14 (Fig. 2) when significant
Hb reduction from baseline was firstly observed after starting
the combination therapy (Fig. 1). However, weak correlation

Table 2
Ribavirin concentrations and changes in hemoglobin, hematocrit and alanine aminotransferase levels 28 days after starting combination therapy
Groups Steady-state ribavirin concentration (M) of
<1000 (n="T) >1000 (n=12)
Ribavirin dose (mg/kg/day) 121 £ 15 11.2+14
Ribavirin concentration (M)
Plasma 75 1.9 98 £127
Erythrocyte™ 941 £ 63 1377 + 197
Hemoglobin (g/dL.) 118 £1.6 113+ 10
AHemoglobin' 2.6 + 09 38+£12
Hematocrit (%) 35+ 5 33+£3
AHematocrit® 12+ 4
Alanine aminotransferase (U/L) 33 £20 38 £ 19
AAlanine aminotransferase 71 + 54 43 £ 32

Data are expressed as mean + S.D. (A) Difference in the values between baseline and day 28.

* Significant difference between two groups was observed at p<0.05.
™ Significant difference between two groups was observed at p<0.001.
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was found between Hb reduction and erythrocyte ribavirin
14-28 days after starting the combination therapy (r = 0.360,
p<0.05), but not with plasma ribavirin (Fig. 2).

The patients with higher levels of erythrocyte ribavirin
(=1000 uM) at steady-state had greater Hb and Ht reduc-
tion compared with those of the patients with lower lev-
els (<1000 uM) (Fig. 3). Significant differences in Hb and
Ht reduction from the baseline were observed between the
groups with higher and lower levels of erythrocyte ribavirin
(p<0.05) (Table 2). Nine cases out of 12 patients who devel-
oped anemia within the first 28 days of the combination ther-
apy had higher levels of erythrocyte ribavirin (>1000 pM).
There was no significant difference in ribavirin dose and ALT
reduction between the two groups (Table 2).

4. Discussion
Marked elevation of erythrocyte ribavirin concentration

including its phosphorylated metabolites (149-fold versus
plasma ribavirin concentration) was observed in 19 HCV

patients following interferon alpha-2b and ribavirin com-
bination therapy. Steady-state erythrocyte ribavirin concen-
tration was 1218 £270 uM within 28 days after starting
the combination therapy (Fig. 1; Table 1). These pharma-
cokinetic data were almost same with our previous study
of a small number of patients [10,14]. We confirmed that
erythrocyte ribavirin concentration showed significant cor-
relation with Hb reduction (Fig. 2). Significant correlation
between erythrocyte ribavirin (not plasma ribavirin) and Hb
reduction (r=0.360, p<0.05) suggested that the erythro-
cyte ribavirin would be a preferable parameter for assessing
ribavirin-induced hemolytic anemia. We further evaluated
erythrocyte ribavirin levels over 1000 uM, which induced
intracellular ATP reduction in in vitro [8]. Our finding in
practical HCV treatment, which erythrocyte ribavirin levels
over 1000 wM induced greater Hb reduction and developing
anemia (Fig. 3; Table 2), also supports that a possible mecha-
nism of ribavirin-induced anemia, confirmed in in vitro study
[8].

Several researchers determined plasma ribavirin concen-
tration and found the correlation between plasma ribavirin
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and viral response [15-18]. Arase et al. suggested that the
desirable serum ribavirin concentrations for higher sustained
viral response were 12.3-14.3uM at a steady state [15].
We support the determining plasma levels to conduct ther-
apeutic drug monitoring of ribavirin for sufficient clinical
outcome of the combination therapy. We further emphasize
the importance of the determination of erythrocyte ribavirin
concentration to achieve safe combination therapy in addition
to the determination of plasma ribavirin. Significant correla-
tion was not observed between Hb reduction and ribavirin
dose (mg/kg/day) (data not shown). This observation was
compatible with the report by Van Vlierberghe et al. [19].
Since the degree of Hb and Ht reduction might be dependent
on erythrocyte ribavirin concentration and a possible thresh-
old of the onset of Hb and Ht reduction might be around
1000 wM (Fig. 3), dose modification of oral ribavirin might
be considered when the erythrocyte ribavirin concentration
over 1000 uM and severe Hb reduction are observed simulta-
neously. Optimal dose modification leads to the enhancement
of adherence to the combination therapy. resulting in higher
virological response as well as avoiding severe anemia [20].

In conclusion, erythrocyte ribavirin was strongly associ-
ated with Hb reduction in interferon and ribavirin combi-
nation therapy. It was confirmed that the higher erythrocyte
ribavirin concentration (> 1000 wM), in which impairing ery-
throcyte integrity had been observed in in vitro study for
the action mechanism of ribavirin-induced anemia, produced
severe Hb reduction in patients under interferon and ribavirin
combination therapy.
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Abstract

Certain hydrophobic bile acids, including deoxycholic acid
and chenodeoxycholic acid, exert toxic effects not only
in the liver but also in the intestine. Moreover, ursodeox-
ycholic acid (UDCAJ, which has protective actions against
apoptosis in the liver, may have both protective and toxic
effects in the intestine. The goal of the present study was
to clarify the mechanisms responsible for the toxic effect
of UDCA in intestinal HT-29 cells. Here, we show that
UDCA potentiated both phosphatidylserine externalization
and internucleosomal DNA fragmentation induced by SN-
38, the most potent metabolite of the DNA topoisomerase
[ inhibitor, CPT-11. Furthermore, the loss of mitochondrial
membrane potential as well as mitochondrial membrane
permeability transition induced by SN-38 was enhanced in
the presence of UDCA, resulting in an increased lethality
determined by colony-forming assay. This UDCA-induced
increased apoptosis was not due to alteration of either
intracellular accumulation of SN-38 or cell cycle arrest by
SN-38. The increased apoptosis was best observed when
UDCA was present after SN-38 stimulation and was
independent of caspase-8 but dependent on caspase-9
and caspase-3 activation. Furthermore, UDCA enhanced
SN-38-induced c-Jun NH,-terminal kinase activation. In
conclusion, UDCA increases the apoptotic effects while
decreasing the necrotic effects of SN-38 when added after
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the topoisomerase | inhibitor, showing potential clinical
relevance as far as targeted cell death and improved
wound healing are concerned. However, the use of this
bile acid as an enhancer in antitumor chemotherapy should
be further evaluated clinically. [Mol Cancer Ther
2006;5(1):68 -79]

Introduction

CPT-11 [7—ethyl-10—4—(1—piperidino)-l—piperidinocarbony-
loxycamptothecin] has been approved worldwide for
the treatment of colorectal cancer and is under extensive
investigation and therapeutic evaluation for a variety of
other cancers (1-4). Both CPT-11 and SN-38, its 7-ethyl-
10-hydroxycamptothecin derivative from carboxylester-
ase-induced hydrolysis (5), present antitumor activity
through the inhibition of DNA topoisomerase 1 (6).
SN-38 has at least a 1,000-fold more potent antitumor
effect than CPT-11 as shown in vitro (6). CPT-11 and
G6N-38 stabilize the topoisomerase I-DNA complex, and
its collision with the DNA replication fork leads to the
generation of permanent strand breaks and to cell death
(7). Stabilization of the cleavable complexes by CPT-11/
SN-38 is accompanied by a Go-M arrest and apoptosis
(8, 9). Although the mechanism is still unclear, the apop-
totic effect of CPT-11 associated with an increased DNA
fragmentation has been reported previously in a variety
of colon cancer cell lines (8). The apoptotic effect of
CPT-11 in colon carcinoma and/or lung cancer cells has
been linked not only with an increased cleavage of
poly(ADP-ribose) polymerase, characteristic of prog-
rammed cell death, but also with an alteration of
proapoptotic and antiapoptotic proteins, including Bax,
Bcl-xp, and Bel-2 (8, 10). Furthermore, these apoptotic
effects of the camptothecin derivatives are at least p53
dependent (see ref. 11 for review).

Bile acids are believed to play an important role in the
eticlogy of colorectal cancer, which is one of the leading
causes of cancer-related deaths in the world (12). Several
studies consider hydrophobic secondary bile acids, such
as deoxycholic acid, to be tumor promoters and to exert
their cytotoxicity through apoptosis (13, 14). One of the
possible apoptotic effects of bile acids is attributed to the
perturbation of mitochondrial functions (15, 16). As a result
of damage and loss of transmembrane potential, the
mitochondria either release cytochrome ¢ or Smac/DIA-
BLO into the cytosol. The former, in turn, binds to Apaf-1
and induces caspase-9-dependent activation of caspase-3,
whereas the latter blocks the inhibitory effects of inhibitor
of apoptosis proteins on caspases (17, 18). Both pathways
promote cell death.

Not all bile acids have cytotoxic properties. The
dihydroxy bile acid, ursodeoxycholic acid (UDCA), has
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been shown to exert antiapoptotic effects (15). Although
the antiapoptotic mechanism of UDCA is still under
discussion, several reports have hypothesized this bile
acid to stabilize the mitochondrial structure (15). How-
ever, this bile acid may also have proapoptotic actions: (a)
UDCA potentiated photodamage in leukemia cells (19),
(b) UDCA did not protect against apoptosis induced by
hydrophobic bile acids in several colonic cancer cell lines
(20), and (c) UDCA induced apoptosis in hepatocytes
when both mitogen-activated protein kinase (MAPK)
and phosphatidylinositol 3-kinase pathways were inhi-
bited (21). Therefore, UDCA may act differentially on
death and survival pathways depending on the cell type,
physiologic conditions, and/or stimulus. Thus, the
clarification of the mechanism of UDCA action especially
in terms of antiapoptotic or proapoptotic effects is
relevant to foster a better understanding and to widen
the clinical usage of this bile acid. The hypothesis that
UDCA potentiates the SN-38-induced cytotoxicity, which
in turn could increase the chemotherapeutic effect of
this camptothecin derivative, is attractive. Indeed, a
recent report indicated that coadministration of UDCA
with photodynamic therapy resulted in augmented
antitumor effects (19).

The aim of the present study was to investigate the
mechanism of action of UDCA on the series of events
associated with cell death, such as cell cycle alteration,
apoptosis, and growth inhibition induced by SN-38. The
possible involvement of mitochondrial membrane potential
(A¥,) and caspases in the action of UDCA was also
examined. An attempt was made to delineate key protein
kinases activated by this bile acid. The colon-derived
adenocarcinoma HT-29 cell line, a representative colon
cancer cell line, was used as the predominant model for
these studies. However, the colonic adenocarcinoma
L5174T and Caco-2 and the hepatic HepG2 cells were used
for comparison.

Materials and Methods

Materials

SN-38 and radiolabeled SN-38 (["*C]SN-38) were kindly
supplied by Yakult Honsha Co. Ltd. (Tokyo, Japan) and
were 98% to 99% pure as judged by gas-liquid chromatog-
raphy. UDCA, tauroursodeoxycholic acid, chenodeoxycholic
acid, and taurocholic acid were kindly supplied by
Mitsubishi Welpharma Co. Ltd. (Osaka, Japan). Green
fluorescent protein (GFP)-labeled Annexin V was obtained
from Clontech (Palo Alto, CA). Propidium iodide (PI)
was obtained from Sigma Chemical Co. (St. Louis, MO).
Tetramethylrhodamine, xanthylium, 3,6-bis(dimethyla-
mino)-9-[2-(methoxycarbonyl) phenyl], perchlorate (TMRM;
Mitotracker-1) and 5,%,6,6'-tetrachloro-1,1',3,3 - tetraethyl-
benzimidazolylcarbocyanine jodide (JC-1) were obtained
from Molecular Probes (Eugene, OR). The specific caspase
inhibitors (z-DEVD-fmk, z-IETD-fmk, z-LEHD-fmk, and
Z-VAD-fmk) were obtained from Trevigen, Inc. (Gaithers-
burg, MD). PD%8059 and SP600125 were obtained from
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Calbiochem (San Diego, CA). The human colon adenocarci-
noma cell line HT-29 was from the American Type Culture
Collection (Manassas, VA). DMEM was from Life Technol-
ogies, Inc. (Frederick, MD).

Cell Culture and Clonogenic Assay

HT-29 cells were grown in DMEM containing 10% fetal
bovine serum, 50 units/mL penicillin G, and 50 pg/mL
streptomycin at pH 7.4 and maintained at 37°C in a
humidified atmosphere of 5% CO,. Clonogenic lethality of
SN-38 and UDCA was determined as described previously
(9). In brief, the HT-29 cells were treated with increasing
concentrations of SN-38 for 2 hours. After removal of the
drug by washing twice with PBS, the cells were further
incubated for 24 hours in the presence or absence of UDCA.
Cells (1 = 500) were reseeded in triplicate in 60-mm culture
dishes containing 3 mL DMEM. The colonies were grown
for 2 weeks, washed with PBS, fixed with 80% methanol,
stained with methylene blue (0.04%), and counted using
an Eagle Eye II transilluminator (Stratagene, La Jolla, CA).
During colony growth, the culture medium was replaced
every 3 days. Cloning efficiency for untreated HT-29 cells
was ~ 74%.

Semiquantification of DNA Fragmentation

The comet assay or single-cell gel electrophoresis assay is
based on the alkaline lysis of labile DNA at sites of damage.
The unwound, relaxed DNA is able to migrate out of the
cell during electrophoresis and can be visualized by SYBR
Green (Molecular Probes) staining. Cells that have accu-
mulated DNA damage appear as fluorescent comets with
tails of DNA fragmentation or unwinding, whereas normal
undamaged DNA does not migrate far from the origin.
The fluorescence intensity of these cells was determined
by using an ACAS570 laser scanner cytometer (Meridian
Instruments, Inc., Okemos, MI). The tail length and the
head were selected for the quantification of DNA migra-
tion, and the ratio of these values was calculated.

AnnexinV and Pl Staining

The apoptotic HT-29 cells were determined by using
GFP-labeled Annexin V and in accordance with the
manufacturer’s instructions as described previously (9).
Binding affinity for GFP-Annexin V and PI was determined
by flow cytometric analysis (FACScan, Becton Dickinson,
San Jose, CA). Excitation wavelength was 488 nm, and the
emission wavelengths were 530 nm (FL1) for GFP and 620
nm (FL2) for PI. Fluorescence cutoff for the FL1 and FL2
channel was defined using HT-29 cells permeabilized with
0.1% Triton X-100-containing PBS.

Effect of SN-38 and UDCA on mRNA Expression Level
of Key Proteins Regulating Cell Cycle and Apoptosis

mRNA expression level was quantitated by RNase
protection assay with a **P-labeled multitranscript probe
containing gene sequences for the antiapoptotic proteins
Bcl-W, Bel-x;, and Bcl-2, the proapoptotic proteins Bcl-xg
and Bax, and the cyclin-dependent kinase inhibitors,
p'_’l""’”m", plSINK"B, and plén\”‘"”4 according to the manu-
facturer’s instructions (BD PharMingen, San Diego, CA).
Protected **P-labeled probes were resolved on a 5% acry-
lamide sequencing gel, and the dried gel was exposed
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to a phosphor screen (Amersham, Piscataway, NJ). Relative
expression was determined by densitometric analysis,
using a Molecular Dynamics STORM Phosphorlmager
(Piscataway, NJ) and ImageQuant software, and normal-
ized to the respective expression of two housekeeping
genes, L32 and glyceraldehyde-3-phosphate dehydrogenase.
Finally, the normalized results were expressed as percent-
age of the respective control.

Determination of A%,

HT-29 cells were incubated with 1 pg/mL of the AV .-
sensitive dve, JC-1, for 30 minutes at 37°C, gently harvested
with trypsin, washed in PBS, resuspended in medium at a
density of ~1 x 107 /mL, and transferred on ice to the flow
cytometer. JC-1 was excited at 488 nm and the monomer
signal (green) was analyzed at 525 nm (FL1) on a flow
cytometer using a minimum of 10,000 cells per sample.
Simultaneously, the aggregate signal (red) was analyzed
at 390 nm (FL2). FCCP (1 umol/L, Sigma), a known
mitochondrial inhibitor, was used as positive control for
mitochondrial depolarization. The ratio of the signal at
590 nm to the signal at 525 nm was determined after
background subtraction and expressed as percentage of
control.

Confocal Laser Scanning Microscopy

To visualize the mitochondria permeability transition, the
HT-29 cells were stained with TMRM and acetoxymethy-
Jester of calcein (calcein-AM, Wako Chemicals, Tokyo,
Japan) and observed by confocal laser scanning microscopy
{Leica TCS SP2, Leica Microsystems AG, Wetzlar, Ger-
many) as reported previously by Nieminen et al. (22). In
brief, HT-29 cells were loaded in culture medium with 500
nmol/L TMRM and 1 pmol/L calcein-AM for 20 minutes
at 37°C, washed with PBS, and mounted on the microscope
stage. Under this condition, calcein-AM accumulated
virtually exclusively in the cytosol, and mitochondria were
imaged as voids in the cytosolic fluorescence. Onset of
permeability of mitochondrial membranes to calcein-AM
was indicated by filling of mitochondrial voids.

Topoisomerase |, c-Jun NH,-Termina! Kinase, and
Extracellular Signai-Regulated Kinase Expression
Levels and Caspase Activity Determination

Total cellular proteins (10~20 mg/mL) were separated by
SDS-PAGE according to the method of Laemmli (23) and
transferred to polyvinylidene difluoride membranes. Blots
were probed with specific antibodies to the respective
practin and topoisomerase I (Santa Cruz Biotechnology,
Santa Cruz, CA), phosph()rylated and total c-Jun NHax
terminal kinase (JNK), and extracellular signal-regulated
kinase (ERK; Cell Signaling, Beverly, MA) followed by the
appropriate secondary horseradish peroxidase-labeled
antibody. The immunoreactive proteins were visualized
by enhanced chemiluminescence, analyzed by densitomet-
ric scanning, and normalized to the respective {-actin or
total kinase absorbance signals.

The specific caspase activity in HT-29 cell lysates was
determined using a caspase colorimetric activity assay kit
(Chemicon International, Temecula, CA) according to the
manufacturer’s instruction.

Statistical Analysis

Except as otherwise indicated, results were expressed as
mean + SE. The statistical significance of the means was
determined by either one-way ANOVA or Student’s f test.

Results

UDCA Enhanced the Lethality of SN-38-Treated
HT-29 Cells

Exposure of HT-29 cells to 50 umol /L UDCA alone for 24
hours had no effect on colony-forming ability (data not
shown). The colony-forming ability of the cells treated with
0.5 pmol/L SN-38 for 2 hours was significantly (I < 0.001)
inhibited by ~50% when compared with control (Fig. 1A).
After removal of SN-38, the addition of 2.5 to 10 pmol/L
UDCA was without effect; however, the addition of 50
umol/L UDCA for 24 hours resulted in a significant (P <
0.01) further reduction in colony formation by 20% to 25%
when compared with that of the cells treated with SN-38
alone, supporting an UDCA-induced enhancement of SN-
38 clonogenic lethality. Furthermore, SN-38 concentrations
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Figure 1. Growth inhibition of HT-29 cells and topoisomerase | protein

expression induced by SN-38 and UDCA. A, HT-29 cells were incubated
for 2 h with 0.5 pmol/l. SN-38. Atter removal of SN-38, the cells were
further incubated with increasing concentrations of 2.5 to 50 umoliL
UDCA for 24 h, collected by trypsinization, and then seeded in fresh
culture dishes (500 per dish). Colonies grown after 2 wks were counted
and expressed as percentage of control (CTL). B, HT-29 cells were
incubated for 2 h with increasing concentrations (0.005-0.5 pmol/L) of
SN-38, and after removal, the cells were further incubated with 50 jamol/L
UDCA for 24 h and processed as described above. Points, mean of three
independent experiments: bars, SE. ", P < 0.01, significantly different
from SN-38 treatment without UDCA.
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Figure 2. SN-3B-induced phosphatidylserine externalization is enhanced
by UDCA. A, HT-29 cells were incubated in the presence and absence
of 0.5 umol/L SN-38 for 2 h. After replacement of the culture medium,
the cells were further incubated with increasing concentrations {1~ 100
umol/t) of UDCA for 48 h. Percentage of apoptotic and necrotic cells was
determined by flow cytometry using both GFP-Annexin V and Pl. The GFP
only - positive cells were defined as apoptotic, whereas GFP- and Pl-
positive cells were defined as necrotic. Points, mean percentage of control
from two independent experiments done in duplicate; bars, SE. *, P <
0.001. significantly different from control. B, under the same conditions,
HT-298, LS1747, Caco-2, and HepG2 cells were incubated in parallel with
1 umol/l SN-38in the presence { + ) or absence (-} of 100 pmol/L UDCA for
72 h. Apoptotic celis were determined by Annexin V/P! binding assay. *,
P <001, ** P <005,

>0.05 umol/L significantly increased clonogenic lethality
by 20% to 50%, whereas in the presence of 50 umol/L
UDCA a SN-38-induced clonogenic lethality of 30% was
observed at a concentration as low as 0.005 umol/L (Fig. 1B).
Moreover, although still under investigation, the UDCA-
induced increase in SN-38 lethality was apparently inde-
pendent of an alteration in topoisomerase [ protein
expression level (data not shown).

Effect of UDCA on SN-38-Induced Cell Death

We have reported previously that 35% of the cells treated
with 0.5 to 1 pmol/L SN-38 had externalized phosphatidyl-
serine on the plasma membrane, one of the early-phase
phenomena of apoptotic cell death (9). Thus, we studied
whether the magnitude of the phosphatidylserine external-
ization induced by SN-38 was altered by UDCA. In this
assay, both Annexin V- and Pl-positive cells were consid-
ered to be necrotic as described previously (9). For these
studies, both floating and attached cells were collected and
subjected to FACS analysis. As shown in Fig. 2A, 0.5 umol/L
SN-38 alone induced phosphatidylserine externalization
in 16 + 4.3% of the cells after the 48-hour incubation period.
Under these conditions, the percentage of necrotic cells
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(Annexin V- and Pl-positive) was 33.2 + 4.6%. The addition
of UDCA after initial SN-38 exposure presented a dose-
dependent increase in Annexin V-positive cells (early
apoptosis). This increase reached ~60% in the presence of
100 umol/L UDCA and was significantly different from
control (P < 0.001). Concurrently, the percentage of Annexin
V/Pl-positive cells (primary and secondary necrosis) was
significantly decreased in a dose-dependent manner to
234 + 1.2% with 100 umol/L UDCA. However, UDCA
alone had no significant effect on phosphatidylserine
externalization at the various concentrations tested. Further-
more, although not shown, the majority of the Annexin
V-positive cells were among the floating rather than
attached cells. This suggests that, in our system, the cell
detachment occurred at an early phase in SN-38-induced
HT-29 cell death. To determine whether this effect was cell
specific, we did similar studies using colonic adenocarcino-
ma Caco-2 and 1.5174T cells as well as the hepatocarcinoma
HepG2 cell line. The cells were incubated with 1 umol/L
SN-38 for 2 hours and, after washing, for an additional 72
hours without or with 100 umol/L UDCA. Apoptosis was
determined as described above. The results in Fig. 2B
indicate that the significantly increased apoptotic effect of
UDCA in the presence of SN-38 was not specific to HT-29
cells and was also observed in certain other colonic (L5174T)
and hepatic (HepG2) cell lines. However, although the
tendency remained, the effect of UDCA on Caco-2 cells was
not significant.

Optimal incubation Period for the Proapoptotic
Action of UDCA

Preincubation with UDCA is prerequisite for its proa-
poptotic action on a photoirradiated cancer cell line (19).
Therefore, to clarify the critical period of incubation of the
cells with UDCA to induce optimum SN-38 toxicity, the
HT-29 cells were incubated with 100 umol/L UDCA either
24 hours before SN-38 exposure (pre-UDCA), during the
2-hour SN-38 exposure (co-UDCA), or after SN-38 exposure
(post-UDCA) and for an additional 72 hours (Fig. 3A). In
addition, in a subsequent experiment, UDCA was added
after SN-38 removal and for either 72 hours or the last
48 and 24 hours of the experiment (Fig. 3B). The
phosphatidylserine externalization was then quantified as
indicated in Materials and Methods. Although UDCA
addition had no effect when added before or during SN-
38 exposure (Fig. 3A), it increased SN-38-induced apoptosis
by >100% when added after removal of SN-38. The
increased UDCA effect was significant after a period as
short as 24 hours (30%) and was a function of the period of
incubation with this bile acid (Fig. 3B).

Apoptotic Action of SN-38 and UDCA Detected by
DNA Fragmentation

DNA fragmentation represents a hallmark of apoptosis
regardless of whether the apoptotic process has been
initiated by either intrinsic signals or death receptors
involving extrinsic signals. Two major steps have been
identified in the apoptosis-associated DNA fragmentation.
The first step involves formation of high molecular weight
DNA fragments of 50 to 300 kb. The second step generates
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Figure 3. Effect of the period of incubation of UDCA on SN-38-induced

apoptosis. A, HT-29 cells were incubated with 0.5 umol/t SN-38 for
2 h and in the absence (w/o UDCA) and presence of 100 umol/L UDCA for
various periods. Pre UDCA, cells were incubated with UDCA for 24 h,
removed, and then incubated with SN-38 for 2 h: Co UDCA, cells were
incubated with SN-38 and UDCA simultaneousty for 2 h; Post UDCA, after
2-h incubation with SN-38, cells were further incubated with UDCA for
72 h. *, P < 0.01, significantly different compared with wio UDCA. B,
celis were incubated in the absence (CTL) or presence ot SN-38 for 2 h and
then washed with PBS and further incubated with UDCA {100 umol/L) for
the last either 24, 48, or 72 h. Percentage ot apoptotic and/or necrotic
cells at the end of the incubation period was determined by flow
cytometric analysis using Annexin VPl *, P < 0.05, significantly
different from SN-38 alone.

small, 200- to 300-bp DNA fragments. These small frag-
ments lead to DNA ladder formation classically associated
with apoptosis. Initially, we determined the effect of
UDCA on SN-38-induced DNA fragmentation by using
DNA electrophoresis. UDCA alone has no effect on DNA
fragmentation. However, the electrophoresis of the small
molecular weight DNA revealed that 0.5 to 2 pmol/L SN-38
alone induced DNA fragmentation in a dose-dependent
fashion (Fig. 4A). Furthermore, the addition of 30 umol/L
UDCA after removal of SN-38 and for 72 hours enhanced
this DNA ladder formation induced by SN-38 at every
concentration tested.

For quantification purposes and to support these above
observations, single-cell electrophoresis (i.e,, comet assay)

was used. In this assay, fragmented DNA can migrate
through permeabilized nuclear membranes as well as
plasma membranes, producing a “tail” from the nuclear
head. The overall shape resembles that of a comet. Either
control cells or 100 pmol/L UDCA-treated cells did not
induce any significant DNA tail formation (Fig. 4B and C).
SN-38 treatment induced the formation of a tail suggesting
DNA fragmentation in these cells, mimicking the smear
pattern observed in conventional agarose gel electrophore-
sis (Fig. 4A). Furthermore, the addition of UDCA resulted
in the extension of the tail induced by SN-38 alone, which
represents greater DNA fragmentation (Fig. 4B). The
calculated ratio of the fluorescence intensity of the tail
to head increased in a time-dependent fashion by SN-38
(Fig. 4C). Although the tail formation in the cells treated
with SN-38 alone was not significantly different from
control, the addition of 100 pmol/L UDCA for 24 hours
induced a significant ~3-fold increase (P < 0.01). At 48
hours, SN-38 induced a 15.2-fold increase in tail formation
compared with control (P < 0.01), and the addition of 100
umol/L UDCA further enhanced the tail formation by
~1.6-fold (P < 0.03), suggesting the facilitation of apoptotic
cell death by UDCA. Taken together, these results support
the enhancement of SN-38 lethality by UDCA to be due to
the augmentation of apoptotic cell death.

Effect of UDCA on HT-29 Cellular Uptake and Efflux
of SN-38 and on Cell Cycle

The intracellular accumulation of SN-38 in the presence
of UDCA was determined to assess any possible alteration
in the HT-29 cellular uptake or efflux of SN-38 by the bile
acid. After 2-hour incubation, SN-38 was removed and
the cells were further incubated with 100 umol/L UDCA.
The intracellular accumulation of SN-38 in HT-29 cells was
measured with ["*C]SN-38. The intracellular concentrations
following 2- and 24-hour incubation of the cells with 0.5
umol /L SN-38 were 70 + 11 and 59 + 4 pmaol/10° cells and
were not significantly different (68 + 7 and 70 £ 5 pmol/
10¢ cells) when determined in the presence of 100 pmol/L
UDCA. Under the same conditions, the intracellular
concentrations following 2- and 24-hour incubation of the
cells with 1 pmol/L SN-38 were 109 + 5 and 158 + 32
pmol/10° cells and again were not significantly different
(123 + 32 and 144 + 18 pmol/10° cells) when tested in the
presence of 100 pmol/L UDCA. These results are the mean
+ SE of four to six different experiments.

Furthermore, SN-38 was shown to alter the HT-29 cell
cycle characterized by a dose-dependent decrease in the
percentage of cells in Gg-G; phase, a parallel increase of
the cells in S phase, and an increase of those in G-M phase.
A marked cell cycle arrest in S phase was observed with
concentrations of SN-38 as low as 0.1 umol/L but was not
affected by the presence of 100 pmol/L UDCA for 24 hours
(data not shown).

Effect of SN-38 and UDCA on the mRNA Expression
Level of Proteins Associated to the Regulation of Both
Apoptosis and Cell Cycle

One of the mechanisms of action of drug-induced cell
death includes modulation of the expression of proteins
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