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Irinotecan (CPT-11) and its active metabolite, 7-ethyl-10-
hydroxycamptothecin (SN-38), are believed to be reabsorbed
by intestinal cells and to enter the entero-hepatic circulation,
but there is little information to date. Our objective was to
investigate the intestinal transport of CPT-11 and SN-38 in
correlation with their associated cytotoxicity. Using either
isolated hamster intestinal epithelial cells or/and human
colon carcinoma HT29 cells, the uptake rates of ['“C]CPT-11
and ['“C]SN-38, both as respective non-ionic lactone form at
acidic pH and anionic carboxylate form at basic pH, were
investigated by the rapid vacuum filtration technique. The
effect of physiologic intestinal luminal pH (6.2-8.0) on the
uptake rate and cytotoxicity of SN-38 were estimated by the
above method and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl-tetrazolium bromide (MTT) assay, respectively. The lac-
tone forms of CPT-11 and SN-38 were transported passively,
while the respective carboxylate form was absorbed actively.
Uptake rates of both lactones were significantly higher than
those of their carboxylates. Under physiologic pH, the respec-
tive uptake rates of CPT-1 1 and SN-38 were pH sensitive and
decreased significantly by around 65%, at pH greater than 6.8.
Furthermore, with decreasing pH, a higher uptake rate of
SN-38 into HT29 cells correlates with a greater cytotoxic
effect (r = 0.987). CPT-11 and SN-38 have absorption charac-
teristics of weakly basic drugs such as short-chain fatty acids,
suggesting that alkalization of the intestinal lumen may be
critical to reduce their reabsorption and associated side
effects. Int. |. Cancer 83:491-496, 1999.
© 1999 Wiley-Liss, Inc.

Irinotecan hydrochloride (CPT-11), a DNA topoisomerase
inhibitor (Kawatoet al., 1991), is broadening its clinical impact
since it has shown not only clinical responses for many malign
cies, but also survival benefits for patients with colorectal cancg
(Cunninghanet al., 1998). However, CPT-11 does present maj
toxicities of leukopenia and diarrhea, which are now recognized

dose-limiting toxicities of this drug (Fukuolet al.,1992).

cecum and colon to SN-38 by bacteiaglucuronidase (Takatsuna

et al., 1996). CPT-11, SN-38 and SN38-Glu are believed to be
reabsorbed to a certain extent by intestinal cells and to enter the
entero-hepatic circulation.

However, to date, there is little information about the intestinal
uptake and transport mechanism of CPT-11 and its derivatives. This
knowledge is a critical step in the understanding of the mechanism
by which CPT-11 induces diarrhea. In the present study, the uptake
of CPT-11 and SN-38 by intestinal epithelial cells was estimated
and correlated with their respective effect on cell toxicity.

MATERIAL AND METHODS
Drugs and chemicals

Both [*“C]SN-38 (3.68 MBg/mg) and'{C]CPT-11 (1.47 MBqg/
mg) were kindly donated by Daiichi (Tokyo, Japan). Non-labeled
CPT-11 and SN38-Glu were supplied by Yakult Honsha (Tokyo,
Japan). JAC]SN-38 was dissolved in DMSO (2% wi/v final
concentration) due to its hydrophobic property and poor solubility
in water. At this final concentration, DMSO was confirmed to have
no effect on the initial uptake of'{C]JCPT-11. The other com-
pounds were dissolved in distilled watéfC]CPT-11 and J*C]SN-

38 were incubated overnight and at room temperature in 50 mM
PBS, pH 3.0 or 9.0, to obtain the lactone and carboxylate form,
respectively (Chet al.,1997,b).

Preparation of cells

Intestinal cells were isolated from golden Syrian hamsters
(IlOO—130 g body weight), as previously described (Gore and
Hoinard, 1993). All animals received humane care in compliance
With the George Washington University guidelines. Following
hesthesia by i.p. injection of sodium pentobarbital (Nembutal 100

O /kg body weight), the hamsters were euthanized. The entire

estine was removed and the lumen was washed with 37°C
Hanks’ solution. Intestinal sacs of the ileum (12.5 cm from cecum)

It is considered that the major metabolic pathways of CPT-Tgnd jejunum (remaining small intestine) were rinsed with oxygen-

and its metabolites are as follows: CPT-11 is hydrolyzed by livefted buffer solution containing sodium citrate (96 mM NaCl, 1.5
carboxylesterase to an active metabolite, 7-ethyl-10-hydroxiym KCI, 5.6 mM KH,PQ,, 27 mM sodium citrate, pH 7.3) and
camptothecin (SN-38) (Rivorgt al., 1996a). A portion of SN-38 incubated for 10 min in the same buffer at 37°C. The sacs were then
undergoes subsequent conjugation by the hepatic enzyme, URRptied, filled with oxygenated buffer solution containing EDTA
glucuronyltransferase, to SN-38-glucuronide (SN38-Glu) (At- (140 mM NaCl, 16 mM NgHPQ, 2 mM EDTA, 0.5 mM
sumi et al., 1991). Hepatic cytochrome P-450 3A enzymegithiothreitol, pH 7.3) and incubated for 8 min at 37°C. The buffer,
metabolize CPT-11 to 7-ethyl-10-[4-N-(5-aminopentanoic acid)-ontaining intestinal cells, was recovered in 50 mL of Hanks’
piperidino] carbonyloxycamptothecin, which has 500-fold weakefiedium containing 0.5% BSA, pH 7.4, washed twice and adjusted
antitumor activity than SN-38 (Rivoret al., 1996b; Haazet al., to 1 cells/mL.

1997). CPT-11, SN-38 and SN38-Glu havenahydroxy-3-lactone

ring, which undergoes reversible hydrolysis at a rate that is mainly

pH dependent (Fassberg and Stella, 1992). At physiologic pH art——— o ) o
higher, the lactone form is unstable and the equilibrium favo Grant‘sponsors:_Dam‘:hl Pharmaceutical Co.,_Ltd.; Yakult Blosc_lence
hydrolysis to open the lactone ring and yield the carboxylate forrE?Tﬁ‘e”r?ci{'r?Fn;%tﬁt'gaf’\(‘:eg:]oc’é?'égztelt;rtceﬁtngHga"h' DK46954 to B.B.; the
Under acidic conditions, lactone-carboxylate interconversion is o
shifted toward the lactone form. CPT-11, SN-38 and SN38-Gluare

excreted into bile and along with it are released into the small*Correspondence to: Division of Gastroenterology and Nutrition, The
intestinal lumen (Atsumet al., 1991; Lokiecet al., 1995; Chuet ~George Washington University Medical Center, 2300 | Street, NW, #523
al., 1997,b). Furthermore, although minor (Atsuret al., 1995), Ross_ll—_iadII,V\éasgggton. Dc'dzoog7' USA. Fax1(202) 994-3435.

an additional pathway involves direct transport of CPT-11 and iFs'ma" ombebl@gwume.edu

metabolites from serum to lumen across the intestinal epithelial

cells. Once in the intestine, SN38-Glu can be deconjugated in théReceived 2 November 1998; Revised 8 June 1999
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HT29 (human colon carcinoma cells, ATCC, Rockville, MD)Dunn’s method. The correlation between the initial rate of uptake
cells were maintained in minimum essential medium (MEMand the cytotoxicity of SN-38 was plotted by a simple least-squares
containing 10% fetal bovine serum at pH 7.4. They were used faggression method.
both the uptake study and cytotoxicity assay described below.

L RESULTS
Determination of the cellular uptake of4C]CPT-11 .
and [“C]SN-38 P il Respective uptake of CPT-11 and SN-38, lactone and carboxylate,

Uptake of F4C]CPT-11 and J*C]SN-38 was measured by a rapidby |nte§tlnal cells
vacuum filtration technique (Gore and Hoinard, 1993). The cells in The time courses of the uptake of 20 pMG]CPT-11 and 2 uM
the respective Hanks’ medium and MEM were incubated for 15°CISN-38 in both lactone and carboxylate forms by isolated
min at 37°C under permanent shaking. Uptake was started by iiinal cells are shown in Figure 1. The extrapolation of the uptake
addition of [4C]JCPT-11 or [4C]SN-38 at pH 3.0 and 9.0, Value attime O yields a positive intercept, indicative of non-specific
respectively. At various time intervals, 100-uL sample a|iquotlg|nd|ng, such as adsorption to labeled agents on the cell surface.
were diluted into 3 mL of medium at 4°C to stop the uptake. ThEhe respective uptake of the lactone and carboxylate forms of both
stop solution, containing the cells, was filtered through a gla§8T-11 and SN-38 was linear for up to 90 sec. Therefore, the initial
microfiber filter (G4, Fisher, Pittsburgh, PA) under vacuum (20ptake rate was determined by linear regression fit of the uptake
psi). The filters were washed once with 5 mL of 0.5% BSAoVer this initial period of time. Comparison of the uptake rate
containing medium (4°C) and once with 20 mL of medium (4°C)etween the lactone and carboxylate forms of the respective agent
The filters were placed in vials containing 4 mL of scintillatiortlearly showed a more rapid uptake of both CPT-11 and SN-38
fluid (Ultra Gold; Packard, Meriden, CT) and the radioactivity was
determined in & scintillation counter (LS3801; Beckman, Palo
Alto, CA).

In studies of the effect of the metabolic inhibitor, 2,4-
dinitrophenol (1 mM), the initial uptake rate of CPT-11 and SN-3 40 ! ! L .
was determined following addition of this agent to the cel CPT-11
suspension 3 min prior to that of eithé/C]JCPT-11 (20 uM) or
[*4C]SN-38 (2 uM). The effects of S-(2,4-dinitrophenyl)-glutathi-

one (DNP-SG) and SN38-Glu on the initial uptake rate of CPT-1 30 (n=6)
and SN-38 were also studied. The respective agent at a concerg"

tion of 200 pM was added to the cell suspension 7 min prior to tt @ lactone

addition of the [4C]-labeled compound. "g'. 20 v carboxylate B

pmol/10%cells/min)

The effect of physiologic pH on the initial uptake rate of CPT-1. (n=7)
and SN-38 was investigated in both hamster intestinal cells a
HT29 cells. [C]CPT-11 (20 pM) andfC]SN-38 (2 M), stored &, 10 W -
in PBS overnight at pH 6.2, 6.8, 7.4 and 8.0, were added to the ce¢

and the uptake was measured over time.

T T
Cytotoxicity assay 0 2 4 6

Rapid colorimetric assay for mitochondrial dehydrogenase acti time (min)

ity was modified and used for the estimation of cytotoxicity o

SN-38 (Mosmann, 1983). Briefly, HT29 cells were seeded into B

12-well plate (Falcon-3043; Lincoln Park, NJ). After 48 hr, SN-3¢

(0.4 puM) at pH 6.2, 6.8, 7.4 and 8.0 was added. After 24-t 5 L L ; L

exposure, the cells were washed twice and subjected to a drug-1 SN38

incubation for 24 hr. Then, the cells were incubated with O.

mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-

mide (MTT) for 4 hr. The blue formazan crystals were solubilize:

by addition of 10% n-dodecylsulfate sodium salt (SDS) in 0.0l\g

HCI and overnight incubation. The formation of the blue formaza I
o
3

(n=5)

lactone

compound was spectrophotometrically determined at 560 r
P P P y v carboxylate

(Ultraspec 4050; LKB, Bromma, Sweden).

Statistical analysis 1] (n=5) L
The initial rate of uptake of CPT-11 or SN-38 was derived fror HW/H

the linear regression analysis of the respective regression |i
obtained from the plot of the uptake as a function of time. Th 0 . ;
initial rates of uptake were plotted against the correspondit 0 2 4 6 8 10
concentration of the agent. The data were fitted by least-squa . ]

non-linear regression analysis using the equatiof \(V nax X time (min)

S)(Kyn + S) + Kyg X S, where V represents the initial rate of

uptake, Vhax is the maximum rate of uptake,,Kis the apparent  Ficure 1 - Time-course of CPT-11 and SN-38 uptake by isolated
Michaelis constant, K is the rate of diffusion and S is theintestinal cells. The uptake ofa) [*“C]CPT-11 (20 puM) and(b)

respective concentration of CPT-11 and SN-38. [CISN-38 (2 uM) in lactone and carboxylate form, respectively, by
estinal cells isolated from hamster jejunum was measured as a

. int
Comparisons between 2 groups were evaluated by the Ma#ﬂhction of time. At time 0, the respective agent was added to the

Whitney rank sum test. Statistical significance of differenc‘?J"itestinal cell suspension maintained at 37°C under permanent shaking.
among more than 2 groups was determined by Kruskal-Wa

X ( - { llig 15, 30, 45, 60, 90, 120, 240 and 480 sec, aliquots of cell suspension
one-way analysis of variance on ranks. Multiple comparises were removed and processed as described in Material and Methods.
control group or for all the paired groups were further performed byhe results shown are meanSE.

(pmol/10%cells/min)
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TABLE | — INITIAL RATES OF UPTAKE OF CPT-11 AND SN-38 BY INTESTINAL CELLS

Jejunum lleum
CPT-11
Lactone 85.6-8.6 | 80.9+ 10.6 |
op< 0.001 P 0.01
Carboxylate 31138 | 311+ 42 |
SN-38 —| —|
Lactone 6.76t 1.08 6.14+ 1.02
| p=0.004 | p<0.001
Carboxylate 1.76= 0.27J 1.51+ O.ZOJ

1The initial rates of uptake off{C]JCPT-11 (20 uM) and'fC]SN-38 (2 uM), lactone and carboxylate,
respectively, were compared. The results are expressed as pfeaili$imin and are the mean SE of 10
experiments. Mann-Whitney test was used for statistical analyses.

TABLE Il — KINETIC PARAMETERS OF CPT-11 AND SN-38 UPTAKE BY INTESTINAL CELLS

Jejunum lleum
_ Ka _ Kq
Km Vmax Km Vmax
CPT-11
Lactone ND ND 0.95 ND ND 1.06
(0.15) (0.28)
Carboxylate 51.3 146.9 <0.05 50.5 157.3 <0.05
(16.3) (41.3) €0.02) (13.0) (38.0) €0.02)
SN-38
Lactoné ND ND 2.38 ND ND 1.87
(0.26) (0.10)
Carboxylaté ND ND 0.4% ND ND 0.42
(0.17) (0.01)

1The data were fitted by least-square non-linear regression analysis using the equativ,\, X
S) (K + S) + Kg X' S. Vinax (PMol/10 cells/min) is the maximum rate of uptake,, M) is the apparent
Michaelis constant, K(pmol/1® cells/min/uM) is the rate of diffusion and S (uM) Is the concentration of
either CPT-11 or SN-38. Values are mean and (SE). The major component of the uptake of CPT-11 lactone,
SN-38 lactone and SN-38 carboxylate, respectively, was non-saturable and thereforg,ahd ¥,
values were not determined (ND3Because of limited solubility, only concentrations of SN-38 up to 2 uM
were investigatediBecause SN-38 carboxylate is judged to be actively transported from the estimation of
its uptake in the presence of dinitrophenol (Table Ill), these values are not considered to be physiologically
relevant.

TABLE Il — EFFECT OF DINITROPHENOL, SN38-Glu AND DNP-SG ON INITIAL UPTAKE RATE OF CPT-11 AND SN-38

CPT-11 carboxylate SN-38 carboxylate CPT-11 lactone SN-38 lactone
Jejunum lleum Jejunum lleum Jejunum lleum Jejunum lleum
Dinitrophenol (1 mM}
Mean 22.6 29.2 25.5 30.8 94.1 105.5 96.1 134.9
(SE) (13.5) 9.2) (12.4) (13.1) (18.4) (15.6) (14.7) (19.0)
p value (n = 5) 0.016 0.008 0.008 0.016 NS NS NS NS
SN38-Glu (200 pM)
Mean 108.9 93.9 401 28.9 88.9 NE 54.3 NE
(SE) (22.1) (14.3) (11.2) (11.2) (15.3) (20.6)
DNP-SG (200 pM)
Mean 103.2 105.8 3220 28.5 105.4 NE 78.8 NE
(SE) (17.0) (36.3) (9.9) (11.9) (12.7) (24.4)
pvaluet (n = 5) NS NS 0.007 0.020 NS NS

Dinitrophenol, SN-38 glucuronide (SN38-Glu) or 2,4-dinitrophenyl-S-glutathione (DNP-SG) was added to the indicated cell suspension
before the addition of fC]JCPT-11 (20 uM) and'f'C]SN-38 (2 uM), respectively (for details, see Material and Methods). The initial uptake rate of
CPT-11 and SN-38 in the presence of each compound was expressed as percentage (%) ofAbbtesliations. NE: not estimated; NS: not
significantly different from control.—Differences between dinitrophenol and its control were evaluated by Mann-WitesieyDifferences
among SN-38Glu, DNP-SG and their control were evaluated by Kruskal-eks—The significant difference from respective control was
analyzed according to Dunn’s methogl € 0.05%.

lactones, as compared with their carboxylate form (Fig. 1). Th@gpective carboxylate (Fig. 1). Similar figures were obtained when
intracellular concentration of CPT-11 and SN-38 is considered ng|ated cells from ileum were used (data not Shown)_

be equal to the differe_nce betw_een the equilibrium cqncentration—rame | summarizes the respective initial uptake rate of 20 uM
(plateau) and that at time 0 (y intercept). Thus, the intracellulat4c]CPT-11 and 2 uM ¥C]SN-38 by jejunal and ileal cells.

concentration of the respective lactone at 8 min after starting t@#T-11 and SN-38 lactone were significantly more rapidly taken
uptake study was also significantly higher than that of thep than their carboxylate forms in cells from both intestinal regions
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B study was initiated by adding the compounds to Hanks’ solution
containing isolated intestinal cells. The comparative initial rate
300 . ) . ) ) of uptake as a function of pH was analyzed by Kruskal-Wallis
test (CPT-11,p < 0.001; SN-38,p < 0.001) and Dunn’'s method

jejunum (*p < 0.05).
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range of concentrations, the uptake of SN-38 lactone and carboxyl-
ate was mostly non-saturable. However, considering that the
saturation was found in CPT-11 carboxylate uptake at the concen-
tration of more than 60 uM, the determination of the saturable and
unsaturable component of the uptake of SN-38 was considered to

be unfeasible.
carboxylate foom . . . L
(y|n=5) Metabolic poisons, such as 2,4-dinitrophenol, which interferes

with cell metabolism and reduces energy-producing reactions, are
T T T T T known inhibitors of carrier-mediated transport mechanism (Mc-
0 100 200 300 400 500 600 cCloudet al., 1994). Therefore, 2,4-dinitrophenol was used in our
study to determine the respective mechanism of uptake of CPT-11
CPT-11 (uM) and SN-38 in both lactone and carboxylate forms. The results of
this study are summarized in Table Ill. Although the uptake rates of
FIGuRe 2 — Relationship between initial rate of uptake of CPT-1both CPT-11 and SN-38 lactones were not significantly affected,
and its concentration. The initial rate uptake &CJCPT-11 in(a) those of CPT-11 and SN-38 carboxylates were significantly re-
lactone andb) carboxylate forms by jejunal cells was determined frongjuced by over 70% in the presence of 2,4-dinitrophenol, indicating

the linear slope of the cellular uptake over the initial 90-sec incubatiQfat hoth CPT-11 and SN-38 in the carboxylate forms were actively
period. The data were fitted by least-square non-linear regress'{?&nsported

analysis using the equation ¥ (Vyax X S)/(K, +S) + Ky X S. . . .

Similar figures were obtained when isolated cells from the ileum were DNP-SG is an organic anion. SN38-Glu has not only an

used (data not shown). a-hydroxy-3-lactone ring, but also a carboxyl group in its glucuro-
nide. It was reported that both SN38-Glu lactone and SN-38-Glu
carboxylate were secreted into bile by the hepatic canalicular

but without significant differences between jejunal and ileal cell§}ultispecific organic anion transporter (Ctet al., 1997,h),

using the Mann-Whitney test. suggesting that both forms have a negative-ion charge. Table IlI
shows the respective competitive effect of DNP-SG and SN38-Glu

Transport system of CPT-11 and SN-38 lactone and carboxylateon the initial rate of uptake of CPT-11 and SN-38. DNP-SG and

The respective initial uptake rate of CPT-11 lactone and carbogl\38-Glu significantly inhibited the uptake of the carboxylate

ylate was plotted as a function of the concentration, and the d4g§M ©f SN-38 by over 60% while that of CPT-11 carboxylate
were fitted by least-squares non-linear regression analysis using/fj@ained unchanged. The uptake rates of the lactone forms of
equation V= (Vma X S)/(Km + S) + Kg X S (Table II, Fig. 2). In r-11 and SN-38 were not significantly affected by the presence
both jejunal and ileal cells, the predominant component of t €ither DNP-SG or SN38-Glu.
uptake of CPT-11 lactone was non-saturable, suggesting uptake by
either passive diffusion or fluid-phase endocytosis. For CPT-Eifect of pH on the intestinal uptake of CPT-11 and SN-38
carboxylate, the saturable component of the curve was characterfhe interconversion between the lactone and carboxylate forms
ized by a maximum rate of uptake g¥) of 147 and 157 pmol/T0  of CPT-11 and SN-38, respectively, is reversible and pH-driven
cell/min and a Michaelis constant (X of 51.3 and 50.5 pM in (Fassberg and Stella, 1992). The luminal pH in the jejunum and
jejunal and ileal cells, respectively. The minor non-saturablsum was reported to range from 6.0 to 7.0 and from 6.5 to 8.0,
component was characterized by a diffusion constag} €K0.05 respectively (Charmaat al., 1997). The effect of physiologic pH
pmol/10 cell/min/uM and represented less than one twentieth @6 2-8.0) in the intestinal lumen on the initial uptake rate of 20 pM
that for CPT-11 lactone in cells of both intestinal regions (Table 11}14C]CPT-11 and 2 uM fC]SN-38 was studied using hamster
This indicated that CPT-11 carboxylate uptake involved mainly ghtestinal and HT29 cells. The results with hamster intestinal cells
active transport. summarized in Figure 3 show that the uptake rate of CPT-11 and
The maximum concentration of SN-38 used in this study w&aN-38 was significantly decreased by around 65% at a pH greater
lower than 2 uM due to the poor solubility of the compound. In thithan 6.8.

Initial rate of uptake
e

(pmol/10%cells/min)
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[14C]SN-38 (2 pM) were dissolved in PBS at pH 6.2, 6.8, 7.4 and 8 Initial rate of uptake
overnight. The uptake study was initiated by adding the compounds .
Hanks’ solution containing HT29 cells. The comparative initial rate ¢ (pmolH 0 r:ells;‘mln)

uptake as function of pH was analyzed by Kruskal-Wallis test

(p < 0.001) and Dunn’s method §*< 0.05). FiGure 5— Relationship between the initial uptake rate and the

cytotoxicity of SN-38. Using HT29 cells, the effect of physiologic pH

on the initial uptake rate of 2 pM{C]SN-38 was estimated as
Relationship between the initial uptake rate described in the legend of Figure 3. The 0.4 pM SN-38-induced
and the cytotoxicity of SN-38 cytotoxicity in HT29 cells was studied by the described MTT assay.

L Lo The relationship between the initial rate of uptake and the cytotoxicity
_Ithas been reported that CPT-11 administration induced apopi-sN-38 was plotted by a simple least-squares regression method.
sis in intestinal epithelium and disruptediit vivo (Ikuno et al.,

1995). However, isolated hamster intestinal cells are not good

Irrn?i(tjeeclis \E%t;eiﬁtt;/mta;e ;rrg)eu ncg toztoi](lrc (%ﬁfr(g gfn dS Nﬁg?n :rlée tlogggge garboxylate, SN-38-Glu lactone and carboxylate involved cMOAT

Therefore, HT29 cells were used to study the comparative effe@t'%d was different frpm that of the anion CPT-11 cgrbox_ylate.
of physiologic pH on both the initial uptake rate of 2 pm Under the physiologic range of pH of the intestinal lumen
[14C]SN-38 and the cytotoxicity of 0.4 uM SN-38. The initial ratg"€Ported by Charmaet al.(1997), the initial uptake rate of CPT-11
of uptake of SN-38 was lower in HT29 cells than in isolate@d SN-38 was several times greater at acidic pH (6.2 and 6.8) than
hamster intestinal cells (Figs. 3, 4). However, as observed §neutral or alkaline pH (7.4 and 8.0) (Fig. 3). The pH dependency
isolated hamster intestinal cells, the uptake rate of SN-38 in HT29 the interconversion of lactone and carboxylate has been previ-
cells was significantly greater at pH 6.2 and 6.8 than at pH 7.4 afHsSly reported. Fassberg and Stella (1992) have reported that
8.0 (Kruskal-Wallis testp = 0.008, Dunn’s methodp < 0.05) 11.7% and 90.8% of camptothecin was in its lactone form at pH 7.6
(Fig. 4). The cytotoxicity of SN-38 for HT29 cells was significantly2nd 5.6, respectively. Furthermore, 10% and 90% of SN-38 and
higher at pH 6.2 and 6.8 than at pH 7.4 and 8.0 (Kruskal-Wallis te§¢PT-11 were in their lactone and carboxylate form at pH 7.4 and 6,
p = 0.007; Dunn’s method < 0.05). Figure 5 shows the relation-fespectively (Burke and Mi, 1994). Finally, the ratio of SN-38
ship between the initial rate of uptake oFC]SN-38 and the lactoneis 45% atpH 6, 11.1% at pH 7, and 5% at pH 7.4 (Akimoto
cytotoxicity of SN-38, indicating that, with decreasing pH, a highet al., 1994 and personal communication).
uptake rate correlated with a more cytotoxic effect. The results discussed above suggest that the mechanism of
uptake of CPT-11 and SN-38 by intestinal cells closely resembles
that of short-chain fatty acids and weakly basic drugs, of which
absorption characteristics are: (1) at acidic pH, the non-ionic form
Using hamster intestinal cells, we have studied the transp@ttransported passively; (2) at neutral/basic pH, the anionic form is
mechanism of CPT-11 and SN-38. The non-ionic lactone forms absorbed actively; (3) the uptake rate of the non-ionic form
both CPT-11 and SN-38 were absorbed mainly through a pass{lectone) is higher than that of the anionic form (carboxylate)
mechanism. There were no differences either in the transp@@harmaret al.,1997; Bugaut, 1987). In addition, Charmenal.
mechanism or in the initial uptake rates between jejunal and ilgdl997) reported the importance of pH in the intestinal lumen
cells (Tables I, 111). Although not shown, similar results were alseelative to the pKa of poorly water-soluble, weakly basic drugs,
observed when the uptake of CPT-11 and SN-38 was performledver pH in the intestinal lumen induces higher uptake of weakly
using both cecal and colonic cells (Kobayati al., 199&). basic drugs. Therefore, following this principle, alkalization of
Furthermore, our experiments show that uptake rates of batitestinal luminal content should reduce the intestinal uptake of
lactones of CPT-11 and SN-38 were significantly higher than tho€4#T-11 and SN-38.

of their carboxylates (Table I). Furthermore, SN-38 exhibits strong cytotoxicity, SN38-Glu is a
Our results clearly showed that CPT-11 and SN-38 in anionéeactivated glucuronidated form of SN-38 and CPT-11 is much less
carboxylate form were taken up by intestinal cells through activaytotoxic compared to SN-38 (Kawaéd al., 1991). Accumulation
mechanisms. However, in contrast with CPT-11 carboxylate, tloé SN-38 in the intestine was shown in rats (Atsuehial., 1995)
initial rate of intestinal uptake of SN-38 carboxylate was signifiand was believed to be responsible for the diarrhea attributed to
cantly inhibited by DNP-SG and SN-38-Glu (Table Ill). These€CPT-11 administration in nude mice (Aragd al., 1993). Disrup-
results provide support for different intestinal transporters fdion of the intestinal epithelium in the cecum was observed in mice
CPT-11 and SN-38 carboxylate as suggested by @huwal. and rats with diarrhea after CPT-11 administration (Takatsina
(1997a,b) in the liver. They have indeed previously reported thatl., 1996; lkunoet al., 1995; Araki et al., 1993). The diarrhea
the respective hepatic canalicular excretion of the anions of SN-B&luced by CPT-11 administration in humans was reported to be
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secretory diarrhea (Bleiberg and Cvitkovic, 1996). However, apithelium, resulting in structural and functional injuries to the
reported in animal models, we observed lethal small-intestinaltestinal tract.
injury associated with CPT-11-induced side effects in patients in summary, we have estimated the uptake of CPT-11 and SN-38
(Kobayashiet al., 199&). The autopsy revealed the presence dfy intestinal epithelial cells. CPT-11 and SN-38 lactone are both
pseudomembranous jejuno-ileitis, the appearance of which ungessively transported, while both CPT-11 and SN-38 carboxylate
light microscopy was characterized by disruption of the intestinate actively absorbed. The uptake rate of CPT-11 and SN-38
epithelium, suggesting that damage diarrhea could occur in sevktetone is several times greater than that of the respective carboxyl-
cases. These reports support a predominant role of SN-38 in batk form. Furthermore, the higher uptake rate of SN-38 is associ-
epithelial damage and diarrhea. ated with an increased cytotoxic effect on HT29 cells. Our findings
Therefore, the relationship between the cellular uptake of SN-§g99est that the conversion to carboxylate would reduce the
and its associated cytotoxicity was also estimated in the pres@gflular uptake of both CPT-11 and SN-38. Consequently, our
study. We found that the celluiar uptake and cytotoxicity of SN-3 ndings provide support for alkalization of the intestinal lumen as a
in HT29 cells was pH dependent and that the cytotoxicit§©SSible mechanism to reduce reabsorption of CPT-11 and SN-38
correlated well with the initial uptake rate (Fig. 5). As previousl clinical practice. Itis possible that limited intestinal reabsorption
described, it is considered that at acidic pH, the predominant foffh, {4 modulates the bioavailability of this drug circulating
of SN-38 is lactone. This would lead to both a greater cellulgy"t€"o-nepatically and reduces the toxic side effects of SN-38 on
uptake and intracellular concentration of SN-38 lactone. Sin e intestinal epithelium.
SN-38 is active mainly as the lactone form, while SN-38 carboxyl-
ate exhibits only minor topoisomerase I-inhibitory activity (Ka-
watoet al.,1991), this should be associated to increased cell deathWe thank Mr. E. Nagai and Mr. H. Hagiwara for their thoughtful
Therefore, one possible mechanism for CPT-11-induced diarrhgiacussions, and Ms. O.K. Adighibe, Mr. M.M. Le and Mr. Z.J.
might include the reabsorption of SN-38 lactone by the intestinArastu for assistance.
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