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Abstract

We recently reported that Val-SN-38, a novel valine ester prodrug of SN-38, had greatly improved the intracellular accumulation
of SN-38 in MCF-7 cell line, probably through enhanced uptake via amino acid transporters. In the present study, the efficacy of
Val-SN-38 was further investigated both in vitro and in vivo. It was found that the in vitro cytotoxic effect of Val-SN-38 was similar
to that of SN-38. Moreover, Val-SN-38 exhibited an equal potency to that of SN-38 in survival experiments in vivo. Because these
results seemed to be contrary to the previous finding, further investigation was performed to find out the underlying cause of the
contradiction. As only the lactone form is known to have cytotoxic activity, the proportion of lactone in Val-SN-38 and SN-38 was
determined, but no differences were found. However, it turned out that Val-SN-38 had poor stability compared with SN-38, which
resulted in a decrease in beneficial efficacy for Val-SN-38. Overall, the present study showed that a valine-added prodrug ap-
proach could be advantageous provided that the stability of the compound can be ensured. We believe this is a noteworthy study
that unravels the discrepancy between intracellular accumulation and efficacy of valine-added prodrug.
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INTRODUCTION cellular uptake. In this context, a prodrug approach that adds
a valine moiety to a parent compound such as valacyclovir
SN-38 is a cytotoxic compound metabolized from irinote- (Balimane et al., 1998; Ganapathy et al., 1998; Guo et al.,
can, which is a topoisomerase inhibitor that is used for various 1999) and valganciclovir (Sugawara et al., 2000; Umapathy et
cancer treatments. In particular, SN-38 garnered much inter- al., 2004) has gained much interest, because it successfully
est when it was found to be 100-fold more potent than irinote- increased the oral bioavailability of the parent drugs via vari-
can in terms of in vitro cytotoxicity (Kawato et al., 1991). The ous amino acid transporters in the uptake process. Based on
pharmacological activity of these camptothecin derivatives de- this idea, we have synthesized a prodrug of SN-38 called Val-
rives from the a-hydroxy-8-lactone ring structure, which is es- SN-38, which is a valine-ester of SN-38, and found that, when
sential for the stabilization of a DNA-topoisomerase complex compared with SN-38, Val-SN-38 exhibited a 5.4-fold increase
(Mullangi and Srinivas, 2009). in intracellular concentration, which was mostly attributed to
However, many anti-cancer agents suffer from a reduction amino acid transporters (Kwak et al., 2012).
in efficacy, because they are often pumped out of the cell by However, one possible problem with the efficacy of Val-
various efflux transporters. This is particularly true with camp- SN-38 is that valine is added by an ester bond, which could
tothecin derivatives, since both SN-38 and irinotecan are good be vulnerable to various endogenous esterases (Khanna et
substrates of P-glycoprotein (P-gp), which is one of the most al., 2000; Mathijssen et al., 2001). Furthermore, SN-38 has
popular efflux transporters (lyer et al., 2002; Itoh et al., 2005). a unique characteristic — a process known as interconver-
Therefore, many researchers have attempted to bypass the sion between two forms: carboxylate and lactone. This causes
effect of these efflux transporters, but it has proven to be very efficacy problems because only the /actone form possesses
difficult to directly control the nature of the efflux transporters. cytotoxic activity, while the carboxylate form is regarded as
Thus, a “workaround” approach can be applied to increase inactive (Hertzberg et al., 1990). Moreover, this interconver-
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sion is governed by many microenvironmental factors such
as pH (Fassberg and Stella, 1992), ionic strength (Fassberg
and Stella, 1992), and even protein concentration (Burke and
Mi, 1993). Thus, an investigation into the final efficacy of Val-
SN-38 is necessary in order to verify the overall advantage of
valine addition to SN-38.

Therefore, in the present study, the efficacy of Val-SN-38
was investigated under both in vitro and in vivo conditions,
and estimations were made as to whether there were any sta-
bility issues regarding Val-SN-38.

MATERIALS AND METHODS

Reagents

Irinotecan was purchased from Sigma-Aldrich (St. Louis,
MO, USA), Val-SN-38 and SN-38 were obtained by previously
mentioned methods (Kwak et al., 2012). Stocks of anti-cancer
agents (10 mM) were prepared in dimethyl sulfoxide (DMSO)
and stored in -80°C. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) was purchased from Armco Inc.
(Solon, OH, USA), and all other reagents were purchased
from Sigma-Aldrich (St. Louis, MO).

Cell lines and cytotoxicity test

MCF7, CT26 and HT29 cell lines were obtained from the
American Type Culture Collections (Manassas, VA, USA).
Cell culture media and fetal bovine serum (FBS) were pur-
chased from Hyclone (Logan, UT, USA) and Sigma-Aldrich,
respectively. Cells were cultured under 10% FBS and DMEM
containing 100 unit/ml penicillin and 0.1 mg/ml streptomycin.
All cell lines were split around 80% confluency, and cultured
under 95% humidity and 5% CO, at 37°C.

Cells were seeded with 1x10° cells/well on 96-well plates
and cultured for 24 h. After cells had reached 80% confluency,
drugs were treated on each well for 72 h. Cytotoxicity was
then measured using a standard MTT assay method. Briefly,
0.5 mg/ml of MTT dissolved in serum-free media was treated
on each well. 2 h later, absorbance was read using a micro-
plate reader (Triad LT, Dynex Technologies Inc, Chantilly, VA,
USA) at 540 nm wavelengths.

Colon cancer animal model and in vivo survival test

A colon cancer model was introduced via a surgical ortho-
topic implantation method (Hoffman, 1999). Briefly, mice were
anesthetized and the cecum was exteriorized by laparotomy.
50 ul of CT26 cell suspension (1x10° cells) was injected into
the cecal wall. After injection, the gut was returned into the ab-
dominal cavity and the incision was closed. Designated drugs
were administered intravenously and the in vivo survival rate
was observed during the experiment period. All animal study
protocols were approved by the Animal Care and Use Com-
mittee of the College of Pharmacy, Seoul National University.

Stability test

The stability of SN-38 and Val-SN-38 was investigated in
PBS, MCF7 cell lysates, and rat plasma. Specifically, MCF7
cell lysates were obtained via the following method. After
MCF7 cells were harvested, phenylmethylsulfonyl fluoride
(PMSF, Sigma-Aldrich, St. Louis, MO, USA) was added and
ultrasonication was performed for 10 sec. Lysates were then
obtained by supernatants, which were acquired by centrifuga-
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tion at 4°C and 13,200 rpm for 15 min. 5 uM of SN-38 and Val-
SN-38 was dissolved in designated solutions and vortexed for
3 min. 50 pl of samples were acquired at various time points
in a 37°C water bath, and were added into 150 pl of ice-cold
acetonitrile and vortexed again for 5 min. Mixtures were then
centrifuged for 5 min at 13,200 rpm, and 100 ul of superna-
tants were mixed with 200 pl of 10 mM K,HPO, (pH 7.4) and
then 100 pl of the mixture was analyzed by HPLC using a C,,
analytical column (250x4.6 mm, C,,, Varian, Inc., Santa Clara,
CA, USA). The mobile phase was composed of 10 mM K,H-
PO, (pH 7.4) and acetonitrile at a ratio of 62:38, respectively.
The flow was maintained at 1 ml/min. For the fluorescence
detection of the amount of SN-38, wavelengths of 380 and
540 nm were used for excitations and emissions, respectively.

Statistics

All data were shown as the mean +* standard deviation.
Graphs and statistical analyses were produced by Graphpad
Prism (San Diego, California, USA, www.graphpad.com).

RESULTS

In vitro cytotoxicity of Val-SN-38

To identify the effect of Val-SN-38, an in vitro cytotoxic-
ity test was performed in MCF7 cells, and the potency was
compared with that of SN-38 through MTT assay. As shown
in Fig. 1, the 2 compounds exhibited similar sigmoidal dose-
response curves, with no apparent difference in terms of the
EC,, (SN-38: 0.248 uM [0.147-0.417 uM, 95% Confidence in-
tervals (Cl)] vs. Val-SN-38: 0.450 uM [0.250-0.811 uM, 95%
Cl], n=3). Considering our previous report that accumulation
of Val-SN-38 in MCF7 was much higher than that of SN-38
(Kwak et al., 2012), this result appeared to contradict our ex-
pectations. To verify if this result was a phenomenon limited to
MCF7 cells, we further performed similar MTT assays in differ-
ent cancer cell lines, namely CT26 and HT29, with irinotecan
as a positive control. As a result, however, MTT assay in CT26
revealed that the EC,, of Val-SN-38 (52.1 uM [33.4-81.4 uM,
95% CIl], n=3) was slightly higher when compared with that
of SN-38 (17.3 uM [11.1-26.9 uM, 95% CI], n=3), suggesting
that the potency of Val-SN-38 was weaker (Fig. 2A). Likewise,
MTT assay in HT29 also showed less potency for Val-SN-38
(9.18 uM [3.82-22.1 uM, 95% CI], n=3) compared with that
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Fig. 1. Cell viability tests in MCF?7 cell line. Notice the similar cyto-
toxicity of Val-SN-38 (empty square) and SN-38 (filled circle). Error
bars indicate SD.
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Fig. 2. Cell viability tests in CT26 (A) and HT29 (B) cell lines. Val-
SN-38 (empty square) and SN-38 (filled circle) were treated along
with irinotecan (gray diamond). Error bars indicate SD.

of SN-38 (1.32 uM [0.66-2.63 uM, 95% CI], n=3) (Fig. 2B).
Therefore, these data indicate that although both compounds
were much more potent than the parent compound irinotecan
(Fig. 2), Val-SN-38 seemed to exhibit no apparent advantages
over SN-38 in terms of in vitro cytotoxicity in various cell lines.
However, MTT assay may simply represent the intrinsic poten-
cy of compounds rather than overall efficacy in vivo, because
it does not take other factors, such as pharmacokinetics (e.g.,
initial uptake rate), into consideration. Therefore, in vivo sur-
vival tests were conducted on cancer-induced mice because
conclusions for the merit of Val-SN-38 should not be made
solely by MTT assays.

In vivo survival test of Val-SN-38 in colon cancer-induced
mice

To further test if Val-SN-38 has an in vivo anti-cancer ef-
fect, colon cancer-induced mice were used and their survival
rates were investigated. As shown in Fig. 3, the survival rate
of the irinotecan-administered group was the worst of the 3
compounds, since all mice in the group failed to live 28 days
(n=4). Otherwise, mice administered Val-SN-38 (n=4) and
SN-38 (n=4) survived longer than the irinotecan-administered
group by at least 2 weeks, suggesting both Val-SN-38 and
SN-38 exhibited a stronger in vivo anti-tumor effect than iri-
notecan. Otherwise, the survival rate between Val-SN-38 and
SN-38 was indistinguishable. This appears to be in line with
the aforementioned in vitro cytotoxicity results (Fig. 1, 2), sug-
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Fig. 3. Survival rates of mice administered SN-38 (filled circle),
Val-SN-38 (empty square), and irinotecan (gray diamond).
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Fig. 4. A schematic illustration of the conformational change of
Val-SN-38. Notice that only lactone forms have cytotoxic activity.

gesting that Val-SN-38 had no advantage over SN-38 in terms
of in vivo efficacy.

Measurement of lactone proportions in Val-SN-38 and
SN-38

Because the unsatisfactory results of Val-SN-38 were ob-
served under both in vitro and in vivo conditions, we further
searched for the cause of the issue. First we investigated
whether the problem stemmed from the conformational in-
terchange, a process known as interconversion. As shown in
Fig. 4, both Val-SN-38 and SN-38 were expected to have 2
interchangeable structures - namely, carboxylate and /actone
forms. The problem was that only the lactone form holds the
cytotoxic effect due to its a-hydroxy-6-lactone ring structure.
Therefore, the cytotoxic effect was expected to be proportional
to the total amount of the lactone form. Besides, because Val-
SN-38 is a prodrug form of valine-added SN-38, it should have
been easily hydrolyzed into SN-38 by esterase, which could
have complicated the final equilibrium among these conforma-
tions. We measured the proportions of the total lactone forms
of both SN-38 and Val-SN-38 under various conditions.

As shown in Fig. 5A, the proportions of the lactone form in
SN-38 continued to decrease during 120 min in all 3 condi-



SN-38
100
—e— PBS
-=+- MCF7
E 80 -4 Plasma
el
(V]
c
=]
o
©
-
*
Time (min)
Val-SN-38
—e— PBS
7 -=+- MCF7
E 80- --A- Plasma
L
o i
c
=]
g 60
S A
- i
40+
T T T

1
0 30 60 90 120
Time (min)

Fig. 5. Proportions of total lactone forms of SN-38 (A) and Val-
SN-38 (B) in PBS (filled circle), MCF7 cell lysates (empty square),
and rat plasma (filled triangle) up to 120 min. Error bars indicate

tions: PBS, MCF7 lysates, and plasma. Noticeably, the initial
proportion of the lactone form was very high (80-90%) in all 3
conditions, suggesting a predominance of the lactone form.
There was then a fast reduction phase within the first 15 min,
which was followed by a slow reduction phase. Remarkably,
the proportion of the lactone form of SN-38 in plasma at 120
min was the lowest (~30%), while those in PBS and MCF7
lysates were around 40%. In the case of Val-SN-38, slightly
lower initial proportions of the lactone form (60-70%) at early
time points were found in all 3 conditions (Fig. 5B). A similar
overall declining pattern was seen in Val-SN-38, falling in a
range of from 30-40% for the lactone form at 120 min (Fig.
5B). Therefore, with the exception of a slight difference in pro-
portions at the early time points, the proportions of lactone in
both SN-38 and Val-SN-38 were similar.

Stability test of Val-SN-38 and SN-38

We further tested for stability problems with Val-SN-38 and
SN-38. As shown in Fig. 6A, SN-38 in PBS seemed to be rel-
atively stable; nearly 80% remained after 120 min. Even in
plasma, SN-38 was maintained at about 60% and reached a
plateau. Although the stability in MCF7 lysates seemed rather
unstable, this was expected considering various enzymes
and/or cell contents were present in the lysate.

However, Val-SN-38 broke down quite rapidly when dis-
solved in PBS, and only 50% remained after 120 min (Fig.
6B). This situation worsened when the drug was dissolved in
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Fig. 6. Stability profiles of SN-38 (A) and Val-SN-38 in PBS (filled
circle), MCF7 cell lysates (empty square), and rat plasma (filled
triangle) up to 120 min. Error bars indicate SD.

MCF7 lysates and plasma, since merely 40% of the compound
was left after 120 min, and no plateau was reached even after
120 min (Fig. 6B). These results clearly showed a severe sta-
bility issue for Val-SN-38 by comparison with SN-38.

As a summary, the present study showed that the efficacy
of Val-SN-38 was not an improvement over SN-38, which was
corroborated by both in vitro (Fig. 1, 2) and in vivo experi-
ments (Fig. 3). Because only the lactone form is active (Fig.
4), the lactone proportions in Val-SN-38 and SN-38 were mea-
sured, and no large conformational differences were found
between the 2 compounds (Fig. 5), but Val-SN-38 was found
to be more unstable than SN-38 (Fig. 6). Considering that the
intracellular accumulation of Val-SN-38 was greatly increased
compared to SN-38 (Kwak et al., 2012), the efficacy of Val-
SN-38 would have been higher than SN-38 if there were no
stability issues. Therefore, it was concluded that the instabil-
ity of Val-SN-38 resulted in reduced (similar) efficacy, even
though the intracellular accumulation of Val-SN-38 was much
higher than SN-38. Therefore, the present study strengthens
the idea that the valine-added prodrug approach can be truly
successful in terms of efficacy, provided that the stability of the
compound is guaranteed.

DISCUSSION

Irinotecan (CPT-11) is a potent topoisomerase | inhibitor,
which metabolizes into the active metabolite SN-38, exert-
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ing broad spectrum of anti-cancer activity such as colorec-
tal, lung, esophageal, gastric, cervical and ovarian cancers
(Rothenberg, 2001). One of the major side effects of SN-38 is
the severe diarrhea, as a result of direct enteric injury (Araki
et al., 1993). Other side effects such as neutropenia, vomiting,
alopecia, asthenia, and nausea have been reported (Cunning-
ham et al., 1998).

In our previous study, we reported that Val-SN-38 - a valine
ester of SN-38 showed a greatly increased intracellular ac-
cumulation compared to SN-38 (about 5-fold), suggesting the
possible benefits of its use in terms of efficacy (Kwak et al.,
2012). The present study was thus performed to determine
whether Val-SN-38 has any advantages over SN-38 in terms
of usage. Unfortunately, Val-SN-38 showed no improvement
in efficacy over SN-38 under either in vitro or in vivo condi-
tions. As shown in Figs. 1 and 2, the in vitro cytotoxic effect
of Val-SN-38 was similar when compared with that of SN-38.
Moreover, an in vivo survival test also failed to demonstrate
any benefits of Val-SN-38 over SN-38 (Fig. 3). However, con-
sidering the dramatically increased intracellular uptake of Val-
SN-38 in the previous study, these results were not only unsat-
isfactory but also a bit paradoxical. Therefore, the study was
extended to unravel the discrepancy between accumulation
and efficacy of Val-SN-38.

As mentioned earlier, only the lactone form is known to hold
stronger cytotoxic activity, as lactone is necessary for topoi-
somerase binding (Hertzberg et al., 1990). In fact, this process
is largely governed by microenvironmental conditions such as
pH (Fassberg and Stella, 1992), ionic strength (Fassberg and
Stella, 1992), and even protein concentrations (Burke and Mi,
1993). In particular, pH might have played a role in the present
study, because the lactone form is less prevalent at neutral
conditions (Rivory et al., 1994), under which most of our ex-
periments were performed (pH 7). Indeed, our results showed
that there was a lower proportion of lactone forms both in Val-
SN-38 and SN-38, where only 30-40% of lactone forms were
present at 120 min under all 3 conditions (Fig. 5). In fact, this is
consistent with the previous results showing that the percent-
age of SN-38 lactone remaining in sodium phosphate (pH 7)
was around 40% at 120 min (Tallman et al., 2005). Therefore,
it could be estimated that neutral pH conditions might have
potentiated the overall lower proportion of the lactone form in
all situations.

One interesting result was that the initial proportions of the
lactone forms in Val-SN-38 were much lower than that of SN-
38 under all 3 conditions. In other words, the carboxylate form
predominated in the initial phase of Val-SN-38 when compared
to SN-38. This phenomenon may extend to an assumption
that uptake transporters might have favored the carboxylate
over the lactone form as a substrate. For instance, OATP1B1
and OATP1B3 uptake transporters favor the carboxylate form
of AR-67, which is an SN-38 derivative, whereas efflux trans-
porters like P-gp and BCRP favor the lactone form (Adane et
al., 2010). Therefore, we cannot exclude the possibility that
the carboxylate form of Val-SN-38 was favored by relevant
amino acid transporters like ATA1, ATA2, and ATB®*, resulting
in a significant accumulation increase, although further verifi-
cation is necessary.

Furthermore, we cannot rule out the possibility that efflux
transporters also favor the carboxylate form, ultimately lead-
ing to low intracellular levels. Indeed, there already is a re-
port that only the carboxylate form of SN-38 is transported via
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Mrp2 in the rat liver (Chu et al., 1997). Likewise, Scott et al.
reported that a much higher plasma level of 20(S)-camptoth-
ecin lactone was observed compared with the plasma level of
carboxylate, suggesting that the carboxylate form was more
highly excreted into urine and bile in rats (Scott et al., 1994).
In fact, Mrp2 favored Val-SN-38 more than SN-38 in our previ-
ous study, although P-gp, BCRP, and MRP1 did not (Kwak et
al., 2012). Given that the previous accumulation experiments
were performed only after a 30 min incubation (Kwak et al.,
2012), there might have been insufficient time for efflux trans-
porters like P-gp, BCRP and MRP1 to carry the compound
out of the cell in the previous study. Again, these possibilities
require a more thorough inspection.

However, although it is likely that the lactone/carboxylate
interconversion may affect the transport process by various
uptake and/or efflux transporters, it should be noted that the
final lactone proportion of Val-SN-38 was very similar to that
of SN-38 (Fig. 5). The fact that Val-SN-38 is more highly accu-
mulated than SN-38, suggests that Val-SN-38 is more prone
to degrade than SN-38, leading to equilibrium within in a simi-
lar intracellular concentration range, and, thus, a comparable
efficacy. In other words, the poor stability of Val-SN-38 offsets
its enhanced uptake, and results in no beneficial efficacy.
Thus, this possibility was investigated further.

As a result, SN-38 was found to be reasonably stable in
PBS, but the compound became slightly unstable in plasma
(Fig. 6A). It seemed more unstable with MCF7 lysates, since it
failed to converge into a plateau even at 120 min (Fig. 6A). On
the other hand, Val-SN-38 in all 3 conditions showed a more
deteriorated stability, and more than half of the compound was
degraded in all 3 conditions at 120 min (Fig. 6B). Therefore,
the stability of Val-SN-38 was indeed less than that of SN-38.
Taken together, these results support the possibility that the
instability of Val-SN-38 might be the reason for its low efficacy.

To review the entire process of Val-SN-38 treatment, the
compound offers great advantage in the uptake process with
the aid of some amino acid transporters (Kwak et al., 2012).
However, because of its poor stability profile, it seems that
the increased accumulation of Val-SN-38 is offset by its rapid
degradation, resulting in an efficacy similar to SN-38.

Overall, the reason for the unsatisfactory efficacy of Val-
SN-38 over SN-38 seems due largely to its unstable manner.
We believe the present study is a noteworthy one that unrav-
els the discrepancy between intracellular accumulation and
efficacy of valine-added prodrug. This further implies that Val-
SN-38 is not a good model compound to promote the idea of a
“valine-added prodrug anti-cancer agent.” That is not because
it failed to show better efficacy over SN-38, but because it in-
volves too many factors and/or reactions to consider. It would
be interesting to introduce a valine moiety to other anti-cancer
compounds, which are relatively stable and do not undergo
a chemical process such as conformational interconversion.
Moreover, it would be interesting to introduce valine to SN-38
with more stable linkage such as amide, which may improve
both accumulation and efficacy. Therefore, the present study
suggests that a thorough and in-depth consideration is man-
datory in order to improve the efficacy of anti-cancer agents
using the prodrug approach. These results also support the
theory that a valine-added prodrug approach will be effective
for stable compounds.
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