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Abstract

Purpose To develop quantitative structure property rela-
tionships (QSPR) for the pharmacokinetics and the sus-
ceptibility to BCRP-mediated efflux of ten drugs in the
camptothecin family of topoisomerase I inhibitors.
Methods Pharmacokinetic parameters (total and lactone
clearance, total steady-state volume of distribution, and
lactone:total area under the curve ratio) and ICs, values of
cytotoxicity in both BCRP over-expressing and sensitive
cell lines were extracted from the literature. Molecular
descriptors were generated for both the lactone and car-
boxylic acid forms of the drugs using SYBYL and ACD/
Labs software. A partial least squares algorithm in SAS
was used to construct QSPR models for each of the prop-
erties of interest, and final models were validated using
leave-one-out cross-validation.

Results The molecular descriptors calculated for the
lactone forms were better correlated with the selected
properties than that of the carboxylate forms. Reasonable
correlations (R”> range 0.63-0.99) and good predictive
performances (2 range 0.45-0.88) were obtained for all
seven QSPR models. Molecular descriptors that contribute
to each pharmacokinetic property and susceptibility to
BCRP mediated efflux were identified.

Conclusions QSPR models were successfully constructed
for the pharmacokinetics and the susceptibility to BCRP-
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mediated efflux of the camptothecin analogs. The identified
molecular parameters may help guide the synthesis of new
camptothecin analogs with improved pharmacokinetic
properties and reduced potential for clinical resistance.
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Abbreviations
P-gp P-glycoprotein

MRP Multidrug resistance-associated protein
BCRP  Breast cancer resistant protein

QSAR  Quantitative structure activity relationship
QSPR  Quantitative structure property relationship
PLS Partial least squares

MW Molecular weight

TOEN  Total energy

COAR  Connolly molecular surface area

MV Molecular volume

HEFO  Heat of formation

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital

logD Octanol-water partition coefficient corrected
for the ionization state of the molecule
at physiological pH

Introduction

The camptothecins are a promising class of antineoplastic
agents that have shown significant activity against a variety
of malignancies. Topotecan is currently used as a second-
line agent for advanced ovarian cancer and small cell lung
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cancer, and irinotecan is presently used for the treatment of
5-fluorouracil refractory advanced colorectal cancer. Sev-
eral other synthetic campothecin analogs are in clinical
trials, including 9-nitrocampothecin, lurtotecan, exatecan,
diflomotecan, karenitecin, and gimatecan [8]. The camp-
tothecins exert their pharmacological activity via binding
and stabilization of the normally transient DNA-topoios-
merase I cleavable complex [18]. As the collision between
a moving replication fork and the drug-stabilized cleavable
complex is required for cytotoxicity, the camptothecins are
far more effective in the S-phase than in the G; or Go,/M
phases of the cell cycle [11].

The camptothecins share a basic 5-ring structure with a
chiral center located at position C-20 (Fig. 1). The lactone
ring is thought to be required for pharmacological activity;
however, the camptothecins undergo a pH-dependent
reversible hydrolysis between the lactone form and an
inactive open ring carboxylate form. The lactone form
predominates at acidic pH whereas the inactive carboxylate
form prevails at neutral and alkaline pH. The equilibrium
of this interconversion is also affected by the relative
binding of the two molecular forms to serum albumin
(which can be species dependant) and lipid bilayer parti-
tioning of the lactone form [3]. Early analytical assays of
the camptothecins included acidification of samples to
convert the carboxylate species to the lactone form before
analysis. Concentrations measured in this manner are
termed “total” drug concentrations since they contain both
the lactone and carboxylate forms. Techniques are now
readily available for the selective detection of the intact
lactone form [23, 31]. Thus, interpretation of pharmaco-
kinetic data of the camptothecins must be done cautiously

Fig. 1 Schematic of the ol
interconversion between the
lactone and carboxylate forms

since they have been reported based on both the total and
lactone concentrations in different studies.

The pharmacokinetic properties of the camptothecin
analogs are diverse. Drug clearance, steady-state volume of
distribution, and the area under the curve (AUC) ratio
between the lactone form and total drug are variable [8].
Owing to the nature of the S-phase specific mechanism of
cytotoxicity, camptothecin analogs with pharmacokinetic
properties that favor prolonged exposure above a minimum
threshold after administration might demonstrate clinical
advantages [35].

Drug resistance represents a major challenge to che-
motherapy, and various mechanisms have been proposed
for the clinically observed resistance to the camptothecins
[8]. One important mechanism is altered cellular accumu-
lation and efflux transport. For example, topotecan has
been determined to be a substrate of P-gp [17]. Breast
cancer-resistant protein (BCRP) and multidrug resistance-
associated protein (MRP) have also been associated with
resistance to a number of camptothecin analogs [4, 25, 26].
Different mechanisms of camptothecin resistance, such as
different efflux proteins, may be specific for certain cam-
ptothecin analogs [35].

There have been a number of quantitative structure
activity relationship (QSAR) studies evaluating the rela-
tionships between camptothecin structures and topoiso-
merase [ inhibitory activities using various statistical
methods such as multiple linear regression and genetic
algorithms [7, 14]. These studies have helped to improve
the understanding of the structural characteristics required
for good activity and have guided the development of new
analogs with enhanced potency [37]. However, there is a

of camptothecins, and structures
of the ten camptothecin analogs
selected for this study
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Camptothecin 7689-03-4 -H -H -H -H
9-amino
camptothecin 91421-43-1 -H -NH, -H -H
Irinotecan 9768244-5 -CH,CH, -H —od-w n_:} -H
SN-38 86639-52-3 -CH,CH, -H -OH -H
Diflomotecan 220997-97-7 -H -H -F -F
Exatecan 171335-80-1 -CH(NH,)}-CH,-CH.- -CH, -F
Lurtotecan 149882-10-0 —:’"'f‘:" -~ -H -OCH2CH20-
Topotecan 123948-87-8 -H -CH,N(CH.), -OH -H
Karenitecin 203923-89-1 -H -CH,CH,Si(CH,), -H -H
Gimatecan 292618-32-7 -CH=N-OBu-t -H -H -H
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lack of studies investigating the relationships between
camptothecin physicochemical characteristics and their
pharmacokinetic properties or susceptibility to efflux pro-
teins. The purpose of this study is to utilize multivariate
regression analysis to delineate the primary structural
determinants of the apparent affinity of camptothecins to
BCRP and their pharmacokinetic characteristics.

Materials and methods
Pharmacokinetic and BCRP affinity data

Drugs selected for this study included camptothecin, 9-
amino camptothecin, irinotecan, SN-38, diflomotecan,
exatecan, GI147211, topotecan, karenitecin, and gimatec-
an. The pharmacokinetic parameters including clearance of
the total form (total CL), clearance of the lactone form
(lactone CL), volume of distribution at steady-state of the
total form (total V), and the AUC ratio between the lac-
tone form and total drug (AUC ratio), were obtained from
the literature [5, 6, 10, 27, 32-34, 36, 40, 42].

Drug concentrations exhibiting 50% of maximal cyto-
toxicity (ICsq) of seven of the camptothecin analogs against
both the BCRP overexpressing T8 and MX3 camptothecin-
resistant cell lines and the camptothecin-sensitive IGROV 1
parental cell lines were extracted from the literature [26].
Briefly, exponentially growing cells were plated and
allowed to attach for 48 h. Different camptothecin analogs
were then added and incubated with the cells for 5 days.
Cytotoxicity was evaluated at the end of incubation using a
sulforhodamine B method [26].

Molecular modeling

The molecular properties for both the lactone and carbox-
ylate forms were calculated. The intact lactone form of the
camptothecin structures were retrieved from The Depart-
ment of Specialized Information Services website of the
National Library of Medicine (http://chem.sis.nlm.nih.gov/
chemidplus/). These structures were then imported into the
SYBYL molecular modeling program (v6.9. Tripos, St.
Louis, MO). The open-ring carboxylic acid forms were
generated within SYBYL by modification of the ring
structures. Structures were inspected using a Concord plug-
in to ensure that the structures were chemically correct
(Pearlman RS, Concord, distributed by Tripos Inc.). Energy
minimization with the Powell method and Tripos force
field was conducted in SYBYL prior to calculating
molecular descriptors.

Three major types of molecular descriptors were cal-
culated in this study including electronic, steric and
hydrophobic descriptors. The electronic descriptors were

the heat of formation (HEFO), energy of the lowest
unoccupied molecular orbital (LUMO), energy of the
highest occupied molecular orbital (HOMO), and total
energy including electrostatics (TOEN) [20, 39]. These
values were calculated with the MOPAC module within
SYBYL using the Austin Model 1 (AMI1) single point
method with a time limit of 1 h and the precise option
activated to improve convergence precision. HEFO repre-
sents the change of enthalpy that accompanies compound
formation from its constituent elements in their standard
states. The HOMO and LUMO descriptors are frequently
calculated as these orbitals can influence chemical reac-
tivity and reaction mechanisms. Theoretically, HOMO is
the negative of the ionization potential, whereas the LUMO
energy is directly related to the electron affinity of a
molecule. Thus, HOMO features the susceptibility of a
molecule toward attack by nucleophiles, and LUMO
characterizes the susceptibility of the molecule toward the
attack by electrophiles in chemical reactions [20]. SYBYL
was also used to calculate the three steric parameters:
molecular weight (MW), molecular volume (MV), and the
Connolly molecular surface area (COAR), which is
essentially the solvent accessible area defined as the area of
the smooth outer surface of the compound generated by
rolling a theoretical water molecule (1.4 A in diameter)
over the van der Waals surface of the molecule.

The octanol-water partition coefficient corrected for the
ionization state of the molecule at physiological pH (logD)
was included as the hydrophobic descriptor. Given the
complexity of anticipating pK, values (especially some
camptothecin zwitterions), all logD values were obtained
from the program SciFinder Scholar (SciFinder, version
2007; Chemical Abstracts Service: Columbus, OH, 2007;
Calculated using Advanced Chemistry Development
(ACD/Labs) Software V8.14 for Solaris; 1994-2008 ACD/
Labs).

QSPR data analysis

Partial least squares (PLS) regression analysis was used to
construct the QSPR models. PLS is a multivariate statis-
tical method that is extensively used in QSAR/QSPR
studies and can be expressed as

y=Vxaps+B (1)

where y is the response matrix, B a residual matrix, apyg a
regression coefficient matrix, and V the matrix of the
molecular descriptors. To avoid over-fitting the data, cross-
validation to determine the number of significant
components is necessary. The so-called leave-one-out
method is a frequently used cross-validation technique
when the number of compounds is limited. The cross-
validated correlation coefficient (Q?) is calculated as
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0 =1- Z (yipred - Yiobs)z/(yiobs - Ymean>2 (2)

where yipeq 18 the predicted dependent variable, yiobs the
observed dependent variable, yc.n mean of the observed
dependent variable. PLS modeling was performed using
the PROC PLS procedure in SAS (v9.1, SAS Institute Inc.,
Cary, NC). All variables were scaled to unit variance and
centered around the mean using the auto-scaling procedure,
and the final number of significant components was
determined by optimizing the cross-validated correlation
coefficient  (Q%) using the automatic leave-one-out
procedure.

Results

The pharmacokinetic parameters (CL total, CL lactone, Vi
total, and AUC ratio) along with the log(1/ICso) of the
cytotoxicity of camptothecins against BCRP over-
expressing T8 and MX3 cells and the IGROV1-sensitive
cell line are summarized in Table 1. Despite sharing sim-
ilar backbone structures, these camptothecin analogs

exhibit varying degrees of susceptibility to BCRP-medi-
ated efflux. For example, the ICsy values for T8 cells
ranged from 2.52 to 32,260 nM (0.42 to —4.10 after log-
arithm transformation of the reciprocol). Similarly, the
pharmacokinetic properties are diverse, with the lactone
CL for example, ranging from 6.8 to 91 L/h/m>.

The molecular properties corresponding to the lactone
and carboxylate forms were calculated. Since both forms
exist in vivo after drug administration, it was not clear
a priori which structural form would provide a better
indicator of the activity and pharmacokinetic properties of
this drug class. Thus, QSPR models were constructed
separately using either sets of molecular descriptors. For
each of the seven QSPR models, the lactone molecular
properties (Table 2) emerged as more useful predictors of
BCRP susceptibility and pharmacokinetic properties, as
revealed by higher R? and Q” values of the models (data
not shown). Therefore, only the results based on the lactone
molecular properties are reported.

The correlation coefficients (Rz), the cross-validated
correlation coefficients (Q%) and the number of significant
components determined for each of the seven PLS models

Table 1 Camptothecin pharmacokinetic parameters and BCRP mediated efflux ICs, values

Drug Total CL Lactone CL Total Vg AUC Log(1/1Csq) Log(1/1Cs0) Log(1/1Cs0)
(L/h per m?) (L/h per m?) (L/m?) ratio T8 cells MX3 cells IGROV1 cells
Camptothecin 0.496 - 8.62 - - - -
9-amino camptothecin 3.00 24.5 9.20 0.096 —2.25 —1.37 —0.26
Irinotecan 15.3 45.6 148 0.44 —4.51 —4.10 —2.69
SN-38 - - - 0.51 —2.61 —1.93 —-0.20
Diflomotecan - 11.7 - 0.4 - - -
Exatecan 2.10 6.80 22.0 0.3 —0.40 0.42 1.05
GI147211 22.0 91.0 118 0.27 —1.36 —1.03 0.14
Topotecan 8.00 25.7 39.5 0.33 —-3.00 —2.44 —-0.95
Karenitecin - - - 0.87 —0.65 0.03 0.35
Gimatecan - - - 0.9 - - -
Table 2 Molecular properties of the lactone form of camptothecins
Drug MW LogD TOEN COAR MV HEFO HOMO LUMO
Camptothecin 348 1.90 20.2 313 268 —27.9 —9.18 —1.41
9-Amino camptothecin 363 0.70 20.8 326 280 —18.6 —-9.21 —1.48
Irinotecan 588 2.85 344 544 493 53.5 —10.3 —4.03
SN-38 392 2.60 22.0 353 308 —-79.2 -9.03 —1.38
Diflomotecan 398 2.00 22.7 336 289 —119 —-9.27 —1.75
Exatecan 436 1.95 214 380 341 81.6 —11.7 —4.95
GI147211 520 0.40 243 463 420 82.8 —10.9 —4.16
Topotecan 422 0.80 254 383 341 93.4 —11.3 —4.56
Karenitecin 449 4.45 17.1 422 380 —74.7 —9.11 —1.32
Gimatecan 447 3.70 22.5 412 361 —11.1 —-9.22 —1.59
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are summarized in Table 3. These relationships all appear
to show reasonable correlations (R* range 0.63—0.99) and
predictive performances (Q range 0.45-0.88). The differ-
ences between the R* and Q7 values (~0.2) are moderate
and indicate sufficient model predictability. A diagnostic
plot showing predicted versus observed values of BCRP
susceptibility and the pharmacokinetic properties is pro-
vided as online supplementary material. Good agreement
for all seven models was observed.

In PLS regression, the weighted coefficients can be used
to indicate the relative contributions of each descriptor in
the model. The coefficients of each descriptor for the four

Table 3 Performance summary for the final camptothecin QSPR
models

Parameters Number of R? 0?
components

Vs total 2 0.94 0.88
CL total 1 0.63 0.45
CL lactone 4 0.99 0.74
AUC ratio 2 0.74 0.56
Log(1/1Cs0) T8 cells 3 0.89 0.70
Log(1/1Cso) MX3 cells 3 0.89 0.74
Log(1/1Cs0) IGROVI cells 3 0.87 0.61
Fig. 2 Partial least squares

coefficients of the molecular 0.30

V,, total

pharmacokinetic parameters are shown in Fig. 2. The
major positive contributors for total Vi, were MW, TOEN,
COAR, and MV. These descriptors, plus HEFO, contrib-
uted positively to total CL, whereas HOMO and LUMO
had a negative impact. Ionization corrected lipophilicity
(logD) was identified as the major contributor to the AUC
ratio between the lactone form and total drug. Interestingly,
logD was a relatively large negative contributor to the
lactone CL, whereas MW was a positive contributor.

The ICsq values of camptothecin toxicity in BCRP over-
expressing cell lines (T8 and MX3) are considered to
provide information on both the activity (cytotoxicity) and
susceptibility to BCRP-mediated efflux for each analog.
The ICs, values of the same analogs in a sensitive parental
cell line IGROV1, which minimally express BCRP, were
also used for QSPR modeling. The patterns of the contri-
butions of each descriptor to the log(1/ICsq) in all three cell
lines were almost identical (Fig. 3). This strongly suggests
that the final QSPR models likely correspond to the sus-
ceptibility of BCRP-mediated efflux. Only the weighted
PLS regression coefficients for the model of T8 cells are
shown in Fig. 3 given the similarity of the patterns in the
other two cell lines. The TOEN contributes negatively to
this model, which suggests that TOEN of the camptot-
hecins contributes positively to BCRP-mediated efflux. On
the other hand, HOMO and logD were negative contribu-
tors to this property.

CL lactone

08
properties for the four 061
camptothecin pharmacokinetic L ol al
QSPR models 0201 021
0.151 0.01
0.10 021
o -0.41
-0.6 1
o 0007 08
[
'9'0'05\:&0‘\%‘,\4000 T U S S
(]
e W o™ W oty W o W ot
@
8 CL total AUC ratio
7] : ;
bt 0.20 0.6
O o1 5]
0.10 { 041
031
0.05
0.2
o 0.11
-0.05 1 0.0
0.101 0.1
0.15
& O N O 40 40 R I TR P e s e
W P 00& W o W F o WG
Descriptors

@ Springer



330 Cancer Chemother Pharmacol (2010) 65:325-333
log(1/IC ) their associated pharmacokinetic/pharmacodynamic prop-
061 0 erties. The final QSPR models demonstrated reasonable

0.4 - correlations and predictive performances (Table 3).
o The volume of distribution at steady state (V) of a drug

o can be defined as

S 00 .=

E 02- Vs = Vp + ZKpt.i : Vt,i (3)

£ 0

8 0.4 - where V}, is the plasma volume, and K, ; and V, ; the plasma

7} tissue partition coefficient and the physiological volume of
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o the ith tissue. Drug lipophilicity is a major determinant of
-0.8 1 Ky values [29]. Vi, can also be defined according to the
-1.0 Gillette equation [12]:
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Fig. 3 Partial least squares coefficients of the molecular properties in
a QSPR model of camptothecin cytotoxicity, expressed as log (1/
ICs0), in BCRP over-expressing T8 cells

Discussion

The camptothecins remain the best characterized topoiso-
merase | inhibitors with potent anticancer effects. There
has been considerable interest in developing new analogs
with greater anticancer activity as well as better physio-
chemical and pharmacokinetic properties [35]. In addition,
new analogs with a decreased potential for resistance
would also be beneficial clinically. Thus, QSPR models
that seek to correlate the pharmacokinetics and potential
for drug resistance to key structural characteristics may
help to guide future drug development of this class of
drugs. Multivariate techniques, such as PLS regression, are
now frequently utilized to construct such models [24].
Although restricted to point estimates, predictions from
multivariate models may be connected with mechanism-
based models to anticipate the time course of drug effects
and/or toxicity [24].

Partial least squares is a robust multivariate regression
algorithm that offers advantages over traditional multiple
linear regression (MLR) in that it is able to accommodate
co-linearity in the descriptor matrices and cases where the
number of descriptors exceed the number of test com-
pounds [9]. Van der Graaf and colleagues were the first to
utilize this technique in constructing quantitative structure—
pharmacokineitc relationships for several adenosine A,
receptor agonists [38]. PLS regression was applied to
global molecular descriptors of the camptothecins.
Although atom fragment-based methods that relate the
spatial distribution of structures to responses may provide
finer details [28], global physicochemical descriptors were
utilized owing to the limited number of compounds and

@ Springer

where f, and f,, are the free fraction of drug in plasma and
tissue, and V1 the sum of all tissue volumes. Thus, plasma
protein and tissue binding are determinants of the value of
Vs of a drug. Traditionally, the Vi of free drug only has
been linked with lipophilicity, particularly based on the
role of this descriptor in tissue and protein binding [24].
Modern QSPR analysis frequently identifies lipophilicity as
well as other steric and electronic molecular descriptors as
important contributors to Vg [24]. In this study, logD did
not emerge as an important contributor for total Vg of
camptothecins. The PLS coefficients for MW, COAR, and
MYV suggest that for camptothecins, steric properties (e.g.
size and shape) are more important in terms of tissue dis-
tribution. It should be noted that COAR is related to both
surface area and lipophilicity [20]; thus the contribution of
lipophilicity may be reflected in this term. The V, used in
this study is for the total form of camptothecins. Since the
carboxylate form is more hydrophilic than the lactone form
and may have different distribution properties, the total Vi
is likely a hybrid parameter reflecting contributions of both
molecular forms. Although it might be more informative to
investigate the Vi of the lactone form, we were not able to
extract this information for enough compounds to construct
a reasonable QSPR model.

In general, clearance is more difficult to predict than
other pharmacokinetic parameters due to the complexity
associated with the various routes of drug biotransforma-
tion and elimination, such as the influence of active
transporters and extra-hepatic metabolism. The major
clearance pathways vary for the camptothecin analogs.
Whereas urinary excretion plays an important role in the
clearance of topotecan (30-50% urinary excretion) and 9-
aminocamptothecin (30% urinary excretion), it is only of
minor importance for the other analogs [8]. Metabolic
biotransformation and biliary excretion are the major
clearance pathways for irinotecan, whereas glucuronidation
and biliary excretion are the main mechanisms of SN-38
elimination [8].
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As exemplified by the f[-adrenergic antagonists, renal
clearance tends to decrease with lipophilicity primarily due
to tubular re-absorption, whereas metabolic clearance tends
to increase with lipophilicity and then plateau or slightly
decrease at high logD values to form a parabolic or bilinear
relationship [15]. Classical QSAR studies have highlighted
the role of lipophilicity, hydrogen bonding, and electro-
statics in the binding and metabolism of various com-
pounds by cytochrome P450 enzymes, the major phase I
metabolic enzymes [13]. However, models of other clear-
ance processes such as biliary excretion are not fully
characterized, with the molecular weight cutoff as the only
major contributing molecular factor identified thus far [16].

Interestingly, lipophilicity was identified as a major
negative contributor for lactone clearance (it is also nega-
tively contributing to total clearance, but to a lesser extent),
especially considering that only two of the analogs are
mainly eliminated by renal excretion. Since most of these
camptothecin analogs are relatively hydrophobic, it might
be possible that the metabolic clearances reflect a decreas-
ing phase of a parabolic or bilinear relationship between
metabolic clearance and lipophilicity. Unknown relation-
ships between lipophilicity and drug transport and biliary
clearance complicate the interpretation of this result. In any
event, this would suggest that new camptothecin analogs
with relatively high lipophilicity would be preferred since it
would be associated with lower clearance and thus longer
half lives. However, poor absorption is likely to result from
high lipophilicity as exemplified by the ‘rule of 5’ proposed
by Lipinski and colleagues [21]. Thus, increasing lipophil-
icity would have to be balanced by the potential for poor
absorption and complex formulation development. The
steric descriptors MW, COAR, and MV are also important
for the lactone and total clearance. HOMO and LUMO also
influence the total clearances of these camptothecin analogs.

The AUC ratio between the lactone form and the total
form after drug administration is an indicator of the sta-
bility of camptothecin drugs given that camptothecins
undergo transformation and only the lactone form is
assumed to be pharmacologically active. Thus, it has been
a major target for chemists to synthesize new analogs with
greater stability and AUC ratios. Our finding that logD was
the most important contributor to the AUC ratio of camp-
tothecins in a multivariate framework (Fig. 3) is in agree-
ment with previous results [1, 2]. Lipid bilayer vesicles and
erythrocytes can enhance lactone stability as the lipophilic
lactone preferentially partitions into such lipid bilayers
compared to the charged carboxylate forms [1]. Based on
this rationale, new analogs are increasingly designed with
greater lipophilicity [2].

Efflux proteins such as P-gp and BCRP might contribute
to the clinical resistance of camptothecins [35]. Some
camptothecin analogs are substrates of BCRP, whereas

others such as exatecan and karenitecin are not effluxed by
this mechanism [30]. Structural substitutions at certain
positions have been linked to this differential susceptibility
[30]. Yoshikawa and colleagues identified polarity as an
important factor in this process, with BCRP preferentially
exporting camptothecin analogs with high polarity (and thus
low lipophilicity) [41]. This is consistent with the negative
coefficient for logD in the models of susceptibility to BCRP-
mediated efflux. In addition to logD, HOMO and TOEN
were also identified as major negative and positive contrib-
utors. Electrostatic interactions might influence recognition
by BCRP and interactions with substrates, but the effect of
total energy of a drug is difficult to interpret. The potential
energy of a molecule is a complex, multidimensional func-
tion of its 3D coordinates. The relationship between these
coordinates and BCRP recognition and export is not clear. In
any event, the total energy of a potential new analog could be
calculated in silico before synthesis to screen for potential
BCRP efflux. Total energies in this study were calculated
with energy minimization methods using the Tripos force
field in SYBYL. As with all energy minimization methods,
local minima rather than the global minimum might con-
found such minimizations, and care should be taken when
interpretating and applying the result for total energy.

From the QSPR models of clearance, AUC ratio, and
susceptibility to BCRP efflux; analogs with high lipophil-
icity would be favored in all three aspects. Such com-
pounds would likely exhibit low clearance (thus long half
life), greater stability, and reduced BCRP-mediated efflux.
A potential concern for these new hydrophobic analogs
would be the increased potential for poor oral absorption
[22]. Advanced drug delivery techniques, such as liposo-
mal formulations, might serve to address problems asso-
ciated with administering such lipophilic drugs [19]. In
conclusion, several QSPR models were successfully con-
structed for the clinically important camptothecin anti-
cancer drugs. This study may help to guide the synthesis of
new camptothecin analogs with more favorable pharma-
cokinetic properties and reduced potential for clinical
resistance.

Acknowledgments The authors would like to thank the Laboratory
for Molecular Visualization and Analysis at the University at Buffalo,
SUNY for providing access to the Silicon Graphics workstations
running SYBYL. Chao Xu is a recipient of a pre-doctoral fellowship
from Eli Lilly and Company. Some of the figures were generated with
technical assistance from Dr. Sukyung Woo (University at Buffalo,
SUNY).

References

1. Bom D, Curran DP, Chavan AJ, Kruszewski S, Zimmer SG,
Fraley KA, Burke TG (1999) Novel A, B, E-ring-modified

@ Springer



332

Cancer Chemother Pharmacol (2010) 65:325-333

10.

12.

13.

14.

16.

17.

18.

19.

camptothecins displaying high lipophilicity and markedly
improved human blood stabilities. J] Med Chem 42:3018-3022

. Bom D, Curran DP, Kruszewski S, Zimmer SG, Thompson

Strode J, Kohlhagen G, Du W, Chavan AJ, Fraley KA, Bingcang
AL, Latus LJ, Pommier Y, Burke TG (2000) The novel silatecan
7-tert-butyldimethylsilyl-10-hydroxycamptothecin displays high
lipophilicity, improved human blood stability, and potent anti-
cancer activity. J] Med Chem 43:3970-3980

. Burke TG, Mi Z (1994) The structural basis of camptothecin

interactions with human serum albumin: impact on drug stability.
J Med Chem 37:40-46

. Chen ZS, Furukawa T, Sumizawa T, Ono K, Ueda K, Seto K,

Akiyama SI (1999) ATP-dependent efflux of CPT-11 and SN-38
by the multidrug resistance protein (MRP) and its inhibition by
PAK-104P. Mol Pharmacol 55:921-928

. Creaven PJ, Allen LM (1973) Renal clearance of camptothecin

(NSC-100880): effect of urine volume. Cancer Chemother Rep
57:175-184

. Eckhardt SG, Baker SD, Eckardt JR, Burke TG, Warner DL,

Kuhn JG, Rodriguez G, Fields S, Thurman A, Smith L, Ro-
thenberg ML, White L, Wissel P, Kunka R, DePee S, Littlefield
D, Burris HA, Von Hoff DD, Rowinsky EK (1998) Phase I and
pharmacokinetic study of GI147211, a water-soluble campto-
thecin analogue, administered for five consecutive days every
three weeks. Clin Cancer Res 4:595-604

. Fan Y, Shi LM, Kohn KW, Pommier Y, Weinstein JN (2001)

Quantitative structure—antitumor activity relationships of cam-
ptothecin analogues: cluster analysis and genetic algorithm-based
studies. J Med Chem 44:3254-3263

. Garcia-Carbonero R, Supko JG (2002) Current perspectives on

the clinical experience, pharmacology, and continued develop-
ment of the camptothecins. Clin Cancer Res 8:641-661

. Geladi P, Kowalski B (1986) Partial least-squares regression: a

tutorial. Anal Chim Acta 185:1-17

Gelderblom H, Salazar R, Verweij J, Pentheroudakis G, de Jonge
MJ, Devlin M, van Hooije C, Seguy F, Obach R, Prunonosa J,
Principe P, Twelves C (2003) Phase I pharmacological and bio-
availability study of oral diflomotecan (BN80915), a novel E-
ring-modified camptothecin analogue in adults with solid tumors.
Clin Cancer Res 9:4101-4107

. Gerrits CJ, de Jonge MJ, Schellens JH, Stoter G, Verweij J (1997)

Topoisomerase I inhibitors: the relevance of prolonged exposure
for present clinical development. Br J Cancer 76:952-962
Gibaldi M, Perrier D (1982) Pharmacokinetics. Marcel Dekker,
New York

Hansch C, Mekapati SB, Kurup A, Verma RP (2004) QSAR of
cytochrome P450. Drug Metab Rev 36:105-156

Hansch C, Verma RP (2007) 20-(S)-Camptothecin analogues as
DNA topoisomerase I inhibitors: a QSAR study. ChemMedChem
2:1807-1813

. Hinderling PH, Schmidlin O, Seydel JK (1984) Quantitative

relationships between structure and pharmacokinetics of beta-
adrenoceptor blocking agents in man. J Pharmacokinet Biopharm
12:263-287

Hirom PC, Millburn P, Smith RL, Williams RT (1972) Species
variations in the threshold molecular-weight factor for the biliary
excretion of organic anions. Biochem J 129:1071-1077

Hoki Y, Fujimori A, Pommier Y (1997) Differential cytotoxicity
of clinically important camptothecin derivatives in P-glycopro-
tein-overexpressing cell lines. Cancer Chemother Pharmacol
40:433-438

Hsiang YH, Liu LF (1988) Identification of mammalian DNA
topoisomerase I as an intracellular target of the anticancer drug
camptothecin. Cancer Res 48:1722-1726

Joguparthi V, Feng S, Anderson BD (2008) Determination of
intraliposomal pH and its effect on membrane partitioning and

@ Springer

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

passive loading of a hydrophobic camptothecin, DB-67. Int J
Pharm 352:17-28

Karelson M (2000) Molecular descriptors in QSAR/QSPR.
Wiley-Interscience, New York

Lipinski CA, Lombardo F, Dominy BW, Feeney PJ (1997)
Experimental and computational approaches to estimate solubil-
ity and permeability in drug discovery and development settings.
Adv Drug Deliv Rev 23:3-25

Lipinski CA, Lombardo F, Dominy BW, Feeney PJ (2001)
Experimental and computational approaches to estimate solubil-
ity and permeability in drug discovery and development settings.
Adv Drug Deliv Rev 46:3-26

Loos W1J, de Bruijn P, Verweij J, Sparreboom A (2000) Deter-
mination of camptothecin analogs in biological matrices by high-
performance liquid chromatography. Anticancer Drugs 11:315-
324

Mager DE (2006) Quantitative structure—pharmacokinetic/phar-
macodynamic relationships. Adv Drug Deliv Rev 58:1326-1356
Maliepaard M, van Gastelen MA, de Jong LA, Pluim D, van
Waardenburg RC, Ruevekamp-Helmers MC, Floot BG, Schellens
JH (1999) Overexpression of the BCRP/MXR/ABCP gene in a
topotecan-selected ovarian tumor cell line. Cancer Res 59:4559—
4563

Maliepaard M, van Gastelen MA, Tohgo A, Hausheer FH, van
Waardenburg RC, de Jong LA, Pluim D, Beijnen JH, Schellens
JH (2001) Circumvention of breast cancer resistance protein
(BCRP)-mediated resistance to camptothecins in vitro using non-
substrate drugs or the BCRP inhibitor GF120918. Clin Cancer
Res 7:935-941

Minami H, Fujii H, Igarashi T, Itoh K, Tamanoi K, Oguma T,
Sasaki Y (2001) Phase I and pharmacological study of a new
camptothecin derivative, exatecan mesylate (DX-8951f), infused
over 30 minutes every three weeks. Clin Cancer Res 7:3056—
3064

Perkins R, Fang H, Tong W, Welsh WJ (2003) Quantitative
structure—activity relationship methods: perspectives on drug
discovery and toxicology. Environ Toxicol Chem 22:1666-1679
Poulin P, Theil FP (2000) A priori prediction of tissue:plasma
partition coefficients of drugs to facilitate the use of physiologi-
cally-based pharmacokinetic models in drug discovery. J Pharm
Sci 89:16-35

Rajendra R, Gounder MK, Saleem A, Schellens JH, Ross DD,
Bates SE, Sinko P, Rubin EH (2003) Differential effects of the
breast cancer resistance protein on the cellular accumulation and
cytotoxicity of 9-aminocamptothecin and 9-nitrocamptothecin.
Cancer Res 63:3228-3233

Rosing H, Doyle E, Davies BE, Beijnen JH (1995) High-per-
formance liquid chromatographic determination of the novel
antitumour drug topotecan and topotecan as the total of the lac-
tone plus carboxylate forms, in human plasma. J Chromatogr B
Biomed Appl 668:107-115

Rothenberg ML, Kuhn JG, Burris HA III, Nelson J, Eckardt JR,
Tristan-Morales M, Hilsenbeck SG, Weiss GR, Smith LS,
Rodriguez GI et al (1993) Phase I and pharmacokinetic trial of
weekly CPT-11. J Clin Oncol 11:2194-2204

Rowinsky EK, Grochow LB, Ettinger DS, Sartorius SE, Lubejko
BG, Chen TL, Rock MK, Donehower RC (1994) Phase I and
pharmacological study of the novel topoisomerase I inhibitor
7-ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyloxycamptothecin
(CPT-11) administered as a ninety-minute infusion every
3 weeks. Cancer Res 54:427-436

Schilsky RL, Hausheer FH, Bertucci D, Berghorn EJ, Kindler
HL, Ratain MJ (2000) Phase I trial of karenitecin (KT) admin-
istered intravenously daily for five consecutive days in patients
with advanced solid tumors using accelerated dose titration. Proc
Am Soc Clin Oncol 19



Cancer Chemother Pharmacol (2010) 65:325-333

333

35.

37.

38.

Sparreboom A, Zamboni WC (2006) Topoisomerase I-targeting
drugs. In: Chabner BA, Longo DL (eds) Cancer chemotherapy
and biotherapy: principles and practice. Lippincott Williams &
Wilkins, Philadelphia, pp 372—413

. Takimoto CH, Dahut W, Marino MT, Nakashima H, Liang MD,

Harold N, Lieberman R, Arbuck SG, Band RA, Chen AP,
Hamilton JM, Cantilena LR, Allegra CJ, Grem JL (1997) Phar-
macodynamics and pharmacokinetics of a 72-hour infusion of
9-aminocamptothecin in adult cancer patients. J Clin Oncol
15:1492-1501

Thomas CJ, Rahier NJ, Hecht SM (2004) Camptothecin: current
perspectives. Bioorg Med Chem 12:1585-1604

Van der Graaf PH, Nilsson J, Van Schaick EA, Danhof M (1999)
Multivariate quantitative structure—pharmacokinetic relationships
(QSPKR) analysis of adenosine Al receptor agonists in rat.
J Pharm Sci 88:306-312

39.

40.

41.

42.

Walker JD, Jaworska J, Comber MH, Schultz TW, Dearden JC
(2003) Guidelines for developing and using quantitative struc-
ture—activity relationships. Environ Toxicol Chem 22:1653-1665
Wall JG, Burris HA 1II, Von Hoff DD, Rodriguez G, Kneuper-
Hall R, Shaffer D, O’Rourke T, Brown T, Weiss G, Clark G et al
(1992) A phase I clinical and pharmacokinetic study of the
topoisomerase I inhibitor topotecan (SK&F 104864) given as an
intravenous bolus every 21 days. Anticancer Drugs 3:337-345
Yoshikawa M, lkegami Y, Hayasaka S, Ishii K, Ito A, Sano K,
Suzuki T, Togawa T, Yoshida H, Soda H, Oka M, Kohno S,
Sawada S, Ishikawa T, Tanabe S (2004) Novel camptothecin
analogues that circumvent ABCG2-associated drug resistance in
human tumor cells. Int J Cancer 110:921-927

Zucchetti M PS, Frapolli R, Vannucchi J, Carminati P, Zanna C
(2002) Clinical pharmacokinetic profile of gimatecan (ST1481), a
new oral camptothecin derivative. Proc Am Soc Clin Oncol 21

@ Springer



	Quantitative structure-property relationships of camptothecins �in humans
	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Pharmacokinetic and BCRP affinity data
	Molecular modeling
	QSPR data analysis

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


