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Abstract

The SAR-generated toxicological profile of gabapentin was subjected to human scrutiny and compared
to experimentally derived data. When both experimental data and SAR projections were available, there was
excellent concurrence.

The SAR projections together with analyses of their basis indicate that GBP is not likely to present a
carcinogenic hazard by mechanisms relevant to humans.

The analyses emphasizes the importance of human expertise in interpreting and accepting SAR

predictions of toxicological effects.



1 INTRODUCTION

SAR approaches to identify chemicals that present potential health hazards are gaining
acceptance in the research, product development and regulatory phases [1-8]. In order to
retain this recognition, especially in the regulatory arena, SAR paradigms must meet rigorous
validation, transparency and statistical criteria [2-8]. Our laboratory has been involved in
substructure-based SAR development, validation and characterization processes [9]. We have
stressed the importance of human expertise in the generation and subsequent interpretation of
SAR projections [10, 11]. In the present set of analyses we examine this SAR-human
interaction in the health hazard identification process. We scrutinize a therapeutic agent for
which there is already a substantial body of toxicological and clinical data. This will enable us
to (a) compare experimental findings with SAR predictions, (b) delve into the mechanistic
significance of the previous toxicological findings and (c) extend further the toxicological
profile of the test agent. Gabapentin (GBP, 1-(aminomethyl)cyclohexaneacetic acid, CAS No.
60142-96-3, Figure 1A) is one of the newer anticonvulsants used in the treatment of epilepsy,
cocaine-induced seizures and pain [12-16]. Given its wide usage, GBP’s side effects have
been evaluated. GBP is generally well-tolerated and of low acute toxicity, although individual
instances of toxicity have been reported especially in patients receiving GBP in combination
with other antiepileptic drugs [13, 17-21]. The study of the potential toxicity of GBP is

facilitated by the fact it is not metabolized in mammals [15, 22].

2 MATERIALS AND METHODS

2.1 SAR Modeling



The MULTICASE SAR program was used. The algorithms employed within this
program have been described previously [9, 23, 24]. Input is in the form of a data base,
composed of a set of chemical structures of interest and their respective experimentally
determined biological activities (quantitative or qualitative). The program provides a means to
identify descriptors consisting of molecular fragments, ranging from two to ten heavy atoms
along with their associated hydrogens, which account for the biological activity of the
compounds under study. The molecular fragments are generated as a result of breaking down
each individual chemical structure within a data base into its constituent parts. Each fragment
is “labeled” with respect to its origin within active or inactive compounds. Fragments of
relevance are those that exhibit statistically significant non-random distribution among the
active and inactive classes of compounds. In addition to utilizing molecular fragments,
MULTICASE identifies relevant two-dimensional distances between atoms within a chemical
structure.

MULTICASE utilizes the set of statistically significant descriptors (fragment and/or
distance) to find a descriptor (biophores/toxicophores) that has the highest probability of being
responsible for the observed biological activity. Compounds within the data base containing
the primary biophore/toxicophore are removed from the analysis and subsequent biophores are
selected that explain the activity of the remaining compounds. This iterative process of
selection is continued until either all of the active compounds are accounted for, or no
statistically significant descriptors remain. The presence of toxicophores determines the
likelihood that a compound exhibits activity. Predictions made on compounds submitted for

SAR analysis consist of the identification of the toxicophores responsible for activity and the



percent probability of the compound being biologically active due to such occurrences. A
compound is presumed to be inactive if it contains no toxicophores.

MULTICASE also attempts to derive a "local” QSAR within each group of
compounds containing a particular toxicophore. This will identify molecular features that
control the degree of activity. These features, termed modulators, are selected from the pool of
molecular fragments, distance descriptors, calculated electronic indices (molecular orbital
energies, charge densities) and calculated transport parameters (octanol/water partition
coefficient, water solubility). The local QSARs are utilized to predict the potency of
chemicals containing the specific toxicophore. The SAR model’s performance, i.e. the
predictive power (Q?), was determined by its ability to predict chemicals external to the dataset
used to generate the model [6, 8, 25-27].

2.2 SAR Models

The SAR models used were derived using the MULTICASE SAR expert system [9, 23,
24]. The validated models used herein have been characterized with respect to their ability to
predict the activity of chemicals external to the model [9, 28, 29]. The models, for the most
part, have been described previously: inhibition of gap junctional intercellular communication
(1GJIC) [30]; structural-alerts for DNA reactivity [31, 32]; induction of mutations at the k'
locus of cultured mouse lymphoma cells [33]; induction of sister chromatid exchanges (SCE)
and chromosomal aberrations in cultured CHO cells [34], of micronuclei [35] and SCE in vivo
[36]; of yeast malsegregations [37]; perturbation of tubulin polymerization [38]; binding to the
Ah receptor [39]; developmental toxicity in mice [40], rats [40], hamsters [41] and rabbits [40].
Models of developmental toxicity in humans were based upon two independent datasets [40,

42]. Mutagenicity in Salmonella [43, 44]; error-prone DNA repair (i.e. the SOS Chromotest)



[45, 46]; carcinogenicity in rodents (a combination of the results of bioassays conducted by the
U.S. National Toxicology Program (NTP) [47] and of those included in the Carcinogenic
Potency Data Base (CPDB) [48]) were also described earlier. The results of the predictions
using the SAR models were combined into a single probability [49, 50]. SAR models of the
induction of unscheduled DNA synthesis in rat hepatocytes [51], cell toxicity for murine Balb
3T3 cells (clonal assay) and human HeLa cells (dye retention assay) were also described
previously [52, 53]. Cell toxicity was defined as ICsy values <1uM and 7mM for Balb3T3 and
HeLa cells, respectively.

The SAR model of a2p-globulin associated nephropathy in male rats was based upon
data kindly provided by Dr. L. D. Lehman-McKeenan (Procter and Gamble Co.). The SAR
models for the inhibition of human cytochrome P4502D6 (cyp2D6) [54], cell transformation
[52] and umu/SOS DNA repair [55] were based upon previously described data. Acute
toxicity in rats was defined as an LDso< 7.3mmol/kg. The SAR model was based on data of
orally administered chemicals extracted from the Registry of Toxic Effects of Chemical
Substances [56]. SAR models of the maximum tolerated dose (MTD) in mice and rats were
based upon chemicals tested in the NTP cancer bioassays. MTD values were expressed as
gavage equivalents. MTD values below 0.9 and 1.8 mmol/kg/day were taken as indications of

systemic toxicity in mice and rats, respectively [57].

3 RESULTS AND DISCUSSION



The relatively low acute toxicity of GBP together with its usage indications results in a
prolonged therapeutic regimen [58]. Accordingly, in assessing the potential liabilities of GBP
therapy, one must consider not only its acute toxicological effects but also the possible
unwanted effects resulting from chronic exposure. These include an evaluation of its possible
carcinogenicity, developmental toxicity and associated effects.

In a series of rodent carcinogenicity studies, it was shown that while GBP was non-
carcinogenic to male and female mice and to female rats, it induced pancreatic acinar cell
neoplasias in male Wistar rats [59]. These tumors were seen only at high GBP doses, they did
not metastasize and they arose late in the bioassay [59].

It is generally recognized that rodent carcinogens that present a carcinogenic risk to
humans are those that are “genotoxic”, i.e. they induce mutations, DNA damage and possibly
clastogenicity. In fact the vast majority of recognized human carcinogens exhibit such
properties [60-63]. The other type of recognized human carcinogens are hormones (e.g. -
estradiol) which act by a receptor-mediated mechanism [64].

Based upon a battery of validated and characterized SAR models [9], GBP is shown to
lack a “structural alert” for DNA reactivity (Table 1, Analysis No. 1), the potential to induce
mutations in prokaryotes (Salmonella) (Table 1, Analysis No. 2) and eukaryotes (tk™" locus of
cultured mouse lymphoma cells) (Table 1, Analysis No. 6), DNA-damage in prokaryotes
(Table 1, Analyses Nos. 3 and 4) and eukaryotes (Table 1, Analysis No. 5) as well as
clastogenicity in vitro (Table 1, Analyses Nos. 9 and 10) and in vivo (Table 1, Analyses Nos.
7 and 8). The results confirm the reported lack of mutagenicity, clastogenicity and induction
of micronuclei [65-67]. Altogether, these results strongly suggest that GBP lacks DNA

damaging properties and hence its potential to cause cancers in humans by a genotoxic



mechanism is very low. In fact, based upon the SAR projections (Table 1) and the known
predictive parameters (i.e. sensitivities and specificities) of some of these models (“structural
alerts” for DNA reactivity, mutagenicity in Salmonella, mutagenicity at the k™" locus of
mouse lymphoma cells, of sister chromatid exchanges and chromosomal aberration in vitro,
and the in vivo induction of micronuclei for carcinogenicity) and applying Bayes’ theorem,
assuming a prior probability of 0.5, it is found that the probability that GBP is a genotoxicant
is extremely low, i.e. 0.045) [68]

Additionally, the vast majority of genotoxic rodent carcinogens induce cancers at
multiple sites of multiple species [47]. On the other hand, GBP, like most non-genotoxic
rodent carcinogens, induces cancers at a single site of a single gender of one species [59].

Using a previously described battery of SAR models of rodent carcinogenicity [49, 50],
GBP was not predicted to induce cancers in rat (Table 1, Analyses Nos. 18 and 21)(the species
previously reported to elicit pancreatic acinar tumors in response to GBP [59]) but to do so in
mice, based upon one (CPDB) of the two SAR rat carcinogenicity models (Table 1, Analysis
No. 22). The other projections indicated lack of carcinogenicity (Table 1, Analyses Nos. 17-
21). Based upon the integration of all these rodent carcinogenicity predictions, GBP is
projected to have a “marginal” probability (0.533) of non-genotoxic carcinogenicity [50]. (In
that paradigm, “carcinogenicity” is defined as a probability of >0.6.) However, further
examination of the basis of the prediction of carcinogenicity of GBP in mice indicates (a) that
it is based upon a putative structural determinant that is associated with a single mouse
carcinogen in the database, this implies a low confidence level (i.e. 50%)), and (b) the putative
toxicophore is derived from a mouse carcinogen (calciferol) in the database that is structurally

dissimilar from GBP (compare Figures 1A and 1B). Based upon these considerations, we felt



justified in downgrading the prediction to mouse non-carcinogen. Accordingly, assuming a
negative prediction of mouse carcinogenicity, together with the other negative carcinogenicity
predictions (Table 1, Analyses Nos. 17-21), the overall probability that GBP is a rodent
carcinogen decreases to 0.154 [50], i.e. GBP is predicted, with a high degree of certainty, to be
both non-genotoxic and non-carcinogenic.

The neoplastic transformation of cultured cells by chemicals is taken as an indication
of a potential for carcinogenicity [52]. GBP lacks that potential (Table 1, Analysis No. 13).
Binding to the 4/ receptor may initiate a cascade of events that interfere with cell signaling
and apoptosis [69]. This can, ultimately, result in carcinogenesis. GBP does not exhibit a
potential to bind to the A4 receptor (Table 1, Analysis No. 24). These findings further support
the conclusion that GBP does not represent an unacceptable risk to humans.

One of the mechanisms for non-genotoxic carcinogenicity involves cell or systemic
toxicity resulting in mitogenesis and ultimately tumor development [70-74]. GBP, however,
lacks the potential to induce toxicity in cultured human HeLa (dye exclusion assay) or cultured
murine Balb3T3 clonal assay) cells (Table 1, Analyses Nos. 32 and 33). Additionally the
acute toxicity of GBP in rats (LDs) is predicted to be low (>7.2 mmol/kg; Table 1, Analysis
No. 34). In fact, the experimentally determined LDs, value is reported to be in excess of 46.8
mmol/kg [66, 67]. The MTD (maximum tolerated dose) values of GBP in mice and rats are
also predicted to be high, i.e. low systemic toxicity (>0.9 and >1.8 mmol/kg., respectively)
(Table 1, Analyses Nos.16 and 15). This is supported by the experimentally determined MTD
values in rats and mice which are approximately 12 mmol/kg [59, 67]. In fact, the pancreatic
acinar tumors in male rats occurred in the range of these high MTD values [59]. This might be

part of the mechanistic basis of the observed carcinogenicity in male rats. Additionally, while



GBP was not found to induce mitogenesis in male rat pancreatic acinar cells, it did so in
cultured normal pancreatic acinar cells albeit the level of mitogenesis was low [65].
Obviously, even if these findings were applicable to humans, it is doubtful that humans will
tolerate and be maintained on such high doses of GBP for prolonged periods of time.

Inhibition of gap junctional intercellular communication (GJIC) is taken as an
indication of a potential for tumor promotion by an epigenetic (non-genotoxic mechanism)
[75]. GBP was found to exhibit such a potential (Figure 2, Table 1, Analysis No. 12).
Moreover, the chemicals in the database that generated the toxicophore responsible for the
prediction had structures relevant to that of GBP (Figure 3). Thus, inhibition of GJIC might
provide a mechanism for the carcinogenic progression of the pancreatic acinar cells in male
rats after they are stimulated by mitogenesis.

The induction of a2p-globulin-associated nephropathy [76] is taken as a mechanism for
the induction of renal tumors in male rats. (This phenomenon is not associated with a
carcinogenic risk for humans.) GBP is predicted to have such a potential (Figure 4, Table 1,
Analysis No. 26). This confirms the experimental finding that GBP induces that nephropathy
[77]. However, GBP, unlike most other inducers of a2u-globulin-nephropathy, was found
experimentally not to induce the a2p-nephropathy related tumors in male rats [59]. An
examination of the structural basis of the prediction of a2p-associated nephropathy suggests a
dichotomy. Thus most of the chemicals that contribute to the relevant structural determinant
have the toxicophore embedded in carbonyl-containing moiety (Figure 5), while in GBP, it is
within a carboxyl group (Figure 4). The eventual elucidation of this observation will require
the development of an SAR model based upon experimental results of a much larger group of

chemicals. However, it may be that when embedded in a carboxyl moiety the toxicophore
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induces a nephropathy that does not result in the renal tumor. In fact, recently other chemicals
capable of inducing the nephropathy but not the renal tumors, have also been identified [78]

Inhibition of the human cyp2D6 is not a toxic manifestation per se. Indeed it is a
property shared by toxicants (e.g.1, 2, 3, 6-tetrahydro-1-methyl-4-phenylpyridine (MPTP)) as
well as medicinals (e.g. nicardipine, budipine, chlorpromazine) [54, 79, 80]. However,
blockage of that enzyme by GBP may interfere with the detoxification of GBP or of a co-
administered agent (i.e. drug-drug interaction) [81]. While it is assumed that GBP is not
metabolized further [15, 22], the finding of GBP’s potential for inhibiting cyp2D6 (Figure 6,
Table 1, Analysis No. 25) may provide a mechanism for the toxicity that is observed when
GBP is co-administered together with other antiepileptic agents (AEDs) (e.g. carbamzepine,
amitriptyline or phenobarbital) [19, 82-84] . These AEDs do not block cyp2D6 [54] but their
detoxification might be blocked by a GBP-induced inhibition of that isozyme.

Perturbation of tubulin polymerization is a phenomenon that can lead to cell toxicity as
well as the induction of micronuclei by a mechanism involving aneuploidy [85]. As GBP is
not predicted to induce micronuclei in vivo (Table 1, Analysis No. 7), malsegregation (i.e.
aneuploidy) (Table 1, Analysis No. 11) or cell toxicity (Table 1, Analyses Nos. 32 and 33), it
is not unexpected that GBP also does not show a potential for perturbing tubulin
polymerization (Table 1, Analysis No. 14).

GBP was predicted not to induce developmental effects in mice, hamsters and rabbits
(Table 1, Analyses Nos. 27, 28 and 30). The lack of effects in mice and rabbits has been
described previously [66, 86]. GBP exhibited a slight potential for inducing developmental
effects in rats (Figure 7, Table 1, Analysis No. 29). However, that potential is based on two

putative toxicophores, each present in only one chemical in the data base and, thus, it is at best
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an alert for a possible effect. It is interesting, however, that it was found that GBP induced a
slight but significant increased incidence of dilated renal pelvis in rats. However, this
observation was not considered biologically significant [66]. Thus, the suspicious SAR
prediction for developmental effects in rats (Table 1, Analysis No. 29, Figure 7) parallels the
marginal experimental findings.

Significantly, however, using two separate SAR models of developmental effects in
humans, GBP was predicted to lack such a potential (Table 1, Analysis No. 31). It has also
been reported that 25-30% of early development effects are due to mutational and/or
chromosomal events [87-89]. As GBP is devoid of these potentials (Table 1, Analyses Nos. 1-

11), this further supports the absence of a potential for developmental toxicity.

4 Conclusions

The available experimental data on the toxicity of GBP were confirmed by the SAR
models. Moreover, in examining the potential for toxicity of GBP, the SAR analyses, based
both on genotoxicity and ancillary assays, indicate a low probability that it poses a
carcinogenic hazard to humans. The analyses suggest that the reported carcinogenicity of GBP
in male rats (but not in female rats and not in mice) reflects a non-genotoxic potential seen at
high dosages, at or near the MTD, that results in systemic toxicity, mitogenesis and tumor
promotion.

While GBP has a slight potential for inducing developmental effects in rats, the
analyses do not indicate a potential for inducing developmental effects in humans either by a

stage-specific or a mutagenic/chromosomal mechanism.
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It must be stressed that the projections presented herein are hazard identifications.
Obviously, the realization of the potential, if any, depends upon the dose, co-exposure to other
agents, homeostatic and genetically-determined defense and repair mechanisms. Altogether,
the low probability of untoward side effects together with the proven therapeutic efficacy of
GBP are very favorable outcomes of this analysis.

Finally the present study indicates that (a) SAR models predict independently obtained
experimental results and (b) the application of these computational methods to hazard
identification of therapeutics, while promising, must be done in the context of human expertise

and intuition.
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A B

Figure 1. The SAR program indicates a slight possibility that GBP (A) might be a mouse carcinogen based upon
the presence of the putative toxicophore shown in bold. That putative toxicophore, however, is derived from a
single chemical, the carcinogen calciferol (B). The latter, however, is present in a very different environment
than GBP. Based upon that structural difference and the fact that the prediction is derived from a single chemical,
the prediction of carcinogenicity in mice was deemed irrelevant.
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The molecule contains the Toxicophore (nr.occ.= 1):

CH2 -CH2
\
CH2
/
CH2 -CH2
*#% 3 out of the known 4 molecules ( 75%) containing such a Toxicophore
are iGJIC.
H\
N—H
O
O—H

Figure 2. Prediction of the potential of GBP to inhibit gap junctional intercellular communication (GJIC).
The potential is due to the toxicophore shown in bold. The toxicophore is derived from 4 chemicals in the
data base. Three of these are active inhibitors of GJIC and one is marginally active. The structure of the four
chemicals is shown in Figure 3.
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Figure 3. Structures of the chemicals in the data base that are responsible for the toxicophore
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(Figure 2) associated with the potential of GBP to inhibit gap junctional intercellular
communication (GJIC). “a” and “m” indicate activity and marginal activity, respectively.
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The molecule contains the Toxicophore (nr.occ.= 1):

CO -CH2
*#% 6 out of the known 6 molecules (100%) containing such a Toxicophore
are inducers of o2pu-Nephropathy (conf.level= 98%)
H\
N—H
o)
O-H

Figure 4. Prediction of the potential of GBP to induce a2p-globulin associated nephropathy. The potential

derives from the toxicophore (shown in bold) that is present in the 6 active chemicals shown in Figure 5.
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Figure 5. Structures of the chemicals in the data base that are responsible for the toxicophore associated with the
potential of GBP to induce o2p-globulin associated nephropathy.

Abbreviation: TMHA = 3,5,5 — Trimethyl hexanoic acid
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The molecule contains the Biophore (nr.occ.=1)

kokk

sk
ET]
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kok

CH2 -CH2
\
C
/
CH2 -CH2

8 out of the known 8 molecules (100%) containing such a Biophore are inhibitors of cyp2D6

QSAR Contribution: Constant is: 72.15
The following Modulators are also present:
Log partition coeff.= 0.54;

LogP**2 contribution is 0.22
Hard/Soft index is = 1.14;

Its contribution is -45.05

Total projected QSAR activity

The projected cyp2D6 inhibiting potency is 27.3 SAR units **

Figure 6. Prediction of the ability of GBP to inhibit human cyp2D6. That potential is associated with

the biophores shown in bold. A projected potency of 27.3 SAR units indicates moderately weak
inhibition.
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The molecule contains the expanded Toxicophore (nr.occ.= 1):
A) NH2 -CH2

**% 1 out of the known 1 molecules containing such a Toxicophore
is a developmental toxicant (conf.level= 50%)
*** This biophore is not statistically significant ***

The molecule also contains the expanded Toxicophore:
(B) CH2-CH2-CH2-C -
**% 1 out of the known 1 molecules (100%) containing such a Biophore
is a developmental toxicant (conf.level= 50%)
*** This biophore is not statistically significant ***

*#%* The probability that this molecule is a Developmental Toxicant
is increased to 69% due to the potency of the extra Toxicophore

H
S —H

Figure 7. Prediction of the questionable potential of GBP to induce a
developmental effect in rats. That suspicion derives from the two putative
toxicophores (A and B) shown in bold. However, each is present in only one
chemical in the database. Note that GBP is not predicted to induce
developmental effects either in humans or in other species (see Table 1).
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Table 1.

Analysis
No.
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24
25
26
27
28
29
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31
32
33
34

I=Inactive

A=Active

Predicted Toxicological Profile of Gabapentin

SYSTEM

Structure Alerts:

Salmonella Mutagenicity:
Error-prone DNA repair

umu/SOS Repair

Unscheduled DNA Synthesis in vitro
Mutations in Mouse Lymphoma
Induction of Micronuclei in vivo
Sister Chromatic Exchanges in vivo
Sister Chromatic Exchanges in vitro
Chromosomal Aberrations in vitro
Yeast Malsegregation

Inhibition GJIC

Cell Transformation

Inhibition of Tubulin Polymerization
Rat MTD

Mouse MTD

Carcinogenicity: Rodent-NTP
Carcinogenicity: Rats-NTP
Carcinogenicity: Mice-NTP
Carcinogenicity: Rodent-CPDB
Carcinogenicity: Rats-CPDB
Carcinogenicity: Mice-CPDB
Carcinogenicity: Overall

Binding to A4 Receptor
Inhibition Human cyp2D6
Nephrotoxicity: Male Rats(a2p)
Developmental Toxicity: Hamster
Developmental Toxicity: Mouse
Developmental Toxicity: Rat
Developmental Toxicity: Rabbit
Developmental Toxicity: Human
Cellular Toxicity [3T3]

Cellular Toxicity [HeLa]

Rat Lethality [LDso]

* See text for discussion
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