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Aripiprazole (ARI) is a commonly prescribed medication used to treat schizophrenia and bipolar
disorder. To date, there have been no studies regarding the molecular pathological and immuno-
toxicological profiling of aripiprazole. Thus, in the present study, we prepared two different formulas
of aripiprazole [Free base crystal of aripiprazole (ARPGCB) and cocrystal of aripiprazole (GCB3004)],
and explored their effects on the patterns of survival and apoptosis-regulatory proteins under acute
toxicity and cytotoxicity test conditions. Furthermore, we also evaluated the modulatory activity of
the different formulations on the immunological responses in macrophages primed by various stimu-
lators such as lipopolysaccharide (LPS), pam3CSK, and poly(I:C) via toll-like receptor 4 (TLR4), TLR2,
and TLR3 pathways, respectively. In liver, both ARPGCB and GCB3004 produced similar toxicity
profiles. In particular, these two formulas exhibited similar phospho-protein profiling of p65/nuclear
factor (NF)-«B, c-Jun/activator protein (AP)-1, ERK, JNK, p38, caspase 3, and bcl-2 in brain. In
contrast, the patterns of these phospho-proteins were variable in other tissues. Moreover, these two
formulas did not exhibit any cytotoxicity in C6 glioma cells. Finally, the two formulations at available
in vivo concentrations did not block nitric oxide (NO) production from activated macrophage-like
RAW264.7 cells stimulated with LPS, pam3CSK, or poly(I:C), nor did they alter the morphological
changes of the activated macrophages. Taken together, our present work, as a comparative study of
two different formulas of aripiprazole, suggests that these two formulas can be used to achieve similar
functional activation of brain proteins related to cell survival and apoptosis and immunotoxicological
activities of macrophages.
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INTRODUCTION chosis such as schizophrenia, episodes associated with bipo-

lar disorder, delayed sleep phase syndrome, and irritability

Aripiprazole (ARI, 7-{4-[4-(2,3-dichlorophenyl)piperazin- in children with autism [1,2]. With respect to its mecha-
1-yl]butoxy}-3,4-dihydroquinolin-2(1H)-one) is a commonly nism of action, several recent pharmacological studies have
prescribed atypical antipsychotic drug used to treat psy- revealed that aripiprazole directly modulates monoaminergic
systems by acting as both a dopamine agonist and antago-

Received March 24, 2015, Revised May 15, 2015, nist while stabilizing the dopamine D2 and 5-hydroxytrypt-

Accepted June 2, 2015 amine (5-HT);a receptor Gai protein-complex [3,4]. The

pharmacological roles of aripiprazole as a free radical scav-
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gastroprotective agent, anti-oxidative drug, and modulator
of adipogenic gene expression [6-8].
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However, aripiprazole has a very low aqueous solubility
leading to a slow onset time of approximately 3 to 5 h. This
limitation should be overcome for better drug-delivery effi-
ciency and improved systemic exposure in the clinic. The
cocrystal formulation of aripiprazole (GCB3004) was found
to improve the limitation of free base crystal formula of
aripiprazole (ARPGCB) in terms of higher water solubility
and pharmacokinetic profiles (data not shown). In addition,
it was reported that there is no significant acute toxicity
following intraperitoneal injection of aripiprazole at a dose
range of 1 to 20 mg/kg [9]. The metabolism of aripiprazole
is mainly managed by hepatic cytochrome P450 (CYP) iso-
zymes 3A4 and 2D6, and dehydroaripiprazole is known to
be a major metabolite, showing reasonable affinities to the
dopamine 2 receptor [10]. Aripiprazole has long half-life,
taking 2 weeks to reach steady state in plasma [11].

Based on these findings, the necessity to examine the
pathological and immunotoxicological profiles of aripipra-
zole in the body at the molecular level has greatly increased.
Therefore, in the present study, we aimed to investigate
the effect of aripiprazole on the activation of death-related
proteins in organs from mice orally administered conven-
tionally crystallized aripiprazole (ARPGCB) or cocrystal-
lized aripiprazole (GCB3004), the latter of which is phar-
maceutically and pharmacokinetically improved with re-
spect to solubility, chemical stability, oral adsorption, and
dissolution properties [12]. In addition, we evaluated the
cytotoxic and immunotoxicological activities of ARPGCB
and GCB3004 in C6 glioma cells and activated macro-
phage-like RAW264.7 cells.

METHODS
Mice

Six-week-old male ICR mice were purchased from
DAEHAN BIOLINK (Chungbuk, Korea). Mice were given
food pellets (Samyang, Daejeon, Korea) and water ad libitum
under a 12-h light/dark cycle. Studies were performed in
accordance with guidelines established by the Sungkyunkwan
University Institutional Animal Care and Use Committee.

Materials

Two forms of aripiprazole [free base crystal form of aripi-
prazole (ARPGCB) or cocrystallized form of aripiprazole
(GCB3004)] were supplied from GCB Company (Suwon,
Korea). For preparing cocrystallized aripiprazole by solvent
method, free base crystal form of this drug was mixed with
acid-pyridine under heating conditions and then obtained
co-crystal form of aripiprazone under cooling conditions.
The tetrazole (3-4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), pam3CSK, peptidoglycan (PGN),
and lipopolysaccharide (LPS, Escherichia coli 0111:B4)
were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). Fetal bovine serum (FBS) and RPMI1640
were obtained from GIBCO (Grand Island, NY, USA).
RAW264.7 cells were purchased from American Type
Culture Collection (Manassas, VA, USA). All other chem-
icals were of reagent grade. Antibodies to total forms or
phospho-forms of p65, c-Jun, extracellular signal-related
kinase (ERK), c-Jun N-terminal kinase (JNK), p38, caspase
3, bcl-2, and B-actin were obtained from Cell Signaling
Technology (Danvers, MA, USA) and Santa Cruz Biotech-

nology (Santa Cruz, CA, USA).

Single dose treatment and measurement of serum
parameters

Five mice were orally administered with a single dose
of ARPGCB or GCB3004 (500 mg/kg). Mortality and
changes in body weights were then monitored over the next
24 h. After monitoring, all remaining animals from each
group were sacrificed and the weights of key organs were
determined. Serum samples were obtained by centrifu-
gation of blood at 4,000 rpm for 15 min at 4°C and then div-
ided into Eppendorf tubes. Isolated sera were stored at —
20°C until used for analyses. The levels of serum alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) were measured with a Roche Modular spectrophoto-
metric autoanalyzer as reported previously [13].

Cell culture

RAW264.7 cells, a murine macrophage cell line, were
maintained in RPMI1640 media supplemented with 100
U/ml penicillin, 100 2 g/ml streptomycin, and 10% FBS.
Cells were grown at 37°C and 5% CO: in a humidified
atmosphere.

Cell viability assay

(6 glioma and RAW264.7 cells (1x10° cells/ml) were plat-
ed and grown for 18 h, after which ARPGCB or GCB3004
(0 to 100 1 M) were added to the cell suspensions and in-
cubated for 24 h. Cytotoxic effects of testing compounds
were evaluated by a conventional MTT assay as reported
previously [14]. At 3 h prior to culture termination, 10 «1
of MTT solution (10 mg/ml in phosphate buffered saline,
pH 7.4) was added and cells were continuously cultured un-
til assay termination. The incubation was halted by the ad-
dition of 15% sodium dodecyl sulphate to each well to solu-
bilize the formazan crystals [15], and the absorbance at 570~
630 nm (ODs570.630) was measured using a Spectramax 250
microplate reader.

Morphological Analysis

C6 glioma and RAW264.7 cells were pretreated with
ARPGCB or GCB3004 for 30 min and then incubated with
LPS for the indicated time points. Images of the cells in
culture at the indicated time points were obtained using
an inverted phase contrast microscope that was interfaced
with a video camera using Image J software [16,17].

Determination of NO production

After pre-incubation of RAW264.7 cells (1x10° cells/ml)
for 18 h, cells were treated with ARPGCB or GCB3004 (0
to 10 #M) for 30 min and then further incubated with LPS
(1 xg/ml) for 24 h. The inhibitory effects of ARPGCB or
GCB3004 on NO production were determined by analyzing
NO levels with Griess reagents as described previously [18].

Preparation of tissue lysates and immunoblotting analysis
Tissues were washed three times in cold PBS with 1 mM

sodium orthovanadate and lysed by a sonicator or a
Tissuemizer in lysis buffer (20 mM Tris-HCI, pH 7.4, 2 mM
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Fig. 1. Acute toxicity of ARPGCB or GCB3004 in mice. (A) The levels of serum parameters (AST and ALT) from mice orally administered
ARPGCB or GCB3004 (each 500 mg/kg). (B) Organs from mice orally administered with ARPGCB or GCB3004 (each 500 mg/kg). Data

represent the mean+SD of an experiment performed with five mice.

EDTA, 2 mM ethyleneglycotetraacetic acid, 50 mM B -gly-
cerophosphate, 1 mM sodium orthovanadate, 1 mM dithio-
threitol, 1% Triton X-100, 10% glycerol, 10 «g/ml aprotinin,
10 ¢ g/ml pepstatin, 1 mM benzimide, and 2 mM PMSF)
for 30 min with rotation at 4°C. The lysates were clarified
by centrifugation at 16,000xg for 10 min at 4°C and stored
at —20°C until needed. Soluble tissue lysates were im-
munoblotted and protein levels were visualized as pre-
viously reported [19].

Statistical analysis

All data in this paper are presented as the mean+SD ex-
periments performed with five (Fig. 1) or six (Fig. 3 and
4) samples. For statistical comparisons, these results were
analyzed using ANOVA/Scheffe’s post hoc test and
Kruskal-Wallis/Mann-Whitney test. p-values<0.05 were
considered statistically significant. All statistical tests were
carried out using the computer program SPSS (SPSS Inc.,
Chicago, IL, USA). Similar experimental data were also ob-
served by an additional independent set of in vitro and in
vivo experiments performed with the same numbers of sam-
ples or mice.

RESULTS

Effect of singly treated aripiprazole on acute toxicity
in mice

To understand the toxicological features of aripiprazole,
we first examined whether a single dose treatment (500
mg/kg) of aripiprazole induces acute toxicity in mice. Two
pharmaceutical formulations of aripiprazole [free base crys-
tallized formulation (ARPGCB) and cocrystallized formulation
(GCB3004)] were chosen for this study. As shown in Fig.
1, these two formulas did not strongly exhibit toxic activity.
Specifically, the serum levels of AST and ALT were not dif-
ferent between the two treatment groups, although the lev-
els of each were decreased following treatment (Fig. 1A).
While there was no striking difference in the shape and

size of most organs treated with the aripiprazole compared
with control animals, we did notice a slight variation in
the length of the small intestine upon aripiprazole treat-
ment (Fig. 1B). Thus, more detailed toxicological studies
by exploring the levels of apoptotic and cell survival pro-
teins were deemed necessary to evaluate the toxicological
activities of the aripiprazole formulations.

Effect of aripiprazole on the phospho-protein levels of
survival- and apoptosis-regulatory proteins in organs

To evaluate the toxicological properties of aripiprazole in
each organ, we next investigated whether aripiprazole was
able to modulate the levels of activated survival/death-regu-
latory proteins such as p65/NF- «B, c-Jun/AP-1, and MAPKs
as well as apoptosis-regulatory proteins such as bcl-2 and
caspase-3 which are involved in controlling cell growth, pro-
liferation, and apoptosis [20,21]. This analysis was per-
formed by preparing whole tissue lysates from mice treated
with a single dose of one of the two aripiprazole for-
mulations and evaluating the phosphorylated levels of p65,
c-Jun, ERK, JNK, caspase 3, and bcl-2 in immunoblotting
analysis. As shown in Fig. 2, the phospho- and total protein
patterns of these proteins were variable between organs in
each group. First of all, phospho-protein levels of ERK,
JNK, and p38 and total protein levels of caspase 3 and bcl-2
were increased by the two formulations in the brain, which
is the known target organ of aripiprazole [5], while p-p65
but not p-c-Jun was decreased by aripiprazole treatment
(Fig. 2). With respect to other organs (thymus, heart, lung,
liver, spleen, stomach, kidney, intestine, and bladder), the
two formulations exhibited opposite effects on protein ex-
pression in tissues for p-p65, p-JNK, caspase-3, and bcl-2
levels, but similar patterns for p-c-Jun level in mice (Fig. 2).

Cytotoxic effects of aripiprazole

The cytotoxicity of the two aripiprazole formulas was ex-
amined by determining their effects on cell viability.
Specifically, we determined the anti-proliferative activity
of ARPGCB and GCB3004 using C6 glioma cells. As shown
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Fig. 2. Effect of ARPGCB or GCB3004 on the level of cell death-related molecules in organs. (A, B, and C) The levels of cell death-related
proteins such as (p65/NF-«B, c-Jun/AP-1, ERK/MAPK, JNK/MAPK, p38/MAPK, caspase 3, bcl-2, and [B-actin) were identified by
immunoblotting from tissue lysates prepared from mice orally administered with ARPGCB or GCB3004 (each of 500 mg/kg). The results
shown are representative of three independent experiments.
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Fig. 3. The effect of ARPGCB or GCB3004 on the viability of C6 glioma cells. (A) C6 glioma cells (2x10° cells/ml) were incubated with
ARPGCB or GCB3004 for 24 h. Cell viability was evaluated by conventional MTT assay. (B) Images of the cells in culture at 12 h were
obtained with an inverted phase contrast microscope that was interfaced with a video camera using Image J software.

in Fig. 3A, there was no significant decrease of C6 glioma
cell viability by the two aripiprazole formulas up to 100
#M, indicating that both forms of aripiprazole can be con-
sidered non-toxic. Furthermore, neither of the two formulas
induced any morphological changes, a strong marker of cell
death [22,23], in C6 glioma cells up to 20 h compared with
control treated cells (Fig. 3B).

Effect of aripiprazole on the induction of macrophage
activation

The immunomodulatory activity of aripiprazole at in vivo
available concentrations was explored by treating macro-
phage-like RAW264.7 cells with the two formulations to de-
termine their influence on immune cell survival and function.
As shown in Fig. 4A, neither formulation (0 to 10 ~M) sup-
pressed RAW264.7 cell viability. Similarly, NO production
in LPS-stimulated RAW264.7 cells was not significantly
suppressed by the two formulations (Fig. 4B), suggesting
that aripiprazole does not induce a blockade of the immuno-
logical response of macrophages. Moreover, NO release
stimulated by Poly(I:C) and Zym A was not decreased (Fig.
4C and 4D). Finally, the morphology of RAW264.7 cells un-
der LPS exposure was not strikingly different between the
aripiprazole treated cells and control cells (Fig. 4E).

DISCUSSION

In this study, therefore, we intended to evaluate the
pathological and immunotoxicological activity of these two
formulas at the molecular levels using a single, high dose
(500 mg/kg) oral administration of two different formu-
lations of aripiprazole. As shown in Fig. 1, there was no
significant difference between free base crystallized aripi-
prazole and cocrystal formulation with respect to serum pa-
rameters such as AST and ALT, which are two major mark-
er proteins that can be used to indicate liver toxicity [24],
although both formulations lowered ALT levels (Fig. 1A).

Considering that the LDso values of the conventional for-
mulation of aripiprazole ranges from 700 to 950 mg/kg, we
considered the possibility that the dose used in the present
study (5600 mg/kg) could induce cellular and organ damage
[25] without having a significant effect on liver parameters.
Therefore, we next performed molecular profiling of surviv-
al and apoptosis-regulatory proteins in tissues of mice
treated with the different aripiprazole formulations com-
pared with control. As shown in Fig. 2, the molecular acti-
vation patterns of survival-regulatory proteins, p65/NF- «B
and c-Jun/AP-1, and apoptosis-regulatory proteins, cas-
pase-3 and bcl-2 were not significantly varied between the
two different formulations, although differences between
their effects in individual organs in mice were noted.
Importantly, the fact that these two formulations exhibited
very similar molecular profiles for p65, c-Jun, ERK, JNK,
p38, caspase-3, and bcl-2 in the brain (Fig. 2), which is the
primary target organ of aripiprazole [26], suggested that
the pharmacological activity of the cocrystal form of aripi-
prazole (GCB3004) possesses comparable activity to the
conventional form of the drug (ARPGCB) in addition to im-
proved drug solubility (data not shown). Interestingly,
these two formulations induced different phospho-protein
patterns in other organs (Fig. 2). Furthermore, ARPGCB
and GCB3004 did not induce any significant cytotoxicity
and morphological changes in C6 glioma cells (Fig. 3A and
3B). Taken together, these results strongly suggest that
there is a possibility that these formulations may induce
additional pharmacological actions in an organ-specific
manner without inducing cellular cytotoxicity. In fact, im-
mune cell rich organs such as thymus, lung, intestine, and
spleen exhibit opposite patterns between these two for-
mulas (Fig. 2), implying that different formulations with
aripiprazole could induce distinct responses in the body.
Although it is not clear why these two formulas show varia-
ble effects, two potential possibilities could be explained.
First, different pharmacokinetic profiles between these for-
mulas could be prime reason of this. Since blood concen-
trations are dependent of pharmacokinetic feature of orally
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administered drug and subsequently affect cellular concen-
trations, difference of molecular profiling in various organs
and tissues between these formulas could be due to their
pharmacokinetic characteristics. Indeed, under our experi-
ence, we have reported that the phosphorylation of cellular
proteins is variable according to treatment time of inducers
and drugs [27,28]. Thus, it is supposed that highly in-
creased levels of co-crystallized aripiprazole seem to induce
different profiling of phosphorylation patterns compared to
free base crystalized aripiprazole. As the other point, differ-
ent three dimensional structures between cocrystal and free
base crystal forms of aripiprazole can be considered. It has
been reported that salt form and cocrystal from of adenine
display distinctive three dimensional structures [29].
Namely, different crystal formulas could alter molecular in-

control group.

teraction between target proteins and aripiprazone. To ex-
actly explain the possibilities, however, additional experi-
ments will be continued.

Because ARPGCB and GCB3004 exhibited different pat-
terns in immune organs, we next examined whether these
two formulations have distinct immunotoxicological profiles.
In order to evaluate this possibility, we evaluated the effect
of the two formulations on cytotoxic NO release [30] in mac-
rophage-like RAW264.7 cells stimulated by either the TLR4
ligand LPS, the TLR2/dectinl ligand zymosan A, or the
TLR3 ligand poly (I:C). As reported previously, we obtained
similar NO production levels (10 to 45 «M of nitrate) with
each stimulus group [16,31,32]. As expected, there was no
significant inhibition of NO production by the aripiprazole
formulations in cells stimulated by the different TLR li-
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gands (Fig. 4) under non-cytotoxic and serum available
conditions. Furthermore, the aripiprazole formulations did
not alter the morphological changes of RAW264.7 cells trig-
gered by LPS and pam3CSK (Fig. 4E), which can be seen
in the activation stages [33]. Moreover, there was no strik-
ing difference in NO production or morphological changes
in the ARPGCB- and GCB3004-treated groups, indicating
that neither of the two formulations affected the immuno-
logical responses of macrophages. There is clear evidence
indicating that aripiprazole can affect various immuno-
logical phenomena managed by B cells, T cells, and macro-
phages. Furthermore, a few studies have suggested that
aripiprazole can directly modulate the production of super-
oxide, NO, and TNF-a@ from phorbal-12-myristate-13-ace-
tate- and interferon- 7 -stimulated microglical cells [8], which
are known to be related to the pathophysiology of schizo-
phrenia [34]. We will continue to search for an explanation
for the pharmacological discrepancy between glioma cells
and RAW264.7 cells treated with aripiprazole, and are also
planning to further investigate the immunotoxicological ac-
tivity of aripiprazole by utilizing primary immune cells.

In conclusion, we performed comparative study of two dif-
ferent formulas (free base crystal or cocrystal formular) of
aripiprazole, of which the cocrystal form exhibited higher
solubility and improved pharmacokinetics. The acute tox-
icity test induced by single oral administration (500 mg/kg)
indicated that there was no significant difference of phos-
pho-proteins related to survival and apoptosis in the brain.
However, the levels of these proteins were found to be vari-
able in other organs. In addition, neither of the two for-
mulations were cytotoxic or immunotoxic in C6 glioma cells
and activated macrophages. Therefore, our data strongly
suggest that there was no difference in immunotoxicological
profiles between these two formulas.
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