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Glycogen synthase kinase-3p (GSK-3p) inhibitors
AR-A014418 and B6B30 prevent human
immunodeficiency virus-mediated neurotoxicity
in primary human neurons
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Glycogen synthase kinase-3p (GSK3p) role in human immunodeficiency virus
(HIV)-associated neurodegeneration has been evidenced by previous investi-
gations. In this study, we investigated the specificity of two GSK3p-specific
inhibitors, AR-A014418 (A) and B6B30 (B) to prevent direct neurotoxicity in
primary human neurons exposed to HIV (BaL). Neurons were exposed to HIV
(500 pg/ml) for 12-h and 6-day periods in the presence and absence of A (1 pM,
100 nM, 10 nM) and B (50 nM, 5 nM, 500 pM) to investigate acute and ongoing
mechanisms of HIV neurotoxicity. Using an lactate dehydrogenase (LDH)
assay to assess cytotoxicity, we observed a significant neurotoxic effect of
HIV from control values (P <.01) that was not restored via coexposures of all
concentrations of A and B. Additionally, no change in LDH levels were
observed after 6 days. However, activity of the acute proapoptotic markers
caspases 3 and 7 using a luminescence assay were measured and found to be
increased by exposure to HIV (Bal) compared to controls (P=.022). This
effect was ameliorated via coexposure to all concentrations of A and 50
nM B after 12 h (P<.01) and to all concentrations of A and B after 6 days
(P<.01). Overall, the results from this study provide further evidence for the
ability of GSK3p inhibition to be neuroprotective against HIV-associated
neurotoxicity by reducing HIV associated procaspase induction. These data
support a role for GSK3p as a potential therapeutic target and may have
important clinical implications for treatment of HIV-associated neurocognitive
disorder. Journal of NeuroVirology (2009) 15, 434—438.

Keywords: AR-A014418; B6B30; caspase; GSK3p; HIV; neurotoxicity

Introduction (Everall et al, 1991, 1993, 1999; Masliah et al,
1997). Clinically, both inflammatory and synapto-
Human immunodeficiency virus (HIV) is a  dendritic degeneration seen postmortem correlate

neurotropic virus that results in a spectrum of
inflammatory related brain changes, including
HIV encephalitis and HIV leukoencephalopathy
(Budka et al, 1991), accompanied by reductions in
synaptodendritic markers and neuronal loss
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with the severity of HIV-associated neurocognitive
disorder (HAND) seen prior to death (Cherner et al,
2002; Everall et al, 1999; Masliah et al, 1997). Despite
the introduction of highly active retroviral treatment
(HAART), HAND still remains prominent within the
HIV-infected community (Clifford, 2008; Nath et al,
2008). Therefore, although antiretrovirals (ARVs)
substantially reduce viral load, their effect on
reducing symptoms of HAND is less evident. The
pathophysiological process that results in HIV



neurodegeneration is complex and mediated by both
direct toxic effects of HIV viral proteins as well as
indirect toxic effects via release of proinflammatory
cytokines and dysregulation of other processes,
including trophic factors. Previously, we have noted
that synaptodendritic damage is related to brain viral
burden (Everall et al, 1999; Masliah et al, 1997) and
that the severity of neurodegeneration can be ame-
liorated when the host brain neurons can maintain
expression of the neurotrophic agent fibroblast growth
factor-1 (FGF1) (Everall et al, 2001). In further experi-
ments, we noted that the intracellular signaling path-
way by which FGF1 mediates this neuroprotection
involved the inhibition of glycogen synthase kinase-
3B (GSK3p). This was evidenced via blockade of the
phosphatidylinositol 3-kinase (PI3)/Akt pathway by
LY294002, a pathway that is an upstream regulator of
GSK3p (Sagara et al, 2001). GSK3f in the nervous
system has been associated with neuronal migration,
axonal remodeling, and synaptic plasticity (Packard
et al, 2003). In support of a neuroprotective capacity
of GSK3p inhibition, up-regulation of GSK3p has been
observed following exposure of cerebellar granule
neurons to HIV-tat and down-stream mediator plate-
let-activating factor (PAF), resulting in apoptosis
(Maggirwar et al, 1999; Tong et al, 2001).

In relation to the treatment of HAND, the mood
stabilizers lithium and sodium valproate have both
been shown to inhibit GSK3f activity (Klein and
Melton, 1996; Rowe et al, 2007). Our group noted
that that the HIV envelope glycoprotein (gp120) is
capable of causing direct toxicity in primary human
neuronal cultures (Everall et al, 2001) and that
lithium prevented gp120-associated neurotoxicity
(Everall et al, 2002), whereas Dou et al (Dou et al,
2003; Dou et al, 2005) noted a similar neuroprotec-
tive effect for both lithium and sodium valproate.
Clinically, Letendre et al (Letendre et al, 2006)
carried out a single-arm open-label pilot study of
lithium 300 mg daily for 12 weeks in eight HIV-
infected individuals with documented HAND.
Lithium was found to result in improved neuropsy-
chological performance in all individuals. Similarly
in a 10-week trial of 16 HIV-infected individuals, in
which 6 had no cognitive impairment, administra-
tion of 250 mg bid (twice daily) of sodium valproate
resulted in a trend for improved neuropsychological
performance and related to a significant increase in
N-acetylasparate activity in frontal white matter
as an indicator of improved activity (Schifitto et al,
2006). As both sodium valproate and lithium can
have multiple effects on several intracellular signal-
ing pathways, it is possible that other pathways not
involving GSK3p be involved in their therapeutic
action. Recently, it has been observed that lithium
and sodium valproate work synergistically to prevent
glutamate induced neurotoxicity in cerebellar gran-
ule cells, an effect that could also be achieved via the
transfection of cells with small interfering RNA
(siRNA) to GSK3p (Leng et al, 2008).
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This study highlights the potential of these
compounds in blocking GSK3B and preventing
neurodegenerative effects that may be advantageous
in alleviating symptoms of HAND. Therefore, the
aim of this investigation was to further charac-
terize how GSK3B-specific inhibition may mediate
neuroprotection resulting from direct HIV-mediated
neurotoxicity in vitro. We investigated the ability of
two recently developed specific GSK3p inhibitors,
AR-A014418 (A) and BIO-(2’Z,3’E)-6-bromoindiru-
bin-3’-oxime (B6B30) (B), in ameliorating HIV
(BaL)-mediated neurotoxicity, and assessed acute
mechanisms for this toxicity via measurement of
caspase activation and postnecrotic measurements of
lactate dehydrogenase (LDH) released from primary
human neurons exposed to HIV (Bal) viral super-
natants taken from human primary macrophages.

Results

LDH

A significant increase (P<.01) in LDH was observed
in primary human neurons following 12-h exposure
to 20% conditioned HIV macrophage supernatants
(equivalent to 500 pg/ml), demonstrating toxicity
of HIV to primary human neurons. This acute effect
was not ameliorated with coexposure of either
compound A or B, which were also elevated from
control values (P<.01) and not significantly different
from HIV alone (P>.10). No significant differences
in LDH values between conditions were seen in
6-day exposures.

12-Hour HIV exposure and caspase 3,7

Exposure of human primary neurons to 20%
conditioned HIV macrophage supernatants (equiva-
lent to 500pg/ml) produced a 34% increase in
caspase 3,7 activity and compared to controls
(P=.022). Coexposure of primary human neurons
with HIV and compound A at 1uM, 100nM, and
10nM produced 38%, 62%, and 58% decreases in
caspase 3,7 activity, respectively, when compared to
HIV alone (P<.01). Although all concentrations of A
reduced caspase 3,7 activity below even that for
controls, these effects were not significant. Coexpo-
sure of neurons with HIV and compound B at 50 nM
produced a 52% decrease in caspase 3,7 activity
when compared to HIV alone (P<.01). Although
other concentrations of B decreased activity of cas-
pase 3,7 from HIV alone, these effects did not reach
significance. Figure 1 below illustrates these results.

6-Day HIV exposure and caspase 3,7

Exposure of primary human neurons to 20% condi-
tioned HIV macrophage supernatants (equivalent to
500 pg/ml) for a period of 6 days produced a 24%
increase in caspase 3,7 activity compared to controls
(P<.01). Coexposure of primary human neurons with
HIV and compound A at 1uM, 100nM, and 10nM
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Figure 1 Twelve-hour caspase 3/7 activity of HIV (BaL) (500 pg/
ml)-exposed human primary neurons in the presence and absence
of GSK3p inhibitors A and B. Human primary neurons were
incubated for 12 h in the presence and absence of HIV (Bal) at
500 pg/ml with and without A (1 uM,1001M,10nM) and B (500 pM,
5nM, and 50nM). Exposure to HIV (BaL) resulted in a significant
increase in caspase 3/7 activity (P=.022). Coexposure of HIV with
all concentrations of A significantly decreased caspase 3,7 activity
from HIV alone (P <.01). Coexposure of compound B at 50nM also
produced significant decreases in caspase 3,7 activity (P<.01). Data
represented are% change in caspase 3,7 activity from controls.
*Significant at P<.05.

produced 29%, 25%, and 27% decreases in caspase
3,7 activity, respectively, when compared to HIV
alone (P<.01). Coexposure of primary human
neurons with HIV and compound B at 50nM,
5nM, and 500 pM produced 27%, 33%, and 39%
decreases in caspase 3,7 activity, respectively, when
compared to HIV alone (P<.001). Figure 2 below
illustrates these results.

Discussion

In this study we observed the ability of the specific
GSK3pB inhibitors AR-A014418 (1 uM, 500nM,
50nM) and B6B30 (50nM, 5nM, 500 pM) to signif-
icantly reduce HIV-induced caspase 3/7 activity back
to control values at both 12 hours and 6 days of
exposure. Whereas we noted that these two inhibi-
tors were not associated with neurotoxicity at ICsq
concentrations or above, we observed reduced HIV-
mediated caspase activation, insignificantly different
from control values, at both log,, order concentra-
tions above and below ICs,. This strongly implies
that GSK3p inhibitors may be effective in continually
and selectively mitigating proapoptotic HIV-induced
caspase cascades (Gwenn et al, 2002). However,
it should be noted that LDH levels remained
significantly elevated in HIV at 12 hours without
amelioration by GSK3p inhibitors. Furthermore,
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Figure 2 Six-day caspase 3/7 activity of HIV (BaL) (500 pg/ml)—
exposed human primary neurons in the presence and absence
of GSK3p inhibitors A and B. Human primary neurons were
incubated for 6 days in the presence and absence of HIV (BaL) at
500 pg/ml with and without A (1uM,100nM,10nM) and B
(500 pM, 5nM and 50nM). Exposure to HIV (BaL) resulted
in a significant increase in caspase 3/7 activity (P<.01). Coex-
posure of HIV with all concentrations of A and B significantly
decreased caspase 3,7 activity from HIV alone (P<.01). Data
represented are% change in caspase 3,7 activity from controls.
*Significant at P<.05.

LDH levels were not significantly elevated among
any exposure condition at 6 days. Although we
acknowledge that elevated LDH levels at 12 hours
could be an artifact from using macrophage super-
natant, other acute HIV-mediated neurodegenera-
tive processes may be at work. This implies that
GSK3p inhibitors may be effective in selectively
mitigating proapoptotic HIV-induced caspase cas-
cades (Gwenn et al, 2002), but not other possible
acute neurodegenerative factors caused by HIV such
as oxidative stress (Kaul et al, 2001). Although
caspase 3/7 and supernatant LDH levels did not
correlate at 6 days, it has been shown that activation
of caspases do not commit neuronal cells to imme-
diate cell death that would be detected by the LDH
assay but may induce a protracted or reversible form
of apoptosis (Zhang et al, 2000).

Our findings indicate that acute and long-term
HIV-mediated neurotoxicity via induction of proa-
poptotic cascades can be abrogated by inhibition of
GSK3p. However, because LDH levels measure the
end point of cell death, the discrepancy between
caspase and LDH results suggest that further study
is warranted on other distinct pathways of neurode-
generation. It is possible that other viral proteins
such as gp120, tat, and nef, which are known to be
neurotoxic (Bansal et al, 2000; Gurwell et al, 2001;



Trillo-Pazos et al, 2000), may also contribute to the
activation of caspase 3/7 that we observed in HIV
(BaL) exposures as well as cytokines and proinflam-
matory markers released by microglia. Preventing
HIV-mediated neurotoxicity and neurodegenerative
effects have implications in alleviating symptoms of
HIV within the brain and treatment of HAND. This
is consistent with a growing body of in vitro and
clinical literature demonstrating the neuroprotective
effects of inhibiting the GSK3p pathway with thera-
peutic agents such as lithium and sodium valproate
(Dou et al, 2003,2005; Everall et al, 2002; Letendre
et al, 2006). AR-A014418 neuroprotection demon-
strated in our study is consistent with a previous
finding also demonstrating this effect in neuroblas-
toma N2A cells exposed to f-amyloid neurodegener-
ative effects (Bhat et al, 2003). Our utilization of
specific GSK3p inhibitors to demonstrate neuropro-
tective effects against direct HIV-induced neurotoxic-
ity contribute to the rational of developing therapeutic
agents that target GSK3p activity (Cohen and Goedert,
2004; Dewhurst et al, 2007) and may provide a novel
approach to preventing the development and progress
of HAND in individuals stabilized on ARVs (Clifford,
2008; Nath et al, 2008).

Materials and methods

Establishment of primary human neuronal cultures

Human primary neuronal cultures were prepared as
previously described from human fetal brain tissue,
14 to 18 weeks’ gestation, collected from consenting
patients undergoing terminations without any clini-
cal identifiers (Advanced Bioscience Resources, CA,
USA) (Trillo-Pazos et al, 2004). Cultures were main-
tained for a period of 30 days prior to experimenta-
tion. This time period corresponds to the beginning
of N-methyl-d-asparate (NMDA) receptor expression
in these cultures and as such is representative of a
functionally mature phenotype (Mattson et al, 1991).

12-Hour HIV exposure

Human primary neurons were incubated in the
presence and absence of 20% conditioned HIV
(BaL) macrophage supernatants (equivalent to
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500 pg/ml) with and without GSK3B inhibitors
AR-A014418 (A) (1uM, 100nM, 10nM) and
B6B30 (B) (50nM, 5nM, 500 pM) (both obtained
from Sigma Aldrich, USA). IG5, values have been
previously determined to be 100nM for A and 5nM
for B from dose-response curves of inhibitor and
substrate affinity binding by nuclear magnetic reso-
nance spectroscopy (Meijer et al, 2004). Concentra-
tions used were shown to be nontoxic to neuronal
cultures in a prior 6-day exposure period measured
using a LDH cytotoxicity assay (CytoTox96, Pro-
mega, USA), which measures extracellular leakage
of this enzyme when the cell membrane is compro-
mised. HIV (Bal) is a macrophage-, monocyte-, and
CD4+ T cell-tropic HIV-1 strain obtained from the
NIH AIDS Research and Reference Reagent Program
(catalogue number 510). After 12 h, cells were
scraped and lysed using the the caspase-glo 3/7
luminscence assay (Promega) and levels of caspases
3 and 7 were measured as an early indicator of
neurodegenerative changes related to apoptosis.
Results were expressed as arbitrary relative lumines-
cence units and normalized into percent changes of
caspase luminescence from controls. LDH levels
from cellular supernatant were also measured after
12 h and normalized into percent change of LDH
released from controls.

6-Day HIV exposure

Exposure of human primary neurons to HIV with and
without A and B were repeated as above. Media,
including HIV and A and B, were changed once on
day 3. Caspase 3/7 and LDH measurements were
repeated after 6 days.

Statistical Analysis

An one-way analysis of variance (ANOVA) was
performed on the data to compare caspase 3/7
activation and LDH levels between control and
treatment groups using a Tukey-HSD (highly signif-
icant difference) post hoc analysis for multiple
comparisons.
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