Citation: Cell Death and Disease (2013) 4, e451; doi:10.1038/cddis.2012.187
© 2013 Macmillan Publishers Limited Al rights reserved 2041-4889/13

@

www.hature.com/cddis

Anthraquinone-2-sulfonic acid (AQ2S) is A Novel
Neurotherapeutic Agent

TC Jackson*', JD Verrier? and PM Kochanek'

Anthraquinone derivatives such as emodin have recently been shown to protect in models of beta amyloid g (Ap) and tau
aggregation-induced cell death. The mechanisms of action possibly involve preconditioning effects, anti-aggregation properties,
and/or enhancing the phosphatidylinositol-3-kinase (PI3K)/AKT survival mechanism. We studied several natural (emodin, rhein,
and aloin) and synthetic (AQ2S) anthraquinones, to screen for post-treatment therapeutic benefit in two models of neuronal
death, namely hydrogen peroxide (H,0,) and staurosporine (STS)-induced injury. Treatment with emodin, rhein, or aloin failed to
reduce H,0; injury. Moreover, consistent with emodin behaving like a mild toxin, it exacerbated oxidative injury at the highest
concentration used (50 uM) in our post-treatment paradigm, and potently inhibited AKT. In contrast, AQ2S was neuroprotective.
It reduced H,0, injury at 50 and 75 xM. In addition, AQ2S potently inhibited staurosporine (STS)-induced injury. The mechanisms
of action involve caspase inhibition and AKT activation. However, blockade of AKT signaling with LY294002 failed to abolish
AQ2S-mediated protection on the STS assay. This is the first study to report that AQ2S is a new neuroprotective compound and a

novel caspase inhibitor.
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Quinones are a unique class of organic compound identified
by the presence of a cyclic diketone structure. The simplest
example is 1,4-benzequinone (BQ). BQ consists of a single
benzene ring flanked by 2 ketone [R-C(=0)] groups at the
first and fourth carbons. 9—-10-anthraquinone (AQ) is slightly
more complex. AQ is derived from the three-ring aromatic
structure anthracene.

Anthraquinones constitute a large and diverse subgroup
within the quinone superfamily. Anthraquinone-based drugs
are used as chemotherapeutic agents’? and laxatives.®
Moreover they show promise as treatments for malaria,*®
and multiple sclerosis.®”

Recent studies show that some natural anthraquinones are
also neuroprotective. The compound 6-methyl-1,3,8-trihy-
droxyanthraquinone (emodin) is a promising therapeutic
agent with possible indications for the treatment of neurode-
generative disease. It inhibits aggregation of pathological
tau,® and prevents f-amyloid-induced neuronal death in vitro.°
Moreover, pre-treatment with emodin prevents H,O.-induced
death of cortical neurons.™ Finally, in vivo administration of
emodin-8-O-f-p-glucoside reduces infarct volume after focal
cerebral ischemia in rodents. Superoxide dismutase (SOD)

activity was increased, and lipid peroxidation decreased, by
the emodin analog in this study.

The anti-aggregation activity of emodin may be a shared
trait amongst anthraquinones. AQ intercalates with -amyloid
sheets, and efficiently prevents aggregation of toxic Af-1_40. '
Furthermore, Colombo et al.'® found that the chemothera-
peutic anthraquinones mitoxantrone and pixantrone prevent
aggregation of toxic (soluble) Af-1_so.'® Pixantrone also
inhibited Ap-1_42 toxicity in neuroblastoma cells.

Finally, 1,8-dihydroxyanthraquinone (danthron) prevents
death of neuron/glia co-cultures in five models of oxidative
injury. It reduces death by toxic Ap, Fe®** peroxidation,
glutathione depletion, nitric oxide radicals, and H,O,. How-
ever, danthron was ineffective against zinc toxicity, Os
radicals, N-methyl-p-aspartic acid, kainate, staurosporine
(STS), or dextromethorphan.'*

The neuroprotective mechanism(s) induced by emodin are
unclear. Addition of LY294002, a phosphatidylinositol-3-
kinase/AKT inhibitor, blocked its pro-survival action in the
Ap toxicity assay.® This suggests that AKT has an important
role in emodin-induced protection. However, Af robustly
inhibits endogenous AKT activity in both primary neurons®
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and cerebrovascular endothelial cells.'® Thus, emodin (as an
aggregate inhibitor) may simply relieve Ap-induced AKT
repression. Furthermore, arguing against a direct stimulatory
effect of emodin on AKT activation, studies report that it is a
potent PI3K inhibitor (ICso 3.3 uM)."”"'® Moreover, studies in
cancer cells report that emodin stimulates oxidative injury and
promotes cell death.'®2° Thus, at non-lethal doses, it may
induce a preconditioning response in neurons, and protect
against subsequent injury.

We tested if post-treatment with emodin ameliorated
neuronal injury after an oxidative insult. Moreover, to identify
new AQ-based neuroprotectants, we tested if post-treatment
with rhein, aloin, or AQ2S reduces oxidative injury. Only AQ2S
protected neurons in our study. We focused our efforts on
validating AQ2S as a novel therapeutic agent, and sought to
elucidate the mechanisms involved in neuroprotection.

Results

Post-injury treatment with natural anthraquinones does
not prevent H,0,-induced neuronal death. We first
developed a sensitive H,O, injury protocol (Supplementary
Figure 1). Cortical neurons were harvested and grown in
neurobasal media containing B27 in the presence of
antioxidants for 3 days. Prior studies show that neurons
do not require antioxidants to survive after the first
24h.2" Therefore, fresh neurobasal media was prepared
without antioxidants (i.e., B27-A0) for subsequent media
exchanges. At D.L.LV. 10-11, maintenance media was
replaced with unsupplemented neurobasal (i.e., without
B27) containing H>O, and incubated for 35min. Neurons
were returned to fresh neurobasal/B27 (—AO) media, and cell
viability measured 24h later. As expected, even low
concentrations of H,O, (25-50 uM) significantly increased
TUNEL staining (Supplementary Figures 1A—E), significantly
decreased cell viability (Supplementary Figure 1F), and
increased caspase-3/7 activity (Supplementary Figures 1G
and H). From these preliminary results, we extrapolated the
optimal 40 uM H,O, dose to screen neuroprotection of test
compounds.

Insulin like growth factor-1 (IGF-1) stimulates IGF-1
receptor phosphorylation (Figure 1a-western blot insert),
and is an established in vitro and in vivo neuroprotectant.?23
It is effective if administered before (pre-treatment), but not
after H,O, insult.?*2® The mechanism(s) involve H,O,-
mediated inactivation of neuronal IGF-1 receptor signaling.?’
Because H,O, injury induces major derangements in cell
signaling, and is an important component to many forms of
acute brain injury, we sought to test if anthraquinones could
prevent neuronal death when applied after H,O, injury. To
validate cell signaling derangement in our system, HyOo-
injured neurons were subsequently treated with 100 ng/ml
IGF-1. Post-treatment with IGF-1 failed to rescue neurons
from H,O injury (Figures 1a-d). The natural anthraquinones
rhein (Figure 1a) and aloin (Figure 1b) were also ineffective at
any concentration tested 24-h post-injury. Unexpectedly, 5
and 25uM emodin (Figure 1c) failed to protect neurons
from H,O,. Moreover, 50uM emodin exacerbated cell
death. Alternatively, 50uM AQ2S significantly reduced
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H>O.-induced cell death (Figure 1d). To validate the results,
we compared the worst and best anthraquinones (emodin
versus AQ2S) on a caspase 3/7 activity assay. Compared with
control injury, emodin significantly reduced caspase activity at
all three concentrations (Figure 1e). Similarly, AQ2S inhibited
caspase 3/7 activity at both the 25 and 50 uM concentrations,
but not at the lowest 5 uM concentration (Figure 1f).

AQ2S was the only compound able to inhibit cell death
when given after H>O, injury. Thus we focused our efforts to
validate AQ2S-mediated neuroprotection. The H,O» injury
assay was repeated using a higher concentration of AQ2S.
75 uM AQ2S potently prevented cell death induced by 40 uM
H>O,, measured 24h after injury (Figure 2a). Moreover,
consistent with prior results, 75uM AQ2S significantly
inhibited caspase 3/7 activity below injured and non-injured
levels (Figure 2b).

AQ2S prevents classic STS-induced cell death. STS is
an established inducer of caspase-mediated apoptotic cell
death in neurons.?®*° To further authenticate AQ2S as a
novel neuroprotective compound, we subjected cortical
neurons to STS injury£AQ2S. In preliminary dose—
response experiments, we found that 150nM STS for 24 h
optimally decreased viability measured by a live-cell protease
activity assay (Supplementary Figure 2A) and increased
lactate dehydrogenase (LDH) release (Supplementary
Figure 2B). Co-treatment with 75uM AQ2S significantly
reduced 24 h STS injury determined by four different assays:
resazurin metabolism (CellTiter Blue; Figure 3a), LDH
release (Figure 3b), cellular ATP levels (GLO-Viability Assay;
Figure 3c), and live-cell protease activity (CellTiter-Fluor;
Figure 3d). AQ2S alone did not significantly alter baseline
viability or cytotoxicity.

48-h high-dose (500-1000nM) STS induces caspase-
independent cell death mechanisms in neurons.®! We tested
if AQ2S prevents neuronal death after 24-h incubation with
500 nM STS. This concentration of STS resulted in near total
death of neurons. Co-treatment with AQ2S only slightly
augmented neuronal viability at 125 and 150 uM (Supple-
mentary Figure 3).

AQ2S is a novel caspase-3 inhibitor. Incubation of cortical
neurons with 250 nM STS for 24 h significantly induced cell
death (Supplementary Figure 4A; 81.1% decrease in
neuronal viability), and robustly upregulated caspase3/7
activity (Supplementary Figure 4B).

STS injury was repeated in the absence or presence of
AQ28S. Similar to prior results, 250 nM STS reduced viability
by 71.5% after 24 h. Co-treatment with either 75 or 125 uM
AQ2S significantly reduced cell death (Figure 4a). AQ2S-
treated neurons showed a 17.6% reduction in viability,
compared with non-injured controls, after 24h STS. More-
over, AQ2S completely blocked STS-induced caspase-3
activation, and inhibited caspase-3 activity below baseline
levels (Figure 4c). Both AQ2S and Emodin were evaluated on
an in vitro caspase-3 inhibitor drug screening assay. Only
AQ2S and ZVAD-fmk significantly reduced the activity of
recombinant caspase-3 (Figure 4c).

Caspase-3 inhibition was confirmed by biochemical analy-
sis. Protein samples harvested from neurons incubated with
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Figure 1

Effect of anthraquinones on H202 Injury. Primary rat cortical neurons were seeded onto a 96-well plate. (a) The effect of 100 ng/ml IGF-1 and rhein on 24-h

neuronal death. Validation of IGF-1 stimulation (boxed western blot insert—upper right). Both IGF-1R and Akt are activated after 25-min stimulation with 100 ng/ml IGF-1in 2-h
supplement starved cortical neurons. (b) The effect of 100 ng/ml IGF-1 and aloin on neuronal death. (c) The effect of 100 ng/ml IGF-1 and emodin on neuronal death.
(d) The effect of 100 ng/ml IGF-1 and AQ2S on neuronal death. (e) The effect of emodin on H202-induced caspase 3/7 activation. (f) The effect of AQ2S on H202-induced
caspase 3/7 activation. Horizontal black bars indicate groups treated with 40 uM H202. Data was analyzed using one-way-ANOVA (n = 8/treatment; P<0.0001; graphs show
mean + S.E.M.). Letters indicate significant results of Fisher LSD post-hoc test. a = compared with no injury DMSO control (white bar) b = compared with injury only DMSO
(black bar) and IGF-1, ¢ = compared with injury only DMSO (black bar) and 50 pM aloin, d = compared with injury only DMSO (black bar), IGF-1, 5 emodin, and 25 uM
emodin, e =compared with injury only DMSO (black bar), IGF-1, and 5 uM AQ2S, f=compared with injury only DMSO (black bar), g = compared with 5 M emodin,

h = compared with injury only DMSO (black bar), i = compared with 25 uM AQ2S

125uM AQ2S and 500nm STS for 6h were run on western
blot. Consistent with caspase-3 inhibition, cleaved (i.e.,
activated) capase-3 was reduced in AQ2S-treated neurons
(Figure 4d). Finally, we biochemically confirmed the inhibition
of caspase-3 by AQ2S via western blot analysis of substrate
cleavage products. Poly ADP ribose polymerase is a classic
caspase-3 substrate. The parent protein migrates at ~116

KDa on SDS-PAGE. An 89-KDa product is produced upon
cleavage by caspase-3. Cortical neurons were subjected to
250nM STS for 6h. 125 uM AQ2S significantly reduced the
formation of the 89-KDa species (Figures 4e and f).
Furthermore, 125 M AQ2S reduced loss of the NF-«B p65
subunit (another caspase-3 target®%) after 17 h 250 nM STS
(Supplementary Figure 5).

Cell Death and Disease
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Figure 2 Enhanced protection against H202 injury by high-concentration Ag2s. Primary rat cortical neurons were seeded onto a 96-well plate. (a) The effect of AQ2S on
neuronal viability. (b) The effect of AQ2S on H202-induced caspase 3/7 activation. Caspase results were transformed to log(Y) values and analyzed using one-way-ANOVA
(n=8/treatments; P<0.0001; graphs show mean + S.E.M.). Viability was analyzed using one-way-ANOVA (P<0.0001). Asterisks (*) indicate Fisher LSD post-hoc
significance
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Figure 3 AQ2S prevents STS-induced neuronal death. Primary rat cortical neurons were seeded onto 96-well plates. The effect of + 150 nm STS and + 75 uM AQ2S
on 24-h neuronal viability and cell death as quantified by (a) celltiter Blue (n = 6/treatment group), (b) LDH release (n= 8/treatment group), (¢) viability-GLO ATP assay
(n=10/no injury groups; n=9/STS injury groups), and (d) live-cell protease activity (n = 8/treatment group). Assays were analyzed using one-way-ANOVA (P<0.0001;
graphs show mean + S.E.M.). Asterisks (*) indicate significance with Fisher's LSD post-hoc test
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Figure 4 AQ2S is a direct caspase-3 inhibitor. Primary rat cortical neurons were seeded onto a 96-well plate. (a) The effect of 24 h 250 nm STS on neuronal viability in the
absence or presence of AQ2S (n= 7/STS control injury, n = 8/all other treatments). (b) The effect of AQ2S, Emodin, and ZVAD-fmk to inhibit recombinant activated caspase-
3 as determined by inhibition of free AFC in a 96-well in vitro assay (n = 7/no inhibitor, n = 8/ZVAD-fmk, n =4 all other treatment groups). (c) The effect of 24 h 250 nm STS on
neuronal caspase 3/7 activity the absence or presence of AQ2S (n=7/STS control injury, n= 8/all other treatments). (d) Biochemical validation of caspase-3 inhibition in
neurons after 6 h 500 nm STS + 125 uM AQ2S (n = 2/treatment). (e) PARP cleavage in neurons after 6 h 250 nm STS + 125 uM AQ2S (n = 5/treatment). (f) Densitometry of
89-KDa PARP cleavage fragment in STS + AQ2S-treated cells (n = 5/treatment). Neuronal viability data, caspase-3 drug screening assay data, and PARP cleavage data
were analyzed using one-way-ANOVA (P<0.0001; graphs show mean + S.E.M.). Neuronal caspase-3 data was transformed to log(Y) values and analyzed using one-way-
ANOVA (P<0.0001 graphs show mean + S.E.M.). Letters and asterisks indicate significant (P<0.05) results of Fisher LSD post-hoc test. a = compared with no injury
DMSO control (white bar). b = compared with injury only DMSO (black bar). Data was analyzed using one-way-ANOVA (P<0.0001; graphs show mean + S.E.M.)

We next determined if AQ2S inhibits other caspases.
Incubation of cortical neurons with 150nM STS significantly
increased caspase-3, caspase-8, and caspase-9 activity at
24h. Co-treatment with 75uM AQ2S significantly reduced
baseline and injury activity levels of all three caspases
(Figure 5). However, 75 uM AQ2S showed greatest potency
against caspase-3.

AQ2S does not interfere with the luciferase reaction.
The in vitro caspase 3, 8, and 9 activity assays (Promega,
Madison, WI, USA) utilize luminescence as a proxy for
enzyme activity. Although a powerful technique, the inhibition
of luciferase signal by chemical interference (false-positive)
can be problematic.3*3® Artifact-dependent inhibition of
luminescent signal occurs via three primary mechanisms.

(1) Redox cycling of a chemical interferes with the oxidation
of luciferin substrate. (2) Production of reactive radical
species by redox active chemicals destroys the luciferase
enzyme. (3) Colored/fluorescent compounds interfere with
luciferase signal detection.

AQ2S is used to study the redox cycling behavior of
anthraquinones.®® In addition, dissolved in DMSO, AQ2S
presents a faint-yellow hue. To verify that AQ2S-mediated
inhibition of caspase3/7 luminescence on the H,O,/STS
assays were not artifacts, we compared the effect of AQ2S
at different concentrations on two-cell viability tests (one
fluorometric and the other luminescent). AQ2S was incubated
at 25, 50, 75, or 125 uM for 24 h. After 24 h, the respective cell
viability reagent was added and cell survival assayed. As
measured by the fluorometric CellTiter Blue assay, none of

Cell Death and Disease
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Figure 5 AQ2S inhibits initiator and executioner caspases. Primary rat cortical neurons were seeded onto 96-well plates. Neurons were treated with + 150 nm STS
and + 75 uM AQ2S for 24 h. Graphs show caspase activity (relative luminescent units, RLU) for (a) caspase-3/7 (n= 6/treatment group) (b) caspase-8 (n = 6/treatment
group), and (c) caspase-9 (n= 6/treatment group). Data was analyzed using one-way-ANOVA (P< 0.0001 for all graphs; graphs show mean + S.E.M.). Asterisks indicate

significant (P< 0.05) results of Fisher LSD post-hoc test

the AQ2S concentrations used inhibited viability below control
levels (Supplementary Figure 6A). Similar results were
observed using the Iuminescent viability-GLO assay
(Supplementary Figure 6B). Finally, to replicate the exact
experimental conditions used in injury studies, neurons were
first incubated with the CellTiter Blue reagent for 2h.
Subsequently, the viability-GLO reagent was added for 1h
and luminescence measured (i.e., viability reagents were
mixed together; Supplementary Figure 6C). When both
assays were combined, AQ2S caused a slight (~13-17%)
decrease in luminescent signal compared with DMSO
controls. The data support that AQ2S is a novel caspase
inhibitor.

AQ2S activates the pro-survival kinase AKT. AKT is a
key pro-survival kinase that is dysregulated by acute brain
injury.3” Many diverse therapies used to prevent neuronal
death activate AKT, including small molecules,®® endogen-
ously derived survival proteins,3*%° and other non-pharma-
cology based treatments like therapeutic hypothermia.*'~*3
To further elucidate the mechanisms of AQ2S-mediated
neuroprotection, the level of activated (phosphorylated) AKT
was measured by western blot.

AQ2S-mediated AKT activation was first assayed under
non-injury conditions. 125uM AQ2S was added to fresh
neurobasal/B27 media and incubated for 4 and 24 h. AQ2S
induced a significant (but modest) rise in pAKT473 after 4-h
treatment (Figures 6a, ¢ and e). No effect on AKT total was
observed (Figure 6d). Alternatively, the effect of AQ2S on
pAKT473 was not significant at 24 h (Figure 6b).

We tested if AQ2S increased pAKT473 after STS injury. We
compared the effects of AQ2S and emodin to modulate
pAKT473 after 6h 250nM STS. STS alone induced AKT
activation. AQ2S marginally increased STS-induced
pAKT473 at the 6-h time point, but did not reach statistical
significance. Alternatively, 50 uM emodin abolished baseline
and injury induced AKT activation (Figures 7a and b).

We determined if longer exposure to AQ2S increased AKT
activation. Cortical neurons were co-treated with 125 uM
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AQ2S and 250nM STS for 17h. AQ2S-treated neurons
showed a significant elevation in pAKT473 after 17h STS
injury (Figures 8a and b). Furthermore, total AKT levels were
significantly reduced in all STS-treated groups (Figures 8a
and c). Therefore, consistent with the 6-h observation,
compared with non-injured controls, the ratio of pAKT473/
AKT was slightly elevated with STS injury alone (although it
did not reach significance at this time point Figure 8d). To
determine the specificity of AQ2S-mediated signaling
changes, extracellular-regulated kinase (ERK) was also
examined. 17h STS abolished ERK activation. AQ2S treat-
ment did not prevent STS-mediated ERK inhibition. Moreover,
total ERK levels did not change (Figure 8a).

To determine if AKT activation is critical for AQ2S-mediated
neuroprotection, neurons were injured with 250 nM STS in the
absence or presence of 125 M AQ2S and 10 uM LY294002
(PIBK/AKT inhibitor) for 21h. Consistent with previous
observations, pAKT473 and pERK levels were decreased
by STS injury. In addition, pAKT473 increased in the presence
of AQ2S, and AQ2S-induced pAKT473 was blocked by
LY294002 (Figure 9a). However, after 24-h 250-nM STS
injury, LY294002 failed to block AQ2S-mediated neuroprotec-
tion (Figure 9b).

Finally, we compared the protective effect of AQ2S to other
documented neuroprotectants. 250 nM STS was co-adminis-
tered with minocyline, AQ2S, IGF-1 or ZVAD for 24 h. Only
ZVAD and AQ2S increased cell viability after 24 h (Figure 10).
Neither minocycline nor IGF-1 reduced neuronal death.
However, 24 h of IGF-1 pre-treatment is neuroprotective and
reduces a subsequent 24 h STS injury (data not shown).

AQ2S does not promote lipid peroxidation. Many qui-
none species are toxic redox cycling chemicals and increase
the level of reactive radicals.** In turn, reactive radicals
promote lipid peroxidation and cause cellular damage. To
test if AQ2S promotes lipid peroxidation in neurons, at D.1.V.
12, culture media was exchanged with Neurobasal/B27
(-AO) in the absence or presence of 125 uM AQ2S for 48 h.
D.l.V. 14 neurons were harvested and analyzed for 4-HNE
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Figure 6 AQ2S activates Akt under baseline conditions. Primary rat corticalneurons were seeded onto six-well plates. Cells were treated with or without AQ2S in triplicate.
(a) Blots show the effect of AQ2S on pAKT473 and AKT total levels after a 4-h treatment. (b) Blots show effect of AQ2S on pAKT473 and AKT total levels after a 24-h
treatment. Densitometric semiquantification of (c) 4 h pAKT473 and (d) 4 h AKT total levels. (e) Ratio of 4 h pAKT473/AKT total. Data was analyzed using unpaired t-test
(n = 3/treatment; pAKT473, P=0.0124; pAKT/AKT ratio, P= 0.0278; graphs show mean + S.E.M.). Asterisks (*) indicate significance

levels. AQ2S did not significantly increase the basal level of
4-HNE (unpaired t-test, P=0.1856; Figure 11a).

Injury (e.g., brain ischemia), robustly increases endogen-
ous reactive oxygen species, which may promote the
formation of deleterious quinone radicals and increase lipid
peroxidation. We tested if lipid peroxidation induced by
200 uM H»0 is enhanced by AQ2S. D.1.V. 13 neurons were
treated for 4.5h with 200 uM H,0O, in fresh neurobasal/B27
(-AO) in the presence or absence of 125uM AQ2S. 200 uM
H>0, increased 4-HNE levels. The asterisk indicates a ~40—
45-KDa band, particularly, sensitive to treatment. AQ2S did
not significantly upregulate 4-HNE staining after a 4.5-h
incubation (unpaired t-test; P=0.0901; Figure 11b).

Discussion

Post-treatment with emodin is not neuroprotective.
Recent studies indicate that natural AQs prevent
neuronal death. Contrary to these findings, administered
after H,O, injury, we report that emodin, rhein, and aloin are
not beneficial. In primary neurons, we found that 50 uM
emodin exacerbates injury, and rapidly inhibits basal AKT
activation. Our data suggest that emodin is toxic to neurons.
Exposing neurons to non-lethal doses of toxic agents is
neuroprotective.*® Emodin induces reactive oxygen species-
mediated cell death in lung adenocarcinoma cells,”® and it
increases caspase 3/7 activation in BV-2 cells.*® Precondi-
tioning responses may partially explain why pre-treatment
with emodin is neuroprotective in other neuron culture
studies.®

We found that emodin reduced caspase-3 activity (Figure 1)
in neurons but it was not a direct caspase inhibitor in the
cell-free assay (Figure 4). Studies show that high H,O,
concentrations can inhibit caspase-3 activation.*” 24 h emo-
din may have exacerbated oxidative stress in our system and
inhibited caspase-3 by indirect mechanisms (explaining the
discrepancy in Figures 1 and 4). Caspase-3 inhibition via
oxidative mechanisms would not prevent necrosis.*® More-
over, 50puM emodin may have potentiated cell death by
reducing AKT473 levels in cortical neurons; synergizing with
H>O»-induced impairment of IGF-1/AKT survival signaling.

AQ2-mediated mechanism(s) of neuroprotection. AQ2S
was reproducibly neuroprotective in the H,O, assay (Figures
1 and 2). To understand the mechanisms of protection, we
first analyzed caspase-3. It blocked injury induced caspase-3
activation, and reduced activity below baseline non-injured
levels. Moore et al.(*®) examined the neuroprotective effect
of BAF (pan-caspase inhibitor) on primary rat cortical
neurons injured with either 24 h STS, C2-ceramide, camp-
tothecin, N-methyl-p-aspartic acid, or H,O,. BAF reduced cell
death in every model where caspase was activated except
H»0,.%° The finding suggests that caspase inhibition alone is
insufficient to protect after H,O, injury. Thus, AQ2S may
activate caspase-independent survival mechanisms after
oxidative injury as well.

AQ2S reproducibly protected neurons in the STS assay
(Figures 3, 4, 9 and 10). It inhibited multiple caspases,
reduced poly ADP ribose polymerase cleavage, and directly
interfered with active caspase-3 on a cell-free assay. Thus

)
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Figure 7 Emodin blocks acute STS-induced AKT activation. Primary rat cortical
neurons were seeded onto six-well plates. Neurons were treated with 125 pM AQ2S
or 50 uM Emodin 4250 nm STS for 6h. (a) Representative western blots show
emodin, but not AQ2S, inhibits AKT activity. (b) Densitometry of western blots
(n= 4/treatment group). Data was analyzed using one-way-ANOVA (P < 0.0001 for
all graphs; graphs show mean + S.E.M.). Asterisks indicate significant (P<0.05)
results of Fisher LSD post-hoc test

AQ2S is a novel caspase inhibitor. 75 and 125 M AQ2S
equally protected against 250 nM STS (Figure 4). This may be
explained by almost total caspase-3 inhibition at both
concentrations. In our system, AQ2S barely induced neuro-
protection under high STS (500nM) conditions. Deshmukh
and Johnson®', using in vitro primary rat sympathetic
neurons, report that low concentrations of STS (100 nM) for
48 h induce caspase-dependent cell death, while high STS
concentrations for 48 h (500 and 1000 nM) activate caspase-
independent cell death pathways. BAF prevented neuronal
death at 100nM STS but not at the 500 and 1000nM
concentrations.®! Thus, in our STS model, AQ2S did not block
caspase-independent cell death mechanisms activated by
500nM STS.

To further elucidate the neuroprotective mechanisms of
AQ2S, we tested if the pro-survival kinase AKT was involved.
We observed that AQ2S potently stimulates AKT activity
under STS injury conditions at 17 (Figure 8) and 21h
(Figure 9), but not at 6 h (Figure 7). Furthermore, AQ2S only
mildly activates AKT under non-injury conditions (4 h;
Figure 6). Unexpectedly however, preventing AKT activation
with LY294002 failed to abolish AQ2S’s neuroprotective
action after STS injury (Figure 9). One explanation is that
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caspase inhibition is sufficient to achieve neuroprotection
after STS injury (hence protection by ZVAD). Nevertheless,
studies show that overexpression of constitutively active AKT
also prevents STS-induced cell death in a dorsal root ganglion
cell line.?® Therefore AKT activation is neuroprotective in
the STS injury model — indicating that AQ2S is activating
multiple-survival mechanisms.

AQ2S is a non-toxic quinone with unique redox proper-
ties. AQ2S is a synthetic AQ used in wood pulping,®'%2 and
the basis for many AQ dyes.®® Given the focus on
industrial utilities, few studies have examined AQ2S in
biological systems. We expected AQ2S to behave as a toxic
agent®*®® and emodin to exert neuroprotective actions.
Unexpectedly, the opposite was achieved. Not only was
AQ2S safe, it protected neurons from oxidative and chemical
injury. We are the first to show that AQ2S prevents cellular
injury. Although much remains to be elucidated concerning
the mechanisms of action, prior work does provide some
insight into why AQ2S is uncharacteristically (for a quinone)
non-toxic.

A primary danger of quinone compounds in biological
systems is that highly reactive by-products/intermediates are
produced from their metabolic biotransformation. Bayol-
Denizot et al.®® investigated the metabolism of AQ2S by
NADPH-cytochrome P450 reductase in primary rat neurons,
astrocytes, and cerebral endothelial cells. In vitro incubation
of 980 uM AQ2S significantly upregulated the toxic metabolic
bi-product superoxide anion (O, ) in all three cell types over
60 min. Importantly, the authors found that AQ2S-induced O5
was blocked by co-incubation with the endogenous antiox-
idant SOD. However, SOD was incapable of fully blocking O,
produced by menadione, another xenobiotic under study.%®
These findings indicate that the metabolic redox chemisty for
AQ2S is different than other xenobiotics. Moreover, the
authors noted that AQ2S did not induce cell death at 980 uM.

AQ2S also showed unique redox properties in studies by
Winterbourn®”. The ability of semiquinone radicals to donate
electrons (i.e., reduce) cytochrome ¢ was examined.” All
quinones tested, including AQ2S, reduced cytochrome c if in
radical form. However, addition of SOD and molecular oxygen
(Oy) to the reaction prevented AQ2S-mediated cytochrome ¢
reduction. This observation was only found for AQ2S but not
menadione, benzequinone, and several other napthroqui-
nones. Winterbourn hypothesized that AQ2S prefers the
oxidized (non-radical) state, because of its negative redox
potential (AQ2S; E°= —0.39). In the presence of molecular
oxygen (O,; E°= —0.17), AQ2S is a less attractive electron
acceptor. Thus, the majority of electrons remain with O, to
form O, radicals, and are rapidly eliminated by SOD
(preventing cytochrome c reduction). Consistent with these
reports on AQ2S, we observe little effect of AQ2S to inhibit
luminescence signal by redox artifacts (Supplementary
Figure 6B) or increase cellular 4-HNE levels (Figure 11),
indicating that either AQ2S is a mild redox agent in the
biological system or radical production is efficiently managed
by endogenous neuronal scavenging systems (e.g., SOD).

Metabolism of quinones can increase reactive oxygen
species and lead to toxic lipid peroxidation. This can have
important clinical implications. For example, doxorubicin
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Figure 8 AQ2S activates AKT after long-term STS exposure. Primary rat cortical neurons were seeded onto six-well plates. Cells were treated with STS + AQ2S (n =4/
treatment). (a) Representative western blots (n=2) showing the effect of STS and STS/AQ2S on pAKT473, AKT Total, pERK1/2, and ERK1/2 total levels. Densitometric
semiquantification of (b) pAKT473 and (c) AKT total levels. (d) Ratio of pAKT473/AKT total. Data was analyzed using one-way-ANOVA (n = 4/treatment; pAKT, P = 0.0254;
AKT total, P<0.0001; pAKT/AKT ratio, P=0.0032; graphs show mean + S.E.M.). Asterisks (*) indicate Fisher LSD post-hoc significance

(DOX) is an anthraquinone-based chemotherapeutic agent.
The primary limitation of DOX therapy for the treatment of
cancer is cardiotoxicity due to lipid peroxidation.>® In our
study, AQ2S did not raise 4-HNE levels. The absence of
increased lipid peroxidation suggests that AQ2S may be a
metabolically safe/well-tolerated AQ. Consistent with this
idea, Vile and Winterbourn (°°) found that AQ2S unexpectedly
inhibited Fe®* -induced lipid peroxidation in rat liver micro-
somes (as measured by thio-barbituric acid-reactive pro-
ducts). The authors lacked a mechanistic explanation for the
observation but inferred that AQ2S may interfere with redox
processes downstream of Fe®* reduction that cause lipid
peroxidation.>®

Conclusions

We discovered that the synthetic quinone AQ2S potently
prevents death of primary neurons. Our work indicates that
AQ2S is a lead compound to develop a novel neurother-
apeutic AQ-based drug. The mechanism(s) of neuroprotec-
tion involve caspase inhibition and AKT activation. In addition,
AQ2S is effective when given after injury (post-treatment).
This could have important implications for the treatment of
acute CNS injuries such as traumatic brain injury, stroke, and
cardiac arrest. Future studies need to further elucidate the
mechanisms of action, and test if AQ2S is neuroprotective in
clinically relevant in vivo brain injury paradigms.

Materials and Methods

Animals. E17-E19 rat embryos were harvested from timed pregnant Sprague
Dawley (SD) rats (Charles River). Pregnant rats were sacrificed by isoflurane
overdose and immediately decapitated to ensure euthanasia before embryo
collection. All animal work was approved by the Institutional Animal Care and Use
Committee of the University of Pittsburgh. The described protocol adheres to
recommendations established by the American Medical Veterinary Association
Guideline for Euthanasia. Rats were euthanatized as to eliminate pain and
suffering, and the minimal number of animals used for these studies.

Experimental compounds. Emodin (>90% pure), rhein (>98% pure),
aloin (>97% pure), and aq2s (97% pure) were all purchased from Sigma.
LY294002 (< 99% pure), STS (>98% pure), minocycline hydrochloride (> 98%
pure), and ZVAD-fmk (95% pure) were purchased from Tocris (Bristol, UK).
Human recombinant IGF-1 was purchased from Peprotech (Rocky Hill, NJ, USA).
All compounds were dissolved in DMSO and stored in 1.5-ml light-protected tubes.

Neuronal cell culture. Cultures were maintained using our previously
published techniques that yield a 95% enriched neuron population.”® Briefly,
brains were isolated from E18-19SD rat embryos. Embryonic cortical brains were
dissected in ice cold buffer solution under a microscope (Leica M651, Buffalo
Grove, IL, USA). Cortical halves were collected in a 1.5-ml centrifuge tube and
rapidly minced over a 2-min period using sterile scissors. Tissue was spun at 4 °C/
200 g/5 min and pellet trypsinized in a water bath for 8 min. Dissociated cells were
spun at 4 °C/200 g/5min and triturated. Neurons were resuspended in prepared
plating media (neurobasal/B27 supplemented with 25 «M glutamic acid). Neurons
were counted using a hemacytometer and plated at high density (~ 1.2 x 10%well of
a six-well plate; ~1.5 x 10%well of a 96-well plate) on poly-p-lysine coated plates
(BD Biosciences, San Jose, CA, USA). Every 3 days, half the media was exchanged
with fresh neurobasal/B27 (Life Technologies, Grand Island, NY, USA). On D.I.V.3,
8 uM cytosine f-D-arabinofuranoside hydrochloride was added to prevent glial
proliferation. Experiments were performed between days in vitro (D.I.V.) 7-14.

Cell Death and Disease
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Figure 9 Blocking AKT does not prevent AQ2S-mediated neuroprotection.
Primary rat cortical neurons were seeded onto a six-well plate. (a) Western blots
validate the effect of LY294002 to block AQ2S-mediated AKT activation. (b) Effect
of AQ2S alone or in combination with LY294002, to prevent 24h 250nm STS-
induced neuronal death. Data was analyzed using one-way-ANOVA (n=#6/
treatment; P<<0.0001; graphs show mean + S.E.M.). Letters indicate significant
results of Fisher LSD post-hoc test. a = compared with DMSO control (white bar),
b = compared with injury only DMSO (black bar)

H>0, injury. Cortical neurons were harvested and plated in neurobasal/B27
(with antioxidants; -+ AQO). Neurons were switched to neurobasal/B27 minus
antioxidants (— AO) after D.L.V. 3. Fresh media was exchanged by half-media
replacement at D.LV. 3, 6, 9. H,O, was prepared fresh before each injury
experiment. At D.I.V 10, 30% concentrated H,0, (Sigma) was first diluted in sterile
ddH,0. Diluted stock H,O, was directly added to unprepared (no B27 supplement)
neurobasal media at the desired final concentration. Growth maintenance media
was aspirated from neurons in 96-well format, and replaced with 150 L neurobasal
media containing H,O, incubated for 35mins. Following injury, neurobasal/H,0,
media was aspirated and replaced with 100 uL fresh neurobasal/B27 (— AQ)
containing DMSO only or drug treatments at desired concentrations for 24 h.

STS injury. Cortical neurons were harvested and plated in neurobasal/B27
(4 AO). At D.LV. 7-11, half media was collected (conditioned media) and mixed
with an equal volume fresh neurobasal/B27 (to make the 24-h treatment media).
STS was prepared at the desired concentration in treatment media, with or without
experimental drugs. The remaining growth maintenance media was replaced with
100 uL of treatment media per well of a 96-well plate (or 2 ml for a six-well plate)
for 24 h.

Cell viability assays. All assays were prepared according to the vendor's
instructions. Briefly, 24-h post-injury, 20 uL CellTiter Blue (Promega) was directly
added to each well of a 96-well plate. Plates were incubated in the dark for ~2h,
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Figure 10  Comparison of AQ2S and ZVAD protect against STS injury. Primary
rat cortical neurons were seeded onto a 96-well plate. Cortical neurons were
incubated 24h with DMSO (control), 250nm STS (injury only), STS+ 10 uM
minocycline, STS + 125uM AQ2S, STS + 100ng/ml IGF-1, or STS + 100 uM
ZVAD (all groups n=8/treatment except ZVAD n=T7/treatment). Viability assays
were analyzed using one-way-ANOVA (P<0.0001; graphs show mean + S.E.M.).
Asterisks (*) indicate significance with Fisher LSD post-hoc test

and metabolism of resazurin measured using a fluorometric plate reader (Fusiona,
Packard/PerkinElmer, Waltham, MA, USA). In separate experiments, 100 uL of
CellTiter-GLO assay reagent (Promega) was added directly to each well of a 96-
well plate as a terminal procedure (neurons are lysed). ATP levels in live cells
increase luminescence and was measured using a luminometer (Wallac 1420
Victor Il multiwell counter, PerkinElmer Life Sciences). In separate experiments,
100 pl of CellTiter-Fluor assay reagent (Promega) was added directly to each well
of a 96-well plate. Live-cell protease activity was measured by detection of free
AFC reagent.

Caspase-GLO luminescent assay. Caspase3/7-GLO regent (Promega)
can be multiplexed with the CellTiter Blue viability assay. 100 uL caspase3/7-GLO
reagent was directly added to each well of a 96-well plate as a terminal procedure
(neurons are lysed) and incubated for 1 h. Luminescence was measured using a
luminometer. In separate experiments, 100 uL caspase 8-GLO and Caspase
9-GLO reagents were added to each well of a 96-well plate.

Lactate dehydrogenase (LDH) assay. The LDH Cytotoxicity Assay Kit Il
was purchased from Abcam (Cambridge, MA, USA). Neurons were cultured in 96-
well format and subjected to STS injury £ AQ2S for 24 h (in 100 uL total media
volume). At 23-h maximum LDH release (positive control) was prepared by adding
10 ul cell lysis reagent directly to a few non-injured wells (i.e., no STS or AQ2S).
At the end of the 24-h injury period, 80 uL of media was transferred to a new 96-
well plate. Plates were spun at ~500 g for 5mins. 10 uL of cell culture treatment
media was added to a new black-walled plate and advanced WST detection
reagent added. The mix was incubated for ~15min and absorbance measured
(OD 450 nm). Fresh culture media was used as a negative control. Cytotoxicity
was calculated using the standard formula: cytotoxicity % = (sample LDH—
negative-control LDH)/(maximum LDH release—negative-control LDH) *100.

TUNEL analysis. Neurons were grown on poly-p-lysine/laminin eight-well
culture slides (BD Biosciences). Neurons were treated with 50 uM H,O,. After
24-h injury, wells were rinsed once in ice cold PBS, and incubated in 4%
paraformaldehyde for 25 mins at 4 °C. Slides were prepared for TUNEL analysis
using vendor kit/protocol (Dead End Fluorometric TUNEL kit; Promega). Slides
were mounted in solution containing DAPI. TUNEL positive nuclei glow green
under fluorescent microscope (Eclipse 50, Nikon, Melville, NY, USA). Data were
collected and analyzed as follows: Three random field images were collected from
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Figure 11  AQ2S does not promote lipid peroxidation in neurons. Primary rat
cortical neurons were seeded onto six-well plates. Cells were treated in triplicate.
(@) Western blots show the level of 4-HNE in neurons treated 48 h with or without
125 uM AQ2S in B27-A0 media. (b) Representative blots show 4-HNE levels in
neurons treated 4.5 h with 200 uM H202 in the absence or presence of 125 uM
AQ2S in B27-A0 media. Asterisk indicates a ~40-45-KDa band sensitive to injury.
Densitometric semiquantification of entire 4-HNE lanes were measured and
normalized to f-actin (graphs not shown) Data was analyzed using unpaired t-test.
(n=3/treatment; 48 h 4-HNE, P=0.1856; 200 uM H202 4-HNE, P=0.0901)

a single well of an eight-well culture slide under 20 x objective using SPOT
software (SPOT, RTke Diagnostic Instruments, Sterling Heights, MI, USA). Nuclei
stain blue (i.e., DAPI) and TUNEL positive-nuclei stain green. Corresponding
DAPI/TUNEL images were overlaid in photoshop, and a random ~ 0.250-mm?
area selected for counting (i.e., for each of the well, three DAPI images and three
TUNEL images were averaged). This procedure was repeated in six separate
wells (n=3, control; n=3, injury). The % TUNEL positive nuclei were obtained,
and data analyzed using an unpaired t-test.

Caspase-3 drug screening assay. An in vitro caspase drug screening kit
was purchased from PromoKine (Heidelberg, Germany), and used according to
the manufacturer's instructions. Briefly, all drugs were dissolved in DMSO and
diluted in double-distilled water to desired concentration. The reaction mixture was
combined with recombinant active caspase-3 and a DEVD-AFC probe. Active
caspase-3 cleaves the DEVD-recognition sequence and releases fluorescent AFC.
The amount of AFC detected is a measure of caspase-3 activity. Reactions were
prepared in black-walled 96-well plates, incubated at 37 °C, and AFC release
measured with an AFC filter (Ex: 405nM, Em: 495-505nM) on a GLOMax-Multi
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Microplate Reader (Promega). A single data point (value =15.51462) in the
caspase-3 control (no inhibitor) group (data set: mean=40.60833 and
S.D.=10.67385) was removed from statistical analysis. The value was a
significant outlier (P<0.05), as determine by the Grubbs’ test.

Western blot analysis. Neurons were grown in six-well plates, treated with
experimental compounds for the indicated time/conditions, and harvested for
western blot analysis. Extracts were collected in 5-ml tubes, sonicated for 20-30's,
spun at 4°C/16000g/10mins, and stored at —80°C until use. Protein
concentration was measured using the BCA assay (Pierce, Rockford, IL, USA).
10-20 ug of sample protein was loaded per well of a 7.5% SDS precast gel (Bio-
Rad, Hercules, CA, USA), and run for 30 min-1h at 200 V. Kaleidoscope protein
standards (Bio-Rad) were run parallel to neuron extracts. Proteins were then
transferred to PDVF membranes (run at 100V/4 °C/1.5h). PDVF membranes
were washed once in tris-buffered saline (TBS) and blocked for 1 h in tris-buffered
saline/Tween-20 with 7.5% non-fat milk (TBS-T/milk). Blots were incubated
overnight at 4 °C with primary antibodies in TBS-T/milk. Cell Signaling Technology
(Danvers, MA, USA): phospho-AKT473, AKT total, phospho-ERK1/2, ERK total,
cleavage caspase-3, poly ADP ribose polymerase total, a-tubulin. Santa Cruz
Antibodies (Santa Cruz, CA, USA): NF-xB p50 subunit, NF-xB p65 subunit, and
p actin. Calbiochem/EMD Millipore Corporation (Billerica, MA, USA): 4-HNE
antibody. Blots were washed three times (5mins each) with TBS, and incubated
with secondary antibodies for 2 h. Invitrogen: goat anti-rabbit or goat anti-mouse.
Blots were washed three times (5 mins each) with TBS, and incubated for 1 min in
HRP detection solution (Amersham/GE Healthcare, Pittsburgh, PA, USA). Films
were exposed to blots and developed (SRX-101A, Konica Minolta Medical &
Graphic Inc.). Re-probed blots (e.g., # actin, AKT total, ERK total) were stripped in
western blot stripping buffer (Fischer Scientific, Pittsburgh, PA, USA) for 10 mins,
washed once with TBS, re-blocked in TBS-T/milk for 1h, and incubated
overnight with new primary antibody. Films were scanned (EPSON GT 20000),
and densitometry performed using UN-SCAN-IT software (Silk Scientific, Orem,
UT, USA).

Statistics. Data were graphed using GraphPad Prism (GraphPad Software
Inc., La Jolla, CA, USA) GraphPad statistical software was used to perform
unpaired t-test analysis. NCSS statistical software (NCSS, Kaysville, UT, USA)
was used for one-way-analysisof-variance. If a data set had large unequal
variances, the data were first transformed to log base 10 values, and the
transformed values analyzed using NCSS. Data are significant at P<0.05.
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