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Phytoestrogen isoflavone intervention to engage the
neuroprotective effect of glutamate oxaloacetate
transaminase against stroke
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ABSTRACT: In the pathophysiologic setting of cerebral ischemia, excitotoxic levels of glutamate contribute to
neuronal cell death. Our previous work demonstrated the ability of glutamate oxaloacetate transaminase
(GOT) to metabolize neurotoxic glutamate in the stroke-affected brain. Here, we seek to identify small-
molecule inducers of GOT expression to mitigate ischemic stroke injury. From a panel of phytoestrogen
isoflavones, biochanin A (BCA) was identified as the most potent inducer of GOT gene expression in neural
cells. BCA significantly increased GOT mRNA and protein expression at 24 h and protected against glutamate-
induced cell death. Of note, this protection was lost when GOT was knocked down. To validate outcomes in
vivo, C57BL/6 mice were intraperitoneally injected with BCA (5 and 10 mg/kg) for 4 wk and subjected to
ischemic stroke. BCA levels were significantly increased in plasma and brain of mice. Immunohistochemistry
demonstrated increased GOT protein expression in the brain. BCA attenuated stroke lesion volume as mea-
sured by 9.4T MRI and improved sensorimotor function—this protection was lost with GOT knockdown. BCA
increased luciferase activity in cells that were transfected with the pERRE;tk-LUC plasmid, which demon-
strated transactivation of GOT. This increase was lost when estrogen-related receptor response element sites
were mutated. Taken together, BCA represents a natural phytoestrogen that mitigates stroke-induced injury by
inducing GOT expression.—Khanna, S., Stewart, R., Gnyawali, S., Harris, H., Balch, M., Spieldenner, J., Sen,
C. K., Rink, C. Phytoestrogen isoflavone intervention to engage the neuroprotective effect of glutamate oxa-

loacetate transaminase against stroke. FASEB J. 31, 4533-4544 (2017). www.fasebj.org
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Under conditions of focal cerebral ischemia, neurotrans-
mitter glutamate is released into the synaptic cleft by
neurons and contributes to the pathophysiologic re-
sponse of neurotoxicity and cell death in the brain (1).
To that end, research efforts that have focused on
the removal of pathologically elevated glutamate in
the injured brain have been increasingly recognized for
the therapeutic potential of glutamate removal to mit-
igate neurotoxicity (1-4). Our laboratory has recently
demonstrated the therapeutic potential of induc-
ible glutamate oxaloacetate transaminase (GOT), a

ABBREVIATIONS: BCA, biochanin A; ERRE, estrogen-related receptor re-
sponse element; GOT, glutamate oxaloacetate transaminase; LDH, lactate
dehydrogenase; MCAO, middle cerebral artery occlusion; siRNA, small
interfering RNA; TCA, tricarboxylic acid
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glutamate metabolizing enzyme that can repurpose
otherwise neurotoxic glutamate in the stroke-affected
brain as energy substrate for glucose-starved neurons
(5-7). Specifically, GOT enables glutamate metabolism
and the anaplerotic refilling of tricarboxylic acid (TCA;
or the Krebs) cycle intermediates via a truncated TCA
cyclein the ischemic stroke-affected and, subsequently,
hypoglycemic brain (6). Our observation identified that
the correction of focal hypoxia during ischemic stroke
induces GOT expression and rescues brain tissue from
injury. In recognition of the clinical limitations of oxy-
gen therapy for the treatment of patients affected by
stroke (8), we sought to identify and test novel small-
molecule inducers of GOT as a prophylactic intervention for
at-risk stroke patients. As prophylactic stroke therapies—
for example, low-dose aspirin—are increasingly recog-
nized for their role in reducing the stroke burden in the
United States by tens of thousands of patients each year (9),
novel prophylactic therapies that are safe and that target
protection against stroke-induced brain injury are desirable
for the ~800,000 new or recurring stroke events in the
United States each year (10).
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Screening of the 5’ promoter region of GOT has
uncovered 2 estrogen-related receptor response ele-
ment (ERRE) sequences (TCAAGGTCA) at positions
—888 to —880 and —549 to —541 (11). ERRE sites are
known to bind estrogen-related receptors (12) and
other small-molecule agonists, including phytoestro-
genic isoflavones (13), that induce the transcriptional
activation of target genes. As a small, but growing,
body of literature supports the therapeutic potential of
phytoestrogen isoflavones against a range of diseases,
including stroke (14), we sought to test whether phy-
toestrogen isoflavones induce GOT expression in neural
cells and to determine the prophylactic efficacy of candi-
dates to protect against ischemic stroke—induced injury in a
GOT-dependent manner.

MATERIALS AND METHODS

All animal studies were performed in accordance with pro-
tocols approved by the Institutional Laboratory Animal
Care and Use Committee of The Ohio State University. Mice
were maintained under standard conditions at 22 + 2°C with
12-h light/dark cycles and access to food and water ad
libitum.

The following materials were obtained from the source in-
dicated: BCA, calycosin, 5-O-methylgenistein, genistein, glycitin,
formononetin, (+/—)-8-prenylnaringenin (flavaprenin), L-gluta-
mic acid monosodium salt, DMSO, and propidium iodide were
from Sigma-Aldrich (St. Louis, MO, USA); and calcein-AM was
from Thermo Fisher Scientific (Waltham, MA, USA). For cell
culture, DMEM, minimum essential medium, fetal calf serum,
antibiotics (100 pg/ml streptomycin, 100 U/ml penicillin, and
0.25 pug/ml amphotericin), and culture dishes were also pur-
chased from Thermo Fisher Scientific.

Cell culture

Mouse hippocampal HT4 neural cells were grown in DMEM that
was supplemented with 10% fetal calf serum, 100 pg/ml strep-
tomycin, 100 U/ml penicillin, and 0.25 wg/ml amphotericin at
37°C in a humidified atmosphere of 95% air and 5% CO, as
previously described (15-21).

Primary cortical neurons

Neurons were isolated from the cerebral cortex of rat fetuses
(Sprague-Dawley, d 17 of gestation; Harlan Industries, Indian-
apolis, IN, USA) as described previously (6, 18,19, 21, 22). Inbrief,
cells were cultured in minimum essential medium that was
supplemented with 10% heat-inactivated fetal bovine serum,
40 pM cystine, and antibiotics (100 wg/ml streptomycin, 100 U/ml
penicillin, and 0.25 p.g/ml amphotericin) and were maintained at
37°C in 5% CO, and 95% air in a humidified incubator. Unless
otherwise stated, all experiments were carried out 24 h after
plating.

Phytoestrogen treatment

Stock solutions—10°x working concentration—of phytoes-
trogens were prepared in DMSO. Phytoestrogens were added
to culture dishes 24 h before glutamate. Respective controls
were treated with an equal volume (0.1%, v/v) of DMSO.
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Glutamate treatment

Glutamate was added to the cell culture medium as an aqueous
solution. No change in the medium pH was observed in response
to glutamate addition (23).

Determination of cell viability

The viability of cells was assessed by measuring lactate de-
hydrogenase (LDH) leakage from cells to medium 24 h after
glutamate treatment. This protocol has been described in detail in
previous reports (17, 18, 21, 22). In brief, cell viability was de-
termined by using the following equation: viability = LDH ac-
tivity of cells in monolayer/total LDH activity—that is, LDH
activity of cells in the monolayer + LDH activity of detached
cells + LDH activity in the cell culture medium. Cell viability was
also measured by calcein-AM and propidium iodide solutions as
previously described (5, 6). Cells were incubated with calcein-AM
(3 pM) and propidium iodide (2.5 wM) in PBS for 15 min in cell
culture incubators. After incubation, digital images were collected
by using a Zeiss Observer.Z1 microscope and Zen 2012 (Blue
Edition; Zeiss, Jena, Germany) suited for imaging cells growing in
regular culture plates as previously described (6, 7, 22).

GOT small interfering RNA knockdown

HT4 neural cells (0.1 X 10° cells /well in 12-well plates) were
cultured for 24 h before transfection. DharmaFect 1 trans-
fection reagent (GE Dharmacon, Lafayette, CO, USA) was
used to transfect cells with 100 nM small interfering RNA
(siRNA) pool (GE Dharmacon) for 72 h according to the
manufacturer’s protocol (5, 6, 22). Cells were collected 72 h
after transfection for the determination of GOT mRNA,
protein, and enzyme activity.

Transient transfection and luciferase assay

HT4 cells were seeded in 24-well plates in antibiotic-free medium
for 18-24 h before transfection. Lipofectamine LTX Reagent with
Plus Reagent (Thermo Fisher Scientific) was used to transiently
transfect cells with either 100 ng/well GOT(ERRE)-Luc or 300 ng/
well pERRE;tk-LUC reporter plasmid according to the manufac-
turer’s protocol. GOT(ERRE)-Luc promoter constructs were de-
veloped from a 1060-bp fragment of C57/BL6 mouse GOT
promoter that contained wild-type (TCAAGGTCA) or mutated
(CGCTATGCA) ERRE binding sites (-888 to —880 and -549 to
541, respectively) by synthesizing and cloning in pUCmi-
nusMCS and subcloning into commercial pGL3 vector via the Kpnl
and HindIlI sites. pERRE;tk-LUC reporter plasmid was gener-
ously provided by Dr. Ronald M. Evans (The Salk Institute for
Biological Studies, La Jolla, CA, USA). After 24 h of transfection,
samples were treated with BCA. Normalization was achieved by
cotransfection with Renilla plasmid (10 ng). Luciferase activity was
determined by using the dual-luciferase reporter assay system
(Promega, Madison, WI, USA). Data are presented as the ratio of
firefly to Renilla luciferase assay as previously described (24-26).

RNA isolation and real-time quantitative PCR
for mRNA

Total RNA was extracted by using the miRVana miRNA Iso-
lation Kit according to the manufacturer’s protocol (Thermo
Fisher Scientific). For gene expression studies, total cDNA syn-
thesis was achieved by using the SuperScript III First Strand
Synthesis System (Thermo Fisher Scientific). The abundance of
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mRNA for GOT was quantified by real-time PCR by using SYBR ~ Aspartate Aminotransferase Activity Colorimetric Assay
green-I and primers as previously described (5, 6, 22). Kit (BioVision, Milpitas, CA, USA) according to the manu-
facturer’s instructions.

GOT activity assay Western blot analysis

For GOT activity, samples were prepared as previously de-  After protein extraction, protein concentrations were determined
scribed (5), and GOT activity was measured by using an by using BCA protein assay. Samples (20 g protein/lane) were
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Figure 2. BCA induces GOT expression and activity in neural cells. A) Treatment of cells with BCA (25 and 50 wM) resulted in a time-
and dose-dependent increase in cellular BCA content as measured by HPLC. B-D) HT4 neural cells that were treated with BCA
showed a significant increase in GOT mRNA expression (B), protein expression (C), and activity (D). E, F) BCA significantly increased
mRNA expression (£) and GOT activity (F) in primary cortical neurons. Results are presented as means * sp. *P < 0.05 vs. control.
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separated on 10% SDS-PAGE and probed with anti-GOT Ab
(1:1000; Abcam, Cambridge, MA, USA). To evaluate loading ef-
ficiency, membranes were probed with anti-B-actin or GAPDH
Ab (15, 18, 22).

BCA extraction and analyses

To determine BCA uptake, HT4 cells were seeded in 6-well
plates (0.3-0.5 X 10°/well). After 24 h, cells were treated
with BCA or DMSO vehicle. After 12- or 24-h time points,
cells were collected as previously described for HPLC
electrochemical detection (23). For plasma and brain, sam-
ples were collected as previously described (27, 28). To ex-
tract BCA, tert-butyl methyl ether was added in equal
volumes to EDTA /SDS (aqueous phase). Samples were kept
at 4°C during 15 min of vortexing, followed by centrifuga-
tion at 4300 g for 20 min. Of the upper-phase (tert-butyl
methyl ether) volume, 75% was collected in glass, evapo-
rated under nitrogen gas, and resuspended in 200 ul of
mobile phase. Solutions were filtered and stored as pre-
viously described (23, 27, 28). HPLC was performed as
previously described (29), with the following exceptions:

mobile phase A consisted of 200 mM sodium acetate with
glacial acetic acid (pH 4.8) in ddH,O:MeOH (80:20 v/v), and
mobile phase B consisted of 200 mM sodium acetate with
glacial acetic acid (pH 4.8) in ddH,O:MeOH:acetonitrile
(40:40:20 v /v /v). Flow rate throughout the gradient program
was maintained at 0.6 ml/min. The following gradient con-
ditions were used: initial condition was 20% B, linearly
changed to 80% B over 1 min, held at 80% B for 3 min, changed
t0 100% B for 6 min, held at 100% B for 3 min, then returned to
20% B for 7 min for a total run time of 20 min. Electrochemical
cells were set at 440, 500, 560, 620, 680, 740, 800, and 860 mV.
The column and cells were maintained at 37°C. Authentic
standards of BCA (Sigma-Aldrich) were used. Concentration
of BCA was quantified against calibration curves of authentic
standards running CoulArray v.3.1 software (Thermo Fisher
Scientific).

BCA supplementation
Male C57/BL6 (5 wk old; The Jackson Laboratory, Bar Harbor,

ME, USA) mice were randomly divided into 3 groups, control
group (75% DMSO), or test groups (BCA; 5 or 10 mg/kg body
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Figure 3. BCA protects against glutamate-induced toxicity. HT4 cells (A, B) or primary neurons (C, D) were treated with either
BCA or vehicle control for 24 h and challenged with glutamate. BCA conferred protection against glutamate toxicity in neural
cells. Cell viability was measured after 24 h of glutamate challenge by LDH leakage (A, C) or calcein-AM (green, live cells) and
propidium iodide (PI; red, dead cells) staining (B, D). Original magnification: X10 (B), X20 (D). Results are presented as means =
sp. ¥P < 0.05 vs. no BCA and no glutamate; "P < 0.05 vs. no BCA with 5 mM glutamate.
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weight). BCA or vehicle was delivered by intraperitoneal in-
jection for 5 d/wk for 4 wk.

In vivo GOT lentiviral delivery in the mouse brain

To knock down GOT in the mouse brain, iLenti-GFP scramble
siRNA and iLenti-GFP GOT-1 siRNA lentiviral vector (8 wl of

1.0 x 108 Applied Biologic Materials, Richmond, BC, Canada)
was delivered to S1 cortex of 8-wk-old C57BL/6 male mice by
using stereotaxic injection as previously described (5, 6, 22, 30).
This approach was effective in the knockdown of GOT protein in
thebrain 7 d after lentiviral delivery (5, 6). Stroke-affected S1 cortex
was specifically targeted by using the following coordinates from
bregma: —0.1 mm rostral, +2.0 mm lateral, —1.0 mm dorsal. Sub-
sequent experiments were performed 1 wk after delivery.
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Figure 4. GOT knockdown attenuates the neuroprotection of BCA. A-D) Transfection with GOT siRNA decreased GOT mRNA
expression (A), protein expression (B, C), and enzyme activity (D). Transfected cells were treated with BCA (24 h), then challenged
with glutamate for 24 h. Cells with GOT knockdown were more susceptible to glutamate-induced toxicity. *P < 0.05. E, F) Cell
viability was measured after 24 h of glutamate challenge by LDH leakage (I) or calcein-AM (green, live cells) and propidium iodide
(PL red, dead cells) staining (F). Original magnification, X10. GAPDH, glyceraldehyde 3- phosphate dehydrogenase. Results are
presented as means * sp. *P < 0.05 for effect of glutamate; TP < 0.05 for effect of BCA; *P < 0.05 for effect of siRNA.
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Mouse stroke model

Focal cerebral ischemia was induced in 8- to 10-wk-old C57BL/6
male mice (The Jackson Laboratory) by using the intraluminal
suture method of middle cerebral artery occlusion (MCAO) for 60
min as previously described (5, 6, 20, 22, 31). Successful MCAO
was validated by laser Doppler flowmetry. MCAO was per-
formed at 20-24 h after the last supplementation. After 48 h of
MCAO, T2-weighted images were recorded. Mice that experi-
enced surgical complications—for example, hemorrhage or
death—during MCAO were excluded.

T2-weighted imaging was performed on stroke-affected rats or
mice for infarct volume calculations using a 11.7-T (500-MHz)
MR system comprised of a vertical bore magnet (Bruker Biospin,
Ettlingen, Germany) as previously described (5, 6, 22, 31).

Sensorimotor assessment

At24hbefore MCAO (baseline) and 48 h poststroke, sensorimotor
assessment was performed as described previously (6,22). Inbrief,
mice were placed in the center of a 1- X 1-m open field and allowed
to freely move for 5 min while being recorded overhead using
ANY-Maze video tracking software (v.4.5; Stoelting, Kiel, WI,
USA). Software calculated distance, mean speed, and time mobile
for baseline and 48 h poststroke open field tests.

Immunohistochemistry and microscopy

Immunostaining of GOT was performed on paraformaldehyde-
fixed cryosections of brain samples. In brief, freshly dissected
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brain samples were fixed in 4% paraformaldehyde solution that
was buffered in the physiologic pH range, cryopreserved in
a 30% sucrose solution, and embedded in optimum cutting
temperature (OCT) compound (Sakura Finetek, Torrance,
CA, USA). OCT compound—embedded tissue was cryosec-
tioned (12 pm), followed by pressure cooker antigen retrieval
(citric acid-based antigen unmasking solution; Vector Labora-
tories, Burlingame, CA, USA), blocking in 10% normal serum,
and incubation with rabbit anti-GOT mAb (1:100; Abcam). Sig-
nal was visualized by subsequent incubation with fluorescence-
tagged secondary Ab (Alexa Fluor 568-tagged a-rabbit, 1:200)
and counterstained with DAPI (Thermo Fisher Scientific). Im-
ages were captured on an Axio Observer.Z1 (Ziess), and mean
fluorescent intensity from images was quantified by using Zen 2
(blue edition) software (Ziess) (31-33).

Statistical analyses

Data are reported as means * sb/sk. Before experimentation,
mice were randomly assigned to treatment groups and coded for
blinded data analyses. The sample size for each group was esti-
mated on the basis of experience with the MCAO model. Dif-
ferences in means were tested by using Student’s ¢ test or 1-way
ANOVA followed by Scheffé’s post hoc test. A value of P < 0.05
was considered statistically significant.

RESULTS

BCA is potent inducer of GOT expression and
activity in neural cells

We have previously reported that GOT attenuates neu-
rotoxicity by metabolizing glutamate in the stroke-affected
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Figure 5. Intraperitoneally injected BCA circulates in the plasma and is delivered to brain tissue. C57/BL6J] mice underwent daily
intraperitoneal injection of vehicle control or 5 or 10 mg/kg BCA for 4 wk. A, B) Plasma (A) and brain (B) were collected 30 min after
intraperitoneal injection on d 28 for HPLC determination of BCA levels. C, D) GOT mRNA (C) and protein (D) expression was
increased in BCA-supplemented mouse brain. Scale bars, 50 wm. Data are presented as means = sg; n = 9. *P < 0.05 vs. placebo.
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brain (6). This observation led us to screen phytoestrogen
isoflavones to identify a small-molecule inducer of GOT in
HT4 neural cells. BCA (25 and 50 wM) was identified as the
most potent inducer of GOT mRNA expression in HT4
neural cells compared with other phytoestrogen iso-
flavones and vehicle control DMSO (Fig. 1). To test the
bioavailability of BCA, HT4 neural cells were treated with
25 or 50 uM BCA. Compared with DMSO vehicle, BCA
treatment increased the intracellular concentration in a
time- and dose-dependent manner (Fig. 2A). BCA treat-
ment significantly induced GOT mRNA (Fig. 2B), protein
(Fig. 2C), and activity (Fig. 2D) in HT4 neural cells. GOT
mRNA expression and activity were significantly in-
creased in primary cortical neurons that were treated with
50 pM BCA (Fig. 2E, F).

BCA protection against glutamate-induced
toxicity is GOT dependent

Treatment of HT4 cells (Fig. 3A, B) or primary cortical
neurons (Fig. 3C, D) with 5 mM glutamate resulted in overt
toxicity within 24 h of exposure. Pretreatment of cells with
50 M BCA for 24 h significantly protected cells against
glutamate-induced cell death as determined by LDH
leakage (Fig. 3A, C) and visualization with calcein-AM and
propidium iodide (Fig. 3B, D). To test the significance of
GOT in BCA protection against glutamate-induced neural
cell death, we adopted a knockdown approach using
siRNA (Fig. 4). The siRNA approach successfully

T2-weighted MRI at 48h after reperfusion

control

GOT kd, control

decreased GOT mRNA (93%; Fig. 4A), protein (74%; Fig.
4C), and activity (39%; Fig. 4D). This knockdown signifi-
cantly abolished BCA neuroprotection against glutamate-
induced toxicity (Fig. 4E, F).

BCA attenuates ischemic stroke brain injury in
a GOT-dependent manner

To develop the translational significance of BCA neuro-
protection, we tested bioavailability in vivo. BCA is a safe
dietary factor that is already under clinical investigation
for other indications (34, 35). C57 /BL6] mice received daily
intraperitoneal injections of vehicle control or 5 or 10 mg/
kg BCA for 4 wk. Both 5 and 10 mg/kg injections signifi-
cantly increased BCA content in plasma and the brain (Fig.
5A, B). As the higher BCA dose (10 mg/kg) did not in-
crease BCA levels in the brain more than the lower dose
(5 mg/kg), the lower dose was used for all subsequent in
vivo studies. Four weeks of daily BCA intraperitoneal in-
jection at 5 mg/kg significantly increased GOT mRNA
(Fig. 5C) and protein expression (Fig. 5D) in the mouse
brain compared with vehicle control. After establishing
that 4 wk of BCA supplementation was sufficient to in-
crease GOT expression, transient focal cerebral ischemia
was induced by MCAO in a separate cohort of mice. MRI
analyses at 48 h after MCAO revealed that 4 wk of BCA
supplementation was effective in reducing stroke-induced
brain lesion volume by one half (Fig. 6A-C). We have
previously published that GOT up-regulation in the
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Figure 6. BCA supplementation protects against stroke via GOT. C57/BL6 mice received daily intraperitoneal injection of vehicle
control (75% DMSO in water) or BCA (5 mg/kg body weight) for 4 wk before 60 min of MCAO. A, B) BCA supplementation
significantly reduced MCAO-induced brain injury (vehicle-supplemented mice, n = 7; BCA-supplemented mice, n=6). D, E) This
protection was lost with GOT knockdown (kd) (n=6). A, B, D, E) Representative T2-weighted coronal slice from vehicle control
(A), 5 mg/kg BCA (B), GOT kd + vehicle (D), GOT kd + 5 mg/kg BCA (F). C, F) Percentage hemisphere lesion volume
calculated from T2-weighted MRI at 48 h after MCAO. Data are presented as means * St. *P < 0.05 vs. vehicle.
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mouse brain protects against stroke (5, 6). Here, we sought
to test whether the protective effect of BCA against stroke
was GOT dependent. To test this hypothesis, stereotaxic
delivery of GOT lentiviral particles was performed after
3 wk of BCA supplementation and 7 d before stroke sur-
geries to allow sufficient GOT knockdown. As hypothe-
sized, the protective effect of BCA supplementation on
lesion volume was lost with GOT knockdown in the brain
(Fig. 6D-F). Immunohistochemical analysis showed that
the BCA-dependent induction of GOT protein expression
was blunted with lentiviral knockdown in the stroke-
affected hemisphere (Fig. 7A-D). Sensorimotor testing
revealed that BCA supplementation significantly im-
proved 48 h poststroke sensorimotor functions compared
with controls (Fig. 84, B). This functional improvement
was lost with GOT knockdown (Fig. 84, C).

BCA induces GOT expression in an
ERRE-dependent manner

We queried the GOT promoter region to identify possible
mechanisms of BCA induction. We subsequently identi-
fied 2 ERREs in the —888 to —880 and —549 to —541 re-
gions of the GOT promoter. Phytoestrogens bind to ERRE

sites in vitro and enhance transcriptional activation; thus,
we tested whether BCA induced the transcriptional acti-
vation of ERRE in HT4 cells by using a dual luciferase
reporter assay. Compared with DMSO control, BCA sig-
nificantly increased luciferase activity in HT4 neural cells
that were transfected with the pERRE;tk-LUC reporter
plasmid (Fig. 9A). Next, to test whether BCA transcrip-
tionally induces GOT in an ERRE-dependent manner, we
mutated ERRE sites in a GOT-luciferase promoter con-
struct. BCA-induced GOT-luciferase activity was abol-
ished when both ERRE sites were mutated in the GOT
promoter region (Fig. 9B, C).

DISCUSSION

In 2010, we demonstrated that the correction of stroke-
induced hypoxia with supplemental oxygen (100% O, at
2ATA) induced GOT expression and attenuated stroke
injury (7). Such supplemental oxygen protection against
stroke was GOT dependent (5). More recently, we identi-
fied that supplemental oxygen lowers glutamate levels at
the stroke site and enables the anaplerotic refilling of TCA
cycle intermediates in a GOT-dependent manner (6). The
induction of GOT alone emerged as protective against
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Figure 7. BCA increases GOT protein expression in stroke-affected and contralateral murine brain. A, C) Representative
micrographs of GOT immunostaining (red) in contralateral and stroke-affected cortex of BCA-supplemented (n = 3), vehicle
control (n=4; A), and GOT-knockdown (kd) BCA-supplemented (% = 5) or vehicle control (n = 3; C). Sections were counterstained
with DAPI. B, D) Expressmn of GOT quantified as mean fluorescent intensity normalized to DAPI. Scale bar, 50 wm. Data are

presented as means * SE.
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Figure 8. BCA supplementation improves poststroke sensory motor function. A) Representative track plots from baseline (BL)
and 48 h poststroke in control, BCA-supplemented, and GOT-knockdown (kd) groups. B,C) Distance (m), speed (m/s), and
time mobile (s) were calculated by AnyMaze software at BL and 48 h poststroke for vehicle control (n = 7), BCA- supplemented
(n=6), and GOT-kd groups (7 = 6). Results are presented as means * sk. *P < 0.05 compared with corresponding control; *P < 0.05
compared with infarct hemisphere of control group.

stroke. Thus, the current work sought to identify alterna-
tive small-molecule inducers of GOT that may be consid-
ered for stroke therapies. Phytoestrogen isoflavones, such
as BCA, are plant-derived, nonsteroidal compounds with

the capability to bind to estrogen receptors because of their
structural resemblance to estradiol (17-B-estradiol) (36). Soy
and a variety of other food products—red clover, legumes,
fruits, and flaxseed—are enriched with phytoestrogens (37).
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Figure 9. BCA induces GOT by transcriptional activation of ERRE. A) BCA-induced transcriptional activation of ERRE in HT4
cells. B) Schematized GOT (ERRE)-Luc promoter mutation constructs. C) BCA induced GOT-luciferase acthlty in the wild-type
construct. This induction was lost when both ERRE sites were mutated within the GOT promoter. ERRE*Luc or GOT-Luc
constructs were transiently transfected in HT4 cells. After 48 h of transfection, cells were activated with BCA or vehicle control for
24 h. Results were normalized w1th Renilla luciferase activity. Data are presented as means * sp. *P < 0.05 (BCA wvs. vehicle
control for a given construct); #P < 0.05 (construct 4 vs. construct 1 with BCA treatment).
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Recent efforts that have focused on uncovering the neuro-
protective properties of phytoestrogen isoflavones have
shown that these natural compounds have the potential to
reduce neuronal damage and improve stroke outcomes
(38). Daidzein protects neural cells against oxygen-glucose
deprivation-induced cell death via activating peroxisome
proliferator-activated receptor-y (39) and improves post-
stroke sensorimotor outcomes in mice (40). Genistein is
neuroprotective against HyOx-induced cell death (41, 42)
and ischemic stroke in rats (43). BCA is a naturally occurring
estrogenic isoflavone that is found primarily in the leaf of
the red clover plant (Trifolium pratense) (44). A methyl de-
rivative of the aforementioned isoflavone, genistein (45), a
limited body of research has shown that BCA has potent
phytochemical effects against a spectrum of diseases, in-
cluding diabetes (46), Parkinson’s disease (47-49), and, re-
cently found, focal cerebral ischemia (14). Regarding the
latter, Wang et al. reported that BCA protects against stroke
by blunting stroke-related neuroinflammation via a
p38MAPK-dependent pathway. In the current study,
we also observed BCA attenuation of stroke-induced
inflammation as evidenced by reduced edema in
T2-weighted MR images; however, this work recognizes
that the phytoestrogen, BCA, protects against stroke by
inducing neural GOT wvia transcriptional activation of
ERREs. Whereas phytoestrogen isoflavone transcriptional
activation of ERREs has been demonstrated in silico and in
vitro (13), this work is the first to our knowledge to identify
phytoestrogen transcriptional activation of ERRE in the
GOT promoter region. The ERRE binding site sequence is
conserved across promoter regions of genes that are asso-
ciated with metabolic processes that include glutamate
metabolism and energy sensing (50, 51). To that end, the
transcriptional activation of functionally conserved meta-
bolic networks via small-molecule binding to ERRE are in-
creasingly recognized as therapeutic targets of interest for
the treatment of disease (52) and injury (53). The current
work is the first to uncover the significance of ERRE as a
therapeutic target in the stroke-affected brain.

BCA is one of a number of phytoestrogen isoflavones
that are enriched in red clover (54). Within the past 5 yr,
other red clover isoflavone phytoestrogens have been
shown to protect against ischemic stroke, including for-
mononetin (55, 56), genistein (57-59), and daidzein (60,
61). In the current study, formononetin and genistein also
induced GOT mRNA expression in vitro, albeit to a lesser
degree than BCA in neuronal cells. Taken together, these
outcomes warrant testing whether dietary red clover
supplementation induces GOT expression and protects
against stroke in a preclinical setting. As a forage legume
with a long history of dietary consumption and ethno-
medicinal use (62), red clover has a favorable safety profile
and represents a nutraceutical product that could quickly
translate to clinical testing.

Transaminases catalyze the amine group (NH,) transfer
from an amino acid to an a-keto acid. As a transaminase,
GOT transfers the amine group from 5-carbon glutamate
to 4-carbon oxaloacetate such that glutamate becomes the
5-carbon TCA cycle intermediate, a-ketoglutarate, and
oxaloacetate becomes the 4-carbon amino acid, aspartate.
We have previously reported that this ability enables the
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anaplerotic flux of GOT-metabolized glutamate into a
truncated TCA cycle in the stroke-affected and, sub-
sequently, hypoglycemic brain (6). In the current work,
this leads to the interesting possibility that BCA induction
of GOT protects against stroke-induced injury by metab-
olizing otherwise excitotoxic glutamate to sustain cellular
energetics in the absence of glucose. This conclusion is
supported by an independent study that found that BCA
was neuroprotective against glutamate-induced cytotox-
icity in PC12 cells (63). In this study, we observed that BCA
protection against stroke was lost with GOT knockdown.
Specifically, both stroke-induced lesion volume and
functional outcomes worsened with GOT knockdown,
which demonstrates that GOT is essential for BCA pro-
tection. Taken together, the outcomes of this work show
that BCA protection against ischemic stroke occurs via the
GOT-mediated metabolism of glutamate in the stroke-
affected brain (6).
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