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Abstract

Following spinal cord injury (SCI) or peripheral neuropathy, increased levels of the p75NTR death receptor
initiate the signal transduction cascade leading to cell death. Investigations of compounds that may ameliorate
neuronal cell death have largely used rodent models, which are time consuming, expensive, and cumbersome to
perform. Previous studies had demonstrated that steroids, particularly dexamethasone and its analog methyl-
prednisolone sodium succinate, exhibit limited neuroprotective effects against neuronal injury. Significantly,
many naturally occurring nonsteroidal plant compounds exhibit structural overlap with steroids. In this report,
we present an in vitro cellular screen model to practically examine the efficacy of various phytoestrogens in
modulating the ibuprofen-induced expression of p75NTR and reduced cell survival of CCFSTTG1 and U87MG
cells in a rescue (postinjury) or prevention (preinjury) regimen. We show that the phytoestrogen, biochanin A,
and, to a lesser extent, genistein are more effective than dexamethasone at reducing p75NTR expression and
improving the viability of U87MG and CCFSTTG1 before and after p75NTR induction. Furthermore, these studies
implicate biochanin A’s inactivation of p38-MAPK as a possible contributor to reducing p75NTR with associated
increased cell survival. This new in vitro assay facilitates a more time-efficient screening of compounds to
suppress p75NTR expression and increase neuronal cell viability prior to their evaluation in animal models of
neurological diseases.

Introduction

Neuronal cell death during development and injury
is associated with upregulation of the p75 neurotrophin

receptor (p75NTR).1 Several approaches have been suggested
for amelioration of neuronal injury. Early research on glu-
cocorticoids suggested that high-dose treatment of contused
spinal cords could promote limited neurological recovery.
Such animal studies demonstrated a neuroprotective effect
for methylprednisolone sodium succinate (summarized in
ref. 2). High doses of this compound appear to improve
neurological recovery from acute spinal cord injury (SCI),
but remain controversial.3 Treatment with methylpredniso-
lone sodium succinate appears to improve motor scores
marginally in patients with incomplete, but not complete,
paralysis.4 Similarly, high-dose dexamethasone, a synthetic
analog of methylprednisolone, has been shown to mitigate
delayed SCI in a rat model by downregulating p75NTR

expression, and concomitantly to decrease apoptotic cell

number, ultimately accelerating functional recovery.5

Nevertheless, the neuroprotective effects of high-dose glu-
cocorticoids appear to be marginal and confounded by
undesirable side effects on the patient.6,7 Other steroids, in-
cluding progesterone, androgens, and estrogens, have been
suggested to provide neuroprotection after SCI8–14; however,
their effects were variable and marred by side effects on
other target organs. Hence, it appears that various steroid
classes may exhibit limited neuroprotective effects to varying
degrees of efficacy confounded by possible side effects and
with undefined mechanisms of action, with the exception of
dexamethasone suppression of the p75NTR.5

In common with other members of the tumor necrosis
factor receptor super-family, p75NTR encodes an intracellular
death domain responsible for apoptosis induction. In many
instances, ligand-independent p75NTR expression initiates ap-
optosis. Indeed, a robust cause-and-effect relationship exists
between increased p75NTR levels and cell death.15 Elevated
p75NTR expression by genetic transfection or ibuprofen-induced
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mRNA stabilization induces cell death.16,17 Conversely, li-
gation of the cognate neurotrophins (e.g., nerve growth fac-
tor [NGF]) prevents p75NTR-dependent cell death.18 Many
tumor cell types escape p75NTR-dependent cell death through
loss of p75NTR mRNA stability.19 The observation that neu-
ronal injury promotes a change in the ratio of p75NTR to
ligand favoring p75NTR-mediated apoptosis suggests that
p75NTR suppression could potentially reduce the severity of
cell death.20 Indeed, small interfering RNA (siRNA) knock-
down of p75NTR has been shown to reduce the level of de-
generation in axotomized motor neurons.21

Significantly, many naturally occurring nonsteroid plant
constituents exhibit structural overlap with steroids.22 Iso-
flavones and coumestans have been identified as the most
common estrogenic compounds in plants and hence are
named phytoestrogens.23 Several phytoestrogens are readily
available or consumed as dietary supplements; for instance,
soy is the major dietary source of phytoestrogens (genistein
and daidzein), but it contains a smaller number of estrogeni-
cally active substances compared to red clover, which contains
genistein, daidzein, biochanin A, and formononetin.24 Im-
portantly, high-dose intake studies of these compounds suggest
that they are well tolerated by humans and have no reported
serious side effects.25 The testing of such available compounds
highlights the need for a fast and reproducible cellular screening
method that would pave the way to more elaborate, but nar-
rowed-down, screens validating these compounds as potential
alleviators of neuronal cell injury in rodent models of SCI.

In this work, we describe an in vitro assay for testing
compounds that could modulate ibuprofen-induced p75NTR

upregulation and decrease in cell survival. These studies
confirm the limited protective effects of dexamethasone and
identify the superior efficacy of biochanin A and to a lesser
extent genistein, in reducing drug-induced p75NTR expres-
sion, potentially resulting in neuroprotection.

Materials and Methods

Cell lines, culture conditions, and reagents

U87MG glioblastoma and CCFSTTG1 astrocytoma cell
lines were purchased from the tissue culture facility of
Georgetown University Lombardi Comprehensive Cancer
Center and maintained in 4.5 g/L glucose and L-glutamine-
supplemented Dulbecco-modified Eagle medium (DMEM)
and RPMI-1640 (Mediatech Inc, Manassas, VA), respec-
tively, with 10% fetal bovine serum (FBS) and antibiotics
(100 units/mL penicillin G, 100 mg/mL streptomycin), in the
presence of 5% CO2 at 378C. Ibuprofen, biochanin A, gen-
istein, daidzein, formononetin, dexamethasone, prunetin,
b-estradiol, and progesterone were purchased from Sigma
(St. Louis, MO), and glycitein was from LC Laboratories
(Woburn, MA).

Drug preparation and treatment

Stock and working solutions were dissolved in di-
methylsulfoxide (DMSO; Sigma). For rescue regimens, cells
were seeded overnight at 70% confluency in Phenol Red-free
medium supplemented with 10% charcoal-stripped FBS,
treated with �2 mM ibuprofen for 24 h, followed by treat-
ment with dexamethasone, b-estradiol, or progesterone (0,
10, 20, 40, 60, 80, and 100 nM) or phytoestrogens (0, 10, 20,

40, 60, 80, and 100 mM)þ 2 mM ibuprofen for an additional
24 h. For prevention regimens, cells were seeded similarly,
treated with dexamethasone, b-estradiol, or progesterone (0,
10, 20, 40, 60, 80, and 100 nM) or phytoestrogens (0, 10, 20,
40, 60, 80, and 100mM) for 24 h followed by replenishment
with same concentrations of hormones/phytoestrogens
þ2 mM ibuprofen for an additional 24 h.

Immunoblot analysis

Cell lysates for p75NTR or phospho-p38-MAPK detection
were prepared and quantified as described previously.26

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblot analysis were done as de-
scribed previously.17 Primary antibodies used were: Mouse
monoclonal anti-p75NTR (Millipore; 1:2,000); rabbit poly-
clonal anti-phospho-p38-MAPK (Thr180/Tyr182) and p38-
MAPK (Cell Signaling Technology; 1:1,000); and mouse
monoclonal anti–b-actin (Sigma; 1:5,000). Membranes used
for detection of phospho- p38-MAPK and p75NTR were
stripped and reprobed for total p38-MAPK and b-actin, re-
spectively, to ensure equal loading. A875 whole cell lysates
were used as a positive control for p75NTR.17

MTT survival assay

Cells from the above-described treatment regimens
were incubated with 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide reagent (final concentration,
0.5 mg/mL; Sigma) for 4 h at 378C. Subsequently, cells were
mixed with 100 mL/well acidified isopropyl alcohol and
quantified at 570 nm with a reference filter of 655 nm using a
plate reader (Bio-Rad Laboratories). Controls used included:
All compounds used were tested for possible interference by
incubation alone (mediaþMTT labeling reagent only), and
no change in the assay color has been observed with the
addition of these compounds. Blank wells (mediaþMTT
labeling reagent only) were included, and their values were
subtracted from all readings to eliminate background noise.
[(Ibuþ cpds)� blank] values were normalized to (Ibu only�
blank) values in wells. Control wells (cellsþvehicle) were
always included to verify the ibu effect on cell viability.

siRNA transfection

U87MG and CCFSTTG1 cells were transfected for 24 h
with nontargeting or p75NTR-specific siRNA (Duplex D-
009340-03, Dharmacon RNA Technologies, Lafayette, CO) at
a final concentration of 100 nM according to the manufac-
turer’s protocol using Oligofectamine (Invitrogen). After
transfection, cells were treated with ibuprofen or biochanin
A (BCA) for 24 h, then with ibuprofenþBCA for an addi-
tional 24 h, followed by the MTT assay.

Statistical analyses

Immunoblot band intensities were scanned from X-ray
films and quantified by the ImageJ software (NIH, Bethesda,
MD) and presented as means� standard error of the mean
(SEM). One-way analysis of variance (ANOVA) was used
followed by a Dunnett test to determine significant differ-
ences between treatment groups, with a confidence interval
of 95%. MTT experiments were conducted in triplicate and
repeated at least three times.
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Results

Ibuprofen induces p75NTR expression and reduces
the survival of U87MG and CCFSTTG1 cells
in a time-dependent manner

Previous work demonstrated that the nonsteroidal anti-
inflammatory drug ibuprofen induces p75NTR expression,
but no other death receptors, and decreased the viability of
bladder and prostate cancer cells.16,17 Similarly, we exam-
ined ibuprofen’s effect on the U87MG and CCFSTTG1 cells
lines. Ibuprofen treatment (2 mM) induced p75NTR expres-
sion in a time-dependent manner in both cell lines with a
more pronounced increase in U87MG cells (Fig. 1A).
Ibuprofen-induced expression of the p75NTR protein was
accompanied by a corresponding reduction in cell survival,
which was most pronounced (50% reduction with p< 0.01)
in U87MG cells after 48 h (Fig. 1B). Because ibuprofen
treatment resulted in p75NTR induction and a concomitant
decrease in U87MG and CCFSTTG1 cell survival, it was
subsequently used as a surrogate to mimic p75NTR induction

and subsequent cell death, both of which are observed in the
context of neuronal injury.

Biochanin A and genistein are more efficient than
dexamethasone in decreasing ibuprofen-induced
p75NTR levels and rescuing the viability of U87MG
and CCFSTTG1 cells

To examine the effects of phytoestrogens on cell survival,
U87MG or CCFSTTG1 cells were treated with 2 mM ibu-
profen for 24 h (mimicking p75NTR upregulation after neu-
ronal injury) followed by treatment with ibuprofen and the
phytoestrogen to be tested for an additional 24 h and sub-
jected to the MTT assay. In CCFSTTG1 cells, BCA treatment
resulted in a significant increase in cell viability at 20mM,
reaching maximal levels at 60 mM (&1.8-fold increase in
relative cell number as compared to ibuprofen-treated cells,
p< 0.001); genistein treatment also increased the number of
viable CCFSTTG1 cells as compared to ibuprofen-treated
cells. However, its effect was modest, not apparent before
40mM, and reached 1.4-fold increase in relative cell viability
at 60mM as compared to control ibuprofen-treated cells
(Fig. 2A, left). Conversely, formononetin and daidzein
had no rescuing abilities suggesting a BCA- and genistein-
selective effect (Fig. 2A, left). CCFSTTG1 cell viability was
also unchanged by treatment with dexamethasone (DEX),
b-estradiol, progesterone, or dihydroxytestosterone (DHT)
(Fig. 2A, right). In U87MG cells, BCA treatment resulted in
an &1.4 and 1.3-fold increase in cell viability as compared
to ibuprofen-treated cells at 40 and 60 mM, respectively,
whereas a 100 mM dose of genistein was needed to signifi-
cantly increase the viability of U87MG cells as compared to
ibuprofen-treated cells (Fig. 2B, left). Additional phytoes-
trogens, glycitein, and prunetin exhibited no positive effect
on cell viability in the presence of ibuprofen (data not
shown). Conversely, DEX and progesterone treatment reca-
pitulated their documented abilities to rescue cell viability by
increasing relative cell viability as compared to ibuprofen-
treated cells at doses of 60–80 nM and 80 nM, respectively
(Fig. 2B, right), which was very modest compared to BCA at
<1.2-fold increase (p< 0.01). Having established the cell
viability-rescuing abilities of BCA, genistein, and, to a lesser
extent, DEX and progesterone, we subsequently determined
p75NTR expression levels, when both cell lines were treated
with the more efficacious compounds and using b-estradiol
as a negative control because it showed no cell viability
rescuing abilities in either cell line.

In CCFSTTG1 cells, BCA treatment post ibuprofen treat-
ment resulted in a significant reduction in p75NTR protein
levels at 10 mM, with 30% reduction and reaching a more
pronounced 75% reduction at 60mM. Genistein treatment
also slightly decreased ibuprofen-induced p75NTR expression
as early as 40mM, with the most significant reduction at 60–
80mM. Dexamethasone and b-estradiol did not affect p75NTR

induction by ibuprofen in CCFSTTG1 cells (Fig. 2C).
In U87MG cells, BCA and genistein treatment significantly

decreased p75NTR induction levels by ibuprofen, reaching a
two-fold reduction at 20mM, with a maximal p75NTR re-
duction of 70% at 40 mM for BCA and 60mM for genistein, as
compared to control ibuprofen-treated cells. Dexamethasone
and b-estradiol treatment, however, failed to reduce the
ibuprofen-induced levels of p75NTR (Fig. 2D).
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FIG. 1. Ibuprofen treatment induces p75NTR expression and
reduces the survival of U87MG and CCFSTTG1 cells in a
time-dependent manner. (A) Representative Western blot of
p75NTR levels in CCFSTTG1 and U87MG cells treated with 0
or 2 mM ibuprofen for 24 and 48 h. Cells were lysed, and
equal amounts of protein (40 mg) were resolved by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE). Immunoblots were stripped and reprobed for b-actin
to ensure equal loading, and the A875 melanoma lysates
were used as a positive control for p75NTR. (B) Relative
survival of CCFSTTG1 and U87MG cells after ibuprofen
treatment for 24 or 48 h; data are presented as mean cell
survival� standard error of the mean (SEM), normalized to
levels in vehicle-treated (dimethylsulfoxide [DMSO]) cells
with ** indicating p< 0.01, as compared to vehicle-treated
cells.
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FIG. 2. Biochanin A (BCA) is more effective than other phytoestrogens and steroids at increasing the survival of CCFSTTG1
and U87MG cells and reducing p75NTR levels in the presence of ibuprofen. MTT assay and p75NTR Western blot analysis
of CCFSTTG1 (A and C) or U87MG (B and D) cells treated with ibuprofen (2 mM) for 24 h followed by ibuprofen (2 mM)þ 0,
10, 20, 40, 60, 80, or 100 mM Biochanin A, genistein, formononetin, or daidzein for an additional 24 h (left panels of A and B),
or by ibuprofen (2 mM)þ 0, 10, 20, 40, 60, 80, or 100 nM dexamethasone, b-estradiol, progesterone, or DHT for an additional
24 h (right panels of A and B). Data are presented as mean cell survival� standard error of the mean (SEM), normalized to
ibuprofen-treated cells only, with ** and *** indicating p< 0.01 and 0.001, respectively, as compared to ibuprofen only-treated
cells. For Western blots (C and D), cell lysates (40 mg) were resolved by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE). Immunoblots were stripped and reprobed for b-actin to ensure equal loading, and the A875
melanoma cell lysates were used as a positive control for p75NTR. Respective quantifications (from two independent ex-
periments) of p75NTR expression are shown below for every cell type and normalized to levels in ibuprofen-treated cells.
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FIG. 3. Effect of biochanin A (BCA) and other phytoestrogens/steroids on CCFSTTG1 and U87MG cells viability and
p75NTR expression levels in a prevention regimen. MTT relative cell viability of CCFSTTG1 (A) and U87MG (C) cells treated
with 0, 10, 20, 40, 60, 80, or 100 mM BCA or genistein (GEN), or 0, 10, 20, 40, 60, 80, or 100 nM dexamethsone (DEX) or estradiol
(E2), for 24 h followed by treatment with ibuprofen (2 mM)þ 0, 10, 20, 40, 60, 80, or 100mM BCA or genistein, or 0, 10, 20, 40,
60, 80, or 100 nM DEX for an additional 24 h. Data are presented as mean cell survival� standard error of the mean (SEM),
normalized to ibuprofen-treated cells only, with * and ** indicating p< 0.05 and 0.01, respectively, as compared to ibuprofen
only-treated cells. Representative Western blots of p75NTR levels in CCFSTTG1 (B) and U87MG (D) cells treated similarly as
above, cells were lysed and similar amounts of protein (40mg) were resolved by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE). Immunoblots were reprobed for b-actin to ensure for equal loading; A875 melanoma cell lysates
were used as a positive control for p75NTR. Respective quantifications (from two independent experiments) of p75NTR

expression are shown below as mean� SEM for every cell type and normalized to levels in ibuprofen-treated cells.
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Biochanin A and, to a lesser extent, genistein mitigate
p75NTR expression and the survival decrease
by ibuprofen in a prevention regimen

We next examined whether any of the compounds tested
would be beneficial in modulating p75NTR induction and
subsequently cell viability when administered before ibu-
profen treatment. Hence, CCFSTTG1 or U87MG cells were
treated with BCA, genistein, DEX, or estradiol for 24 h, and
then with fresh medium containing the same concentrations
of phytoestrogens/steroids supplemented with ibuprofen
was added for an additional 24 h, after which cells were as-
sayed for MTT and p75NTR expression levels.

In this regimen, BCA increased the viability of CCFSTTG1
cells up to 1.4-fold and 1.6-fold ( p< 0.01) by 20 and 40mM,
respectively. Genistein treatment also resulted in an increase
in cell viability up to 1.2-fold as early as 20 mM (Fig. 3A).
Dexamethasone and b-estradiol, however, had no significant
positive effect on CCFSTTG1 viability when administered
before ibuprofen (Fig. 3A). In U87MG cells, BCA increased
cell viability with a dose as low as 10 mM and that remained
significant throughout higher doses (Fig. 3C). However, a
dose of 60 mM genistein was required to achieve a similar
increase in cell viability as compared to control ibuprofen-
treated cells, whereas DEX and estradiol again failed to
positively affect cell survival in the presence of ibuprofen
(Fig. 3C).

We next examined the levels of p75NTR and their possible
modulation by the addition of the above-mentioned com-
pounds in a prevention regimen. BCA pretreatment resulted
in a significant dose-dependent reduction in p75NTR levels as
compared to ibuprofen alone in both CCFSTTG1 (&80%
reduction) and U87MG cells (&60% reduction) (Fig. 3B,D).
Genistein was also efficacious at modulating p75NTR levels in
the prevention regimen, reaching a 60% reduction in p75NTR

levels in both cells lines as compared to control ibuprofen-
treated cells. DEX and estradiol not only failed to decrease
p75NTR as compared to ibuprofen alone, but estradiol also
resulted in a modest increase in p75NTR levels at doses higher
than 40 nM, which coincided with a modest trend of de-
creasing survival in U87MG cells (Fig. 3C,D).

BCA rescuing abilities are dependent
on p75NTR-induction by ibuprofen

Because the proposed in vitro assay is based on the in-
duction of p75NTR and its modulation by BCA, we investi-
gated whether BCA’s effect on cell viability is mediated by
its ability to decrease p75NTR levels, thereby eliminating a
p75NTR-independent mechanism. Toward this aim, U87MG
and CCFSTTG1 cells were transfected with scrambled or
p75NTR-siRNA before ibuprofen or BCA treatment. In the
presence of ibuprofen only, p75NTR knockdown in U87MG
cells increased cell survival from 50% and 63% to 83% and
88% in intervention and prevention regimens, respectively
(Fig. 4A, left). In CCFSTTG1, p75NTR knockdown resulted in
an increase in survival from 67% and 74% to 93% and 88% in
intervention and prevention regimens, respectively (Fig. 4A,
right). This result validated the specificity of the p75NTR

siRNA oligonucleotide, because the scrambled siRNA had no
effect on cell viability (data not shown). Having demon-
strated that p75NTR knockdown abolishes the ibuprofen-

induced reduction in cell survival, we examined the ability of
BCA to rescue U87MG and CCFSTTG1 cells in the presence
of p75NTR siRNA. BCA-induced increase in U87MG and
CCFSTTG1 cell survival in the presence of ibuprofen was
recapitulated in the context of scrambled nontargeting siRNA
in intervention and prevention settings (Fig. 4B,C). On the
other hand, BCA’s ability to rescue the viability of U87-MG
cells was significantly mitigated in the presence of p75NTR

siRNA in an intervention regimen (Fig. 4B, left) and com-
pletely abolished in the prevention regimen (Fig. 4B, right). In
CCFSTTG1 cells, BCA’s ability to rescue ibuprofen-induced
reduction in cell survival was completely abolished in both
prevention and intervention regimens (Fig. 4C), demonstrat-
ing the p75NTR-specific effect of BCA in our model.

Evaluation of the effects of BCA and genistein’s
on ibuprofen-induced p38-MAPK activation

Previous work has demonstrated that p75NTR levels are
stabilized at the mRNA level by p38-MAPK pathway activa-
tion, and p38-MAPK inhibition significantly reduces p75NTR

in the presence of ibuprofen.27 Furthermore, p38-MAPK acti-
vation has also been reported upon SCI in astrocytes, micro-
glia, and dorsal horn neurons in the spinal cord rostral to
injury sites.28 Therefore, we examined whether p75NTR re-
duction by BCA and, to a lesser extent, genistein involved
modulations in p38-MAPK activation. In the rescue regimen,
when ibuprofen is administered before the phytoestrogens/
steroids, BCA and genistein resulted in a 40% reduction in
phospho-p38-MAPK levels at 60 and 80mM, respectively,
which closely coincided with the most pronounced down-
regulation of p75NTR levels in CCFSTTG1 cells (Fig. 5A). DEX
and estradiol slightly decreased p38-MAPK activation levels
by &10 and 20%, respectively (Fig. 5A). In U87MG cells, BCA
(10mM) induced a drastic 40% reduction in phopsho-p38-
MAPK levels. Genistein also decreased the activation of p38-
MAPK significantly at 10–20mM (Fig. 5B).

We also examined whether the prevention regimen could
affect p38-MAPK activation by ibuprofen. BCA pretreatment
resulted in the most drastic reduction in phospho-p38-MAPK
levels in both cells lines (Fig. 6A,B), which was more pro-
nounced in CCFSTTG1 cells concomitant with the most pro-
nounced reduction in p75NTR in these cells (Fig. 3B), whereas
the other compounds did not have a significant effect of the
levels of phospho-p38-MAPK with the exception of estradiol,
which exhibited a slight 10% reduction in phospho-p38-
MAPK levels at 20–40 nM in U87MG cells only (Fig. 6B).

Discussion

We have made use of the p75NTR-inducing ability of ibu-
profen as an in vitro model for screening compounds that
could reduce p75NTR expression and would be of potential
use in the treatment of ailments arising from p75NTR-
dependent neuronal death such as SCI and peripheral
neuropathy, following subsequent validation in primary
neuronal cells and animal models. Using this model, we have
demonstrated that BCA is more potent than traditionally
used steroids such as dexamethasone, as well as other phy-
toestrogens, for increasing the survival of the cell lines tested
when administered after ibuprofen treatment. BCA’s rescu-
ing ability was largely correlated with its ability to decrease
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ibuprofen-induced p75NTR expression levels and was largely
mitigated or abolished when p75NTR induction was not
present, as evidenced by siRNA experiments. The efficacy of
BCA and other phytoestrogens/steroids was also evaluated
in a prevention regimen where treatment was initiated be-
fore ibuprofen treatment and subsequent p75NTR induction.
In this context, BCA also exhibited superior efficacy to other
steroids or phytoestrogens tested, which translated into a
more pronounced increase in survival and more drastic
downregulation of p75NTR levels.

Growing evidence suggests that the pathophysiology of
SCI involves primary and secondary mechanisms of injury,
with the latter resulting in spreading of tissue damage that
expands from the injury ‘‘epicenter’’ resulting in an increase

in lesion size.29 Several processes that underlie the secondary
injury have been identified including vascular abnormalities
and edema,30 free radical formation and lipid peroxidation,31

excitoxicity,32 and inflammation,33 as well as necrotic and
apoptotic cell death.34 Because these processes exacerbate
injury, they represent attractive targets for potential thera-
pies. It is now established that signal transduction from the
neurotrophin receptor p75NTR causes cell death in the ner-
vous system in vivo and in vitro.35 P75NTR levels are upre-
gulated in various pathological conditions following
mechanical damage and focal ischemia,36 and P75NTR ex-
pression is closely correlated to neuronal cell death.37 SCI
seems to increase the ratio of p75NTR to trkA, favoring a
downstream increase in ceramide38 and NF-kB,39 the re-

FIG. 4. Evaluation of biochanin A (BCA) effect in the presence of p75NTR siRNA. MTT analysis of U87 (A, left) and
CCFSTTG1 (A, right) cells transfected with 100 nM scrambled (sc) or p75NTR siRNA, followed by treatment with ibuprofen (0
or 2 mM) after 24 h for 48 h (intervention regimen) or vehicle (dimethylsulfoxide [DMSO]) for 24 h and then ibuprofen for 24 h
(prevention regimen). (B) U87 cells treated with scrambled (sc) or p75NTR siRNA for 24 h followed by ibuprofen (0 or 2 mM)
for 24 h and then ibuprofenþBCA (0, 10, 20, 40, 60, 80, 100 mM) for an additional 24 h (left) or BCA (0, 10, 20, 40, 60, 80,
100 mM) for 24 h followed then by ibuprofenþBCA (0, 10, 20, 40, 60, 80, 100 mM) for an additional 24 h (right). (C) CCFSTTG1
cells treated with scrambled (sc) or p75NTR siRNA for 24 h followed by ibuprofen (2 mM) for 24 h and then ibuprofenþBCA
(0, 10, 20, 40, 60, 80, 100 mM) for an additional 24 h (left) or BCA (0, 10, 20, 40, 60, 80, 100 mM) for 24 h followed by then
ibuprofenþBCA (0, 10, 20, 40, 60, 80, 100mM) for an additional 24 h (right). Data are presented as mean cell survival� SEM,
normalized to vehicle-treated cells only, with NS, *, **, and *** indicating nonsignificant, p< 0.05, 0.01, and 0.001, respectively,
as compared to ibuprofen only-treated cells.
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spective mediators of cell death and inflammatory responses
that represent hallmarks of the secondary injury in SCI
models as well as peripheral neuropathy.

To mimic the induction of p75NTR after neuronal injury,
we have made use of the ability of ibuprofen to induce
p75NTR in the cell lines tested. Previously, it has been shown
that ibuprofen-mediated decrease in cell survival is depen-
dent on p75NTR induction because transfection of cancer cell
lines with dominant negative p75NTR rescues, to a large ex-
tent, the viability of ibuprofen-treated cells,17 which was also
observed in this study via p75NTR siRNA. This cause-and-
effect relationship between p75NTR reduction and increased
survival in both cell lines by BCA validated the MTT assay
and p75NTR expression levels as end points of this in vitro

assay. It is noteworthy that a modest cell survival increase
was observed at doses where BCA was not shown to reduce
p75NTR protein levels. This could be explained by a slight
p75NTR independent effect on the survival of cells at low
concentrations of BCA, which is yet unclear.

In this screening model, ibuprofen’s ability to induce
p75NTR expression in a time-dependent manner allows a
better modeling of the various in vivo situations associated
with p75NTR increase in the context of SCI. In fact, p75NTR

expression has been reported as early as 1 day post-SCI.40

Furthermore, ibuprofen’s ability to induce p75NTR as early as
24 h allowed for examining the effects of various phytoes-
trogens and steroids in a prevention regimen, while staying
within an acceptable time range for the assay, especially for

FIG. 5. p38-MAPK activation levels in CCFSSTG1 and U87MG cells treated with biochanin A (BCA) and other phytoes-
trogens/steroids in a rescue regimen. Representative Western blots of phospho-p38-MAPK (Thr180/Tyr182) and total p38-
MAPK levels in CCFSTTG1 (A) and U87MG (B) cells treated with ibuprofen (2 mM) for 24 h, followed by treatment with
ibuprofen (2 mM) for 24 h, and then followed by treatment with ibuprofen (2 mM)þ 0, 10, 20, 40, 60, 80, and 100 mM BCA,
genistein (GEN), or 0, 10, 20, 40, 60, 80, and 100 nM dexamethasone (DEX) or b-estradiol (E2) for an additional 24 h. Cells
were lysed after treatment completion and equal amounts of protein (40 mg) were resolved by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE). Immunoblots were stripped and reprobed for total p38-MAPK levels.
Respective quantification of mean of phospho-p38-MAPK/p38-MAPK ratio levels from two independent experiments is on
the respective rights. Values are normalized to levels in ibuprofen-treated cells only.
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siRNA experiments. Interestingly, SCI occurrences as a result
of surgical repair of thoracic/thoracoabdominal aortic dis-
ease41 remain a devastating complication of surgery and are
ranked fouth as an underlying cause of SCI in females.
Therefore, the efficacy of phytoestrogens/steroids in modu-
lating p75NTR levels can also be evaluated when treatment is
started prior to exposure of cells to ibuprofen, paving the
way for in vivo experiments studying the chemopreventive
effects of BCA prior to experimental SCI.

Because cell death following SCI has been documented in
populations of neurons, oligodendrocytes, microglia, and
astrocytes,34 we evaluated the efficacy of various steroids
and phytoestrogens in modulating p75NTR expression in
both the U87MG and CCFSTTG1 cell lines to determine any
broad or cell-selective effects. We observed that BCA was the

most efficacious compound in both cell lines in enhancing
cell survival and decreasing p75NTR levels in both regimens.
BCA’s effects were more pronounced in CCFSTTG1 cells,
which could be due to reduced ibuprofen sensitivity, as
evidenced by a lower p75NTR induction as compared to
U87MG cells. However, the possibility of a cell-selective
efficacy cannot be completely eliminated. It is noteworthy
that a caveat of the assay exists in the use of cancer cell lines.
In fact, BCA has been demonstrated to inhibit the growth of
various cancer cell lines,42–44 suggesting that in our assay
extended exposure to BCA can have growth-arresting effects
that would mask the increased survival effects mediated by
the reduction in p75NTR levels. However this effect has not
been reported in normal cells and is therefore not anticipated
when testing BCA’s efficacy in vivo. BCA was able to reduce

FIG. 6. p38-MAPK activation levels in CCFSSTG1 and U87MG cells treated with biochanin A (BCA) and other phytoes-
trogens/steroids in a prevention regimen. Representative Western blots of phospho-p38-MAPK (Thr180/Tyr182) and total
p38-MAPK levels in CCFSTTG1 (A) and U87MG (B) cells treated with 0, 10, 20, 40, 60, 80, and 100mM BCA or genistein
(GEN), or 0, 10, 20, 40, 60, 80, and 100 nM dexamethasone (DEX) or b-estradiol (E2) for 24 h, followed by treatment with
ibuprofen (2 mM) for 24 h followed by treatment with ibuprofen (2 mM)þ 0, 10, 20, 40, 60, 80, and 100mM BCA, genistein or 0,
10, 20, 40, 60, 80, and 100 nM dexamethasone (DEX) or b-estradiol for an additional 24 h. Cells were lysed after treatment
completion and equal amounts of protein (40 mg) were resolved by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE). Immunoblots were stripped and reprobed for total p38-MAPK levels. Quantification of the mean of
phospho-p38-MAPK/p38-MAPK ratio levels from two independent experiments, respectively, is shown on the right. Values
are normalized to levels in ibuprofen-treated cells only.
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p75NTR levels in CCFSTTG1 and U87MG cells and increase
their viability with doses in the range of 10–40mM with an
half-maximal inhibitory concentration (IC50) of &20 mM in
both cell lines. This concentration is physiologically achiev-
able, because pharmacokinetic analyses of BCA have re-
ported concentrations &25 mM in the serum of rats receiving
BCA intraperitoneally with no adverse effects.45

To gain a better understanding of the mechanism by
which BCA and, to a lesser extent, genistein may mediate
the decrease in p75NTR levels, we examined p38-MAPK
activation and its modulation by these compounds. It has
been already established that p75NTR induction in prostate
cancer cells is largely dependent on mRNA-stabilizing
mechanisms downstream of p38-MAPK activation.27 The
mitogen-activated protein kinases (MAPKs) are a family of
signaling molecules comprising p38-MAPK and c-Jun N-
terminal kinases ( JNK), which transduce extracellular stress
stimuli, thereby participating in injury responses and cell
death.46 Interestingly, p38-MAPK activation in spinal mi-
croglia has been reported after SCI,47 as well as in other
models of neuropathic pain.48 We observed a reduction in
p38-MAPK activation as evidenced by decreased phos-
phorylation of Thr180/Tyr182 residues upon BCA treat-
ment in both cell lines, concomitant with the most
significant reduction of p75NTR expression, especially in the
intervention regimen. However, some p75NTR reduction
was also observed when p38-MAPK activity was unaltered,
suggesting that other mechanisms could contribute to
p75NTR downregulation. Furthermore, the ability of BCA
but not other compounds to inhibit p38-MAPK activation at
physiologically achievable doses (10–20 mM) in the U87MG
cell line indicates that BCA is worth investigating in animal
models of conditions associated with p38-MAPK activation
in the nervous system and elsewhere, independent of its
ability to modulate p75NTR.

In conclusion, this work has presented a new in vitro assay
for the inexpensive and timely testing of compounds that
may eliminate a screening step from animal model studies
aimed at testing compounds that may alleviate neurological
ailments resulting from the upregulation of p75NTR and or
the activation of the p38-MAPK pathway. This study iden-
tifies BCA as the most efficacious of these compounds. This
new in vitro assay may provide for a less expensive and less
cumbersome method for compound screening, as well as
providing insight into mechanism of action, prior to their
evaluation in animal models of neurological diseases.
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