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ABSTRACT Dietary soy protein isolate (SPI) and the isoflavones daidzein and genistein have been shown to provide

neuroprotection from stroke. However, the mechanisms remain uncertain. We sought to determine whether the addition of

isoflavones to a diet containing caseinate (CAS) as the protein source would induce behavioral neuroprotection similar to that

seen previously in rats fed SPI. Furthermore, we aimed to characterize the baseline and poststroke expression of mRNAs

involved in pathways previously published as perhaps mediating soy-based neuroprotection from stroke and other markers of

neuronal plasticity, oxidative stress, and inflammation. Adult male rats were fed a semipurified diet containing (1) sodium

caseinate (CAS), (2) CAS plus daidzein and genistein (CAS+ISO), or (3) SPI for 2 weeks. A subset of rats was euthanized, and

tissue was collected for quantitative real-time PCR (qPCR). Remaining rats underwent a middle cerebral artery occlusion to

induce a stroke. Samples for qPCR were collected on day 3 poststroke. Rats fed SPI made fewer errors on the skilled ladder

rung walking task after stroke compared to rats fed CAS (P < .05). Rats fed CAS+ISO were not different from rats fed CAS or

SPI. Significant effects of diet were found at day 0 for Syp, Pparg, and Ywhae and at day 3 for Rtn4 expression. We concluded

that the benefits of SPI are not solely attributable to daidzein and genistein.
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INTRODUCTION

An occlusive stroke occurs when the flow of blood to
the brain is blocked either temporarily or permanently.1

Permanent blockage results in the death of the affected brain
tissue, which in turn results in cognitive, motor, and/or
sensory dysfunction.2 A complete return of these functions
after stroke is uncommon, but some functional recovery may
occur spontaneously, although it is often incomplete.2,3

Bioactive dietary compounds are emerging as potential
therapies aimed at reducing the severity of peri- and post-
stroke behavioral deficits.4 Previous studies by our labora-
tory and others have demonstrated that administering soy
compounds (i.e., soy protein isolate [SPI], purified iso-
flavones, and so on) can result in a significant reduction in
poststroke behavioral deficits when provided before stroke

as part of a diet, administered through oral gavage, or even
subcutaneously at the time of stroke.5–8 Of the >100 bio-
active compounds in soybeans, the most plentiful and best
characterized are the isoflavones daidzein and genistein,
which are thought to at least partially mediate the neuro-
protective benefits of soy-based diets.6,9–13 Isoflavones are
considered ‘‘phytoestrogens’’ which, like estradiol, have the
ability to cross the blood–brain barrier to bind and activate
estrogen receptors (ERs) in the brain.6,7,11 Although others
have demonstrated that ERs likely contribute to soy-
mediated neuroprotection from stroke in ovariectomized
female rats,11 the mechanisms mediating the benefits of
diets containing soy are not fully understood, especially in
male rodents, where brain ER expression after stroke is
lower.14,15

In the present study, we sought to determine whether the
addition of isoflavones to a diet containing caseinate (CAS)
as the protein source was sufficient to induce behavioral
neuroprotection similar to that seen previously in rats fed
SPI.5 We also performed quantitative real-time PCR (qPCR)
to compare the relative influence of the study diets on
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baseline and poststroke expression of mRNAs involved in
pathways previously identified as possible mediators of soy-
based neuroprotection from stroke, as well as mRNA ex-
pression of several markers of neuronal plasticity, oxidative
stress, and inflammation.11,13,16–22 Therefore, data were col-
lected for the expression of 10 mRNAs: Arg1 (arginase 1),
Gap43 (growth associated protein 43), Pparg (peroxisome
proliferator-activated receptor gamma), Sirt1 (sirtuin 1), Sod1
(superoxide dismutase 1), Syp (synaptophysin), Ywhae
(tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein, epsilon), Bclxl (Bcl2-like 1), Bcl2 (BCL2,
apoptosis regulator), and Rtn4 (reticulon 4).

MATERIALS AND METHODS

Diets

The semipurified study diets were based on those we uti-
lized previously5 and were prepared to order for us by Re-
search Diets, Inc. (New Brunswick, NJ). As in our previous
study, the protein source of the diets was different between the
sodium caseinate (CAS) diet and the SPI diet, with all other
nutrients held constant and based on AIN-93 guidelines. For
the third diet group (CAS+ISO), sodium caseinate was the
protein source, as for the CAS group, but purified isoflavones
daidzein (LC Laboratories, Woburn, MA) and genistein
(LC Laboratories) were added to the diet during formulation
to approximate the levels of these compounds contained en-
dogenously in the SPI diet (daidzein and genistein are pro-
duced by soybeans as glycosides and are found in SPI).
Isoflavone content of the raw materials used to prepare the
study diets was determined by a third party (NP Analytical
Laboratories, St. Louis, MO) using HPLC Mass Spectro-
metry, and these values were used to develop the final diets.
All three diets were isocaloric (Table 1).

At the beginning of the study (day-14), adult (6-month-old)
male Long Evans Hooded rats (Charles River, Wilmington,
MA) were randomly assigned to one of the three study diets.
Rats had ad lib access to their assigned diet and water. All rats
remained on their assigned diet until the end of the study.
Rats were maintained on a 12-h light/12-h dark cycle in the
vivarium of Southern Illinois University Carbondale for the
duration of the study, according to the institutional guidelines
for the care and use of laboratory animals.

Skilled ladder rung walking

We utilized the skilled ladder rung task23 to gauge motor
function in the contralesional forelimb before and after
stroke in rats, as performed previously.8 For this, rats were
exposed to the apparatus and allowed to cross the ladder
three times each on two consecutive days before their
baseline session. On day 0, rats were video recorded while
performing the task to establish their baseline performance
before middle cerebral artery occlusion (MCAO) surgery.
Rats were video recorded again on day +3. On both testing
days, rats were placed on the ladder and allowed to cross to
reach their home cage. Three trials were recorded on both
testing days.

After the end of the study, the videos were viewed and
scored by an observer who was blind to the treatment group
for each rat. Performance was recorded for the contrale-
sional impaired forelimb, and errors on the task were scored
as either slight or deep slips using criteria reported previ-
ously,8,23,24 which were noted separately. Rats with >10 total
slips on day 0 were excluded from the behavioral analysis.
To control for repeated measures, the number of total slips
committed at baseline was subtracted from the total number
of day 3 slips (i.e., post-pre) for each animal. The resulting
data were then analyzed using a one-way ANOVA with
Tukey’s post hoc for multiple comparisons between groups.
A one-way ANOVA was used to compare baseline (day 0)
performance between groups. Animal weights were com-
pared across the study using two-way ANOVA with re-
peated measures. P values <.05 were considered significant.
All statistics were performed with Prism 7.04 for Windows
(GraphPad Software, La Jolla, CA, USA).

Surgical procedures

On day 0, a subset of rats from each diet group was
randomly chosen to undergo a permanent MCAO procedure
to produce a stroke lesion, as described previously.5,8,25

Table 1. Composition of Experimental Diets

Ingredient

Diets

CAS SPI CAS+ISO
g/kg/diet

Caseinate, Sodiuma 200 0 200
SPIb 0 200 0
dl-Methionine 3 3 3
Corn starch 440 440 440
Maltodextrin 10 100 100 100
Sucrose 100 100 100
Cellulose, BW200 50 50 50
Cocoa butter 12.5 12.5 12.5
Linseed oil 1.5 1.5 1.5
Palm oil 17.5 17.5 17.5
Safflower oil 9.5 9.5 9.5
Sunflower oil, Trisun Extra 9 9 9
Salts, S10026 10 10 10
DiCalcium phosphate 13 13 13
Calcium carbonate 5.5 5.5 5.5
Potassium citrate, 1 H2O 16.5 16.5 16.5
Vitamins, V13401 10 10 10
Vitamin E acetate, 50% 0.18 0.18 0.18
Choline bitartrate 2 2 2
TBHQ 0.03 0.03 0.03
Total genisteinc Not detected 0.21 0.32
Total daidzeinc Not detected 0.12 0.17
Protein kcal% 21 21 21
Carbohydrate kcal% 67 67 67
Fat kcal% 12 12 12
Total kcal% 100 100 100

aAlanate 180, New Zealand Milk Products, Inc.
bSUPRO� Isolated Soy Protein, DuPont Nutrition and Biosciences.
cExpressed as aglycone equivalents.

SPI, soy protein isolate.
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Briefly, rats in the MCAO groups were anesthetized with
isoflurane (5% in oxygen) in an induction chamber. Rats
were then placed in a stereotaxic device with an integrated
anesthesia port, where they were maintained on isoflurane
(1% to 2.5% in oxygen) for the duration of the MCAO
procedure. First, the left common carotid artery (CCA) was
visualized and permanently ligated. Next, a craniotomy was
made to visualize the left middle cerebral artery (MCA)
proximal to the rhinal fissure and ligate it. Rats then un-
derwent a temporary occlusion of the right (contralateral)
CCA. At the end of the procedure, rats were removed from
anesthesia, allowed to recover, and returned to their home
cages. All surgical and animal care procedures were ap-
proved by the SIUC Institutional Animal Care and Use
Committee, in accordance with the National Institutes of
Health guide for the care and use of Laboratory animals.

Rats that were not assigned to the MCAO groups were
euthanized on day 0 to determine mRNA expression in rats
in each diet group (i.e., CAS, CAS+ISO, and SPI) at that
time point.

qPCR protocol and data analysis

For the qPCR study, day 0 (N = 4/group) or day 3 post-
stroke (N = 6/group) rats were euthanized, and brains were
removed for isolation of RNA. Brain tissue was sliced into
1 mm coronal sections, and tissue samples (*2 · 2 · 1 mm
per side) were taken at the rostrocaudal midpoint of the
lesion from both ipsilateral peri-infarct cortex (damaged)
and contralateral (opposite) homotopic cerebral cortex using
a scalpel blade. Care was taken to avoid including the un-
derlying white matter. For day 0 rats (which did not receive
an MCAO), samples were taken from both left and right

sides of the cerebral cortex. Tissue samples were immedi-
ately placed into Trizol�, homogenized, and stored at -80
until RNA extraction. RNA was extracted using the Trizol
Reagent protocol (Life Technologies, Carlsbad, CA) and
quantified using a NanoDrop� 2000 UV spectrophotometer
(Thermo Scientific). Total RNA was reverse transcribed
using iScript� cDNA Synthesis Kit (Bio-Rad, Hercules,
CA) as per the manufacturer’s instructions using a Bio-Rad
iCycler Thermocycler (Hercules, CA). All qPCRs were
performed in triplicate, utilizing SYBR green incorporation
(Life Technologies) for quantification of the PCR products
(see Table 2 for primer sequences). Calibration cDNA and
water control wells were included on each 96 well plate. The
resulting mRNA expression values were normalized to the
cerebral cortex mean of day 0 (uninjured control) CAS-fed
rats using the 2DDCt method,26 as appropriate. Day 0 qPCR
data were analyzed using one-way ANOVA with Tukey’s
post hoc test for multiple comparisons between diet groups.
Day 3 qPCR data were analyzed using two-way ANOVA
with Tukey’s post hoc test for multiple comparisons be-
tween groups and/or hemispheres. Significance was set at
P < .05 for all analyses.

RESULTS

Skilled ladder rung walking

Rats in the CAS, CAS+ISO, and SPI groups demonstrated
an equivalent number of errors on day 0 (P = .433). After
stroke, rats fed SPI exhibited a significantly smaller increase
in the total number of forelimb slips committed while
crossing the bar walk apparatus compared to CAS-fed rats
(Fig. 1; P = .037). The poststroke increase in the total
number of slips committed by rats in the CAS+ISO group
was not significantly different from slips committed by ratsTable 2. Primers Used for Quantitative

Real-Time Polymerase Chain Reaction

Gene Primer sequence

Arg1 Forward-ACAAGACAGGGCTACTTTCAGG
Reverse-TTTGCGGTGATGCCCCAGAT

Gap43 Forward-GCCAAGGAGGAGCCTAAACA
Reverse-GTCGGGCACTTTCCTTAGGT

Pparg Forward-GAAGGGGCCTGGACCTCTGCT
Reverse-CCGAAGTTGGTGGGCCAGAATGG

Sirt1 Forward-CCAGTAGCACTAATTCCAAGTTC
Reverse-GCATACTCGCCACCTAAC

Sod1 Forward-TGTGCGTGCTGAAGGGCG
Reverse-CTTCATCCGCTGGACCGCCA

Syp Forward-GGTCTTTGCCATCTTCGCCT
Reverse-ACGAGGAGTAGTCCCCAACC

Ywhae Forward-ACGCGGAGCGAGAAGCTGAG
Reverse-TCAGCTCCACGTCCATTCCTGC

Bclxl Forward-AGCTTCGCAATTCCTCTGGC
Reverse-TCCAAAGCCAAGATAGGGTTATTC

Bcl2 Forward-ATTGTGGCCTTCTTTGAGTTCG
Reverse-GTTCCACAAAGGCATCCCAG

Rtn4 Forward-ATGAAGGCCACCCATTCA
Reverse-AGACCATTGAACAAGGCACCA

Gapdh Forward-GAGAAGGCTGGGGCTCAC
Reverse-CCCTTCCACGATGCCAAAGT

FIG. 1. Skilled ladder rung walking on day 3 poststroke. Rats fed
SPI (N = 11) demonstrated fewer total forelimb slips than rats fed
CAS (N = 11; P = .037). Rats fed CAS+ISO (N = 11) demonstrated
intermediate performance and were not significantly different in their
performance from either CAS (P = .372) or SPI rats (P = .443).
*P < .05. SPI, soy protein isolate.
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in either the CAS (P = .372) or the SPI groups (P = .443). No
difference in body weight was detected between groups
across the study (P > .05; data not shown).

Effects of diet on relative mRNA expression at day 0

We quantified expression of the mRNAs of interest at day
0 in rats fed CAS, CAS+ISO, and SPI diets, using the mean
expression of each mRNA in the CAS group for normali-

zation and expression of fold differences between groups for
statistical comparison as described in the Materials and
Methods section. This was done to compare the effects of
the study diets on gene expression without the influence of a
stroke lesion.

We found that relative mRNA expression of Pparg
was significantly higher in the CAS diet group than in the
SPI diet group (P = .024; Fig. 2) at day 0. Expression of

FIG. 2. Relative mRNA expression at day 0. Baseline (day 0) expression of genes of interest in adult male Long Evans Hooded rats (N = 4/
group) fed a diet containing caseinate (CAS), SPI, or caseinate with added isoflavones (CAS+ISO). Relative expression of the indicated genes in
total cellular RNA was determined by qPCR. *P < .05, and ***P < .001. qPCR, quantitative real-time PCR.
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Pparg in the CAS+ISO diet group was not significantly
different than either the CAS (P = .069) or SPI diet
(P = .99) groups.

Expression of Syp was significantly affected by diet
(P = .0005) at day 0. Rats fed SPI expressed Syp mRNA at a
level *4-fold greater than rats fed CAS (P = .0004) or
CAS+ISO (P = .0013), which were not different from one
another (P > .05; Fig. 2).

An effect of diet was detected on expression of Ywhae
mRNA at day 0 (P = .044). Expression of Ywhae was sig-
nificantly lower in the CAS+ISO group than in CAS
(P = .043). SPI-fed rats demonstrated an intermediate level
of expression which was not different from either CAS+ISO
(P = .743) or CAS (P = .135).

No significant effects of diet were observed at day 0 on
the relative expression of Arg1, Bcl2, Bclxl, Gap43, Rtn4,
Sirt1, or Sod1 (Fig. 2).

Effects of diet and hemisphere on relative mRNA
expression at day 3 poststroke

Fold changes of the mRNAs of interest at day 3 poststroke
in rats fed CAS, CAS+ISO, and SPI diets were again deter-
mined by normalizing to the mean expression of each mRNA
in the day 0 CAS group, including for the day 3 CAS group.

We found that no effects of hemisphere or diet were found
for Arg1, Bcl2, Bclxl, Gap43, Pparg, Sirt, or Sod1 mRNA
expression (P > .05; Fig. 3) on day 3 poststroke.

Relative expression of Rtn4 was affected by both hemi-
sphere (P = .0375; Fig. 3) and diet (P = .0073). Overall ex-
pression was significantly higher in the hemisphere
contralateral to the stroke. Within the contralateral hemi-
sphere, the Rtn4 mRNA expression in the SPI group was
significantly higher than in the CAS group (P = .022; Fig. 3),
but was not different from the CAS+ISO group (P = .0731).

At day 3, relative mRNA expression of Syp was slightly
but significantly higher in the contralateral hemisphere than
the ipsilateral hemisphere (P = .0028; Fig. 3). However, no
effects of diet were found either within or between hemi-
spheres (P > .05).

Relative mRNA expression of Ywhae was slightly higher
at day 3 in the contralateral hemisphere compared to the
ipsilateral hemisphere (P = .0224; Fig. 3) but did not reach
the threshold of a twofold difference, so was not considered
biologically significant. No effect of diet was detected either
within or across hemispheres (P > .05).

DISCUSSION

Skilled ladder rung walking

In a previous experiment, we demonstrated that prefeeding
adult male rats a semipurified diet containing SPI signifi-
cantly protected poststroke performance on the skilled fore-
limb reaching task compared to rats prefed a control diet
containing CAS as the protein source.5 Based on these find-
ings, we conducted the current studies to determine whether
daidzein and genistein are the primary neuroprotective
components mediating the relative neuroprotective effects of

SPI over CAS. Therefore, we utilized SPI and CAS diets as
we did previously, but we also included a group that received
a modified diet containing CAS plus the isoflavones daidzein
and genistein added to approximate the concentrations found
in the SPI diet (CAS+ISO). The inclusion of the CAS+ISO
diet group allowed us to evaluate the relative contribution of
the isoflavones daidzein and genistein to the demonstrated
neuroprotective properties of the SPI diet.

Herein, we report several important findings. First, we
have replicated the key finding from our previous article5:
adult male rats fed a semipurified diet containing SPI as the
sole protein source performed significantly better on a be-
havioral task requiring skilled forelimb use after stroke than
rats fed CAS.

Second, we determined that the isoflavones daidzein and
genistein are not solely sufficient for mediating the observed
benefits of the SPI diet compared to CAS in adult male rats.
Interestingly, the skilled ladder rung walking results support
the conclusion that the addition of isoflavones to the CAS
diet provided some behavioral neuroprotection in adult rats,
as skilled ladder performance by adult rats fed CAS+ISO
was intermediate between groups fed CAS and SPI, but was
not statistically different from either. This is an important
finding, as it supports the hypothesis that isoflavones
themselves probably provide at least some protection from
stroke in young adult rats. Furthermore, this finding is
consistent with previous studies in ovariectomized female
rats7,11,21,27 and our previous study in which we infused
daidzein using a subcutaneous osmotic mini pump.8

ERs have been shown to play a role in dietary isoflavone-
mediated neuroprotection from stroke in ovariectomized
young adult female rats.9 However, others have demon-
strated that ER activation is not always necessary for neu-
roprotection by daidzein,13 but this has not yet been
examined in a model of stroke. Further research is needed to
more completely understand the role of ER in isoflavone-
mediated neuroprotection in male rats.

mRNA expression at day 0

The expression of mRNA associated with inflammatory,
apoptotic, and neuroplasticity pathways has been docu-
mented by others before and after stroke in a variety of
models.11,13,16–22 However, few studies of the effects of
isoflavones and/or SPI on poststroke gene expression have
been published to date.21

In the current study, we chose to examine 10 individual
mRNA of interest from several of these established path-
ways at day 0 (i.e., in the absence of stroke) to elucidate
whether expression of these mRNAs was differentially in-
duced in CAS, CAS+ISO, and SPI diet groups and for
comparison to poststroke levels.

We found that diet affected the expression of Syp, Pparg,
and Ywhae mRNA at day 0. Adult rats in both groups that
received diets that contained isoflavones (CAS+ISO and
SPI) were lower in Pparg expression than the CAS group,
although only the difference between SPI and CAS reached
statistical significance. Furthermore, the expression pattern
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FIG. 3. Relative mRNA expression at day 3 poststroke. Expression of genes of interest on day 3 poststroke in rats (N = 6/group) fed a diet
containing caseinate (CAS), SPI, or caseinate with added isoflavones (CAS+ISO). Relative expression of the indicated genes in total cellular RNA
was determined by qPCR. Relative expression for all aged groups was normalized to expression at day 0 in rats fed CAS. *P < .05, and **P < .01.
Contra, Ipsi = gene expression in hemispheres contralateral or ipsilateral to stroke injury, respectively.
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of Pparg at the day 0 time point mirrors the behavioral
outcome we found at day 3 poststroke: CAS and SPI groups
were significantly different from one another, and CAS+SPI
was not different from either SPI or CAS.

Modulation of the expression or activity of PPARg rep-
resents a candidate mechanism which could contribute to the
neuroprotective benefits observed in rats fed diets contain-
ing SPI.10,28,29 Like daidzein and genistein,10 antidiabetic
medications in the glitazone family are known activators for
PPARg,30–32 and their administration has been shown to be
protective after brain injury.33–35 However, the mechanism
mediating the baseline reduction in Pparg mRNA by the
CAS+ISO and SPI diets in the current study is unknown, as
is the relationship of this reduction, if any, to the observed
poststroke outcomes. Therefore, more research is needed to
address this question.

Lower expression of Ywhae mRNA at day 0 in rats fed
CAS+ISO and the intermediate effect in rats fed SPI is likely
related to the reduced expression of Pparg in these groups,
as Ywhae is downstream of Pparg.

In contrast to Pparg and Ywhae, Syp mRNA expression
was fourfold higher in the SPI group than in the CAS and
CAS+ISO groups. This increase likely reflects an increase in
synapse density in the cerebral cortex of adult rats fed SPI.36

As this did not occur in the CAS+ISO group, this increase is
not likely to be due to the isoflavones in the SPI but rather
some other factor and possibly contributes to the enhanced
skilled ladder rung walking performance observed in SPI-fed
rats on day 3 poststroke. This hypothesis requires further
investigation. Although the relative importance of the ob-
served differences in expression of Pparg, Ywhae, and Syp at
day 0 is not clear, the different baseline expression of one or
more of these mRNA could possibly account for the differ-
ential effects of dietary daidzein and genistein on poststroke
skilled ladder rung walking performance observed herein.
Further study is needed to assess this hypothesis.

mRNA expression at day 3 poststroke

We examined whether mRNA was differentially ex-
pressed at day 3 after stroke in the injured (ipsilateral) or
intact (contralateral) hemisphere and whether this expres-
sion was altered by diet.

Both Rtn4 and Syp mRNA were expressed at a higher level
in the contralateral hemisphere than in the ipsilateral hemi-
sphere at day 3 poststroke. However, only expression of Rtn4
was affected by diet: rats fed SPI exhibited expression that
was fourfold greater than expression in the CAS group. Im-
portantly, Rtn4 mRNA expression in the CAS+ISO was not
significantly different than either CAS or SPI, which is again
consistent with the skilled ladder rung walking findings in
adult rats. This difference may reflect an increase in the ac-
tivation of sprouting-related genes in the contralateral hemi-
sphere in SPI-fed rats, which in turn resulted in an increase in
the expression of Rtn4 mRNA to limit this plasticity.

Other researchers evaluating soy diets found Bclxl mRNA
to be significantly increased in the ischemic hemisphere,
while Bcl2 mRNA was significantly decreased.6,21 Our

failure to detect these effects at day 3 poststroke differs from
a previous study conducted in ovariectomized adult female
rats. Lovekamp-Swan et al. found that feeding a high soy
diet for a total of 3 weeks before stroke resulted in an in-
crease in Bclxl mRNA at 22.5 h poststroke.21 This discrep-
ancy may be due to a difference in the sampling time point
or other methodology differences. Alternatively, it is pos-
sible that the pathways mediating the neuroprotective ef-
fects of soy are different between female and male rats. As
noted above, male rats do not demonstrate an increase in ER
expression after stroke, in contrast to females.15 Further
studies are needed to understand the different effects of
isoflavones in male and female rats.

Taken together, our results support the hypothesis that the
neuroprotective effects of SPI are not due solely to the
isoflavone content of this dietary component. This is evident
in the observed intermediate poststroke behavioral neuro-
protection of the CAS+ISO diet-fed rats. It is likely, there-
fore, that one or more additional bioactive compounds in
SPI is acting either centrally on the brain or in peripheral
structures to mediate the behavioral protection observed in
this and other studies. Further research should be aimed at
identifying this compound or compounds and defining the
mechanism(s) through which it works to provide neuro-
protection from stroke.
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