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Abstract: Oxidative stress has been considered a major contributing factor to traumatic brain injury (TBI). For-
mononetin, a phytoestrogen that belongs to the flavonoid family, is extracted from plants and herbs such as the red
clover. Growing evidence demonstrates that formononetin has antioxidant properties. Therefore, formononetin has
potential use in treating oxidative stress injuries in TBI. In this study, the neuroprotective and antioxidant effects
of formononetin against TBI, as well as the related probable mechanisms, were investigated. The TBI model was
produced in male Wistar rats through Feeney’s weight-drop model. At 1 day after TBI, the neurological function score
and brain water content were assessed. TUNEL assay was used to determine neuronal apoptosis. The expression
levels of miR-155, HO-1, and BACH1 were measured by RT-PCR and western blotting. Consequently, our findings
showed that formononetin pretreatment for 5 days significantly improved the neurological scores, reduced brain
edema and inhibited neuronal apoptosis in rats after TBI. MiR-155 was substantially decreased and BACH1 expres-
sion was significantly increased in the TBI model, while pretreatment with formononetin dramatically up-regulated
the expression levels of miR-155 and HO-1 and down-regulated the protein expression of BACH1 in rats after TBI.
In summary, formononetin has been shown to have neuroprotective effects, and the mechanisms of this effect may
be associated with its inhibition of oxidative stress and activation of Nrf2-dependent antioxidant pathways in TBI.
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Introduction truction of the blood-brain barrier, and an

altered energy metabolism [1, 2]. Therefore,

Traumatic brain injury (TBI), a major cause of
death and disability around the globe, occurs
when an external mechanical force damages
the brain structure and can lead to the tempo-
rary or permanent impairment of cognitive,
physical and psychosocial functions. The most
common causes of TBI include violence, traffic
accidents, sports and building work. In addition
to the damage caused at the time of injury
(primary brain injury), a variety of events that
occur during the minutes to days following the
injury may result in secondary brain injury. The
mechanisms of secondary injuries include initi-
ation of the inflammatory cascade, the produc-
tion of free radicals, an overload of excitatory
neurotransmitters, apoptosis, necrosis, des-

the pathophysiology of TBI is inseparably linked
to numerous detrimental neurobiological con-
sequences.

In recent decades, a considerable amount of
research has found that heme oxygenase plays
a protective role in the oxidative stress and
inflammatory response of TBI [3-5]. Heme oxy-
genase is induced by a wide variety of stimuli,
from oxidative stress to proinflammatory cyto-
kines and endotoxins. Heme oxygenase-1 (HO-
1) is an enzyme that catalyzes the degradation
of heme to biliverdin, free iron, and carbon mon-
oxide. The metabolites of heme can mediate
the cytoprotective and anti-inflammatory prop-
erties of HO-1 by serving as antioxidants, thus
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alleviating the damage caused by reactive oxy-
gen species (ROS).

MicroRNAs, a large family of small (18-24 nu-
cleotide) non-coding RNAs, have been recently
considered new players in regulating diverse
aspects of cell biology, including oxidative
stress and inflammation. Numerous studies
have indicated that microRNAs are able to
“fine-tune” the nuclear factor erythroid 2-relat-
ed factor 2 (Nrf2) pathway and to maintain
redox homeostasis by regulating the genera-
tion of reactive oxygen species [6, 7]. For
instance, it has been shown that miR-155 is
associated with fluoro-octane sulfonate-indu-
ced oxidative hepatic damage via a Nrf2-
dependent pathway [8]. However, the signaling
events regulating cellular microRNA activity
and/or function in the oxidative brain damage
of TBI remain largely unknown.

Formononetin (FN) is an O-methylated isofla-
vone phytoestrogen extracted from plants and
herbs, such as the red clover, that has been
proven to improve blood microcirculation,
induce apoptosis in cancer cells, regulate anti-
oxidant effects, etc. [9-11]. In our previous
study, it was suggested that formononetin pro-
tects TBI rats against neurological lesions and
that the underlying mechanisms of this protec-
tion are associated with the inhibition of both
the intracephalic inflammatory response and
oxidative stress [12]. Specifically, formononetin
has been shown to up-regulate the protein
expression of Nrf2 in TBI rats. However, the
function of formononetin and the mechanisms
potentially underlying its activity remain
unclear. Thus, the current study investigated
the involvement of miR-155 in formononetin-
induced neuroprotection against TBI and its
potential interactions with the Nrf2/ARE/HO-1
signaling pathway.

Materials and methods
Materials

Formononetin (molecular weight = 268.3, puri-
ty > 98.0%, verified by high-performance liquid
chromatography) was purchased from Sigma-
Aldrich Trading Company Limited (Shanghai,
China) and was dissolved in dimethyl sulfoxide
(DMSO). The formononetin stock (200 mM) was
stored at 4°C until use.
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Experimental animals and formononetin treat-
ment

Young adult male Wistar rats (Grade I, License
No. 20160203) weighing 220-280 g were
obtained from the Experimental Animal Center
of Guilin Medical University. The animals were
housed in a temperature-controlled (22-28°C)
environment under a 12 h light/dark cycle with
free access to food and water and were accli-
matized for at least 4 days prior to experi-
mentation.

The TBI rat model used in this study was based
on Feeneys weight-drop model as previously
reported with some modifications [13, 14].
Briefly, the tested rats were anesthetized with
an intraperitoneal injection of 2% sodium pen-
tobarbital solution (3 mLkg?, 60 mgkg?') and
then were placed on a stereotaxic frame. Rectal
temperature was maintained at 37-38°C with a
heating pad. A 5-mm-diameter bone window
was made in the skull with the dura intact by a
dental drill (cerebral location: dextral coronal
section at 1 mm, midline scalp at 2 mm).
Subsequently, traumatic injury was induced by
striking the dura with an impactor; briefly, a
40-g steel weight with a flat end was dropped
from 30-cm high onto a small pillar (4 mm
diameter and 5 mm long) to bump the dura.
The weight impacted the intact dura and
caused a cortical contusion. After impact, the
scalp was sutured closed, and the animals
were allowed to recover from the anesthesia.
All of the operations were carried out with asep-
tic techniques. TBI was confirmed in the rat
model by the observation of limb convulsions,
transitory apnea, and unconsciousness post-
injury. In this study, the experimental rats were
randomized into different groups: 10 control
rats in the sham group (subjected to identical
surgical procedures but without the impact), 10
TBI rats in the TBI group, and 20 TBI rats in the
formononetin-treated groups (intraperitoneal
injection with formononetin 10 mg-kg™.d? or 30
mg-kg.d? for 5 days before TBI, with 10 rats in
each treatment group).

Assessment of neurological conditions

Neurological function of the tested rats was
investigated using the modified neurological
severity score (MNSS) as previously reported.
As a composite of the motor, sensory and reflex
tests, the injury severity scores were graded on
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a scale of O to 18, and the higher the score
was, the more severe the injury. Neurological
function was assessed 1 day after the TBI was
incurred. This evaluation was performed by an
observer who was blinded to the treatment
groups.

Brain tissue sampling preparation

The rats were deeply anesthetized by intra-
peritoneal injection of ethyl carbamate (200
mg-kg?). Intracephalic perfusion was complet-
ed with 250 mL cold saline to remove the rem-
nant blood. Brain tissue from the lesioned zone
of each group was sampled. Some tissue sam-
ples were used for PCR, and others were used
for western blotting analyses.

Evaluation of brain edema

The injured brain tissues of the TBI rats were
immediately harvested and weighed on an
electronic balance to obtain the wet weight;
then, the tissues were dried for 24 h in an oven
at 85°C to constant weight and reweighed to
obtain the dry weight. The moisture content of
the brain was calculated using the following
equation: cerebral moisture content (%) = (wet
weight-dry weight)/wet weight x 100%.

Hematoxylin and eosin (H&E) staining and ter-
minal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay

Rat brains were collected, post-fixed, dehydrat-
ed, and embedded in paraffin. The paraffin sec-
tions were subjected to dewaxing and hydration
and then stained with H&E for 5 min. The slices
were differentiated with 0.6% hydrochloric acid
in alcohol for 30 s, counterstained in acidified
eosin alcohol (pH 4.2) for 3 min, dehydrated
and cleared. The pathological lesion zones of
the brain were examined under a light micro-
scope (Leica, Wetzlar, Germany).

To visualize DNA fragmentation, TUNEL staining
was performed using an In Situ Cell Death
Detection Kit® (Roche, Mannheim, Germany)
according to the manufacturer’s protocol. The
sections were post-fixed in ethanol-acetic acid
(2:1), rinsed and then incubated with protein-
ase K (100 pg/ml). The sections were then
rinsed and incubated in 3% H,0,, permeabi-
lized with 0.5% Triton X-100, rinsed again, and
incubated in the TUNEL reaction mixture. Fin-
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ally, the sections were rinsed and visualized
using a Converter-POD with 0.03% 3,3’-diami-
nobenzidine (DAB). Mayer’s hematoxylin (DAKO,
Glostrup, Denmark) was used as a counter-
stain, and the sections were mounted onto gel-
atin-coated slides. The slides were air-dried
overnight at room temperature, and cover slips
were mounted using Permount®. The sections
were analyzed under a light microscope.

Quantitative real-time PCR (qRT-PCR) detection
for miR-155, HO-1 and BACH1

Frozen samples from injured zones of the brain
were homogenized, and total RNA was extract-
ed with TRIzol reagent (Beyotime Institute of
Biotechnology, Shanghai, China). Total RNA was
reverse transcribed with a Revert Aid™ First
Strand cDNA Synthesis Kit (Fermentas, Bur-
lington, Ontario, USA) following the manufac-
turer’s instructions. miR-155, HO-1 and BACH1
expression levels were measured by quantita-
tive real-time PCR using the ABI PRISM 7500
sequence detection system (Applied Biosyste-
ms, Carlsbad, CA). The threshold cycle (Ct) data
were recorded by the software provided, and
the relative expression levels of miR-155 and
HO-1 were calculated with the 22T method.
Transcript levels were normalized to the expres-
sion level of GAPDH in all cases.

Western blotting analysis for HO-1 and BACH1
expression levels

To assess the protein expression levels of HO-1
and BACH1 after treatments, western blotting
analysis was performed. In brief, the cerebral
tissue from the lesion zone was separated and
homogenized with RIPA lysis buffer (Beyotime
Institute of Biotechnology, Shanghai, China).
The lysates were incubated on ice for 15 min
and centrifuged at 10,000 rpm for 10 min at
4°C. Supernatant protein content was deter-
mined using a bicinchoninic acid assay protocol
(Sigma-Aldrich, USA). Then, sodium dodecyl sul-
fate (SDS) sample loading buffer was added to
the supernatant, and the mixture was boiled at
100°C for 5 min. Samples containing 50 ug of
protein were separated by 10% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and electrotransferred onto polyvi-
nylidene difluoride (PVDF) membranes (Milli-
pore, Bedford, MA, USA). After blocking, the
membranes were incubated overnight at 4°C
with the following primary antibodies: rabbit
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Figure 1. Formononetin decreased the modified neurological severity score (MNSS) and brain water content of TBI
rats. A. Neurological severity score was evaluated at 1 day after TBI. B. Water content was calculated by the following
equation: (wet weight - dry weight)/wet weight x 100%. The results are expressed as mean * SD. 2P < 0.05 TBI vs.

Sham group; “P < 0.05 vs. TBI group; n = 10.

anti-rat HO-1, rabbit anti-rat BACH1 antibody
(both from Santa Cruz, CA, USA; 1:500), or
mouse anti-rat B-actin antibody (Santa Cruz,
CA, USA; 1:4000). After three washes in TBST,
the membranes were incubated with the appro-
priate horseradish peroxidase-coupled second-
ary antibody at room temperature for 1 h.
Immunoreactive bands were scanned and visu-
alized using an enhanced chemiluminescence
detection system (Life Technologies, USA) and
X-ray film. The optical absorbance of bands was
quantified with a computer-assisted image
analysis system (Bio-Rad, USA) and normalized
to the B-actin protein expression level.

Statistical analysis

The results are expressed as the means * stan-
dard deviation. Data were examined using one-
way analysis of variance, followed by Tukey’s
post hoc test. Statistical analysis was conduct-
ed with SPSS 19.0 software (IBM, Chicago, IL,
USA). The threshold of significance was defined
as P < 0.05.

Results

Formononetin protected against traumatic
brain injury in rats

To explore the overall effects of formononetin
on functional recovery after traumatic brain
injury, we assessed the mNSS 1 day post-injury
(Figure 1A). The TBI group showed significant
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functional deficits compared with the function
of the sham group. In addition, the formonone-
tin groups had a lower mNSS than the TBI group
(P < 0.05, n = 10), and the decrease in neuro-
logical scores was more significant in the group
receiving 30 mgkg! formononetin, indicating
that formononetin improved brain function.

To analyze TBIl-induced cerebral hemorrhaging
in the experimental rats, cerebral water content
was evaluated. As shown in Figure 1B, TBI
caused a significant increase in the tissue
water percentage. Compared with the TBI rats,
the cerebral water content was gradually low-
ered following formononetin treatments (P <
0.05, n = 10).

Formononetin mitigated the pathological le-
sions and inhibited neuronal apoptosis in the
brain tissue of TBI rats

Histological changes in the brain tissues of
each group were observed using the H&E stain-
ing assay. In the sham group, the nerve cells of
brain tissue were arranged uniformly, accompa-
nied by abundant cytoplasm and numerous
neurons. In addition, the extracellular space
was normally distributed. In contrast, a great
number of degenerative and necrotized nerve
cells were observed in the pathological lesions
of the TBI group. After the formononetin treat-
ments, the edema and necrosis in the lesioned
zones of the brain were significantly attenuat-
ed, and the number of nerve cells was effec-
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Figure 2. Formononetin ameliorated the morphological lesions and reduced the neuronal apoptosis rate in the dam-
aged brains of TBI rats. A. Representative images of H&E staining in the pathological lesion zones. B. The percent-
age of apoptosis was analyzed by TUNEL staining. The results are expressed as mean + SD. 2P < 0.05 TBI vs. Sham

group; "P < 0.05 vs. TBI group; n = 10.

tively increased compared with that of the TBI
group (Figure 2A).

We next detected the effect of formononetin on
neuronal apoptosis in TBI rats. The TUNEL
staining assay showed that there was a signifi-
cant increase in the apoptotic rate of the TBI
group (28.19 + 3.14%) compared with that of
the sham group (2.32 + 0.13%). Compared with
the TBI group, treatment with formononetin
showed clear signs of a dose-dependent miti-
gation of the apoptotic rate (10 mg-kg?, 23.12
+ 3.19%; 30 mg-kg?, 14.21 + 2.45%) (P < 0.05)
(Figure 2B). These results demonstrated that
formononetin ameliorated the morphological
lesions of brain tissue and inhibited neuronal
apoptosis in TBI rats.

Formononetin up-regulated the expression
levels of miR-155 and HO-1 in TBI rats

To further analyze the formononetin-induced
neuroprotective and antioxidative effects, we

5657

examined the expression levels of miR-155 and
HO-1 (Figure 3). The results from the real-time
PCR analysis revealed that miR-155 expression
in the injured zone of TBI rats was significantly
decreased compared with that in the sham
group. Strikingly, formononetin treatment in TBI
rats resulted in concentration-dependent up-
regulation of miR-155 expression in the
lesioned brain (P < 0.05).

In addition, the relative mRNA and protein
expression levels of HO-1 were both up-regulat-
ed after TBI. Treatment with formononetin fur-
ther enhanced the expression of HO-1 in a
dose-dependent manner (P < 0.05), indicating
that formononetin exhibited antioxidant effects
that were cytoprotective against TBI.

Formononetin decreased the mRNA and pro-
tein expression of BACH1 in TBI rats

As one of the key transcriptional repressor pro-
teins in the Nrf2/ARE/HO-1 signaling pathway,

Am J Transl Res 2017;9(12):5653-5661
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Figure 3. The effects of formononetin on miR-155 and HO-1 levels in TBI rats. The RNA and protein extracted from
the injured zone of TBI rats were analyzed by qRT-PCR and western blotting, respectively. A. Quantitative analysis
using qRT-PCR of the expression of miR-155, normalized to GAPDH expression. B. Quantitative analysis using qRT-
PCR of the expression of OH-1, normalized to GAPDH expression. C. Quantitative analysis using western blot of the
expression of miR-155, normalized to B-actin expression. The results are expressed as mean + SD. 2P < 0.05 TBI vs.
Sham group; P < 0.05 vs. TBI group; n = 3.
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Figure 4. Formononetin down-regulated the mRNA and protein expression levels of BACH1 in the damaged brain of
TBI rats. The RNA and protein extracted from the injured zone in rats 24 h after TBI were analyzed for BACH1 expres-
sion by gRT-PCR and western blot. A. The mRNA expression of BACH1 was normalized to GAPDH expression. B. The
protein expression of BACH1 was normalized to B-actin. The results are expressed as mean + SD. 2P < 0.05 TBI vs.
Sham group; "P < 0.05 vs. TBI group; n = 3.

BACH1 plays important roles in the oxidative Therefore, we examined the changes in BACH1
stress and inflammatory response of TBI. expression in the injured zone of TBI rat brains.
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As shown in Figure 4, the mRNA and protein
expression levels of BACH1 were markedly
increased in the TBlI model vs. those in the
sham-operated rats, whereas formononetin
significantly attenuated the increase in BACH1
levels in the brain tissue of TBI rats (P < 0.05).
This indicated that formononetin affected the
expression of BACH1 after TBI.

Discussion

There is abundant evidence that oxidative
stress is implicated in the pathology of TBI
damage. However, the evidence is too limited to
effectively treat clinical patients suffering from
moderate to severe TBI. Reassuringly, the neu-
roprotective effects of estradiol and phytoes-
trogen have gained attention in TBI research
[15-17]. However, the mechanisms underlying
these protective effects are unclear. In the
present study, formononetin, a typical isofla-
vone phytoestrogen, ameliorated brain dys-
function, alleviated cerebral edema and inhib-
ited neuronal apoptosis. In addition, the
administration of formononetin increased the
expression of miR-155 and attenuated TBI-
induced oxidative stress by up-regulating HO-1
expression and down-regulating BACH1 expres-
sion. These results suggest that formononetin
provides neuroprotection in TBI rats by regulat-
ing redox homeostasis via the modulation of
key molecules associated with the Nrf2/ARE/
HO-1 antioxidant pathway.

Accumulating evidence shows that the Nrf2/
ARE/HO-1 pathway participates in the oxidative
stress of secondary brain injuries after TBI [18,
19]. As a pivotal regulator of the antioxidant
response element (ARE), nuclear factor E2-re-
lated factor 2 (Nrf2) is responsible for activat-
ing transcription in response to oxidative stress.
Under various stress conditions, Nrf2 translo-
cates from the cytoplasm to the nucleus where
it binds to ARE and transactivates the expres-
sion of a series of enzymes, such as heme oxy-
genase-1 (HO-1), NQO1, and BACH1. These
Nrf2-dependent gene products play key roles in
protecting cells from oxidative or xenobiotic
damage [20]. The expression of HO-1, a Nrf2-
regulated cytoprotective enzyme, has been
proven to be altered after TBI and cerebral isch-
emia [21, 22]. BACH1 is a transcriptional
repressor of the HO-1 gene and plays a critical
role in protecting tissue from oxidative stress
[23, 24]. Our results indicated that the oxida-
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tive stress that occurred in TBI rats was accom-
panied by neuronal apoptosis, as shown with
the TUNEL assay. Interestingly, these abnormal
conditions were reversed after formononetin
treatment and were accompanied by an
increase in HO-1 expression and a decrease in
BACH1.

During the past decade, miRNAs have been
considered new players in regulating the Nrf2
antioxidant pathway and in maintaining redox
homeostasis. Pulkkinen, K.H. et al. demon-
strated that miR-155 inhibited BACH1 transla-
tion in human umbilical vein endothelial cells
(HUVECSs), resulting in enhanced HO-1 expres-
sion and providing cytoprotection against oxi-
dative stress [25]. Recently, emerging studies
have also reported changes in the expression
of several miRNAs in the brain tissue following
TBI [26-28]. Yang T. et al. observed that the
serum expression levels of miR-93, miR-191,
and miR-499 were significantly increased in TBI
patients compared with the levels of the con-
trols at all examined time points [29]. Our pres-
ent study shows that elevated miR-155 expres-
sion is beneficial in formononetin-mediated
neuroprotection after TBI. This finding suggests
that the protective effect of formononetin in TBI
may be associated with the inhibition of BACH1
translation and enhancement of HO-1 expres-
sion. Our previous study also demonstrated
that formononetin up-regulated Nrf2 and anti-
oxidant enzymes expression to exert neuropro-
tective effects in TBI rats [12]. Considering
these results, we speculated that TBI results in
the insufficient antioxidant capacity of the
brain, thereby inducing neural impairments.
The formononetin-mediated activation of the
Nrf2 pathway contributes to reducing oxidative
damage and alleviating brain injury in TBI.

Although our studies have provided some infor-
mation on the pathophysiology during the acute
stage after TBI, notable differences exist
between animal models and clinical treat-
ments. To verify the relationship between Nrf2/
ARE/HO-1 pathway activation and the curative
effects of formononetin in TBI, further studies
evaluating the injury response and the mecha-
nisms of the functional deficits are warranted.

Conclusion

In conclusion, we demonstrated that for-
mononetin protects the brain against injury

Am J Transl Res 2017;9(12):5653-5661



Formononetin provides neuroprotection via increasing miR-155 and OH-1 in TBI rats

after TBI via Nrf2-dependent antioxidant path-
ways. The mechanisms underlying the protec-
tion exhibited by formononetin may involve the
suppression of BACH1 and the increased
expression of miR-155 and HO-1. Overall, our
results suggest that formononetin might be a
promising drug candidate for the treatment of
TBI.
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