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Objectives: Genistein, a dietary constituent, modulates voltage-dependent and ligand-gated ionic
channels, suggesting that it could also attenuate inflammatory hyperalgesia. However, the mechanism
underlying how genistein affects inflammation-induced hyperexcitability of nociceptive neurons in vivo
remains to be determined. The present study therefore investigated whether administration of genistein
could attenuate the inflammation-induced hyperexcitability of trigeminal spinal nucleus caudalis (SpVc)
neurons associated with mechanical hyperalgesia in vivo.
Methods: Inflammation was induced by injection of complete Freund's adjuvant into the whisker pad.
The mechanical thresholds for escape behavior and electrophysiological single-unit recording of SpVc
neurons responding to mechanical stimulation were then conducted in naïve rats, inflamed rats, and
inflamed rats with genistein administered intraperitoneally.
Results: The lowered mechanical threshold in the inflamed rats was returned to control level following
administration of genistein for 2 days. The mean number of discharge frequencies of SpVc neurons in
inflamed rats was significantly decreased after genistein administration with both non-noxious and
noxious mechanical stimuli. The increased spontaneous discharges of SpVc neurons in inflamed rats
were significantly decreased after genistein administration. Noxious pinch-evoked after-discharge fre-
quency and occurrence in inflamed rats was also significantly diminished after genistein administration,
and expansion of the receptive field was significantly returned to control levels in inflamed rats.
Conclusion: Herein, we present the first evidence that genistein attenuates hyperexcitability of SpVc
neurons associated with inflammatory mechanical hyperalgesia. These findings suggest that genistein
could be a potential therapeutic agent in complementary alternative medicine for the prevention of
trigeminal inflammatory hyperalgesia.

© 2019 Japanese Association for Oral Biology. Published by Elsevier B.V. All rights reserved.
1. Introduction

Complementary alternative medicine (CAM) therapies such as
herbal medicines and acupuncture are often used for pain control
when other medical treatments are ineffective [1e3]. The isofla-
vone, genistein, is a naturally occurring polyphenol found in high
concentrations in soy products that also shows a variety of medi-
cally useful biological actions, including cardioprotection,
da).

ogy. Published by Elsevier B.V. All
neuroprotection, and anticancer properties [4,5]. Genistein has
been shown to modulate neuronal excitability via various voltage-
dependent [6e9] and ligand-gated ion channels [8e10], such as
inhibiting glutaminergic synaptic transmission in vitro via N-
methyl-D-aspartate (NMDA) receptors [9,10]. Specifically, modu-
lating peripheral nociceptors can trigger central sensitization, such
as that seen with phosphorylation of NMDA receptor subunits, and
genistein has been reported to modulate NMDA receptor 2B (NR2B)
phosphorylation following tissue inflammation [11,12]. In addition,
genistein can also decrease the production of prostaglandin E2
(PGE2) by inhibiting cyclooxygenase (COX)-2 cascades [13,14].
Together, these findings suggest that chronic administration of
rights reserved.
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genistein is a potential therapeutic strategy for moderating or
preventing inflammatory hyperalgesia.

For orofacial sensory processing, the spinal trigeminal nucleus
caudalis (SpVc) provides important relay stations for trigeminal
nociceptive inputs following inflammation and tissue injury [15,16].
Chronic pathological conditions, including tissue inflammation, can
change the properties of somatic sensory pathways, leading to
hyperalgesia [17,18]. Complete Freund's adjuvant (CFA) models of
inflammation in the orofacial region have been developed in rats to
study trigeminal pathological pain [16,19]. Previous studies have
reported CFA inflammation-induced hyperexcitability of SpVc
wide-dynamic range (WDR) neurons in response to mechanical
stimuli [16,20,21]. In addition, SpVcWDR neurons can contribute to
the mechanism of hyperalgesia and/or referred dental pain [22,23].
Chronic administration of dietary constituents including poly-
phenols, polyunsaturated fatty acids, and carotenoids has been
shown to attenuate inflammation-induced mechanical hyper-
algesia, primarily by suppressing SpVc WDR neuronal hyperexcit-
ability via both peripheral and central Cox-2 cascade signaling
pathways [24e26]. Based on these studies, we hypothesized that
genistein administration may attenuate inflammation-induced
hyperexcitability of SpVc WDR neurons associated with trigemi-
nal hyperalgesia. The present study therefore investigated whether
chronic genistein administration to rats attenuates the
inflammation-induced hyperexcitability of SpVc WDR neurons
associated with mechanical hyperalgesia in vivo.

2. Materials and methods

2.1. Induction of inflammation and genistein administration

The experiments were performed on adult male Wistar rats
(body weight 250e290 g, n ¼ 30). Rats were divided into three
groups, as follows; naïve (n ¼ 8), inflamed (n ¼ 8), and inflamed
rats with genistein treatment (100 mM; n ¼ 4 and 200 mM; n¼ 10,
intraperioneally; Sigma-Aldrich, Milano, Italy). Previous studies
indicated 100 mM genistein significantly suppresses the excitability
of trigeminal ganglion neurons in vitro [7]. Since intraperioneally
(i.p.) administered 100 mM genistein entered the general circula-
tion and was diluted into blood stream to a calculated concentra-
tion of approximately 100 mM in this study, we used a
concentration of genistein that was >100 mM (100 and 200 mM).
Each animal was anesthetized with sodium pentobarbital (45 mg/
kg, i.p.), and then CFA (0.05 ml 1:1 oil/saline suspension) was
injected into the left side of the facial skin, as described previously
[24e26]. For naïve rats, vehicle only (0.9% NaCl) was injected into
the left side of the facial skin. Genistein was dissolved in dimethyl
sulfoxide (DMSO) and administered chronically to the rats over
three days (injection time: 13:00). Behavioral experiments (20min)
were conducted immediately prior to genistein administration
daily. Based on the behavioral analysis for escape threshold, elec-
trophysiological experiments were conducted only on day 2 in
inflamed-group animals (recording time: 13:00e17:00). In some
experiments, we also tested systemic administration of vehicle
(DMSO) on day 2 in inflamed-group animals.

2.2. Mechanical threshold for escape behavior

Mechanical threshold for escape behavior was conducted as
described in previous studies [24e26]. In brief, from one to three
days after CFA or vehicle injection into the facial skin, the ipsilateral
and contralateral skin regions were tested to assess mechanical
hyperalgesia using a set of von Frey hairs (Semmes-Weinstein
Monofilaments, North Coast Medical, CA). To evaluate the rat's
escape threshold, the von Frey mechanical stimuli were applied to
the whisker pad in ascending series of trials. Each von Frey stim-
ulation was applied three times in each series of trials. Escape
threshold intensity was determined when rats moved their heads
away from at least one of three stimuli.

2.3. Extracellular single-unit recording of SpVc WDR neuronal
activity

Electrophysiological recordings were conducted two days after
CFA or vehicle injection as described in previous studies [24e26].
Each animal was first anesthetized with pentobarbital sodium
(45 mg/kg, i.p.) and maintained with additional doses of 2e3 mg/
kg/h through a cannula in the jugular vein, as necessary. Single-
neuron activity was recorded through a glass micropipette filled
with 2% pontamine sky blue and 0.5 M sodium acetate, and
recording location was determined by stereotaxic coordinates.
Neuronal activity was amplified (WPI, DAM 80), filtered
(0.3e10 KHz), and monitored with an oscilloscope (Iwatsu, SS-
7672, Tokyo) for off-line analysis by Power Lab and Chart 5 soft-
ware (ADI Instruments, UK).

2.4. Experimental protocols

Recordings of the extracellular SpVc WDR unit activity were
carried out as follows. Mechanical stimulation (with a paint
brush) was used as a search stimulus to quickly identify
receptive fields and to avoid sensitizing the peripheral re-
ceptors. The single unit that responded to left side of whisker
pad were search for with the brush and a set of von Frey hairs.
Noxious pinch stimulation was applied to the whisker pad with
calibrated forceps (5s) that evoked a pain sensation when
applied to a human subject. After identification of SpVc WDR
neurons responding in the whisker pad, we determined
whether there was a spontaneous discharge by comparing the
discharge rates induced by mechanical stimulation in naïve and
inflamed rats. The threshold for mechanical stimulation was
determined by using non-noxious (0.07, 0.16, 0.2, 1, 4, 6, and
10 g) and noxious (15, 26, and 60 g) mechanical stimulation
(duration: 5s) using von Frey hairs for intervals of 5 s. The
mechanical receptive fields of neurons were mapped by probing
the facial skin with von Frey hairs, and a peristimulus histogram
(bin ¼ 100 ms) was generated in response to each stimulus.
Recording discharges were recorded for 10 s after pinching the
receptive fields, and then the mean spontaneous, mechanical
stimulation-evoked discharges frequencies, after-discharge fre-
quencies, and mean mechanical thresholds of SpVc WDR neu-
rons were compared among the three groups (naïve, CFA, and
CFA rat with genistein treatment).

2.5. Identification of recording site

At the end of recording sessions, anodal DC currents (30 mA,
3 min) were passed through a recording micropipette before the
animals were transcardially perfused with saline and 10% formalin.
Frozen coronal sections were cut into 30-mm sections and stained
with hematoxylin-eosin. Recording sites were identified as blue
spots.

2.6. Data analysis

Values are expressed as means ± SEM. Statistical analysis was
performed using one-way repeated measure analysis of variances
(ANOVAs) followed by the Tukey-Kramer tests (post hoc test) for
behavioral and electrophysiological data. P < 0.05 was considered
statistically significant.



Fig. 2. General characteristics of spinal trigeminal nucleus caudalis (SpVc) wide-
dynamic range (WDR) neuronal activity in orofacial skin. (A) Receptive field of
whisker pad in the facial skin. (B) Distribution of SpVc WDR neurons responding to
non-noxious and noxious mechanical stimulation of facial skin (n ¼ 26). The number
below each drawing indicates the frontal plane in relation to the obex. (C) Example of
non-noxious- and noxious mechanical stimulation-induced firing of SpVc WDR neu-
rons. (D) Stimulus-response curve of SpVc WDR neurons (n ¼ 8). * represents
P < 0.05e4 g vs. 6 g, 10 g, 15 g, 26 g, 60 g, and pinch.
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3. Results

3.1. Inflammation-induced hyperalgesia

To test for hyperalgesia, the animals received a CFA injection
followed by mechanical stimulation of the injected site and/or
the orofacial skin using von Frey filaments. The inflamed rats
showed a significantly reduced threshold for escape from
stimulation compared with control animals at 1 day and at 3
days after CFA injection with mechanical stimulation of the
whisker pad area (Fig. 1, n ¼ 8, P < 0.05). In the contralateral
whisker pad, no significant changes in threshold were observed
between the two groups (naïve vs. inflamed; 56.9 ± 3.8 g vs.
58.2 ± 5.2 g, n ¼ 8).

3.2. Chronic administration of genistein for hyperalgesia

Genistein administration (200 mM, i.p) also reduced escape
thresholds frommechanical stimulation in inflamed rats compared
to naïve rats (Fig. 1). The effect was not significant at day 1 after
administration, but the thresholds were significantly returned to
control levels by chronic administration of 200 mM genistein after
2 and 3 days of inflammation (n ¼ 10, p < 0.05). Conversely,
administration of low-dose genistein (100 mM) did not signifi-
cantly reduce escape thresholds from mechanical stimulation back
control levels in day-2 inflamed rats (n ¼ 4, NS). Thus, the effect of
genistein on escape threshold from mechanical stimulation was
concentration-dependent in inflamed rats. Vehicle administration
had no significant effect on the escape threshold in day-2 inflamed
rats (data not shown).

3.3. Changes in excitability of SpVc WDR neurons following
inflammation

The response of 26 SpVc WDR neurons to mechanical
stimulation of the whisker pad was analyzed in naïve, CFA, and
CFA rats with genistein administration. These SpVc neurons
responding to non-noxious and noxious mechanical stimulation
exhibited a somatic receptive field in the whisker pad (Fig. 2A).
The recording sites were typically distributed in the maxillary
Fig. 1. Comparison of changes in the escape threshold among naïve, inflamed, and
inflamed with genistein rats. Mechanical stimulation using von Frey hairs was
applied to the ipsilateral whisker pad of naïve (saline) (n ¼ 8), complete Freund's
adjuvant (CFA)-inflamed (n ¼ 8), and CFA-inflamed with genistein (100 mM; n ¼ 4,
200 mM; n ¼ 10, i.p) rats to assess hyperalgesia. Data are mean ± SEM; ＃ represents
P < 0.05 - Inflamed vs. inflamed with genistein.
branch (Fig. 2B), with no obvious difference across recording
sites among the three groups. As shown in Fig. 2C and D, every
neuron recorded was of the WDR category, as graded me-
chanical stimulations of the most sensitive receptive field area
showed increased firing frequency of SpVc neurons propor-
tional to stimulus intensity. The mechanical stimulus-response
curve of SpVc WDR neurons is shown in Fig. 2D. Naïve rats
showed spontaneous discharges in 12.5% (1/8) of SpVc neurons
(Fig. 3A), whereas all WDR neurons (8/8; 1.2 ± 0.4 Hz) were
spontaneously active in inflamed rats (Fig. 3A). In inflamed
rats, SpVc WDR neurons also showed significantly stronger
responses to non-noxious mechanical stimulation compared
with naive rats (Fig. 3A), significantly greater mean firing fre-
quencies in response to mechanical stimuli (n ¼ 8, P < 0.05;
Fig. 3B), and significantly decreased mean mechanical thresh-
olds (n ¼ 8, P < 0.05; Fig. 3C). The mean spontaneous
discharge frequency in inflamed rats was also significantly
increased compared to that in naïve rats (Fig. 3D), as was the
mean receptive size (n ¼ 8, P < 0.05; Fig. 3E). Most of the SpVc
neurons in inflamed rats (4/8: 50%) showed after-discharges
following noxious pinch stimulation (Fig. 3F) compared to no
after-discharges in naïve rats.



Fig. 3. Chronic genistein administration reverses the hyperactivity of SpVc WDR neuronal activity after orofacial CFA inflammation. (A) Example of non-noxious- and noxious
mechanical stimulation-induced discharge of SpVc WDR neurons in naïve (n ¼ 8), inflamed (n ¼ 8), and inflamed with genistein administration (200 mM, n ¼ 10, i.p.) rats for 2 days.
Note that the decreased mechanical stimulation threshold required to evoke neuronal firing, increased spontaneous discharges, increased size of receptive field, and occurrence of
noxious pinch-evoked discharges in the inflamed rats were reversed to control levels following genistein administration. (B): Comparison of mean discharge frequency of SpVc
WDR neurons evoked by mechanical stimulation (non-noxious and noxious) of orofacial skin among the three rat groups. *represents P < 0.05 - naive vs. inflamed rats and inflamed
vs. inflamed with genistein. * represents P < 0.05 -naive vs. inflamed rats and inflamed vs. inflamed with genistein. (C): Comparison of mean mechanical threshold of SpVc WDR
neurons among the three rat groups. * represents P < 0.05 - naive vs. inflamed rats and inflamed vs. inflamed with genistein. * represents P < 0.05 - naive vs. inflamed rats and
inflamed vs. inflamed with genistein. (D) Comparison of mean spontaneous discharges of SpVc WDR neurons among the three rat groups. * represents P < 0.05 - naive vs. inflamed
rats and inflamed vs. inflamed with genistein. (E) Comparison of mean noxious pinch-evoked after-discharge frequency of SpVc WDR neurons among the three rat groups. *
represents P < 0.05 - naive vs. inflamed rats and inflamed vs. inflamed with genistein. (F) Comparison of mean receptive field size of SpVc WDR neurons among the three rat groups.
* represents P < 0.05 - naive vs. inflamed rats and inflamed vs. inflamed with genistein.
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3.4. Chronic administration of genistein inhibits hyperexcitability of
SpVc WDR neurons in inflamed rats

Based on our behavioral analysis for escape threshold, we next
tested how chronic administration of genistein (200 mM, i.p.)
affected the hyperexcitability of SpVc WDR neurons in day-2
inflamed rats. Fig. 3A represents a typical example of the
discharge rates of SpVc WDR neurons responding to non-noxious
and noxious mechanical stimulation in inflamed rats. Genistein
administered over 2 days decreased the discharge frequency of SpVc
WDR neurons to control levels following both non-noxious and
noxious mechanical stimulation, while the reduced mechanical
threshold and augmented spontaneous, noxious, and non-noxious
firing frequencies were returned to the levels of naïve rats
(P < 0.05; Fig. 3A and B). In inflamed rats, genistein also significantly
reversed the mean threshold to mechanical stimulation to control
levels in inflamed rats (Fig. 3C), as well as significantly reversed the
SpVc WDR neuronal spontaneous discharges in inflamed rats
(Fig. 3D, P < 0.05). Genistein administration also decreased the
noxious pinch-evoked after-discharge frequency (inflamed vs.
inflamed with genistein: 6/8; 75% vs. 2/10; 20%). Additionally, both
themean size of the receptive field and noxious pinch-evoked after-
discharge frequency in inflamed rats were significantly returned to
control levels (P < 0.05; Fig. 3E and F). Chronic vehicle administra-
tion had no significant effect on spontaneous, non-noxious-,
noxious mechanical-, or pinch stimulation-evoked hyperexcitabili-
ty of SpVc WDR neurons in inflamed rats (data not shown).
4. Discussion

The present behavioral study showed the following: (i) a
significantly lower threshold of escape from mechanical stimula-
tion applied orofacially in inflamed rats compared to naïve rats, as
reported previously [24e26]; (ii) a dose-dependent reversal of the
reduced mechanical threshold to control levels in inflamed rats on
days 2 and 3 of chronic genistein administration; and (iii) vehicle
administration had no significant effect on the escape threshold in
day-2 inflamed rats. Together, these findings confirm that genis-
tein treatment suppresses inflammation-induced hyperalgesia,
possibly via previously described mechanisms [24e26]. In this
study, the higher dose of genistein significantly attenuated
hyperalgesia after only 2 days of inflammation, in agreement with
previous findings of a significantly decreased CFA inflammation-
induced mechanical hyperalgesia after application of a soy diet
in a rat neuropathic pain model [28]. Although the precise
mechanism underlying the effects of genistein on inflammation-
induced hyperalgesia remains unknown, several possibilities
exist. Genistein decreases the production of PGE2 by inhibiting
Cox-2 cascades [13,14], and in a previous study, injection of CFA
into the whisker pads significantly increased the mean number of
Cox-2-immunoreactive cells in inflamed rats compared with naïve
rats. However, in inflamed rats administered the dietary constit-
uent, lutein, Cox-2 immunoreactivity of the whisker pads reached
control levels by day 3 [26]. Together, these observations support
that daily genistein use reduces inflammation-induced
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hyperalgesia in whisker pads via Cox-2 suppression resulting in
inhibition of PGE2 production.

In vitro, genistein inhibited action potentials in capsaicin-
sensitive nociceptive trigeminal ganglion neurons via lowered
voltage-dependent tetrodotoxin-resistant (TTX-R) and sensitive
(TTX-S) Naþ and Kþ currents [7]. TTX-R Naþ channels are selectively
expressed in small- and medium-sized dorsal root ganglion neu-
rons, such as nociceptive neurons [29,30]. In addition, inflamma-
tion upregulated voltage-dependent Naþ channels [31,32] and
downregulated Kþ channels [33,34] in primary sensory ganglion
neurons. In this study, the high-dose systemic administration of
genistein reversed the decreased mean mechanical stimulation
threshold in inflamed rats, while both the non-noxious- and
noxious mechanical stimuli-evoked mean discharge frequency of
SpVc WDR neurons was returned to control levels in inflamed rats
after genistein treatment. These findings indicated that systemic
genistein may modulate inflammation-induced peripheral sensiti-
zation and SpVcWDR neuronal hypersensitivity in peripheral nerve
terminals, as suggested by previous in vitro findings in trigeminal
neurons [7].

Conversely, genistein directly inhibits central glutaminergic
synaptic transmission and tyrosine kinase signaling via NMDA
mechanisms [10]. In addition, sensitizing peripheral nociceptors
can trigger central sensitization, and genistein can modulate
NR2B phosphorylation following tissue inflammation [11,12].
Further, a recent study in chronic migraine model rats implicated
tyrosine phosphorylation of NR2B in central sensitization mech-
anisms [35], specifically via protection against threshold
dysfunction and migraine attack through regulating synaptic
plasticity. It is therefore likely that the central antinociceptive
effect of systemic genistein occurred via suppression of the
tyrosine kinase-dependent phosphorylation of NMDA receptor
subunits, specifically NR2B, in addition to effects on postsynaptic
mechanisms.

Moreover, this study showed that genistein reversed the in-
crease in mean spontaneous discharge frequency of SpVc WDR
neurons following inflammation, thus complementing recent
findings of ongoing activity of WDR neurons in the SpVc being
restricted from the periphery [36]. Together, these findings suggest
that genistein attenuates spontaneous discharge activity in SpVc
WDR neurons that innervate the facial skin due to trigeminal
ganglion sensitization [37], and that via this mechanism, genistein
is likely to modulate spontaneous pain. Previous studies reported
after-discharge in SpVc WDR neurons undergoing noxious me-
chanical stimulation in a chronic inflammation model and associ-
ated these changes with neuronal sensitization during persistent
pain [24e26,38,39]; this data supports the potential importance of
after-discharges for central sensitization. Herein, we found that
genistein abolished after-discharges following noxious pinch
stimulation in inflamed rats, although the precise mechanism un-
derlying this effect remains unclear. In addition, administration of a
substance P (SP) neurokinin-1 (NK1) receptor antagonist inhibits
pinch-evoked after-discharges in WDR neurons of the spinal cord
[40]. Thus, because genistein can also dose-dependently inhibit SP-
induced responses [41], chronic administration of genistein might
attenuate the NK1 receptor-mediated after-discharges of WDR
neurons in the SpVc under inflammatory conditions. We previously
suggested that a local GABAergic mechanism could control noci-
ceptive transmission in SpVc neurons, thus impacting the overall
properties of mechanical receptive fields [22]. In the present study,
the expanded receptive field size in inflamed rats was returned to
control levels after genistein administration, although the mecha-
nisms underlying this effect remain unclear. It is possible that
genistein modulates local GABAergic tonic control of nociceptive
mechanoreceptive transmission and inhibits central mechanisms
through excitatory synaptic transmission. Further studies are war-
ranted to investigate this possibility.

Recently reports implicate dietary constituents such as resver-
atrol, docosahexaenoic acid, and lutein in attenuating CFA-induced
inflammatory mechanical hyperalgesia and associated nociceptive
neuronal hyperexcitability, possibly through Cox-2 cascade inhi-
bition [24e26]. The toxic side effects associated with most
commonly prescribed analgesic drugs, such as non-steroidal anti-
inflammatory drugs (NSAIDs), Cox-2 inhibitors, and opioids, have
increased interest in CAM agents for the treatment of persistent
chronic pain [2,42]. Thus, further studies need to examine the po-
tential effects of dietary components, including supplements, on
conditions associated with pain [3,43]. In the current study, sys-
temic administration of dietary genistein attenuated inflammation-
induced hyperexcitability of trigeminal SpVc WDR neurons asso-
ciated with mechanical hyperalgesia in rats. These results therefore
contribute to the development of analgesic drugs with fewer side
effects for the treatment of pathological pain, including orofacial
pain.
5. Conclusion

Herein, we provide the first evidence that genistein attenuates
the hyperexcitability of SpVc WDR neurons associated with in-
flammatory mechanical hyperalgesia. These findings support gen-
istein as a potential CAM therapeutic agent for the prevention of
trigeminal inflammatory hyperalgesia.
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