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[ABSTRACT] Isoflavones are widely consumed by people around the world in the form of soy products, dietary supplements and 
drugs. Many isoflavones or related crude extracts have been reported to exert pain-relief activities, but the mechanism remains unclear. 
Voltage-gated sodium channels (VGSCs) play important roles in excitability of pain sensing neurons and many of them are important 
nociceptors. Here, we report that several isoflavones including 3'-methoxydaidzein (3MOD), genistein (GEN) and daidzein (DAI) 
show abilities to block VGSCs and thus to attenuate chemicals and heat induced acute pain or chronic constriction injury (CCI) in-
duced pain hypersensitivity in mice. Especially, 3MOD shows strong analgesic potential without inducing addiction through inhibiting 
subtypes NaV1.7, NaV1.8 and NaV1.3 with the IC50 of 181 ± 14, 397 ± 26, and 505 ± 46 nmol·L–1, respectively, providing a promising 
compound or parent structure for the treatment of pain pathologies. This study reveals a pain-alleviating mechanism of dietary isofla-
vones and may provide a convenient avenue to alleviate pain.  
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Introduction 

In general, chronic pain may result from either central or 
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peripheral somatosensory system damage or from the constant 
nociceptor activation [1] and is recognized as a common health 
problem. Community-based surveys have found that 15%– 
25% of adults suffer from chronic pain at any given time, 
with the incidence increasing to 50% in those older than 65 
years [2]. Chronic pain exists in different forms. It is easy to 
recur and difficult to cure permanently. However, many anal-
gesics have limited efficacy and dose-limiting side-effects 
with long-term medication. Voltage-gated sodium channels 
(VGSCs) play critical roles in neuron nociceptive signal 
transduction and many of them are important nociceptors. 
Several different sodium channels have been proven to be po-
tentially therapeutic targets for pain, such as NaV1.3, NaV1.7 
and NaV1.8. NaV1.3 is upregulated in sensory neurons fol-
lowing chronic inflammation and nerve injury, and it has been 
connected to central neuropathic pain [3]. NaV1.7 is highly 
expressed in nociceptors and humans who lack functional 
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NaV1.7 channels exhibit complete insensitivity to pain [4]. 
Specifically block of NaV1.7 significantly reduces pain reac-
tions in rodent pain models [5]. NaV1.8 is also implicated in 
inflammatory and neuropathic pain mechanisms, and selective 
blockage of NaV1.8 alleviates both of these types of pain [6].  

Natural isoflavones mostly exist in Fabaceae plants, 
commonly known as the bean family, and they are particu-
larly abundant in soybeans. Foods and drugs rich in isofla-
vones have been consumed all over the world for a long time 
especially in Asian countries. Studies have revealed many 
beneficial or protective effects of isoflavones related to dif-
ferent diseases such as pain [7, 8], obesity and diabetes [9], arte-
riosclerosis [10] and other cardiovascular disease [11], breast 
and prostate cancer [12], bone loss [13] and hot flash symptoms 
suffered by women during menopausal phase [14]. However, 
despite the widespread consumption, isoflavones have not 
been intensively studied to establish the underlying mecha-
nisms corresponding to their beneficial functions. In this study, 
we investigate the effects of several dietary isoflavones on 
voltage-gated sodium channels and pain. 3MOD is found to 
efficiently inhibit NaV1.7, NaV1.8 and NaV1.3 sodium channel 
subtypes, and thus to exert potentially analgesic abilities in 
rodent models.  

Materials and Methods 

Materials 
3′-Methoxydaidzein (3MOD), genistein (GEN) and dai- 

dzein (DAI) were obtained from Yuanye Bio-Technology 
Company (Yuanye, Shanghai, China), and dissolved in 
DMSO (MP Biomedicals, USA). Tetrodotoxin was purchased 
from MedChem Express (MedChem Express, Shanghai, Chi- 
na). Dulbecco’s modified eagle’s medium (DMEM) was pur- 
chased from Corning Cellgro (Corning, USA). Enzymes and 
electrolytes were obtained from Sigma-Aldrich (Sigma-Al- 
drich, Shanghai, China) unless otherwise mentioned. Forma-
lin and acetic acid were obtained from Xilong Scientific 
(Xilong, Guangdong, China). 
Patch-clamp recording on rat DRG neurons 

Rat dorsal root ganglion (DRG) neurons were acutely 
dissociated and maintained in short-term primary culture, as 
previously described [5]. Briefly, 4 weeks Sprague-Dawley 
rats of either sex were killed without anesthetization, the dor-
sal root ganglia were quickly removed from the spinal cord, 
and then they were transferred into DMEM containing colla-
genase (1.0 g·L–1, type IA), trypsin (0.5 g·L–1, type III) and 
DNase (0.1 g·L–1, type III) to digest at 37 °C with 100 r·min–1 
for about 30 min. Trypsin inhibitor (1.5 g·L–1, type II-S) was 
used to terminate enzyme treatment. The DRG cells were 
transferred into 35-mm culture dishes containing 95% DMEM, 
5% newborn calf serum, and penicillin-streptomycin. The 
dorsal root ganglion cells were incubated in a CO2 incubator 
(5% CO2, 95% air, 37°C) for 2–4 h before patch-clamping. 
Na+, K+, and Ca2+ currents were recorded using the whole-cell 
patch-clamp technique with an Axon Multiclamp 700B am-

plifier (Molecular Devices) as previously described [15]. Data 
were acquired and analyzed using Clampfit 10.0 (Molecular 
Devices, USA) and SigmaPlot 9.0 (Systat Software, USA). 
All the experimental protocols using animals in this work 
were approved by the Animal Care and Use Committee at 
Kunming Institute of Zoology, Chinese Academy of Sciences 
(SMKX2017024). 
Patch-clamp recording of sodium channel subtypes 

Sodium channel subtypes [human (h) or rat (r) sodium 
channel subtypes, rNaV1.3, rNaV1.4, hNaV1.5, hNaV1.7, rNaV1.8], 
β1 and eGFP were co-transiently transfected into HEK293T 
or ND7/23 cells according to the manufacturer’s instructions 
(lipo2000, Invitrogen, Carlsbad, CA, USA). The bath solution 
contained the following components: 140 mmol·L–1 NaCl, 3 
mmol·L–1 KCl, 1 mmol·L–1 MgCl2, 1 mmol·L–1 CaCl2 and 10 
mmol·L–1 HEPES, pH 7.3. The internal solution contained: 10 
mmol·L–1 NaCl, 3 mmol·L–1 KCl, 140 mmol·L–1 CsF, 10 
mmol·L–1 MgCl2 and 1 mmol·L–1 EGTA, pH 7.3. Experimen-
tal data were acquired and analyzed using Clampfit 10.0 
(Molecular Devices, USA) and SigmaPlot 9.0 (Systat Soft-
ware, USA).  
Formalin-induced paw licking  

Analgesic effects were evaluated in male C57BL/6J mice 
(18–22 g, n = 10). Formalin-induced paw licking was carried 
out by intraplantar injection of formalin in the right hind paws, 
and pain attenuation was compared in mice pre-injected with 
3MOD or its analogues dissolved in the vehicle (5 μL DMSO 
in 200 μL saline) intraperitoneally. After 15 minutes’ pre-
treatment, animals were injected with 10 μL 2% (V/V) forma-
lin in saline at the plantar surface of the right hind paw. Mice 
were then placed individually into open polyvinyl cages 
(20 cm × 40 cm × 15 cm). The total licking time of the in-
jected paw was recorded by digital video camera during phase 
I (0–5 min postinjection) and phase II (15–30 min postinjection).  
Thermal pain test 

The pain threshold of mice subjected to intense heat was 
measured by a photothermal pain detector (YLS-12A, Jinan, 
China). C57BL/6J mice (male, 18–22 g, n = 10) were injected 
intraperitoneally with 3MOD or its analogues dissolved in the 
vehicle (5 μL DMSO in 200 μL saline) 15 min before photo-
thermal heating. Control group received the same volume of 
the vehicle. Mice were fixed and a constant intensity radiant 
heat source (with a power of 26 W) was aimed at the middle 
area of the tail. Tail withdrawal latency was measured as the 
time taken to withdraw the tail from the light beam.  
Abdominal writhing induced by acetic acid  

C57BL/6J mice (male, 18–22 g, n = 10) were injected in-
traperitoneally with 3MOD or its analogues dissolved in the 
vehicle (5 μL DMSO in 200 μL saline) 15 min before the 
administration of acetic acid. 200 μL 0.8% (V/V) acetic acid 
in saline was intraperitoneally injected to induce hind limb 
stretching and abdominal contractions. Mice were placed into 
open polyvinyl cages (20 cm × 40 cm × 15 cm) immediately 
after acid challenge, and abdominal constrictions were counted 
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over a period of 30 min. 
Mice chronic constriction injury (CCI) induced pain hyper-
sensitivity 

The CCI model was originally described for rats [16] and 
was adapted for mice in this study [17]. Briefly, 18–22 g 
C57BL/6J male mice (n = 10) were anesthetised with intrap-
eritoneal injection of 60 mg·kg–1 sodium pentobarbital (Merck, 
P11011), then the right common sciatic nerve was exposed 
and three ligatures were loosely tied around it at intervals of 
about 0.5 mm until they elicited a brief twitch in the related 
hind paw. Sham-operated mice (sciatic exposure without liga-
tion) were used as control. The day after the surgery, 3MOD 
or its analogues suspended in the vehicle (5 μL DMSO in 
200 μL saline) were orally administrated twice a day at a dosage 
of 50 mg·kg–1. Responses to thermal and mechanical stimuli 
were measured before and 3, 6, 9 and 14 days (2 h after the 
last administration of testing samples) after the surgery.  

Thermal hyperalgesia was tested using photothermal pain 
detector (YLS-12A, Jinan, China). Briefly, mice were placed 
in smaller clear plexiglass cubicles and allowed to acclimatize. 
A constant intensity radiant heat source (with a power of 23 
W) was aimed at the midplantar area of the hind paw. The 
time from initial heat source activation until paw withdraw 
was recorded as withdrawal latency (s).  

Mechanical allodynia was assessed using the Dynamic 
Plantar Aesthesiometer (Ugo Basile, Comerio, Italy). Animals 
were placed in a test cage with a wire mesh floor, and the 
rigid tip of a von Frey filament (punctate stimulus) was ap-
plied to the skin of the midplantar area of the hind paw. The 
filament exerted an increasing force ranging up to 5 g in 20 s, 
starting below the threshold of detection and increasing until 
the animal removed its paw. Withdrawal threshold was ex-
pressed in grams.  
Plasma level of 3MOD after gavage 

C57BL/6J male mice (18–22 g) were fasted for 12 h with 
free access to water and divided into 8 groups (9 in each 
group) according to the delivery time of 3MOD. Plasma sam-
ples were collected at 0, 0.5, 1, 2, 4, 8, 12 and 24 h after the 
gavage of 50 mg·kg–1 3MOD. Concentration of 3MOD in 
plasma was measured according to the methods described 
previously [18]. In brief, 400 μL of mouse plasma was mixed 
with 400 units of β-glucuronidase (G0251, sigma) and 10 
units of sulfatase (S9626, sigma), 400 μL of 0.1 mol·L–1 so-
dium acetate buffer (pH 5.0) containing 10 mmol·L–1 EDTA 
and 0.1% ascorbic acid. The mixture was incubated for 37 °C 
for 3 h to determine total 3MOD. Then samples were ex-
tracted for three times with 1 mL diethyl ether and centrifuga-
tion at 15 000 g at 4 °C for 10 min, the pooled extracts were 
dried in rotary evaporator (Heidolph, Gemany), dissolved in 
DMSO and subjected to reverse-phase high performance liq-
uid chromatography (RP-HPLC) with Waters 1525 binary 
HPLC pump and C18 column (5 μm particle size, 4.6 mm × 
250 mm), eluted by isocratic elution (50% acetonitrile and 
50% water) at a flow rate of 1 mL·min–1 and monitored by 
Waters 2465 electrochemical detector.  

Surface ECG measurements 
C57BL/6J male mice (18–22 g) were anesthetized by in-

traperitoneal injection of pentobarbital sodium (60 mg·kg–1). 
The animals were placed supinely, and three limbs (two front 
paws and right leg) were attached to gel-covered silver wire 
loops. A three-lead surface ECG was recorded before and after 
drug administration. The signals were displayed on a computer 
(ECG parameters gain 1 mV, high-pass filtering 0.1 s, low-pass 
filtering 100 Hz). ECG data were acquired and analyzed using 
BL-420F (Taimeng, Chengdu, China) preamp and TM wave 
MFC Application 1.0 software (Taimeng, Chengdu, China). 
The conditioned place preference (CPP) conditioning procedure 

The apparatus for CPP training was provided by Dr. 
WANG Jian-Hong from the Institute of Kunming Zoology at 
the Chinese Academy of Sciences. The procedure was fol-
lowed as previously described [19]. Briefly, CPP conditioning 
procedure consisted of three days pre-conditioning, six days 
conditioning and one day post-conditioning phases. The 
pre-conditioning phase started around 09:00. During this 
phase, C57BL/6J mice (male, 18–22 g) were allowed to ex-
plore the entire apparatus freely for 15 minutes. The videos 
obtained on the third day were assessed and the time spent in 
the conditioning chambers was calculated as a pre-conditioning 
baseline. The conditioning phase lasted for six days: mice 
received morphine or 3MOD (20 mg·kg–1) at 09:00 and vehicle 
(5 μL DMSO in 200 μL saline) at 21:00, intraperitoneally. 
After each injection, they were confined to the corresponding 
chambers (morphine and 3MOD with a non-preferred cham-
ber that was referred to as the drug-paired chamber; and saline 
with a preferred chamber that was called the vehicle-paired 
chamber) for 40 minutes. The post-conditioning test was car-
ried out 24 h after the last conditioning. Mice were placed in 
the intermediate room with the doors open and allowed free 
access to the conditioning chambers for 15 minutes, while the 
videos were filmed for further assessment. The CPP score 
represents the index of place preference of each mouse, cal-
culated by the following formula: CPP score = time in drug 
paired chamber/ (time in drug-paired chamber + time in vehi-
cle-paired chamber). 
Statistical analysis 

Statistical significance was assessed by Student’s t-test. 
Analyses were performed with GraphPad Prism 6.1 software. 
Results were reported as mean ± SD with significance ac-
cepted at P < 0.05. 

Results  

Effects of isoflavones on voltage-gated Na+, K+ and Ca2+ 

currents in DRG neurons 
Chemical structures of the isoflavones studied here are 

shown in figure. 1A. Effect of isoflavones on voltage-gated 
sodium channel (NaV) currents was detected in rat DRG neu-
rons. Isolated DRG neurons were held at –80 mV and equili-
brated for at least 5 minutes, then current traces were evoked 
using a 50-ms step depolarization to –10 mV every second. 
Tetrodotoxin (TTX), a toxin contained in the ovaries and liver 
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of pufferfish, has proven to be a useful tool in the electro-
physiological study of NaV. TTX-resistant current is insensi-
tive to micromolar concentrations of tetrodotoxin, with a low 
single-channel conductance, slow activation and inactivation 
kinetics and a more depolarized activation threshold than 
other channels [20]. TTX -resistant (TTX-r) and TTX -sensitive 
(TTX-s) sodium currents were separated by adding 200 nmol·L–1 
TTX to the bathing solution [21]. NaV1.5, NaV1.8, and NaV1.9 
are TTX-r, whereas all other subtypes are TTX-s sodium 
channels. Both TTX-s (Fig. 1B) and TTX-r (Fig. 1C) currents 
were significantly inhibited by 1 μmol·L–1 3MOD. Inhibition 
of TTX-s and TTX-r currents by 3MOD was dose-dependent 
with an IC50 of 0.71 ± 0.11 and 1.08 ± 0.95 μmol·L–1, respecti-
vely (Fig. 1D). Comparison analysis revealed that 1 μmol·L–1 
genistein (GEN) also inhibited TTX-s (Fig. 1E) and TTX-r 
(Fig. 1F) currents, and the IC50 for TTX-s and TTX-r current 
was 4.14 ± 0.23 and 9.49 ± 0.81 μmol·L–1, respectively (Fig. 
1G). However, daidzein (DAI) showed a weaker suppression 
effects on DRG TTX-s (Fig. 1H) and TTX-r (Fig. 1I) currents 
with an IC50 of 16.61 ± 0.82 and 21.89 ± 1.88 μmol·L–1, re-
spectively (Fig. 1J). 3MOD failed to block voltage-gated 
potassium (KV) and calcium (CaV) channels in DRG neurons 
even at the concentration up to 50 μmol·L–1 (Fig. 1K, 1L). 
3MOD at the concentration of 1 μmol·L–1 shifted the conduc-
tance-voltage relationship of TTX-r sodium channel currents 
to a more positive potentials (~4 mV), but it had little effect on 
the voltage-dependence of steady-state inactivation (Fig. 1M). 
Selectivity of 3MOD on NaV channel subtypes 

3MOD was more effective than GEN or DAI in reducing 
both TTX-s and TTX-r sodium channel currents in DRG 
neurons (Fig. 1), we next evaluated the selectivity of 3MOD 
on NaV channel subtypes using human (h) or rat (r) sodium 
channel subtypes (rNaV1.3, rNaV1.4, hNaV1.5 and hNaV1.7) 
expressed in HEK293T cells, and rNaV1.8 expressed in 
ND7/23 cells [22]. Currents were elicited by a 20-ms depolar-
izing potential of –10 mV from a holding potential of –80 mV 
every 5s. At the concentration of 500 nmol·L–1, 3MOD 
potently blocked NaV1.3, NaV1.7, and NaV1.8 currents by 
~50%, 70% and 60% (Fig. 2A, 2D and 2E), with the IC50 of 
505 ± 46, 181 ± 14, and 397 ± 26 nmol·L–1, respectively (Fig. 
2F). Meanwhile, 500 nmol·L–1 3MOD only depressed NaV1.4 
and NaV1.5 currents by ~25% and 15% (Fig. 2B, 2C) with the 
IC50 of 1.98 ± 0.25 and 2.63 ± 0.46 μmol·L–1, respectively 
(Fig. 2F). At the concentration of 200 nmol·L–1, 3MOD did 
not change the conductance-voltage relationship (Fig. 3A) 
and steady-state inactivation of NaV1.7 (Fig. 3B). In contrast, 
conductance-voltage relationship of NaV1.8 positively shifted 
by approximately 4 mV (Fig. 3C), while a ~3 mV negative 
shift in steady-state inactivation of NaV1.8 was detected in the 
presence of 400 nmol·L–1 3MOD (Fig. 3D). As for NaV1.3, 
6 mV positive shift of conductance- voltage relationship (Fig. 
3E) and 8 mV negative shift of steady-state inactivation (Fig. 
3F) were detected in the presence of 500 nmol·L–1 3MOD. 
Effects of 3MOD against acute pain 

Since NaV1.7, NaV1.8 and NaV1.3 play key roles in no-

ciception in humans [3-6], the analgesic effect of 3MOD and its 
analogues were tested in several rodent pain models in which 
pain was induced by noxious chemicals, acid, or heat. 
Two-phase pain response was evoked by intraplantar injection 
of formalin. An early nociceptive response (0–5 min), called 
phase I, caused by direct stimulation of TRPA1 in a subpopu-
lation of C-fiber nociceptors was followed by phase II (15– 

30 min), a quiescent period that precedes the second phase of 
nociceptive behavior because of peripheral inflammation and 
central sensitization [23]. Intraperitoneal injection of 3MOD 
remarkably decreased both phase I and phase II responses 
compared with the vehicle (5 μL DMSO in 200 μL saline) 
group (Figs. 4A and 4B). 3MOD reduced the duration of paw 
licking during phase I by 6%, 18% and 41% at the dosage of 
0.26, 1.3 and 6.5 mg·kg–1, while that for GEN was 1%, 7% 
and 32% and for DAI was 0, 3% and 18%, respectively (Fig. 
4A). 3MOD was highly effective at alleviating the second 
phase of nociceptive behavior following formalin injection. 
Paw licking duration was significantly reduced by 31%, 52% 
and 69% with the administration of 0.26, 1.3 and 6.5 mg·kg–1 
3MOD, while the reduced duration for GEN was 3, 31 and 
50%, and for DAI was 1%, 2% and 14%, respectively (Fig. 
4B). 3MOD was also more effective than GEN and DAI in 
reducing abdominal writhing movements induced by intrap-
eritoneal injection of acetic acid. At the dosage of 0.26, 1.3 
and 6.5 mg·kg–1, 3MOD decreased the number of writhing 
movements by 21%, 53% and 68%, while GEN decreased 
1.5%, 35% and 46%, and DAI decreased 0, 13% and 24%, 
respectively (Fig. 4C). In mice subjected to photothermal heat, 
tail withdrawal latency was increased from 4.8 s in the vec-
tor-treated control group to 5.1, 6.1 and 8.0 s in mice treated 
with 0.26, 1.3 and 6.5 mg·kg–1 3MOD, while that for GEN was 
4.8, 5.8, and 7.3 s, respectively. DAI did not alleviate photo-
thermal induced tail twitch at any given dosage (Fig. 4D). 
The effect of 3MOD on thermal hyperalgesia and mechanical 

allodynia 

Previous study revealed that subcutaneous administrated 
genistein reversed sciatic nerve chronic constriction injury 
(CCI) induced pain hypersensitivity [17]. We evaluated the pain 
hypersensitivity alleviation activity of 3MOD and its analo-
gues (50 mg·kg–1, twice a day) on CCI mice in which testing 
samples were orally administrated the day after surgery. Ther-
mal hyperalgesia and mechanical allodynia were all evaluated 
2 h after the last sample administration. Three days after the 
surgery, mice developed a significant decrease in thermal 
withdrawal latency only at the paw ipsilateral to the injury, as 
compared to sham-operated animals (4.2 s vs 8.5 s, P < 0.001), 
and the latency gradually decreased to 3.9, 3.3 and 3.1 s on 
the 6, 9 and 14th day after the surgery (Fig. 4E). 3MOD sig-
nificantly attenuated CCI induced thermal hyperalgesia to the 
latency period of 5.7, 7.0, 7.6 and 9.0 s over time, whereas 
GEN attenuated CCI induced thermal hyperalgesia to the 
latency period of 4.7, 5.2, 6.6 and 7.9 s on the 3, 6, 9 and 14th day, 
respectively. However, DAI only extended the latency period 
to 4.5 and 4.7s on the 9 and 14th day, respectively (Fig. 4E). 
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Fig. 1  Effect of 3'-methoxydaidzein and its analogues on voltage-gated sodium channel (NaV) currents in rat DRG neurons. (A) 
Chemical structures of 3'-methoxydaidzein (3MOD), genistein (GEN) and daidzein (DAI). (B–J) NaV currents’ inhibitory effect of 
3MOD and its analogues. Control currents are shown in black and current traces showing inhibition of DRG NaV channels by 
3MOD or its analogues are shown in red. Inhibition of TTX-s (B) and TTX-r (C) sodium channel currents by 1 μmol·L–1 3MOD. 
(D) Concentration-response curve for inhibition of TTX-s and TTX-r sodium channel currents in DRG neurons by 3MOD (n = 5). 
Inhibition of TTX-s (E) and TTX-r (F) sodium channel currents by 1 μmol·L–1 GEN. (G) Concentration-response curve for inhi-
bition of TTX-s and TTX-r sodium channel currents in DRG neurons by GEN (n = 5). Inhibition of TTX-s (H) and TTX-r (I) 
sodium channel currents by 1 μmol·L–1 DAI. (J) Concentration-response curve for inhibition of TTX-s and TTX-r sodium channel 
currents in DRG neurons by DAI (n = 5). 50 μmol·L–1 3MOD has no effect on DRG voltage-gated potassium (KV) (K) and calcium 
(CaV) (L) channel currents (n = 3). (M) Effect of 1 μmol·L–1 3MOD on the conductance-voltage relationship (square) and voltage 
dependence steady-state inactivation (circle) on NaV channel currents in rat DRG neurons. Data points are mean ± SD (n = 5). 
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Fig. 2  Inhibitory effect of 3MOD on rNaV1.3, rNaV1.4, hNaV1.5, hNaV1.7 and rNaV1.8. Current traces were evoked by a 50-ms 
step depolarization to –10 mV from a holding potential of –80 mV every 5 s. Control currents are shown in black and current 
traces showing inhibition of rNaV1.3 (A), rNaV1.4 (B), hNaV1.5 (C), hNaV1.7 (D) and rNaV1.8 (E) by 500 nmol·L–1 3MOD are 
shown in red. (F) Concentration-response curves for inhibition of rNaV1.3, rNaV1.4, hNaV1.5, hNaV1.7 and rNaV1.8 by 3MOD. 
Data points are mean ± SD (n = 5). 

 

Fig. 3  Effect of 3MOD on current-voltage relationships of hNaV1.7, rNaV1.8 and rNaV1.3. 200 nmol·L–1 3MOD had no effect on 

I-V curves (A) and steady-state inactivation (B) of hNaV1.7. 400 nmol·L–1 3MOD induced a ~4 mV depolarizing shift in the I–V 

curves (C) and ~3 mV negative shift in steady-state inactivation (D) for activation of rNaV1.8. 500 nmol·L–1 3MOD induced a ~5 mV 
depolarizing shift in the I–V curves (E) and ~7 mV negative shift in steady-state inactivation (F) for activation of rNaV1.3. Data points 
are mean ± SD (n = 5).  
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Fig. 4  Analgesic effects of 3MOD and its analogues on mice. Acute (A–D) and chronic (E, F) pain models were used in this ex-
periment. (A) Effect of 3MOD and its analogues on phase I (0–5 min post-injection) (A) and phase II (15–30 min post-injection) 
(B) paw licking nociceptive behavior following intraplantar injection of formalin. (C) Effect of 3MOD and its analogues on ab-
dominal writhing induced by intraperitoneal injection of acetic acid. (D) Effect of 3MOD and its analogues on the photothermal 
pain threshold in mice subjected to tail heating. Time-course of the effect on thermal hyperalgesia (E) and mechanical allodynia 
(F) of 3MOD or its analogues given daily to neuropathic (CCI) mice after injury for 14 days. Data points are mean ± SD (n = 10). 
*P < 0.05, **P < 0.01, ***P < 0.001 vs the control group  

 
Three days after the surgery, neuropathic mice also de-

veloped mechanical allodynia to normally innocuous stimula-
tion with von Frey filament compared to sham-operated ani-
mals (2.3 vs 4.5 g, P < 0.001), and the withdrawal threshold 
remained 2.1, 2.2, and 1.9 g on the 6, 9 and 14th day after the 
surgery (Fig. 4F). 3MOD significantly attenuated CCI in-
duced mechanical allodynia to the threshold of 3.3, 3.8, 5.0 
and 5.2 g as time goes on, whereas GEN increased the thresh-
old to 2.8, 3.6, 4.5 and 4.8 g on the 3, 6, 9 and 14th day, re-

spectively. However, DAI only slightly attenuated allodynia 
threshold to 2.9 and 2.8 g on the 9 and 14th day after the sur-
gery, respectively (Fig. 4F). 
Plasma concentration and side effects assessment of 3MOD 

After oral administration of 3MOD (50 mg·kg–1) for 
120 min, plasma 3MOD was reached to approximately 1.83 ± 
0.25 μmol·L–1 (Fig. 5A), which was much higher than the IC50 
for NaV1.3, NaV1.7 and NaV1.8 currents (Fig. 2). NaV1.5 is a 
cardiac sodium channel that plays an important role in the 
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excitability of atrial and ventricular cardiomyocytes and rapid 
impulse propagation. Some NaV1.5 inhibitors may shorten the 
electrocardiograph (ECG) QT interval and increase QRS am-
plitude in rats [24]. Since 3MOD shows ability to inhibit so-
dium channel current in hNaV1.5 overexpressed HEK293T 
cells (Fig. 2F), we compared the mice ECG signals 15 min 
after intraperitoneal injection of 6.5 mg·kg–1 3MOD and vehicle 
(5 μL DMSO in 200 μL saline). There was no change in the 
ECGs after 3MOD administration (Fig. 5B, C). 20 mg·kg–1 
daily intraperitoneal injection of 3MOD did not alter the 

two-week body weight changes compared with control and 
morphine (Fig. 5D). Conditioned place preference (CPP) 
assessment revealed that the daily injection of 20 mg·kg–1 
3MOD was not addictive to male C57BL/6J mice whereas 
mice were addicted to morphine at the same dose drastically 
(Fig. 5E). Intraperitoneal injection of 3MOD suspension (with 
16 μL DMSO in 200 μL saline) at 800 mg·kg–1 was not lethal 
for C57BL/6J mice, but caused decreased motion within 15 min 
compared with the vehicle group. However, this effect was 
completely reversed in two or three hours (data not shown). 

 

Fig. 5  Serum concentration and side effects assessment of 3MOD. (A) Blood concentrations of 3MOD after oral administration 

of 50 mg·kg–1 in C57BL/6J mice. Data points are mean ± SD (n = 3). C57BL/6J mice were pre-treated with vehicle (5 μL DMSO in 

100 μL saline) (B) or 6.5 mg·kg–1 body weight 3MOD (C) via intraperitoneal injection and the electrocardiograms were monitored 
by BL-420F biological function experiment systems 15 min after the injection (n = 5). (D) Two-week body weight changes of mice 

daily injected with 20 mg·kg–1 3MOD and morphine. Data points are mean ± SD (n = 8). (E) The establishment of conditioned 
place preference (CPP) by repeated pairing of morphine and 3MOD. The preference was determined by a comparison between 
the post-conditioning CPP score and the pre-conditioning baseline. CPP score in the drug-paired compartment was expressed as 
mean ± SD (n = 8). **P < 0.01 vs the control group  
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Discussion 

Some isoflavones were thought to suppress the develop-
ment of neuropathic pain behavior in rats undergoing partial 
sciatic nerve ligation injury [25]. The average menstrual mi-
graine frequency was also be decreased by more than 50% by 
the intake of isoflavones in a randomized, controlled trial with 
female adults [26], but the precise mechanisms remained un-
known. Recent studies revealed that isoflavone genistein ame-
liorated painful neuropathy by anti-oxidant and anti-inflam-
matory effects in mouse sciatic nerve chronic constriction 
injury (CCI) [17] and diabetes mode [27]. Previous study also 
revealed that isoflavones genistein and daidzein block 22Na+ 
influx through VGSCs in cultured rat brain neurons with a 
half-maximum effect of 60 and 192 μmol·L–1, respectively [28]. 
The inhibition of VGSCs by genistein occurs in a direct manner 
without being mediated by its tyrosine kinase inhibition activ-
ity [28]. Controversially, in NaV1.7 highly expressed rat supe-
rior cervical ganglia (SCG) neurons, genistein and daidzein 
inhibit Na+ currents with an IC50 of 9.1 and 20.7 μmol·L–1, 
respectively, and the inhibition of Na+ currents is significantly 
reversed by protein tyrosine phosphatases antagonists. This 
suggests that genistein inhibits VGSCs in SCG neurons 
through protein tyrosine kinase-dependent and kinase-inde-
pendent mechanisms [29].  

3′-Methoxydaidzein (3MOD) is a dietary isoflavonoid 

which is widely exists in common Fabaceae plants, such as 

Pueraria [30], mung beans [31] and Dalbergia [32]. 3MOD is a 

derivative of daidzein. We find here that 3MOD effectively 

inhibits TTX-s and TTX-r VGSCs with the IC50 of 0.71 ± 

0.11 and 1.08 ± 0.95 μmol·L–1 in rat DRG neurons, which was 

more potent than GEN or DAI on the same conditions (Fig. 1). 

DRG belongs to primary sensory neurons which constitute the 

first link in the chain of neurons that make up somatosensory 

pathways [33]. They become hyperexcitable following some 

injuries and give rise to unprovoked spontaneous action po-

tential activity or pathological bursting, which contribute to 

chronic pain [34]. Subtype detection indicates that 3MOD in-

hibits NaV1.7, NaV1.8 and NaV1.3 potently, with IC50 of 181 ± 

14, 397 ± 26 and 505 ± 46 nmol·L–1, respectively (Fig. 2F). 

Additionally, the isoflavones may selectively block VGSCs 

with a preference for NaV1.7, NaV1.8 and NaV1.3, which are 

thought to be potential targets for pain therapeutics. 3MOD 

showed stronger analgesic activities compared to GEN or 

DAI both in acute and chronic rodent pain models (Fig. 4). 

The results suggest that the isoflavones have direct effects on 

sodium channel nociceptors and bring about analgesic func-

tions apart from anti-oxidant and anti-inflammatory pain-alle-

viating pathways. Estrogen receptors are engaged in pain 

modulation. ERβ rather than ERα knockout female mice pre-

sent less nociceptive behaviors than wild type females during 

the interphase and early phase II in formalin test. However, no 

difference in phase I, interphase and phase II was observed 

between ER knockout and wild type males groups [35-36]. Male 

mice were used in our pain tests, and our compounds showed 

pain alleviating activity during the whole phases (Figs. 4A– 

4B). Despite isoflavonoids are structurally similar to estrogen, 

it’s not possible that pain reliving effects of 3MOD dependent 

on estrogen receptors. As shown in Fig. 5A, orally adminis-

trated 3MOD was absorbed quickly and maintained for a long 

time in plasma with a terminal half-life of approximate 10 h. 

After orally administration of 50 mg·kg–1 3MOD for 120 min, 

plasma 3MOD was reached to approximate 1.83 μmol·L–1, 

which is much higher than the IC50 for NaV1.3, NaV1.7 and 

NaV1.8 currents (Fig. 2F). Orally administrated 3MOD 

(50 mg·kg–1, twice a day) significantly relieved mouse CCI 

induced pain hypersensitivity (Figs. 4E–4F), suggesting that it 

is appropriate for alleviating human chronic pain with a cal-

culated oral dose of 5.5 mg·kg–1 3MOD twice a day approxi-

mately (according to the relative body surface area). In addi-

tion, 3MOD is found to be an efficient pain-relief molecule 

with little toxicity (Figs. 5B–5E). Despite that 3MOD de-

pressed NaV1.5 current with an IC50 of 2.63 ± 0.46 μmol·L–1 

in vitro (Fig. 2), it did not change the ECGs of mice under the 

concentration in which robust analgesic effects were observed 

(Figs. 5B–5C). Long term administration of 3MOD was not 

addictive to mice as shown in CPP experiment (Fig. 5E), and 

had no undesirable effect on their diet and growth (Fig. 5D). 

Intraperitoneal injection of 3MOD was not lethal to mice at 

the concentration up to 800 mg·kg–1.  

Isoflavone-rich legumes and bean products are common 

food around the world, especially in Asian countries. The 

much larger estimated daily intake of isoflavones by Asians is 

an important factor accounting for the lower incidence and 

mortality from breast cancer in Asian women [37]. Food and 

Drug Administration (FDA) report revealed that, although 

varied by conditions, there is a lower prevalence of chronic 

pain in Asian populations [38]. Additionally, Asians have the 

lowest prevalence of back pain among other races in Amer-

ica [39]. Since the Asians consume a diet richer in isoflavones, 

we assume that high-isoflavone diet may have a protective 

effect against chronic pains. However, this assumption should 

be confirmed through statistical research among different 

populations, and randomized, controlled trials need to be 

carried out to give a reasonable recommendation on the pre-

vention or treatment of chronic pains with isoflavones. 

In conclusion, despite the possible effects of structural 

variations on the blockage of nociceptive neuron sodium cur-

rents, isoflavones exert more direct and powerful analgesic 

functions by VGSCs inhibition. Isoflavones, such as 3MOD, 

might be promising compounds to treat human chronic pain 

pathologies. 
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