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Abstract The study aims to investigate whether tanshinone (TSN) IIA affects diabetic neuro-
pathic pain (DNP) via the Nrf2/AR and NF-«B signaling pathways. Rats were randomly assigned
into DNP group, TSN group (injected with TSN IlA), TSN + DRB group (injected with TSN lIA and
15 mg/kg Nrf2/ARE inhibitors), TSN + PDTC group (injected with TSN IIA and 60 mg/kg NF-«kB
inhibitors) or control group. The first four groups were successfully established as DNP models
after injection of streptozotocin. The blood glucose level, mechanical withdrawal threshold
(MWT), thermal withdrawal latency (TWL), nerve conduction velocity (NCV) and antioxidase
level were detected. Transmission electron microscopy and toluidine blue staining were uti-
lized to observe the sciatic nerve. RT-qPCR and western blot were used to measure expression
levels of Nrf2/ARE and NF-kB signaling pathway-related genes. Blood glucose, malondialde-
hyde (MDA) and erythrocyte glutathione peroxidase (GSH-Px) levels as well as expression of
Keap1 and NF-kB were increased in the TSN, TSN + DRB and TSN + PDTC groups compared
to control group. Furthermore, the MWT, TWL, NVC, and superoxide dismutase (SOD) levels
and expression of Nrf2, heme oxygenase 1 (HO-1) and inhibitory kappa B (IkB) decreased in
the treatment groups. The TSN + DRB and TSN + PDTC groups showed similar trend when
compared with the TSN group, while the opposite trend was observed in the TSN group when
compared with the DNP group. Our study demonstrates that TSN IIA alleviates neuropathic pain
by activating the Nrf2/ARE signaling pathway and inhibiting the NF-«B signaling pathway in dia-
betic rats.
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Introduction

After nerve injury, neuropathic pain can occur when there
are deleterious changes in injured neurons through path-
ways with nociception and descending modulation in the
central nervous system [1]. A variety of diseases or injuries
have been reported to be responsible for neuropathic
pain, including diabetes [2]. One of the most typical
complications in diabetic patients is neuropathic pain that
results from a lesion or somatosensory system-related
disease [3]. Diabetic neuropathic pain (DNP), a class of
nerve disorders including peripheral, autonomic, proximal
and focal aspects, occurs in approximately 10—20% of
patients with diabetes and occurs in approximately
40—-50% of patients with diabetic neuropathy [4,5].
Burning, tingling, shooting and/or lancing are represen-
tative symptoms of DNP [6]. Neuropathic pain is a clinical
symptom that poses special diagnostic and therapeutic
challenges [7]. Although it is well-known that pain is one
of the major characteristics of diabetic neuropathy, the
underlying pathophysiological mechanisms are not yet
clearly understood [8]. Hence, more studies are needed to
further develop novel mechanism-based therapeutic
agents.

Tanshinone IIA (TSN 1lA) is one of the most active
components of the traditional Chinese herbal medicine
Danshen, which is popularly used in the treatment of ce-
rebrovascular and cardiovascular diseases in China [9]. In
Asian countries, the safety of TSN IIA treatment has been
well-established, and it is widely used for the treatment
of arrhythmia, acute ischemic stroke and angina pectoris
[10]. Recently, it has been recognized that TSN IIA plays a
critical role in alleviation of inflammatory and neuro-
pathic pain by inhibiting HMGB1 expression [11]. More-
over, TSN IIA has been reported to induce nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) activation, which is a
major regulatory pathway of cytoprotective gene
expression against oxidative stress [12]. Nrf2 regulates a
number of antioxidant response element (ARE)-regulated
genes [13]. AREs are cis-acting components that regulate
many phase 2 genes, encoding proteins that prevent
oxidative and electrophilic stresses [14]. The Nrf2/ARE
signaling pathway is an endogenous and ubiquitously
expressed cytoprotective system, and the transcription
factor Nrf2 is a basic leucine zipper protein of the system
that regulates the expression of antioxidant proteins [15].
Nuclear factor-kappa B (NF-kB) is a protein associated
with diverse physiological and pathological processes [16].
NF-«B is widely distributed, regulates the expression of
multiple important genes and is involved in innate im-
munity, inflammation and a number of cellular processes,
such as cell proliferation, transformation and apoptosis
[17]. TSN HlA can inhibit NF-xkB and AP-1 DNA-binding,
which inhibits the migration of human aortic smooth
muscle cells [18]. Recently, NF-«B has been confirmed to
mainly modulate pro- and anti-nociceptive factors of
neuropathic pain [19]. Therefore, the role of TSN IIA in
DNP via the Nrf2/ARE and NF-«B signaling pathways is
investigated in this study.

Materials and methods
Ethics statement

The animal experimental processes were approved by the
Ethics Committee of our hospital and conducted in strict
accordance with the standards of animal protection, animal
welfare and ethical principles of the Institutional Animal
Care and Use Committee (IACUC) (IACUC approval number:
201709003).

Model establishment and animal grouping

A total of 160 male clean-grade (without any specific
pathogen or parasite that may affect the experiment)
Sprague—Dawley (SD) rats (weighing 220—250 g) were pur-
chased from the Experimental Animal Center of the Chinese
Academy of Sciences (Shanghai, China). The rats were
housed at 20—25 °C with an alternating 12 h light—dark
cycle and had free access to water and food for 72 h. Rat
models of DNP were established [20]. Streptozotocin (STZ,
K0050, Shanghai Kexing Biotechnology Co., Ltd., Shanghai,
China) was injected intraperitoneally at a dose of 75 mg/kg
after fasting for 12—16 h (with free water). Three days
after injection, diabetes was confirmed by blood sample
collection through the tail vein. Blood glucose concentra-
tions over 16.7 mmol/l implied type | diabetes, and a me-
chanical withdrawal threshold (MWT) level less than 15 g
indicated the successful establishment of rat models with
DNP. The rats with successful model establishment were
randomly divided into 4 groups, with 32 rats in each group:
a DNP group, a TSN lIA (TSN) group, a TSN + DRB group and
a TSN + PDTC group. Another 32 normal rats were enrolled
in the control group. The rats in the control and DNP groups
were fed a normal diet without any treatment. The rats in
the TSN, TSN + DRB and TSN + PDTC groups were intra-
peritoneally injected with TSN [IA (CP-111605, Shanghai
Yubo Biotechnology Co., Ltd., Shanghai, China) at a dose of
25 mg/kg once per day for 28 days. The rats in the
TSN + DRB and TSN + PDTC groups were intravenously
injected with Nrf2/ARE5 inhibitor 5,6-
dichlorobenzimidazole1-B-p-ribofuranoside (DRB) (15 mg/
kg, 10010302, Beijing Biopike Biotechnology Co., Ltd.,
Beijing, China) and NF-«B inhibitor pyrrolidine dithiocar-
bamate (PDTC), (60 mg/kg, 1676-100, Shanghai Lanjun
Biotechnology Co., Ltd., Shanghai, China), respectively,
once per day for 28 days. The rats were sacrificed 28 days
after injection, and 8 rats were randomly selected from
each group 1 h before model establishment (T1), 1 h after
model establishment (T2), and on the 2nd weekend (T3)
and the 4th weekend (T4) after injection.

Blood glucose test

Blood glucose was tested at different time points (T1, T2, T3
and T4). The rats were fasted for 6—7 h and anesthetized
with ether, and blood was obtained from the eye plexus.
Then, the blood was clotted at room temperature for 60 min
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and centrifuged at 1000 x g for 20 min to separate serum.
Glucose concentration was then determined using the
glucose oxidase method. According to the instructions of the
Glucose Reagent Kit (D107, Beijing Solarbio Science &
Technology Co., Ltd., Beijing, China), the absorbance was
measured using an ultraviolet—visible spectrophotometer
(21900S, Shanghai Puyuan Instruments Co., Ltd., Shanghai,
China) at 505 nm and expressed as mmol/L.

Behavioral test

MWT was measured for mechanical allodynia. The rats were
placed in a transparent plexiglass box witha 1 cm x 1 cm
wire mesh at the bottom and acclimated for 15 min. An
electronic pressure sensor (0.5 mm probe) was used to
stimulate the plantar surface of the left hind paw. Paw
lifting or licking was interpreted as a positive response,
except which the response was negative. Values on the
screen were recorded (unit: g) at 30-s intervals, and the
tests were performed 3 times forin both the left and right
paws. Since there were fluctuations in the first recorded
values, only the mean values of the last five recordings
were included in this study.

Thermal withdrawal latency (TWL) was measured for
thermal hyperalgesia. The rats were placed in a plexiglass
box (3 mm in thickness, 22 cm x 12 cm x 22 cm) and
acclimated for 15 min. The center of the hind paw was
exposed to a halogen lamp. The parameters of the thermal
radiation stimulator (BIO-TGT2, Bioseb, Chaville, France)
were set at 20% radiant heat without measurement, 60%
radiant heat during measurement, a cut-off time of 25 s to
prevent damage to rats, and a starting temperature of
30 °C. The reaction time started from the beginning of ra-
diation treatment until the rat lifted its hind paw and was
recorded as the TWL. The measurement was alternately
repeated 3 times at 5-min intervals between the right and
left hind paw. Since there were fluctuations in the first
recorded values, only the mean values of the last five re-
cordings were included in this study.

Nerve conduction velocity (NCV) test

The NCV was detected by electromyogram (EMG) (Dantec
Cantata, Copenhagen, Denmark). The rats were anes-
thetized by intraperitoneal injection of 1% sodium pento-
barbital solution at a dose of 40 mg/kg (P3761, Sigma, St
Louis, MO, USA) for exposure of the left sciatica nerve. The
stimulating electrode was inserted into the sciatic nerve,
and the leading electrode was inserted into the gastroc-
nemius. After the stimulating electrode discharged, the
conduction time (latency of compound action potential)
was recorded. The distance between the stimulating elec-
trode and the leading electrode along the sciatic nerve
was measured. NCV was calculated using the formula NCV
(m/s) = distance/conduction time.

Transmission electron microscopy (TEM)

Rats were sacrificed 28 d after injection, and a skin inci-
sion was made between the right bicep and the semi-
membranosus. Blunt separation was conducted to expose

the sciatic nerve. The surgical scissor was used to obtain
the left sciatic nerve (1.0—2.0 cm) from the rats with DNP.
The sciatic nerve was fixed with 25 g/l glutaraldehyde and
10 g/l osmic acid, dehydrated with gradient ethanol and
acetone, soaked with acetone and embedding solution and
heated at 37 °C, 45 °C and 60 °C. The specimens were
sectioned into 55—60 nm slices with a microtome (TCH-
CP20, Shenzhen Teensky Technology Co., Ltd., Shenzhen,
China), stained with uranyl acetate and lead citrate,
observed and photographed under a scanning electron
microscope (SU1510, Hitachi Ltd., Tokyo, Japan).

Toluidine blue staining

The surgical scissor was used to obtain the right sciatic
nerve (1.0 cm from the sciatica nerve). The sciatic nerve
was fixed with the same fixation liquid for 48 h and washed
with phosphate buffer solution (PBS). The specimens were
fixed again with osmic acid, dehydrated with ethanol,
embedded in Epon, cut into semi-thin sections (1 um) and
stained with toluidine blue. Metamorph (NIC, USA)/DP10/
Bx51 (Olympus, Japan) was used to analyze the image.

Coomassie brilliant blue staining

Part of the sciatic nerve was added to a 0.9% sodium
chloride solution to make a 5% homogenate, which was
centrifuged at 350 x g for 10 min. The supernatant was
obtained and diluted with 0.9% sodium chloride solution
(1:1) to make a 2.5% homogenate. According to the manu-
facturer’s instructions, a xanthine oxidase method (SD103,
Shanghai Solarbio Science & Technology Co., Ltd, Shanghai,
China), a 5,5-dithiobis (2-nitrobenzoic acid) (DTNB)
method (QS1202, Shanghai Solarbio Science & Technology
Co., Ltd, Shanghai, China) and a thiobarbituric acid (TBA)
(SD105, Shanghai Solarbio Science & Technology Co., Ltd,
Shanghai, China) method were used to detect superoxide
dismutase (SOD), erythrocyte glutathione peroxidase (GSH-
Px) and malondialdehyde (MDA), respectively. The anti-
oxidase activity in the sciatic nerve was determined using
Coomassie brilliant blue staining.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was extracted using Trizol reagent (15596-018,
Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Ultrapure water was used to dissolve
RNA, and an ultraviolet—visible spectrophotometer (ND-
1000, ThermoScientific, MA, USA) was used to measure the
absorbances at 260 and 280 nm to detect the quality of total
RNA. Then, the RNA concentration was adjusted. Reverse
transcription of RNA was conducted according to the man-
ufacturer’s instructions (ThermoScientific, MA, USA). The
reaction conditions of reverse transcription were 70 °C for
10 min, ice bath for 2 min, 42 °C for 60 min and 70 °C for
10 min. The cDNA was stored at —80 °C. RT-gqPCR was per-
formed according to the manufacturer’s instructions
(ThermoScientific, MA, USA) using a PCR instrument (Bio-
Rad iQ5, Bio-Rad, San Francisco, USA). The primers were
designed according to the GenBank database and then
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Table 1  Primer sequences for RT-qPCR.

Genes Forward primers (5'-3') Reverse primers (5'-3)

Keap1 TGCAAATGGATTCTGCTTCACCTACTTTGCAGGAA TGAGCCCAGAACCTCCTTTTTCTCCAGTTTC
Nrf2 GCAACTCCAGAAGGAACAGG GGAATGTCTCTGCCAAAAGC

HO-1 CTTTCAGAAGGGTCAGGTGTC TGCTTGTTTCGCTCTATCTCC

NF-«xB CATGCGTTTCCGTTACAAGTGCGA TGGGTGCGTCTTAGTGGTATCTGT

kB TGG CCA GTG TAG CAG TCT TG GAC ATC AGC ACC CAA AGT CA

GAPDH TATGACAACTCCCTCAAGAT GGCATGGACTGTGGTCATGA

Note: glyceraldehyde-3-phosphate dehydrogenase; Nrf2, nuclear factor (erythroid-derived 2)-like 2; NF-«B,
nuclear factor-kappa B; HO-1, heme oxygenase 1; IkB, inhibitory kappa B; RT-qPCR, reverse transcription

quantitative polymerase chain reaction.

synthesized. The primer sequences are shown in Table 1.
The reaction system included 12.5 ul Premix Ex Taq or SYBR
Green Mix, 1 ul forward primer, 1 pl reverse primer, and
1—4 pl DNA template, and the reaction was brought to 25 pl
with double distilled water (ddH20). The conditions were
pre-denaturation at 95 °C for 30 s, 40 cycles of denaturation
at 95 °C for 10 s, annealing at 60 °C for 20 s and extension at
70 °C for 10 s. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal reference, and the 2-AACT
method was used to calculate the relative expressions of
target genes. The 2-AACt is the ratios of the target gene
expression in the experiment and control groups. The for-
mulas were as follows: AACT = ACt experiment group —
ACt control group, ACt = Ct target gene — Ct GADPH. The
experiment was repeated 5 times.

Western blot analysis

The sciatic nerve was quickly removed, ground with liquid
nitrogen, transferred to a 5 ml centrifuge tube and com-
bined with 100 pl RIPA lysis buffer containing 1 mmol/l PMSF
(R0020, Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China). After centrifugation at 350 x g, the sample
was placed on ice at 4 °C for 30 min and centrifuged at
12,000 x g for 4 min. The supernatant was collected and
stored at —80 °C. The protein concentration was deter-
mined using the BCA Protein Assay Kit (AR0146, Wuhan
Boster Biological Technology, Wuhan, China) and adjusted
to 3 pug/ul. The extracted proteins (30 ng/well) were mixed
with a loading buffer, boiled at 95 °C for 10 min, and
separated by 10% polyacrylamide gel (Wuhan Boster Bio-
logical Technology, Wuhan, China). After electrophoresis,
the proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane (P2438, Sigma, St Louis, MO, USA). The
membrane was blocked with 5% bovine serum albumin (BSA)
for 1 h and then incubated with the following primary an-
tibodies (all rabbit antibodies) overnight at 4 °C: Keap1 (1:
1000, ab196346, Abcam, Inc., MA, USA), Nrf2 (1: 2000,
ab62352, Abcam, Inc., MA, USA), heme oxygenase-1 (HO-1)
(1: 2000, ab52947, Abcam, Inc., MA, USA), NF-«B (1: 1000,
ab32360, Abcam, Inc., MA, USA) and inhibitory kappa B (IxB)
(1: 500, ab64813, Abcam, Inc., MA, USA). After washing with
Tris-buffered saline with Tween 20 (TBST) three times
(5 min each), the membrane was incubated with rabbit
secondary antibody (ab150077, Abcam, Inc., MA, USA) for
1 h and then washed with TBST three times (5 min each).
The proteins were detected by chemiluminescence reagent

(NCI 5080, Shanghai Yanhui Biotechnology Co., Ltd.,
Shanghai, China), and images were obtained using the Gel
Doc EZ system (Bio-Rad, California, USA). GAPDH was used
as an internal reference. The gray values of target protein
bands were analyzed using ImageJ software.

Statistical analysis

The SPSS 21.0 software (IBM Corp, Armonk, NY, USA) was
adopted for statistical analysis. All measurement data were
expressed as the mean + standard deviation. A normality
distribution test of the data was analyzed using the
D’Agostino & Pearson omnibus normality test. When data
were normally distributed, the comparisons among the
multiple groups were performed using one-way analysis of
variance, and the comparisons between two groups were
analyzed using Tukey’s post hoc test. Dunn’s multiple
comparison post hoc test, a variation of the Kruskal—Wallis
test, was conducted for analysis of data that were not
normally distributed. p < 0.05 was considered to be sta-
tistically significant.

Results

Blood glucose levels at different time points in the
control, DNP, TSN, TSN + DRB and TSN + PDTC
groups

The blood glucose levels of each group are shown in Table
2. There was no significant difference in blood glucose
levels in the control group at each time point (all p > 0.05).
However, blood glucose levels in the DNP, TSN, TSN + DRB
and TSN + PDTC groups significantly increased after injec-
tion of STZ (all p < 0.05). Additionally, the blood glucose
levels in the DNP, TSN + DRB and TSN + PDTC groups were
higher at T3-T4, while the blood glucose levels in the TSN
group significantly declined over time (Post hoc: control vs
DNP, p = 0.001; control vs TSN, p = 0.001; control vs
TSN + DRB, p = 0.001; control vs TSN + PDTC, p = 0.001).
Compared with the control group, the blood glucose levels
in the DNP, TSN, TSN + DRB and TSN + PDTC groups
increased significantly after model establishment (all
p < 0.05). Compared with the DNP group, the blood glucose
level in the TSN group significantly decreased (Post hoc:
control vs DNP, p = 0.001). The blood glucose levels in the
TSN + DRB and TSN + PDTC groups were notably higher
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Table 2 The blood glucose levels at different time points (mmol/L).

Group T T2 T3 T4
Control (n = 8) 5.62 + 0.23 5.70 £ 0.43 5.49 + 0.45 5.59 + 0.40

DNP (n = 8) 5.65 £ 0.33 26.84 + 1.78*% 26.92 + 1.87*% 26.11 + 1.66*%
TSN (n = 8) 5.59 + 0.35 26.93 + 1.78*% 19.96 + 0.99*#%& 15.67 4+ 0.60*#%&S
TSN + DRB (n = 8) 5.66 + 0.50 26.98 + 1.98*% 26.95 + 1.91*% 26.94 + 1.86*%
TSN + PDTC (n = 8) 5.69 + 0.43 26.89 + 2.01*% 26.87 + 1.69*% 26.94 + 1.88*%

Note: *, p < 0.05 compared with the control group at the same time point; #, p < 0.05 compared with the DNP group at
the same time point; *, p < 0.05 compared with the time point of T1; &, p < 0.05 compared with the time point of T2; °,
p < 0.05 compared with the time point of T3; T1, 1 h before model establishment; T2, 1 h after model establishment;
T3, on the 2nd weekend after injection; T4, on the 4th weekend after injection; DNP, diabetic neuropathic pain; TSN,

tanshinone IIA; DRB, 5, 6-dichlorobenzimidazole1-B-b-ribofuranoside; PDTC, pyrrolidine dithiocarbamate.

than those in the TSN group (all p < 0.05), and there were
no significant differences among the DNP, TSN + DRB and
TSN + PDTC groups at any time point (all p > 0.05).

Mechanical allodynia and thermal hyperalgesia at
different time points in the control, DNP, TSN,
TSN + DRB and TSN + PDTC groups

The MWT and TWL values are shown in Table 3. No signifi-
cant differences in MWT and TWL were observed in the
control group (all p > 0.05). Compared with the groups
before model establishment, the DNP, TSN, TSN + DRB and
TSN + PDTC groups exhibited a significant decrease in the
MWT and TWL (all p < 0.05). The MWT and TWL in the DNP,
TSN + DRB and TSN + PDTC groups remained at a low level
at T3-T4, while the levels in the TSN group significantly
increased at T3-T4 (all p < 0.05). Compared with the con-
trol group, the MWT and TWL in the DNP, TSN, TSN + DRB
and TSN + PDTC groups significantly decreased (all
p < 0.05). Compared with the DNP group, the MWT and TWL
in the TSN group significantly increased (all p < 0.05).
Notably, the MWT and TWL in the TSN + DRB and
TSN + PDTC groups were lower than those in the TSN group
(all p < 0.05), and there were no significant differences in

the MWT and TWL among the DNP, TSN + DRB and
TSN 4 PDTC groups at any time point (all p > 0.05).

NCV at different time points in the control, DNP,
TSN, TSN + DRB and TSN + PDTC groups

The NCV is shown in Table 4. There were no significant
differences in NCV in the control group (all p > 0.05).
Compared with each group before model establishment,
the NCV in the DNP, TSN, TSN + DRB and TSN + PDTC groups
was significantly decreased (all p < 0.05). The NCV in the
DNP, TSN + DRB and TSN + PDTC groups was low at T3-T4,
while the NCV in the TSN group was significantly increased
(all p < 0.05). Compared with the control group, the NCV in
the DNP, TSN, TSN + DRB and TSN + PDTC groups signifi-
cantly decreased after model establishment (all p < 0.05).
Compared with the DNP group, the NCV in the TSN group
significantly increased (all p < 0.05). Compared with the
TSN group, the NCV in the TSN + DRB and TSN + PDTC
groups significantly decreased (all p < 0.05). However,
there were no significant differences in the NCV among the
DNP, TSN + DRB and TSN -+ PDTC groups at any time point
(all p > 0.05).

Table 3 MWT and TWL at different time points in five groups.
Parameters Group T1 T2 T3 T4
MWT (g) Control (n = 8) 43.00 + 2.90 43.21 + 3.51 45.13 + 4.21 44,78 + 5.12
DNP (n = 8) 43.63 + 3.11 21.73 4+ 1.03*% 20.84 4+ 0.99*% 19.36 + 0.87*%
TSN (n = 8) 43.75 + 3.42 21.18 + 1.12*% 28.23 + 2.01*#%& 35.61 + 3.28*#%&S
TSN + DRB (n = 8) 43.87 + 5.12 21.86 + 2.23*% 22.88 + 2.01*% 20.52 + 1.69*%
TSN + PDTC (n = 8) 43.12 + 3.21 21.29 4+ 2.11*% 20.33 4+ 1.95*% 20.01 + 0.99*%
TWL (s) Control (n = 8) 16.10 + 1.70 16.50 + 1.63 16.19 + 1.74 16.09 + 2.01
DNP (n = 8) 16.04 + 1.31 8.73 £ 0.78*% 8.74 + 0.69*% 8.64 + 0.83*%
TSN (n = 8) 16.02 + 0.71 9.00 & 0.54*% 10.52 + 1.01*#%& 13.14 £+ 1.01*#%&S
TSN + DRB (n = 8) 16.06 + 1.41 8.84 + 0.88*% 8.59 + 0.49*% 8.61 + 0.73*%
TSN + PDTC (n = 8) 16.11 + 1.39 8.64 + 0.68*% 8.65 + 0.49*% 8.51 + 0.81*%

Note: *, p < 0.05 compared with the control group at the same time point; #, p < 0.05 compared with the DNP group at the same time
point; *, p < 0.05 compared with the time point of T1; &, p < 0.05 compared with the time point of T2; 3 p < 0.05 compared with the
time point of T3; T1, 1 h before model establishment; T2, 1 h after model establishment; T3, on the 2nd weekend after injection; T4, on
the 4th weekend after injection; MWT, mechanical withdrawal threshold; TWL, thermal withdrawal latency; DNP, diabetic neuropathic
pain; TSN, tanshinone IIA; DRB, 5, 6-dichlorobenzimidazole1-B-p-ribofuranoside; PDTC, pyrrolidine dithiocarbamate.
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Table 4 NCV at different time points in five groups.

Parameter  Group T1 T2 T3 T4

NCV (m/s)  Control (n = 8) 33.10 +2.90 34.21 + 3.51 32.13 + 2.21 34.40 + 3.12
DNP (n = 8) 33.63 + 2.11  17.73 +£ 0.83*% 16.84 + 0.79*% 15.36 + 0.47*%
TSN (n = 8) 33.75 £ 3.42 18.18 + 0.82*%  22.23 £ 1.01*#%&  27.61 & 1.28*#%&S
TSN + DRB (n = 8) 33.87 £ 2.12 18.86 + 1.23*% 17.88 + 1.01*% 16.52 + 0.69*%
TSN + PDTC (n = 8) 33.12 +£2.21 18.29 + 1.11*%  17.33 + 0.95*% 15.01 £+ 0.79*%

Note: *, p < 0.05 compared with the control group at the same time point; #, p < 0.05 compared with the DNP group at
the same time point; *, p < 0.05 compared with the time point of T1; &, p < 0.05 compared with the time point of T2; °,
p < 0.05 compared with the time point of T3; T1, 1 h before model establishment; T2, 1 h after model establishment;
T3, on the 2nd weekend after injection; T4, on the 4th weekend after injection; NCV, nerve conduction velocity; DNP,
diabetic neuropathic pain; TSN, tanshinone IIA; DRB, 5, 6-dichlorobenzimidazole1-B-p-ribofuranoside; PDTC, pyrrolidine

dithiocarbamate.

Structures of the sciatic nerve in the control, DNP,
TSN, TSN + DRB and TSN + PDTC groups

The results of TEM (Fig. 1) implied that the myelinated
nerve fibers of rats in the control group were clear and
complete, and the microtubules in the axon were regularly
arranged. In the DNP, TSN + DRB and TSN + PDTC groups,
the axon of the myelinated nerve was atrophied and
deformed, and the axon membrane was separated from the
myelin sheath that was folded, thin or round along the
axon. In the TSN group, the structure of nerve fibers slightly
changed; the microfilaments and microtubules of mito-
chondrion were evenly arranged, and complete myelinated
nerve fibers were observed. The fractures of myelin
lamellae were small and focal, and the axon membrane had
a clear structure and was tightly attached to the myelin
sheath.

Distribution of the sciatic nerve in the control,
DNP, TSN, TSN + DRB and TSN + PDTC groups

In the control and TSN groups, the myelinated nerve fibers
of the sciatic nerve were distributed evenly, and each cell
was plump with a uniform thickness of myelin sheath.
However, in the DNP, TSN + DRB and TSN + PDTC groups,
the myelinated nerve fibers of the sciatic nerve were
distributed unevenly, the sciatic nerve shrank, and the
diameter of the nerve decreased (Fig. 2).

Control

Figure 1.

Levels of antioxidase in the sciatic nerve among the
control, DNP, TSN, TSN + DRB and TSN + PDTC
groups

The antioxidase levels in the sciatic nerves among the five
groups are shown in Table 5. Compared with the control
group, the SOD and GSH-Px levels in the sciatic nerves
decreased, while the MDA level increased in the other
groups (all p < 0.05). Compared with the DNP group, the
SOD and GSH-Px levels in the sciatic nerves increased, while
the MDA level decreased in the TSN group (all p < 0.05).
Compared with the TSN group, the TSN + DRB and
TSN + PDTC groups had reduced SOD and GSH-Px levels in
the sciatic nerves but increased MDA contents (all
p < 0.05). No significant differences in the MDA, SOD and
GSH-Px levels were found among the DNP, TSN + DRB and
TSN + PDTC groups (all p > 0.05).

The mRNA and protein expression of Nrf2, HO-1,
IkB, Keap1 and NF-kB in the control, DNP, TSN,
TSN + DRB and TSN + PDTC groups

The mRNA and protein expression levels of Nrf2/ARE and
NF-«kB signaling pathway-related genes (Nrf2, HO-1, I«B,
Keap1 and NF-«B) are displayed in Fig. 3. Compared with
the control group, the mRNA and protein expression levels
of Nrf2, HO-1 and IkxB were reduced in the sciatic nerve of
the DNP, TSN, TSN + DRB and TSN + PDTC groups.

TSN+DRB TSN+PDTC

Microscopic examination of the structures of the sciatic nerve in axon cross sections among five groups ( x 11000).

Note: the red arrows point to the changing sites of the myelinated nerve fibers of the sciatic nerve of rats; DNP, diabetic
neuropathic pain; TSN, tanshinone IIA; DRB, 5,6-dichlorobenzimidazole1-B-p-ribofuranoside; PDTC, pyrrolidine dithiocarbamate.
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Figure 2.

TSN+DRB

Toluidine blue staining for the density, form and thickness of the sciatic nerve among five groups ( x 400). Note: the

red arrows point to the sciatic nerves that shrank; DNP, diabetic neuropathic pain; TSN, tanshinone IlIA; DRB, 5,6-
dichlorobenzimidazole1-B-p-ribofuranoside; PDTC, pyrrolidine dithiocarbamate.

Table 5 Levels of antioxidase in the sciatic nerves among five groups.

Group SOD (U/mg prot) MDA (U/mgprot) GSH-Px (U/mgprot)
Control (n = 8) 39.53 + 2.11 1.61 £ 0.11 36.41 + 1.45

DNP (n = 8) 27.27 + 1.23* 7.02 + 0.98* 25.99 + 1.23*

TSN (n = 8) 33.01 + 1.89*# 4.23 + 0.31*# 31.02 + 1.67*#
TSN + DRB (n = 8) 27.32 + 1.27* 6.94 + 0.19* 25.45 + 1.11*

TSN + PDTC (n = 8) 27.11 + 1.21* 6.89 + 0.12* 25.69 + 1.33*

Note: *, p < 0.05 compared with the control group at the same time point; #, p < 0.05 compared with
the DNP group at the same time point; DNP, diabetic neuropathic pain; TSN, tanshinone IIA; DRB, 5, 6-
dichlorobenzimidazole1-B-b-ribofuranoside; PDTC, pyrrolidine dithiocarbamate; SOD, superoxide
dismutase; MDA, malondialdehyde; GSH-Px, erythrocyte glutathione peroxidase.

Furthermore, the mRNA and protein levels of Keap1 and NF-
kB were elevated in those groups (all p < 0.05). Compared
with the DNP group, the TSN group had increased mRNA and
protein expression of Nrf2, HO-1 and IkB in the sciatic nerve
but also had decreased mRNA and protein expression of
Keap1 and NF-kB (all p < 0.05). The mRNA and protein
expression of Nrf2, HO-1 and IkB in the sciatic nerve were
decreased, while the levels of Keap1 and NF-kB were higher
in the TSN + DRB and TSN + PDTC groups than in the TSN
group (all p < 0.05). There were no significant differences
in the mRNA and protein expression of Nrf2, HO-1, kB,
Keap1 and NF-kB among the DNP, TSN + DRB and
TSN + PDTC groups (all p > 0.05).

Discussion

Neuropathic pain is a serious disease that does harm to both
the physical and mental health of many people worldwide
[9]. Great efforts have been made to address this problem;
for example, evidence-based guidelines for curing neuro-
pathic pain were launched by the Neuropathic Pain Special
Interest Group of the International Association for the
Study of Pain. Unfortunately, we are still far away from
providing adequate pain relief [21]. Notably, studies have
indicated that TSN IIA alleviates neuropathic pain through a
regulatory network [22]. Zhang et al. (2015) further
demonstrated that Tan llA is protective against Parkinson’s
disease via the regulation of Nrf2/ARE [23]. In addition, Tan
I1A was confirmed to be a tumor suppressor in human breast
cancer through attenuation of the NF-«kB signaling pathway
[24]. Hence, this study aimed to investigate the effects of
TSN 1IA on neuropathic pain via the Nrf2/ARE and NF-kB

signaling pathways and to explore alternative therapies for
neuropathic pain.

In this study, the NCV and behavioral tests showed that
compared with the DNP group, the NCV, MWT and TWL in
the TSN group were significantly increased, suggesting that
TSN 1A could increase MWT, TWL and NCV and has protec-
tive effects on the sciatic nerve. A study revealed that TSN
IIA alleviated neuropathic pain by suppressing the HMGB1-
TLR4 pathway, which decreased pro-inflammatory cyto-
kines and upregulated IL-10 [22]. Decreased NCV and sciatic
nerve dysfunction were the main indicators of DNP, and
NCV was an early and reliable index for DNP [25]. Shen
et al. (2011) reported that TSN IIA had a proliferative effect
on neuronal cells; specifically, TSN IIA enhanced neuron
regeneration [26]. Moreover, the neuroprotective effect of
TSN IIA has also been reported in diabetic rats [27]. It has
been shown that TSN IIA could protect PC12 cells induced
by serum deprivation against apoptosis [28]. Dong et al.
(2009) demonstrated that TSN IIA has neuroprotective
functions in permanent focal cerebral ischemia by
restraining the oxidative stress and the inflammatory insult
mediated by radicals [29]. In addition, the TSN group had
decreased blood glucose and MDA and increased SOD and
GSH-Px compared with the control group. Furthermore, the
TSN + DRB and TSN + PDTC groups had increased blood
glucose and MDA and decreased SOD and GSH-Px compared
with the TSN group. All these findings indicated that TSN lIA
is an antioxidant of the sciatic nerve, which could decrease
blood glucose in rats with DNP. Consistently, treatment
with TSN IIA lowered blood glucose levels in type 2 diabetes
mellitus rats using STZ and a high-fat diet [30]. Further-
more, TSN IIA treatment decreased the MDA content and
increased SOD activity in rats with hypertension-induced
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The mRNA and protein expression levels of Nrf2/ARE and NF-kB signaling pathway-related genes (Nrf2, HO-1, IkB,

Keap1 and NF-«B). Note: A, mRNA expression levels of Nrf2/ARE and NF-«kB signaling pathway-related genes determined by reverse
transcription quantitative polymerase chain reaction; B, proteins of the Nrf2/ARE and NF-«B signaling pathway-related genes as
determined by western blot analysis; C, protein expression levels of the Nrf2/ARE and NF-«B signaling pathway-related genes as
determined by western blot analysis; *, P < 0.05 compared with the control group at the same time point; #, P < 0.05 compared
with the DNP group at the same time point; DNP, diabetic neuropathic pain; TSN, tanshinone IIA; DRB, 5,6-dichlorobenzimidazole1-

B-p-ribofuranoside; PDTC, pyrrolidine dithiocarbamate.

left ventricular hypertrophy [31]. Additionally, TSN IlIA
markedly reduced STZ-induced elevation in acetylcholin-
esterase (AChE) activity and the MDA level and significantly
inhibited STZ-induced reduction in SOD and GSH-Px activ-
ities in the parietal cortex and hippocampus [32]. Taken
together, these results show that TSN IIA is a promising
therapy target for DNP due to its antioxidant and neuro-
protective features.

Furthermore, in our study, in comparison to the DNP
group, the mRNA and protein expression levels of Nrf2, HO-
1 and IkB in the sciatic nerve of the TSN group significantly
increased, while the levels of Keap1 and NF-«B significantly
decreased. This suggested that TSN IIA promoted the
expression of Nrf2/ARE signaling pathway-related genes
(Nrf2, HO-1 and IkB) and inhibited the expression of NF-kB
signaling pathway-related genes (Keap1 and NF-«B).
Therefore, TSN IIA may attenuate DNP through its effect on
the Nrf2/ARE and NF-«B signaling pathways. It has been
demonstrated that pathways including hexosamine, polyol,
advanced glycation-end-product (AGE) and protein kinase
C (PKC) were involved in diabetic complications [33].
Previous experiments demonstrated that the activation of
the Nrf2/ARE signaling pathway could contribute to
neurological function in subarachnoid hemorrhage rats and
prevent liver injuries [34]. The Nrf2 protein is translocated
into the nucleus and forms a transcriptional complex with
the musculo-aponeurotic fibrosarcoma family proteins,
inducing neuroprotective genes regulated by Nrf2 [15].
Then, Nrf2 with Maf family proteins binds to the promoter
region of a number of genes with the ARE regulatory
sequence encoding antioxidase and phase 2 enzymes, such
as HO-1, SOD, GSH-Px, and NAD(P)H [35]. NF-«B is acti-
vated by IkB when cells are under inflammatory conditions
[36]. The inhibition of the NF-«kB signaling pathway is also
found to attenuate neuropathic pain symptoms and
improve morphine analgesia in a rat model of neuropathy
[37]. Wang et al. (2014) reported that TSN IIA activated the
Nrf2 signaling pathway and upregulated the mRNA and
protein expression of Nrf2 [38]. Guan et al. (2016)

identified that TSN IIA could prevent acetaminophen-
induced hepatotoxicity by increasing expression of Nrf2
target genes [39]. Bai et al. (2016) found that through the
suppression of the NF-«kB signaling pathway, TSN IIA could
lead to the death of colon cancer cells [40]. In summary, it
indicates that TSN IIA attenuates DNP by promoting the
expression of Nrf2/ARE signaling pathway-related genes
and inhibiting the expression of NF-«B signaling pathway-
related genes.

In conclusion, TSN IIA alleviates DNP via activation of the
Nrf2/ARE signaling pathway and inhibition of the NF-kB
signaling pathway and may be an attractive candidate for
the treatment of DNP in the future. However, since the
experimental animals in this study are rats, whether TSN lIA
has the same effect in larger animals or humans remains to
be determined.
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