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Abstract: Objective: The present study determines whether Cav-1 modulates the initiation, development and main-
tenance of type-2 DNP via the Rac1/NOX2-NR2B signaling pathway. Methods: After regular feeding for three days,
these rats were randomly divided into two groups: control group with normal-diet (maintenance feed) (n=8); type-2
DM group (n=8). In the type-2 DM group, the rats were fed with a high-fat and high-sugar diet, and received a single
intraperitoneal streptozotocin (STZ) injection (35 mg/kg). At two weeks after STZ injection, these diabetic neuropath-
ic pain (DNP) rats were treated with daidzein (0.4 mg/kg/day) and N-tert-Butyl-a-phenylnitrone (PBN, 100 mg/kg/
day) for 14 days. After the type-2 DNP model was successfully established, the rats were assigned into four groups:
DNP group, DNP+Da group (DNP rats with Cav-1 specific inhibitor daidzein), DNP+PBN group (DNP rats treated with
ROS scavenger PBN), and SC group (solvent control group). Then, the mechanical and thermal hyperalgesia were
assayed to evaluate the function of the caveolin 1-Recombinant Human Ras-Related C1/nicotinamide adenosine di-
phosphate oxidase 2-NR2B gene (Cav-1-Rac1/NOX2-NR2B) signaling pathway. In the mechanism study, the protein
expression levels of p-Caveolin-1, Racl, NOX2, p-NR2B and t-NR2B, the production of ROS, and the distribution of
Cav-1 and NOX2 in the spinal cord were observed. Results: The present study revealed that p-Cav-1 was persistently
upregulated and activated in the spinal cord microglia in type-2 DNP rats. The use of the pharmacological inhibitor
of Cav-1 and a ROS scavenger resulted to a significantly relieved mechanical allodynia and thermal hyperalgesia. In
addition, it was demonstrated that Cav-1 promoted ROS generation via the activation of Rac1-dependent NADPH
oxidase (NOX). Conclusion: The present data suggests that Cav-1 in the spinal cord modulates type-2 DNP via regu-
lating the Rac1/NOX2-NR2B pathway.

Keywords: Type 2 diabetic neuropathic pain, spinal cord, Caveolin-1, NMDA receptor 2B subunit, ROS, NADPH
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Introduction Caveolin-1 (Cav-1) is a scaffolding/regulatory
protein of specific lipids, and has been identi-

More than 425 million adults suffer from diabe- fied as the major defining marker of caveolae

tes worldwide, and approximately 90% of dia-
betic patients have type-2 diabetes mellitus
(DM) [1]. A common and distressing compli-
cation of type-2 DM is diabetic neuropathic
pain (DNP). DNP is a clinical symptom that
manifests as spontaneous pain, paresthesia,
dysethesia, hyperalgesia and allodynia [2]. Al-
though this has been extensively studied, the
mechanism that underlies DNP remains largely
unknown.

[3]. Cav-1 is primarily expressed in endothelial
cells and fibroblasts, and serves as microdo-
mains for the sequestration of signaling pro-
teins, including receptors and non-receptor
tyrosine kinases, endothelial nitric oxide syn-
thase (eNOS), and small GTPases [4]. A recent
study revealed that Cav-1 knockout mice exhib-
ited neurologic abnormalities, including abnor-
mal spinning, reduced activity and gait abnor-
malities [5]. This suggests that Cav-1 is involved
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in motor control in neurodegenerative diseas-
es. It has been well-established that persistent
pain, including neuropathic and inflammatory
pain, is associated with the level of reactive
oxygen species (ROS) [6, 7]. Furthermore, the
systemic or intrathecal administration of ROS
scavengers and antioxidants inhibit the pain
behavior in various animal models of neuro-
pathic pain [8]. In addition, several recent stud-
ies have revealed that Cav-1 is positively corre-
lated with ROS [9].

However, it remains unknown whether Cav-1
regulates the ROS level in the spinal cord, and
whether such regulation is critical for type-2
DNP. Furthermore, the mechanisms underlying
the increased production of ROS in DNP re-
mains poorly defined. Recent studies suggest
that NADPH oxidase (NOX) can generate ROS in
various diseases and during pain sensitization
[10]. NOX2 (which is also known as gp91rh™)
activity is controlled by regulatory cytosolic sub-
units p40°Pox, p47Pox and p67°">, and the small
GTPase Racl [11]. In addition, ROS are involved
in NMDA-receptor activation, an essential step
in central sensitization, and thus contribute to
neuropathic and capsaicin-induced pain [6]. It
has been well-accepted that NMDA receptors
are involved in central sensitization, and the
systemic treatment of phenyl-N-t-butyl nitrone
(PBN) eliminated the hyperalgesia and en-
hanced the phosphorylated NR2B (p-NR2B)
expression, which rapidly returned to normal
levels [6, 12]. Reduction of ROS by PBN pre-
vented enhanced phosphorylation of NR2B
subunits. However, it remains unknown wheth-
er the contribution of ROS in type-2 DNP is due
to the enhanced p-NR2B expression.

The main purpose of the present study is to
determine whether Cav-1 modulates the NOX2
activation and the concomitant ROS produc-
tion, which subsequently leads to the activation
of the NMDA receptor and chronic neuropathic
pain in a rat model of type-2 DM. These present
findings further support the idea that Cav-1 par-
ticipates in type-2 DNP through NOX2-drived
ROS, ultimately modulating the activation of
the NMDA receptor.

Materials and methods
Animals

The male, six-week-old Sprague-Dawley rats
(130-150 g) were provided by the Center of
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Laboratory Animal Science of Wenzhou Medical
University. All animals were group-housed
under a 12-hou light/dark cycle at room tem-
perature (23-25°C), with free access to food
and water ad libitum. The procedures were
approved by the Animal Use Committee of
Wenzhou Medical University, and the IASP’s
ethical guidelines for pain research in animals
were followed.

The type-2 DNP model and animal groups

The rat model of DNP was fed with a high-fat
and high-sugar diet, and received a single intra-
peritoneal streptozocin (STZ) injection (35 mg/
kg). The type-2 DNP model was established, as
previously described [13]. After regular feeding
for three days, these rats were randomly divid-
ed into two groups: control group (n=8), with
normal-diet; type-2 DM group, (n=8), with high-
sugar and high-fat diet to induce insulin resis-
tance. Rats in the type-2 DM group were intra-
peritoneally injected with a single 35-mg/kg
dose of freshly prepared streptozocin (STZ; St.
Louis, MO, USA). The STZ was dissolved in 0.1
M of citrate buffer (pH 4.2). The control group
rats received equal volumes of 0.1 M of citrate
buffer (pH 4.2). At three days after the STZ
injection, the fasting glucose levels were mea-
sured from the obtained tail vein blood sam-
ples. Rats with glucose level of 16.7 mmol/L or
higher were considered diabetic, and were
selected for the experiments. Diabetic rats with
neuropathic pain were defined as both a
mechanical withdrawal threshold (MWT) and
thermal withdrawal latency (TWL) of <85% of
the base value.

After the type-2 DNP model was successfully
established, the rats were assigned into four
groups: DNP group, DNP+Da group (DNP rats
with Cav-1 specific inhibitor daidzein), DNP+PBN
group (DNP rats treated with ROS scavenger
PBN), and SC group (solvent control group). For
these type-2 DM rats, neither TWL, nor MWT
>85% of the base value was defined as the PL
group. Each group contained eight animals.
The daidzein and PBN treatments was 14 days.

Determination of insulin and calculation of the
insulin sensitivity index by ELISA

After overnight fasting with free access to
water, 0.75 ml of tail vein blood sample was
obtained. The rat insulin levels were measured
by sandwich ELISA (Haixi Tang Biotechnology
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Co., Ltd., Shanghai, China). The insulin sensitiv-
ity index was calculated using the following for-
mula: 1/(fasting glucose x fasting insulin) [13].

Behavioral tests

MWT was measured for mechanical allodynia,
while TWL was detected for thermal hyperalge-
sia. Before the tests, rats were taken to the
room for 30 minutes to adapt to the environ-
ment. Then, the WMT and TWL were measured
at one day before model establishment, and at
14, 17, 21 and 28 days after STZ injection.

For the MWT, rats were placed into wire-mesh-
bottom cages (22 x 22 x 22 c¢cm) and allowed to
acclimate for 30 minutes. Then, the plantar
surface of the hind paw was stimulated using
the IITC 2390 series electronic von Frey tactile
pain measurement instrument (Woodland Hills,
CA, USA). The maximum force was measured at
which the rat lifted its hind paw. Each rat was
subjected to six repetitions at 10-minute inter-
vals, and the average was used as the MWT.

For the TWL, rats were placed in a transparent,
square plexiglass box (3 mm in thickness, 20 x
15 x 30 cm) and allowed to adapt for up to 30
minutes. Then, the center of the hind paw was
exposed to heat stimulation, which was set in
the IITC 336 plantar/tail flick tester (Woodland
Hills, CA, USA). The reaction time of the animals
started from the beginning of the radiant heat
measurement until the time the rat shrank
away, licked the foot, or squeaked, and this was
recorded as the TWL. Each rat was subjected to
six repetitions at 10-minute intervals, and the
average was used as the TWL [13].

Application of drugs

The daidzein and PBN were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The daidze-
in was dissolved in 10% DMSO, while the PBN
was dissolved in saline. Then, the daidzein was
subcutaneously administrated at a concentra-
tion of 0.4 mg/kg, while the PBN was intraperi-
toneally injected at a concentration of 200 mg/
kg. The same volume of 10% DMSO or saline,
without any drugs, was injected to rats in the
SC group [6, 14].

Western blot analysis
Rats were immediately anesthetized after the

behavior tests. The spinal lumbar enlargement
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segments were promptly removed, and rapidly
frozen and stored in liquid nitrogen. Then, the
samples were weighed and homogenized by
mechanical disruption in lysis buffer, contain-
ing RIPA, PMSF and protein phosphatase in-
hibitors. After the homogenates were placed on
ice for 30 minutes and centrifuged at 12,000
rom for 25 minutes at 4°C, the supernatant
was collected. Then, the protein concentration
was measured using a BCA assay kit (Thermo,
Rockford, USA). Afterwards, the extracted pro-
teins (30 ug) were diluted with a loading buffer
and boiled at 95°C for 10 minutes, and sepa-
rated by 11% SDS-polyacrylamide gel electro-
phoresis. Next, these proteins were transferr-
ed onto a polyvinylidene fluoride (PVDF) mem-
brane. Then, the membrane was blocked
with 10% nonfat dry milk in Tween-20/Tris-
buffered saline (TBST) for two hours at room
temperature, and subsequently incubated
overnight at 4°C with the following primary anti-
bodies: mouse monoclonal anti-Rac1 (1:1,000,
ab33186; Abcam Inc., MA, USA), rabbit poly-
clonal anti-NOX2/gp91°* (1:1,000, ab80508;
Abcam Inc., MA, USA), rabbit polyclonal anti-
cav-1 (1:3,000, SC-894; Santa Cruz Biote-
chnology), mouse monoclonal anti-phosphory-
lated-caveolin-1 (p-cav-1) (1:200, SC-373837;
Santa Cruz Biotechnology), mouse monoclonal
anti-B-actin (1:4,000, TA-09; Beijing Zhongshan
Jingiao Biotechnology), rabbit polyclonal anti-p-
NR2B (1:500, Millipore), and rabbit polyclonal
anti-NR2B (1:1,000, ab65783; Abcam). After-
wards, the membranes were washed with TBST
for three times for 10 minutes each, and incu-
bated with the secondary antibody (goat anti-
mouse IgG or goat anti-rabbit 1gG, 1:3,000;
Biosharp) for two hours at room temperature.
Finally, the labeled proteins were detected by
enhanced chemiluminescence (ECL; Thermo
Fisher Scientific). The gray values of the target
protein bands were quantitatively analyzed
using ImagelJ software, and normalized against
the intensity of the loading control B-actin. The
Western blot and IHC method used the same
animal.

Double-labeled immunofluorescence

Rats were perfused with 150 ml of saline, fol-
lowed by 200 ml of 4% paraformaldehyde (PFA)
diluted in 0.1 M of phosphate-buffered saline
(PBS). Then, the spinal lumbar enlargement
segments were dissected and post-fixed in 4%
paraformaldehyde for 12 hours, and dehydrat-
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ed in 30% sucrose for three days at 4°C. Next,
the transverse spinal sections were cut at a
thickness of 6 pm. The sections were washed
three times for 10 minutes in PBS, and subse-
quently treated with 0.2% Triton X-100 in PBS
for 30 minutes at room temperature. After
blocking the nonspecific staining with Quick-
Block™ Blocking Buffer for Immunol Staining
(Beyotime, P0260), the sections were incubat-
ed with mouse anti-gp91°"* (1:100, Santa Cruz
Biotechnology, SC-130548), rabbit anti-cav-1
(1:200, SC-894; Santa Cruz Biotechnology),
mouse anti-NeuN (1:200, MAB377; Millipore),
mouse anti-GFAP (1:200, SC-33637; Santa
Cruz Biotechnology), mouse anti-CD11b/c
[0X42] (1:200, ab1211; Abcam), rabbit anti-
NeuN (1:200, ab177487; Abcam), rabbit anti-
GFAP (1:200, ab33922; Abcam), and rabbit
anti-IBA1 (1:50, 1904-1-AP; Proteintech) over-
night at 4°C. Then, the slides were covered with
the secondary antibodies (donkey anti-rabbit
18G or donkey anti-mouse I1gG, 1:100; Biosharp)
containing DAPI (Abcam, UK) for one hour at
37°C. Afterwards, the fluorescently stained
sections were examined using a fluorescence
microscope (Leica, Germany).

Reactive oxygen species measurement

The intracellular ROS levels were measured
using a ROS assay kit (Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China), accord-
ing to the manufacturer’s instructions. A fluo-
rescence probe 2’,7'-dichlorofluorescin diace-
tate (DCFH-DA) was used to detect the ROS
production, which was nonfluorescent until it
was oxidized to form high levels of dichlorofluo-
rescein (DCF) in the presence of ROS. Each
group rats were perfusion with normal saline
infusion after anesthetized, and then spinal
cord tissue was removed and the fresh tissue
was placed on ice to complete the following
steps. 100 mg tissue was placed on a 300
mesh Nylon mesh, and a small dish was placed
under the filter for collection and filtration.
Firstly, adding 1 ml of red blood cell lysate
stored at 4°C, and then cutting it into small
pieces of about 2 mm with an ophthalmic scis-
sors. Use ophthalmic forceps to drag the tissue
onto the nylon mesh and grind it into slag.
Rinse the red blood cell lysate until the tissue is
finished. The cell suspension was collected,
centrifuged at 500 g for 10 min, the superna-
tant was removed, and washed once with PBS,
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and the supernatant was discarded by centrifu-
gation at 500 g/5 min. Resuspend in 500 pl
PBS to prepare a single-cell suspension, the
total number of cells should not be less than
1068 cells. Then, the single-cell suspension was
washed twice with PBS and incubated with
DCFH-DA (10 uM) for 30 minutes at 37°C. After
washing with PBS, the ROS-mediated fluores-
cence was examined by flow cytometry (Be-
ckman, Germany) at excitation and emission
wavelengths of 485 nm and 535 nm, respec-
tively. The mean intensity was analyzed using
the CytExpert analysis software.

Measurement of superoxide dismutase (SOD)
activity

The activity for SOD in the spinal lumbar en-
largement segments was assessed using a
standard assay kit (Nanjing Jiancheng Bioen-
gineering Institute, Nanjing, China) based on
the auto-oxidation of hydroxylamine. Then, the
assay used the xanthine-xanthine oxidase sys-
tem based on the production of superoxide
ions, and the absorbance was measured at
550 nm.

Co-immunoprecipitation (Co-IP)

For the co-immunoprecipitation, a total of 2
pug of mouse monoclonal anti-gp91° (SC-
130548, Santa Cruz Biotechnology) or control
I1gG (A7028, Beyotime) was added to 500 pg of
tissue lysate with gentle rotation for two hour at
4°C. Subsequently, 20 pl of protein A/G PLUS-
agarose beads (SC-2003, Santa Cruz Biote-
chnology) was added to the samples with gen-
tle rotation overnight at 4°C. Then, the mixture
was centrifuged at 2,500 g for five minutes,
and the precipitate was washed for three times
with cold phosphate-buffered saline. Finally,
the protein sample was resolved on SDS-PAGE,
and analyzed by western blot analysis with anti-
bodies to NOX2 and Cav-1.

Statistical analysis

All data are expressed as mean + standard
error of the mean (SEM). These results were
analyzed using the SPSS (Version 22.0) statisti-
cal software. For multiple comparisons each
value was compared by one way ANOVA follow-
ing Dunnett test when each datum conformed
to normal distribution. A P-value of <0.05 was
considered statistically significant. The signifi-
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pared with rats in the control
group (P<0.01). In addition,
the blood glucose levels on
zero and eight weeks were
similar between the control
group and DM group (P>0.05).
In contrast, the blood glucose
levels of rats in the diabetes
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Figure 1. The validation of diabetic neuropathic pain rat models. A. Body
weight in the C group and DM group at zero weeks and eight weeks. B. The
time course of blood glucose level changes in rats in the C group and DM
group. C. Insulin levels of diabetic rats at zero weeks and eight weeks. D. The
time course of insulin sensitivity index changes in diabetic rats and rats in
the control group. E, F. The mechanical allodynia and thermal hyperalgesia of
rats were measured at eight weeks and on day 14, 17, 21 and 28 after STZ
injection; n=6. *P<0.05, compared with the control group at the correspond-
ing time point; #P<0.05, compared with the PL group at the corresponding

time point.

cance levels were assigned as *P<0.05, **P<
0.01, and ***P<0.001.

Results

Validation of diabetic neuropathic pain rat
models

As presented in Figure 1A, there was no signifi-
cant difference in body weight between con-
trol and diabetic rats before the diet (zero
weeks). However, compared with the control
group, the body weight of diabetic rats signifi-
cantly increased at eight weeks after high-sug-
ar and high-fat diet (P<0.01). After 14 days of
single intraperitoneal streptozocin (STZ) injec-
tion, rats in the DM group exhibited a decrease
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ed increased water intake
and polyuria, according to
these features, and high-fat-
high-sugar-fed/low-dose STZ-
treated rats induced sus-
tained type-2 DM. However,
there were no significant dif-
ferences in mechanical with-
drawal threshold (MWT) and
thermal withdrawal latency
(TWL) between the C group
and PL group (P>0.05). Fur-
thermore, rats in the DNP
group presented with a signifi-
cant reduction in MWT and TWL on day 14
(P<0.05), day 17 (P<0.05), day 21 (P<0.05) and
day 28 (P<0.05) after STZ injection, when com-
pared to rats in the control group, indicating the
occurrence of mechanical allodynia and ther-
mal hyperalgesia in rats in the DNP group
(Figure 1E, 1F).

3

Increased expression of p-cav-1 in the spinal
cord after DNP

In order to determine whether cav-1 in spinal
cord was involved in the development of type-2
DNP, the alteration of cav-1 expression in type-
2 DNP rats was examined. The western blot
and immunohistochemistry results indicated
that the expression level of total cav-1 (tCav-1)
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Figure 2. Increased expression of p-cav-1 in the spinal cord after diabetic neuropathic pain. (A) The western blot
assay revealed that p-cav-1 expression increased in the spinal cord at 17, 21 and 28 days after STZ injection, when
compared to the C group and PL group. (B) The quantification of western blot data obtained from (A). All data were
presented as mean * standard error of the mean (SEM); n=4. *P<0.05, **P<0.01, and ***P<0.001. (C) The im-
munofluorescence staining revealed that the major cav-1 (green) co-localized in the microglia (0X42, red). Scale

bar =50 ym.

increased in the DNP group, when compared
with the control and PL groups, respectively
[15]. Furthermore, the western blot analysis
also revealed that DNP produced a long-lasting
(8TZ 17 d, 21 d, 28 d) increase in p-cav-1
expression in the spinal cord (Figure 2A, 2B,
P<0.001). Using the double-labeling immuno-
fluorescence of cav-1 and OX42 (a marker of
microglia), NeuN (a marker of neuron), or GFAP
(@ marker of astrocyte), it was revealed that
cav-1 was mainly co-localized with 0X42 in
microglia, while the rest were co-localized with
NeuN and GFAP (Figure 2C). This outomes was
consisted with Jia et al. who found that cav-1
plays a role in DNP through the TLR4 signaling
pathway and subsequent phosphorylation of
NR2B [15].

Daidzein inhibited the diabetic-induced in-
crease in ROS production and oxidative stress
in type-2 DNP

Next, the reactive oxygen species (ROS) and
Superoxide Dismutase (SOD) were examined in
the spinal cord at 17 days, 21 days and 28 days
after STZ injection in each group of rats. The
flow cytometry assay revealed that the ROS
production increased in rats in the DNP group,
when compared with the control group or PL
group (Figure 3A-F, P<0.05). In order to deter-
mine whether the increased ROS production is
involved in the cavl-induced mechanical allo-
dynia and thermal hyperalgesia, rats in the
DNP group were treated with the cav-1 specific
inhibitor daidzein. Daidzein administration sig-
nificantly reduced the ROS production and
reversed the type-2 diabetic-induced mech-
anical allodynia and thermal hyperalgesia
(Figure 3A-H, P<0.05). Furthermore, these dia-
betic rats exhibited a markedly reduced SOD
activity (Figure 3l, P<0.05), and daidzein treat-
ment reversed this reduction.

Phosphorylated caveolin-1 may increase ROS
production through NOX2/Rac1 activation

In order to further determine whether NOX con-
tributed to the cav-1-mediated ROS production
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in the spinal cord of diabetic rats, the NOX2
and Racl expression in spinal lumbar enlarge-
ment segments were measured under DNP
conditions. NOX2 and Racl protein expression
was significantly elevated in the spinal cord at
17 days, 21 days and 28 days after STZ injec-
tion (Figure 4, P<0.05). Hence, the administra-
tion of daidzein significantly inhibited these
increases.

Interaction and co-localization of cav-1 with
NOX2 in microglia in type-2 DNP rats

Next, the distribution of NOX2 in the spinal cord
of type-2 DNP rats was determined using dou-
ble-labeled immunofluorescence. The immuno-
fluorescence staining analysis revealed that
NOX2 co-localized with IBA, NeuN and GFAP in
the spinal cord. Furthermore, NOX2 also co-
expressed with cav-1 in the spinal cord. Hence,
the co-immunoprecipitation assay revealed a
direct interaction between cav-1 and NOX2
(Figure 5).

Systemic PBN blocked the diabetics-induced
phosphorylation of NR2B

Finally, it was determined whether ROS contrib-
uted to the type-2 DM-induced pain hypersen-
sitivity through the activation of NMDA recep-
tors. In order to answer this question, the effect
of the systemic administration of ROS scaven-
ger PBN on p-NR2B and total NR2B in the spi-
nal cord at 17 days, 21 days and 28 days after
STZ injection in rats in each group was investi-
gated. The treatment with PBN blocked the
increase in expression of p-NR2B in the spinal
cord of type-2 DNP rats. However, the PBN
treatment had no effect on the total NR2B pro-
tein expression, when compared to the control
group or PL group (Figure 6). Furthermore, the
systemic administration of PBN also significant-
ly relieved the type-2 diabetic-induced pain
behavior.

Discussion

The study revealed that cav-1 in the spinal cord
contributes to type 2 DNP through the activa-

Am J Transl Res 2020;12(5):1714-1727
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Figure 3. The diabetic neuropathic pain increased the production of ROS and
induced oxidative stress, while daidzein inhibited the ROS production and
oxidative stress in type-2 DNP. (A, B) The flow cytometry reveals the change
in ROS levels in the spinal cord at 17 days after STZ injection (the representa-
tive fluorescent shown in [A] and quantitative data shown in [B]). (C, D) The
flow cytometry reveals the change in ROS levels in the spinal cord at 21 days
after STZ injection (the representative fluorescent shown in [C] and quantita-
tive data shown in [D]). (E, F) The flow cytometry reveals the change in ROS
levels in the spinal cord at 28 days after STZ injection (the representative
fluorescent shown in [E] and quantitative data shown in [F]). (G, H) The treat-
ment with daidzein at 14 days after STZ injection significantly reversed the
type-2 diabetes-induced thermal hyperalgesia (G) and mechanical allodynia
(H) (n=4). *P<0.05, compared with the DNP group. (I) The standard assay

kit reveals the activity of SOD in
the spinal cord in rats from each
group at 21 days after STZ injec-
tion. All data were presented as
mean * standard error of the
mean (SEM), n=4. *P<0.05,
**P<0.01, ***P<0.001.

tion of the NOX2/Rac1/NR2B
signaling pathway. The major
findings are as follows: (1) the
long-lasting increased p-cavl
expression in the spinal cord
was linked with the develop-
ment and maintenance of
pain hypersensitivity and cen-
tral sensitization, (2) cav-1
participated in the type-2 DNP
possibly through its interac-
tion with NOX2 and the pro-
motion of ROS production in
the spinal cord, and (3) the
increase in ROS production
contributed to the type-2 DNP
via the activation of NMDA
receptors. These findings re-
veal a novel mechanism for
the regulation of type 2 DNP
through cav-1 in the spinal
cord.

Consistent with previous stud-
ies [13], the type-2 DNP mod-
el was established after rats
were fed with high-sugar and
high-fat diet, followed by intra-
peritoneal injection with a
single 35-mg/kg dose of fre-
shly prepared STZ. The model
displayed spontaneous pain,
mechanical allodynia and th-
ermal hyperalgesia. These pa-
in hypersensitivities occurred
at 14 days after a single STZ
injection, and lasted for more
than two weeks. As expect-
ed, insulin resistance was
induced at eight weeks after
feeding with high-sugar and
high-fat diet, while hypergly-
cemia was induced at three
days after STZ injection. In
addition, the pain behavior
occurred at 14 days after STZ
injection.
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Figure 4. Phosphorylated caveolin-1 may increase the ROS production through NOX2/Rac1 activation. (A-C) The
western blot assay reveals that the p-caveolin-1, NOX2 and Racl expression changed in each group at 17 days (A),
21 days (B), and 28 days (C) after STZ injection. (D-F) The quantification of western blot data from [A-C] is shown. All
data were presented as mean + standard error of the mean (SEM), n=4. *P<0.05, **P<0.01, ***P<0.001.

A growing body of evidence indicated that cav-
1, which is the major structural protein essen-
tial for caveolae formation, functions as a scaf-
folding protein that regulates multiple physio-
logical processes, including caveolae biogene-
sis, cell regulation, vesicular transport, inflam-
mation, and signal transduction [16]. For exam-
ple, the expression of the synapsin-driven cav-1
vector can enhance neuronal membrane/lipid
raft formation, increase the expression of neu-
rotransmitter and neurotrophin receptors,
enhance NMDAR- and BDNF-mediated prosur-
vival kinase activation, elevate multiple neuro-
nal pathways that converge to augment cAMP
formation, and promote neuronal growth and
arborization in primary neurons in vitro [17]. In
hepatocytes, cav-1 is required for the TGF-B3-

1722

mediated activation of TACE/ADAM17 through
the phosphorylation of Src and NOX1-mediated
ROS production [18]. The present study is first
to report the functional role of cav-1 in type-2
DNP. It was observed that the upregulation of
p-cav-1 expression in the spinal cord is associ-
ated with pain behavior and central sensitiza-
tion in the rat model of STZ-induced type-2
DNP. Hence, persistent p-cav-1 upregulation
may contribute to the development and mainte-
nance of type-2 DNP.

Furthermore, in investigating the relationship
between cav-1 and ROS, the present study
revealed that the administration of cav-1 spe-
cific inhibitor daidzein decreased the p-cavil
expression, and subsequently resulted in the
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Figure 5. Cav-1 and NOX2 interacted together and co-localized in the microglia in type-2 diabetic neuropathic pain
rats. A. The double-immunofluorescence shows that NOX2 mainly co-localized with the microglia and neuron in the
spinal cord. B. The double-immunofluorescence revealed that cav-1 co-localized with NOX2 in the spinal cord. C. The
representative western blot demonstrates the interaction of cav-1 and NOX2 in the co-immunoprecipitation experi-
ment. Equal amounts of total lysates (500 g) were used for the immunoprecipitation with an NOX2-specific antibody,
and the membranes were probed with a cav-1-specific antibody. Scale bar =50 um.
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Figure 6. The systemic PBN reduced the phosphorylation of NR2B induced by type-2 diabetic neuropathic pain. (A,
B) The treatment with PBN at 14 days after STZ injection significantly reversed the type-2 diabetes-induced thermal
hyperalgesia (A) and mechanical allodynia (B) (n=4). *P<0.05, compared with the DNP group. (C) The western blot
assay revealed that p-NR2B and total NR2B expression changed in each group at 17, 21 and 28 days after STZ
injection. (D) Quantification of the western blot data obtained from [C]. All data were presented as mean * standard
error of the mean (SEM), n=4. *P<0.05, **P<0.01, ***P<0.001.

decrease in ROS production. Recently, various
studies have reported that the connections
between cav-1 and ROS levels play an impor-
tant role in many diseases. Macrophages
exposed to oxLDL increased its cav-1 expres-
sion, and cav-1 increased the NOX2 p47°rhox
level, and acted as a switch for ROS production
[19]. Furthermore, rVvhA, a virulent factor of
Vibrio (V.) vulnificus, induced the swift phos-
phorylation of ¢-Src in the membrane lipid raft,
which led to the increased interaction between
cav-1 and NOX complex Racl for ROS produc-
tion [20]. In HG-containing medium, the podo-
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cytes transfected with a recombinant plasmid
GFP-cav-1 Y14F (mutation at a cav-1 phosphor-
ylation site) revealed the significant downregu-
lation of ROS production, when compared with
those transfected with the control empty vector
[9]. Moreover, cav-1 binds to Nox5 and Nox2,
but not to Nox4, and suppresses the mRNA and
protein expression of Nox2 and Nox4 through
the inhibition of the NF-kB pathway [21]. The
present study revealed that the expression of
p-cav-1 significantly increased in the spinal
cord of type-2 DNP. However, the administra-
tion with cav-1 specific inhibitor daidzein signifi-
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Figure 7. The proposed role of cav-1 in type-2 diabetic neuro-
pathic pain. Cav-1 interacts with NOX2, and NOX2 produces
ROS. The latter regulates the NR2B subunit phosphorylation.
(]

o)

&
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Microglia

cantly decreased the ROS production and the
expression of NOX2 and Racl, but increased
the SOD sensitivity. In addition, cav-1 partici-
pates in type-2 DNP by directly binding with
NOX2 and promoting ROS production. These
findings clearly demonstrate that the increase
in p-cav-1 in the spinal cord contributes to type-
2 DNP development and maintenance.

The present study revealed that NOX2 was
detected in the microglia of the central nervous
system, although NOX2 has also been recently
measured in neurons [22]. Furthermore, the
activation of NOX2 led to the translocation of
cytosolic subunits to the membrane for
the assembly of the holoenzyme. Racl activa-
tion plays a key role in the assembly of NADPH
oxidase, which leads to tether p67°"* to the
membrane, and induces an “activating” con-
formational change in p67°" [23]. Consistent
with these findings, it was observed that the
activation of cav-1 can upregulate ROS levels
via the Racl-dependent NOX2 signaling
pathway.

It is well-known that spinal cord central sensiti-
zation plays a key role in chronic neuropathic
pain. The initiation and maintenance of spinal
central sensitization relies on the activity of the
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receptors and signaling integration, especially
the activation of NMDA receptors. NMDAR acti-
vation and its triggered downstream are
required for the development of chronic neuro-
pathic pain [24]. The p-NR2B subunitat Tyr1472
was significantly upregulated in the spinal cord
after peripheral nerve injury, while no signifi-
cant difference in total NR2B expression was
detected [25].

A number of previous studies have shown that
the removal of ROS alleviated the hyperalgesia
and reserved the NMDAR phosphorylation to
normal levels in the spinal cord [6]. The present
study demonstrated that in the rat model of
type-2 DNP, the ROS levels were significantly
elevated. However, PBN reversed the enhance-
ment of the NR2B subunit phosphorylation in
the spinal cord, thereby relieving the mechani-
cal allodynia and thermal hyperalgesia. These
results suggest that NOX2-derived ROS plays a
key role in the phosphorylation of NMDAR in the
spinal cord, contributing to central sensitization
and DNP.

Although the present study revealed that the
removal of ROS reversed the enhancement of
pNR2B expression and hyperalgesia, the mech-
anism of ROS involvement in central sensitiza-
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tion remains unknown. Free radicals and ROS
are involved in various cellular processes.
Lysosomal iron served as a catalyst in the pro-
duction of ROS. The latter activated the PKC
pathway, indicating that ROS may enhance
NMDAR activity via the modulation of the PKC/
Src/NR2A pathway, thereby modulating gluta-
matergic excitability [26]. Based on these find-
ings, it can be concluded that the increased
ROS production may upregulate the levels of
activated PKC, which in turn enhances the
NR2B subunit phosphorylation, thereby con-
tributing to central sensitization and type-2
DNP.

Limitations. There were several limitatins in
this study. Firstly, the mechanism of ROS
involvement in central sensitization remains
unknown which should be further research.
Secondly, we only used the western blot to
investigate the expression level of Racl and
NOX2-NR2B, no datas about RT-PCR were pro-
vided in this present trial. Thirdly, this was only
a animal trial, no relative vitro experiments
were conducted which should be further
research in the future.

In conclusion, the present study revealed that
cav-1 in the spinal cord modulates type-2 DNP
via the regulation of the NOX2-ROS-NR2B phos-
phorylation signaling pathway. Given that the
phosphorylation of NMDA receptor subunits in
the spinal cord leads to central sensitization
and ultimately contributes to type-2 DNP
(Figure 7), these present findings may provide a
novel targeted drug for treating type-2 DNP.
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