
Vol:.(1234567890)

Neurochemical Research (2022) 47:1878–1887
https://doi.org/10.1007/s11064-022-03571-7

1 3

ORIGINAL PAPER

Metformin Relieves Bortezomib‑Induced Neuropathic Pain 
by Regulating AMPKa2‑Mediated Autophagy in the Spinal Dorsal Horn

Meng Liu1,2 · Yu‑Ting Zhao1 · You‑You Lv3 · Ting Xu1 · Dai Li4 · Yuan‑Chang Xiong4 · Wen‑Jun Xin1 · Su‑Yan Lin1 

Received: 20 January 2022 / Revised: 25 February 2022 / Accepted: 3 March 2022 / Published online: 12 March 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Chemotherapy-induced neuropathic pain is a major clinical problem with limited treatment options. Here, we show that 
metformin relieves bortezomib (BTZ)-evoked induction and maintenance of neuropathic pain by preventing the reduction 
in the expression of Beclin-1, an autophagy marker, in the spinal dorsal horn. Application of rapamycin or 3-methyladenine, 
autophagy inducer and inhibitor, respectively, affected the mechanical allodynia differently. Co-application of 3-methylad-
enine and metformin partially inhibited the effect of metformin in recovering Beclin-1 expression and in reducing the pain 
behavior in rats subjected to BTZ treatment. BTZ treatment also reduced the expression of AMPKa2 in the dorsal horn, 
which was recovered by metformin treatment. Overexpression of AMPKa2 attenuated the BTZ-evoked reduction in Beclin-1 
expression and mechanical allodynia, whereas intrathecal injection of AMPKa2 siRNA decreased the Beclin-1 expression 
and induced mechanical allodynia in naive rats. Moreover, BTZ treatment increased the GATA3 expression in the dorsal 
horn, and GATA3 siRNA attenuated the AMPKa2 downregulation and mechanical allodynia induced by BTZ. Chromatin 
immunoprecipitation further showed that BTZ induced an increased recruitment of GATA3 to multiple sites in the AMPKa2 
promoter region. Furthermore, decreased acetylation and increased methylation of histone H3 in the AMPKa2 promoter in the 
spinal dorsal horn was detected after BTZ treatment. Our findings suggest that metformin may regulate AMPKa2-mediated 
autophagy in the dorsal horn and alleviate the behavioral hypersensitivity induced by BTZ.
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Introduction

Bortezomib (BTZ), a 20S proteasome complex inhibitor, is 
a first-line chemotherapeutic agent for treatment of multiple 
myeloma [1]. Neuropathic pain is a significant dose-depend-
ent toxicity of BTZ, which often leads to dose reduction 

or discontinuation of chemotherapy in patients [2]. The 
mechanism underlying BTZ-induced neuropathic pain has 
been proposed to mainly involve peripheral nerve inflam-
mation [3, 4], oxidative stress [5] or axonal degeneration 
[6]. Pharmacological management is essential for treating 
neuropathic pain. Tricyclic antidepressants, dual reuptake 
inhibitors of serotonin and norepinephrine, calcium channel 
alpha(2)-delta ligands, topical lidocaine and glycine trans-
porter inhibitors were recommended as first-line treatment 
options[7, 8]. However, there are still plenty of negative 
results in clinical trials. Further understanding of its patho-
genesis is essential to treat neuropathic pain and optimize the 
use of BTZ or other chemotherapeutics in cancer patients.

Metformin, one of the most widely used hypoglycemic 
drugs for type 2 diabetes, reportedly ameliorates various 
neurodegenerative disorders including diabetes-associated 
brain neurodegeneration [9, 10], ethanol-induced neuronal 
apoptosis [11], and experimental stroke [12]. Notably, 
application of metformin prevents cisplatin and paclitaxel-
induced neuropathic pain [13]. Metformin is as an activator 
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of adenosine monophosphate-activated kinase (AMPK, 
encoded by Prkaa). According to the difference in its cata-
lytic subunit, AMPK is divided into AMPKa1 and AMPKa2 
[14]. It regulates a variety of cellular processes, including 
protein translation, activity of other kinases, and mitochon-
drial metabolism [15]. It is not clear whether metformin can 
regulate the activity of specific AMPK isoforms and prevent 
and treat BTZ-induced behavioral hypersensitivity in a BTZ-
induced neuropathic pain setting.

Autophagy is a physiological process through which cells 
remove superfluous and dysfunctional components [16]. In 
the nervous system, autophagy is a fundamental machinery 
for maintaining functional homeostasis and plays an impor-
tant role in several neurological diseases, such as Alzhei-
mer’s disease [17], Parkinson’s disease [18], and chronic 
pain. For example, abnormal cleavage of phosphatidylino-
sitol-binding clathrin assembly protein, PICALM, causes a 
reduction in autophagy flux in the brain to mediate Alzhei-
mer’s disease [19]. Autophagy also works as an anti-inflam-
matory mechanism to stop the damage caused by various 
endogenous or exogenous pernicious stimuli [20]. Increas-
ing evidence indicates that autophagy is intensively involved 
in the regulation of immune inflammation and production 
of oxidative molecules, which remodel the neuronal func-
tion [18]. Although BTZ-induced pain is closely related to 
inflammatory response, it is unclear whether autophagy is 
involved in this process.

GATA transcription factors are a superfamily of zinc 
finger proteins characterized by their ability to bind to a 
specific DNA sequence. The GATA superfamily consists of 
six members, GATA1 through GATA6. Generally, GATA1, 
GATA2, and GATA3 play primarily roles in the hematopoi-
etic system [21], whereas GATA4, GATA5, and GATA6 are 
expressed in nonhematopoietic tissues and exhibit diverse 
developmental roles in other systems [22]. GATA3 has 
conventionally been regarded as a transcription factor that 
mediates the activation and repression of transcription. For 
example, it increases the expression of many Th2 cell genes 
through positive transcriptional regulation [23]. Importantly, 
it was recently reported that GATA3 is involved in BTZ-
induced chronic pain via enhancing the CCL21 transcrip-
tion [24]. However, whether GATA3 negatively regulates 
the expression of other proteins, such as AMPK, at the tran-
scriptional level in BTZ-induced neuropathic pain is unclear.

In this study, we aimed at investigating whether met-
formin can prevent and treat BTZ-induced behavioral hyper-
sensitivity in a BTZ-induced neuropathic pain setting using 
a rodent model, and the mechanism underlying any such 
effect.

Results

Metformin Relieves BTZ‑Induced Neuropathic Pain 
via Enhanced Autophagy Flux in the Spinal Dorsal 
Horn

First, we found that intraperitoneal injection of metformin 
significantly prevented the induction and maintenance of 
mechanical allodynia following BTZ treatment (Fig. 1a, b). 
Results of western blot analysis showed that Beclin-1, an 
autophagy marker, was significantly downregulated in the 
spinal dorsal horn on days 4 (the initiation of neuropathic 
pain) and 12 (the maintenance of neuropathic pain), follow-
ing BTZ treatment (Fig. 1c). Furthermore, we found that 
consecutive intrathecal injection of an autophagy inducer, 
rapamycin (2 μg/10 μL for 10 days), attenuated mechani-
cal allodynia (Fig. 1d) induced by BTZ treatment, and the 
application of 3-methyladenine (3-MA), an autophagy inhib-
itor, induced mechanical allodynia (Fig. 1e) in naïve rats. 
These data indicate that, in the spinal cord, autophagy is 
involved in the development of BTZ-induced chronic pain. 
Importantly, we found that metformin inhibited the down-
regulation of Beclin-1 expression by BTZ (12 days after 
treatment) (Fig. 1f). Notably, co-application of 3-MA (i.t.) 
partially inhibited the effect of metformin to mitigate Bec-
lin-1 downregulation (Fig. 1g) and mechanical allodynia 
following BTZ treatment (Fig. 1h–i).

AMPKa2/Autophagy Signaling Pathway Plays 
an Important Role in the Alleviation of BTZ‑Induced 
Neuropathic Pain by Metformin

As metformin is a known AMPK activator, we speculated 
the AMPK pathway might be the key molecular mechanism 
underlying metformin-regulated autophagy in the spinal 
dorsal horn. Results of western blot analysis showed that 
AMPKa2, but not AMPKa1, was downregulated on days 
4 and 12 after BTZ treatment (Fig. 2a), which was sig-
nificantly inhibited upon metformin application (Fig. 2b). 
Immunofluorescence staining also confirmed the down-
regulation of AMPKa2 in the dorsal horn and the effect of 
metformin in rodents subjected to BTZ treatment (Fig. 2c). 
Furthermore, overexpression of AMPKa2 by intraspinal 
AAV (adenovirus-associated virus) injection (Fig.  2d) 
upregulated the Beclin-1 expression (Fig. 2e) and allevi-
ated BTZ-induced mechanical allodynia (Fig. 2f). Moreover, 
intrathecal injection of a specific AMPKa2 siRNA (Fig. 2g) 
induced downregulation of Beclin-1 expression and mechan-
ical hypersensitivity in naive rats (Fig. 2h–i). These results 
suggest that metformin relieves BTZ-induced neuropathic 
pain by inhibiting the AMPKa2/autophagy downregulation.
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Transcription Factor GATA3 Negatively Regulates 
the Expression of AMPKa2

To understand the specific molecular mechanism through 
which BTZ regulates AMPKa2, we examined the expression 
of AMPKa2 mRNA in the dorsal horn in the model and con-
trol rats. The results showed that BTZ application significant 
downregulated the expression of AMPKa2 mRNA (Fig. 3a). 
To elucidate the specific role of GATA family members in 

regulating AMPKa2 transcription, we performed qPCR with 
primers targeting GATA1 through GATA6 mRNAs, and found 
that only GATA3 mRNA was significantly upregulated in 
the spinal dorsal horn on days 4 and 12 after BTZ treatment 
(Fig. 3b). Results of western blot analysis also revealed the 
upregulation of GATA3 protein on days 4 and 12 following 
BTZ treatment (Fig. 3c). Furthermore, double immunofluo-
rescence staining showed that AMPKa2 was co-expressed in 
GATA3-positive cells in the spinal dorsal horn (Fig. 3d). In 

Fig. 1   Metformin relieves bortezomib (BTZ)-induced neuropathic 
pain via enhanced autophagy flux in the spinal dorsal horn. a The 
induction of mechanical allodynia induced by BTZ was significant 
ameliorated by metformin administration (n = 12; two-way ANOVA 
repeated measures). The arrows indicate the time points of metformin 
injection. b Metformin could relieve the maintenance of mechani-
cal allodynia after BTZ injection (n = 12; two-way ANOVA repeated 
measures). The arrows indicate the time points of metformin injec-
tion. c After BTZ injection, Beclin-1 expression was decreased on 
days 4 and 12 (n = 4). d Rapamycin injection alleviates BTZ-induced 
mechanical allodynia (n = 8; two-way ANOVA repeated measures). 

e Intrathecal injection of 3-MA in naive rats leads to a downregula-
tion of mechanical thresholds (n = 6; two-way ANOVA repeated 
measures). f Metformin inhibits the reduction in Beclin-1 expression 
induced by BTZ in the spinal dorsal horn (n = 4). g Co-administration 
of metformin and 3-MA partially prevented the Beclin-1 upregula-
tion induced by metformin treatment (n = 3). h, i Intrathecal injection 
of 3-MA reversed the pain relief effect of metformin (n = 6; two-way 
ANOVA repeated measures). The arrows indicate the time points of 
metformin injection. Data are plotted as the mean ± SEM. **P < 0.01, 
## P < 0.01
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addition, knock down of GATA3 by intrathecal injection of an 
siRNA significantly reversed the downregulation of AMPKa2 
mRNA and protein after BTZ treatment (Fig. 3e, f) and alle-
viated the mechanical allodynia induced by BTZ (Fig. 3g). 
These results suggest that upregulation of GATA3 negatively 
regulates the expression of AMPKa2 at the transcriptional 
level and mediates mechanical allodynia induced by BTZ.

Mechanism of Transcriptional Repression 
of AMPKa2 by GATA3

To elucidate the molecular mechanism through which 
GATA3 negatively regulates the transcription of AMPKa2, 

we first analyzed the possible binding sites of GATA3 in the 
AMPKa2 promoter using Jaspar. Next, we performed ChIP-
PCR to identify the specific binding sites of GATA3 in the 
AMPKa2 promoter among the five potential binding sites 
with high scores. The binding of GATA3 at sites 1, 2, and 4 
was increased in the BTZ group compared with that in the 
vehicle group (Fig. 4a). Several studies have shown that spe-
cific histone modification, including acetylation and meth-
ylation, are closely related to gene expression [25]. Indeed, 
we found hypoacetylated histone H3 on sites 1 and 4 of the 
AMPKa2 promoter in BTZ-treated rats relative to that in 
the vehicle group (Fig. 4b), whereas no change in histone 
H4 acetylation was detected on these sites in the model rats 

Fig. 2   AMPKa2/autophagy signaling pathway plays an important 
role in the alleviation of BTZ-induced chronic pain by metformin. 
a After BTZ injection, AMPKa2 expression was decreased on days 
4 and 12 (n = 3). b Administration of metformin activated AMPKa2 
but not AMPKa1 (n = 3). c Immunofluorescence staining showed 
the upregulation of AMPKa2 after metformin treatment (scale bar: 
100  μm). d qPCR results demonstrate the efficiency of overexpres-
sion of AMPKa2 (n = 4; one-way ANOVA). e Overexpression of 
AMPKa2 in BTZ-treated rats reversed the decline in Beclin-1 expres-

sion (n = 4). f Overexpression of AMPKa2 in BTZ-treated rats alle-
viates mechanical allodynia (n = 6; two-way ANOVA repeated meas-
ures). g Intrathecal injection of AMPKa2 siRNA in naive rats leads 
to a decrease in AMPKa2 expression (n = 4). h Intrathecal injection 
of AMPKa2 siRNA in naive rats leads to the increase in Beclin-1 
expression (n = 4). i Knockdown of AMPKa2 in naive rats leads to 
a reduction in the mechanical threshold (n = 5; two-way ANOVA 
repeated measures). Data are plotted as the mean ± SEM. *P < 0.05, 
**P < 0.01, #P < 0.05, ##P < 0.01
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(Fig. 4c). Furthermore, we also assessed the methylation 
level of histone H3 on sites 1 and 4 of the AMPKa2 pro-
moter, and found that the methylation level of histone H3 
(k9) on sites 1 and 4 was significantly enhanced in the BTZ 
group (Fig. 4d). Together, these results suggest that GATA3 
potentially modifies the acetylation and methylation levels of 
histone H3 on sites 1 and 4, through which it contributes to 
BTZ-induced AMPKa2 downregulation in the dorsal horn.

Discussion

This study demonstrates that metformin treatment can 
attenuate the induction and maintenance of BTZ-induced 
neuropathic pain. We found that metformin potentially 
recovered the impaired autophagy as it mitigated the down-
regulation of a key autophagy marker, Beclin-1, in the dorsal 
horn induced by BTZ. Consistent with the previous studies 
indicating the involvement of metformin or autophagy in 
neuropathic pain [26, 27], the present study provides the 
first evidence that metformin may regulate the autophagy 
function and improve the chemotherapeutic drug-induced 

neuropathic pain. We also found that application of the 
autophagy inducer, rapamycin, or its inhibitor, 3-MA, 
changes the mechanical allodynia differently, and co-appli-
cation of 3-MA partially inhibited the effect of metformin to 
recover Beclin-1 expression and reduce mechanical hyper-
sensitivity in rats subjected to BTZ treatment. Rapamycin 
and 3-MA are the agonist and inhibitor of mTOR and PI3K 
signaling pathways, respectively [28, 29]. Here, we found 
that BTZ treatment consistently reduced the AMPKa2 
expression in the spinal dorsal horn, which was recovered 
by intraperitoneal injection of metformin. Importantly, over-
expression of AMPKa2 rescued the Beclin-1 expression and 
attenuated mechanical allodynia induced by BTZ. In naive 
rats, knockdown of AMPKa2 by intrathecal injection of an 
siRNA also decreased the Beclin-1 expression and induced 
mechanical allodynia. These results suggest that AMPKa2 
may serve as an important signaling pathway to mediate the 
analgesic effect of metformin in rodents subjected to BTZ 
treatment. This is consistent with previous findings that the 
decreases in AMPKa expression in the spinal dorsal horn is 
involved in the acute pain induced by the chemotherapeutic 
drug oxaliplatin [30]. AMPK, as a metabolic stress-sensing 

Fig. 3   GATA3 expression negatively regulates the expression of 
AMPKa2 following BTZ treatment. a The AMPKa2 mRNA was 
significantly downregulated after BTZ treatment (n = 5; two-sam-
ple t-tests). b The qPCR results showed the expression of GATA 1 
through 6 mRNAs in the spinal dorsal horn of rats after BTZ treat-
ment (n = 3; one-way ANOVA). c The GATA3 levels in the spinal 
dorsal horn upregulated on days 4 and 12 after administration of 
BTZ to rats (n = 3; one-way ANOVA). d Immunofluorescence stain-
ing images showing colocalization of GATA3 with AMPKa2 (scale 

bar: 100 μm). e The scatter plots showing the expression of AMPKa2 
mRNA after GATA3 siRNA injection (n = 5; one-way ANOVA). f 
The blots showing the upregulation of AMPKa2 protein after knock 
down of GATA3 relative to that in the BTZ group (n = 3). g Appli-
cation of GATA3 siRNA significantly ameliorated the mechanical 
allodynia induced by BTZ (n = 12; two-way ANOVA repeated meas-
ures). Data are plotted as the mean ± SEM. *P < 0.05, **P < 0.01, 
##P < 0.01
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protein, can regulate several pain-related signaling proteins, 
such as SIRT1 and TRPA1, which may be involved in the 
neuropathic pain induced by nerve injury [31, 32]. Taken 
together, the present study demonstrates that metformin may 
regulate AMPKa2-mediated signaling pathways and relieve 
chronic pain induced by BTZ.

The GATA molecular family is involved in mediating 
various physiological processes, such as inflammatory 

responses and cell growth and development [21, 22, 33]. We 
examined the altered expression levels of GATA 1 through 
6 mRNAs in the spinal dorsal horn of rats and found that 
only GATA3 was consistently upregulated on days 4 and 
12 after BTZ treatment. In addition, GATA3 was expressed 
in AMPKa2-positive cells, and its knockdown significantly 
reversed the downregulation of AMPKa2 and relieved 
BTZ-induced neuropathic pain. Whereas previous studies 

Fig. 4   GATA3 upregulation contributes to changes in acetylation and 
methylation levels of histone H3 in the AMPKa2 promoter. a ChIP-
PCR reveals the binding of GATA3 at different sites in the AMPKa2 
promoter (n = 4; two-sample t-tests). b Levels of histone H3 acetyla-
tion (acH3) on sites 1 and 4 were significantly decreased in the BTZ 
groups (n = 6; two-sample t-tests). c Levels of histone H4 acetylation 

(acH4) on sites 1, 2, and 4 were explored in the vehicle and BTZ 
groups (n = 5; two-sample t-tests). d Methylation levels of histone 
H3 (H3K9me2) on sites 1 and 4 were significantly increased follow-
ing BTZ treatment (n = 5; two-sample t-tests). Data are plotted as the 
mean ± SEM. **P < 0.01
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showed that GATA3 plays a role in BTZ-induced pain mod-
els by upregulating the expression of inflammatory cytokine 
CCL21 [24], the present study indicates that GATA3 can 
also participate in the BTZ-induced neuropathic pain by 
inhibiting AMPKa2 expression, which suggests that GATA3 
differentially regulates the expression of various pain-related 
molecules in BTZ-induced neuropathic pain model. Several 
studies have shown that changes in acetylation or methyla-
tion of histone are closely related to gene expression [25]. 
In the ChIP analysis performed to explore the mechanism 
through which GATA3 regulates AMPKa2 transcription, we 
found that the interaction between GATA3 and sites 1, 2, 
and 4 of the AMPKa2 promoter significantly increased fol-
lowing BTZ application. Moreover, the decreased acetyla-
tion level of histone H3, as well as the hypermethylation of 
H3, on sites 1 and 4 in the AMPKa2 promoter potentially 
contributed to the downregulation of AMPKa2 following 
BTZ treatment.

In summary, these results show that the GATA3-medi-
ated epigenetic mechanism is involved in the suppression of 
AMPKa2 transcription, which potentially impairs autophagy 
and contributes to mechanical allodynia induced by BTZ. 
Metformin prevents the downregulation of AMPKa2 and 
restores the autophagy function in the dorsal horn, thereby, 
relieving BTZ-induced neuropathic pain.

Methods

Animals

Male Sprague Dawley rats weighting 200–250  g were 
obtained from the Institute of Experimental Animals at Sun 
Yat-Sen University. All animals were housed separately at 
24 ± 1 °C and 50–60% relative humidity on a 12 h/12-h light/
dark cycle and given access to food and water ad libitum. 
All the experimental protocols were approved by the Insti-
tutional Animal Care Committee and were carried out in 
accordance with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals. All efforts were 
made to minimize the suffering and the number of rats used. 
All animals were randomly assigned to different experimen-
tal or control groups in this study.

Lumbar Subarachnoid Catheterization

For intrathecal injection, after animals were anesthetized 
with 2% isoflurane, polyethylene intrathecal catheters (PE-
10, USA) were implanted into rats. In brief, the catheter 
was inserted into the L5/L6 intervertebral subarachnoid 
space with the tip of the catheter located near the L5 spi-
nal segmental level. Following intrathecal implantation 
of catheters, animals were allowed 5 days to recover from 

surgery prior to subsequent drug injection, and any animal 
with hind limb paresis or paralysis was excluded from the 
present study. Ten microliter of 2% lidocaine was injected 
to confirm that the catheter was correctly placed, as indi-
cated by transient bilateral hind limb paralysis.

Drug and Adenovirus‑Associated Virus 
Administration

Bortezomib (Topscience, Shanghai, China) was intraperi-
toneally injected at 0.4 mg/kg once per day for 5 con-
secutive days, as described previously [34]. Control ani-
mals received an equivalent volume of the vehicle, saline. 
The cholesterol-conjugated siRNAs were commercially 
obtained from Ribo Bio. GATA3 siRNA (1 nmol/10 μL), 
non-targeting control siRNA (1 nmol/10 μL), AMPKa2 
siRNA (1 nmol/10 μL), 3-MA (30 μg/10 μL), rapamycin 
(2 μg/10 μL) or vehicle saline (10 μL) was intrathecally 
administrated prior to BTZ treatment. Metformin was 
intraperitoneally injected at doses of 50 mg/kg/day, which 
were based on previous reports [34].

For intraspinal injection of the adenovirus-associated 
virus (AAV), the L4–L5 vertebrae were exposed, and the 
vertebral column was mounted in a stereotaxic frame. 
A slight laminotomy was performed, and the dura was 
incised to expose the spinal cord. AAV was injected into 
both the sides of the spinal dorsal horn at four injection 
sites (150 nL of AAV was injected at each site). The 
micropipette was withdrawn 10 min after virus injection, 
and the incision was closed with stitches.

Behavioral Assessment

For each rat, mechanical allodynia was assessed by the 
hind paw mechanical withdrawal threshold. All rats were 
placed in a plastic box on a metal mesh and were allowed 
to acclimate for 3 consecutive days (30 min/day) before 
testing. Von Frey filaments of different bending forces 
were applied alternately to the midplantar surface of the 
hind paw. A nociceptive response was defined as a brisk 
paw withdrawal or paw flinching following Von Frey fil-
ament application. In the absence of a paw withdrawal 
response, a stronger stimulus was presented; when paw 
withdrawal occurred, the next weaker stimulus was cho-
sen. An optimal threshold calculation using this method 
required five responses in the immediate vicinity of the 
50% threshold. The 50% paw withdrawal threshold was 
calculated following a previously validated up–down pro-
cedure [35]. The behavioral tests were conducted by an 
experimenter who was blinded to all treatments.
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Immunofluorescence Staining

Rats were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.), and cardiac perfusion were performed using 0.9% 
physiological saline, followed by 4% paraformaldehyde in 
PBS. Next, L4–L6 spinal cord tissues were removed and 
post-fixed in the same fixative overnight and then dehy-
drated with 30% sucrose. Cryostat sections (25 μm thick) 
were cut and processed for immunofluorescent staining with 
primary antibodies for GATA3 (1:50, Santa Cruz, sc-268) 
and AMPKa2 (1:100, Proteintech, 18167-1-AP) at 4 °C 
overnight; the sections were then incubated with Cy3-con-
jugated or Alexa 488-conjugated secondary antibodies for 
1 h at 26 °C. The stained sections were then examined with 
a Leica (Nikon, Japan) fluorescence microscope equipped 
with a digital camera, and images were captured.

RNA Extraction and Quantitative (Real‑Time) PCR 
(qPCR)

Total RNA was extracted from the dorsal horn (L4–L6) 
tissues by TRIzol reagent (Invitrogen, USA). Evo M-MLV 
RT Premix (AG, China) and SYBR Green Pro Tap Premix 
(AG, China) were used to quantify the amounts of mRNAs, 
according to a protocol based on the manufacturer’s instruc-
tions. The relative expression ratio of mRNA was quantified 
using the 2−△△CT method [36]. The sequences of specific 
primers used are listed in Table 1.

Western Blot Analysis

The L4–L6 spinal dorsal horn tissues of rats were removed 
and homogenized in a lysis buffer (Beyotime, China) after 
the animals were anesthetized with 50 mg/kg sodium pento-
barbital (i.p.). Next, the lysates of the L4–L6 dorsal horn 
tissues were prepared, separated by gel electrophoresis 
(SDS-PAGE) and transferred onto a polyvinylidene fluoride 
membrane. They were then preincubated for 1 h at room 
temperature in the block buffer (EpiZyme, China). After 
incubating overnight with diluted primary antibodies against 
GATA3 (1:100, Santa Cruz, sc-268), AMPKa2 (1:1000, Pro-
teintech, 18167-1-AP), Beclin1 (1:1000, CST, 3738), β-actin 
(1:1000, CST, 3700 or 4967), or GAPDH (1:1000, Abcam, 
ab8245; 1:1000, CST, 2118) at 4 °C, the membranes were 
incubated in horseradish peroxidase-conjugated secondary 
antibody for 1 h at room temperature. Finally, the bands on 
the membranes were visualized by enhanced chemilumines-
cence (ECL, Millipore), as per the manufacturer’s instruc-
tions. The bands were quantified with a computer-assisted 
imaging analysis system (ImageJ, NIH, USA).

ChIP Assays

ChIP assays were performed using the ChIP Assay Kit (Cell 
Signaling Technology, cat #9005). The L4 and L5 spinal 
cord segments of animals were removed quickly and placed 
in 1% formaldehyde for 10 min at room temperature to cross-
link transcription factors with chromatin. Formaldehyde 
was subsequently inactivated by addition of glycine. Micro-
coccal nuclease was used to digest DNA to approximately 
150–900 bp length, and the DNA fragments were immu-
noprecipitated overnight using antibodies targeting GATA3 
(5 μg, Thermo Fisher Scientific, PA5-20892), ac-H3 (5 μg, 
Abcam, ab32129), ac-H4 (5 μg, Sigma, 06-598), H3K9me2 
(5 μg, Sigma, D5567), or IgG at 4 °C. The next day, ChIP-
grade protein G magnetic beads were added and incubated 
for 2 h at 4 °C with rotation. Thereafter, the chromatin-pro-
tein-antibody-bead complexes were eluted, and the bound 
DNA was extracted. The precipitated DNA was purified 
using spin columns, and qPCR was performed as described 
above. Finally, the ratio of ChIP/input in the spinal dorsal 
horn was calculated.

Table 1   Primer sequences for qPCR analyses

Gene Primer Sequences

GATA1 Forward CGA​GGA​ACC​GCA​AGG​CAT​CTG​
Reverse CAC​CAG​CTA​CCA​CCA​TGA​ATC​CAC​

GATA2 Forward CAC​CCA​CGC​CAC​CCA​AAG​AAG​
Reverse CTT​GAC​GCC​ATC​CTT​GTC​CTCAC​

GATA3 Forward CTC​TTC​CCT​CCC​AGC​AGC​CTAC​
Reverse AGT​ACC​ATC​TCG​CCG​CCA​CAG​

GATA4 Forward GGA​GGC​GAG​ATG​GGA​CAG​GAC​
Reverse TGG​CAG​TTG​GCA​CAG​GAG​AGG​

GATA5 Forward AGG​GAT​GGC​ACC​GGA​CAC​TATC​
Reverse GTG​GCA​GTT​GGA​ACA​GCA​GAGG​

GATA6 Forward GGA​GAA​AGT​GCC​AAC​CCT​GAG​AAC​
Reverse CCA​GAG​CAC​ACC​AAG​AAT​CCT​GTC​

AMPKα2 Forward ATG​ATG​AGG​TGG​TGG​AGC​AGAGG​
Reverse GGT​TCT​CGG​CTG​TGC​TGG​AATC​

Promoter site 1 Forward GGG​AAG​AAT​CTG​GGG​AAG​CC
Reverse CGC​CCA​AGG​TCA​CAG​AGA​AT

Promoter site 2 Forward TTT​TTC​CCA​GAC​CCT​GAC​CC
Reverse TGG​TTG​GGC​AGA​GGC​TTT​AG

Promoter site 3 Forward TGT​GTG​GAC​GCG​AGCTG​
Reverse CGG​TCG​CTC​TCA​GAC​TCA​TC

Promoter site 4 Forward ACA​AGT​GAG​CTG​ACG​GGT​AG
Reverse GGT​CTG​AGC​TGT​GCC​TTG​G

Promoter site 5 Forward GCA​AGT​CTG​ACA​TCT​TGG​GGA​
Reverse AGC​TCT​GCA​GGT​TGA​TTG​GT
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Statistical Analysis

SPSS 25.0 was used to analyze the data, and the results are 
shown as the mean ± SEM. The data from behavioral tests 
were analyzed using two-way ANOVA with repeated meas-
ures. The qPCR and western blot data were analyzed using 
the two independent samples t-test or one-way ANOVA fol-
lowed by Dunnett’s T3 or Tukey’s post hoc test. When tests 
of normality were not satisfied, the nonparametric tests were 
substituted. The criterion of statistical significance was 0.05. 
All measurements were taken from distinct samples.
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