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Combination of autophagy and NFE2L2/NRF2 activation as a treatment approach for 
neuropathic pain
Jian Lia,*, Mouli Tiana,*, Tong Huaa,*, Haowei Wanga, Mei Yanga, Wenqian Lia, Xiaoping Zhangb, and Hongbin Yuan a

aDepartment of Anesthesiology, Changzheng Hospital, Naval Medical University, 415 Fengyang Road, Shanghai 200003, China; bDepartment of 
Interventional & Vascular Surgery, Tongji University School of Medicine, Shanghai 200072, China

ABSTRACT
Macroautophagy/autophagy, an evolutionarily conserved process, plays an important role in the 

regulation of immune inflammation and nervous system homeostasis. However, the exact role and 
mechanism of autophagy in pain is still unclear. Here, we showed that impaired autophagy flux mainly 
occurred in astrocytes during the maintenance of neuropathic pain. No matter the stage of neuropathic 
pain induction or maintenance, activation of autophagy relieved the level of pain, whereas inhibition of 
autophagy aggravated pain. Moreover, the levels of neuroinflammation and reactive oxygen species 
(ROS) were increased or decreased following autophagy inhibition or activation. Further study showed 
that inhibition of autophagy slowed the induction, but increased the maintenance of neuroinflammatory 
responses, which could be achieved by promoting the binding of TRAF6 (TNF receptor-associated 
factor 6) to K63 ubiquitinated protein, and increasing the levels of p-MAPK8/JNK (mitogen-activated 
protein kinase 8) and nuclear factor of kappa light polypeptide gene enhancer in B cells (NFKB/NF-κB). 
Impaired autophagy also reduced the protective effect of astrocytes on neurons against ROS stress 
because of the decrease in the level of glutathione released by astrocytes, which could be improved by 
activating the NFE2L2/NRF2 (nuclear factor, erythroid derived 2, like 2) pathway. We also demonstrated 
that simultaneous activation of autophagy and the NFE2L2 pathway further relieved pain, compared to 
activating autophagy alone. Our study provides an underlying mechanism by which autophagy parti-
cipates in the regulation of neuropathic pain, and a combination of autophagy and NFE2L2 activation 
may be a new treatment approach for neuropathic pain.

Abbreviation: 3-MA: 3-methyladenine; 8-OHdG: 8-hydroxydeoxy-guanosine; ACTB: actin, beta; AMPAR: 
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptor; ATG: autophagy-related; CAMK2/ 
CaMKII: calcium/calmodulin-dependent protein kinase II; CCL7: chemokine (C-C motif) ligand 7; CGAS: 
cyclic GMP-AMP synthase; CQ: chloroquine; GABA: gamma-aminobutyrate; GCLC: glutamate-cysteine 
ligase, catalytic subunit; GFAP: glial fibrillary acidic protein; GSH: glutathione; HMOX1/HO-1: heme 
oxygenase 1; KEAP1: kelch-like ECH-associated protein 1; MAP1LC3/LC3-II: microtubule-associated pro-
tein 1 light chain 3 beta (phosphatidylethanolamine-conjugated form); MAPK: mitogen-activated protein 
kinase; MAPK1/ERK: mitogen-activated protein kinase 1; MMP2: matrix metallopeptidase 2; MAPK8/JNK: 
mitogen-activated protein kinase 8; MAPK14/p38: mitogen-activated protein kinase 14; NFE2L2/NRF2: 
nuclear factor, erythroid derived 2, like 2; NFKB/NF-κB: nuclear factor of kappa light polypeptide gene 
enhancer in B cells; ROS: reactive oxygen species; SLC12A5: solute carrier family 12, member 5; SNL: 
spinal nerve ligation; TLR4: toll-like receptor 4; TRAF6: TNF receptor-associated factor; TRP: transient 
receptor potential.
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Introduction

Neuropathic pain is one of the most common chronic pains, 
and arises as a direct consequence of a lesion or disease 
affecting the somatosensory system. The four major symp-
toms associated with neuropathic pain are allodynia, hyper-
algesia, spontaneous pain, and abnormal sensation [1,2]. 
Increasing evidence indicates that neuroinflammation and 
the immune system play important roles in the occurrence 
and development of neuropathic pain [3,4]. Moreover, reac-
tive oxygen species (ROS) is also one of the key factors in the 
regulation of pain [5,6]. As neuromodulators, ROS activate 

CAMK2/CaMKII (calcium/calmodulin-dependent protein 
kinase II) in glutamatergic neurons in the spinal cord, and 
ROS also play roles in disinhibition by inhibiting GABAergic 
interneurons. Furthermore, ROS can activate TRP (transient 
receptor potential cation channel) family members, especially 
TRPA1, TRPM2, and TRPV1, which integrate multiple endo-
genous and exogenous sensory stimuli during pathological 
pain [7,8]. Although progress has been made on the mechan-
ism of neuropathic pain, an effective treatment is still limited.

Autophagy is an evolutionarily conservative process for 
the recycling and degradation of cytoplasmic constituents 
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[9]. It plays a fundamental role in cellular development, 
function, and death [10,11]. Autophagy is known to repre-
sent an anti-inflammatory mechanism; it keeps off endo-
vascular damage caused by a variety of endogenous or 
infectious sources and prevents unnecessary or excessive 
inflammation [12]. The role of autophagy in inflammatory 
diseases, cancer and neurodegenerative diseases such as 
Alzheimer and Parkinson disease has been studied [13]. 
Autophagy is particularly important in the physiological 
and pathological processes of the nervous system because 
neurons are more sensitive to damaged organelles and 
proteins [14,15]. For example, autophagy deficiency in 
the adolescent brain can lead to neuropsychiatric disorders 
by impairing GABAA receptor trafficking [16]. Studies 
show that targeting specific types and steps of autophagy 
may be a potential therapeutic strategy for neurodegenera-
tive diseases and cerebral ischemia [17,18]. Increasing 
evidence also indicates that autophagy plays an important 
role in the regulation of immune inflammation and ROS 
production [19,20]. Previous studies have shown that au-
tophagy is closely related to the development of neuro-
pathic pain [21]. In addition, autophagy is associated with 
neuropathic pain microglia-induced inflammation [22,23]. 
Although autophagy plays an important role in the patho-
physiology of the nervous system and the regulation of 
immune inflammation, there is little research on the rela-
tionship between autophagy and pain, mainly concentrat-
ing on the induction stage and the peripheral nervous 
system [21,24].

Ubiquitin modification is a crucial step in autophagy. It 
has been reported that in the process of autophagy, 
TRAF6, BECN1/Beclin1, SQSTM1/p62 and other proteins 
can be modified by ubiquitin [25]. The ubiquitination of 
TRAF6 may be essential for NFKB and MAPK (mitogen- 
activated protein kinase) signaling pathway activation 
[26]. Previous studies have implicated the TLR4-NFKB 
signaling pathway plays an important role in the activa-
tion of neuroinflammation [27]. PELI1 regulates neuro-
pathic pain and microglia activation by modulating 
MAPK-NFKB signals in the spinal cord [28]. NFKB has 
been shown to significantly regulate the expression of 
a variety of pro-inflammatory factors, such as IL6, leading 
to neuropathic pain [29], and inhibition of NFKB could 
reduce pain and inflammation after peripheral nerve 
injury [30]. In this study, we focused on the changes and 
cell type location of autophagy flux in the spinal cord 
during the maintenance of neuropathic pain, and further 
explored the potential mechanisms of autophagy on pain 
regulation. The NFE2L2 (nuclear factor, erythroid derived 
2, like 2) pathway plays an important role in antioxidant 
stress [31]. The relevance of NFE2L2 in modulation of 
acute and chronic neuroinflammation has been reported 
in several studies [32,33]. Herein, we also studied whether 
the NFE2L2 pathway participated in the regulation of 
autophagy on ROS. Our studies showed that activation 
of autophagy could relieve pain during both neuropathic 
pain induction and maintenance. Furthermore, compared 
with activated autophagy alone, simultaneous activation of 

autophagy and the NFE2L2 pathway had better analgesic 
effects.

Results

Autophagy flux was impaired and mainly existed in 
astrocytes during the maintenance of neuropathic pain

In order to evaluate the changes of autophagy flux in the spinal 
cord during the maintenance of neuropathic pain, a model was 
established using L5 spinal nerve ligation (SNL) (Fig. S1, 
Experiment 1). The SNL model is a classical neuropathic pain 
model, with stable symptoms and lasting at least 8 weeks [34]. As 
shown in Figure 1A, the thresholds of mechanical allodynia (left) 
and thermal hyperalgesia (right) were decreased and lasted until 28 
d after SNL (P < 0.01). In order to further evaluate the success of 
the neuropathic pain model, the expression levels of ROS and 
proinflammatory cytokines were detected in Figure 1B-D. The 
compound 8-hydroxydeoxy-guanosine (8-OHdG) can label oxi-
dized DNA and reflects the ROS level in cells [35]. Our results 
showed that the levels of ROS and proinflammatory cytokines 
IL1B/IL-1β and TNF/TNF-α were significantly increased after 
SNL (Figure 1B-D) (P < 0.01), which was consistent with previous 
reports [36–39]. In addition, ROS were mainly located in neurons 
of spinal cords from the SNL 14 d group (Figure 1E).

The process of neuropathic pain can be divided into early- 
and late-phase (induction- and maintenance-phase), and the 
maintenance-phase refers to more than 7 d after SNL [40]. In 
order to detect changes in autophagy levels during the main-
tenance phase of neuropathic pain, the expression levels of 
autophagy marker proteins, LC3-II (phosphatidylethanola-
mine-conjugated form of MAP1LC3B [microtubule- 
associated protein 1 light chain 3 beta]), ATG5 (autophagy 
related 5), and the autophagy receptor SQSTM1 were deter-
mined. Compared with the sham group, LC3-II and ATG5 
were decreased while SQSTM1 was increased in spinal cords 
at 7 d, 14 d, and 28 d after SNL (Figure 1F) (P < 0.05), 
indicating a reduction in autophagy levels during the main-
tenance phase of neuropathic pain. In order to exclude that 
the increase of SQSTM1 protein level was caused by increased 
gene transcription, we further detected the change of Sqstm1 
mRNA level. As shown in Figure 1G, the Sqstm1 mRNA level 
was not significantly changed after SNL (P > 0.05). The 
fluorescence intensity of LC3 was weakened and SQSTM1 
was enhanced (Figure 1H and S2A-C) (P < 0.01), which was 
consistent with the western blot results (Figure 1F). Electron 
microscopy is the gold standard for detecting autophago-
somes [41]. The electron microscopic results also showed 
a decrease in the number of autophagosomes after SNL 
(Figure 2A and Figure 2B) (P < 0.01). To further confirm 
the impairment of autophagy flux after SNL, autophagy flux 
was determined in fresh spinal cord slices from SNL 14 d and 
sham 14 d mice as shown in a previous study [42]. After 
incubating for 2 h in the absence or presence of chloroquine 
(CQ), the data demonstrated that LC3-II increased signifi-
cantly in spinal cord slices from Sham 14 d mice treated 
with CQ as compared to untreated mice (P < 0.05). 
However, LC3-II levels in spinal cord slice from SNL 14 
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Figure 1. Autophagy flux is impaired during the maintenance of neuropathic pain. (A) The thresholds of mechanical allodynia (left) and thermal hyperalgesia (right) 
after spinal nerve ligation (SNL) were performed before catheter implantation (baseline value, BL), and on days 3, 7, 14 and 28 postsurgery. Each test was repeated 3 
times. Data are presented as the mean ± SD. **p < 0.01 vs sham; n = 6 mice/group. (B) Reactive oxygen species (ROS) levels in the dorsal horn (DH) of the spinal 
cords reflected by 8-hydroxydeoxyguanosine (8-OHdG) immunofluorescence intensity at different time points after SNL. Bar: 50 μm. (C) Statistical results of intensity 
of 8-OHdG staining in Figure 1B. Data are presented as the mean ± SD. **p < 0.01 vs sham; n = 3 mice/group, 6 slices per mouse were employed. (D) Pro- 
inflammatory factor levels of IL1B, TNF, CCL7, and MMP2 in spinal cords from a sham 14 d group and SNL 14 d group. **P < 0.01 vs sham; n = 4 mice/group. (E) 
Double immunofluorescence staining of 8-OHdG (green) with neuron marker RBFOX3/NeuN (red, upper) or astrocyte marker glial fibrillary acidic protein (GFAP, red, 
down) in the dorsal horn of the spinal cords, SNL 14 d (SNL postoperative 14 d), respectively, n = 4 mice/group, 6 slices per mice were employed. Bar: 50 μm. (F)
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d mice with or without CQ treatment were not changed 
(Figure 2C and Figure 2D) (P > 0.05). The above data indi-
cated that autophagy flux in spinal cord was impaired after 
SNL. Moreover, in spinal cords from the SNL 14 d and 
corresponding sham group, we found that spinal cord astro-
cytes were dramatically activated on day 14 after SNL and 
SQSTM1 was mainly co-labeled with GFAP (glial fibrillary 
acidic protein) rather than RBFOX3/NeuN antibodies, which 
indicated impaired autophagy flux was mainly in astrocytes at 
14 d after SNL (Figure 2E and Figure 2F) (P < 0.01). We also 
detected the morphological changes of mitochondria in the 
spinal cord after SNL by electron microscopy. Our results 
showed that the expansion of mitochondria after SNL, indi-
cating a decrease of the ratio of length to width (Figure 2G 
and Figure 2I) (P < 0.01), which indicated the decrease of 
mitochondrial function.

Impaired autophagy promoted the maintenance of 
neuropathic pain by increasing the levels of 
neuroinflammation and ROS in the spinal cord

In order to explore the effect of autophagy on the mainte-
nance of neuropathic pain, different concentrations of auto-
phagy inhibitor (3-methyladenine; 3-MA) and inducer 
(rapamycin) were intrathecally injected on day 7 to day 9 
after SNL (once a day) (Fig. S1, experiment 2). With the 
increase in the concentration of 3-MA (Figure 3A, upper) or 
rapamycin (Figure 3A, down), thresholds of mechanical allo-
dynia significantly decreased and increased, respectively, and 
lasted more than 7 d (P < 0.05). We achieved similar results 
by intrathecal injection of 3-MA and rapamycin during neu-
ropathic pain induction (Fig. S3A and S3B) (P < 0.01) (Fig. 
S1, Experiment 3). As there was no significant difference 
between the 5 μg group and 50 μg group, we chose 3-MA or 
rapamycin at 5 μg/mouse/d in the following experiments, and 
thresholds for mechanical allodynia and hyperalgesia were 
further retested (Fig S1, experiment 3). Both thresholds of 
mechanical allodynia (Figure 3B, upper) and thermal hyper-
algesia (Figure 3B, down) decreased with the inhibition of 
autophagy and increased with the activation of autophagy 
(P < 0.01). On day 14 after SNL, spinal autophagy protein 
LC3 decreased and SQSTM1 increased after intrathecal injec-
tion of 3-MA (5 μg/mouse/d) when compared with the 
DMSO group, while the opposite trend was observed after 
rapamycin (5 μg/mouse/d) injection (Figure 3C) (P < 0.05), 
which suggested that intrathecal injection of 3-MA decreased 
the autophagy level and rapamycin activated it. We further 
detected the effects of inhibition or activation of autophagy on 
neuroinflammation and ROS in the spinal cord during neuro-
pathic maintenance. Because CCL7 (chemokine [C-C motif] 
ligand 7) and MMP2 (matrix metalloprotease-2) are mainly 
present in astrocytes during the maintenance stage of neuro-
pathic pain [40,43], we also detected the effects of autophagy 
on the levels of CCL7 and MMP2. Levels of 

neuroinflammatory factors, including IL1B, TNF, CCL7, and 
MMP2 were increased by inhibition of autophagy and 
decreased by induction of autophagy (Figure 3D) (P < 0.05). 
We also noted that autophagy activation decreased the level of 
ROS in spinal cord neurons (P < 0.01), and autophagy inhibi-
tion increased ROS levels (P < 0.05) (Figure 3E and Figure 
3F). In general, the data indicated the process of autophagy 
participated in the regulation of neuropathic pain.

Impairment of autophagy delayed the initiation, but 
promoted the maintenance of inflammatory responses

In order to further study the mechanism of autophagy on 
neuroinflammation regulation, primary astrocytes was cul-
tured (Fig. S4A). IL1B (10 ng/mL) or TNF (10 ng/mL) was 
used to activate astrocytes, and the levels of neuroinflamma-
tion and autophagy were tested. After treatment with IL1B or 
TNF, levels of CCL7 and MMP2 in the supernatant increased 
and reached the peak at 6 h (Figure 4A) (P < 0.01). In 
addition, the number of autophagosomes markedly increased 
(Figure 4B and Figure 4C) (P < 0.01), and the autophagy 
protein level of LC3-II was increased in astrocytes (Figure 
4D and Figure 4E) (P < 0.05), which was consistent with the 
results of previous studies [44]. In order to further study the 
effects of autophagy on CCL7 and MMP2 in astrocytes, we 
inhibited autophagy with 3-MA and Atg7 (autophagy 
related 7) siRNA, respectively. After treatment with 3-MA or 
Atg7 siRNA, the autophagy marker LC3-II decreased and 
autophagy substrate protein SQSTM1 increased (Figure 4F 
and Figure 4G) (P < 0.05), which indicated autophagy level 
was inhibited. The results showed that inhibition of autopha-
gy decreased the levels of CCL7 and MMP2 in the supernatant 
at 2 h and 6 h after stimulation of astrocytes with IL1B or 
TNF, and were raised at 12 h and 24 h (Figure 4H-K) 
(P < 0.05). The data above indicated that inhibition of auto-
phagy slowed the initiation of the inflammatory response in 
astrocytes, but prolonged its maintenance time.

Impaired autophagy increased the levels of 
neuroinflammatory factors by activating the 
TRAF6-MAPK8-NFKB signaling pathways

The MAPK and NFKB pathways are the key mechanisms to 
mediate the production of neuroinflammation. In order to 
further explore whether autophagy inhibition increased the 
levels of CCL7 and MMP2 by regulating MAPKs or NFKB 
pathways at late phase, the phosphorylation levels of MAPK8/ 
JNK (mitogen-activated protein kinase 8), MAPK14/p38 
(mitogen-activated protein kinase 14), MAPK1/ERK (mito-
gen-activated protein kinase 1) and RELA/p65 were detected 
in primary astrocytes. At 24 h after IL1B or TNF stimulation, 
the protein expression levels of p-MAPK8 and p-RELA 
(P < 0.01), but not p-MAPK14 and p-MAPK1 (P > 0.05), 
were remarkably increased in the Atg7 siRNA group, as 

Western blots of autophagy proteins, including LC3, ATG5, and SQSTM1. ACTB was used as loading control. Data are presented as the mean ± SD (N = 3). *p < 0.05, 
**p < 0.01 vs Sham; ns: no significance. n = 3 mice/group. (G) The mRNA level of Sqstm1 in spinal cords on day 7, 14 and 28 after SNL. Data are presented as the 
mean ± SD. ns: no significance; n = 4 mice/group. (H) Representative immunofluorescence images of spinal dorsal cord staining LC3 or SQSTM1 from sham 14 d and 
SNL 14 d groups. n = 3 mice/group, 6 slices per mouse were employed. Data are presented as the mean ± SD, **p < 0.01 vs Sham.
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Figure 2. Impaired autophagy flux has mainly existed in astrocytes during the maintenance of neuropathic pain. (A,B) Transmission electron microscopic 
representative images of spinal cord in sham 14 d and SNL 14 d groups. Black arrows are classic autophagosomes with double membranes. N: nucleus; bar: 
1 μm. Statistical histogram of the number of autophagosomes in each electron microscopic field. Data are presented as the mean ± SD. **p < 0.01 vs sham; n = 4 
mice/group, 6 slices per mouse were employed. (C,D) Western blots of autophagy flux detection of spinal cord in sham 14 d and SNL 14 d groups. CQ: chloroquine. 
Data are presented as the mean ± SD (N = 3). *p < 0.05; ns: no significance. n = 4 mice/group. (E,F) Double immunofluorescence staining of SQSTM1 with astrocyte
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compared to the control siRNA group. Moreover, compared 
with the control siRNA group, the protein expression levels of 
p-MAPK8 and p-RELA were reduced in the Atg7 siRNA 
group at 2 h after IL1B or TNF stimulation (Figure 5A-E) 
(P < 0.05). This was consistent with the results of the expres-
sion of CCL7 and MMP2, which suggested that the MAPK8 
and NFKB pathways might be involved in neuroinflammatory 
regulation after inhibition of autophagy. In order to confirm 
this, specific inhibitors of MAPK8 (SP600125), MAPK14 
(SB203580), MAPK1 (U0126), and NFKB (JSH-23) were 
used [45]. The results showed that inhibition of the MAPK8 
or NFKB pathway (P < 0.01), rather than the MAPK14 or 
MAPK1 pathway (P > 0.05), markedly decreased expression 
levels of CCL7 and MMP2 after autophagy inhibition (Figure 
5F and Figure 5G). The data indicated that the MAPK8 and 
NFKB pathways, not the MAPK14 and MAPK1 pathways, 
were involved in the neuroinflammatory regulation after au-
tophagy inhibition.

TRAF6 is a ubiquitin ligase involved in mediating NFKB 
and MAPKs signaling pathways [46–48]. In order to further 
explore the regulation mechanism of inhibition of autophagy 
on neuroinflammation, we detected the levels of TRAF6- 
binding K63 ubiquitin proteins in cultured astrocytes. The 
results showed that inhibition of autophagy increased the 
levels of TRAF6-binding K63 ubiquitin proteins (Figure 5H), 
while inhibition of TRAF6 expression by Traf6 siRNA treat-
ment reversed the increase of p-MAPK8 and NFKB levels 
induced by autophagy inhibition (Figure 5I and Figure 5J) 
(P < 0.01). We further tested the levels of TRAF6-binding K63 
ubiquitin proteins in spinal cord after intrathecal injection of 
autophagy inhibitor 3-MA or autophagy activator rapamycin. 
The results showed that the levels of TRAF6-binding K63 
ubiquitin proteins in the spinal cord were increased by inhi-
biting autophagy and decreased by activating autophagy 
(Figure 5K). Moreover, the TRAF6 protein level in spinal 
cord was also decreased by activating autophagy (Figure 5L) 
(P < 0.05). The data indicated that impaired autophagy 
increased neuroinflammatory levels by promoting the binding 
level of TRAF6 to K63 ubiquitin protein, and then increasing 
the levels of p-MAPK8 and NFKB.

Impaired autophagy of astrocytes reduced the protective 
effect of antioxidant stress on neurons by reducing 
glutathione (GSH) release, which was improved by 
activating the NFE2L2 pathway

In order to further explore the regulatory mechanism of 
autophagy impairment of astrocytes on ROS, we first explored 
the effect of autophagy on the level of ROS in astrocytes. 
Intracellular ROS were assessed by measuring the fluorescence 
intensity of 2,7-dichloro-dihydrofluorescein diacetate (DCFH- 
DA) using flow cytometry, as described in a previous study 
[49]. Under conventional conditions, autophagy had no effect 

on the level of ROS in astrocytes; however, under oxidative 
stress induced by hydrogen peroxide, activation of autophagy 
by rapamycin decreased the level of ROS in astrocytes, and 
inhibition of autophagy by 3-MA increased ROS levels (Figure 
6A and Figure 6B) (P < 0.01). In order to confirm these 
results, autophagy was inhibited by Atg7 siRNA, and this 
treatment achieved parallel results (Figure 6C) (P < 0.01). 
The glutathione system plays an important role in antioxidant 
stress [50], therefore, we further detected the effect of auto-
phagy on the level of glutathione in astrocytes during oxida-
tive stress. The results showed that under oxidative stress, 
autophagy activation increased levels of glutathione in astro-
cytes and culture medium, while autophagy inhibition 
reduced glutathione levels (Figure 6D and Figure 6E) 
(P < 0.05). By co-culturing of astrocytes and neurons, we 
further detected the effect of autophagy impairment of astro-
cytes on the level of ROS in neurons. The results indicated 
that autophagy impairment of astrocytes increased the level of 
ROS in neurons during oxidative stress (Figure 6F and Figure 
6G) (P < 0.01). In addition, autophagy impairment of astro-
cytes reduced the levels of glutathione in neurons and culture 
medium under oxidative stress (Figure 6H) (P < 0.01). In 
order to further confirm whether autophagy impairment of 
astrocytes increased the level of ROS in neurons by reducing 
the level of glutathione, we added exogenous glutathione to 
the co-culture medium. The results showed that exogenous 
glutathione significantly reversed the increase of ROS and the 
decrease of glutathione in neurons induced by autophagy 
impairment of astrocytes during oxidative stress (Figure 6I) 
(P < 0.01). These results suggested that autophagy impairment 
of astrocytes reduced the release of glutathione; thus, reducing 
the protective effect on neurons.

NFE2L2 plays a pivotal role in the regulation of the anti-
oxidant response [51]. We further studied whether activation 
of the NFE2L2 pathway in astrocytes decreased the increase of 
ROS in neurons induced by autophagy impairment of astro-
cytes during oxidative stress. Under normal conditions, 
NFE2L2 levels were low in cells because of KEAP1 (kelch- 
like ECH-associated protein 1)-mediated proteasomal degra-
dation; the NFE2L2 pathway can be activated by inhibition of 
KEAP1 [52]. We inhibited or activated the NFE2L2 pathway 
through Nfe2l2 siRNA and Keap1 siRNA, respectively. When 
autophagy of astrocytes was activated using rapamycin, acti-
vation of the NRF2 pathway increased the level of glutathione 
in the medium, and inhibition of the NFE2L2 pathway 
decreased glutathione during oxidative stress (Figure 6J) 
(P < 0.05). Moreover, we achieved similar results after inhibit-
ing autophagy with Atg7 siRNA during oxidative stress 
(Figure 6K) (P < 0.01). We further examined the effects of 
activation or inhibition of the astrocyte NFE2L2 pathway on 
the level of ROS in neurons. The results showed that activa-
tion of the astrocyte NFE2L2 pathway reduced the increase of 
ROS in neurons caused by autophagy impairment of 

marker GFAP or neuron marker RBFOX3/NeuN, respectively. Statistical results of SQSTM1-positive cell type. Data are presented as the mean ± SD (N = 4). **p < 0.01; 
n = 3 mice/group, 6 slices per mice were employed. Bar: 50 μm. (G,H) Electron microscopic results of autophagosomes (A) and mitochondria (M) in spinal cords at 
different time points after SNL. The enlarged mitochondria are shown in the lower images. Bar: 1 μm. The statistical results of the number of autophagosomes and 
the ratio of length to width of mitochondria were shown. Data are presented as the mean ± SD (N = 3). **p < 0.01 vs sham; n = 4 mice/group, 6 slices per mice were 
employed.
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Figure 3. Impaired autophagy promotes the maintenance of neuropathic pain. (A) Effects of different concentrations of autophagy inhibitor 3-methyladenine (3-MA, 
upper) and autophagy activator rapamycin (Rapa, down) on the thresholds of mechanical allodynia during neuropathic pain maintenance. The paw withdrawal 
threshold tests were carried out one day before spinal nerve ligation surgery (−1), and at days 7, 10, 14, 21, and 28 after SNL. Each test was repeated 3 times. Data 
are presented as the mean ± SD, n = 6 mice/group. *p < 0.05, **p < 0.01 vs DMSO group. The black arrow represents the time points of intrathecal administration. 
(B) Effects of autophagy inhibitor 3-MA (5 μg/d/mouse) and autophagy activator Rapa (5 μg/d/mouse) on the thresholds of mechanical allodynia (upper) and thermal
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astrocytes during oxidative stress (Figure 6L) (P < 0.01). 
Moreover, activation of the astrocyte NFE2L2 pathway also 
increased the level of glutathione in neurons and medium 
(Figure 6M) (P < 0.05). The results indicated that activation 
of the astrocyte NFE2L2 pathway improved the reduced pro-
tective effect of autophagy- impaired astrocytes on neurons 
during oxidative stress.

Simultaneous activation of autophagy and the NFE2L2 
pathway further relieved pain as compared to activating 
autophagy alone

Expression of NFE2L2 protein was significantly increased 
with time dependence, and the peak was reached 14 days 
after SNL (Figure 7A and Figure 7B) (P < 0.01). Moreover, 
compared with the Sham 14 d group, NFE2L2 target genes, 
Gclc (glutamate-cysteine ligase, catalytic subunit), Hmox1/ 
HO-1 (heme oxygenase 1), and Nqo1 (NAD[P]H dehydrogen-
ase, quinone 1) [53,54] expressions were also increased sig-
nificantly in the SNL 14 d group (Figure 7C) (P < 0.01). These 
results indicated activation of the NFE2L2 pathway after NSL. 
In order to further verify the above conclusion, nuclear trans-
fer level of NFE2L2 was detected. The results showed that the 
number of NFE2L2 nucleation was significantly increased 
(Figure 7D) in SNL 14-d group. In addition, NFE2L2 was 
mostly co-labeled with astrocyte marker GFAP (Figure 7E 
and Figure 7F) (P < 0.01), which indicated the increase of 
NFE2L2 was mainly in astrocytes at 14 d after SNL.

We further examined the effect of activation or inhibition 
of autophagy on the expression of NFE2L2 during the main-
tenance phase of neuropathic pain. The results showed that 
the expression of NFE2L2 protein was significantly increased 
after inhibition of autophagy and decreased after activation of 
autophagy (Figure 7G and Figure 7H) (P < 0.05). Moreover, 
NFE2L2 target genes, Gclc and Hmox1, expressions were also 
increased after autophagy inhibition and decreased after auto-
phagy activation (Figure 7I) (P < 0.05). This suggested that 
during the maintenance of neuropathic pain, the inhibition of 
autophagy led to the upregulation of the NFE2L2 pathway, 
while activation of autophagy led to the downregulation of the 
NFE2L2 pathway. In order to further study whether simulta-
neous activation of both NFE2L2 and autophagy had stronger 
analgesic effects, we activated the NFE2L2 pathway by 
intrathecal injection of adeno-associated virus (AAV)-Keap1 
shRNA. Intrathecal injection of AAV-Keap1 shRNA 
decreased the levels of KEAP1 and increased the levels of 
NFE2L2 and its target genes in the rapamycin-treated group 
(P < 0.01), but had no effect on the DMSO-treated group 
(Figure 7J-L) (P > 0.05). Compared with activating autophagy 
alone, simultaneous activation of autophagy and the NFE2L2 
pathway further increased the thresholds of mechanical allo-
dynia and thermal hyperalgesia (Figure 7M and Figure 7N) 

(P < 0.01). Combination of autophagy and NFE2L2 activation 
further decreased the ROS levels in spinal cord neurons 
(Figure 7O).

Impaired autophagy activated NFE2L2 through the 
SQSTM1-KEAP1 pathway in astrocytes

In order to further study the mechanism of autophagy regula-
tion of NFE2L2, autophagy of primary astrocytes was inhib-
ited by Atg7 siRNA. Compared with the control group, 
inhibition of autophagy increased the level of nuclear 
NFE2L2 in astrocytes after TNF or hydrogen peroxide stimu-
lation (Figure 8A-C) (P < 0.05). We also used 3-MA or 
rapamycin to inhibit or activate autophagy, and then detected 
the expression levels of NFE2L2 proteins in astrocytes after 
hydrogen peroxide stimulation. The results showed that com-
pared with the DMSO treatment group, inhibition of auto-
phagy upregulated NFE2L2 protein levels, while activation of 
autophagy downregulated NFE2L2 protein levels in astrocytes 
(Figure 8D and Figure 8E) (P < 0.01). Although studies have 
shown that SQSTM1 phosphorylation can activate the 
KEAP1-NFE2L2 pathway in hepatocellular carcinoma cells 
[55,56], it is not clear whether autophagy in astrocytes reg-
ulates NFE2L2 through SQSTM1. Our results showed that the 
inhibition of SQSTM1 protein in astrocytes by Sqstm1 siRNA 
could reverse the activation of the NFE2L2 pathway induced 
by inhibition of autophagy during oxidative stress (Figure 8F 
and Figure 8G) (P < 0.01). This could be mediated by KEAP1 
because simultaneous inhibition of autophagy and SQSTM1 
increased the level of KEAP1 compared with the inhibition of 
autophagy alone (Figure 8F and Figure 8G) (P < 0.05). These 
results suggested that autophagy impairment of astrocytes 
upregulated the level of NFE2L2 through the SQSTM1- 
KEAP1 pathway.

Discussion

Autophagy is associated with a variety of human diseases, 
especially neurodegeneration, inflammatory disorders, and 
cancer [57]. Our previous study using a model of lung ische-
mia-reperfusion injury showed that autophagy induced by 
damage-associated molecules participated in the regulation 
of inflammatory response [45]. In the present study, we 
explored the changes of autophagy flux in a neuropathic 
pain model and the mechanism of autophagy regulation of 
pain. Although several studies have observed the changes of 
autophagy proteins in neuropathic pain [21,58], they were 
mainly concentrated in Schwann cells in the peripheral ner-
vous system or at the induction phase of neuropathic pain. 
However, due to the lack of effective treatment, most patients 
are in the maintenance stage of neuropathic pain rather than 
the induction stage. Herein, we found that autophagy flux 

hyperalgesia (down) during neuropathic pain maintenance. Each test was repeated 3 times. Data are presented as the mean ± SD, n = 6 mice/group. **p < 0.01; ns: 
no significance. (C) Western blots analysis of autophagy marker LC3-II and SQSTM1 in spinal cords after treatment with 3-MA or Rapa, SNL14d (SNL postoperative 14 
d). The statistical results of protein levels of LC3-II and SQSTM1 were shown. Data are presented as the mean ± SD, n = 3 mice/group. *p < 0.05, **p < 0.01. (D) Effect 
of autophagy inhibitor 3-MA and autophagy activator Rapa on the level of neuroinflammation in spinal cords, SNL14d. Data are presented as the mean ± SD, n = 4 
mice/group. *p < 0.05; **p < 0.01. (E) Double immunofluorescence staining in the spinal dorsal horn of 8-OHdG (green) and RBFOX3/NeuN, a neuronal marker (red) 
after treatment with 3-MA or Rapa, SNL14d. Bar: 100 μm. (F) The statistical results of ROS levels in spinal cord neurons after inhibition or activation of autophagy in 
Figure 3E. Data are presented as the mean ± SD. n = 3 mice/group, 6 slices per mouse were employed. *p < 0.05, **p < 0.01.
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Figure 4. Impairment of autophagy delays the initiation, but promotes the maintenance of the inflammatory response. (A) The levels of inflammatory factors, CCL7 
and MMP2, released by primary astrocytes after treatment with IL1B or TNF. Data are presented as the mean ± SD (N = 3). *p < 0.05; **p < 0.01; ns: no significance. 
(B) Immunofluorescence results of LC3-labeled autophagosomes in primary astrocytes after treatment with IL1B or TNF. The image in the lower right corner is the 
magnification of the white box. Bar: 100 μm. (C) Statistical results of the number of autophagosomes (LC3 puncta) per astrocyte in Figure 4B. Data are presented as 
the mean ± SD. **p < 0.01. (D,E) Western blots analysis and statistical result of autophagy marker LC3-II and autophagy receptor SQSTM1 in primary astrocytes after 
treatment with IL1B or TNF. Data are presented as the mean ± SD (N = 3). *p < 0.05, **p < 0.01 compared with the 0-h group. (F,G) Western blot analysis and 
statistical result of autophagy marker LC3-II and autophagy receptor SQSTM1 in astrocytes after treatment with autophagy inhibitor 3-MA or Atg7 siRNA. Data are 
presented as the mean ± SD (N = 3). *p < 0.05, **p < 0.01. (H) The levels of CCL7 (left) and MMP2 (right) released by primary astrocytes after treatment with 
autophagy inhibitor 3-MA and astrocyte activator IL1B. Data are presented as the mean ± SD (N = 3). *p < 0.05, **p < 0.01 compared with 0 h group; #p < 0.05, 
##p < 0.01; ns: no significance. (I) The levels of CCL7 (left) and MMP2 (right) released by primary astrocytes after treatment with autophagy inhibitor 3-MA and
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impairment was mainly located in spinal cord astrocytes dur-
ing the maintenance phase of neuropathic pain. Astrocytes are 
the largest number of cells in the central nervous system and 
play a key role in maintenance of central sensitization of 
neuropathic pain [59,60]. Furthermore, we also showed that 
intrathecal injection of autophagy inhibitor 3-MA aggravated 
pain, and intrathecal injection of autophagy inducer rapamy-
cin relieved pain, whether in the neuropathic pain induction 
stage or maintenance stage. Although current autophagy inhi-
bitors such as 3-MA and autophagy inducers such as rapamy-
cin were limited by issues of selectivity and potency, our data 
suggested autophagy impairment of astrocytes played an 
important role in the regulation of neuropathic pain 
maintenance.

Immune inflammation is closely linked with neuropathic 
pain [61–63]. In agreement with previous studies, we 
observed that not only proinflammatory cytokines TNF and 
IL1B, but also chemokines CCL7 and MMP2 (matrix metal-
lopeptidase 2) were also found to increase during the main-
tenance phase of neuropathic pain [40,45,61]. Additionally, 
we found that inhibition of autophagy increased the levels of 
TNF, IL1B, CCL7, and MMP2, and activation of autophagy 
decreased these levels. As previous studies showed that CCL7 
and MMP2 were mainly expressed in astrocytes [40,43], our 
results suggested that impaired autophagy in astrocytes aggra-
vated neuropathic pain through an increase in neuroinflam-
mation. We showed that impairment of autophagy in primary 
astrocytes decreased levels of CCL7 and MMP2 at an early 
phase after stimulation with proinflammatory factors, but 
increased the levels of CCL7 and MMP2 at late phase. This 
indicated impaired autophagy delayed the initiation, but pro-
moted the maintenance of neuroinflammation. This result 
was not in agreement with other studies in which inhibition 
of autophagy increased inflammatory responses [64,65]. 
However, we found that impairment of autophagy in astro-
cytes decreased the protein levels of p-MAPK8, p-RELA, and 
p-MAPK14, but not p-MAPK1 in the early phase after stimu-
lation with proinflammatory factors, while impairment of 
autophagy increased the protein levels of p-MAPK8 and 
p-RELA rather than p-MAPK14 or p-MAPK1 in the late 
phase. These results indicated that autophagy impairment of 
astrocytes had different regulatory mechanisms at different 
stages of inflammatory stimulation. Moreover, we observed 
that the increased levels of CCL7 and MMP2 could be 
reversed by specific inhibitors of the MAPK8 pathway and 
NFKB pathways, but not the MAPK14 pathway or MAPK1 
pathway. The results suggested autophagy impairment of 
astrocytes promoted the maintenance of neuroinflammation 
by continuously activating the MAPK8 and NFKB pathways. 
Most importantly, our findings supported the critical role of 
impairment of autophagy in increasing the level of neuroin-
flammation. Furthermore, we also proved that impaired 

autophagy in astrocytes increased neuroinflammatory levels 
by promoting the binding level of TRAF6 to K63 ubiquitin 
protein, and then increasing the levels of p-MAPK8 and 
NFKB.

Increased ROS levels can aggravate pain by increasing 
neuronal excitability [7]. We demonstrated that impaired 
autophagy of astrocytes increased ROS levels in neurons dur-
ing the maintenance of neuropathic pain. This was at least 
partly due to the decrease in the level of glutathione released 
by astrocytes after autophagy impairment, which may not be 
enough to maintain the demand for glutathione in the highly 
active state of neurons. Because highly activated neurons have 
a higher demand for glutathione, this requires coordinated 
transcription to increase the production capacity of the glu-
tathione system [50]. We showed that the levels of ROS were 
upregulated and the levels of glutathione were downregulated 
in neurons co-cultured with autophagy impaired astrocytes 
during oxidative stress. Moreover, the addition of exogenous 
glutathione to the culture medium reversed the effects. Our 
results also showed that autophagy impairment led to 
a decrease in the level of glutathione release from primary 
astrocytes during oxidative stress when cultured alone or co- 
cultured with neurons. This may be due to an increase in 
glutathione consumption rather than a decrease in glutathione 
production during autophagy injury. We found that impair-
ment of autophagy in astrocytes upregulated NFE2L2, a key 
protein playing an important role in increasing glutathione 
levels and antioxidant stress [50,51], during oxidative stress. 
In addition, we found autophagy impairment also increased 
the levels of ROS in primary astrocytes during oxidative stress, 
which may be related to the dysfunction of mitochondria. 
A previous study has shown that autophagy is essential for 
regenerating astrocyte mitochondrial networks during inflam-
mation [66].

NFE2L2 (nuclear factor, erythroid derived 2, like 2) binds 
to the promoter antioxidant reaction element (ARE) and is 
a key regulator of intracellular antioxidant enzymes. It parti-
cipates in the elimination of ROS and the prevention of cell 
damage caused by oxidative stress [2]. In addition, NFE2L2 
has also been shown to regulate cell redox balance and is 
primarily involved in anti-inflammatory reactions [67]. In 
this paper, we found that during the maintenance stage of 
neuropathic pain, the NFE2L2 pathway of spinal cord astro-
cytes was activated, which could be a compensatory behavior 
after autophagy impairment. There may be many responsible 
factors, including ROS [68,69], but we have shown that auto-
phagy impairment in astrocytes activated the NFE2L2 path-
way through SQSTM1-KEAP1. During the maintenance 
phase of neuropathic pain, increased autophagy disintegrate 
activation of the NFE2L2 pathway. Therefore, we further 
studied whether the simultaneous activation of autophagy 
and the NFE2L2 pathway had a stronger analgesic effect. 

astrocyte activator TNF. Data are presented as the mean ± SD (N = 3). *p < 0.05, **p < 0.01 compared with 0 h group; #P < 0.05, ##P < 0.01; ns: no significance. (J) 
The levels of CCL7 (left) and MMP2 (right) released by primary astrocytes after treatment with autophagy inhibitor Atg7 siRNA and astrocyte activator IL1B. Data are 
presented as the mean ± SD (N = 3). *p < 0.05, **p < 0.01 compared with 0 h group; #p < 0.05, ##p < 0.01; ns: no significance. (K) The levels of CCL7 (left) and MMP2 
(right) released by primary astrocytes after treatment with autophagy inhibitor Atg7 siRNA and astrocyte activator TNF. Data are presented as the mean ± SD (N = 3). 
*p < 0.05, **p < 0.01 compared with 0 h group; #p < 0.05, ##p < 0.01; ns: no significance.
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Figure 5. Impaired autophagy increases the levels of neuroinflammatory factors by activating the TRAF6-MAPK8-NFKB signaling pathways. (A) Western blot analysis 
of p-MAPK8, p-MAPK14, p-MAPK1, and p-RELA in primary astrocytes after treatment with autophagy inhibitor Atg7 siRNA and astrocyte activators IL1B or TNF. (B-E) 
The statistical results of p-MAPK8 (B), p-RELA (C), p-MAPK14 (D) and p-MAPK1 (E) in Figure 5A. Data are presented as the mean ± SD (N = 3). *p < 0.05, **p < 0.01; 
ns: no significance. (F,G) Effects of inhibitors (in-) of MAPK8 (SP600125), MAPK14 (SB203580), MAPK1 (U0126), and RELA (JSH-23) on CCL7 (F) and MMP2 (G) release 
from autophagy impaired astrocytes. Data are presented as the mean ± SD (N = 3). **p < 0.01; ns: no significance. (H) Immunoprecipitation results of K63 ubiquitin 
proteins and TRAF6 in cultured primary astrocytes after treatment with or without autophagy inhibitor Atg7 siRNA and astrocyte activators IL1B or TNF. (I) Effect of
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Our results showed that compared with activating autophagy 
alone, synchronized activation of autophagy and the NFE2L2 
pathway further increased the thresholds of mechanical allo-
dynia and thermal hyperalgesia. We further demonstrated 
that activation of autophagy and the NFE2L2 pathway 
reduced the level ROS in spinal cord neurons during the 
maintenance of neuropathic pain compared with the activa-
tion of autophagy alone.

A strong relationship between TRAF6 and autophagy has 
been reported in the literature. TRAF6 ubiquitin-ligase activ-
ity was indispensable in the initiation and function of cellular 
autophagy. TRAF6 plays a central role in NFKB activation 
and autophagy activation induced by TLR4 (toll-like recep-
tor 4) signaling [70]. In this study, we proved that activation 
of autophagy reduces TRAF6 protein levels in the spinal cord. 
Prior studies have noted the importance of TRAF6 as 
a potential target in neuroinflammation. TRAF6 upregulation 
binds and ubiquitinates RAC1 directly, which promotes neu-
ron death through neuroinflammation and neuro-oxidative 
signals [71]. The TRAF6-MAPK8-MAPK14-ATF2 axis has 
been shown to promote inflammatory activation of microglia 
cells and aggravate neuronal injury in the brain [72]. 
Atorvastatin may protect OGD-induced inflammatory 
damage of BV-2 microglia cells and hippocampal neurons 
by inhibiting the TLR4-TRAF6-NFKB pathway [73]. The 
data in this study indicated that impaired autophagy could 
increase neuroinflammatory levels by promoting the binding 
level of TRAF6 to K63 ubiquitin protein, and then increasing 
the levels of p-MAPK8 and NFKB. Prior studies have under-
lined the importance of the role of autophagy in neurotrauma. 
Previous studies have also shown that markers inhibiting 
autophagy flux after injury are related to the aggravation of 
ER stress, which suggests a connection between autophagy 
inhibition and ER stress-mediated neuronal cell death 
[42,74]. Despite these promising results, questions remain. 
The mechanism of autophagy impairment in astrocytes dur-
ing the maintenance phase of neuropathic pain is not yet 
clear, but studies have given us some clues. A study has 
shown that activation of TLR4 suppresses autophagy through 
inhibition of FOXO3 in microglia [75]. Moreover, increased 
Mir195 in microglia inhibits autophagy by targeting ATG14 
[58]. Therefore, whether some molecules inhibit the expres-
sion or continuous inflammatory stimulation leads to the 
depletion of autophagy proteins in astrocytes during neuro-
pathic pain needs to be studied to further regulate autophagy 
and treat neuropathic pain more effectively.

In summary, we found that impaired autophagy increased 
the level of neuroinflammation through the TRAF6-MAPK8- 
NFKB pathway and reduced the protective effect of astrocytes 
on antioxidant stress in neurons by reducing the release of 

glutathione; thus, promoting the maintenance of neuropathic 
pain. More importantly, we found that activated autophagy 
downregulated the activity of antioxidant stress key protein 
NFE2L2 and its target genes, and synergistic activation of 
autophagy and the NFE2L2 pathway had stronger analgesic 
effects than activation of autophagy alone. Our research sug-
gested that the combination of autophagy and NFE2L2 activa-
tion may be an approach for the treatment of neuropathic 
pain.

Materials and methods

Contact for reagents and resource sharing.
Further information and requests for resources and 

reagents should be directed to and will be fulfilled by the 
Lead Contact, Hongbin Yuan (jfjczyy@aliyun.com).

Animals and reagents

Male C57BL/6 J mice, 8- to 10-week-old, were purchased 
from the Laboratory Animal Center of the Second Military 
Medical University (Shanghai, China). Mice were maintained 
in an environment with a controlled 12-h light/dark cycle at 
22–24°C. All animals received food and water ad libitum. All 
animal experiments were reviewed and approved by the 
Institutional Animal Care and Use Committee of the Second 
Military Medical University and followed the guidelines for 
the study of pain in awake animals established by the 
International Association for the Study of Pain. All reagent 
information is shown in Table 2. The experimental timeline of 
this study was shown in Fig. S1.

Preparation of L5 spinal nerve ligation (SNL)

The SNL model was utilized for induce neuropathic pain. After 
anesthesia with sodium pentobarbital (50 mg/kg body weight, i. 
p.) and preoperative skin preparation, dermotomy was carried 
out. The left paraspinal muscles were bluntly separated at the L5- 
L6 levels and the L6 transverse process was removed carefully. 
Isolation and tight ligation of the L5 spinal nerve was with 4–0 
silk threads. Then, the muscle and skin were sutured for com-
pletion of the operation. For the sham group, the L5 spinal nerve 
was isolated but without ligation.

Behavioral tests

Animal were habituated to the test environment for two days 
prior to behavioral testing. Mechanical paw withdrawal 
thresholds were evaluated by measuring the withdrawal 
response after stimulation of the left sole with an electric 

TRAF6 inhibition on levels of p-MAPK8 and p-RELA in autophagy impaired astrocytes after treatment with astrocyte activators IL1B or TNF. (J) The statistical results of 
ATRAF6, p-MAPK8, and p-RELA in Figure 5I. Data are presented as the mean ± SD (N = 3). **p < 0.01 compared with control (Ctrl) siRNA group. ##p < 0.01 compared 
with the Atg7 siRNA treated group. (K) Immunoprecipitation results of K63 ubiquitin proteins and TRAF6 in spinal cords after intrathecal injection of autophagy 
inhibitor 3-MA or activator rapamycin (Rapa) during the maintenance phase of neuropathic pain. (L) Western blots and statistical results of TRAF6 in spinal cord after 
intrathecal injection of autophagy inhibitor 3-MA or activator rapamycin (Rapa). Data are presented as the mean ± SD (N = 3). n = 4 mice/group. *p < 0.05, 
**p < 0.01 compared with DMSO group.
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Figure 6. Impaired autophagy of astrocytes reduces the protective effect of antioxidant stress on neurons by reducing GSH release, which can be improved by 
activating the NFE2L2 pathway. (A) Effect of inhibition (3-MA) or activation (Rapa) of autophagy on reactive oxygen species (ROS) levels of astrocytes as detected by 
flow cytometry. (B) Statistical results of ROS levels in astrocytes in Figure 6A. Data are presented as the mean ± SD (N = 4). **p < 0.01; ns: no significance. (C) 
Statistical results of ROS levels in astrocytes after inhibiting autophagy by Atg7 siRNA. Data are presented as the mean ± SD (N = 4). **p < 0.01; ns: no significance. 
(D) Levels of glutathione in astrocytes (left) and culture media (right) after inhibition (3-MA) or activation (Rapa) of autophagy. Data are presented as the mean ± SD 
(N = 4). *p < 0.05, **p < 0.01; ns: no significance. (E) Levels of glutathione in astrocytes (left) and culture media (right) after inhibiting autophagy by Atg7 siRNA. Data 
are presented as the mean ± SD (N = 4). **p < 0.01; ns: no significance. (F) ROS levels in neurons detected by flow cytometry after co-cultured with control (Con) 
astrocytes or autophagy impaired (AI) astrocytes. (G) Statistical results of ROS levels in neurons co-cultured with control (Con) astrocytes or autophagy impaired (AI) 
astrocytes. Data are presented as the mean ± SD (N = 4). **p < 0.01; ns: no significance. (H) Levels of glutathione in neurons (left) and culture media (right) after co- 
cultured with control (Con) astrocytes or autophagy impaired (AI) astrocytes. Data are presented as the mean ± SD (N = 4).**p < 0.01; ns: no significance. (I) Effects of

4074 J. LI ET AL.



Von Frey apparatus (Stoelting, Wood Dale, IL, USA), and 
were recorded in g. Thermal hyperalgesia was tested using 
a Hargreaves radiant heat apparatus (IITC Life Science, 
Woodland Hills, CA, USA), and the radiant heat source was 
adjusted to produce a baseline latency between 11–14 s. A 
cutoff point was set at 20 s to avoid tissue damage. The typical 
positive reaction was shown as dodging, shaking, or flinching. 
All behavioral tests were performed between 11 a.m. and 3 
p.m., and all measurements were repeated three times for each 
mouse. The baseline pain threshold was obtained 1 d before 
the operation, and the remaining testing time was 3 d, 7 d, 14 
d, and 28 d after the operation and 3 d, 7 d, and 14 d after the 
intraoperative drug injection, so as to evaluate the surgical 
effect and the effect of the drug on the pain threshold. 
Behavioral investigators are blind to the conditions under 
which drugs are administered.

Intrathecal injection

After anesthesia, mice were bent at the waist. The rapamycin 
(autophagy inducer; Merck Millipore, 553,210; 50, 5.0 and 
0.5 µg/d/mouse) and 3-MA (autophagy inhibitor; Merck 
Millipore, 189,490; 50, 5.0 and 0.5 µg/d/mouse) were intrathe-
cally administered 10 µl on postoperative day 7, 8 and 9 
during the maintenance stage of neuropathic pain and on 
postoperative day 0, 1 and 2 in the early stages of neuropathic 
pain, respectively. Adeno-associated virus (AVV) vector was 
injected into the cerebrospinal fluid through the L5-L6 lumbar 
intervertebral space using a 10 μL microsyringe. The opera-
tion was considered as successful if the mice showed a slight 
tail flick reaction.

Tissue collection

After completion of the behavioral tests, the mice were killed 
by administering an overdose of sodium pentobarbital solu-
tion in each group, the ipsilateral part of the L4-L5 segment of 
the spinal cord was taken and stored at −80°C for further 
western blot analysis. For immunofluorescence, mice were 
perfused through the aorta with 0.01 M phosphate-buffered 
saline (PBS, Aspen, AS1025, pH 7.2–7.4, 4°C), followed by 4% 
paraformaldehyde (PFA). L4-L5 spinal cord segments were 
removed and post-fixed in 4% PFA overnight at 4°C. Then, 
the spinal cords were removed to a 20% sucrose (Fisher 
Scientific, BP220–212) solution in 0.1 M PBS, followed by 
30% sucrose solution.

Primary astrocyte culture and treatment

As described previously, astrocytes were acquired from neo-
natal mice (P2-3). The mixed cells were plated into culture 
flasks, which were coated with poly-L-lysine, and cultured in 
DMEM/F12 (Gibco-BRL, 1,132,003) containing 10% fetal 
bovine serum (FBS) (Gibco-BRL, 41 F4234K). The medium 
was changed every 2–3 d, and 6–10 d later, the cultures were 
put in a shaker (2.5 g, 37°C, 5% CO2) overnight to remove 
microglia and oligodendrocyte lineage cells. The astrocytes 
were harvested and plated (1 × 105/cm2) onto coverslips in 
12-well plates and cultured in a moist incubator at 37°C, 5% 
CO2. After 3–4 d, astrocytes were stimulated with 10 ng/mL 
IL1B (Merck Millipore, SRP8033) or TNF (Merck Millipore, 
T7539) for 0, 2, 6, 12, and 24 h. Astrocytes or supernatants 
were harvested for further detection. For autophagy flux 
detection, chloroquine (Merck Millipore, C6628) was added 
into the medium 2 h before cell collection. The 3-MA or 
DMSO was added in the medium 2 h before stimulation 
with IL1B or TNF, and Keap1 siRNA, Atg7 siRNA, or control 
siRNA was added to the medium 24 h before cell stimulation. 
Inhibitors of MAPKs or the NFKB pathway was added into 
the medium 3 h before cell collection.

Indirect co-culture of neurons and astrocytes

The classical Transwell chamber model (corning, 3460–1) was 
used to co-culture neurons and astrocytes indirectly. Specific 
methods were improved with reference to the relevant litera-
ture [76]. Neurons were obtained from neonatal mice (P1), 
and 1 μΜ AraC (Sigma-Aldrich, C6645) was used at the 
3rd day after culture in order to prevent glial cell prolifera-
tion. At day 14 of neuronal culture, autophagy impaired or 
control astrocytes were placed in the Transwell. Three days 
later, experiments were performed. After 24 h of hydrogen 
peroxide stimulation, neurons or culture media were col-
lected, and then levels of ROS and glutathione were measured.

Electron microscopy

On the 14 day postoperation, SNL or sham-operated mice 
were anesthesia with sodium pentobarbital, the L5 segment of 
the ipsilateral spinal cord (1 mm3) was fixed in glutaraldehyde 
solution, followed by rinsing with 0.1 M PBS three times. 
Then, the spinal cord was fixed with 1% serum-starving solu-
tion (DMEM supplemented with 2 mM L-glutamine, 1% 
penicillin-streptomycin (Sigma-Aldrich, 11,074,440,001), and 

exogenous glutathione added into culture medium on the levels of glutathione and ROS in neurons co-cultured with control (Con) astrocytes or autophagy impaired 
(AI) astrocytes. Data are presented as the mean ± SD (N = 4). **p < 0.01. (J) Effect of inhibition (Nfe2l2 siRNA) or activation (Keap1 siRNA) of NFE2L2 on glutathione 
levels released by autophagy-activated astrocytes. Data are presented as the mean ± SD (N = 4).*p < 0.05, **p < 0.01; ns: no significance. (K) Effect of inhibition 
(Nfe2l2 siRNA) or activation (Keap1 siRNA) of NFE2L2 on glutathione levels released by autophagy impaired astrocytes. Data are presented as the mean ± SD (N = 4). 
**p < 0.01. (L) Effect of inhibition (Nfe2l2 siRNA) or activation (Keap1 siRNA) of NFE2L2 on ROS levels in neurons co-cultured with autophagy impaired astrocytes. Data 
are presented as the mean ± SD (N = 4). **p < 0.01; ns: no significance. (M) Effect of inhibition (Nfe2l2 siRNA) or activation (Keap1 siRNA) of NFE2L2 on glutathione 
levels in neurons (left) and culture media (right) after co-cultured with autophagy impaired astrocytes. Data are presented as the mean ± SD (N = 4). *p < 0.05, 
**p < 0.01; ns: no significance.
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Figure 7. Simultaneous activation of autophagy and the NFE2L2 pathway can further relieve pain, compared to activating autophagy alone. (A,B) Western blot 
analysis and statistical results of NFE2L2 in spinal cord after spinal nerve ligation (SNL). Data are presented as the mean ± SD (N = 3), n = 4 mice/group. **p < 0.01, 
***p < 0.001; ns: no significance. (C) Expression levels of NFE2L2 target genes Gclc, Hmox1, and Nqo1 in spinal cords from the sham 14 d group and SNL 14 d group. 
Data are presented as the mean ± SD, n = 4 mice/group. **p < 0.01 vs sham group. (D) Immunofluorescence representative images of NFE2L2 protein entering the 
nucleus. Bar: 50 μm; n = 4 mice/group, 6 slices per mice were employed. (E,F) Double immunofluorescence staining of NFE2L2 with neuron marker RBFOX3/NeuN or 
astrocyte marker GFAP, respectively. Bar: 100 μm. Data are presented as the mean ± SD, n = 3 mice/group, 6 slices per mice were employed. **p < 0.01. (G,H) 
Western blot analysis and statistical results of NFE2L2 protein in spinal cord after intrathecal injection of autophagy inhibitor 3-MA or activator rapamycin (Rapa) 
during the maintenance phase of NPP. Data are presented as the mean ± SD (N = 3), n = 3 mice/group. *p < 0.05, **p < 0.01. (I) Expression levels of NFE2L2 target 
genes Gclc and Hmox1 in spinal cords after intrathecal injection of autophagy inhibitor 3-MA or activator Rapa. Data are presented as the mean ± SD, n = 4 mice/ 
group. *p < 0.05, **p < 0.01. (J,K) Western blot and statistical results of KEAP1 and NFE2L2 in spinal cord after intrathecal injection of Rapa or AAV containing Keap1 
shRNA. Data are presented as the mean ± SD from 3 (N = 3), n = 3 mice/group. **p < 0.01; ##p < 0.01; ns: no significance. (L) Expression levels of NFE2L2 target 
genes Gclc and Hmox1 in spinal cords after intrathecal injection of Rapa or AAV containing Keap1 shRNA. Data are presented as the mean ± SD, n = 4 mice/group. 
**p < 0.01; ns: no significance. (M,N) The thresholds of mechanical allodynia and thermal hyperalgesia after intrathecal injection of Rapa or AAV containing Keap1
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0.1% FBS), and followed by rinsing with 0.1 M PBS. After 
gradient dehydration with ethanol solution, the spinal cord 
was treated with acetone for 20 min. The tissue was dehy-
drated through a graded series of acetone dilutions (Sigma- 
Aldrich, 179,124), cleared with propylene oxide (Sigma- 
Aldrich, 82,320), infiltrated overnight, followed by polymer-
ization at 70°C overnight with a heating polymerization appa-
ratus. Transverse spinal cord sections (50–70 nm) were 
acquired using an ultrathin slice instrument (EM UC 7; 
Leica, Wetzlar, Germany). The tissue samples were stained 
with uranyl acetate and 50% ethanol saturated solution for 
15 min to 1 h. Finally, the samples were observed and photo-
graphed with a Hitachi H-7650 (Hitachi, San Jose, CA, USA) 
transmission electron microscope.

Western blot analysis

Spinal cord tissues or treated astrocytes were homogenized 
in lysis buffer (Cell Signaling Technology, 9803) containing 
protease inhibitor and phosphate inhibitor (Merck Millipore, 
539,131). Triton X-100 (Sigma-Aldrich, X100) was added to 
the homogenates and the final concentration was 1%. Then, 
the homogenates were incubated on ice for 30 min, and 
centrifuged at 20,000 × g for 15 min. The protein concentra-
tion was quantified with a BCA protein assay kit (Pierce, 
23,227). The supernatant was separated on a 12% SDS- 
polyacrylamide gel and then wet electro-transferred to 
a 0.4-μm polyvinylidene fluoride (PVDF) membrane 
(Merck Millipore, IPFL00005). After blocking with 10% eva-
porated skimmed milk (Sangon Biotech, C520013) at room 
temperature for 1 h on a rocker, the PVDF membrane was 
incubated overnight at 4°C with anti-LC3 (1:1000; Abcam, 
ab51520), anti-SQSTM1/p62 (1:2,000; Abcam, ab56416), 
anti-NFE2L2 (1:1,000; Abcam, ab137550), anti-KEAP1 
(1:500; Abcam, ab119403), anti-p-MAPK8 (1:2,000; Cell 
Signaling Technology, 9255), anti-p-MAPK14 (1:1,000; Cell 
Signaling Technology, 9215), anti-p-MAPK1 (1:2,000; Cell 
Signaling Technology, 9106), anti-p-RELA (1:1,000; Cell 
Signaling Technology, 3033), anti-K63-linkage-specific poly-
ubiquitin (1:1,000; Cell Signaling Technology, 12,930) or 
anti-TRAF6 (1:1,000; Cell Signaling Technology, 8028). 
Blots were rinsed with 0.01 M PBS three times for 10 min 
each and incubated in the secondary antibody conjugated 
with horseradish peroxidase (1:1,000; Sigma-Aldrich, 
18–160) for 1 h. An enhanced chemiluminescence (ECL) 
detection system (Pierce, PI80196) was used to measure the 
target proteins. The target proteins were normalized with 
a monoclonal anti-ACTB/β-actin antibody (1:2000; Abcam, 
ab20272). The signal intensity was detected with ImageJ 
software (NIH, Bethesda, MD, USA).

Immunoprecipitation

After astrocytes or spinal cord tissue were lysed, immunopre-
cipitation was performed as described in our previous study 

[45]. One μg TRAF6 antibody was added to the cell lysates 
and incubated at 4°C overnight. Ten μL protein A + G agarose 
beads (Beyotime, P2028) were washed with lytic buffer three 
times followed by centrifuging at 3,000 × g for 3 min each 
time. Then the pretreated agarose beads were added to the cell 
lysate incubated with TRAF6 antibody (1:) at 4°C for 2–4 h. 
Agarose beads were obtained by centrifugation at a rate of 
3,000 × g for 3 min, and then cleared with cell lysis buffer 
three times. Agarose beads were added into 15 μL 2 × SDS 
sample buffer, and boiled for 5 min. Then the K63 ubiquitin 
proteins were analyzed according to the above-described wes-
tern blot steps.

mRNA level assay

Total RNA was isolated from spinal cord tissues of SNL and 
sham-operated mice or astrocytes with TRIzol reagent 
(Invitrogen, 15,596–026) and RNA concentration was mea-
sured spectrophotometrically. The cDNA synthesis was car-
ried out using a RevertAid First Strand cDNA Synthesis Kit 
(Fermentas, K1622) according to the manufacturer’s instruc-
tions. Analysis was performed using RT-PCR with gene- 
specific primers (Table 1) on a MyiQTM apparatus (Bio-Rad, 
Hercules, CA, USA) with SYBR Green Real-time PCR Master 
Mix (Toyobo Biotech, QPK-201). Amplification of target 
cDNA was normalized to Gapdh expression. Relative levels 
of target mRNA expression were calculated using the 2−ΔΔCt 

method.

Enzyme-linked immunosorbent assay (ELISA)

Total IL1B, TNF, CCL7 and MMP2 levels in spinal cord 
tissues or astrocyte supernatants were measured by ELISA 
Kits (SRP8033 for IL1B and T7539 for TNF, Merck 
Millipore; ab254516 for MMP2 and ab205571 for CCL7, 
Abcam). Spinal cord tissues were homogenized with lysis 
buffer including the protease inhibitor. Then, a BCA Protein 
Assay Kit (Pierce, #23,227) was used to detect protein con-
centrations. ELISAs were performed and the standard curve 
was depicted according to the manufacturer’s protocol.

Fluorescence and confocal microscopy analyses

Transverse sections (20 μm) of spinal cord tissues were 
mounted onto Thermo Fisher Scientific super frost plus 
glass slides (VWR International, MENZJ1800AMNZ). For 
cell samples, astrocytes were fixed with 2% PFA for 1 h for 
further study. Sections or astrocytes were washed with 
0.01 M PBS three times and incubated with specific pri-
mary antibodies at 4°C overnight, as follows: rabbit poly-
clonal to LC3B (1:200; Novus Biologicals, NB600-1384), 
rabbit polyclonal to SQSTM1 (1:200; Abcam, ab91526), 
mouse monoclonal to 8-OHdG (1:200; Abcam, ab62623), 
rabbit polyclonal to NFE2L2 (1:200; Abcam, ab91526), 
chicken polyclonal to RBFOX3/NeuN (1:600; Abcam, 

shRNA. Data are presented as the mean ± SD, n = 6 mice/group. **p < 0.01; ##p < 0.01; ns: no significance. (O) Change of reactive oxygen species in spinal cord 
neurons after intrathecal injection of Rapa or AAV containing Keap1 shRNA. Bar: 100 μm; n = 4 mice/group, 6 slices per mouse were employed.
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ab134014) and chicken polyclonal to GFAP (1:500, 
Abcam, ab4674). After washing three times, sections or 

astrocytes were then incubated with the secondary anti-
bodies, including donkey anti-rabbit IgG H&L (Alexa 

Figure 8. Impaired autophagy can activate NFE2L2 through the SQSTM1-KEAP1 pathway in astrocytes. (A) Western blot analysis of nuclear NFE2L2 protein levels in 
astrocytes after treatment with autophagy inhibitor Atg7 siRNA and astrocyte activators TNF or H2O2. (B,C) Statistical results of nuclear NFE2L2 protein after treatment 
with TNF (B) or H2O2 (C) in Fig. 8A. Data are presented as the mean ± SD (N = 3). *p < 0.05, **p < 0.01; ns: no significance. (D,E) Western blot analysis (D) and 
statistical results (E) of the protein levels of LC3-II, SQSTM1, and NFE2L2 in astrocytes after treatment with H2O2 or 3-MA or rapamycin (Rapa). Data are presented as 
the mean ± SD (N = 3). *p < 0.05, **p < 0.01. (F) Effect of inhibition of SQSTM1 on the protein levels of KEAP1 and nucleus NFE2L2 in autophagy impaired astrocytes. 
(G) Statistical results of the protein levels of SQSTM1, KEAP1, and NFE2L2 in Fig. 8 F. Data are presented as the mean ± SD (N = 3). *p < 0.01, **p < 0.01; ns: no 
significance.

4078 J. LI ET AL.



Fluor® 488, 1:1,000; Abcam, ab150073), donkey anti-rabbit 
IgG H&L (Alexa Fluor® 647, 1:1,000; Abcam, ab150075), 
goat anti-mouse IgG H&L (FITC, 1:800; Abcam, ab6785), 
goat anti-chicken IgY H&L (Alexa Fluor® 405, 1:1,000; 
Abcam, ab15764), and donkey anti-chicken IgY H&L 
(FITC, 1:800; Abcam, ab63507) for 1 h at room tempera-
ture. DAPI (1: 2000; Abcam, ab104139) was used to stain 
the cell nuclei. A 50% glycerol (Sigma-Aldrich, G5516) 
solution was used to block and then the slide was analyzed 
and photographed under a confocal microscope (Olympus 
AX80; Olympus Optical, Tokyo, Japan).

Glutathione assay

Total glutathione (GSH + GSSH) in astrocytes or neurons and 
released glutathione (GSH) in the medium were tested 
according to the instructions of the reagent company (Sigma- 
Aldrich, CS0260). Cells were added incubated with 5% 5-sul-
fosalicylic acid solution and centrifuged to remove the pre-
cipitated protein. Ten microliter of sample or the prepared 
glutathione standard solutions were added and 150 μL of the 
working mixture was added into separate wells of the plate. 
After incubating for 5 min at room temperature, 50 μL of the 
diluted NADPH solution was added into each well and mixed. 

Table 1. Primers used in this study.

Gene Forward primer (5ʹ-3ʹ) Reverse primer (5ʹ-3ʹ)
Gclc GGGGTGACGAGGTGGAGTA GTTGGGGTTTGTCCTCTCCC
Hmox1 AGAGTACACTGACTGTGGGTG AGGGCCGTGTAGATATGGTAC
Nqo1 AGGATGGGAGGTACTCGAATC AGGCGTCCTTCCTTATATGCTA
Sqstm1 AGGATGGGGACTTGGTTGC TCACAGATCACATTGGGGTGC
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

Table 2. Reagents used in this study.

Reagents Source Catalog number Application details

LC3 Abcam, USA 
Novus Biologicals, USA

ab51520; 
NB600-1384

IB: 1:1000 
IF: 1:200

ATG5 Abcam, USA ab221604 IB: 1:1000
SQSTM1 Abcam, USA ab56416 

ab91526
IB: 1:1000 
IF: 1:200

ACTB Abcam, USA ab20272 IB: 1:2000
RBFOX3 Abcam, USA ab134014 IF: 1:600
MAP2 Abcam, USA ab11267 IF: 1:600
GFAP Novus Biologicals, USA NBP1-05198 IF: 1:500
DAPI Abcam, USA ab104139 IF:1:2000
p-MAPK8 Cell Signaling Technology, USA 9255 IB: 1:2000
p-MAPK14 Cell Signaling Technology, USA 9215 IB: 1:1000
p-MAPK1 Cell Signaling Technology, USA 9106 IB: 1:2000
p-RELA Cell Signaling Technology, USA 3033 IB: 1:1000
K63 Ub Cell Signaling Technology, USA 12,930 IB: 1:1000
TRAF6 Cell Signaling Technology, USA 8028 IB: 1:1000 

IP: 1:100
NFE2L2 Abcam, USA ab137550 IB: 1:1000 

IF: 1:200
KEAP1 Abcam, USA ab119403 IB: 1:500
8-OHdG Abcam, USA ab62623 IF: 1:200
donkey anti-rabbit IgG H&L Abcam, USA ab150073 IF: 1:1000
donkey anti-rabbit IgG H&L Abcam, USA ab150075 IF: 1:1000
goat anti-mouse IgG H&L Abcam, USA ab6785 IF: 1:800
goat anti-chicken IgY H&L Abcam, USA ab175674 IF: 1:1000
donkey anti-chicken IgY H&L Abcam, USA ab63507 IF: 1:800
LMNB1 Cell Signaling Technology, USA 13,435 IB: 1:1000
DCFH-DA MedChemExpress, USA HY-D0940
DMSO Merck Millipore, USA 1.02950
Rapamycin Merck Millipore, USA 553,210
3-MA Merck Millipore, USA 189,490
Chloroquine Merck Millipore, USA C6628
SP600125 Merck Millipore, USA 420,119
SB203580 Merck Millipore, USA 559,389
U0126 Merck Millipore, USA 662,005
JSH-23 Merck Millipore, USA 481,408
IL1B Merck Millipore, USA SRP8033
TNF Merck Millipore, USA T7539
MMP2 Abcam, USA ab254516
CCL7 Abcam, USA ab205571
Hydrogen peroxide Merck Millipore, USA 216,763
poly-L-lysine Merck Millipore, USA P4707
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The final concentration of the components in the reaction 
mixture was 95 mM potassium phosphate buffer, pH 7.0, 
0.95 mM EDTA, 48 μM NADPH (Sigma-Aldrich, N6505), 
0.031 mg/mL DTNB (Sigma-Aldrich, D8130), 0.115 units/ 
mL glutathione reductase (Sigma-Aldrich, G4544), 0.24% 
5-sulfosalicylic acid (Sigma-Aldrich, S2130). We used a plate 
reader to measure the absorbance in each well at 412 nm at 
1 min and at intervals for 5 min. The glutathione concentra-
tion (nmol per mL of sample) = (slope of sample × dilution of 
multiple of sample)/(slope of 1 nmol GSH × volume of 
sample).

Synthesis of siRNAs.

Three siRNAs targeting mouse Atg7 (#1, #2) or Keap1 and 
two control siRNAs (#1, #2) were designed and synthe-
sized by Shanghai GeneChem. (China). The gene 
sequences were as follows: Atg7 siRNA (#1): 5ʹ- 
TTCTGTCACGG TTCGATAATG-3ʹ; Atg7 siRNA (#2): 
5ʹ- CCAGCTCTGAACTCAATAATA-3ʹ; Sqstm1 siRNA: 
5ʹ-CCGCATC TACATTAAAGAGAA-3ʹ; Nfe2l2 siRNA: 5ʹ- 
AGGCAGCCATGACTGATTTAA-3ʹ; Keap1 siRNA: 5ʹ- 
TCCTCCAGCCCAGTCTTTAAA-3ʹ; Traf6 siRNA: 5ʹ- 
GACGGTAAAGTG CCCAAATAA-3ʹ; Control siRNA 
(#1): 5ʹ-TTCTTCGAACGTGTCACGT-3ʹ; Control siRNA 
(#2): 5ʹ-GAC CCGACATAATTGCATAAA-3ʹ.

Synthesis of AAV-Keap1 shRNA.

The Keap1 shRNA and control shRNA were designed and 
synthesized by Shanghai GeneChem, cloned into a suitable 
viral vector pAAV-Rnu6-shRNA-CMV bGlobin-eGFP 
(GeneChem, GV119), and the recombinant plasmid and 
pHelper (Biovector, 1058 4–5) and pAAV-RC plasmids 
(Biovector, 1058 4–4 were transfected into AAV-293 cells 
(Agilent Technologies, 240,073). AAV virus particles were col-
lected from infected AAV-293 cells, followed by concentration 
and purification of the supernatant containing virus particles. 
The gene sequences are shown as follows: Keap1 shRNA (#1): 5ʹ- 
CCGGTCCTCCAGCCCAGTCTTTAAACTCGAGTTTAAA-
GACTGGGCTGGAGGA TTTTTG-3ʹ; Keap1 shRNA (#2): 5ʹ- 
AATTCAAAAATCCTCCAGCCCAGTCTTTAA ACTCGAG 
TTTAAAGACTGGGCTGGAGGA-3ʹ; Control shRNA: 5ʹ- 
ACCGGCGCTG AGTACTTCGAAATGTCTTCAAGAGAGA 
CATTTCGAAGTACTCAGCGTTTTT-3ʹ

Statistical analysis

Data are expressed as the mean ± standard deviation (SD). 
Statistical comparisons were made using the Student’s t-tests 
or one-way factorial analysis of variance (ANOVA), two-way 
ANOVA, and two-way repeated-measures ANOVA followed 
by Dunnett’s post hoc test. P ≤ 0.05 was considered to be 
statistically significant. SPSS software version 21.0 (SPSS, 
Chicago, IL, USA) and GraphPad Prism software version 
6.00 (GraphPad Software, San Diego, CA, USA) were used 
for statistical analyses and graphic production.
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