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Background: Our previous study suggested that HBO treatment attenuated neuropathic pain by 

inhibiting mTOR to induce autophagy in SNL neuropathic pain model. The aim of this study was 

to evaluate the role of AKT/TSC2/mTOR pathway in SNL and autophagy and determine whether 

HBO treatment could relieve neuropathic pain via modulating AKT/TSC2/mTOR pathway.

Materials and methods: Rats were randomly divided into sham, SNL, SNL + HBO treatment, 

SNL + vehicle, and SNL + AKT inhibitor groups. Neuropathic pain was induced following 

SNL procedure. Rats in the SNL + HBO group received HBO treatment for 7 consecutive days 

beginning on postoperative day 1. The SNL + vehicle group received 10 µL of 3% dimethyl 

sulfoxide in saline. SNL + AKT inhibitor group received 10 µL AKT inhibitor IV intrathecally. 

Mechanical withdrawal threshold tests were performed to evaluate mechanical hypersensitiv-

ity. AKT, p-AKT, TSC2, mTOR, p-mTOR, and LC3-II protein expressions were examined by 

Western blot analysis.

Results: HBO reversed AKT/TSC2/mTOR upregulation induced by SNL and attenuated neu-

ropathic pain. Intrathecal injection of AKT inhibitor IV decreased the activity of AKT/TSC2/

mTOR pathway and increased LC3-II expression accompanied by analgesic effect in SNL rats.

Conclusion: Taken together, our findings demonstrated AKT/TSC2/mTOR pathway was acti-

vated in SNL-induced neuropathic pain, and HBO treatment attenuated neuropathic pain via 

neutralizing AKT/TSC2/mTOR pathway activation.

Keywords: neuropathic pain, autophagy, mTOR, TSC2, AKT, hyperbaric oxygen

Introduction
Autophagy is one of the major mechanisms for degradation and recycling of cellular 

constituents, which ensure cellular differentiation, homeostasis, and survival. Autoph-

agy dysregulation has been found in a number of pathological conditions. Numerous 

studies indicated that autophagy in the spinal cord was impaired in neuropathic pain 

models, and raising the level of autophagy in the spinal cord and dorsal root ganglion 

(DRG) in neuropathic pain models could alleviate hyperalgesia and allodynia.1,2 Evi-

dence showed that autophagy might be a protective reaction in neuropathic pain.3,4

AKT pathway plays important roles in many cellular processes, including autoph-

agy. AKT (protein kinase B/AKT) is a serine-threonine kinase, the activity of which is 

modulated by PI3K.5,6 PI3K acts as an essential link between AKT and mTOR through 

inactivation of the TSC2.7 TSC2 inactivation may reduce its GAP activity toward 

Rheb and lead to the activation of mTOR.8–10 mTOR induces the phosphorylation of 

its effector proteins, which subsequently inhibits ULK1/2 complex, a complex needed 
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in the early steps of autophagy.11,12 In short, downregulation 

of AKT/TSC2/mTOR activity induces autophagy.

Emerging evidence suggest that AKT pathway plays an 

essential role in neuronal circuits of pain processing in the 

spinal cord and dorsal horn.13,14 The activation of AKT leads 

to chronic pain processing.15–17 Intrathecal administration of 

AKT inhibitors attenuated nerve injury-triggered neuropathic 

pain.18 Moreover, studies suggested that some medications 

attenuated neuropathic pain by inhibiting AKT signaling 

pathway. For example, Hourruynia cordata Thunb. could 

reverse the hypersensitivity induced by oxaliplatin, an anti-

advanced colorectal cancer drug, via downregulating PI3K/

AKT/mTOR signaling pathway.19 Also, celecoxib alleviated 

neuropathic pain in the DRG of oxaliplatin-induced neuro-

pathic pain model by inhibiting AKT signaling.14 Atorvastatin 

prevented neuroinflammation via attenuating p-AKT/AKT 

upregulation in CCI neuropathic pain model.15 In addition, 

SDF-1-CXCR4 signaling mediated the transition from acute 

to chronic pain state and contributed to the onset and main-

tenance of neuropathic pain via modulating AKT signaling 

pathway.20

HBO is a noninvasive treatment which provides 100% 

oxygen at a greater pressure than that at the sea level, usually 

2.0–2.5 ATA, in animal experiments. It has been suggested 

that HBO treatment can reduce pain in animal models and 

modulate pain in humans as well.21 HBO treatment inhibited 

astrocyte profiling and inflammation and influenced iNOS 

and nNOS expressions.22,23 Furthermore, a study outlined that 

NO-cGMP-PKG signal transduction pathway was involved in 

HBO treatment.24 Of note, our team demonstrated that HBO 

therapy palliated CCI-induced neuropathic pain in rats by 

upregulating microglial mitophagy.25 Furthermore, our previ-

ous work showed that the level of spinal cord autophagy could 

be elevated by HBO treatment to produce antinociceptive 

effects via inhibiting mTOR pathway in neurons.26 The aim 

of this study was to investigate the role of AKT/TSC2/mTOR 

pathway in SNL-induced neuropathic pain and whether HBO 

treatment could induce autophagy to attenuate neuropathic 

pain via AKT/TSC2/mTOR pathway.

In this study, we found that the phosphorylation level 

of AKT/TSC2/mTOR was significantly increased in the 

spinal cord of SNL group accompanied by deceased MWT 

in the hind paw. Intrathecal injection of AKT inhibitor IV 

activated autophagy in the spinal cord via inhibiting AKT/

TSC2/mTOR pathway. Moreover, HBO treatment attenu-

ated the mechanical hypersensitivity and increased spinal 

autophagy by neutralizing SNL-induced activity of AKT/

TSC2/mTOR pathway.

Materials and methods
animals
This study was carried out in strict accordance with the 

recommendations in the guide for the care and use of labora-

tory animals of China Medical University. The protocol was 

approved by the Institutional Animal Ethics Committee of 

China Medical University (approval number: 2016PS013K). 

The surgery was performed under 1% pentobarbital sodium 

anesthesia (35 mg/kg intraperitoneally). The procedure was 

designed to minimize animal’s suffering. Adult male Sprague 

Dawley rats (200–220 g; Changsheng Bio-Technology 

Co Ltd, Changchun, China) were housed individually in a 

humidity-controlled room at 23°C–25°C with a 12-hour light/

dark cycle. Animals had free access to food and water ad 

libitum. All rats were randomly assigned to different groups.

snl model
According to the procedure originally proposed by Kim and 

Chung, the left fifth lumbar spinal nerve was tightly ligated 

by a 4-0 silk suture and cut distal to the ligation.27 The surgi-

cal procedure performed in the sham group was identical to 

the SNL group, except that the spinal nerve was not ligated.

Behavioral assessment of mechanical 
sensitivity
Animals were placed in Plexiglas chambers on an elevated 

wire grid and allowed to habituate for at least 30 minutes. 

MWT was defined as the minimum force (g) with which a von 

Frey filament (0.4–15 g; Stoelting Company, Wood Dale, IL, 

USA) triggered a positive paw withdrawal response accord-

ing to an up-and-down procedure.28 A positive response 

was defined as a quick withdrawal of the hind paw upon 

stimulation. The behavioral tests were carried out before SNL 

surgery and at 1, 3, 5, and 7 days after SNL.

hBO treatment
The HBO treatment chamber (DS400-IV; Weifang Huaxin 

Oxygen Industry Co. Ltd., Shandong, China) was precoated 

with soda lime flushed with pure oxygen for 15 minutes. After 

the rats were placed in the chamber, the pressure in the cham-

ber was increased to 2.0 ATA in 15 minutes and maintained for 

60 minutes. The chamber was then decompressed to normal 

room pressure in 15 minutes. SNL + HBO group received 

HBO treatment once a day for 7 consecutive days from post-

operative day 1. Rats in the sham, SNL, SNL + vehicle, and 

SNL + AKT inhibitor groups were placed inside the chamber 

for 90 minutes without HBO treatment as controls.
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intrathecal drug delivery
Intrathecal injection was performed as described previously.19 

Briefly, under anesthesia, laminectomy was performed at the 

L5 vertebra. PE-5 catheter was inserted into the subarachnoid 

space of the spinal cord at L4 level. The AKT inhibitor IV 

(0.8 µg/10 µL; Sigma-Aldrich) was administered on post-

operative days 1, 3, and 5 in SNL + AKT inhibitor group. 

The SNL + vehicle group received 10 µL of 3% dimethyl 

sulfoxide in saline.

Western blot analysis
At the harvest time points, rats were sacrificed and the spinal 

cord lumbar segment (L4–L5) was carefully dissected and 

immediately frozen at −80°C until use. The specimens were 

homogenized in ice-cold RIPA lysis buffer (p0013B; Beyo-

time, Beijing, China) in the presence of protease inhibitors 

(cod. P8349; Sigma-Aldrich) and incubated on ice for 30 

minutes followed by centrifugation at 14,000 rpm for 30 

minutes at 4°C. After centrifugation, the supernatants were 

collected. Equal amounts of total protein were separated by 

10% SDS-PAGE and transferred onto polyvinylidene difluo-

ride membrane (Immobilon-P; EMD Millipore, Billerica, 

MA, USA). The membrane was incubated with 5% nonfat 

milk in Tris-buffered saline containing 0.05% Tween 20 to 

block nonspecific signals. The membrane was then incubated 

with following primary antibodies overnight at 4°C: rabbit 

anti-AKT (1:1,000, 9272s; Cell Signaling Technology); rab-

bit anti-p-AKT (1:1,000, 4060s; Cell Signaling Technology); 

rabbit anti-LC3 (1:1,000, 2775s; Cell Signaling Technology); 

rabbit anti-mTOR (1:1,000, 2983s; Cell Signaling Technol-

ogy); rabbit anti-p-mTOR (1:1,000, 2971s; Cell Signaling 

Technology); rabbit anti-TCS (1:1,000, 4308s; Cell Signaling 

Technology); and mouse anti-GAPDH (1:10,000; Vazyme, 

Nanjing, China). The membranes were incubated with cor-

responding horse radish peroxidase-conjugated secondary 

antibody for 1 hour at room temperature (anti-rabbit 1:2,000 

[ZB-2301] and anti-mouse 1:2,000 [ZB-2305]; ZSGB-BIO, 

Beijing, China). The protein signal was visualized using the 

ECL Western Blotting Detection kit (NC15079; Thermo 

Fisher Scientific, Waltham, MA, USA). Images were acquired 

with imaging system (c300; Azure Biosystems, Dublin, CA, 

USA) and quantified with ImageJ software (NIH, Bethesda, 

MD, USA).

statistical analysis
Statistical analysis was performed with IBM SPSS Statis-

tics 22 software. Data were analyzed using paired Student’s 

t-test for two groups and one-way ANOVA for more than 

two groups. The results were expressed as the mean ± SEM. 

P-values <0.05 were considered significant.

Results
snl induced a severe mechanical 
hyperalgesia
To verify the development of neuropathic pain after nerve 

ligation, we tested the mechanical sensitivity in animals with 

von Frey filaments. As reported previously, we confirmed that 

nerve ligation to the spinal nerve caused significant decreases 

in paw withdrawal threshold in the left paw (SNL) as com-

pared to the left paw of the sham group (sham) on day 1, and 

the withdrawal threshold progressively decreased up to day 7 

(Figure 1A, n=5, P<0.05). The withdrawal threshold of both 

paws of sham group (sham and sham-R) and contralateral 

paws of SNL group (SNL-R) remained unchanged (Figure 

1A, n=5, P>0.05).

hBO reversed aKT/Tsc2/mTOR 
upregulation induced by snl
Compared to the sham group, our data demonstrated the lev-

els of p-AKT/AKT (Figure 2B, 1.36±0.32, n=7, P<0.05) and 

p-mTOR/mTOR (Figure 2D, 1.75±0.38, n=6, P<0.05) were 

upregulated in the spinal cord of SNL group. In addition, our 

finding indicated that TSC2 was downregulated in the SNL 

group than sham group (Figure 2C, 0.66±0.19, n=6, P<0.05) 

on postoperative day 7. However, HBO treatment reversed 

these effects induced by SNL. Compared with SNL group, 

the phosphorylation level of AKT/TSC2/mTOR was signifi-

cantly decreased in SNL + HBO group (Figure 2, 0.68±0.14, 

1.80±0.68, 0.64±0.20, n=6, P<0.05). As expected, SNL + 

HBO significantly increased paw withdrawal threshold in 

comparison to SNL group. The difference was observed after 

HBO treatment and persistent throughout the observation 

period till day 7 (Figure 1B, 0.55±0.11, n=6, P<0.05). MWT 

recordings were stable at the baseline in paws among sham, 

SNL, and SNL + HBO groups (Figure 1B, n=6, P<0.05).

aKT inhibitor alleviated mechanical 
hypersensitivity induced by snl via 
inhibiting aKT/Tsc2/mTOR
Studies indicated that AKT pathway was upregulated in SNL-

induced neuropathic pain rats.29 To further determine whether 

AKT/TSC2/mTOR pathway contributes to the mechanical 

hypersensitivity induced by SNL, we examined protein expres-

sions following the administration of AKT inhibitor. In this 

study, the AKT inhibitor IV was given intrathecally on postop-
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erative days 1, 3, and 5. As shown in Figure 1C, the withdrawal 

threshold was significantly increased at inhibitor administra-

tion on day 1, and this effect maintained till day 5 (Figure 1C, 

1.58±0.38, n=7, P<0.05). As shown in Figure 3, the p-AKT 

(Figure 3, 0.68±0.14, n=5, P<0.05) and p-mTOR (Figure 3, 

0.64±0.08, n=5, P<0.05) were significantly decreased in the 

inhibitor group compared to the vehicle group. In contrast, the 

protein expression of TSC2 (Figure 3, 1.80±0.68, n=5, P<0.05) 

was significantly increased after inhibitor administration. All 

these data suggested that upregulation of AKT/TSC2/mTOR 

led to neuropathic pain aggravation.

intrathecal injection of aKT inhibitor iV 
induced autophagy
In addition to the changes in AKT activity and mechanical 

sensitivity, application of AKT inhibitor IV also induced 

autophagy of the spinal cord. As shown in Figure 3, LC3-II 

was significantly induced after treatment with AKT inhibitor. 

(Figure 3, 1.45±0.29, n=5, P<0.05). These data suggest that 

autophagy was inversely associated with the AKT/TSC2/

mTOR pathway in this neuropathic pain model (Figure 3, 

0.57±0.16, 1.62±0.37, 0.71±0.20, n=5, P<0.05).

Discussion
Neuropathic pain is a chronic state caused by nervous sys-

tem lesions. Current treatments of neuropathic pain focus 

on relieving pain. Multimodal pharmacological treatments 

for neuropathic pain involve the use of antiepileptics, 

antidepressants, opioid analgesics, and local anesthetics.14 

However, drug therapies have limited efficacy and dose-

limiting toxic effects.30 Plasticity of the CNS may become 

detrimental to the nervous system, causing significant 

dysfunctions. In this case, neuropathic pain is the result 

of maladaptive plasticity leading to peripheral and central 

sensitization. Patients suffer from varying neuropathic 

pain syndromes, resulting in an enormous medical cost 

and psychological burden. This highlights the need to find 

novel interventions and treatments to reduce the burden of 

neuropathic pain.31 The complex underlying mechanisms 

are far from clear. In recent years, the role of autophagy 

in neuropathic pain has received attention because of its 

potential clinical value. Autophagy is an evolutionarily 

conserved and cellular self-cannibalization process that acts 

as an indispensable mechanism to maintain cellular homeo-

stasis by promoting degradation pathway of autolysosomes 

and recycling of catabolized intracellular components.17,32 

Autophagy responds to different regulatory factors such as 
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AKT pathway. AKT is an important major negative regula-

tor of TSC2. Downregulation of TSC2 may reduce its GAP 

activity toward Rheb, subsequently leading to activation 

of mTOR, which leads to the inactivation of ULK1, thus 

decreasing the level of autophagy.33,34

Autophagy plays important roles in many physiological 

and pathological processes. Of note, a study demonstrated 

that autophagy is dysfunctional and impaired in neuro-

pathic pain.35 Autophagy was found to primarily act as a 

protective mechanism that could relieve hyperalgesia and 

allodynia induced by neuropathic pain.2 LC3-II and p62 

were upregulated in an SNL animal model, suggesting that 

autophagy was defective in autophagosomes clearance in 

the neuropathic pain.36 In this study, our data confirmed that 

autophagy was impaired in SNL neuropathic pain model. 

Moreover, studies uncovered that autophagy process was 

disrupted in neuropathic pain, localized on neurons, GAB-

Aergic interneurons, astrocytes, microglia, and Schwann 

cells.2,37,38 Studies also indicated that treatments increased 

autophagy activity, prevented the onset and delayed the 

chronification of neuropathic pain, and ameliorated neuro-

pathic pain-related behaviors.3,39

HBO was developed as a treatment of decompression 

sickness, but it is also being recognized as a noninvasive 

modality for chronic pain.22 Current evidence indicates 

that HBO provides long-lasting efficacy and has minimal 

side effects in treating neuropathic pain from lab bench to 

bedside.22 Studies uncovered that HBO relieves neuropathic 

pain via glial cells and vascular system-related proteins 

and signaling pathway. Zhao et al demonstrated that HBO 

reversed inflammatory signaling and astrocyte activation.40,41 

Ding et al indicated that HBO alleviated neuropathic pain 

via decreasing expressions of iNOS and nNOS and reducing 

levels of inflammatory factors.23,29 Lim et al suggested that 

HBO reversed vascular system dysfunction and endoneurial 

hypoxia in neuropathic pain model.42 Recently, our team 

outlined that HBO elevated the level of mitophagy, a type of 

selective autophagy, and palliated CCI-induced neuropathic 

pain.25 Furthermore, our previous work indicated that HBO 

relieved neuropathic pain by elevating autophagy flux via 

inhibiting mTOR and downstream pathway in neurons.26 

Blockage of autophagy activity with chloroquine partly 

neutralized the treatment effect of HBO, while rapamycin 

enhanced the analgesic effect of HBO.26 To further determine 
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whether AKT/TSC2/mTOR regulates the analgesic effect of 

HBO in neuropathic pain, we conducted further research to 

extend our understanding of how HBO elevates spinal cord 

autophagy flux. Our data showed that SNL induced AKT/

TSC2/mTOR pathway activation compared to sham group, 

the phosphorylation level of AKT/TSC2/mTOR was sig-

nificantly decreased in SNL + HBO group, and neuropathic 

pain-related behavior tests were ameliorated in comparison to 

SNL group. Our observations suggested that HBO provided 

analgesic effect via reversing AKT/TSC2/mTOR upregula-

tion induced by SNL. This study is the first to analyze how 

HBO modulates AKT/TSC2/mTOR pathway activity in 

neuropathic pain model rats.

To further understand the role of AKT/TSC2/mTOR 

pathway in neuropathic pain, we blocked AKT activity with 

AKT inhibitor IV in SNL rats. The phosphorylation level 

of mTOR was decreased in AKT inhibitor-treated SNL 

animals compared to the control group, while the expres-

sion level of TSC2 was increased in AKT inhibitor-treated 

SNL group. These data suggested that the expression level 

of TSC2 was inversely correlated with p-AKT in the SNL 

model. We further analyzed the autophagy activity in 

AKT inhibitor-treated SNL model by measuring LC3-II 

level by Western blotting. Consistent with other studies, 

the level of LC3-II, the autophagosome-associated LC3 

form, was increased in AKT inhibitor-treated SNL group 

in comparison to the vehicle control group, which indicates 

AKT inhibitor could induce autophagy. Furthermore, the 

behavioral tests showed that AKT inhibitor increased MWT 

at day 1 which was maintained till day 5 after SNL. Our 

study shows for the first time that the level of AKT and 

mTOR is increased and TSC2 is downregulated in SNL 

group compared to the sham group. In short, intrathecal 

administration of AKT inhibitor IV alleviated mechanical 

hypersensitivity induced by SNL and increased LC3-II 

expression, suggesting that inhibition of AKT/TSC2/
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mTOR pathway might be a prominent autophagic pathway 

to alleviate neuropathic pain.

There is no doubt that clinicians only receive partially 

effective outcome by traditional pharmacological treatments 

for neuropathic pain syndromes. We suggest that the future 

investigations should focus on specific cellular targets under-

lying chronic pain, including neuropathic pain. mTOR is 

now officially known as “mechanistic” target of rapamycin.34 

mTOR and related pathway could be essential as the regula-

tor of protein synthesis, involved in the process of neuronal 

functions, such as synaptic plasticity in the CNS and periph-

eral nervous system, which is a major mechanism of onset, 

development, and maintenance of neuropathic pain.30 mTOR 

and its downstream pathways were activated in inflamma-

tory pain and neuropathic pain.26,43 Studies show that mTOR 

inhibitors are promising novel pharmacotherapies for pain 

management, and are also approved for clinical use.29,43–45 

However, in this study, we focused on the upstream pathway 

of mTOR and HBO treatment.

As mentioned above, the upstream pathway of mTOR, 

AKT-related pathway, plays an important role in treatment 

effect as well. Of note, neuropathic pain might be second-

ary to TSC, an autosomal dominant disorder. Rapamycin is 

identified as an effective and safe treatment in clinic.44,45 AKT/

TSC2/mTOR might be a promising target signaling pathway 

and could provide a precision treatment for TSC-induced 

neuropathic pain. To sum up, AKT/TSC2/mTOR might be 

a potential treatment target for neuropathic pain.

However, AKT is not the only pathway to increase mTOR 

activity via promoting the degradation of the TSC1/2 com-

plex. AMPKα (also known as PRKAA) and ERK1 and 2 can 

modulate the phosphorylation and degradation of mTOR as 

well.46,47 The pathway network involving them still remains 

unknown and warrants further investigations. Whether other 

physiological process, like endoplasmic reticulum stress and 

apoptosis, could modulate and/or interact with autophagy 

via mTOR pathway in neuropathic pain needs to be further 

elucidated. On the other hand, AKT inhibitor IV provided 

treatment effect from day 1 to day 5, while HBO relieved 

mechanical allodynia from day 1 to day 7. Further studies 

on the effect of different pharmacotherapies and the effect 

of HBO are needed as well.

There is no doubt that LC3-II is a key protein to evaluate 

the function of autophagy. In this study, we demonstrated the 

administration of AKT inhibitor IV increased LC3-II using 

Western blot analysis. Data suggested that autophagosomes 

formation was elevated, but just examined autophagosomes 

level might not evaluate the whole process of autophagy. 

Further studies on the stages of autophagic process are 

required to confirm the findings of our study.

Health care providers treating neuropathic pain might 

not receive a satisfied response from patients following 

traditional clinical treatments. Novel therapies such as 

rapamycin and stem cell injection might be promising for 

pain management.48 In addition to HBO, we will also discuss 

the underlying mechanisms of other clinical treatments in 

the near future.

Conclusion
This study demonstrated that AKT/TSC2/mTOR pathway 

was upregulated in SNL-induced neuropathic pain model. 

AKT inhibitor relieved neuropathic pain by inhibiting AKT/

TSC2/mTOR to induce autophagy. Furthermore, HBO 

alleviated neuropathic pain-related behavior via autopha-

gic pathway. This study is the first to analyze AKT/TSC2/

mTOR in neuropathic pain and HBO treatment, and extends 

our understanding of how HBO modulates autophagy in 

neuropathic pain.
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