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Motor neuron survival is associated 
with reduced neuroinflammation and increased 
autophagy after brachial plexus avulsion injury 
in aldose reductase‑deficient mice
Ke Zhong1†, Yu Huang2†, Prince last Mudenda Zilundu3, Yaqiong Wang4, Yingying Zhou3, Guangyin Yu5, 
Rao Fu2, Sookja Kim Chung6, Yamei Tang7,8,9, Xiao Cheng10,11,12* and Lihua Zhou2* 

Abstract 

Brachial plexus root avulsion (BPRA) is frequently caused by high-energy trauma including traffic accident and birth 
trauma, which will induces massive motoneurons (MNs) death as well as loss of motor and sensory function in the 
upper limb. The death of MNs is attributed to energy deficiency, neuroinflammation and oxidative stress at the injured 
ventral horn of spinal cord triggered by BPRA injury. It has been reported which aldose reductase (AR), an endog-
enous enzyme that catalyzes fructose synthesis, positively correlates with the poor prognosis following cerebral 
ischemic injury, diabetic retinopathy and diabetic peripheral neuropathy. However, the role of AR in BPRA remains 
unknown. Herein, we used a mouse model and found that in the spinal cord of BPRA mice, the upregulation of AR 
correlated significantly with (1) an inactivated SIRT1–AMPK–mTOR pathway and disrupted autophagy; (2) increased 
byproducts accumulation of lipid peroxidation metabolism and neuroinflammation; and (3) increased MNs death. 
Furthermore, our results demonstrated the role of AR in BPRA injury whereby the absence of AR (AR knockout mice, 
AR−/−) prevented the hyper-neuroinflammation and disrupted autophagy as well as motor neuron death caused 
by BPRA injury. Finally, we further demonstrate that AR inhibitor epalrestat is neuroprotective against BPRA injury by 
increasing autophagy level, alleviating neuroinflammation and rescuing MNs death in mice. Collectively, our data 
demonstrate that the AR upregulation in the spinal cord is an important factor contributing to autophagy disruption, 
neuroinflammation and MNs death following brachial plexus roots avulsion in mice. Our study also provides a promis-
ing therapy drug to assist re-implantation surgery for the treatment of BPRA.
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Background
Brachial plexus roots avulsion (BPRA), mainly result-
ing from road traffic accidents or difficult childbirths, 
causes upper limb motor and sensory impairments 
which in turn seriously affects patient quality of life [1]. 
Motor neurons (MNs) tend to progressively degener-
ate and then die following brachial plexus root avulsion, 
thus leading to paralysis of the denervated muscles of the 
upper limbs [2]. Presently, numerous therapies including 
nerve root surgical reimplantation [3], local application 
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of neurotrophic factors [4] and cell transplantation strat-
egies [5] have been adopted. However, the neurological 
functional recovery remains unsatisfactory. Early and 
effective neuroprotective strategies are crucial to prolong 
the surgery therapeutic window and, thus, are essential to 
promote functional recovery following BPRA. Therefore, 
exploring novel medical approaches towards the treat-
ment of BPRA is vital.

The pathophysiological sequelae of primary avul-
sion injury in the spinal cord include ion homeostatic 
disequilibrium, heightened glutamate excitotoxicity, 
energy deficiency, disruption of normal mitochondrial 
function, and integrity of micro vessels, leading to orga-
nelle damage, toxic protein aggregation and progressive 
MNs loss [1]. Autophagy, a lysosome-dependent cata-
bolic process, is responsible for degrading cytoplasm-
based proteins, their aggregates and damaged organelles 
[6]. Previous studies revealed an aberrant expression of 
autophagic associated proteins in postmortem central 
nervous system samples obtained from animal models of 
amyotrophic lateral sclerosis and patients. These studies 
provided preliminary evidence that autophagy played a 
significant function in driving MNs death [7].

Besides, another important hallmark of BPRA is neu-
roinflammation in the injured spinal cord, which is one 
of the indispensable processes related to the aftermath 
of nervous tissue damage as well as regeneration [8]. In 
addition, neuroinflammation aggravated degeneration 
and death of MNs after different types of spinal cord inju-
ries, including BPRA [9]. Inflammation following BPRA 
involves glial activation (activated astrocytes and micro-
glia) which triggers excess release of many growth factors 
as well as mediators of oxidative stress and inflammation 
[10].

AR belongs to the aldo–keto reductase (AKR) super-
family. The NADPH-dependent AR is the sole enzyme 
that catalyzes the metabolism of excess glucose into 
sorbitol via the polyol glucose metabolism pathway [11]. 
Moreover, the NAD+-dependent enzyme sorbitol dehy-
drogenase oxidizes sorbitol into fructose. Therefore, 
AR will deplete cellular NADPH and elevate cytosolic 
NADH/NAD+ ratios, which will reduce the activity of 
NAD+-dependent deacetylase Sirtuin-1 (SIRT1) [12]. 
Furthermore, other studies have reported that AR 
was also involved in the reductions of lipid peroxida-
tion-derived, higher affinity-aldehydes, especially the 
transformation of 4-hydroxy-2-nonenal (4-HNE) to 
glutathionyl-1,4-dihydroxynonanol (GS-DHN) [13]. 
Subsequently, the GS-DHN appears to be a mediator in 
inflammatory signaling [14].

However, there are few studies evaluating the role 
and the plausible molecular mechanisms of AR in the 
context of BPRA and MNs survival. In this study, we 

demonstrated elevated levels of AR concomitant with 
neuroinflammation, disrupted autophagy and MNs 
death in BPRA mice model. Additionally, we established 
a causal role of AR in MNs death using the AR knock-
out mice subjected to BPRA. Finally, we provided a proof 
of concept that pharmacological inhibition of AR is a 
potential therapeutic strategy to attenuate MNs death in 
BPRA.

Materials and methods
Animals
AR gene knockout mice (AR−/−) in our stock were gen-
erated as described previously [15]. Age-matched nor-
mal C57BL/6 mice aged between 8 and 10 weeks and 
weighing 20–25 g were used as controls (wild-type mice, 
AR+/+). The wild-type mice were purchased from the 
Laboratory Animal Center of Sun Yat-sen University, 
Guangzhou city in China. The experimental animal use 
permit number is SYXK 2017-0081. The AR inhibitor 
epalrestat (EPAL, 40  mg/kg bodyweight) was admin-
istrated by daily (afternoon) oral gavage for 14  days to 
mice after receiving BPRA injury [16]. All the mice were 
housed under a 12-h light/dark cycle with unlimited 
access to standard mice chow and water available. The 
Chinese National Health and Medical Research Council 
animal ethics and ARRIVE guidelines were followed in 
executing surgical and animal care procedures. The Ani-
mal Care and Utilization Committee of Sun Yat-sen Uni-
versity approved all the experimental procedures.

Animal surgery
The BPRA surgery was carried out aseptically as 
described in previous publications [17, 18]. Briefly, the 
avulsion groups mice were anesthetized with intraperi-
toneal injections of ketamine/xylazine  (80/20  mg/kg) 
and maintained with 1% isoflurane. While in supine posi-
tion, the right-side brachial plexus divisions, trunks and 
roots were carefully exposed, and the C5–T1 spinal nerve 
roots identified and then separated under a dissecting 
microscope (Cheng He Microsurgical Instruments Fac-
tory, Ning Bo, China). Micro-hemostatic forceps were 
used to grasp and pull out the dorsal and ventral root-
lets of the region of interest. The spinal nerve region 
was cut immediately before the dorsal ganglion so that 
the proximal part bearing nerve rootlets was examined 
under a microscope to confirm whether or not the avul-
sion model succeeded. The muscles, fascia and skin were 
sutured in successively to close the surgical wound. The 
mice were then transferred into a pre-heated recovery 
chamber until fully awake and finally placed back to their 
home cages. In the sham control group, the laminectomy 
was performed to expose the right-side brachial plexus 
but avulsion was not carried out.
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Tissue preparation
At several time points (1, 3, 7 and 14 days post-injury, 
dpi) following BPRA, the mice were anaesthetized using 
an intraperitoneal injection of 1% sodium pentobarbital 
(40 mg/kg, Sigma–Aldrich). An incision was made on the 
dorsal part of the next to expose the muscles and sepa-
rate them. A bilateral laminectomy was then performed 
under a dissection microscope to expose the C5 to T1 
spinal segments. The segments were rapidly dissected off 
and immediately frozen in liquid nitrogen for the ease of 
division into ipsilateral and contralateral halves. The cut 
spinal cord segments were then stored in liquid nitrogen 
until needed for PCR, WB and ELISA. For histology stud-
ies, the roots avulsed mice were killed as mentioned above 
at days 1, 3, 7 and 14 dpi (n = 5/group). Their blood was 
washed out by transcardial perfusion with 0.9% normal 
saline and then fixed with pre-cooled 4% paraformalde-
hyde in 0.1  M phosphate buffer (pH 7.4). Bilateral lami-
nectomy was carried out under a dissection microscope 
to expose the C7–C8 spinal segments. The segments of 
interest were carefully dissected out and post-fixed in 4% 
PFA for 3–4  h followed by overnight immersion in 30% 
(v/v) sucrose in PB solution in a fridge set at 4 °C. 30-μm 
transverse sections of the C7–C8 segments were cut on a 
freeze microtome and every third section was collected 
into 0.01 M PBS for use in staining described below.

Neutral red staining
MNs loss was determined by neutral red staining as pre-
viously reported [17]. 1% neutral red (N4638, Sigma–
Aldrich, USA) in 0.1 M acetic acid (pH 4.8) was used to 
stain sections for 2  h and then followed by a series of 
dehydration in graded concentrations of ethanol. The 
images were captured Nikon light microscope using 
the bright field feature. The counting of motor neurons 
was conducted by 2 laboratory personnel blinded to the 
injury or treatment conditions of the mice. The MNs loss 
was determined by its survival rate (ratio of ipsilateral/
contralateral MNs number). Only large soma neurons 
bearing a visible nucleolus and located in lamina IX of 
Rexed were enumerated.

Immunofluorescence
A Nikon Eclipse 90i, fluorescence microscope (Nikon, 
Japan) was used for immunofluorescence evaluations. 
The spinal cord slices were rinsed thrice in PBS and then 
incubated in 0.3% Triton X-100/0.1% bovine serum albu-
min for half an hour at room temperature. The slices 
where then incubated with the following primary anti-
bodies; mouse anti-NeuN (Abcam UK), rabbit anti-GFAP 
(Cell Signaling Technology Inc. USA), rabbit anti-IBA-1 
(Wako Bioproducts, USA), rabbit anti-Cleaved Caspase-3 

(Cell Signaling Technology Inc. USA),  rabbit anti-Bcl-2 
(Cell Signaling Technology Inc. USA), rabbit anti-
AMPKα (Cell Signaling Technology Inc. USA),  rabbit 
anti-Beclin1 (Cell Signaling Technology Inc. USA), rabbit 
anti-GAP43 (Cell Signaling Technology Inc. USA), rabbit 
anti-mTOR (Cell Signaling Technology Inc. USA), rabbit 
anti-p-mTOR (Cell Signaling Technology Inc. USA), rab-
bit anti-p-CREB (Cell Signaling Technology Inc. USA), 
rabbit anti-LC3B (Cell Signaling Technology Inc. USA), 
rabbit anti-SIRT1 (Abcam UK), rabbit anti-P62 (Abcam 
UK), rabbit anti-4-HNE (Abcam UK), rabbit anti-p-
AMPKα (Abcam UK), mouse anti-Arginase1 (Santa 
Cruz Biotechnology Inc USA), goat anti-CD16/32 (R&D 
Systems Inc USA) and goat anti-ChAT (1:500, Millipore 
USA) These slices were incubated with primary antibod-
ies at 4 °C overnight. The slices were then washed thrice 
with PBS, and then incubated in darkness with the fol-
lowing secondary antibodies for 1–2 h at room tempera-
ture; goat anti-mouse with Alexa Fluor-488 (Invitrogen 
USA), goat anti-rabbit with Alexa Fluor-555 (Invitrogen 
USA), donkey anti-goat with Alexa Fluor-488 (Invitrogen 
USA), and donkey anti-rabbit with Alexa Fluor-555 (Inv-
itrogen USA). After the secondary antibody incubation, 
the slices were rinsed thrice in PBS and then incubated in 
Hoechst 33,342 (H3570, Life Technologies, USA). Finally, 
the slices were air-dried, cover-slipped and observed 
under a fluorescence microscope. Omitting of either a 
primary or secondary antibody was used as a as a nega-
tive control. We calculated the mean number of immu-
noreactive cells from the total 10-immunofluorescence 
sections serially obtained from each mice (Every third 
sections from each mice used for staining and count-
ing). The immunoreactive cells were quantified under the 
20 × magnification in six circular areas of 100 μm2 which 
is located in lamina IX of Rexed of spinal cord ipsilateral 
ventral horn. Two independent persons blinded to the 
sidedness of the groups performed cell counting, pool-
ing of means and data analysis following previously pub-
lished protocols [18].

Transmission electron microscopy
Transmission electron microscopy (TEM) was used to 
evaluate mitochondrial and autophagosome morphol-
ogy in the spinal cord motor neurons following brachial 
plexus roots avulsion (days 1, 3, 7, and 14 post-injury; 
n = 5 mice). The deeply anesthetized mice were transcar-
dially perfused using 0.9% normal saline until the exudate 
was clear of blood stain and then fixed using a mixture 
of 2% PFA and 2.5% glutaraldehyde (Sigma–Aldrich, 
G6257, USA) in 0.1  M PBS. A 1  mm3 piece of ventral 
horn grey matter tissue located in lamina IX of Rexed per 
mouse was cut off and post-fixed in 2% glutaraldehyde 
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for another 2  h at 4  °C. The glutaraldehyde-fixed tissue 
was then washed thrice in 0.1  M cacodylate buffer and 
further post-fixed in 1% osmium tetroxide for another 
2 h. After three rinses in distilled water, the pieces were 
then dehydrated in a graded series of ethanol concentra-
tions. A half-acetone and half-resin mixture was used to 
infiltrate the tiny tissue pieces overnight at 4 °C. The tis-
sues were embedded in resin and then cured under the 
following settings: (1) 37 °C overnight, (2) 45 °C for 12 h, 
and (3) 60 °C for 24 h. Afterward, a vibratome was used 
to obtain 70-nm thin sections which were then stained 
with 3% uranyl acetate for 20 min followed by 0.5% lead 
citrate for 5  min. Ultrastructural changes in the motor 
neurons were evaluated under the transmission electron 
microscope (Philips CM 10, Eindhoven, Netherlands) 
operated at 100 kV.

Enzyme‑linked immunosorbent assay (ELISA)
Spinal cord tissue cytokines were assayed using ELISA 
kits for IL-1β (Mouse IL-1 beta/IL-1F2 Quantikine ELISA 
Kit, MLB00C), IL-6 (Mouse IL-6 Quantikine ELISA Kit, 
M6000B), ICAM1 (Mouse ICAM-1/CD54 Quantikine 
ELISA Kit, MIC100) and IL-10 Mouse IL-10 Quantikine 
ELISA Kit, M1000B), which were all from R&D Systems. 
The assays were performed according to the manufactur-
er’s instructions.

Real‑time quantitative reverse transcription PCR (qRT‑PCR)
TRIzol Reagent (Invitrogen) was used for Total RNA 
extraction following recommended procedures laid down 
by the kit manufacturer. RNA concentration and purity 
(260/280 ratio) were measured using UV spectroscopy. 
The total RNA was reverse-transcribed using the Fast 
Quant RT Kit (with gDNase) (TIANGEN, China) fol-
lowing the manufacturer’s recommended steps. Then, 
real-time PCR was performed using SYBR Green assays 
(TIANGEN, China) according to the manufacturer’s 
instructions. All primers used in this study are listed in 
Table 1. The PCR settings on the CFX96 touch detection 
system (Bio–Rad, Hercules, CA, USA) were set as fol-
lows: a denaturation step-95  °C for 15  min followed by 
40 × PCR cycles at 95 °C for 10 s and 60 °C for 30 s. For 
quantitative results, the expression of mRNA was repre-
sented as the fold change using the 2−ΔΔct method and 
was normalized to the control gene GAPDH. Messenger 
RNA expression differences between the avulsion groups 
and sham operated group were compared using Stu-
dent’s t-test in SPSS (IBM SPSS Inc Version 22.0 USA). A 
p-value less than 0.05 was deemed statistically significant.

Western blotting
An electric homogenizer was used to process frozen 
ventral horn tissue samples in a whole-cell lysis buffer 

(Key GEN Biotech) mixed with a protease inhibitor and 
1  mM PMSF (Sigma–Aldrich). The homogenates were 
left on ice for 1 h and then centrifuged at 12,000 rpm for 
30 min at 4 °C. The resultant supernatants were pipetted 
out into new tubes. A small amount from each tube was 
used for protein concentrations using the BCA (Thermo 
Scientific) method. Equal amounts of protein from each 
sample were then run through the 10% SDS–PAGE and 
electro-transferred onto respective polyvinylidene fluo-
ride (PVDF) membranes (Millipore, 0.45  μm) using 
Transblot Turbo (Bio–Rad, USA) at 300  mA for 1  h. 
The membranes bearing electro-transferred proteins 
were incubated with 5% nonfat milk/Tris buffer con-
taining Tween-20 buffer (TBST; 10  mM Tris–HCl, pH 
8.0; 150 mM NaCl; and 0.1% Tween 20) for 2 h at room 
temperature. The strips corresponding to target proteins’ 
molecular weights were then incubated in the primary 
antibodies, listed in the immunofluorescence method 
section, at 4  °C overnight. The membranes were then 
washed thrice with TBST (10 min each) and then probed 
with the corresponding secondary antibodies conju-
gated with horseradish peroxidase (Abcam, UK) at room 
temperature for 2 h. The membranes were then washed 
thrice for 10 min each using TBST remove unbound sec-
ondary antibodies and then visualized using enhanced 
chemiluminescence (Thermo Scientific Inc., USA). The 
densities of specific bands were measured using ImageJ 
software’s densitometry feature and normalized against a 
loading control (GAPDH).

Statistical analysis
All data are expressed as the mean ± standard error of 
the mean (SEM). The data were analyzed to one-way 
or two-way ANOVA, as appropriate, and then followed 
by a Bonferroni or Tukey post hoc test for statistically 

Table 1  Gene primers used for real-time PCR analyses

Sequence name Primer sequence

AR F:5′- ACG​GCT​ATG​GAA​CAA​CTA​-3′

R:5′- TGT​GGC​AGT​ATT​CAA​TCA​G-3′

Arg1 F:5′- GAA​CAC​GGC​AGT​GGC​TTT​AAC-3′

R:5′- TGC​TTA​GCT​CTG​TCT​GCT​TTGC-3′

IL10 F:5′- GCA​GCT​CTA​GGA​GCA​TGT​GG-3′

R:5′-TGG​GAC​CTC​CTT​CCC​CAC​AA-3′

iNOS F:5′- CCC​TTC​AAT​GGT​TGG​TAC​ATGG-3′

R:5′- ACA​TTG​ATC​TCC​GTG​ACA​GCC-3′

IL-1b F:5′- CTT​CAG​GCA​GGC​AGT​ATC​AC-3′

R:5′- CAG​CAG​GTT​ATC​ATC​ATC​ATCC-3′

GAPDH F:5′-CCC​TGA​GCT​GAA​CGG​GAA​GCT​CAC​-3′

R:5′- CTT​GCT​GTA​GCC​AAA​TTC​GTT​GCT​-3′
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significant results. A p < 0.05 was considered to be statis-
tically significant.

Results
AR is upregulated in BPRA mice
Generally, AR is hardly expressed in the normal tis-
sue. However, there are upregulations of AR expression 

following stroke, non-alcoholic fatty liver disease, dia-
betic retinopathy as well as diabetic peripheral neuropa-
thy [16, 19–21]. In our study, the expression of AR in the 
spinal cord of BPRA mice was compared with sham mice. 
AR was upregulated approximately 13-fold at the mRNA 
level and threefold at the protein level at 3 dpi (day post-
injury) compared with the sham group (Fig.  1A–C). 

Fig. 1  BPRA mouse spinal cord showed increased AR expression. A, B Spinal cord AR protein expression normalized against a loading 
control (GAPDH) and C mRNA expression following BPRA injury. D Representative images showing elevated spinal AR levels indicated by 
immunofluorescence staining of neurons (NeuN), microglia (Iba1) and astrocytes (GFAP). The dashed lines in the ventral horn mark areas where MNs 
are situated. The white arrows indicate colocalization of AR (green color) with NeuN-, IBA1- or GFAP (red color)-positive cells. All data are presented 
as the mean ± SEM, n = 5 mice/group. *p < 0.01, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. sham, scale bar = 200 µm (a, e), scale bar = 50 µm (b–d, 
f–h)

(See figure on next page.)
Fig. 2  Downregulation of apoptosis-related protein and upregulation of MNs survival rate in AR−/− mice after BPRA injury. A Spinal cords were 
counterstained with neutral red at 1–14 dpi to evaluate the MN survival rate. B Representative images showing Bcl-2 and NeuN staining at 1–14 dpi. 
C, D Summary of number changes in the ipsilateral spinal MN survival rate and Bcl-2 staining with quantification of NeuN-positive neurons between 
AR−/− and WT mice. E Representative images of MNs regeneration indicated by GAP43 staining with quantification of NeuN-positive neurons. F 
Representative images of MNs apoptosis in mice as measured by C-Caspase3 double staining with quantification of NeuN-positive neurons. G, 
H Summary of number changes in ipsilateral spinal C-Caspase3, GAP43 and NeuN colocalization-positive neurons between AR−/− and WT mice. 
I–K Representative images of spinal cord C-Caspase3 and GAP43 protein expression in AR−/− and WT mice normalized against a loading control 
(GAPDH). All data were analyzed by two-way ANOVA and are presented as the mean ± SEM, n = 5 mice/group, ####p < 0.0001, WT vs. sham group, 
^^^^p < 0.0001, AR−/− vs. sham group, ****p < 0.0001, WT vs. sham group. Scale bar = 50 μm (A, B, E, F)
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Fig. 2  (See legend on previous page.)
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Fig. 2  continued
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Immunofluorescence staining of spinal cord tissues also 
showed that the BPRA mice exhibit stronger AR expres-
sion than the sham mice at 3 dpi, and AR localization was 
predominantly cytoplasmic in neurons and microglia on 
the ipsilateral ventral horn of the spinal cord (Fig. 1D).

Genetic ablation of AR in mice prevented BPRA‑mediated 
MNs death
To investigate the effects of AR upregulation in BPRA, we 
sought to find out whether the deficiency of AR (exam-
ined using AR knockout mice, AR−/−) alleviated MNs 
death in the model of BPRA mice. Initially, we examined 
the effect of AR deficiency on MNs survival by staining 
neutral red, and the survival rate of injured MNs was 
assessed as the ratio of ipsilateral ventral horn neutral 
red-positive MNs to those on the contralateral ventral 
horn [22]. As shown in Fig. 2A and C, the survival ratio 
of MNs in AR−/− group was higher than WT group at 3, 
7 and 14 dpi on the ipsilateral ventral horn of the spinal 
cord. Furthermore, AR−/− mice exhibited an increase in 
NeuN and anti-apoptosis gene Bcl-2 colocalization-pos-
itive neurons on the ipsilateral ventral horn of the spinal 
cord at 1–14 dpi (Fig. 2B, D). In addition, compared with 
the WT group, the AR−/− group showed more regen-
eration-related protein GAP43/NeuN colocalization-
positive neurons at 7–14 dpi and higher GAP43 protein 
expression at 1–14 dpi on the ipsilateral ventral horn 
of the spinal cord (Fig. 2E, G, I, J). BPRA resulted in an 
increase in the apoptosis-related  protein C-Caspase3/
NeuN colocalization-positive neurons and C-Caspase3 
protein expression level, which was attenuated in AR−/− 
mice at 1–14 dpi on the ipsilateral side of the spinal cord 
(Fig. 2F, H, I, K). Collectively, the results provided experi-
mental evidence that genetic ablation of AR in mice pre-
vented BPRA-mediated MNs death.

BPRA‑mediated MNs death was attenuated by enhancing 
autophagy level in AR−/− mice
The dysregulation of autophagy is involved in motor 
neuron diseases, including spinal cord injury and amyo-
trophic lateral sclerosis. To evaluate the autophagy level 
after BPRA, we assessed the expression of the autophagy 
protein, LC3B in the injured spinal cord by immunofluo-
rescence and western blotting. The conversion of LC3B-
I to LC3B-II by adding phosphatidylethanolamine is 

important to autophagosome formation and this is con-
sidered as a marker of autophagosome formation and 
accumulation. Compared with BPRA WT mice, AR−/− 
mice had greatly increased LC3B/NeuN colocalization-
positive neurons at 3–14 dpi on the ipsilateral ventral 
horn of the spinal cord and higher LC3B-II protein 
expression at 1–14 dpi on the ipsilateral side of the spinal 
cord (Fig. 3A, C, E, H), indicating the more accumulation 
of autophagosomes after injury in AR−/− mice.

To elucidate the autophagy mechanisms following 
BPRA, we assessed the levels of proteins that would 
regulate and form autophagosomes. Increased accu-
mulation of LC3-II is likely due to either increased for-
mation or decreased degradation of autophagosomes. 
Ubiquitinated cargo is delivered to autophagosomes by 
the adapter protein P62 (SQSTM1). During this delivery, 
the adapter protein (p62) is also degraded by autophagy 
alongside its cargo. Therefore, the accumulation of p62 
suggests that autophagic degradation has been disrupted. 
Compared with BPRA WT mice, AR−/− mice had greatly 
decreased P62/NeuN colocalization-positive neurons at 
3–14 dpi on the ipsilateral ventral horn of the spinal cord 
and lower P62 protein expression at 1–14 dpi on the ipsi-
lateral side of the spinal cord (Fig. 3B, D, E, G). Moreo-
ver, western blot analysis showed more expression of the 
autophagy regulatory protein Beclin1 in AR−/− mice on 
the ipsilateral side of the spinal cord at 7 and 14 dpi than 
in WT mice, suggesting that the genetic ablation of AR 
increased initiation of autophagy (Fig.  3E, F). Overall, 
these results suggested BPRA-mediated MNs death was 
suppressed in AR−/− mice, which may be associated with 
enhanced autophagy level.

Autophagic vacuoles and mitochondria number were 
improved in a BPRA model of AR−/− mice
We further used electron microscopy (EM) to evaluate 
autophagic vacuoles number of MNs in both WT and 
AR−/− mice following BPRA. The structures of typical 
autophagic vacuoles are shown under high-magnifica-
tion (13,500 ×) EM (green arrow in Fig. 4A). Compared 
with WT mice, the number of autophagic vacuoles 
was remarkably increased at 1–14 dpi in AR−/− mice 
(Fig.  4E). These results provided definite evidence that 
autophagy initiation was induced in AR−/− mice follow-
ing BPRA injury.

Fig. 3  Protection against BPRA-mediated motor injury in AR−/− mice occurs by enhancing autophagy. A, B Representative images of 
autophagy hallmarks in mice as measured by LC3B and P62 double staining with NeuN. C, D Number changes in ipsilateral spinal LC3B/NeuN 
colocalization-positive neurons and P62/NeuN colocalization-positive neurons between AR−/− and WT mice. E–H Representative images of spinal 
cord Beclin1, P62 and LC3B protein expression normalized against a loading control (GAPDH) between AR−/− and WT mice. Data were analyzed by 
two-way ANOVA and are presented as the mean ± SEM, n = 5 mice/group, ####p < 0.0001, WT vs. sham group, ^^^^p < 0.0001, AR−/− vs. sham group, 
****p < 0.0001, WT vs. sham group. Scale bar = 50 μm (B) and 20 μm (A)

(See figure on next page.)
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Mitochondria accommodate most cell energetic 
demands by generating ATP. Moderate autophagy 
is responsible for degrading damaged mitochondria 
caused by BPRA injury. We analyzed mitochondrial 
structures and number in the BPRA model at 1–14 
dpi in WT and AR−/− mice. We first examined mito-
chondrial morphology and size by transmission elec-
tron microscopy and observed that there were larger 
mitochondria with altered crista organization in MNs 
from WT mice when comparing with those in AR−/− 
mice following BPRA (colored arrowheads in Fig. 4A). 
We further analyzed mitochondrial alterations in 
depth and classified mitochondrial morphology into 
four categories namely [23]: class I: fairly dark mito-
chondria, with a uniform matrix filled with densely 
packed and regularly distributed cristae; class II: mito-
chondria with disrupted cristae and a loss of matrix 
density; class III: empty mitochondria with disorgan-
ized cristae or cristae on the periphery; and class IV: 
swollen mitochondria with disrupted membranes) 
(Fig.  4B). Quantifications of mitochondrial subclasses 
were then performed, revealing that the WT mice at 14 
dpi exhibited 4.2% mitochondrial class I, 4.9% class II, 
10.4% class III and 80.5% class IV (Fig.  4C). However, 
the AR−/− mice at 14 dpi displayed a drastic increase 
in “healthy” mitochondria class I (78.5%) and class 
II (12.4%), class III (6.1%), class IV (3%) (Fig.  4C). We 
also observed that AR−/− mice also displayed a signifi-
cant increase in the mitochondrial number at 1–14 dpi 
(Fig. 4D) compared with the WT mice following BPRA 
injury. Taken together, these findings demonstrated 
that genetic ablation of AR could eliminate damaged 
mitochondria and enhance autophagy level in BPRA 
mice mode.

Genetic ablation of AR in mice prevented 
the BPRA‑mediated decrease in SIRT1–AMPK–mTOR 
signaling
Elevated AR activity is known to deplete cellular 
NADPH and cause high cytosolic NADH/NAD+ ratio. 
This results to loss of NAD+-dependent deacety-
lase SIRT1 activity [12]. Compared with WT mice, 
AR−/− mice had greatly increased SIRT1/NeuN colo-
calization-positive neurons at 3–14 dpi on the ipsilat-
eral ventral horn of the spinal cord and higher SIRT1 

protein expression at 1–14 dpi on the ipsilateral side of 
the spinal cord (Fig.  5A, C, E, F). Our results indicate 
that BPRA decreased the expression of SIRT1 and that 
AR−/− mice significantly restored the BPRA-induced 
decrease in SIRT1 expression.

A rising number of studies suggest that aberrant 
mTOR signaling impacts many pathways, such as glu-
cose metabolism, energy production, mitochondrial 
function, cell growth and autophagy. AMPK and mTOR 
have a reciprocal relationship mediated by SIRT1, and 
the substrates of mTORC1 suppress autophagy [24]. We 
further measured the effect of AR ablation on BPRA-
induced expression of AMPK and mTOR in motor neu-
rons. Compared with WT mice, AR−/− mice had greatly 
increased p-AMPK/NeuN colocalization-positive neu-
rons on the ipsilateral ventral horn of the spinal cord 
and higher p-AMPK protein expression at 3–14 dpi on 
the ipsilateral side of the spinal cord (Fig. 5B, D, E, G). 
Similarly, the BPRA-induced mTOR phosphorylation 
increase was also prevented in AR−/− mice at 1–14 dpi 
on the ipsilateral side of the spinal cord (Fig. 5H). It may 
infer that genetic ablation of AR potentially enhance 
SIRT1–AMPK–mTOR signaling and autophagy level 
following BPRA injury.

Protection against BPRA injury via attenuation 
of neuroinflammation and promoting microglia to switch 
from a pro‑inflammatory to anti‑inflammatory phenotype 
in AR−/− mice
Following BPRA injury, the immunoreactive expression 
of Iba1 and GFAP, as markers of microglia and astro-
cytes, respectively, was used to assess neuroinflamma-
tion. Compared with the WT mice, the AR−/− mice had 
dramatically decreased Iba1 and GFAP average fluo-
rescence intensity at 3–14 dpi on the ipsilateral ven-
tral horn of the spinal cord (Fig. 6A–D). This evidence 
indicates that genetic ablation of AR attenuated ventral 
horn neuroinflammation in the injured spinal segment. 
Activated microglia can either become pro-inflamma-
tory or anti-inflammatory phenotypes [25]. Compared 
with the WT group, the AR−/− group showed a dra-
matically decreased proportions of pro-inflammatory 
(CD16/32+/Iba-1+) microglia at 3–14 dpi (Fig.  7A, C) 
and an increased proportions of anti-inflammatory 
(Arginase1+/Iba-1+) microglia at 1–14 dpi on the 

(See figure on next page.)
Fig. 4  MNs display altered mitochondrial structure between AR−/− and WT mice at 1–14 d after BPRA injury. A Electron microscopy images of the 
ultrastructure of MNs in AR−/− and WT mice at 1–14 d after BPRA injury. Colored triangle indicate mitochondria, green arrows indicate autophagic 
vacuoles. Representative images of mitochondrial classes I (purple triangle), II (green triangle), III (blue triangle), and IV (orange triangle) (B) and their 
quantitative distributions (C) in WT and AR−/− mice. Quantitative graphs of the means ± SEM of mitochondria number/10 µm2 (D) and autophagic 
vacuoles number (E). Quantification was performed in at least 20 different fields (> 150 mitochondria) per mouse, n = 5 mice/group. ####p < 0.0001, 
WT vs. sham group, ^^^^p < 0.0001, AR−/− vs. sham group, ****p < 0.0001, WT vs. sham group
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ipsilateral ventral horn of the spinal cord (Fig.  7B, D). 
We further determined whether the AR-deficient mice 
also showed aberrant expression of cytokines that are 
functionally more important. Compared with WT 
mice, AR−/− mice had significantly reduced pro-inflam-
matory cytokines IL-1β and IL-6 levels at 1–14 dpi and 
inflammatory responses protein ICAM1 levels at 3–14 
dpi, while increasing anti-inflammatory cytokine IL-10 
levels at 1–14 dpi (Fig.  7E) on the ipsilateral side of 
the injured spinal cord. Moreover, compared with WT 
mice, AR−/− mice had significantly reduced pro-inflam-
matory cytokines IL-1β mRNA levels at 1–14 dpi and 
iNOS mRNA levels at 1–14 dpi, while increasing anti-
inflammatory cytokines IL-10 mRNA levels at 3–14 
dpi and Arg-1 mRNA levels at 3–14 dpi (Fig. 7F) on the 
ipsilateral side of the injured spinal cord. These results 
further indicate that genetic ablation of AR promotes 
microglia to switch from a pro-inflammatory to anti-
inflammatory phenotype following BPRA injury.

Genetic ablation of AR acts via 4‑HNE–p‑CREB signaling 
to exert its anti‑inflammatory effects
Considering cyclic-AMP response binding protein 
(CREB) plays a key role in anti-inflammatory microglial 
phenotypes and AR can reduce 4-HNE into GS-DHN, 
a macrophage inflammatory mediator, we estimated 
whether genetic ablation of AR acts via 4-HNE–p-
CREB signaling to exert its “phenotype switching” 
effect following BPRA injury [26,  27]. Therefore, we 
sought to find out the expression of 4-HNE–p-CREB 
signal axis following BPRA in WT and AR−/− mice. 
Compared with the WT mice, the AR−/− mice had 
dramatically increased number of 4-HNE+/Iba1+ 
microglia at 1–14 dpi and number of p-CREB+/Iba1+ 
microglia at 1–14 dpi on the ipsilateral ventral horn of 
the spinal cord after BPRA injury (Fig.  8A–D). These 
results suggest that genetic ablation of AR exerts its 
anti-inflammatory effects via the 4-HNE–p-CREB sign-
aling pathway.

Testing the efficacy of pharmacological inhibition of AR 
in attenuating BPRA‑induced autophagy disruption, 
neuroinflammation and MNs death in mice
Epalrestat (EPAL), a pharmacological AR inhibitor with 
protective effects against diabetic complications in 

mouse models and human clinical trials [16], was used 
to evaluate the neuroprotective potential of AR sup-
pression following BPRA injury. Significantly reduced 
AR, C-Caspase3 expression and increased ChAT, 
GAP43 expression on the ipsilateral ventral horn of 
the spinal cord, as evaluated using IF, were observed 
with pharmacological inhibition of AR by epalrestat at 
14 dpi following BPRA injury (Fig.  9A). Furthermore, 
the administration of epalrestat significantly reduced 
the expression of P62, but greatly upregulated LC3B, 
SIRT1, p-AMPK expression on the ipsilateral ven-
tral horn of the spinal cord at 14 dpi following BPRA 
injury (Fig.  9B). In addition, BPRA mice significantly 
reduced the expression of Iba1, GFAP and CD16/32 
while greatly upregulating Arginase 1 expression on 
the ipsilateral ventral horn of the spinal cord at 14 dpi 
after treatment with epalrestat (Fig.  9C). Therefore, 
these results were similar to those of genetic knockout, 
suggesting that with use of epalrestat, pharmacologi-
cal suppression of AR showed significant neuropro-
tective of MNs effects by attenuating BPRA-induced 
autophagy disruption and neuroinflammation (Fig. 10).

Discussion
BPRA injury is mainly caused by motor vehicle accident 
and birth trauma. Severe BPRA can lead to partial or com-
plete loss of motor and sensory functions of the upper limb 
because of massive MNs death, motor axon degeneration 
and de-innervation of targeted muscles. The novel finding 
of our study is that AR expression is markedly upregulated 
in the BPRA mice model. Importantly, the role of AR fol-
lowing BPRA is investigated by using AR gene knockout 
mice and inhibiting its activity pharmacologically with AR 
inhibitor epalrestat. Our date reveals that genetic knockout 
or epalrestat pharmacological suppression of AR contrib-
uted to better MNs survival by attenuating BPRA-induced 
autophagy disruption and neuroinflammation. These find-
ings cast AR as a potential therapeutic target in BPRA 
injury treatments and that AR inhibitors could be a prom-
ising strategy for mitigating against BPRA caused MNs 
death.

Autophagy is a lysosome-dependent intracellular deg-
radation process that eliminates long-lived  proteins  as 
well as damaged organelles. An increasing number of 
evidence suggests that dysregulation of autophagy plays 
a pivotal role in the progression of neurodegenerative 

Fig. 5  AR−/− mice show enhanced autophagy level by activating SIRT1–AMPK–mTOR signaling. A, B Representative images of SIRT1 and p-AMPK IF 
staining with NeuN-positive neurons. C, D Number changes in ipsilateral spinal SIRT1, p-AMPK and NeuN colocalization-positive neurons between 
AR−/− and WT mice. E–H Representative images of spinal cord SIRT1, p-AMPK and p-mTOR protein expression normalized against a loading control 
(GAPDH) in AR−/− and WT mice. Data were analyzed by two-way ANOVA and are presented as the mean ± SEM, n = 5 mice/group. ####p < 0.0001, 
WT vs. sham group, ^^^^p < 0.0001, AR−/− vs. sham group, ****p < 0.0001, WT vs. sham group. Scale bar = 50 μm (A, B)

(See figure on next page.)
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Fig. 6  Attenuation of BPRA injury-induced neuroinflammation in the injured spinal cord in AR−/− mice. A, B Representative images of Iba1 and 
GFAP IF staining with NeuN. C, D Summary of changes in ipsilateral spinal IBA1 and GFAP average fluorescence intensity between AR−/− and 
WT mice. Data were analyzed by two-way ANOVA and are presented as the mean ± SEM, n = 5 mice/group, ####p < 0.0001, WT vs. sham group, 
^^^^p < 0.0001, AR−/− vs. sham group, ****p < 0.0001, WT vs. sham group. Scale bar = 50 μm (A, B)

Fig. 7  Protection against BPRA injury by switching microglia from a pro-inflammatory to anti-inflammatory phenotype in AR-/- mice. A, B 
Representative images of CD16/32 and Arginase 1 IF staining with quantification of Iba1-positive microglia. C, D Summary of number changes 
in ipsilateral spinal CD16/32+ and Arginase1+ cells colocalization-positive to microglia between AR−/− and WT mice. E Summary of changes in 
ipsilateral spinal IL-1β, IL-6, ICAM1, and IL-10 levels between AR−/− and WT mice. F Summary of changes in ipsilateral spinal IL-1β, IL-6, Arginase 1, 
and IL-10 mRNA levels between AR−/− and WT mice. Data were analyzed by two-way ANOVA and are presented as the mean ± SEM, n = 5 mice/
group, ####p < 0.0001, WT vs. sham group, ^^^^p < 0.0001, AR−/− vs. sham group, ****p < 0.0001, WT vs. sham group. Scale bar = 50 μm (A, B)

(See figure on next page.)
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diseases including  motor neuron  disorders. Our data 
suggest that BPRA will cause MNs autophagy dys-
regulation and MNs death. Moreover, heightened lev-
els of P62 and reduced levels of LC3II found in BPRA 
mice model were associated with MNs death. Notably, 
autophagy could prevent the accumulation of damaged 

macromolecules and organelles to maintain func-
tion and survival of MNs. Importantly, in AR-deficient 
mice (AR-/- or EPAL treatment), the ratio of LC3BII 
to LC3BI was significantly increased, while the level 
of P62 was significantly decreased, suggesting that AR 
suppression may enhance autophagy level and maintain 

Fig. 8  Upregulation of 4-HNE-p-CREB in AR−/− mice after BPRA injury. A, B Representative images of 4-HNE and p-CREB IF staining with microglia. 
C, D Number change in ipsilateral 4-HNE+ and p-CREB+ cells colocalization-positive to microglia between AR−/− and WT mice. Data were analyzed 
by two-way ANOVA and are presented as the mean ± SEM, n = 5 mice/group, ####p < 0.0001, WT vs. sham group, ^^^^p < 0.0001, AR−/− vs. sham 
group, ****p < 0.0001, WT vs. sham group

Fig. 9  Testing the efficacy of pharmacological inhibition of AR in attenuating BPRA-induced MNs death in mice. A (a–d) Representative IF 
staining images of AR, ChAT, GAP43, and C-Caspase3. (e–h) Number changes in ipsilateral ChAT+ MNs and AR+/NeuN+, GAP43+/NeuN+ and 
C-Caspase3+/NeuN+ colocalization-positive neurons between the BPRA and BPRA + EPAL groups in WT mice. B (a–d) Representative images of 
SIRT1, p-AMPK, LC3B and P62 IF staining with NeuN. (e–h) Number changes in SIRT1+/NeuN+, p-AMPK+/NeuN+, LC3B+/NeuN+ and P62+/NeuN+ 
colocalization-positive neurons between the BPRA and BPRA + EPAL groups in WT mice. C (a–d) Representative images of Iba1 and GFAP IF staining 
with NeuN and CD16/32 and Arg1 IF staining with Iba1. (e–h) Changes in Iba1 and GFAP average fluorescence intensity and number changes 
CD16/32+ and Arg1+ cells colocalization to Iba-1+ cells between the BPRA and BPRA + EPAL groups in WT mice. All data were analyzed by two-way 
ANOVA and are presented as the mean ± SEM, n = 5 mice/group, ####p < 0.0001, BPRA vs. sham group, ^^^^p < 0.0001, BPRA + EPAL vs. sham + EPAL 
group, ****p < 0.0001, BPRA + EPAL vs. BPRA group. Scale bar = 50 μm

(See figure on next page.)



Page 17 of 21Zhong et al. Journal of Neuroinflammation  2022, 19(1):271	

Fig. 9  (See legend on previous page.)



Page 18 of 21Zhong et al. Journal of Neuroinflammation  2022, 19(1):271

MNs survival. In an earlier study, SIRT1 could pro-
tected cardiomyocytes against hypoxia-induced apop-
totic death in a mechanism via autophagy and AMPK 
activation. AMPK, a serine/threonine kinase, senses 
changes in, and regulates cellular energy homeostasis. 
When activated, it promotes autophagy by inhibiting 
mTOR [28]. Both AMPK and SIRT1 are fuel-sensing 
molecules regulate each other. The AMPK activation 
are regulated by two upstream kinases, LKB1 (the pri-
mary AMPK kinase) and CaMKKβ (an AMPK kinase). 
Regulation of SIRT1 has been attributed to changes in 
NAD+ abundance and the NAD+/NADH ratio. The 
actual relationship between AMPK and SIRT1 need us 
examine the LKB1 activity and NAD+ abundance in the 
future study. At present, our findings implied that sup-
pression of AR could enhance SIRT1–AMPK–mTOR 
signaling and autophagy level following BPRA injury.

Our IHC studies come from ipsilateral ventral horn 
only, while WB studies were used to analyze the pro-
tein expression levels in all the cells (neurons, micro-
glia, astrocytes and oligodendrocytes) from ventral horn 
and dorsal horn on the ipsilateral side of spinal cord. 
Although our results showed elevated autophagy level in 
AR−/− mice after BPRA injury, the exact mechanism of 
autophagy, its regions and cell-type specificity remained 
unknown. In a previous spinal cord injury study [29], the 
expressions of LC3 vary widely between different cell 
types. There would be high accumulation of LC3 in ven-
tral horn motor neurons preferentially, which was similar 
in most of activated CD11b+ microglia according their 
cell morphology. In the white matter, LC3 accumulated in 
CC1-positive oligodendrocytes both in dorsal and ventral 
white area. However, unlike microglia and oligodendro-
cytes, the number of LC3-positive astrocytes remained 

Fig. 10  Schematic representation of the mechanistic role of AR in BPRA injury
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very low in all regions at all time points examined. 
According to our previous and present study [9], BPRA 
injury causes microglia proliferation  and activation in 
the injured spinal ventral horn and dorsal horn, with the 
peaks at 14  day post BPRA injury, which may be partly 
relevant with our western blot result. However, to under-
stand the effect of AR on cell-type specificity autophagy 
function, further studies with cell-specific AR knockout 
mice are necessary.

Inflammation is among the very crucial pathologi-
cal processes in the secondary injury phase after BPRA 
injury. Resident microglia and hematogenous mac-
rophages, invade the injury site shortly after the pri-
mary injury [30]. The inflammatory reactions that occur 
after spinal cord injury is a “double-edged sword”, which 
can cause both neuroprotective and neurotoxic effects 
depending on the dichotomous polarity of microglia/
macrophages [31]. Cellular injury causes the release 
of pro-inflammatory cytokines and other mediators. 
Cytokine production and iNOS activation typifies the 
pro-inflammatory phenotypes macrophage and micro-
glial in earlier phases of the spinal cord injury [32]. The 
anti-inflammatory phenotypes existence following spinal 
cord injuries have not been widely reported. In a contu-
sion model of spinal cord injury in mice, the major type 
of microglia/macrophages are pro-inflammatory pheno-
type while the anti-inflammatory phenotype is transient 
and a minority. The overexpression of one of the clas-
sic markers of the anti-inflammatory phenotype, Arg1, 
appears to be transient and returns to normal expres-
sion levels by day 14 post-injury [32]. Our results also 
showed more pro-inflammatory phenotype microglia/
macrophages in the WT mice following BPRA injury. 
However, the anti-inflammatory phenotype microglia/
macrophages were predominant within the injured spinal 
cord of AR−/− mice. These findings demonstrate that AR 
plays an important role in the divergence of microglial/
macrophage functions after BPRA injury in mice.

Recently, several reports revealed that AR mediates 
LPS-induced inflammatory signals in macrophages [33]. 
Suppression of AR by several pharmacological inhibi-
tors including sorbinil, tolrestat, and zopolrestat, attenu-
ates LPS-induced production of TNF-α, IL-6, IL-1β, and 
IFN-γ and MCP-1 in murine peritoneal macrophages 
[34]. Results from these studies further showed that AR 
suppression or ablation averts macrophage transforma-
tion into the pro-inflammatory phenotype. In this study, 
we found that AR deficiency or suppression reduced the 
number of pro-inflammatory phenotype microglia/mac-
rophages following BPRA. The reduction of 4-HNE to 
DHN, happens efficiently because of their much lower 
Km values (in the micromolar range of 10 to 30 μM) com-
pared with that of glucose (50 to 100 mM) [35]. Therefore, 

suppression of AR averts macrophages polarization to 
the pro-inflammatory phenotype. This is possibly due to 
the reduced conversion of 4-HNE to DHN. Furthermore, 
inhibiting AR expression can avert LPS-induced knock-
down of cAMP response element modulator (CREM), 
phosphorylation of CREB, and DNA binding of CREB in 
macrophages [36]. Therefore, we suggest that AR regu-
lates this polarization switch. Specifically, 4-HNE would 
be reduced to DHN if there is sufficient AR, and it would 
cause the inflammation cytokines release thereby favor-
ing microglial pro-inflammatory phenotype formation. 
However, in AR inhibition or knockout models, 4-HNE 
tends to accumulate in the cytoplasm where it activates 
CREB to favor the anti-inflammatory microglial pheno-
type formation (Additional file 1, Additional file 2).

AR inhibitors have been under investigation for 
approximately four decades, although most of them are 
used in diabetic neuropathy and retinopathy [37]. Epal-
restat, a post-market AR inhibitor (ARI) approved in 
Bangladesh, India, and China, is one of the most com-
mon ARIs for patients who suffer from diabetes mellitus 
[38]. Although clinical studies of epalrestat’s effects on 
diabetic neuropathy have been carried out, it is still con-
troversial [39]. In this study, our data demonstrated that 
spinal AR upregulation and consequent elevation of neu-
roinflammation, aberrant autophagy caused motor neu-
ron death after BPRA. Our study provides new insights 
regarding the mechanisms underlying the role of AR in 
BPRA pathogenesis. Moreover, our data imply that AR 
may be a novel therapeutic target in brachial plexus roots 
avulsion and provides a rationale for further testing the 
utility of epalrestat, for the treatment of BPRA. Exploring 
the roles of AR-mediated signaling pathways following 
BPRA and spinal cord injuries may be critical for increas-
ing our understanding of efficacy and safety profiles of 
ARIs.

These findings reveal that AR is a contributor to the 
BPRA pathogenesis, and AR deficiency is neuroprotec-
tive in mice subjected to BPRA. In the future, the cell 
type-specific AR knockouts could enhance our under-
standing of the actual function AR in those cells or tissues 
following BPRA or other neurodegeneration diseases. On 
the basis of results, we also consider epalrestat as a feasi-
ble pharmacological agent to attenuate MNs death after 
BPRA. Further biomedical studies and clinical trials are 
required to test the safety and efficacy of such AR inhibi-
tors in BPRA patients.
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Additional file 1: Figure S1. The AR−/− mice genotyping and the 
expression level of AR in AR−/− mice. (A) AR null allele were identified by 
northern blot analysis. The expected bands of ∼119 bp is observed in the 
wild-type mice while not seen in AR−/− mice. (B) Western blot analyze 
the AR expression in the AR−/− mice. (C) Immunofluorescence analyze 
the AR expression in the spinal cord of AR−/− mice at 3 day following 
BPRA injury.

Additional file 2. Raw data of western blot.

Author contributions
ZK designed this study, performed the experiments and drafted the manu-
script. HY carried out extra data analysis. PRINCE participated in drafting and 
revised the manuscript. WYQ and YGY assisted in tissue processing and elec-
tron microscopy observations. ZYY, XXY, FR, SKC and TYM revised the manu-
script, and CX and ZLH supervised the design of the study and conceived the 
manuscript. All authors reviewed and approved the final version of this paper. 
All authors read and approved the final manuscript.

Funding
This study was supported by the National Natural Science Foundation of 
China, Nos. 82171369, 81771325, 82071496 and 82101438; The Natural Sci-
ence Foundation of Guangdong Province of China, No. 2016A030310224 and 
2021A515012165; The Young Teacher Foundation of Sun Yat-sen University, 
No. 59000-18841219; and the Youth Pilot Project of Chinese Society of Tradi-
tional Chinese Medicine CACM-2018-QNRC2-C09.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments were approved by the Animal Care and Use Commit-
tee of Sun Yat-sen University and the Guangdong Province Animal Care Ethics 
Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that this research was conducted in the absence of any 
commercial or financial relationships that could be construed as potential 
conflicts of interest.

Author details
1 Department of Pharmacy, Sun‑Yat‑Sen Memorial Hospital, Sun Yat-sen Univer-
sity, 107 Yanjiang West Road, Guangzhou 510120, Guangdong, China. 2 Depart-
ment of Anatomy, School of Medicine (Shenzhen), Sun Yat-sen University, 
Shenzhen 518000, Guangdong, China. 3 Department of Anatomy, Zhongshan 
School of Medicine, Sun Yat-sen University, Guangzhou, Guangdong, China. 
4 Department of Electron Microscope, Zhongshan School of Medicine, Sun 
Yat-Sen University, Guangzhou, Guangdong, China. 5 Department of Anatomy, 
Neuroscience Laboratory for Cognitive and Developmental Disorders, Medical 
College of Jinan University, Guangzhou, Guangdong, China. 6 Faculty of Medi-
cine, Macau University of Science and Technology, Macau, China. 7 Depart-
ment of Neurology, Sun Yat‑sen Memorial Hospital, Sun Yat‑sen University, 
Guangzhou, China. 8 Key Laboratory of Malignant Tumor Gene Regulation 
and Target Therapy of Guangdong Higher Education Institutes, Sun Yat-sen 
University, Guangzhou, China. 9 Guangdong Province Key Laboratory of Brain 
Function and Disease, Zhongshan School of Medicine, Sun Yat-sen University, 
Guangzhou, China. 10 Guangdong Provincial Chinese Emergency Key Labora-
tory, Guangzhou, Guangdong, China. 11 State Key Laboratory of Dampness, 
Syndrome of Traditional Chinese Medicine, Guangzhou, Guangdong, China. 

12 Department of Neurology, Guangdong Provincial Hospital of Traditional 
Chinese Medicine, 111 Dade Road, Guangzhou, Guangdong, China. 

Received: 17 July 2022   Accepted: 26 October 2022
Published: 9 November 2022

References
	1.	 Eggers R, Tannemaat MR, De Winter F, Malessy MJA, Verhaagen J. Clinical 

and neurobiological advances in promoting regeneration of the ventral 
root avulsion lesion. Eur J Neurosci. 2016;43:318–35.

	2.	 Chen S, Hou Y, Zhao Z, Luo Y, Lv S, Wang Q, et al. Neuregulin-1 accelerates 
functional motor recovery by improving motoneuron survival after bra-
chial plexus root avulsion in mice. Neuroscience [Internet]. 2019;404:510–
8. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2019.​01.​054.

	3.	 Gu HY, Chai H, Zhang JY, Bin YZ, Zhou LH, Wong WM, et al. Survival, regen-
eration and functional recovery of motoneurons after delayed reimplan-
tation of avulsed spinal root in adult rat. Exp Neurol. 2005;192:89–99.

	4.	 Blits B, Carlstedt TP, Ruitenberg MJ, De Winter F, Hermens WTJMC, Dijkhui-
zen PA, et al. Rescue and sprouting of motoneurons following ventral 
root avulsion and reimplantation combined with intraspinal adeno-
associated viral vector-mediated expression of glial cell line-derived 
neurotrophic factor or brain-derived neurotrophic factor. Exp Neurol. 
2004;189:303–16.

	5.	 Ben-Shushan E, Feldman E, Reubinoff BE. Notch signaling regulates 
motor neuron differentiation of human embryonic stem cells. Stem Cells. 
2015;33:403–15.

	6.	 Yang Z, Klionsky DJ. Eaten alive: a history of macroautophagy. Nat Cell 
Biol. 2010;12:814–22.

	7.	 Song CY, Guo JF, Liu Y, Tang BS. Autophagy and its comprehensive impact 
on ALS. Int J Neurosci. 2012;122:695–703.

	8.	 Yakovlev AG, Faden AI. Mechanisms of neural cell death: implications 
for development of neuroprotective treatment strategies. NeuroRx. 
2004;1:5–16.

	9.	 Zhang X, Liu XD, Xian YF, Zhang F, Huang PY, Tang Y, et al. Berberine 
enhances survival and axonal regeneration of motoneurons following 
spinal root avulsion and re-implantation in rats. Free Radic Biol Med. 
2019;143:454–70.

	10.	 Okada S. The pathophysiological role of acute inflammation after spinal 
cord injury. Inflamm Regen. 2016;36:1–7.

	11.	 Ramana KV, Srivastava SK. Aldose reductase: a novel therapeutic target 
for inflammatory pathologies. Int J Biochem Cell Biol. 2010;42:17–20.

	12.	 Vedantham S, Thiagarajan D, Ananthakrishnan R, Wang L, Rosario R, Zou 
YS, et al. Aldose reductase drives hyperacetylation of EGR-1 in hypergly-
cemia and consequent upregulation of proinflammatory and prothrom-
botic signals. Diabetes. 2014;63:761–74.

	13.	 Srivastava SK, Yadav UCS, Reddy ABM, Saxena A, Tammali R, Shoeb M, 
et al. Aldose reductase inhibition suppresses oxidative stress-induced 
inflammatory disorders. Chem Biol Interact. 2011;191:330–8.

	14.	 Pandey S, Srivastava SK, Ramana KV. A potential therapeutic role for 
aldose reductase inhibitors in the treatment of endotoxin-related inflam-
matory diseases. Expert Opin Investig Drugs. 2012;21:329–39.

	15.	 Ho HTB, Chung SK, Law JWS, Ko BCB, Tam SCF, Brooks HL, et al. Aldose 
reductase-deficient mice develop nephrogenic diabetes insipidus. Mol 
Cell Biol. 2000;20:5840–6.

	16.	 Wang M, Chen WY, Zhang J, Gobejishvili L, Barve SS, McClain CJ, et al. 
Elevated fructose and uric acid through aldose reductase contrib-
ute to experimental and human alcoholic liver disease. Hepatology. 
2020;72:1617–37.

	17.	 Zhong K, Li Y, Tang Y, Yu G, Zilundu PLM, Wang Y, et al. Cytokine profile 
and glial activation following brachial plexus roots avulsion injury in mice. 
J Neuroimmunol [Internet]. 2021;353:577517. https://​doi.​org/​10.​1016/j.​
jneur​oim.​2021.​577517.

	18.	 Yu G, Zilundu PLM, Xu X, Li Y, Zhou Y, Zhong K, et al. The temporal pattern 
of brachial plexus root avulsion-induced lncRNA and mRNA expression 
prior to the motoneuron loss in the injured spinal cord segments. Neuro-
chem Int. 2020;132:104611.

	19.	 Lo ACY, Cheung AKH, Hung VKL, Yeung CM, He QY, Chiu JF, et al. Deletion 
of aldose reductase leads to protection against cerebral ischemic injury. J 
Cereb Blood Flow Metab. 2007;27:1496–509.

https://doi.org/10.1186/s12974-022-02632-6
https://doi.org/10.1186/s12974-022-02632-6
https://doi.org/10.1016/j.neuroscience.2019.01.054
https://doi.org/10.1016/j.jneuroim.2021.577517
https://doi.org/10.1016/j.jneuroim.2021.577517


Page 21 of 21Zhong et al. Journal of Neuroinflammation  2022, 19(1):271	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	20.	 Yeung PKK, Lai AKW, Son HJ, Zhang X, Hwang O, Chung SSM, et al. Aldose 
reductase deficiency leads to oxidative stress-induced dopaminergic 
neuronal loss and autophagic abnormality in an animal model of Parkin-
son’s disease. Neurobiol Aging [Internet]. 2017;50:119–33. https://​doi.​org/​
10.​1016/j.​neuro​biola​ging.​2016.​11.​008.

	21.	 Ho ECM, Lam KSL, Yuk SC, Yip JCW, Arvindakshan M, Yamagishi SI, et al. 
Aldose reductase-deficient mice are protected from delayed motor nerve 
conduction velocity, increased c-Jun NH2-terminal kinase activation, 
depletion of reduced glutathione, increased superoxide accumulation, 
and DNA damage. Diabetes. 2006;55:1946–53.

	22.	 Wu W. Expression of nitric-oxide synthase (NOS) in injured CNS 
neurons as shown by NADPH diaphorase histochemistry. Exp Neurol. 
1993;120:153–9.

	23.	 Vaillant-Beuchot L, Mary A, Pardossi-Piquard R, Bourgeois A, Lauritzen I, 
Eysert F, et al. Accumulation of amyloid precursor protein C-terminal frag-
ments triggers mitochondrial structure, function, and mitophagy defects 
in Alzheimer’s disease models and human brains. Acta Neuropathol 
[Internet]. 2021;141:39–65. https://​doi.​org/​10.​1007/​s00401-​020-​02234-7.

	24.	 Kim YC, Guan KL. MTOR: a pharmacologic target for autophagy regula-
tion. J Clin Invest. 2015;125:25–32.

	25.	 Tang Y, Le W. Differential roles of M1 and M2 microglia in neurodegenera-
tive diseases. Mol Neurobiol. 2016;53:1181–94.

	26.	 Lawrence T, Natoli G. Transcriptional regulation of macrophage polariza-
tion: enabling diversity with identity. Nat Rev Immunol. 2011;11:750–61.

	27.	 Ruffell D, Mourkioti F, Gambardella A, Kirstetter P, Lopez RG, Rosenthal 
N, et al. A CREB-C/EBPβ cascade induces M2 macrophage-specific gene 
expression and promotes muscle injury repair. Proc Natl Acad Sci U S A. 
2009;106:17475–80.

	28.	 Luo G, Jian Z, Zhu Y, Zhu Y, Chen B, Ma R, et al. Sirt1 promotes autophagy 
and inhibits apoptosis to protect cardiomyocytes from hypoxic stress. Int 
J Mol Med. 2019;43:2033–43.

	29.	 Liu S, Sarkar C, Dinizo M, Faden AI, Koh EY, Lipinski MM, Wu J. Disrupted 
autophagy after spinal cord injury is associated with ER stress and neu-
ronal cell death. Cell Death Dis. 2015;6(1): e1582.

	30.	 Donnelly DJ, Popovich PG. Inflammation and its role in neuroprotection, 
axonal regeneration and functional recovery after spinal cord injury. Exp 
Neurol. 2008;209:378–88.

	31.	 Shechter R, Miller O, Yovel G, Rosenzweig N, London A, Ruckh J, et al. 
Recruitment of beneficial M2 macrophages to injured spinal cord is 
orchestrated by remote brain choroid plexus. Immunity. 2013;38:555–69.

	32.	 Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ, Popovich PG. 
Identification of two distinct macrophage subsets with divergent effects 
causing either neurotoxicity or regeneration in the injured mouse spinal 
cord. J Neurosci. 2009;29:13435–44.

	33.	 Cheng P, Xie J, Liu Z, Wang J. Aldose reductase deficiency inhibits LPS-
induced M1 response in macrophages by activating autophagy. Cell 
Biosci. 2021;11:1–13.

	34.	 Chatzopoulou M, Pegklidou K, Papastavrou N, Demopoulos VJ. Develop-
ment of aldose reductase inhibitors for the treatment of inflammatory 
disorders. Expert Opin Drug Discov. 2013;8:1365–80.

	35.	 Ramana KV, Bhatnagar A, Srivastava S, Yadav UC, Awasthi S, Awasthi 
YC, et al. Mitogenic responses of vascular smooth muscle cells to lipid 
peroxidation-derived aldehyde 4-hydroxy-trans-2-nonenal (HNE): role of 
aldose reductase-catalyzed reduction of the HNE-glutathione conjugates 
in regulating cell growth. J Biol Chem. 2006;281:17652–60.

	36.	 Wang C, La L, Feng H, Yang Q, Wu F, Wang C, et al. Aldose reductase 
inhibitor engeletin suppresses pelvic inflammatory disease by blocking 
the phospholipase C/protein kinase C-dependent/NF-κB and MAPK 
cascades. J Agric Food Chem. 2020;68:11747–57.

	37.	 Chalk C, Benstead TJ, Moore F. Aldose reductase inhibitors for the treat-
ment of diabetic polyneuropathy. Cochrane Database Syst Rev. 2007;

	38.	 Ramirez MA, Borja NL. Epalrestat: an aldose reductase inhibitor for the 
treatment of diabetic neuropathy. Pharmacotherapy. 2008;28:646–55.

	39.	 Iso K, Tada H, Kuboki K, Inokuchi T. Long-term effect of epalrestat, an 
aldose reductase inhibitor, on the development of incipient diabetic 
nephropathy in Type 2 diabetic patients. J Diabetes Complications. 
2001;15:241–4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.neurobiolaging.2016.11.008
https://doi.org/10.1016/j.neurobiolaging.2016.11.008
https://doi.org/10.1007/s00401-020-02234-7

	Motor neuron survival is associated with reduced neuroinflammation and increased autophagy after brachial plexus avulsion injury in aldose reductase-deficient mice
	Abstract 
	Background
	Materials and methods
	Animals
	Animal surgery
	Tissue preparation
	Neutral red staining
	Immunofluorescence
	Transmission electron microscopy
	Enzyme-linked immunosorbent assay (ELISA)
	Real-time quantitative reverse transcription PCR (qRT-PCR)
	Western blotting
	Statistical analysis

	Results
	AR is upregulated in BPRA mice
	Genetic ablation of AR in mice prevented BPRA-mediated MNs death
	BPRA-mediated MNs death was attenuated by enhancing autophagy level in AR−− mice
	Autophagic vacuoles and mitochondria number were improved in a BPRA model of AR−− mice
	Genetic ablation of AR in mice prevented the BPRA-mediated decrease in SIRT1–AMPK–mTOR signaling
	Protection against BPRA injury via attenuation of neuroinflammation and promoting microglia to switch from a pro-inflammatory to anti-inflammatory phenotype in AR−− mice
	Genetic ablation of AR acts via 4-HNE–p-CREB signaling to exert its anti-inflammatory effects
	Testing the efficacy of pharmacological inhibition of AR in attenuating BPRA-induced autophagy disruption, neuroinflammation and MNs death in mice

	Discussion
	References


