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Abstract
Background: Sterile-α and toll/interleukin 1 receptor motif containing protein 1 (SARM1) is the central
executioner of axon degeneration. Although it has been con�rmed to have a mitochondrial targeting
sequence and can bind to and stabilize PINK1 on depolarized mitochondria, the biological signi�cance
for mitochondrial localization of SARM1 is still unclear. Chronic acrylamide (ACR) intoxication can cause
typical pathology of axonal injury, owning the potential to explore the interaction between mitochondria
and SARM1 during the latent period of axon destruction.

Methods: The expression and the mitochondria distribution of SARM1 were evaluated in in vivo and in
vitro ACR neuropathy models. Transmission electron microscopy, immunoblotting, and
immuno�uorescence were performed to evaluate mitochondrial dynamics and PINK1-dependent
mitophagy. LC3 turnover experiment and live cell imaging were conducted to further assess the state of
mitophagy �ux. In order to verify the effect of mitophagy in SARM1-mediated axon degeneration, low-
dose and low-frequency rapamycin was administered in ACR-exposed rats to increase basal autophagy.

Results: In a time- and dose-dependent manner, ACR induced peripheral nerve injury in rats and truncated
axons of differentiated N2a cell. Moreover, the severity of this axon damage was consistent with the up-
regulation of SARM1. SARM1 prominently accumulated on mitochondria, and at the same time
mitophagy was activated. Importantly, rapamycin (RAPA) administration eliminated mitochondrial
accumulated SARM1 and alleviated SARM1 dependent axonal degeneration.

Conclusions: Complementing to the coordinated activity of NMNAT2 and SARM1, mitochondrial
localization of SARM1 may be part of the self-limiting molecular mechanisms of Wallerian axon
destruction. In the early latent period of axon damage, the mitochondrial localization of SARM1 will help
it to be isolated by the mitochondrial network and to be degraded through PINK1-dependent mitophagy to
maintain local axon homeostasis. When the mitochondrial quality control mechanisms are broken down,
SARM1 will cause irreversible damage for axon degeneration. Moderate autophagy activation can be
invoked as potential strategies to alleviate axon degeneration in ACR neuropathy and even other axon
degeneration diseases.

Background
Axon degeneration is a common hallmark of neuropathies, traumatic injury, and multiple
neurodegenerative disorders. The molecular mechanism of axon degeneration has been primarily
elucidated through the study of Wallerian axon destruction pathway. Wallerian degeneration, �rst
described by the British neurophysiologist Augustus Waller in 1849 (1), refers to rapid axonal
fragmentation after a long period of relative latency due to a genetically encoded self-destruction
program that is activated distal to the point of the axon cut site (2–4). This is the most extreme and
typical manifestation of axon degeneration. Over the past decades, great progress has been made in the
understanding of this active process. The coordinated activity of both the pro-survival factors and the
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pro-degeneration factors, exempli�ed by nicotinamide mononucleotide adenyltransferase 2 (NMNAT2)
and sterile-α and toll/interleukin 1 receptor motif containing protein 1 (SARM1), limits degeneration
signaling in an “off” state in healthy axons. After axotomy, NMNAT2 is rapidly consumed in the axon
segment distal to the injury site due to the interruption of axon transport and the degradation (5, 6),
resulting in the hindrance of nicotinamide adenine dinucleotide (NAD+) synthesis. The disruption of
NAD+ synthesis will increase the amount of nicotinamide mononucleotide (NMN), the precursor of NAD+,
in the axon. The raised ratio of NMN and NAD+ (7) activates SARM1, which further consumes NAD+ to
switch into the irreversible stage accompanied by adenosine triphosphate (ATP) depletion, neuro�lament
hydrolysis, and axon fragmentation (8).

SARM1 is the de�ning molecule of axon destruction. Activation of SARM1 triggers metabolic catastrophe
and axon destruction, whereas genetic deletion protects axons from various injury (9). As the central
executioner of axon degeneration, SARM1 is evolutionarily highly conserved, having homologues in
mouse, Drosophila, zebra�sh, Caenorhabditis elegans, amphioxus, and horseshoe crab (10–13). These
homologues share a common domain architecture constituted of autoinhibitory N-terminal armadillo
motifs (ARM), tandem sterile α motif (SAM) domains that mediate constitutive homomultimerization, and
a C-terminal toll/interleukin 1 receptor (TIR) domain. The N-terminal SAM-TIR domain has NAD+ cleaving
activity, and the activation induces axonal NAD+ depletion that is followed by ATP loss. So far, although
we have a preliminary understanding of these domains, the function of SARM1 and its regulatory
mechanisms still needs to be further studied. It is currently believed that elucidating the exact subcellular
localization of SARM1 will offer insights into its functional role. Even though it remains to be de�ned,
mitochondrial localization has been proposed. The N-terminal 27 amino acids of SARM1 are hydrophobic
polybasic and have the capacity to fold into an α-helix that is required for association with the
mitochondrial outer membrane. It serves as a mitochondria-targeting sequence, associating SARM1 to
the mitochondria (14).

SARM1 and mitochondria are intimately connected. In addition to structural biological evidence that
SARM1 has a mitochondrial import sequence, the two also have a metabolic connection. ATP produced
in mitochondria provides energy for NAD+ synthesis (15), and NAD+ plays an important role in both
oxidative phosphorylation and glycolysis (16, 17). NAD+ metabolic disorder is a necessary and su�cient
condition for the activation of SARM1. The activated SARM1 with the NAD+ cleavage site exposed,
consumes NAD+, accelerates energy exhaustion and initiates axon fragmentation. Indeed, ATP depletion
is a de�ning indicator of the transition from the latent period to the irreversible period of Wallerian
degeneration (8, 9). However, previous studies have shown that Wallerian degeneration is only modestly
in�uenced by mitochondria (18). The biological signi�cance of SARM1 mitochondrial localization has yet
to be further explored.

To identify conditions that would bene�t from blocking SARM1 dependent Wallerian axon destruction
pathway, peripheral neuropathies are re-examined. Here, we want to explore whether the SARM1
dependent axon degeneration mechanism is involved in peripheral nerve damage in ACR poisoning?
Further, if SARM1 is activated in this progress, are there any potential regulatory mechanisms?
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As the vinyl monomer for the production of polyacrylamide, ACR is widely utilized in a variety of industrial
settings and laboratories (19). In addition to occupational exposure, ACR in food, drinking water, coffee,
and cigarette smoke has a potential hazard to the general population (20–23). In June 2002, a risk
assessment of ACR in food was conducted in the joint Food and Agriculture Organization of the United
Nations (FAO) and the World Health Organization (WHO) consultation. In reports of the Joint FAO/WHO
Expert Committee on Food Additives (JECFA), the potential adverse neurological effects were noted
among individuals with high dietary exposure to ACR. Chronic ACR intoxication induces peripheral
neuropathy in people (24–27) and animals (28, 29), which are characterized by progressive axon
degeneration of the distal ends of the longest and the largest nerve �bres. As exposure continues,
progressive retrograde destruction of these distal axon regions ensues with preservation of more
proximal segments resulting symptoms, that is, ataxia, skeletal muscle weakness and numbness of the
hands and feet. The speci�c spatiotemporal pattern of axon damage is similar to the pro�le of Wallerian
degeneration after axotomy (30–34) and is named as Wallerian-like degeneration. Studying the changes
of SARM1 in such a slowly progressing and moderate axon destruction process will contribute to
enhancing the understanding of Wallerian degeneration and explore its potential regulatory mechanism.

Methods

Animals and treatments
Adult male Wistar rats (160-180g, SPF) were supplied by Jinan Pengyue Laboratory Animal Breeding Co.,
Ltd., Jinan, China. All animals were kept in a barrier system. Food and drinking water were available. The
animal room was maintained at approximately 22 ℃ and 50% humidity with a 12 h light/dark cycle.
After seven days of acclimatization, rats were randomly divided into groups for experiments. With
references to ACR intoxication regimens (35), the in vivo ACR neuropathy model set up four groups of
control, low, medium, and high doses, 0, 10, 20 and 40 mg/kg b.w. i.p. every other day, respectively. RAPA
intervention experiment had the same ACR dose of the high dose group. The dose of RAPA was 1 mg/kg
b.w. i.p. once per week. ACR was dissolved in saline. And the control group was treated with saline. RAPA
was dissolved in DMSO, sequentially added with PEG300 and Tween-80 to help dissolve, and diluted with
physiological saline (volume ratio: DMSO 2.5%, PEG300 10%, Tween-80 1.25%, saline 86.25%) to get a
clear liquid.

Neurobehavioral and neurophysiological tests

Rotarod latency test
ZS-ROM rotarod fatigue equipment (Beijing Zhongshidichuang Technology and Development Co., Ltd.,
Beijing, China) was utilized. All rats received training before intoxication, that was, staying on the
equipment for 60 s at a velocity of 8 rpm. During the formal test, the original velocity was set at 0 rpm
and accelerated smoothly to 40 rpm within 200 s. The time that animals stayed on the rod was recorded
as its latency to fall (36, 37).
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Landing foot splay measuring
Landing foot splay was the distance between the inner surfaces of the fourth digits of each foot after the
animals were dropped from a 30 cm height (38).

Gait score evaluation
Rats were positioned in an open �eld and were observed for 3 min. Following the observation, a gait score
was assigned from 1 to 4 where 1 = a normal, unaffected gait; 2 = a slightly abnormal gait (tiptoe
walking, hindlimb adduction); 3 = moderately abnormal gait (obvious movement abnormalities
characterized by dropped hocks and tail dragging); 4 = severely abnormal gait (dragging hindlimbs and
complete absence of rearing) (39, 40).

Motor nerve conduction velocity measurement
The motor nerve conduction velocity of the rat tail was measured with a BL-420E biological function
experimental system (Chengdu Taimeng Technology Co., Ltd., Chengdu, China). The electrodes used in
our experiments were stainless steel needles, 0.34 mm in diameter and about 15 mm long. The rat was
�xed in the supine position and its tail was exposed to a pair of stimulating electrodes, which were
connected to the two pairs of sensor electrodes, and an earth electrode. A single electric stimulus of 5 V
was applied through the stimulating electrodes and two action potential oscillogram curves were
recorded. The time between the two peak points and the distance between the two negative sense
electrodes was recorded to calculate the motor nerve conduction velocity (41).

Cell culture and treatments
Mouse Neuro2a (N2a) neuroblastoma cells, purchased from American type culture collection (ATCC,
USA), were cultured in high-glucose Dulbecco's Modi�ed Eagle's medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS), 1% penicillin-streptomycin, 1% MEM Non-Essential Amino Acids
(NEAA) and 1% sodium pyruvate at 37°C in a 5% CO2 incubator. For differentiation, cells were induced in
DMEM medium supplemented with 2% (v/v) FBS and 10 µM retinoic acid for 48 h. Then, differentiated
cells were treated with ACR.

Cytotoxicity test and cellular morphology
Cytotoxicity test was conducted by Cell Counting Kit-8 (CCK8) (Tecan In�nite® M200 Pro). Axons of ACR
treated N2a cells were observed by microscope (Nikon ECLIPSE Ti). In each group, we observed 10 �elds
and recorded the length of six axons by TCapture at least for each �eld. The images shown in the article
have been faded and contrast enhanced to increase the accuracy of the measurement. Adjustments were
applied to the entire image. Based on the results of the cytotoxicity test and cellular morphology,
differentiated N2a cells began to show damage after being treated with 0.5 mM ACR for 24 h, and had
obvious axon degeneration after being treated with 2.0 mM ACR for 24 h.

LC3 turnover experiment
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Cells were seeded in six-well plates, adhered, differentiated, and pre-treated with 10 µg/mL Pepstatin A
and E64d for 1 h before treatment with ACR (42, 43).

Pathological examination

Histopathological examination
Rats were anesthetized with a 1:1 mixture of 5% chloral hydrate and 12.5% urethane. After infusion of
saline and 4% paraformaldehyde solution, the tissues were quickly dissected and separated. Spinal
lumbosacral enlargements (L2-S3) were �xed in 4% paraformaldehyde for 48 h, dehydrated in alcohol,
and then embedded in para�n. Every 20th cross section (5 µm) was processed by haematoxylin and
eosin (H&E) and Nissl staining (0.5% Thionine solution), scanned as digital slices through Olympus
VS120, and analyzed blindly. Cells with a distinct nucleus and a diameter of at least 25 µm located in the
anterior horn ventral to the line tangential to the ventral tip of the central canal were considered to be α
motor neurons. Those α motor neurons with abnormal morphological changes, such as hyperchromatic
cytoplasm, were counted.

Immuno�uorescence staining
N2a cells were seeded on sterile cover glasses placed in the 24-well plates. After desired treatment, N2a
cells adherent on glasses were washed with phosphate buffered solution (PBS) twice. Then, cells were
�xed in 4% paraformaldehyde solution for 10 min, quenched by 50 mM NH4Cl/PBS for 10 min,
permeabilized by 50 µg/ml Digitonin/PBS for 5 min, and blocked by 1% Gelatin/PBS for 30 min at 4°C.
Between each step, the glasses were washed by PBS. Then, cells were stained with antibodies dilutions
(1:200) at 4°C overnight. After washing with PBS, cells were incubated with goat secondary antibody
dilutions (1:1000) at room temperature for 1 h. Finally, cells were observed by a Nikon �uorescence
microscope. Para�n tissue sections were dewaxed, hot �xed, and stained as mentioned above. Fiji
Image-J was utilized to perform co-localization analysis of �uorescence images, including the Pearson's
R value calculation of the entire image and gray intensity analysis of the region of interest.

Transmission electron microscopy ultrastructure analysis
After perfusion, spinal cord (L2-S3) and sciatic nerve (sciatic notch-popliteal fossa) were separated,
trimmed to the appropriate size in 2.5% glutaraldehyde droplets, and �xed. Following ultramicrotomy, the
sections were transferred on to a nickel grid and stained with osmium tetroxide, uranyl acetate and lead
citrate. The samples were subsequently observed using a JEM1010 transmission electron microscope
(Jeol).

Live cell imaging of N2a cells
Mito Tracker Green FM staining was applied to visualize mitochondria, and Lyso Tracker Red DND-99 to
mark lysosomes and other acidic organelles. Hoechst 33342 was used to stain nuclei. Following the user
guide, Mito Tracker Green FM and Lyso Tracker Red DND-99 were dissolved in high-quality, anhydrous
DMSO to prepare a 1 mM stock solution and were stored at –40°C. The Stock solutions of Mito Tracker
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Green FM and Lyso Tracker Red DND-99 were diluted with DMED to a �nal concentration of 100 nM and
50 nM, respectively. N2a cells treated with 2 mM ACR for 24 h or not were incubated with this working
solution for 30 min, and then imaged by a �uorescence microscope.

Western blotting

Mitochondrial fractionation
Mitochondria were isolated using a Mitochondria Isolation Kit by sequential centrifugation. Brie�y,
samples were homogenized and were lysed by Mitochondria Isolation Solution supplemented with
protease inhibitor cocktail and phosphatase inhibitor cocktail. Lysates were centrifuged at 1,000 g for 5
min to remove the plasma membrane fraction, and subsequently, the supernatants were centrifuged at
3,500 g for 10 min to get puri�ed mitochondria. Isolated mitochondrial pellets were lysed and subject to
immunoblot analysis. Given the low yield of mitochondrial fraction and consistency changes of Wallerian
degeneration related molecular in the spinal cord and sciatic nerve, we did not extract the mitochondrial
components of the sciatic nerve homogenate.

Samples preparation, electrophoresis, and immunoblotting
The sciatic nerve was ground into powder in liquid nitrogen and the immunoblotting sample was
prepared according to the subsequent steps. The spinal cord was homogenized directly in ice-cold RIPA
buffer supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail. Then,
homogenates were centrifuged at 12,000 g for 10 min. Supernatants were used for immunoblotting
analysis. After protein concentration was determined by BCA™ Protein assay Kit, the sample was mixed
with 4x loading buffer, and then heated at 100°C for 5 min.

To assess relative changes in protein content, corresponding protein samples were subjected to sodium
dodecyl sulfonate-polyacrylamide gel electrophoresis. Following electrophoresis, proteins were
transferred electrophoretically to polyvinylidene �uoride membranes. Then the membranes were blocked
with 3% fat-free milk for 45 min and incubated with primary antibody (Additional �le 1. Reagent) diluted
in 0.1% BSA for 8 h. Following primary antibody, membranes were washed in a mixture of Tween 20 and
tris-buffered saline and incubated with horseradish peroxidase-conjugated secondary antibody at room
temperature for 1 h. After being washed again, the membranes were incubated by using the SuperSignal
West Pico Chemiluminescent Substrate reagents for 2 min and then exposed to Tanon-5200 Multi
Chemiluminescence Imaging System (Tanon Science & Technology, Shanghai, China). The full-blot
images can be found in the additional �le (Additional �le 2. Original blots). Digitized data were quanti�ed
as integrated optical density using Fiji Image-J (44). Each protein was repeated at least three times. VDAC
and β-actin (voltage-dependent anion-selective channel) were detected as loading control for total
proteins and mitochondrial proteins respectively.

Statistical analysis



Page 9/26

The performers were blinded to the experimental design in data collection and analysis. Data are
presented as means ± standard error of the mean (SEM) after analysis using SPSS 18.0 software. Two-
way Repeated Measures ANOVA was used for neurobehavioral data. Unpaired t test, one-way ANOVA and
two-way ANOVA followed by Bonferroni's post-hoc test, were performed in the right situation (Additional
�le 3. Statistical analyses). The differences were considered signi�cant at p<0.05.

Results

SARM1 dependent Wallerian degeneration is involved in
ACR neuropathy
A rat ACR neuropathy model was established after four weeks of exposure to ACR (0, 10, 20 and 40
mg/kg b.w. i.p. every other day, Fig. S1A). The symptoms of peripheral nerve injury were evaluated by
neurobehavioral performances (Fig. 1A). After three weeks of intoxication, rats in the high-dose group had
produced a triad of neurological de�cits with decreased rotarod staying time, increased landing foot
splay distances, and increased gait score. Consistent with neurobehavioral indicators, Axon destruction
was seen in rats subjected to ACR for four weeks (Fig. 1B-E). Compared with the age-matched control
group, the sciatic nerve axons in rats exposed to ACR for four weeks were lost. The retained axons were
swollen with an increased diameter and myelin sheaths were loose (Fig. 1B, 1C). Furthermore, the motor
nerve conduction velocity slowed down in a dose-dependent manner (Fig. 1D). The α motor neurons in
the lateral anterior horn of the spinal cord, innervating transarticular extrafusicular muscle �bres through
axons in the sciatic nerve, also showed obvious morphological changes. And the number of abnormal
neurons with morphological changes, such as hyperchromatic cytoplasm, increased in a dose-dependent
manner (Fig. 1B, 1E, Fig. S1B). Interestingly, these abnormal α motor neurons did not over-express RIPK1
and be negative for TUNEL staining (Fig. S1C, S1D), indicating that they did not die even though they
were under stress. Survival neurons with damaged axons revealed the early morphological feature for
ACR neuropathy, the axon degeneration. Moreover, Wallerian degeneration-related molecules were
detected by Western blotting. The constant up-regulation of SARM1 in the spinal cord and sciatic nerve
(Fig. 1F, 1G) suggested that the SARM1 dependent Wallerian axon destruction pathway was activated in
ACR-induced axon degeneration.

In order to directly observe the axon degeneration caused by ACR, we then measured the axon length of
N2a cells processed by ACR for different concentrations and different time (Fig. S1E, S1F). The axons
were observed shortened, accompanied by swelling, blebbing and fragmentation (Fig. 1H, 1I). The
expression of SARM1 was also up-regulated similarly to that in vivo, and it was dose- and time-dependent
(Fig. 1J).

Taken together, both the spatiotemporal pattern of axon degeneration and the SARM1 dependent
neuropathy indicated that ACR intoxication triggered the activation of Wallerian degeneration machinery.

The up-regulated SARM1 accumulates on mitochondria
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Immuno�uorescence was then conducted to determine the intracellular localization of SARM1. As
demonstrated in Fig. 2A, SARM1 aggregated into puncta along the nerve �bres, and even translocated in
the soma of α motor neurons from rats exposed to ACR for four weeks. Combined with the research on
the subcellular localization of SARM1, we speculated that these plaque-like and punctate structures may
be linked to the mitochondrial localization of SARM1. Then, we quanti�ed mitochondrial SARM1 by
isolating the mitochondrial fraction. In the low-dose group, SARM1 in the mitochondria fraction changed
signi�cantly, despite that the cytoplasmic level was unchanged (Fig. 2B). Compared with the changes in
the cytoplasm, the more obvious alteration was observed in the mitochondria fraction of the higher dose
groups further con�rming the accumulation of SARM1 on mitochondria (Fig. 2B). The
immuno�uorescence co-localization analysis of SARM1 and Parkin further proved the above conclusion
(Fig. 2C). In the low-dose group, the co-localization of SARM1 and Parkin dramatically increased along
axons. With increasing exposure doses, the degree of co-localization in axons increased. And evident co-
localization was found in α motor neuron cell bodies for the high-dose group. Finally, in vitro experiments
also veri�ed the mitochondrial aggregation of SARM1 (Fig. 2D). The immuno�uorescence of SARM1
presented as dots in ACR treated N2a cells. The co-localization degree of SARM1 with mitochondrial
molecules, e.g. Parkin and DRP1, also markedly increased, indicating that SARM1 got enriched on
mitochondria (Fig. S2A, S2B). Next, our research focused on the role of mitochondria in ACR-induced
Wallerian-like degeneration.

Mitochondrial dynamics are disturbed and mitophagy is
activated
Transmission electron microscopy analysis demonstrated that there were a large number of organelles in
the swollen axons from rats exposed to ACR for four weeks, including fragmented mitochondria and
some autophagy-related structures (Fig. 3A). The morphological changes of mitochondria in the spinal
cord and sciatic nerve were similar. The mitochondria in ACR treated groups were spherical and elliptical
with severely disorganized and swollen cristae, while the mitochondria in the control formed short tubules
with a clear sheet-like structure of mitochondrial cristae. Analysis of those images showed that ACR
caused an increase in the mitochondrial number, but the length of mitochondria was shortened. The
frequency distribution of mitochondrial length for ACR-treated rats was concentrated in a shorter area
(Fig. 3B). Western blotting results were in agreement with the morphological �ndings, disclosing the
fragmentation trend of the mitochondrial network. The protein levels of DRP1 and p-DRP1 (Ser616),
which promote mitochondrial �ssion, were raised signi�cantly in the mitochondrial fraction. By contrast,
the proteins involved in mitochondrial fusion, e.g. Mfn2 and OPA1, were markedly reduced (Fig. 3C).
Furthermore, western blotting also illustrated that PINK1, Parkin, OPTN, NDP52, LC3- , LC3- /  and P62
increased dramatically in ACR-intoxicated rats (Fig. 3D, 3E). The immuno�uorescence results were in
accord with this (Fig. 3F, Fig. S3).

Similarly, in vitro experiments also supported that ACR up-regulated mitophagy-related proteins (Figure
4A). To ascertain the alteration of autophagic �ux, we performed an LC3 turnover experiment in N2a cells
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(Fig. 4B). Pre-treatment with lysosome inhibitor Pepstatin A and E-64d further elevated the levels of LC3- ,
LC3- / , and P62 con�rming that ACR induced autophagy with the autophagic �ux increased on-rate. In
addition, the overlap of mitochondrial marker and intracellular acidic organelle marker greatly increased
in ACR treated N2a cells through live cell imaging of Mito Tracker Green FM and Lyso Tracker Red DND-
99 (Fig. 4C). Moreover, the co-localization of PINK1 and Tom20 (Fig. 4D), LC3 and Tim23 (Fig. 4E)
increased in ACR treated cells. These results fully indicated that ACR activated mitophagy.

Rapamycin intervention clears mitochondria accumulated
SARM1 and partly alleviates ACR neuropathy
Mitophagy selectively degrades defective mitochondria to maintain the mitochondrial network in a �ne
state. To verify the negative feedback inhibition of mitophagy on mitochondrial aggregated SARM1, we
conducted a RAPA intervention experiment (Fig. S5A). Rats in the intervention group were addressed in
low-dose, low-frequency RAPA to improve basal autophagy and to limit possible adverse effects.
Compared with the ACR-intoxication group, abnormal neurobehavioral performances in the RAPA
intervention group were delayed, and the severity was lower (Fig. 5A). Furthermore, pathological injuries
of axons and α motor neurons were improved (Fig. 5B-D), indicating that ACR-induced Wallerian-like
degeneration was signi�cantly alleviated following RAPA intervention. Nerve conduction velocity was
also obviously improved (Fig. 5E). The aggregation of SARM1 on the mitochondria was considerably
decreased (Fig. 5F), and mitochondrial dynamics- and mitophagy-related proteins returned to nearly
normal levels (Fig. 5F, Fig. S5B). More importantly, the shape, number, length, and length distribution of
mitochondria in the RAPA intervention group recovered with the elimination of mitochondrial SARM1
(Fig. 5G, 5H, Fig. S5C). The results suggested that autophagy activator RAPA partially rescued the
phenotype of ACR neuropathy.

Discussion
Neurotoxicity is the quintessential effect of ACR, and Wallerian-like degeneration is typical pathological
change of chronic ACR intoxication. In this study, we analyzed ACR-induced axon degeneration in vivo
and in vitro, con�rming that the SARM1-dependent Wallerian axon destruction pathway was associated
with peripheral nerve damage in ACR poisoning. These results not only con�rmed the neuropathology of
ACR intoxication, but also lead to the development of promising therapeutic strategies.

Furthermore, we found that ACR induced obvious accumulation of SARM1 on mitochondria.
Mitochondrial quality control mechanisms, e.g. mitochondrial dynamics and the PINK1-dependent
mitophagy pathway, changed. Finally, pharmacological activation of autophagy by RAPA effectively
removed SARM1 which accumulated on the mitochondria and partly alleviated axon degeneration. These
�ndings indicated that mitophagy limits Wallerian degeneration through the clearance of the pro-
degenerative factor SARM1 in ACR peripheral neuropathy.
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The mitochondrial localization of SARM1 may involve in mitochondrial neurites distribution, anoxic
degeneration (45) and neuronal survival regulations (46–48). But other studies prove that deletion of the
mitochondrial localization sequence does not alter its ability to promote axon destruction (49). We
consider that these inconsistent results may be ascribed to differences in the type of injury, the dose, and
the course of the disease. The Wallerian degeneration models of axotomy (18) or chemotherapy-induced
peripheral neuropathy, e.g. vincristine, bortezomib and paclitaxel (50, 51), induce rapid axon degeneration
with a relatively short latent period, making it di�cult to observe the interaction between mitochondrial
quality control and SARM1 in the early incubation stage. The results in this study preliminarily con�rmed
that ACR could induce the SARM1 dependent axon degeneration. Moreover, the level of NMNAT2 did not
decrease (Fig. 1F, G) as in the active degeneration stage. The relevant multi-omics data suggest that the
NAD+ level in the ACR-intoxication model is still maintained at a relatively high level (Fold Change of the
Control = 0.79, p = 0.005, FDR = 1.61%) (52), instead of depleted by increased SARM1. Although it is not
ruled out that some axons have entered the active degeneration stage and lost, these above indicate that
there are axons still in the early latent stage of axon destruction in rats subjected to ACR for four weeks.
This provides the possibility to fully explore the potential biological signi�cance of SARM1 mitochondrial
localization. Combined with our results, mitochondrial localization of SARM1 is likely to be related to its
clearance through the mitophagy pathway, which may explain these seemingly contradictory
observations.

Mitochondria are dynamic organelles. They are actively recruited to speci�c cellular locations, fuse and
divide continually which serves to intermix the lipids and contents of a population of mitochondria, and
have dynamic structures under �ne quality control conditions (53–56). At present, increasing evidence
support that macroautophagy/autophagy is involved in the process of axon degeneration (57–61). And
mitophagy, a speci�c type of autophagy that selectively degrades defective mitochondria, has received
extra attention in energy maintenance for damaged axons. PINK1 dependent pathway is one of the best-
studied mitophagy mechanisms (62–65). PINK1 is a serine/threonine kinase with an N-terminal
mitochondrial targeting sequence. Selective accumulation of PINK1 on the dysfunctional mitochondria
can recruit Parkin, OPTN, NDP52 etc., and these binding partners, in turn, induce the degradation of the
damaged mitochondria. Previous studies have found that SARM1 in the mitochondrial outer membrane
contributes to the stabilization of PINK1 and induces mitophagy (66). Therefore, mitochondrial
localization of SARM1 will help to sequester the cytoplasm SARM1 through the mitochondrial dynamic
process, and to the �nal degradation by mitophagy in ACR peripheral neuropathy. This is also consistent
with the related results of RAPA intervention.

Conclusions
Taken together, the study here �nds that the up-regulated SARM1 induced by ACR intoxication
accumulates on mitochondria with the N-terminal mitochondrial targeting sequence, which stabilizes
PINK1 and triggers the mitophagy degradation machinery. Mitophagy clearance of SARM1 is
complementary to the coordinated activity of NMNAT2 and SARM1. Enhancements of mitophagy with
pharmacological methods will promote the clearance of SARM1 and prevent it from breaking down NAD+
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metabolism, mitochondrial quality control, and other homeostasis mechanisms. Our research
preliminarily demonstrated the potential role of mitophagy in ACR-induced toxic peripheral neuropathy.
Further elucidating the mechanistic link between mitophagy and SARM1-dependent axon degeneration
will help to develop new strategies for the prevention and treatment of a variety of axon destruction
diseases.
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Figure 1

ACR induces Wallerian-like degeneration and upregulates SARM1. (A) Body weight and neurobehavioral
performances of rats subjected to ACR for four weeks. (B) Axon damage and neuronal morphology
changes in rats. Red arrowheads in the transmission electron microscope images of the sciatic nerve
indicate demyelinated axons. Red arrowheads in the spinal cord H&E and Thionine Nissl staining images
indicate abnormal α motor neurons. (C) Quanti�cation of axon number, axon diameter, and distribution of
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axon diameter in the sciatic nerve. (D) Neurophysiological tests of rats subjected to ACR for four weeks.
(E) Quanti�cation of α motor neurons with abnormal morphological changes. (F) Western blotting
analysis of Wallerian degeneration-related proteins in the sciatic nerve and (G) in the spinal cord from
rats subjected to ACR for four weeks. (H) Representative images and axon length measurement results (I)
of N2a cells processed by ACR for different concentrations and different time. Red arrowheads indicate
the damaged axons that are accompanied by swelling, blebbing, and fragmentation. Scale bar, 100 µm.
(J) Western blotting analysis of Wallerian degeneration-related proteins in N2a cells with ACR treated for
different concentrations and different time.
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Figure 2

SARM1, which is up-regulated in ACR neuropathy, accumulates on mitochondria. (A) Representative
immuno�uorescence images of SARM1 in the spinal cord sections from rats subjected to ACR for four
weeks. In the detail display, yellow and white arrowheads refer to the gathered SARM1 in the cell soma
and axon, respectively. (B) Western blotting analysis of SARM1. The mitochondrial fraction and the
cytoplasmic fraction of the same sample are loaded (40 μg per channel) in the same gel for
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immunoblotting. And sequentially incubate with primary anti-SARM1, anti-VDAC, anti-β-actin antibodies.
VDAC and β-actin are used for internal control and homogenization of mitochondrial fractions and
cytoplasmic fractions, respectively. (C) Immuno�uorescence of SARM1 (red) and Parkin (green) in spinal
cord sections from rats subjected to ACR for four weeks. The white lines in the images are the region of
interest for gray intensity analysis of red and green channels. Black arrows indicate overlapped points.
Scale bar, 20 µm. (D) Immuno�uorescence of SARM1 (red) and Parkin (green), SARM1 (red) and DRP1
(green) in N2a cells with ACR treated for 24 h. The hollow white arrows indicate the punctate-
accumulated SARM1. Scale bar, 20 µm.
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Figure 3

Mitochondrial dynamics are disturbed and mitophagy-related proteins are upregulated in ACR
neuropathy. (A) Representative transmission electron microscopy images of the sciatic nerve and the
spinal cord from rats subjected to ACR for four weeks. The black and red dotted boxes show the
ultrastructure of mitochondria and autophagy-related vesicles, respectively. (B) Quanti�cation of
mitochondrial number, mitochondrial length, and distribution of mitochondrial length in the spinal cord of
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rats subjected to ACR for four weeks. (C) Western blotting analysis of mitochondrial dynamic- (D)
mitophagy- and (E) autophagy-related proteins in the spinal cord from rats subjected to ACR for four
weeks. (F) Immuno�uorescence of LC3 (green) and DRP1 (red) in the spinal cord sections from rats
subjected to ACR for four weeks. The white lines in the images are the region of interest for gray intensity
analysis of red and green channels. Black arrows indicate overlapped points. Scale bar, 20 µm.

Figure 4
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Mitophagy is activated in ACR neuropathy. (A) Western blotting analysis of mitophagy-related proteins in
ACR processed N2a cells. (B) Western blotting analysis of LC3 turnover experiment. (C) Live cell imaging
of N2a cells with ACR treated for 24 h or not. Scale bar, 20 µm. (D) Immuno�uorescence of PINK1 (green)
and Tom20 (red), (E) LC3 (green) and Tim23 (red) in N2a cells with ACR treated for 24 h. Scale bar, 50
µm. The white lines in the images are the region of interest for gray intensity analysis of red and green
channels. Black arrows indicate overlapped points, and black arrowheads indicate non-co-located points.

Figure 5
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Rapamycin limits the mitochondrial accumulation of SARM1 and rescues the phenotype of ACR
poisoning. (A) Body weight and neurobehavioral performances of rats. (B) Axon damage and neuronal
morphology changes in rats with RAPA intervened. Red arrowheads in the spinal cord H&E and Thionine
Nissl staining images indicate abnormal α motor neurons. (C) Quanti�cation of axon number, axon
diameter, and distribution of axon diameter in the spinal cord of rats with RAPA intervened for four weeks.
(D) Quanti�cation of α motor neurons with abnormal morphological changes. (E) Neurophysiological
tests of rats with RAPA intervened or not. (F) Western blotting analysis of SARM1 and mitophagy-related
proteins in the spinal cord. (G) Immuno�uorescence of SARM1 (red) and Parkin (green) and
representative immuno�uorescence images of SARM1 in the spinal cord sections. (H) Representative
transmission electron microscopy images of the spinal cord from rats with RAPA intervened or not. The
black dotted box shows the mitochondria ultrastructure. Histograms on the right are quanti�cation of
mitochondrial number, mitochondrial length, and distribution of mitochondrial length in the spinal cord of
rats with RAPA intervened or not.
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