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Metabolic alterations after traumatic neural injury:
Mechanistic insights and potential translational targets
for axon regeneration

Qiangian Cao't, Wenwen Zhao't, Junjie Yan', Stephane Belin?, Bin Yu’,
Homaira Nawabi®*, Susu Mao'#
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original US.
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Metabolism not only provides essential substances and energy for cells through catabolism and anabolism but
also exerts broader regulatory roles through metabolic enzymes and products that influence gene expression,
thereby maintaining homeostasis. Upon neuronal injury, metabolic changes in both neurons and supporting cells
influence neuronal survival and regeneration by regulating energy supply, substrate availability, regeneration-
related gene expression, and cell-cell metabolic interactions. Axon regeneration is a key process in neural repair
after injury. Beyond the nervous system itself, systemic factors such as diet, exercise, circadian rhythms, and psy-
chological stress also play crucial roles in axon regeneration through interorgan metabolic communication and
microbiota-host metabolic cross-talk. In this Review, we summarize advances in understanding metabolic altera-
tions during axon regeneration, with a focus on glycometabolism, lipid metabolism, protein degradation, mito-
chondrial activity, and systemic factor-driven metabolic cross-talk between nervous and non-nervous systems.
We also highlight the therapeutic potential of metabolites themselves, analyze distinct metabolic responses after
injury in the peripheral and central nervous systems, and discuss their spatiotemporal dynamics and cell type
specificity. Last, we propose that successful neural repair requires the establishment of a systemic pro-regenerative

state throughout the entire body.

INTRODUCTION

Axon regeneration is a critical process for restoring nervous system
function after neural injury. This is a complex and coordinated pro-
cess relying not only on the intrinsic regenerative capacity of neu-
rons but also on the lesion microenvironment. In the central nervous
system (CNS), limited intrinsic regenerative capacity and the pres-
ence of an inhibitory microenvironment pose challenges to axon
regeneration after injury. However, in the peripheral nervous system
(PNS), axon regeneration usually spontaneously initiates when neu-
rons perceive injury, thereby activating a series of biological re-
sponses. Substantial progress has been made in elucidating the
cellular and molecular mechanisms that govern axon regeneration.
Nonetheless, the influence of metabolic alterations in supporting
and modulating this process continues to be a subject of intense re-
search (I-3). Metabolism is indispensable not only for maintaining
cellular energy homeostasis but also for regulating signaling net-
works and the epigenetic modulation of gene expression, which in
turn affects the pace and success of nerve regeneration (4-7).

Key metabolic pathways, such as glycometabolism, lipid metabo-
lism, and protein degradation and synthesis, are recognized for their
regulatory roles in axon regeneration. The basic function of glucose
metabolism is to yield adenosine triphosphate (ATP), the energy
currency underpinning diverse physiological activities and tissue
repair processes. Lipid metabolism, particularly the role of fatty acids
in membrane remodeling, is crucial for cellular structural adaptation

lJiangsu Key Laboratory of Tissue Engineering and Neuroregeneration, Key Labo-
ratory of Neuroregeneration of Ministry of Education, Co-innovation Center of
Neuroregeneration, Nantong University, Nantong, 226001, China. 2Univ. Grenoble
Alpes, Inserm, U1216, Grenoble Institut Neurosciences, 38000 Grenoble, France.
1These authors contributed equally to this work.

*Corresponding author. Email: homaira.nawabi@inserm.fr (H.N.); maosusu@ntu.edu.
cn (S.M.)

Cao et al.,, Sci. Signal. 19, eadx9003 (2026) 24 February 2026

(8). Furthermore, intermediate metabolites like pyruvate, lactate,
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), phosphatidic
acid (PA), lysophosphatidic acid (LPA), and arachidonic acid (AA),
which are generated by glucose and lipid metabolism, are also sig-
naling molecules that modulate intracellular neuronal pathways and
epigenetic modifications, directly participating in neuronal restora-
tion (9, 10). The balance between protein degradation and syn-
thesis is essential for neuronal recovery, providing necessary materials
and ensuring the removal of damaged proteins (11, 12). Moreover,
mitochondria are instrumental in sustaining energy homeostasis and
promoting axonal regrowth, and mitochondrial dysfunction is linked
to various neurodegenerative conditions and hinders regeneration
after nerve injury (13, 14).

Although intrinsic neuronal metabolism is fundamental for axo-
nal regeneration, other cell types, including glial cells, immune cells,
and other supporting cells, also play essential roles (15-19). Meta-
bolic cross-talk between the nervous system and non-nervous tis-
sues contributes to axon regeneration (20-23). For example, the gut
microbiota produces metabolites such as short-chain fatty acids
(SCFAs) that can actively influence nerve regeneration (24, 25). In
addition, adipose tissue communicates with the nervous system
through adipokines such as leptin, which supports nerve regenera-
tion. Metabolic alterations in adipose tissue can affect neuronal en-
ergy supply, neuroprotection, and the repair mechanisms involved
in axon regeneration (26). These findings suggest that cross-system
metabolic cross-talk may provide new strategies for promoting neu-
ral repair.

In this Review, we provide an overview of metabolic changes during
axon regeneration, focusing on glycometabolism, lipid metabolism,
protein degradation, and mitochondrial dynamics. We examine
how systemic factors such as diet, exercise, circadian rhythm, and
psychological stress regulate regenerative processes, with particular
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Pyruvate dehydrogenase beta subunit (Pdhb) promotes peripheral axon el
regeneration by regulating energy supply and gene expression
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ARTICLE INFO ABSTRACT

Keywords:

Peripheral nerve injury
Axon regeneration
Pdhb

Glycometabolism

Gene expression

Key metabolic enzymes not only regulate Glucose, lipid, amino acid metabolism to serve the cellular energy
needs, but also modulate noncanonical or nonmetabolic signaling pathway such as gene expression, cell-cycle
progression, DNA repair, apoptosis and cell proliferation in regulating the pathologic progression of disease.
However, the role of glycometabolism in peripheral nerve axon regeneration is little known. In this study, we
investigated the expression of Pyruvate dehydrogenase E1(PDH), a key enzyme linking glycolysis and the

tricarboxylic acid (TCA) cycle, with qRT-PCR and found that pyruvate dehydrogenase beta subunit (Pdhb) is up-
regulated at the early stage during peripheral nerve injury. The knockdown of Pdhb inhibits neurite outgrowth of
primary DRG neurons in vitro and restrains axon regeneration of sciatic nerve after crush injury. Pdhb over-
expression promoting axonal regeneration is reversed by knockdown of Monocarboxylate transporter 2(Mct2), a
transporter involved in the transport and metabolism of lactate, indicating Pdhb promoting axon regeneration
depends on lactate for energy supply. Given the nucleus-localization of Pdhb, further analysis revealed that Pdhb
enhances the acetylation of H3K9 and affecting the expression of genes involved in arachidonic acid metabolism
and Ras signaling pathway, such as Rsa-14-44 and Pla2g4a, thereby promoting axon regeneration. Collectively,
our data indicates that Pdhb is a positive dual modulator of energy generation and gene expression in regulating

peripheral axon regeneration.

1. Introduction

Metabolism consisting of a series of enzymatic reactions provides
various substrates and enough adenosine triphosphate (ATP) for
biosynthesis and bioenergenesis that ensure cell survive and work (Xu
et al., 2021). The formation and maintenance of animal nervous system
is a highly energy-demanding processes depending on complex meta-
bolic regulation (Han et al., 2020). Mitochondria, as the energy source of
cells, provide essential ATP for the growth, survival and regeneration of
neurons (Huang et al., 2021). Nerve injury and ischemia induce acute
mitochondrial damage and a local energy crisis, resulting in degenera-
tion (Smith and Gallo, 2018; Cheng et al., 2022). Enhancing axonal
mitochondrial transport and restoring energy supply by turning off the
axonal mitochondrial anchor syntaphilin, facilitates axon regenerative

* Corresponding authors.

capacity of both sciatic nerve and corticospinal tract (CST) (Cheng et al.,
2022; Zhou et al., 2016; Gallo, 2020). Lipid metabolism has recently
been validated implicating in the regulation of axon regeneration.
Regulating triglyceride (TG) hydrolysis and phospholipid (PL) synthesis
by Lipinl depletion promoted injured axonal regrowth of optic nerve
and sciatic nerve (Yang et al., 2020). Down-regulating cholesterol syn-
thesis via Smad signaling by Prom1 boosts axon regeneration of DRG
neurons (Lee et al., 2020). Recently, our group applying untargeted
metabolomics for the first time profiled profiling of the metabolites in
dorsal root ganglia (DRG) post sciatic nerve injury and further demon-
strated that administration of metabolite, N, N-Dimethylglycine (DMG)
is stimulative for the promotion of peripheral axon regeneration (Zhang
etal., 2022). Thus the growing number of studies have indicated that the
metabolic status of neurons is closely related to their regenerative

E-mail addresses: 7250012700@shsmu.edu.cn (L. Shen), qqcao@ntu.edu.cn (Q. Cao).

! Both authors contributed equally to the work.
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