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The downstream signaling pathways of TLR activation involve a family of adaptor
proteins, including MYD88, TIRAP, TRIF, TRAM, and SARML. The first four proteins
stimulate inflammatory and antiviral responses, playing crucial roles in innate
immunity against various pathogens. In contrast, SARM1 promotes immunity to
microorganisms in invertebrate animals independently of TLRs, and negatively
regulates inflammatory responses in metazoan organisms. SARM1 inhibits TRIF,
reduces the activation of various inflammasomes, and induces mitochondrial
damage and cell death to eliminate hyperactivated cells. This regulation is
essential to ensure timely control of immune responses and to prevent excessive
inflammation. Recently, it was discovered that SARM1 can hydrolyze NAD, a critical
component of cellular metabolism. The reduction of NAD levels by SARM1 is linked
to the progression of Wallerian degeneration following neuronal injury and may
also play a role in the immunoregulation of lymphoid and myeloid cells. Since
SARM1 can be pharmacologically modulated, it presents promising opportunities
for developing treatments for inflammatory and neurodegenerative diseases.

KEYWORDS
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1 Introduction

The immune system in mammals is a highly sophisticated recognition network
equipped with an extensive array of cellular and molecular machinery, primarily tasked
with maintaining the host organism’s homeostasis (1). In humans, this monitoring
becomes particularly challenging due to constant environmental changes, such as
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fluctuations in temperature, diet, circadian rhythm, microbiota, and
the emergence of infections (2).

The immune system plays a pivotal role in safeguarding the
organism by recognizing stress-causing agents, whether infectious
or otherwise, and restoring equilibrium (1). However, dysregulation
within this intricate system can compromise its ability to neutralize
stressors or properly quell inflammatory responses once the threat
has been addressed (3, 4). Unchecked inflammation may lead to
substantial tissue damage and the onset of autoimmune or
autoinflammatory disorders, resulting in significant morbidity
and mortality worldwide (5).

Pathogen elimination is one of the most widely discussed
functions of the immune system (6), with Toll- (TLRs), Nod-Like
Receptors (NLR) and Inflammasomes being key components due to
their ability to recognize various classes of pathogens (7).
Specifically, TLRs detect conserved molecules called pathogen-
associated molecular patterns (PAMPs) and alert the host to the
presence of potentially dangerous organisms (8). TLR engagement
represents a pivotal step in innate immunity, capable of either
promoting inflammation or initiating an antiviral state. The effector
mechanism triggered depends on the type of PAMP and the
respective TLR involved in its recognition. These receptors also
play a crucial role in activating antigen-presenting cells (APCs),
thereby enhancing their ability to activate T lymphocytes and
instructing dendritic cells (DCs) on the appropriate differentiation
profile for recognizing specific pathogens (9).

TLRs are anchored in both cytoplasmic and endosomal
membranes, and upon engagement, they trigger a signaling
cascade mediated by homotypic interactions between adaptor
proteins containing Toll/IL-1R (TIR) domains present in the
cytosol (10, 11). Although more than 7 proteins belonging to this
family have been described, Myeloid Differentiation Factor 88
(MYD88), Toll/IL-1R domain-containing adaptor protein
(TIRAP), Toll/IL-1R domain-containing adaptor inducing
interferon-f (TRIF), TRIF-related adaptor molecule (TRAM), and
Sterile Alpha and TIR Motif-containing protein 1 (SARM1) are the
most widely recognized and are of significant importance in the
induction and regulation of inflammation (6).

MYDB88 participates in signal transduction originating from the
activation of IL-1 receptor (IL-1R) and TLRs (12). When activated,
TLRs undergo dimerization, and some of them (TLRs 7, 8, and 9)
can directly recruit MYD88, which then recruits TRAF6 to promote
inflammation or TRAF3 to induce the antiviral state. TLRs 1, 2, 4,
and 6 utilize the adaptor protein TIRAP to facilitate MYD88
recruitment and subsequent IRAK attachment, which induces
NEF-KB activation (13-16). TLR3 signaling is associated with
detecting viral infections by recognizing double-stranded RNA.
Upon activation, they recruit TRIF, an adaptor capable of
interacting with TRAF3 to induce an antiviral response through
the activation of IRF3/7, but also capable of interacting with TRAF6
to activate NF-kB and promote inflammation (17). TRIF is also
essential in signaling originating from TLR-4 internalized in
endosomes, in this case, another adaptor, TRAM, facilitates TRIF
recruitment, which interacts with TRAF6 to promote inflammation
via NF-kB (18-21).
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SARM], in turn, diverges from what has been discussed
regarding its relatives concerning its functionality in the immune
response. In phylogenetically distant organisms, the presence of a
functional gene homologous to human SARMI1 confers
antimicrobial activities, albeit independently of TLRs (6, 22-24).
In vertebrate metazoans, SARM1 acts in different instances to
regulate the immune response, potentially inhibiting TLR
responses, NLRP3, and AIM2 inflammasome responses (22, 25),
promoting the death of hyperactivated cells by disrupting
mitochondrial homeostasis (26, 27). Some evidence suggests that
SARMI1 may also contribute to the contraction of the adaptive
response after eliminating an infectious agent (28). In this review,
we will address the different functions exerted by SARMI in
different cells and organisms. We will also discuss the therapeutic
potential of modulating its expression and activation for the
treatment of inflammatory and neurodegenerative diseases.

2 Regulation of TLR response by
SARM1

SARMI was initially described in 2001 as an evolutionarily
conserved protein present in phylogenetically distant species such
as Homo sapiens, Mus musculus, Drosophila melanogaster, and
Caenorhabditis elegans. Its functionality was elucidated with the
discovery of the SARMI ortholog in fruit flies, GG7915, and its
ability to affect the insect’s embryonic development, as animals
deficient in this gene were embryonically inviable (23). Knowledge
about the structure and functionality of SARMI1 has been greatly
expanded through studies with C. elegans. Structurally, Toll-
interleukin 1 repeat (TIR-1), the SARMI ortholog in C. elegans,
also expresses the TIR, Armadillo repeat (ARM), and two Sterile
alpha motif (SAM) domains. The SAM domains consist of 70
amino acids and function in the formation of homodimers (29).
Besides being present in adaptor molecules like SARM1 itself, these
domains have also been described in transcription factors (30),
tyrosine kinases (31), MAP kinases, and serine/threonine kinases
(32-35). The ARM domain is also present in a wide variety of
proteins in animals and plants (36-38), while the TIR domain is
somewhat more restricted. It is present in three types of proteins:
transmembrane proteins with extracellular Ig domains, such as the
IL-1 receptor (IL-1R); transmembrane proteins with extracellular
leucine-rich repeat (LRR) domains, such as TLRs; and cytoplasmic
proteins responsible for TLR and IL-1R signal transduction (24, 39).
The TIR domain comprises 200 amino acids and is responsible for
homotypic interactions between proteins by affinity (33).

Generally, proteins containing the TTIR domain play a central role
in innate immunity. SARMI in C. elegans has two proteins with this
domain: Toll-1, a single TLR expressed by the animal, and TIR-1,
which is homologous to SARMI. At the moment, we know that TIR-1
is a TLR adapter; however, the importance of this cytoplasmic protein
in pathogen response independently of Toll-1 has been demonstrated.
In fungal infections of C. elegans by Drechmeria coniospora, TIR-1
induces the expression of NLP-29 and NLP-31, components with high
microbicidal activity. In this context, inhibition of Tir-1 expression by
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RNA interference (RNAi) renders the animals extremely susceptible to
infection, and the absence of C. elegans’ sole TLR did not alter the
worms’ susceptibility to the fungus (40, 41).

TIR-1 serves a crucial role in the antibacterial response, as
demonstrated by experiments employing RNA interference (RNAi)
to inhibit its expression, which heightened susceptibility to
Pseudomonas aeruginosa infection in worms. This heightened
susceptibility correlated with a significant decrease in levels of
phosphorylated PMK-1, the biologically active form of PMK-I,
without altering the total protein levels. This suggests that TIR-1’s
action precedes the activation of PMK-1. PMK-1 is one of three
enzymes belonging to the p38 family of Mitogen-Activated Protein
Kinases (MAPK) in C. elegans, with the other two members, NSY-1
(MAPK3) and SEK-1 (MAPK?2), also playing key roles in the worms’
immune response (42). Afterwards, a genetic screening study has
identified mutations in these two MAP kinases being linked to the
reduced worm survival against bacterial infection. Both NSY-1 and
SEK-1 act downstream of PMK-1, as evidenced by RNAI silencing
experiments that resulted in a marked reduction in PMK-1
phosphorylation (43) and increased susceptibility to P. aeruginosa
infection (44). Conversely, overexpression of components within this

10.3389/fimmu.2025.1521364

pathway has been associated with a protective phenotype (45).
Importantly, sequential phosphorylation of NSY-1, SEK-1, and
PMK-1 leads to the phosphorylation of the transcription factor ATF-
7, promoting the transcription of numerous genes associated with the
innate immune response (46). This pathway also proves vital in the
response to the Gram-positive bacterium Enterococcus faecalis,
underscoring the central role of TIR-1 in antimicrobial immunity
against a diverse array of pathogens (24) (see Figure 1).

SARMI contributes to pathogen immunity in invertebrates in a
TLR-independent manner and without inducing NF-kB and IRF3
activation (47, 48). Genes regulated by these transcription factors
did not show increased expression after overexpressing human
SARMI1 in mammalian cells, indicating that its antimicrobial
activity observed in some invertebrates stems from a mechanism
very different from those observed for other members of the TIR
domain-containing adaptor family (24, 29).

The expression of SARMI is increased in mammalian cells
following LPS stimulation, suggesting that SARM1 may play a role
in regulating signal transduction between TLR4 and certain related
transcription factors, such as NF-kB and IRF3. This phenomenon
was confirmed by identifying a dose-dependent reduction in the
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The action of mammalian SARM1 and its C. elegans ortholog TIR-1 in the immune response to pathogens. Pathogen presence triggers an
inflammatory response mediated by TIR-1 independently of Toll-1. The mechanism by which TIR-1 is associated with sequential phosphorylation of
NSY-1, SEK-1, and PMK-1 remains unknown. PMK-1 phosphorylates ATF-7, facilitating its translocation to promote the expression of inflammatory
response genes. In mammalian cells, TLR activation promotes an inflammatory or antiviral response. Signal transduction from the plasma/endosomal
membrane to the nucleus relies on adaptor proteins such as MYD88, TRIF, TRAM, and TIRAP. These adaptors interact via the TIR domain with TLRs
and activate TRAF3 or TRAF6, important proteins for NF-kB and IRF3/7 activation. SARM1 interacts with TLR adaptor proteins through its TIR domain,
inhibiting their recruitment to TLRs and blocking their signaling. Figure created with BioRender.com.
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expression of genes regulated by IRF3 after SARM1 overexpression.
This effect is mediated by the homotypic interaction between the
TIR domains of SARMI1 and TRIF, potentially preventing TRIF
from activating IRF3. Furthermore, NF-kB activation induced by
TRIF is also dose-dependently diminished in cells with increased
SARMI expression. Thus, the initial functional activity of SARM1
in mammalian cells has been revealed, portraying it as an
immunoregulatory component capable of competing with TRAM
for interaction with TRIF, thereby aiding in the modulation of the
innate immune response (29).

Further substantiating its immunoregulatory role, SARM1 was
found to inhibit AP-1 activation by suppressing p38 MPK
phosphorylation post TLR4 stimulation with LPS, independently
of TRIF and MYD88. This type of regulation stands distinct from
previous attributions to SARM1 (47). Notably, the homolog of
SARMLI in Larimichthys crocea, Lc-SARM, has also been implicated
in immunoregulation. Lc-SARM inhibits the activation of IRF3,
IRF7, and NF-kB-dependent antiviral responses by interacting with
TRIF (48) (see Figure 1). Most of the results obtained from assessing
SARMI function in the immune response in mammalian cells
pointed to an immunoregulatory action mediated by direct
interaction with TRIF. However, when using a SARMI
overexpression program in HEK293 cells, it was possible to
observe that this adaptor can also interact with MYD88 through
the glycine residue located in the BB loop of the TIR domain. This
heterologous expression system of SARM1 promotes a reduction in
the production of pro-inflammatory cytokines such as IL-8 and
TNFa induced by LPS, a phenomenon that was reversed when cells
were transduced with SARM1 containing the mutated BB loop (49).

In mice, SARMI regulates the production of pro-inflammatory
cytokines. SARM1 deficiency in macrophages exacerbated DSS-
induced intestinal inflammation. Mechanistically, SARM1I
promotes the recruitment of TRAF to MYD88 and negatively
regulates the MYD88-dependent inflammatory response in the
intestine (50).

3 SARM1 as a cellular steward and
guardian of host homeostasis

In mammalian cells, SARMI operates on multiple fronts to
attenuate the immune response (25, 48, 49).This is a physiologically
crucial mechanism, as inflammatory responses must be finely tuned.
Excessive responses to a stimulus or difficulties in terminating the
response after the elimination of the stressor (infection, tissue injury,
and others) can inflict serious harm on the organism (1).

SARMI1 exerts negative regulation on NLRP3-mediated
inflammation. Inflammasomes activation triggers the cleavage of
GSDMD, Pro-IL-1B, and Pro-IL18, with GSDMD facilitating the
formation of pores in cell membranes and enabling the release of
matured cytokines from the platform (51-55). This can lead to
highly inflammatory cell death, known as pyroptosis, which is an
essential mechanism for eliminating replicative niches of
intracellular pathogens and halting the inflammatory activity of
the affected cell (56) (see Figure 2).
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The regulatory impact of SARM1 on inflammasome-mediated
inflammation is highlighted by its response to the intracellular
pathogen Klebsiella pneumoniae, creating an anti-inflammatory
environment conducive to bacterial proliferation. SARM1’s direct
interaction with AIM2 impedes its activation, thereby disrupting
the cleavage of Pro-IL-18, Gasdermin-D, and Pro-IL-1f in the
presence of the pathogen. Deletion of SARM1 renders animals less
susceptible to infection, underscoring its pivotal role in host
defense. Furthermore, SARM1’s interaction with IRF3 and TRIF
diminishes their activation, thereby attenuating the expression of
inflammatory genes, including those encoding inflammasome
components. Notably, as Klebsiella is a Gram-negative bacterium
containing LPS in its cell wall, analogous outcomes have been
observed in cells treated with purified LPS. Additionally, SARM1
promotes the production of IL-10, an anti-inflammatory cytokine,
while concurrently reducing STAT3 phosphorylation, a key
regulator of cytokine expression. This multifaceted modulation
underscores SARM1’s intricate orchestration of the immune
response (25).

Certain stimuli, such as LPG, a notable NLRP3 activator, induce
robust inflammasome activation without triggering cell apoptosis.
Despite this, the cell remains viable, producing elevated levels of
pro-inflammatory cytokines. These cells enter a state of
hyperactivation, which can sustain persistent inflammation.
SARM1 plays a crucial role in preventing this phenomenon
across various stimuli, including nigericin, where stimulated cells
undergo programmed cell death, leading to transient inflammation.
SARMI achieves this by binding to NLRP3 via its TIR domain,
thereby impeding the formation of ASC specks and reducing the
availability of anchoring sites for caspase-1 activation. Furthermore,
oligomerized SARMI, tethered to the mitochondrial membrane,
undergoes augmentation following non-hyperactivating stimuli.
This increase is associated with the induction of mitochondrial
membrane depolarization and cellular energy collapse, signaling
irreversible damage. Consequently, it triggers the shutdown of
membrane repair mechanisms, facilitating the transition from the
hyperactivated state to pyroptosis (26, 27) (see Figure 2).

In addition to promoting pyroptosis to prevent the generation of
hyperactivated cells and directly binding to NLRP3 to decrease the
activation of pro-inflammatory cytokines (26, 27), SARM1 plays a
crucial role in inducing apoptosis in CD8 T cells, thereby contributing
significantly to the contraction of their response. SARMI exhibits
heightened expression in naive T cells but significantly diminishes
during activation. However, its expression is restored in terminally
differentiated T cells, where it executes a pro-apoptotic function by
reducing ERK phosphorylation, a pivotal determinant in T cell survival,
proliferation, and differentiation. Additionally, SARM1 contributes to
mitochondrial membrane depolarization and ROS generation. This
process is facilitated by SARMI’s capability to downregulate the
expression of BCL-xL, a crucial component in maintaining
mitochondrial integrity and cell survival (28). Furthermore, SARM1
acts as a scaffold, promoting the recruitment of JNK3 to the
mitochondrial membrane, a protein capable of inhibiting BCL2 and
BCL-xL, phosphorylating and oligomerizing the pro-apoptotic protein
BAD, and translocating the pro-apoptotic protein BAX to the
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Schematic representation of SARM1 structure, its activation mechanism, and enzymatic activity. SARM1 consists of an autoinhibitory ARM domain,
two tandem SAM domains responsible for SARM1 multimerization, a TIR domain with the NADase activity residue, and a mitochondrial membrane
anchoring tag. The NMN/NAD+ ratio determines SARM1 activation status. A decrease in the ratio favors NAD+ binding to the ARM domains of
SARM1 multimers, maintaining separation between the TIR domains of SARM1 multimers and inhibiting NAD+ hydrolysis, a process that promotes
axonal survival in neurodegenerative diseases. A high ratio enables NMN binding to the ARM domain, induces conformational changes in the
multimer, and brings its TIR domains closer to creating the allosteric NAD+ cleavage site, a process associated with neuronal degeneration
progression after injury. (C) The catalytic activity residue of SARM1's TIR domain on NAD+ is located in the vicinity of amino acid 642. When
activated, SARM1 degrades NAD+ into Nam and ADRP, the latter of which can still be cyclized to form cADRP. Figure created with BioRender.com

mitochondria, thus reinforcing its role in promoting programmed cell
death (57), a protein capable of binding and inhibiting BCL2 (58) and
BCL-xL (59), promoting the phosphorylation and oligomerization of
the pro-apoptotic protein BAD (60), and translocating the pro-
apoptotic protein BAX to the mitochondria (61), supporting the role
of SARMI1 in promoting programmed cell death (See Figure 2).
Overexpression of SARMI leads to decreased ERK phosphorylation,
resulting in increased ROS levels, reduced expression of BCL-xL,
compromised mitochondrial integrity, decreased mitochondrial
membrane potential, and ultimately, induction of cell death.
Conversely, inhibition of ERK or overexpression of BCL-xL reverses
this scenario, promoting cell survival. Inhibiting SARM1 expression via
RNA interference enhances the survival of activated T cells and reduces
Activation-induced cell death (AICD). Reduced expression of SARM1
is observed in certain types of lymphoma, correlating with the
organism’s inability to effectively clear lymphocytes (28).

4 SARM1 NADase activity

SARMI comprises 724 amino acids divided into 4 domains,
including a TIR domain, an ARM domain, and two tandem SAM
domains, which respectively act in the protein’s effector actions,
oligomerization, and auto inhibition (62, 63). SARM1 also features
a signal peptide present in its N-terminal portion that directs it to
the outer membrane of mitochondria (see Figure 3). Indeed,
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SARMI co-localizes with mitochondria, although the anchoring
status appears dispensable for triggering its effector functions (64).
In humans, the structure of SARMI1 forms an octameric
arrangement, with each SAM domain adopting a characteristic
bundle of five o helices (a1 to o5) separated by a 10-amino-acid
linker. Although SAM domains typically form open polymeric
structures, in SARMI1, the rigid linkage results in a ring
formation (65).

In the TIR domain of SARMLI, a residue with NADase activity
has been identified. Mutations that promote the substitution of
amino acid 642 of this protein are sufficient to abolish the ability of
SARMLI to cleave NAD+, indicating that its catalytic site is located
in this region. This enzymatic activity is made possible by SARM1’s
ability to form multimers, which leads to the approximation of
SARMI’s TIR domains and the formation of the allosteric site that
promotes NAD degradation. This was demonstrated by identifying
that the ectopic expression of mammalian TIR domains incapable
of dimerizing were deficient in performing this effector function
(66). Activated SARM1 hydrolyzes NAD+ into Nicotinamide
(Nam) and adenosine diphosphate ribose (ADPR) or the cyclic
form of ADPR (cADPR), which serves as a biomarker of SARM1
activity. Other enzymes such as CD38, poly (ADP-ribose)
polymerase (PARPs) play an important role in cellular NAD+
degradation (67, 68) (see Figure 3C).

In homeostatic conditions, SARM]1 exists in an inactive state,
forming octamers. At this stage, physical separation of TIR domains
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Control of different cell death pathways by SARM1. Upon its activation, NLRP3 and AIM2 inflammasomes recruit the adaptor protein ASC to form
cleavage and activation platforms for caspase-1, a protease responsible for the maturation of pro-inflammatory cytokines IL-1B and IL-18, as well as
for the cleavage of GSDMD. The N-terminal fragments of GSDMD form pores in the plasma membrane to promote the release of matured cytokines
from the inflammasome and may lead the cell to pyroptosis. SARM1 can interact with NLRP3 and AIM2 molecules and prevent the formation of both
inflammasomes. However, SARM1 can induce apoptosis or even pyroptosis. It is associated with the phosphorylation of pro-apoptotic proteins such
as BAD and the reduction in the expression of proteins that maintain mitochondrial homeostasis, such as the BCL family proteins. This phenomenon
induces increased ROS production to promote apoptotic cell death and, depending on the stimulus, to promote pyroptosis of cells to prevent the

formation of hyperactive cells. Figure created with BioRender.com

by auto-inhibitory ARM domains occurs, preventing the interaction
of TIR domains essential for triggering its catalytic activity. This
inactivation process is finely regulated by intracellular
concentrations of NAD+ and nicotinamide mononucleotide
(NMN). NAD+ serves as an inhibitor, whereas NMN acts as an
activator of the complex. Both molecules compete for the allosteric
pockets present in the ARM domains. Consequently, the
component with a higher concentration is more likely to bind to
this region, thereby controlling the activation status of SARMI (69,
70) (see Figure 3). NAD+ is a cellular factor of extreme importance
for metabolism and energy production, with its reduced form
(NADH) serving as a critical intermediate for energy transfer
between different metabolic pathways (71). Obtained through the
transformation of nicotinamide (vitamin B3), NAD+ is an essential
cofactor for other enzymes, such as ADP-ribose transferases,
PARPs, and the sirtuin deacetylase protein (68, 72). NAD+ plays
a crucial role in energy generation by electron transfer in glycolysis
and the TCA cycle in the form of NADH (71).

The NADase activity of SARMI is an important tool for
promoting immunoregulation in innate immunity. PMA-
differentiated macrophages derived from THP-1 cells, which
express low levels of endogenous SARM1, produce high levels of
IL-1B after stimulation with LPS and nigericin. The overexpression
of wild-type SARMI in these cells, using a viral vector, completely
blocks cytokine production. When SARM1 with mutations that
remove the NAD+ cleavage site is overexpressed, this blockade is
partial, indicating that the NADase activity of SARMI is important

Frontiers in Immunology

in regulating IL-18 production, but other SARMI-dependent
regulatory mechanisms are also involved in the process (73). IL-
1B production is also regulated by SARM1 in Bone Marrow-
Derived Macrophages (BMDM), as Sarml-/- BMDMs produce
higher levels of the cytokine in response to LPS stimulation.
These cells also exhibit increased glycolytic activity. This
compilation of information reveals important discoveries
regarding new mechanisms by which SARMI1 regulates the
expression of genes associated with immune response in innate
immune cells and underscores the importance of investigating these
and other mechanisms related to SARMI1 biology in adaptive
immune responses (74).

5 The impact of SARM1 on
neurodegenerative diseases

Axonal degeneration is a primary cause of many neurological
diseases, including peripheral neuropathy (75), traumatic brain
injuries (76), glaucoma (77), optic nerve injury (78), and other
degenerative disorders. This axonal degeneration is the result and is
dependent on a peculiar type of programmed axonal cell death, similar
to apoptosis, called “Wallerian-like” or Wallerian degeneration. It occurs
at the axonal end after traumatic injury, stress, or cellular injury (79). In
summary, this form of post-injury cell death is characterized by a
reduction in the level of NAD+, an essential molecule for ATP
generation, maintenance of redox balance, and axonal regeneration (80).
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During aging, there is a reduction in NAD+ levels within the
cells, with the reduction of NAD biosynthetic pathways such as
nicotinamide phosphoribosyltransferase (NAMPT) being one of
the possible causes, an effect observed in mice that underwent acute
removal of NAMPT in hippocampal neurospheres (68, 81, 82). The
reduction in NAD+ is associated with mitochondrial defects and
age-related diseases, including neurodegenerative diseases, which
are greatly influenced by the NADase activity of SARM1 (66, 67).

The SARMI molecule is known for its significant role in the
development of degenerative diseases, particularly neurodegenerative
disorders, primarily due to its intrinsic activity of degrading NAD+,
which is dependent on its TIR domain (80). This degradation capability
is capable of promoting axonal degeneration (66). After a neuronal
injury, there is a reduction in the expression of NMNAT?2, an enzyme
responsible for NAD biosynthesis, leading to an increase in the
precursor NMN and subsequently, an elevation in the NMN/NAD+
ratio. NMN then translocates NAD+ from the allosteric site on SARM]1,
destabilizing the interactions of the autoinhibitory ARM domain and
activating the TIR NADase activity (70, 83). This reduction in NAD+ is
associated with axonal damage, and thus, the hydrolysis of NAD+
caused by SARM1 is shown to favor neurological degeneration and
induce axonal destruction of neurons (84, 85) (see Figure 3).

SARMI is also directly related to the development of Parkinson’s
disease, a neurodegenerative disease characterized by the degradation
of dopaminergic neurons in areas of the brain involved in movement
control, mainly in the substantia nigra located in the telencephalon.
The pathogenesis of the disease may involve different pathways and
mechanisms, such as alpha-synuclein protein oligomerization,
oxidative stress, calcium homeostasis, neuroinflammation, and
axonal transport (86). In experimental models of Parkinson’s disease,
SARMI-deficient animals showed less degeneration of the axons of
dopaminergic neurons compared to wild-type animals. Furthermore,
the absence of SARMI1 allowed for the subsequent rescue of
morphological, biochemical, and behavioral phenotypes of the
animals, thus implicating the involvement of SARMI in disease
development (87).

Amyotrophic Lateral Sclerosis (ALS) is another neurodegenerative
disease that affects the motor system, presenting characteristics such as
frontotemporal dementia, and, like Parkinson’s disease, axonal
degeneration mediated by the Wallerian degeneration process is one
of the factors in disease development. In an experimental model of
ALS, SARM1-deficient mice showed attenuated axonal degeneration,
and the cell bodies of motor neurons were also significantly protected.
Although the absence of SARM1 did not impact the behavioral deficits
caused by the disease, the survival of these animals increased compared
to wild-type animals (88). Allelic variants that maintain SARM1I
constitutively active are associated with the development of ALS in
humans and mice. Mice expressing SARMI V184G, an allele frequently
found in patients with ALS, exhibited severe motor impairment 4 days
after induction of expression via viral vectors (89). The expression of
another gain-of-function variant of SARMI, GoF A229-235, observed
in patients with ALS, in mouse neurons exhibited reduced survival
under stress conditions (90).

The aging process leads to the decline of physiological functions
and is directly related to the risk of developing some neurodegenerative
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diseases, such as Parkinson’s disease, Alzheimer’s, and Amyotrophic
Lateral Sclerosis. In a Drosophila model developed to study aging-
related issues, it was observed that age can be an important factor in
susceptibility to chronic exposure to rotenone, which is associated with
locomotor problems and loss of dopaminergic neurons, characteristics
observed in many neurodegenerative diseases. Chronic exposure to
rotenone results in the rapid activation of dSARM (SARM1 in fruit
flies), accompanied by increased inflammatory response and the
formation of reactive oxygen species, processes that accelerate
neurodegeneration. The activation of dSARM and subsequent
locomotor deficits are reversed in the presence of anti-inflammatory
agents (91).

SARMI has been implicated in various neurodegenerative diseases
not only due to its ability to promote axonal degeneration but also
because of its correlation with neuroinflammation. Alzheimer’s disease
is a complex and multifactorial neurodegenerative disorder that affects
the brain, leading to progressive symptoms of cognitive decline,
including memory loss, reasoning difficulties, and behavioral
changes. Key factors contributing to Alzheimer’s disease include the
formation of beta-amyloid protein plaques in the brain,
neuroinflammation, neurotransmission imbalance, genetic factors,
and aging. In an experimental model of Alzheimer’s disease, mice
with conditional deletion of Sarml in the central nervous system
experienced delayed cognitive decline. Additionally, the deletion of
SARMI reduced the deposition of beta-amyloid protein and decreased
TNFo signaling in the hippocampus of the animals, providing
protection against the neuroinflammation characteristic of the
disease (92).

Apart from neurodegenerative diseases, there are other types of
neuropathies, such as chemotherapy-induced peripheral neuropathy
(CIPN). CIPN is a leading cause of morbidity and the primary reason
for dose reductions and discontinuations in cancer treatment.
Preclinical evidence indicates that activation of the Wallerian
degeneration pathway, driven by SARMI, is responsible for the
characteristic axonopathy of this condition. In an experimental
model of CIPN, mice deficient in Sarml had less axonal function
loss compared to wild-type animals. Similarly, animals treated with
irreversible pharmacological inhibitors of Sarm1 showed less damage
from CIPN. Additionally, in vitro studies showed that Sarm1 inhibitors
were able to protect human axons from chemotherapy-induced injuries
(93). The loss of SARMI1 inhibits axonal degeneration for weeks after
the injury and improves cognitive outcomes in mice after traumatic
brain injury and vincristine-induced peripheral neuropathy (66).
Therefore, programmed cell death involved in axonal degeneration
after mitochondrial dysfunction has been shown to be independent of
apoptosis (94) but induced by NAD+ reduction via SARMI-TIR (66).
For this reason, it has been termed by many authors as
“Sarmoptosis” (94).

The mechanism by which SARMLI is capable of promoting axonal
destruction occurs through the active hydrolysis of NAD+ (95). In
models of traumatic injuries or injuries induced by vincristine in
neurons, the Sarm1-TIR domain exhibited intrinsic NADase activity,
cleaving NAD+ into ADP-ribose (ADPR), cyclic ADPR, and
nicotinamide. The orchestrated NADase activity by Sarm1-TIR has
been shown to be essential in axons to promote the depletion of axonal
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NAD+ and consequently axonal degeneration after injury. Therefore,
Sarm1 is being seen as a promising therapeutic target in diseases
affecting axons, such as PD and ALS (66).

In addition to promoting metabolic changes in the injured
neuron, SARMI activation may also have secondary effects that
could exacerbate various diseases. Genetic variants of Nmnat2 that
impair the enzyme’s ability to produce NAD+ lead to robust and
intermittent activation of neuronal SARMI, further intensifying its
degeneration. This effect has been associated with an increased
number of activated macrophages in the nerves of mice expressing
these Nmnat2 variants, which promote neuroinflammation and
impact disease progression. Macrophage depletion protected the
animals from the deleterious effects of these variants; however, no
intrinsic role for SARMI in macrophages was observed in this
context (96). A similar phenomenon occurs in the skin, where
neurons play a central role in immune tolerance and barrier
maintenance. Neurons produce norepinephrine, which regulates
T ¥d cell-mediated inflammation and CD8+ T cell cytotoxicity.
However, a strong inflammatory stimulus in the skin, such as the
Toll-7 agonist, induces robust activation of T ¥ cells and leads to
neuronal loss in the skin, mediated by SARMI. Neuronal
degeneration intensifies inflammation in the skin, creating a
positive feedback loop that promotes both inflammation and
neurogeneration. The pathology of psoriatic skin and the
presence of IL-17A-producing T ¥ cells were reduced in mice
deficient in neuronal SARM1 (97).

These findings highlight distinct neuroimmune interactions
mediated by SARM1 and emphasize the importance of
understanding the mechanisms involved in axonal death and
neuroinflammation in order to devise therapeutic strategies
against neurodegenerative and inflammatory diseases. It is
important to emphasize that SARMI is a central element in this
process, characterizing this molecule as a promising therapeutic
target (93, 98, 99).

6 SARML1 as a therapeutic target to
treatment of inflammatory and
neurodegenerative disease

Promising therapeutic avenues for directly inhibiting the
SARMI molecule, including its NADase enzymatic activity, with
the potential to mitigate neurodegenerative and anti-inflammatory
processes, have been explored. These inhibitors represent a topic of
great interest in clinical research as they may attenuate degeneration
in various neurological conditions characterized by axonal injuries
and subsequent cognitive decline (100).

A potent and selectively reversible SARMI inhibitor derived
from isoquinoline, named DSRM-3716, has shown inhibitory
activity on SARMI1. However, its efficacy is ensured only if
administered within 3 hours after neuronal injury, restoring the
Sarm1-/- phenotype. This restoration is marked by an increase in
NAD+ availability, decreased cADPR (a biomarker of SARMI
NADase activity), as well as protection of axons already destined
for degeneration and recovery of axons already in an intermediate
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stage of degeneration. However, in a 2022 study by the same group,
a molecule called 1AD was identified as responsible for inhibiting
the NADase enzymatic activity of SARM1 by DSRM-3716. This
molecule is formed in situ from a base exchange of the Nam portion
of NAD+ by the previously studied small compound DSRM-3716.
Thus, this study was able to unravel the molecular mechanisms of
SARMI inhibition by the small molecule derived from isoquinoline
and its molecular interaction (100).

The chemotherapeutic drug Paclitaxel, used for treating certain
types of cancer, has adverse effects. It strongly induces the NADase
activity of SARM1 in neurons, leading to neuronal degeneration, a
condition known as chemotherapy-induced peripheral neuropathy
(CIPN). CIPN is characterized by intra-axonal increase of Ca++
cation via cADPR, a result of NAD+ metabolization by SARM1
activity (101). In this context, cADPR acts as a signaling molecule
capable of altering cytoplasmic Ca++ concentration by modulating
intracellular calcium release through ryanodine receptor channels
(RyRs) present in the Endoplasmic Reticulum and activating a non-
specific cation channel permeable to calcium (TRPM2) located
predominantly in the plasma membrane, increasing the
intracellular concentration of this ion. However, the exact
mechanism by which intra-axonal Ca++ increase promotes
axonal degeneration is not fully understood yet. Therefore,
antagonists or genetic and pharmacological inhibitors of the
SARM1-cADPR pathway, such as 8-Br-cADPR (102), are a
pharmacological therapeutic alternative with the potential to
prevent Paclitaxel-induced axonal degeneration via SARMI.

SARMI can also be modulated at the transcriptional level through
the use of drugs such as Resveratrol. This drug can stimulate SARM1
expression in lung tissue of animals infected with Respiratory Syncytial
Virus (RSV) and block the TLR-3/TRIF/IFNy axis responsible for the

C. elegans Mammals

Tolerance | Resistance

Resistance Tolerance

FIGURE 4

The importance of SARM1 in pathogen tolerance and resistance.
SARMLI acts in different ways in invertebrates. In C. elegans, TIR-1
promotes inflammation and is essential for resistance to infections
by microorganisms, while in human cells, SARML1 is associated with
tolerance, aiming to prevent the exacerbation of the immune
response and maintain the integrity of the host tissues. Figure
created with BioRender.com
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exacerbated response to the virus, which worsens the condition of
infected patients (103). It was found that RSV infection decreases
SARML1 expression and increases TRIF expression in a time-dependent
manner, starting from 36 hours post-infection. However, in mice
infected with RSV and treated with resveratrol, SARM1 became
more expressed, whereas TRIF had reduced expression compared to
untreated infected animals. The drug’s effect was lost in animals treated
with siRNA, reinforcing that resveratrol acts by reducing inflammation
caused by RSV through the modulation of SARMI expression (104).
Resveratrol also proved to be a potent inhibitor of the signaling
pathway originating from TRIF, further emphasizing the importance
of SARMLI in regulating the mammalian immune response, as well as
its potential as a therapeutic target for inflammatory diseases (105).

7 Conclusion

In conclusion, the evolutionary conservation of SARM1 across
phylogenetically distant organisms underscores its indispensable role
in immune responses. Despite variations in effector functions, its
structural preservation emphasizes its significance in maintaining
body homeostasis. In invertebrates, it facilitates essential
inflammation for host resistance, whereas in mammals, it regulates
inflammatory responses and fosters tolerance (See Figure 4). While
its NADase activity contributes to neurodegeneration, emerging
evidence suggests its involvement in metabolic regulation within
immune cells. Targeting SARM1 inhibition presents a promising
therapeutic approach for immunopathologies, while its activation
could enhance immune defenses against pathogens. Thus,
understanding the multifaceted functions of SARMI1 holds
significant implications for advancing immunotherapy strategies
and combating various diseases.

Author contributions

SO: Conceptualization, Investigation, Methodology, Writing -
original draft, Writing — review & editing. JS: Investigation, Writing
- original draft, Writing - review & editing. RV: Investigation,
Writing - original draft, Writing - review & editing. LM:
Investigation, Writing - original draft, Writing - review &
editing. PB: Investigation, Writing — original draft, Writing -
review & editing. BL: Investigation, Writing - original draft,
Writing - review & editing. MS: Conceptualization, Supervision,

References

1. Medzhitov R. Origin and physiological roles of inflammation. Nature. (2008)
454:428-35. doi: 10.1038/nature07201
2. Paludan SR, Pradeu T, Masters SL, Mogensen TH. Constitutive immune

mechanisms: mediators of host defence and immune regulation. Nat Rev Immunol.
(2021) 21:137-50. doi: 10.1038/s41577-020-0391-5

3. Masters SL. Broadening the definition of autoinflammation. Semin
Immunopathol. (2015) 37:311-2. doi: 10.1007/s00281-015-0497-1

Frontiers in Immunology

10.3389/fimmu.2025.1521364

Writing - review & editing, Writing - original draft. NC:
Conceptualization, Funding acquisition, Supervision, Writing -
review & editing, Writing - original draft.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was funded by
Fundagido de Amparo a Pesquisa do Estado de Sao Paulo - FAPESP
grants 2023/07482-2 and 2022/16176-0.

Acknowledgments

We would like to thank the University of Sao Paulo — USP, the
Postgraduate Program in Basic and Applied Immunology of the
Ribeirdo Preto Medical School (IBA-FMRP) and the funding
agencies for the institutional and financial support that was
indispensable for the execution of this work. We would also like
to thank Biorender, the platform that enabled the generation of
the figures.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
constructed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

4. Szekanecz Z, Mclnnes IB, Schett G, Szamosi S, Benkd S, Sziics G.
Autoinflammation and autoimmunity across rheumatic and musculoskeletal
diseases. Nat Rev Rheumatol. (2021) 17:585-95. doi: 10.1038/s41584-021-00652-9

5. McGonagle D, McDermott MF. A proposed classification of the immunological
diseases. PloS Med. (2006) 3:¢297. doi: 10.1371/journal.pmed.0030297

6. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell.
(2006) 124:783-801. doi: 10.1016/j.cell.2006.02.015

frontiersin.org


https://doi.org/10.1038/nature07201
https://doi.org/10.1038/s41577-020-0391-5
https://doi.org/10.1007/s00281-015-0497-1
https://doi.org/10.1038/s41584-021-00652-9
https://doi.org/10.1371/journal.pmed.0030297
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.3389/fimmu.2025.1521364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Oliveira et al.

7. Takeda K, Akira S. TLR signaling pathways. Semin Immunol. (2004) 16:3-9.
doi: 10.1016/j.smim.2003.10.003

8. Bell E. TLR signalling. Nat Rev Immunol. (2003) 3:692-2. doi: 10.1038/nri1185

9. Barton GM, Medzhitov R. Toll-like receptor signaling pathways. Sci (1979).
(2003) 300:1524-5. doi: 10.1126/science.1085536

10. O’Neill LAJ, Bowie AG. The family of five: TIR-domain-containing adaptors in
Toll-like receptor signalling. Nat Rev Immunol. (2007) 7:353-64. doi: 10.1038/nri2079

11. Girtler C, Carty M, Kearney J, Schattgen SA, Ding A, Fitzgerald KA, et al. SARM
regulates CCL5 production in macrophages by promoting the recruitment of
transcription factors and RNA polymerase II to the ccl5 promoter. J Immunol.
(2014) 192:4821-32. doi: 10.4049/jimmunol.1302980

12. Wesche H, Henzel WJ, Shillinglaw W, Li S, Cao Z. MyD88: an adapter that
recruits IRAK to the IL-1 receptor complex. Immunity. (1997) 7:837-47. doi: 10.1016/
$1074-7613(00)80402-1

13. Belhaouane I, Hoffmann E, Chamaillard M, Brodin P, Machelart A. Paradoxical
roles of the MAL/tirap adaptor in pathologies. Front Immunol. (2020) :11. doi: 10.3389/
fimmu.2020.569127

14. Bernard NJ, O’Neill LA. Mal, more than a bridge to MyD88. IUBMB Life. (2013)
65:777-86. doi: 10.1002/iub.v65.9

15. Fitzgerald KA, Palsson-McDermott EM, Bowie AG, Jefferies CA, Mansell AS,
Brady G, et al. Mal (MyD88-adapter-like) is required for Toll-like receptor-4 signal
transduction. Nature. (2001) 413:78-83. doi: 10.1038/35092578

16. Horng T, Barton GM, Flavell RA, Medzhitov R. The adaptor molecule TIRAP
provides signalling specificity for Toll-like receptors. Nature. (2002) 420:329-33.
doi: 10.1038/nature01180

17. Joosten LAB, Abdollahi-Roodsaz S, Dinarello CA, O’Neill L, Netea MG. Toll-like
receptors and chronic inflammation in rheumatic diseases: new developments. Nat Rev
Rheumatol. (2016) 12:344-57. doi: 10.1038/nrrheum.2016.61

18. Fitzgerald KA, Rowe DC, Barnes BJ, Caffrey DR, Visintin A, Latz E, et al. LPS-
TLR4 signaling to IRF-3/7 and NF-«B involves the toll adapters TRAM and TRIF. ] Exp
Med. (2003) 198:1043-55. doi: 10.1084/jem.20031023

19. Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. (2004) 4:499—
511. doi: 10.1038/nri1391

20. Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H, et al. Role of
adaptor TRIF in the myD88-independent toll-like receptor signaling pathway. Sci
(1979). (2003) 301:640-3. doi: 10.1126/science.1087262

21. Yamamoto M, Sato S, Hemmi H, Uematsu S, Hoshino K, Kaisho T, et al. TRAM
is specifically involved in the Toll-like receptor 4-mediated MyD88-independent
signaling pathway. Nat Immunol. (2003) 4:1144-50. doi: 10.1038/ni986

22. Dalod M. Studies of SARM1 uncover similarities between immune and neuronal
responses to danger. Science’s STKE. (2007) 2007:pe73. doi: 10.1126/stke.4172007pe73

23. Mink M, Fogelgren B, Olszewski K, Maroy P, Csiszar K. A Novel Human Gene
(SARM) at Chromosome 17q11 Encodes a Protein with a SAM Motif and Structural
Similarity to Armadillo/B-Catenin That Is Conserved in Mouse, Drosophila, and
Caenorhabditis elegans. Genomics. (2001) 74:234-44. doi: 10.1006/geno.2001.6548

24. Liberati NT, Fitzgerald KA, Kim DH, Feinbaum R, Golenbock DT, Ausubel FM.
Requirement for a conserved Toll/interleukin-1 resistance domain protein in the
Caenorhabditis elegans immune response. Proc Natl Acad Sci. (2004) 101:6593-8.
doi: 10.1073/pnas.0308625101

25. Feriotti C, Sa-Pessoa ], Calderon-Gonzalez R, Gu L, Morris B, Sugisawa R, et al.
Klebsiella pneumoniae hijacks the Toll-IL-IR protein SARMI1 in a type I IFN-
dependent manner to antagonize host immunity. Cell Rep. (2022) 40:111167.
doi: 10.1016/j.celrep.2022.111167

26. Carty M, Kearney J, Shanahan KA, Hams E, Sugisawa R, Connolly D, et al. Cell
survival and cytokine release after inflammasome activation is regulated by the toll-IL-1R
protein SARM. Immunity. (2019) 50:1412-1424.6. doi: 10.1016/j.immuni.2019.04.005

27. Paik S, Kim JK, Silwal P, Sasakawa C, Jo EK. An update on the regulatory
mechanisms of NLRP3 inflammasome activation. Cell Mol Immunol. (2021) 18:1141-
60. doi: 10.1038/s41423-021-00670-3

28. Panneerselvam P, Singh LP, Selvarajan V, Chng W], Ng SB, Tan NS, et al. T-cell
death following immune activation is mediated by mitochondria-localized SARM. Cell
Death Differ. (2013) 20:478-89. doi: 10.1038/cdd.2012.144

29. Carty M, Goodbody R, Schréder M, Stack J, Moynagh PN, Bowie AG. The
human adaptor SARM negatively regulates adaptor protein TRIF-dependent Toll-like
receptor signaling. Nat Immunol. (2006) 7:1074-81. doi: 10.1038/ni1382

30. Sayou C, Nanao MH, Jamin M, Posé D, Thévenon E, Gregoire L, et al. A SAM
oligomerization domain shapes the genomic binding landscape of the LEAFY
transcription factor. Nat Commun. (2016) 7:11222. doi: 10.1038/ncomms11222

31. ShiX, Hapiak V, Zheng J, Muller-Greven J, Bowman D, Lingerak R, et al. A role of the
SAM domain in EphA2 receptor activation. Sci Rep. (2017) 7:45084. doi: 10.1038/srep45084

32. Kyba M, Brock HW. The SAM domain of polyhomeotic, RAE28, and Scm
mediates specific interactions through conserved residues. Dev Genet. (1998) 22:74-84.
doi: 10.1002/(SICI)1520-6408(1998)22:1<74::AID-DVG8>3.0.CO;2-4

33. Chuang CF, Bargmann CI. A Toll-interleukin 1 repeat protein at the synapse
specifies asymmetric odorant receptor expression via ASK1 MAPKKK signaling. Genes
Dev. (2005) 19:270-81. doi: 10.1101/gad.1276505

Frontiers in Immunology

10

10.3389/fimmu.2025.1521364

34. Schultz J, Bork P, Ponting CP, Hofmann K. SAM as a protein interaction domain
involved in developmental regulation. Protein Science. (1997) 6:249-53. doi: 10.1002/
Ppro.5560060128

35. Ponting CP. SAM: A novel motif in yeast sterile and drosophila polyhomeotic
proteins. Protein Science. (1995) 4:1928-30. doi: 10.1002/pro.5560040927

36. Huber AH, Nelson W], Weis WI. Three-dimensional structure of the
armadillo repeat region of B-catenin. Cell. (1997) 90:871-82. doi: 10.1016/S0092-
8674(00)80352-9

37. Samuel MA, Salt JN, Shiu S, Goring DR. Multifunctional arm repeat domains in
plants. Int Rev Cytol.. (2006) 253:1-26. doi: 10.1016/S0074-7696(06)53001-3

38. Zhou J, Lu D, Xu G, Finlayson SA, He P, Shan L. The dominant negative ARM
domain uncovers multiple functions of PUB13 in Arabidopsis immunity, flowering,
and senescence. ] Exp Bot. (2015) 66:3353-66. doi: 10.1093/jxb/erv148

39. Medzhitov R. Toll-like receptors and innate immunity. Nat Rev Immunol. (2001)
1:135-45. doi: 10.1038/35100529

40. Couillault C, Pujol N, Reboul J, Sabatier L, Guichou JF, Kohara Y, et al. TLR-
independent control of innate immunity in Caenorhabditis elegans by the TIR domain
adaptor protein TIR-1, an ortholog of human SARM. Nat Immunol. (2004) 5:488-94.
doi: 10.1038/ni1060

41. Ziegler K, Kurz CL, Cypowyj S, Couillault C, Pophillat M, Pujol N, et al.
Antifungal Innate Immunity in C. elegans: PKC3 Links G Protein Signaling and a
Conserved p38 MAPK Cascade. Cell Host Microbe. (2009) 5:341-52. doi: 10.1016/
j.chom.2009.03.006

42. Ewbank J. Signaling in the immune response. In: WormBook, Pasadena (CA)
(2006).

43. Kim DH, Feinbaum R, Alloing G, Emerson FE, Garsin DA, Inoue H, et al. A
Conserved p38 MAP Kinase Pathway in Caenorhabditis elegans Innate Immunity. Sci
(1979). (2002) 297:623-6. doi: 10.1126/science.1073759

44. Xu A, Shi G, Liu F, Ge B. Caenorhabditis elegans mom-4 is required for the
activation of the p38 MAPK signaling pathway in the response to Pseudomonas
aeruginosa infection. Protein Cell. (2013) 4:53-61. doi: 10.1007/s13238-012-2080-z

45. Cheesman HK, Feinbaum RL, Thekkiniath J, Dowen RH, Conery AL, Pukkila-
Worley R. Aberrant Activation of p38 MAP Kinase-Dependent Innate Immune
Responses Is Toxic to Caenorhabditis elegans. G3 Genes|Genomes|Genetics. (2016)
6:541-9. doi: 10.1534/g3.115.025650

46. Shivers RP, Pagano DJ, Kooistra T, Richardson CE, Reddy KC, Whitney JK, et al.
Phosphorylation of the Conserved Transcription Factor ATF-7 by PMK-1 p38 MAPK
Regulates Innate Immunity in Caenorhabditis elegans. PloS Genet. (2010) 6:¢1000892.
doi: 10.1371/journal.pgen.1000892

47. Peng]J, Yuan Q, Lin B, Panneerselvam P, Wang X, Luan XL, et al. SARM inhibits
both TRIF- and MyD88-mediated AP-1 activation. Eur ] Immunol. (2010) 40:1738-47.
doi: 10.1002/€ji.200940034

48. Zhang JX, Li Y, Tang JC, Li KQ, Shen JJ, Liu C, et al. SARM suppresses TRIF,
TRAF3, and IRF3/7 mediated antiviral signaling in large yellow croaker Larimichthys
crocea. Front Immunol. (2023) 13. doi: 10.3389/fimmu.2022.1021443

49. Carlsson E, Ding JL, Byrne B. SARM modulates MyD88-mediated TLR
activation through BB-loop dependent TIR-TIR interactions. Biochim Biophys Acta
(BBA) - Mol Cell Res. (2016) 1863:244-53. doi: 10.1016/j.bbamcr.2015.11.021

50. Fan H, Song C, Zhang J. Sarm1 controls the MYD88-mediated inflammatory
responses in inflammatory bowel disease via the regulation of TRAF3 recruitment.
Immunol Invest. (2024) 53:800-12. doi: 10.1080/08820139.2024.2343889

51. Broz P, Dixit VM. Inflammasomes: mechanism of assembly, regulation and
signalling. Nat Rev Immunol. (2016) 16:407-20. doi: 10.1038/nri.2016.58

52. de Almeida L, da Silva ALN, Rodrigues TS, Oliveira S, Ishimoto AY, Seribelli AA,
et al. Identification of immunomodulatory drugs that inhibit multiple inflammasomes
and impair SARS-CoV-2 infection. Sci Adv. (2022) 8:eabo5400. doi: 10.1126/
sciadv.abo5400

53. de Sa KSG, Amaral LA, Rodrigues TS, Caetano CCS, Becerra A, Batah SS, et al.
Pulmonary inflammation and viral replication define distinct clinical outcomes in fatal
cases of COVID-19. PloS Pathog. (2024) 20:e1012222. doi: 10.1371/
journal.ppat.1012222

54. Rodrigues TS, Caetano CCS, de Sa KSG, Almeida L, Becerra A, Gongalves AV,
et al. CASP4/11 contributes to NLRP3 activation and COVID-19 exacerbation. J Infect
Dis. (2023) 227:1364-75. doi: 10.1093/infdis/jiad037

55. Camarini R, Marianno P, Hanampa-Maquera M, Oliveira S dos S, Camara NOS.
Prenatal stress and ethanol exposure: microbiota-induced immune dysregulation and
psychiatric risks. Int ] Mol Sci. (2024) 25:9776. doi: 10.3390/ijms25189776

56. Ataide MA, Manin GZ, Oliveira SS, Guerra RO, Zamboni DS. Inflammasome
activation and CCR2-mediated monocyte-derived dendritic cell recruitment restrict
Legionella pneumophila infection. Eur J Immunol. (2023) 53:€2249985. doi: 10.1002/
€ji.202249985

57. Kim Y, Zhou P, Qian L, Chuang JZ, Lee J, Li C, et al. MyD88-5 links
mitochondria, microtubules, and JNK3 in neurons and regulates neuronal survival. ]
Exp Med. (2007) 204:2063-74. doi: 10.1084/jem.20070868

58. Yamamoto K, Ichijo H, Korsmeyer SJ. BCL-2 is phosphorylated and inactivated
by an ASK1/jun N-terminal protein kinase pathway normally activated at G ,/M. Mol
Cell Biol. (1999) 19:8469-78. doi: 10.1128/MCB.19.12.8469

frontiersin.org


https://doi.org/10.1016/j.smim.2003.10.003
https://doi.org/10.1038/nri1185
https://doi.org/10.1126/science.1085536
https://doi.org/10.1038/nri2079
https://doi.org/10.4049/jimmunol.1302980
https://doi.org/10.1016/S1074-7613(00)80402-1
https://doi.org/10.1016/S1074-7613(00)80402-1
https://doi.org/10.3389/fimmu.2020.569127
https://doi.org/10.3389/fimmu.2020.569127
https://doi.org/10.1002/iub.v65.9
https://doi.org/10.1038/35092578
https://doi.org/10.1038/nature01180
https://doi.org/10.1038/nrrheum.2016.61
https://doi.org/10.1084/jem.20031023
https://doi.org/10.1038/nri1391
https://doi.org/10.1126/science.1087262
https://doi.org/10.1038/ni986
https://doi.org/10.1126/stke.4172007pe73
https://doi.org/10.1006/geno.2001.6548
https://doi.org/10.1073/pnas.0308625101
https://doi.org/10.1016/j.celrep.2022.111167
https://doi.org/10.1016/j.immuni.2019.04.005
https://doi.org/10.1038/s41423-021-00670-3
https://doi.org/10.1038/cdd.2012.144
https://doi.org/10.1038/ni1382
https://doi.org/10.1038/ncomms11222
https://doi.org/10.1038/srep45084
https://doi.org/10.1002/(SICI)1520-6408(1998)22:1%3C74::AID-DVG8%3E3.0.CO;2-4
https://doi.org/10.1101/gad.1276505
https://doi.org/10.1002/pro.5560060128
https://doi.org/10.1002/pro.5560060128
https://doi.org/10.1002/pro.5560040927
https://doi.org/10.1016/S0092-8674(00)80352-9
https://doi.org/10.1016/S0092-8674(00)80352-9
https://doi.org/10.1016/S0074-7696(06)53001-3
https://doi.org/10.1093/jxb/erv148
https://doi.org/10.1038/35100529
https://doi.org/10.1038/ni1060
https://doi.org/10.1016/j.chom.2009.03.006
https://doi.org/10.1016/j.chom.2009.03.006
https://doi.org/10.1126/science.1073759
https://doi.org/10.1007/s13238-012-2080-z
https://doi.org/10.1534/g3.115.025650
https://doi.org/10.1371/journal.pgen.1000892
https://doi.org/10.1002/eji.200940034
https://doi.org/10.3389/fimmu.2022.1021443
https://doi.org/10.1016/j.bbamcr.2015.11.021
https://doi.org/10.1080/08820139.2024.2343889
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1126/sciadv.abo5400
https://doi.org/10.1126/sciadv.abo5400
https://doi.org/10.1371/journal.ppat.1012222
https://doi.org/10.1371/journal.ppat.1012222
https://doi.org/10.1093/infdis/jiad037
https://doi.org/10.3390/ijms25189776
https://doi.org/10.1002/eji.202249985
https://doi.org/10.1002/eji.202249985
https://doi.org/10.1084/jem.20070868
https://doi.org/10.1128/MCB.19.12.8469
https://doi.org/10.3389/fimmu.2025.1521364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Oliveira et al.

59. Kharbanda S, Saxena S, Yoshida K, Pandey P, Kaneki M, Wang Q, et al.
Translocation of SAPK/JNK to mitochondria and interaction with bcl-xL in response
to DNA damage. ] Biol Chem. (2000) 275:322-7. doi: 10.1074/jbc.275.1.322

60. Tsuruta F, Sunayama J, Mori Y, Hattori S, Shimizu S, Tsujimoto Y, et al. JNK
promotes Bax translocation to mitochondria through phosphorylation of 14-3-3
proteins. EMBO J. (2004) 23:1889-99. doi: 10.1038/sj.emboj.7600194

61. Mohit AA, Martin JH, Miller CA. p493F12 kinase: A novel MAP kinase
expressed in a subset of neurons in the human nervous system. Neuron. (1995)
14:67-78. doi: 10.1016/0896-6273(95)90241-4

62. Bratkowski M, Xie T, Thayer DA, Lad S, Mathur P, Yang YS, et al. Structural and
mechanistic regulation of the pro-degenerative NAD hydrolase SARMI. Cell Rep.
(2020) 32:107999. doi: 10.1016/j.celrep.2020.107999

63. O'Neill LAJ, Fitzgerald KA, Bowie AG. The Toll-IL-1 receptor adaptor family grows
to five members. Trends Immunol. (2003) 24:286-9. doi: 10.1016/s1471-4906(03)00115-7

64. Gerdts J, Summers DW, Sasaki Y, DiAntonio A, Milbrandt J. Sarm1-mediated
axon degeneration requires both SAM and TIR interactions. J Neurosci. (2013)
33:13569-80. doi: 10.1523/JNEUROSCI.1197-13.2013

65. Horsefield S, Burdett H, Zhang X, Manik MK, Shi Y, Chen J, et al. NAD *
cleavage activity by animal and plant TIR domains in cell death pathways. Sci (1979).
(2019) 365:793-9. doi: 10.1126/science.aax1911

66. Essuman K, Summers DW, Sasaki Y, Mao X, DiAntonio A, Milbrandt J. The
SARMLI toll/interleukin-1 receptor domain possesses intrinsic NAD + Cleavage activity
that promotes pathological axonal degeneration. Neuron. (2017) 93:1334-1343.e5.
doi: 10.1016/j.neuron.2017.02.022

67. Imai Si, Guarente L. NAD+ and sirtuins in aging and disease. Trends Cell Biol.
(2014) 24:464-71. doi: 10.1016/j.tcb.2014.04.002

68. Chini CCS, Tarragd MG, Chini EN. NAD and the aging process: Role in life,
death and everything in between. Mol Cell Endocrinol. (2017) 455:62-74. doi: 10.1016/
j.mce.2016.11.003

69. Brace EJ, Essuman K, Mao X, Palucki J, Sasaki Y, Milbrandt J, et al. Distinct
developmental and degenerative functions of SARM1 require NAD+ hydrolase activity.
PloS Genet. (2022) 18:¢1010246. doi: 10.1371/journal.pgen.1010246

70. Figley MD, Gu W, Nanson JD, Shi Y, Sasaki Y, Cunnea K, et al. SARMI is a
metabolic sensor activated by an increased NMN/NAD+ ratio to trigger axon
degeneration. Neuron. (2021) 109:1118-1136.e11. doi: 10.1016/j.neuron.2021.02.009

71. Verdin E. NAD " in aging, metabolism, and neurodegeneration. Sci (1979).
(2015) 350:1208-13. doi: 10.1126/science.aac4854

72. Avalos JL, Bever KM, Wolberger C. Mechanism of sirtuin inhibition by
nicotinamide: altering the NAD+ Cosubstrate specificity of a sir2 enzyme. Mol Cell.
(2005) 17:855-68. doi: 10.1016/j.molcel.2005.02.022

73. Sugisawa R, Shanahan KA, Davis GM, Davey GP, Bowie AG. SARM1 regulates pro-
inflammatory cytokine expression in human monocytes by NADase-dependent and
-independent mechanisms. iScience. (2024) 27:109940. doi: 10.1016/j.isci.2024.109940

74. Shanahan KA, Davis GM, Doran CG, Sugisawa R, Davey GP, Bowie AG. SARM1
regulates NAD+-linked metabolism and select immune genes in macrophages. J Biol
Chem. (2024) 300:105620. doi: 10.1016/j.jbc.2023.105620

75. Geisler S, Doan RA, Strickland A, Huang X, Milbrandt J, DiAntonio A.
Prevention of vincristine-induced peripheral neuropathy by genetic deletion of
SARM1 in mice. Brain. (2016) 139:3092-108. doi: 10.1093/brain/aww251

76. Hill CS, Coleman MP, Menon DK. Traumatic axonal injury: mechanisms and
translational opportunities. Trends Neurosci. (2016) 39:311-24. doi: 10.1016/
j.tins.2016.03.002

77. Beirowski B, Babetto E, Coleman MP, Martin KR. The Wid ® gene delays axonal
but not somatic degeneration in a rat glaucoma model. Eur J Neurosci. (2008) 28:1166—
79. doi: 10.1111/.1460-9568.2008.06426.x

78. Fernandes KA, Mitchell KL, Patel A, Marola OJ, Shrager P, Zack D], et al. Role of
SARMI and DR6 in retinal ganglion cell axonal and somal degeneration following
axonal injury. Exp Eye Res. (2018) 171:54-61. doi: 10.1016/j.exer.2018.03.007

79. Coleman M. Axon degeneration mechanisms: commonality amid diversity. Nat
Rev Neurosci. (2005) 6:889-98. doi: 10.1038/nrn1788

80. Summers DW, Gibson DA, DiAntonio A, Milbrandt J. SARM1-specific motifs in
the TIR domain enable NAD " loss and regulate injury-induced SARM1 activation.
Proc Natl Acad Sci. (2016) 113:E6271-E6280. doi: 10.1073/pnas.1601506113

81. Gomes AP, Price NL, Ling AJY, Moslehi JJ, Montgomery MK, Rajman L, et al.
Declining NAD+ Induces a pseudohypoxic state disrupting nuclear-mitochondrial
communication during aging. Cell. (2013) 155:1624-38. doi: 10.1016/j.cell.2013.11.037

82. Stein LR, Imai S i. Specific ablation of Nampt in adult neural stem cells
recapitulates their functional defects during aging. EMBO J. (2014) 33:1321-40.
doi: 10.1002/embj.201386917

83. Gilley J, Coleman MP. Endogenous nmnat2 is an essential survival factor for
maintenance of healthy axons. PloS Biol. (2010) 8:¢1000300. doi: 10.1371/journal.pbio.1000300

Frontiers in Immunology

11

10.3389/fimmu.2025.1521364

84. Wang]J, Zhai Q, Chen Y, Lin E, Gu W, McBurney MW, et al. A local mechanism
mediates NAD-dependent protection of axon degeneration. J Cell Biol. (2005) 170:349—
55. doi: 10.1083/jcb.200504028

85. Gerdts ], Brace EJ, Sasaki Y, DiAntonio A, Milbrandt J. SARMI activation
triggers axon degeneration locally via NAD * destruction. Sci (1979). (2015) 348:453-7.
doi: 10.1126/science.1258366

86. Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann J, et al.
Parkinson disease. Nat Rev Dis Primers. (2017) 3:17013. doi: 10.1038/nrdp.2017.13

87. Peters OM, Weiss A, Metterville ], Song L, Logan R, Smith GA, et al. Genetic
diversity of axon degenerative mechanisms in models of Parkinson’s disease. Neurobiol
Dis. (2021) 155:105368. doi: 10.1016/j.nbd.2021.105368

88. White MA, Lin Z, Kim E, Henstridge CM, Pena Altamira E, Hunt CK, et al.
Sarm1 deletion suppresses TDP-43-linked motor neuron degeneration and cortical
spine loss. Acta Neuropathol Commun. (2019) 7:166. doi: 10.1186/s40478-019-0800-9

89. Bloom AJ, Mao X, Strickland A, Sasaki Y, Milbrandt J, DiAntonio A.
Constitutively active SARM1 variants that induce neuropathy are enriched in ALS
patients. Mol Neurodegener. (2022) 17:1. doi: 10.1186/s13024-021-00511-x

90. Gilley J, Jackson O, Pipis M, Estiar MA, Al-Chalabi A, Danzi MC, et al.
Enrichment of SARMI alleles encoding variants with constitutively hyperactive
NADase in patients with ALS and other motor nerve disorders. Elife. (2021) 10:
€70905. doi: 10.7554/eLife.70905.sa2

91. Sur M, Dey P, Sarkar A, Bar S, Banerjee D, Bhat S, et al. Sarm1 induction and
accompanying inflammatory response mediates age-dependent susceptibility to
rotenone-induced neurotoxicity. Cell Death Discov. (2018) 4:114. doi: 10.1038/
541420-018-0119-5

92. Miao X, Wu Q, Du S, Xiang L, Zhou S, Zhu J, et al. SARMI promotes
neurodegeneration and memory impairment in mouse models of alzheimer’s disease.
Aging Dis. (2024) 15:390. doi: 10.14336/AD.2023.0516-1

93. Bosanac T, Hughes RO, Engber T, Devraj R, Brearley A, Danker K, et al.
Pharmacological SARM1 inhibition protects axon structure and function in paclitaxel-
induced peripheral neuropathy. Brain. (2021) 144:3226-38. doi: 10.1093/brain/
awab184

94. Summers DW, DiAntonio A, Milbrandt J. Mitochondrial dysfunction induces
sarml-dependent cell death in sensory neurons. J Neurosci. (2014) 34:9338-50.
doi: 10.1523/J]NEUROSCI.0877-14.2014

95. Waller TJ, Collins CA. Multifaceted roles of SARM1 in axon degeneration and
signaling. Front Cell Neurosci. (2022) 16. doi: 10.3389/fncel.2022.958900

96. Dingwall CB, Strickland A, Yum SW, Yim AKY, Zhu J, Wang PL, et al
Macrophage depletion blocks congenital SARMI1-dependent neuropathy. J Clin
Invest. (2022) 132:e159800. doi: 10.1172/JCI159800

97. Liu T, Wang H, Kutsovsky DY, Iskols M, Chen H, Ohn CYJ, et al. An axon-T cell
feedback loop enhances inflammation and axon degeneration. Cell Rep. (2024)
43:113721. doi: 10.1016/j.celrep.2024.113721

98. Hughes RO, Bosanac T, Mao X, Engber TM, DiAntonio A, Milbrandt J, et al.
Small molecule SARMI inhibitors recapitulate the SARM1-/- phenotype and allow
recovery of a metastable pool of axons fated to degenerate. Cell Rep. (2021) 34:108588.
doi: 10.1016/j.celrep.2020.108588

99. Feldman HC, Merlini E, Guijas C, DeMeester KE, Njomen E, Kozina EM, et al.
Selective inhibitors of SARMI targeting an allosteric cysteine in the autoregulatory
ARM domain. Proc Natl Acad Sci. (2022) 119:e2208457119. doi: 10.1073/
pnas.2208457119

100. Shi Y, Kerry PS, Nanson JD, Bosanac T, Sasaki Y, Krauss R, et al. Structural
basis of SARMI activation, substrate recognition, and inhibition by small molecules.
Mol Cell. (2022) 82:1643-1659.e10. doi: 10.1016/j.molcel.2022.03.007

101. Li Y, Pazyra-Murphy MF, Avizonis D, de Sa Tavares Russo M, Tang S, Chen
CY, et al. Sarml activation produces cADPR to increase intra-axonal Ca++ and
promote axon degeneration in PIPN. J Cell Biol. (2022) 221. doi: 10.1083/jcb.202106080

102. Walseth TF, Lee HC. Synthesis and characterization of antagonists of cyclic-
ADP-ribose-induced Ca2+ release. Biochim Biophys Acta (BBA) - Mol Cell Res. (1993)
1178:235-42. doi: 10.1016/0167-4889(93)90199-Y

103. Zang N, Xie X, Deng Y, Wu S, Wang L, Peng C, et al. Resveratrol-mediated
gamma interferon reduction prevents airway inflammation and airway
hyperresponsiveness in respiratory syncytial virus-infected immunocompromised
mice. ] Virol. (2011) 85:13061-8. doi: 10.1128/JVI1.05869-11

104. Liu T, Zang N, Zhou N, Li W, Xie X, Deng Y, et al. Resveratrol inhibits the
TRIF-dependent pathway by upregulating sterile alpha and armadillo motif protein,
contributing to anti-inflammatory effects after respiratory syncytial virus infection. J
Virol. (2014) 88:4229-36. doi: 10.1128/JV1.03637-13

105. Kim MH, Yoo DS, Lee SY, Byeon SE, Lee YG, Min T, et al. The TRIF/TBK1/
IRF-3 activation pathway is the primary inhibitory target of resveratrol, contributing to
its broad-spectrum anti-inflammatory effects. Pharmazie. (2011) 66:293-300.
doi: 10.1691/ph.2011.0798

frontiersin.org


https://doi.org/10.1074/jbc.275.1.322
https://doi.org/10.1038/sj.emboj.7600194
https://doi.org/10.1016/0896-6273(95)90241-4
https://doi.org/10.1016/j.celrep.2020.107999
https://doi.org/10.1016/s1471-4906(03)00115-7
https://doi.org/10.1523/JNEUROSCI.1197-13.2013
https://doi.org/10.1126/science.aax1911
https://doi.org/10.1016/j.neuron.2017.02.022
https://doi.org/10.1016/j.tcb.2014.04.002
https://doi.org/10.1016/j.mce.2016.11.003
https://doi.org/10.1016/j.mce.2016.11.003
https://doi.org/10.1371/journal.pgen.1010246
https://doi.org/10.1016/j.neuron.2021.02.009
https://doi.org/10.1126/science.aac4854
https://doi.org/10.1016/j.molcel.2005.02.022
https://doi.org/10.1016/j.isci.2024.109940
https://doi.org/10.1016/j.jbc.2023.105620
https://doi.org/10.1093/brain/aww251
https://doi.org/10.1016/j.tins.2016.03.002
https://doi.org/10.1016/j.tins.2016.03.002
https://doi.org/10.1111/j.1460-9568.2008.06426.x
https://doi.org/10.1016/j.exer.2018.03.007
https://doi.org/10.1038/nrn1788
https://doi.org/10.1073/pnas.1601506113
https://doi.org/10.1016/j.cell.2013.11.037
https://doi.org/10.1002/embj.201386917
https://doi.org/10.1371/journal.pbio.1000300
https://doi.org/10.1083/jcb.200504028
https://doi.org/10.1126/science.1258366
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1016/j.nbd.2021.105368
https://doi.org/10.1186/s40478-019-0800-9
https://doi.org/10.1186/s13024-021-00511-x
https://doi.org/10.7554/eLife.70905.sa2
https://doi.org/10.1038/s41420-018-0119-5
https://doi.org/10.1038/s41420-018-0119-5
https://doi.org/10.14336/AD.2023.0516-1
https://doi.org/10.1093/brain/awab184
https://doi.org/10.1093/brain/awab184
https://doi.org/10.1523/JNEUROSCI.0877-14.2014
https://doi.org/10.3389/fncel.2022.958900
https://doi.org/10.1172/JCI159800
https://doi.org/10.1016/j.celrep.2024.113721
https://doi.org/10.1016/j.celrep.2020.108588
https://doi.org/10.1073/pnas.2208457119
https://doi.org/10.1073/pnas.2208457119
https://doi.org/10.1016/j.molcel.2022.03.007
https://doi.org/10.1083/jcb.202106080
https://doi.org/10.1016/0167-4889(93)90199-Y
https://doi.org/10.1128/JVI.05869-11
https://doi.org/10.1128/JVI.03637-13
https://doi.org/10.1691/ph.2011.0798
https://doi.org/10.3389/fimmu.2025.1521364
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	SARM1: a key multifaceted component in immunoregulation, inflammation and neurodegeneration
	1 Introduction
	2 Regulation of TLR response by SARM1
	3 SARM1 as a cellular steward and guardian of host homeostasis
	4 SARM1 NADase activity
	5 The impact of SARM1 on neurodegenerative diseases
	6 SARM1 as a therapeutic target to treatment of inflammatory and neurodegenerative disease
	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


