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The salutary effects of physical exercise in mitigating 
metabolic disorders, particularly type 2 diabetes, are well 
recognized. Several studies have demonstrated that endur
ance training boosts the production of exercise-induced 
myokines, which are pivotal for interorgan communication 
enhancing insulin sensitivity. However, several challenges, 
including an incomplete understanding of underlying mo
lecular mechanisms, hinder their therapeutic application. 
Here, we have identified a potential exercise-induced medi
ator, neuroligin-3 (NLGN3), that enhances insulin sensitivity 
and abrogates inflammation. Mechanistic studies in white 
adipocytes revealed that NLGN3 interacts with neurexin-3 
(NRXN3) to modulate their function and insulin sensitivity, 
while in macrophages, NLGN3 engages with NRXN1 to at
tenuate inflammation and promote an anti-inflammatory 
phenotype. Administration of NLGN3 in high-fat diet (HFD)–
fed mice significantly ameliorated obesity-induced visceral 
adipose tissue dysfunction and insulin insensitivity; how
ever, these attributes are markedly abolished in NRXN1/3- 
deficient mice. In addition, elevated serum NLGN3 levels 
following swimming exercise training correlated with im
proved metabolic outcomes in HFD-fed obese diabetic 
mice. These findings suggest that NLGN3 may serve as a 
key mediator of exercise-induced metabolic benefits and 
highlight the NLGN3-NRXN1/3 pathway as a promising tar
get for managing obesity-induced insulin resistance.

ARTICLE HIGHLIGHTS
• This study aimed to identify novel exercise-induced my

okines and their role in improving insulin sensitivity and
reducing inflammation.

• We identified neuroligin-3 (NLGN3) as an exercise-in
duced mediator that enhances insulin sensitivity and
alleviates inflammation.

• Exercise-induced NLGN3 upregulation or recombinant
NLGN3 administration improved metabolic function in
high-fat diet–fed mice via neurexin-1 and -3 (NRXN1/3),
but these benefits were lost upon NRXN1/3 ablation.

• NLGN3 emerges as a key mediator of exercise-driven
metabolic benefits and a promising therapeutic target
for obesity-associated insulin resistance.

Obesity-associated metabolic disorders, including type 2 
diabetes, represent major global health challenges (1,2). 
The rising prevalence of obesity-induced type 2 diabetes 
has prompted extensive research into the molecular mecha
nisms underlying metabolic dysfunctions, with a particular 
emphasis on skeletal muscle as an endocrine organ regulat
ing systemic metabolism (3–5). In this context, physical 
activity is widely recognized as a main intervention for 
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remediating metabolic health and counteracting metabolic 
disorders (4–6). A critical component of these benefits is 
the secretion of different bioactive molecules, collectively 
called myokines, from contracting skeletal muscle (4–9). 
Over the past decade, several myokines, including interleu
kin-6 (IL-6), irisin/fibronectin type III domain containing 
5 (FNDC5), fibroblast growth factor 21 (FGF21), and me
teorin-like protein (METRNL), have been identified as key 
mediators of exercise-induced metabolic improvements 
(3,8–12); however, the full repertoire of exercise-induced 
myokines and their specific roles remain incompletely 
understood.

Neuroligin-3 (NLGN3) is a postsynaptic cell adhesion 
molecule primarily recognized for its role in synaptic func
tion and neurodevelopment (13–15). NLGN3 interacts with 
presynaptic neurexins (NRXN1, NRXN2, and NRXN3) (16), 
activating Ca2+/calmodulin-dependent Ser/Thr kinase (17), 
which regulates synaptic structure and function and is es
sential for neural circuit formation and plasticity (18–20). 
Emerging evidence has indicated that synaptic proteins 
and neuronal signaling may also influence metabolic regu
lation (21,22). However, while the neurobiological roles of 
NLGN3 and NRXNs are well studied, the contribution of 
exercise-induced, peripherally derived NLGN3 and the met
abolic actions of the NLGN3-NRXN axis in white adipose 
tissue (WAT) and insulin sensitivity remain unexplored.

Here, we identify NLGN3 as an exercise-induced medi
ator that enhances adipocyte function, suppresses macro
phage inflammation, and improves insulin sensitivity in 
obese mice, primarily through NRXN1/3 signaling. These 
findings reveal an unexpected role for NLGN3 in meta
bolic regulation and highlight its potential as a therapeu
tic target for obesity-associated insulin resistance.

RESEARCH DESIGN AND METHODS

Reagents and Antibodies
All tissue culture materials were purchased from Life 
Technologies/Gibco (Grand Island, NY) and Nunc (Corning, 
NY). Essential resources used are listed in Supplementary 
Table 1. Gene-specific primers (Supplementary Table 2) were 
procured from Integrated DNA Technologies, India., and 
other chemicals from Sigma-Aldrich, St. Louis, MO.

Cell Culture and Treatments
The L6/C2C12 myoblast, RAW264.7 macrophage, and 
HEK293 embryonic kidney cells were cultured in DMEM 
containing 1% penicillin-streptomycin with 10% bovine calf 
serum or FBS, in a 5% CO2 environment at 37°C (23,24). 
L6 and C2C12 myoblasts were serum starved (2% FBS) for 
7 days to generate myotubes. 3T3-L1 preadipocytes were 
differentiated into adipocytes over 7 days using insulin 
(1 μg/mL), 3-isobutyl-1-methylxanthine (0.5 mmol/L), and 
dexamethasone (1 μmol/L). L6 myotubes were treated with 
or without caffeine (CAF) (10 mmol/L), forskolin (FSK) 
(4 μmol/L), or ionomycin (IMY) (0.5 μmol/L) for 8 h, and 
conditioned media (CM) were collected, desalted using a 

PD-10 column, and applied to cell incubations or subjected 
to liquid chromatography–tandem mass spectrometry (LC- 
MS/MS). Untransfected or NRXN1-antisense oligonucleotide 
(ASO)/NRXN2-ASO/NRXN3-ASO–transfected cells were treated 
with insulin (100 nmol/L) plus palmitate (0.75 mmol/L) or 
lipopolysaccharide (LPS) (100 ng/mL) in the presence or 
absence of CM or wild-type (WT)-NLGN3 or mutant (Mut) 
1/2-NLGN3 for 5 h before downstream analyses.

LC-MS/MS Analysis
CM samples (CM-control [CM-Con], CM-CAF, CM-FSK, CM- 
IMY) were lyophilized, trypsin digested (50:1 overnight at 
37°C), and centrifuged, and 10-mL aliquots were analyzed on 
a C18-ultra-performance liquid chromatography column cou
pled to a Waters Synapt G2 Q-TOF. Data were converted to 
mzML using MSConvert and mapped against the Rattus nor
vegicus (taxonomy ID 10116) FASTA entries using Morpheus, 
and identified peptides were aligned to UniProtKB sequences. 
Proteomic profiles of treated CM were compared with CM- 
Con; fold changes were calculated and log2-transformed, and 
proteins unique to treated samples were identified. Among 
103 common proteins, relative abundance was z scaled and 
visualized by heat map. Gene ontology enrichment was per
formed using gprofiler2 in R. Secretory proteins were pre
dicted using SignalP 5.0, identifying 31 candidates, which 
were clustered using Pheatmap in R and ranked by mean 
abundance across treatments. The top five candidates 
were selected for further validation. Data are available via 
ProteomeXchange (PXD061199).

Mouse Models and Treatment
WT C57BL/6J male mice (5–6 weeks, 20–24 g) were housed 
under controlled conditions (12-h light/dark cycle, 23 ± 2°C, 
55 ± 5% humidity) with free access to food and water. The 
diet-induced obese insulin-resistant mouse model was estab
lished by feeding a high-fat diet (HFD) (60% kcal from fat) 
for 14 weeks, while controls received a standard diet (10% 
kcal from fat). Blood glucose was regularly monitored using 
an Accu-Chek Glucometer (Roche).

Standard diet–fed mice received Invivofectamine- 
encapsulated control-ASO-locked nucleic acid (LNA) or NLGN3- 
ASO-LNA (2.5 mg/kg body weight via tail vein) three times 
over 14 days. Beginning 48 h after each ASO-LNA adminis
tration, mice underwent a 14-day swimming regimen, pro
gressively increasing from three 10-min sessions (first 3 
days) to three 30-min sessions (next 11 days) per day (25). 
Similarly, HFD-fed mice were given control-ASO-LNA, 
NRXN1-ASO-LNA, or NRXN3-ASO-LNA three times over 12 
or 14 days followed by PBS or NLGN3 (2 mg/mouse) delivery 
three times after every 48 h of ASO-LNA administration for 
12 days or underwent a 14-day swimming regimen following 
the above-mentioned protocol. On day 12 or 14, mice were 
used for various analyses. Glucose tolerance tests (GTTs) 
were performed after oral gavages of glucose (1g/kg body 
weight) and insulin tolerance tests (ITTs) after insulin injec
tion (1 IU/kg body weight). Plasma insulin was measured by 
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ELISA and insulin resistance evaluated by HOMA of insulin 
resistance (HOMA-IR) using the following equation: fasting 
insulin (mU/L) × fasting glucose (mmol/L) / 22.5 (26). 
Visceral adipose tissue (VAT), liver, and skeletal muscle 
were collected for hematoxylin-eosin (H-E), oil-red O, and 
immunostaining or for gene and protein expression analy
ses. Separately, C57BL/6 mice were also subjected to con
trolled fasting-refeeding paradigms, involving 12 h or 
24 h of fasting followed by ad libitum refeeding for 6 h. 
Serum and tissue samples were collected to measure circulat
ing NLGN3 levels. In parallel, another cohort underwent 
an acute 30-min swimming exercise in a temperature- 
controlled tank without prior training, and blood samples 
were collected at baseline and 60–240 min after exercise. 
Serum NLGN3 was quantified by ELISA. All animal proce
dures followed institutional guidelines and were approved 
by the animal ethics committee (IAEC/22/37-M).

Reanalysis of Transcriptomic Data Sets
Gene Expression Omnibus data set GSE108643 was rean
alyzed for differential gene expression in R (version 4.3.1) 
using DESeq2, and volcano plots were generated using 
ggplot2 to compare pre- and postexercise conditions. Single- 
cell RNA sequencing (RNA-seq) data sets (GSE176171, 
GSE17617, GSE136103, E-MTAB-13874) were reanalyzed 
to assess the expression levels and the proportion of cells 
expressing NRXN1/2/3 in adipocytes and macrophages 
from human adipose tissue. In addition, the Gene Ex
pression Profiles of RNA-Seq–Based Exercise Responses 
(GEPREP) database for healthy participants (27) were in
cluded in the analysis, including inactive/sedentary control 
(n = 491), aerobic exercise (n = 163), and resistance exercise 
(n = 222). Gene expression was analyzed as log2(transcripts 
per million + 1) to stabilize variance while preserving bio
logical interpretability.

Glucose Uptake Assay
Glucose uptake assay was performed using a glucose up
take cell-based assay kit according to the manufacturer’s 
instructions, as previously described (28,29). Briefly, cells 
(1 × 104/well) were serum starved overnight in Kreb’s 
ringer bicarbonate buffer (2% FBS) and treated with pal
mitate (0.75 mmol/L, 6 h), insulin (100 nmol/L, 30 min), 
and 2-NBDG (100 mg/mL, 10 min). After lysis, fluores
cence was measured using a Varioskan-LUX Multimode 
Reader (Thermo Fisher Scientific, Vantaa, Finland).

Lipolysis Assay
Control and treated adipocytes (1 × 105/well) were sub
jected to lipolysis assay by measuring free glycerol release 
using a glycerol cell-based assay kit according to the man
ufacturer’s instructions, as previously described (29).

Site-Directed Mutagenesis
WT-NLGN3 (Plasmid 59318; Addgene) was used to generate 
deletion mutant (Δ560–564) using a QuikChange Lightning 

Multi Site-Directed Mutagenesis Kit. Primers were designed 
by the QuikChange Primer Design Program and are listed in 
Supplementary Table 2.

Immunoblotting
Immunoblot analysis was performed following our previ
ously described method (29,30). Briefly, protein concentra
tion of cell or tissue lysates was determined using a Pierce 
BCA Protein Assay Kit. Lysate (50 mg protein) was sub
jected to 10% SDS-PAGE and transferred onto polyvinyli
dene difluoride membranes using the Bio-Rad Wet/Tank 
Blotting System. Membranes were blocked with 5% BSA, 
probed with primary antibodies (1:500 or 1:1,000), 
washed with Tris-buffered saline (TBS) with Tween 
20 (TBST), incubated with peroxidase-conjugated sec
ondary antibodies (1:10,000), then washed twice with 
TBST and once with TBS. Protein bands were visualized 
with Clarity Western ECL Substrate using the ChemiDoc 
XRS+ System (Bio-Rad Laboratories, Hercules, CA) and Image 
Lab Software.

Semiquantitative and Real-Time Quantitative PCR
Total RNA was extracted from VAT and adipocytes using 
the RNeasy Lipid Tissue Mini Kit and from liver, skeletal 
muscle, and macrophages using TRI Reagent. RNA was 
treated with DNase-I and reverse transcribed using iScript 
Reverse Transcription Supermix. Semiquantitative RT-PCR 
was performed with 2× PCR Master Mix on a Bio-Rad 
C1000 Thermal Cycler using gene-specific primers and 
β-actin as the loading control. Real-time quantitative PCR 
(qPCR) was conducted on an ABI 7500 system with iTAQ 
Universal SYBR Green Supermix and gene-specific primers, 
followed by melting curve analysis. Expression fold changes 
were calculated using 2ΔΔCt and normalized to β-actin.

RNA Interference Study
Cells (3 × 106/well) were transfected with control-ASO or 
NRXN1/2/3-ASO using Lipofectamine RNAiMAX Trans
fection Reagent according to the manufacturer’s instruc
tions, and knockdown efficiency was analyzed by RT-PCR.

ELISA
Serum NLGN3 and plasma insulin levels were measured 
using mouse NLGN3 and insulin ELISA kits according to 
the manufacturer’s instructions.

Cycloheximide Chase Assay
C2C12 myotubes were treated with exercise signaling in
ducers (CAF, FSK, and IMY) for 8 h, followed by cyclohex
imide (50 mg/mL). NLGN3 levels in the CM were analyzed 
at various time points by Western blotting.

Immunofluorescence Staining
Immunofluorescence staining of VAT was performed following 
a method described earlier (31). Briefly, VAT samples were 
fixed in 10% neutral buffer formalin, cryosectioned (10 mm), 
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and immunostained with specific primary antibodies followed 
by DAPI counterstaining. Images were captured and analyzed 
using a DMi8 microscope (Leica, Wetzlar, Germany) using 
LAS X software.

H-E Staining
VAT, liver, and skeletal muscle cryosections were stained 
with H-E, mounted with dibutylphthalate polystyrene xy
lene solution, and imaged as described earlier (31). Adipo
cyte size and number were quantified using ImageJ with 
Adipocyte Tools plugin.

Statistical Analyses
Data are presented as mean ± SD. Statistical significance 
was determined using the Student t test for two-group 
comparisons and two-way ANOVA for multiple groups, 
with P < 0.05 considered significant. Data analyses were 
performed using GraphPad Prism (version 9.0). Methods 
pertinent to the supplementary figures are provided in 
the Supplementary Material.

Data and Resource Availability
The MS proteomics have been deposited in the Proteome- 
Xchange Consortium via the PRIDE repository (ID: 
PXD061199). Additional data sets are available from the 
corresponding authors upon request. All resources used in 
this study are detailed in the Supplementary Tables 1–3.

RESULTS

Identification of NLGN3 as a Putative Exercise-Induced 
Mediator
Skeletal muscle contractions during exercise activated mul
tiple signaling pathways, including AMPK and peroxisome 
proliferator–activated receptor-γ coactivator-1α (PGC-1α), 
thereby increasing glucose uptake to meet elevated energy 
demands (10,32). We modeled exercise-induced signaling 
in skeletal muscle cells in vitro using exercise mimetics (CAF, 
FSK, and IMY) commonly used to activate exercise-associated 
pathways regulating myokine expression and release (33,34). 
Dose-response studies revealed that these exercise mim
etics significantly increased cellular 2-NBDG uptake (Supple- 
mentary Fig. 1A), which coincided with enhanced PGC-1α 
expression and AMPK activation (Supplementary Fig. 1B), 
without detectable cytotoxicity in L6 myotubes (Supplementary 
Fig. 1C). To explore exercise-induced myokines in reversing 
insulin resistance, we collected CM from L6 myotubes 
treated with or without CAF, FSK, or IMY (Supplementary 
Fig. 1D) and subsequently incubated them with 3T3-L1 adi
pocytes. CM-CAF, CM-FSK, and CM-IMY significantly allevi
ated palmitate-induced impairment of insulin-stimulated 
2-NBDG uptake in 3T3-L1 adipocytes compared with CM-Con 
(Fig. 1A), excluding the contribution of exercise-unrelated 
factors in the CM to the observed effects. We further 
tested these CM on palmitate-induced suppression of basal 
glucose uptake and insulin-stimulated lipolysis and found 
that while CM-CAF and CM-IMY restored glucose uptake 

(Supplementary Fig. 2A), CM-CAF and CM-FSK enhanced 
glycerol release (Supplementary Fig. 2B). Further analysis 
elucidated that these CM effectively promoted insulin re
sponsiveness and counteracted palmitate-induced inhibi
tion of insulin signaling molecule phosphorylation (Fig. 1B 
and C), suggesting that skeletal muscle cell–derived media
tors in CM-IMY, CM-CAF, and CM-FSK contributed to im
proved insulin sensitivity in skeletal muscle and adipocytes.

Obesity is marked by adipose tissue dysbiosis with ele
vated LPS levels, accompanied by increased macrophage 
infiltration and a higher prevalence of proinflammatory 
M1 over anti-inflammatory M2 polarization, thereby pro
moting chronic inflammation and insulin resistance (35–38). 
We therefore examined the efficacy of these CM to mitigate 
inflammation in macrophages. CM-CAF and CM-IMY mark
edly suppressed LPS-stimulated expression of proinflamma
tory cytokines while restoring anti-inflammatory cytokines in 
RAW264.7 macrophages (Supplementary Fig. 2C). Addi
tionally, these CM substantially inhibited LPS-induced ac
tivation of nuclear factor-κB (NF-κB) p65, extracellular 
signal–regulated kinase (ERK), and p38 MAPK compared 
with CM-Con (Fig. 1D and Supplementary Fig. 2D). In ad
dition, these CM reduced the proinflammatory phenotype 
in LPS-treated macrophages while promoting an anti- 
inflammatory state, as evidenced by reduced CD68 and 
elevated CD163 levels (Supplementary Fig. 2E). Further
more, these CM significantly suppressed LPS-induced κB- 
luciferase (luc) activity and phagocytosis in macrophages 
(Supplementary Fig. 2F and G). Together, these findings sug
gest that candidate mediators present in CM-CAF, CM-FSK, 
and CM-IMY could modulate adipocytes and macrophages 
in WAT, thereby potentially enhancing insulin sensitivity 
and reducing inflammation.

To identify the putative exercise-induced mediators, 
CM-Con, CM-CAF, CM-FSK, and CM-IMY were subjected to 
LC-MS/MS analysis (Supplementary Fig. 2H and I). Differen
tial profiling revealed 465, 429, and 417 unique proteins in 
CM-CAF, CM-FSK, and CM-IMY, respectively, with 103 pro
teins common to all three conditions but absent in CM-Con 
(Fig. 1E). Heat map and gene ontology analysis of these 103 
proteins showed variations in abundance across treatments 
and enrichment in diverse functions (Supplementary Fig. 2J 
and K). Among these 103 proteins, 31 have a signal se
quence as predicted by the Signal-IP algorithm (39), sug
gesting their secretion. These proteins were ranked by 
their mean abundance (Fig. 1F), with gene ontology analysis 
linking them to glutamate receptor signaling, ion channel 
activity, and calcium-mediated signaling (Supplementary 
Fig. 2L). Among the identified secretory proteins, NLGN3, 
NMDE2, GRM3, LRP4, and A2MG emerged as top candi
dates (Supplementary Fig. 2M). Gene expression analysis 
supported the proteomic findings, showing a colossal in
crease of NLGN3 gene expression in L6 myotubes treated 
with the exercise mimetics (Supplementary Fig. 2N). To 
assess exercise-induced transcriptional changes in human 
skeletal muscle, we reanalyzed the Gene Expression Omnibus 
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Figure 1—Identification of NLGN3 as a putative exercise-induced mediator. A: Determination of insulin (Ins)-stimulated 2-NBDG uptake 
by 3T3-L1 adipocytes exposed to CM from L6 myotubes treated without (CM-Con) or with CAF (10 mmol/L), FSK (4 mmol/L), IMY (0.5 
mmol/L), or a combination of all (CM-CAF-FSK-IMY) in the presence or absence of Ins (100 nmol/L) with or without palmitate (Pal) (0.75 
mmol/L) for 6 h. B: Western blot analysis depicting the abundance of pIRβ (Y1150/1151), pIRS-1 (Y612), pIRS-1 (S307), pAkt (T308), and 
pAkt (S473) proteins in 3T3-L1 adipocytes following exposure to CM-Con, CM-CAF, CM-FSK, CM-IMY, or CM-CAF-FSK-IMY in the 
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data set GSE108643 from lean individuals before and after 
acute aerobic exercise. DESeq2 analysis revealed a significant 
postexercise upregulation of NLGN3, ERFE, and VEGF-A 
(Fig. 1G and Supplementary Fig. 2O). Additionally, we ex
plored the human GEPREP database, a comprehensive atlas 
of RNA-seq data sets of exercise-responsive gene expres
sion, and found a significant induction of NLGN3 ex
pression in skeletal muscle following exercise (Fig. 1H), 
alongside established myokines such as IL-6 and myostatin 
(Supplementary Fig. 2P), further supporting NLGN3 as an 
exercise-responsive, muscle-derived factor. Moreover, NLGN3 
showed high sequence similarity across various organisms, 
including humans (Supplementary Fig. 2Q). These observa
tions prompted us to investigate NLGN3’s potential in met
abolic function.

NLGN3 Prevents Adipocyte Dysfunction and 
Macrophage Inflammation
NLGN3 is traditionally known for roles in synapse formation 
and signaling (13,14). However, our findings demonstrate 
that NLGN3 is secreted in response to exercise signaling in 
L6 myotubes, identifying it as a potential exercise-induced 
mediator. To assess the metabolic function of NLGN3, we 
examined its effect on insulin sensitivity. WT-NLGN3 sig
nificantly restored insulin-stimulated 2-NBDG uptake im
paired by palmitate and enhanced insulin action in 3T3-L1 
adipocytes and C2C12 myotubes, whereas Mut1-NLGN3 
(R541C) and Mut2-NLGN3 (Δ560–564) failed to do so 
(Fig. 2A and B and Supplementary Fig. 3A–D). NLGN3 ex
erts its effects through binding to its cognate receptors 
NRXN1, NRXN2, and NRXN3 (18–20). To identify the spe
cific NRXN isoform that mediates NLGN3’s effect in white 
adipocytes, we introduced ASOs against NRXN1/2/3 in 
3T3-L1 adipocytes. Results yielded three important find
ings: 1) mouse white adipocytes expressed NRXN3, with no 
detectable NRXN1/2; 2) NRXN3-ASO significantly downre
gulated NRXN3 expression; and 3) NRXN1/2-ASOs had no 
significant impact on NRXN3 expression, confirming target 
specificity (Supplementary Fig. 3E). Loss-of-function studies 
in adipocytes demonstrated that NRXN3 silencing, but not 
NRXN1/2, abolished the ability of WT-NLGN3 to reverse 
palmitate-induced inhibition of 2-NBDG uptake (Fig. 2C). 
WT-NLGN3 strikingly rescued palmitate-induced inhibition 

of insulin signaling molecule activation in 3T3-L1 adipocytes, 
whereas Mut1/2-NLGN3 showed no such effect. Notably, 
NRXN3 knockdown blocked WT-NLGN3–induced phosphor
ylation of these signaling molecules (Fig. 2D), establishing 
NRXN3 as the functional receptor mediating NLGN3 effects 
in mouse adipocytes.

Adipocyte function is primarily regulated by homeostatic 
balance of adipogenesis, lipogenesis, and lipolysis (40–42). 
WT-NLGN3, but not Mut1/2-NLGN3, significantly inhib
ited adipogenesis in 3T3-L1 cells (Supplementary Fig. 3F). 
While WT-NLGN3 incubation increased both triglyceride 
and glycerol release from adipocytes, Mut1/2-NLGN3 treat
ment and NRXN1/3 silencing selectively reduced glycerol 
release without significantly diminishing extracellular tri
glyceride levels (Supplementary Fig. 3G and H). Since glyc
erol release directly reflects triglyceride hydrolysis, these 
data indicate that NRXN1/3 signaling is specifically re
quired for lipolysis. In contrast, extracellular triglyceride 
levels may reflect additional receptor-independent lipid han
dling processes, explaining their persistence despite NLGN3 
mutation or NRXN1/3 ablation. These results highlight the role 
of the NLGN3-NRXN3 axis in driving spontaneous lipolysis.

Next, we sought to investigate the efficacy of WT- 
NLGN3 and its receptors in the reversal of LPS-induced 
inflammation and stress signaling in RAW264.7 macro
phages. WT-NLGN3 markedly suppressed LPS-induced ac
tivation of inflammatory and stress markers, whereas 
Mut1/2-NLGN3 failed to do so (Fig. 2E). Importantly, in
troducing NRXN1-ASO, but not NRXN2/3-ASOs, in mouse 
macrophages (Supplementary Fig. 3I) significantly impaired 
WT-NLGN3’s ability to suppress the LPS-induced activation 
of inflammatory and stress signaling markers (Fig. 2F). 
Intriguingly, similar to mouse adipocytes, a differential 
expression pattern for NRXNs was showcased in mouse 
macrophages, with NRXN1 being abundant in macrophages 
but not NRXN3 (Supplementary Fig. 3E and I). Consis
tently, WT-NLGN3 inhibited κB-luc, AP1-luc, and IRF3-luc 
transactivation, an effect lost upon NRXN1 silencing 
(Supplementary Fig. 3J. Interestingly, mouse skeletal mus
cle cells expressed both isoforms (Supplementary Fig. 3K), 
with pronounced effects of NLGN3 on glucose uptake in 
C2C12 myotubes (Supplementary Fig. 3C). These findings 
suggest a possible link of NLGN3-NRXN1 pathway stimulation 

presence or absence of Ins (100 nmol/L) for 6 h. Total IRS-1, Akt, and β-actin served as loading controls. C: Western blot analysis depict
ing the abundance of pIRS-1 (Y612), pIRS-1 (S307), pAkt (T308), pAkt (S473), and Glut-4 proteins in 3T3-L1 adipocytes following exposure 
to CM-CAF, CM-FSK, CM-IMY, or CM-CAF-FSK-IMY in the presence or absence of Pal for 6 h. Total IRS-1, Akt1/2/3, and β-actin served 
as loading controls. D: Western blot analysis showing the abundance of pNF-κB (S536), pERK (T202/Y204), pp38 (T180/Y182), and pJNK 
(T183/Y185) in RAW264.7 macrophages treated with CM-CAF, CM-FSK, CM-IMY, or CM-CAF-FSK-IMY in the presence or absence of 
LPS for 6 h. Total NF-κB, ERK, p38, and JNK served as loading controls. E: Venn diagram from the proteomic analysis illustrating the num
ber of uniquely expressed proteins in CM-CAF, CM-FSK, and CM-IMY of L6 myotubes. F: Heat map analysis of 31 shared proteins com
monly available in the CM-CAF, CM-FSK, and CM-IMY. G: Violin plots showing the normalized counts (log10) of NLGN3 gene expression 
levels in lean individuals before and after exercise. H: Violin plots depicting the distribution of NLGN3 gene expression levels [log2 (tran
scripts per million [TPM] +1)] in skeletal muscle of healthy human participants from the GEPREP database, stratified by exercise status: in
active (sedentary control), aerobic exercise, and resistance training. Embedded box plots indicate the median and interquartile range, with 
individual data points represented as jittered dots. Statistical significance was determined using Wilcoxon rank sum tests with Benjamini- 
Hochberg correction for multiple comparisons. All experiments were performed in triplicate. Data are mean ± SD of three independent ex
periments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 2—NLGN3 prevents adipocyte dysfunction and macrophage inflammation. A: Analysis of insulin (Ins)-stimulated 2-NBDG uptake 
by 3T3-L1 adipocytes following incubation with WT-NLGN3 or Mut1/2-NLGN3 (10 ng/mL) in the presence or absence of Ins (100 nmol/L) 
with or without palmitate (Pal) (0.75 mmol/L) for 6 h. B: Western blot analysis showing the levels of pIRβ (Y1345), pIRS-1 (Y612), and pAkt 
(T308 and S473) in 3T3-L1 adipocytes treated with WT-NLGN3 or Mut1/2-NLGN3 in the absence or presence of Ins or Ins + Pal for 6 h. 
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in the attenuation of LPS-induced inflammation and stress sig
naling in macrophages.

Given the lipid-enrich nature of obese WAT, we delved 
into NLGN3’s role in insulin signaling and inflammation in 
NRXN3- and NRXN1-silenced adipocytes and macrophages, 
respectively, under palmitate exposure. NLGN3 restored 
Glut4 expression suppressed by palmitate, an effect lost in 
NRXN3-ASO–treated adipocytes (Supplementary Fig. 3L). 
Since NF-κB is a master regulator governing cellular 
inflammation (43), we examined NLGN3’s effect on 
palmitate-induced NF-κB activation. NLGN3 attenuated 
palmitate-induced NF-κB activation (Supplementary Fig. 3M) 
and shifted polarization toward an anti-inflammatory state 
as indicated by decreased CD80 and increased CD206 
(Supplementary Fig. 3N), which were abolished by NRXN1 si
lencing (Supplementary Fig. 3M and N). Together, these findings 
suggest that NLGN3-NRXN3 and NLGN3-NRXN1 signaling are 
crucial for enhancing adipocyte insulin sensitivity and resolving 
macrophage inflammation, respectively.

Exercise Induces NLGN3 and Improves Insulin Sensitivity
To evaluate the physiological relevance of NLGN3 as an 
exercise-induced mediator, C57BL/6 mice fed a standard 
diet received control-ASO-LNA or NLGN3-ASO-LNA (Supp- 
lementary Fig. 4A) and underwent a 14-day swimming 
exercise training (Fig. 3A). Exercise markedly elevated circu
lating NLGN3 levels, which were accompanied by improved 
insulin sensitivity, as evidenced by the oral GTT, intraperi
toneal ITT, HOMA-IR, and lowered fasting insulin levels. 
These beneficial effects were abrogated in the NLGN3- 
ASO–treated mice (Fig. 3B–D and Supplementary Fig. 4B
and C), without changes in body weight (Supplementary 
Fig. 4D), food intake (Supplementary Fig. 4E), different tis
sue weights (Supplementary Fig. 4F), and histological fea
tures (VAT, liver, and skeletal muscle) (Supplementary Fig. 
4G–I). Gene expression analysis of VAT demonstrated that 
exercise training elevated mRNA levels of browning markers 
(UCP1, TMEM26, and PRDM16) and shifted the profile 
from proinflammatory (IL-1β and inducible nitric oxide syn
thase [iNOS]) to anti-inflammatory (ARG1 and YM1) markers. 
However, these exercise-induced adaptations were markedly 
attenuated by NLGN3-ASO delivery (Fig. 3E). Consistently, 
the exercise-induced upregulation of browning marker gene 
expression in brown adipose tissue (BAT) was blunted 
in mice administered NLGN3-ASO (Fig. 3F). We per
formed an in vitro cycloheximide chase assay that revealed 

an intracellular NLGN3 half-life of ∼16 h (Fig. 3G), in
dicating relative protein stability once synthesized. While 
precise in vivo half-life determination of a myokine is chal
lenging due to continuous secretion and systemic clearance, 
time course analysis following a single bout of exercise is 
commonly used to estimate apparent circulatory persistence 
(44). Our data from a single bout of swimming exercise re
vealed a rapid increase in serum NLGN3, peaking at 60 min 
postexercise and slowly declining thereafter (Fig. 3H). These 
results indicate that the enhancement of circulating NLGN3 
following exercise primarily represents an acute exercise- 
induced response. We also conducted fasting-refeeding 
experiments in mice to assess whether NLGN3 levels are 
regulated by these physiological states. A 12-h fasting pe
riod markedly increased serum NLGN3, which reduced sub
stantially after 6 h of refeeding (Fig. 3I). In contrast, 
tissue-level analyses revealed divergent regulatory patterns: 
NLGN3 was elevated in skeletal muscle during refeeding 
and in liver during fasting (Fig. 3J). Notably, exercise sig
naling inducers markedly increased NLGN3 levels in skeletal 
muscle cell CM via both active secretion and proteolytic 
shedding, with shedding being the dominant mechanism 
(Supplementary Fig. 4J). Together, these findings indicate 
that NLGN3 is dynamically regulated in a tissue-specific and 
context-dependent manner, with skeletal muscle functioning 
as an exercise- and nutrient-responsive source, while the 
liver displays reciprocal regulation during fasting-refeeding, 
consistent with a role in metabolic adaptation.

NLGN3 Reverses Obesity-Induced Impairments of 
Insulin Sensitivity in Mice
To inspect the therapeutic potential of NLGN3, recombi
nant NLGN3 was administered to HFD-fed obese mice on 
days 2, 6, and 10. Prior to NLGN3 delivery, these mice re
ceived Con-ASO-LNA or NRXN1/3-ASO-LNA on days 0, 4, 
and 8, followed by sacrifice or experimentation on day 12 
(Fig. 4A). NLGN3 delivery notably reduced epididymal fat 
weight (Fig. 4B and C), body weight (Supplementary Fig. 5A) 
in line with previous observations (45), VAT hypertrophy, 
and adipocyte size (Fig. 4D and E) while increasing adipocyte 
number (Fig. 4F) in HFD mice, but these effects were pre
vented by NRXN1/3-ASO-LNA administration (Fig. 4A–F). 
The increase in adipocyte number per unit area reflected 
higher cell density from reduced adipocyte size and may not 
have necessarily indicated an absolute rise in total adipocyte 
count within the depot. Notably, gene expression analysis 

Total IRS-1, Akt, and β-actin served as loading controls. C: Assessment of Ins-stimulated 2-NBDG uptake in 3T3-L1 adipocytes trans
fected with Con-ASO or NRXN1/2/3-ASO and incubated with or without WT-NLGN3 for 6 h. D: Western blot analysis of the levels of pIRβ 
(Y1345), pIRS-1 (Y612 and S307), pAkt (T308 and S473) in 3T3-L1 adipocytes transfected with NRXN-1/2/3-ASO and treated with NLGN3 
in the absence or presence of Ins or Ins + Pal for 6 h. Total IRS1, Akt, and β-actin served as loading controls. E: Western blot analysis 
showing the abundance of pNF-κB (S536), pIKKα/β (S176/180), pERK (T202/Y204), pJNK (T183/Y185), pp38 (T180/Y182), pJun (S73), 
and pFos (S32) in RAW264.7 macrophages treated with WT-NLGN3 or Mut1/2-NLGN3 in the absence or presence of LPS for 6 h. Total 
NF-κB, IKKα, ERK, JNK, p38, Jun, and Fos served as loading controls. F: Western blot analysis showing abundance of pNF-κB (S536), 
pp38 (T180/Y182), and pJNK (T183/Y185), in RAW264.7 macrophages transfected with NRXN-1/2/3-ASO and treated with NLGN3 in the 
absence or presence of LPS for 6 h. Total NF-κB, p38, JNK served as loading controls. All experiments were performed in triplicate. Data 
are mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 3—Exercise induces NLGN3 and improves insulin sensitivity. A: Schematic illustration of the 14-day swimming exercise regimen 
combined with the administration schedule of Con-ASO-LNA or NLGN3-ASO-LNA in standard diet–fed mice. B: Serum NLGN3 levels were 
measured by ELISA in the respective treatment groups (n = 3). C and D: Oral GTT with area under curve (AUC) (C) and intraperitoneal ITT 
with area over the curve (AOC) (D) were analyzed for the above-mentioned treatment groups (n = 3). E: RT-qPCR analysis of mRNA expres-
sion levels for browning markers (UCP1, TMEM26, PRDM16, and CD137), lipolysis markers (ATGL, HSL, and PLIN), and proinflammatory 
(iNOS and IL-1β) and anti-inflammatory (ARG1 and YM1) markers in the WAT from the respective treatment groups (n = 3). F: RT-qPCR anal-
ysis of mRNA expression levels for BAT markers (UCP1, PRDM16, and PGC-1α) from the respective treatment groups (n = 3). G: Cyclohexi-
mide (CHX) chase assay illustrating NLGN3 protein abundance (top) and its quantification (bottom) in C2C12 myotubes at indicated time 
points in the presence or absence of CHX treatment (50 mg/mL). Experiments were performed in triplicate, where each value represents the 
mean ± SD of three independent experiments. H: Measurement of relative serum NLGN3 levels at indicated time points (0–240 min) following 
a single 30-min bout of swimming exercise in standard diet–fed C57BL/6 mice (n = 3). I: Serum NLGN3 concentrations were quantified by 
ELISA in standard diet–fed C57BL/6 mice following a 12- or 24-h fast and after 6-h of refeeding (n = 3). J: RT-qPCR analysis of NLGN3 
mRNA levels after 12 h of fasting and 6 h of refeeding (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 4—NLGN3 reverses obesity-induced impairments of insulin sensitivity in mice. A: Schematic representation of the treatment 
schedule for Con-ASO-LNA or NRXN1/3-ASO-LNA and NLGN3 or PBS administration in HFD-induced obese mice. B and C: Representa-
tive photographic images of epididymal adipose tissue (B) and corresponding weight measurements (C) from HFD mice administered 
Con-ASO-LNA or NRXN1/3-ASO-LNA and treated with either NLGN3 or PBS (n = 4). D–F: H-E staining images of VAT sections (D), along 
with quantifications of adipocyte size (E) and number (F) of the above-mentioned mice (n = 4). G and H: Oral GTT with area under the curve 
(AUC) (G) and intraperitoneal ITT with area over the curve (AOC) (H) were analyzed in the same treatment groups (n = 4). I: RT-qPCR analy-
sis of mRNA expression levels for adipose tissue browning markers (UCP1, TMEM26, PRDM16, and CD137), lipolysis markers (ATGL, 
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revealed that skeletal muscle expressed both NRXN1 
and NRXN3, with NLGN3 administration upregulating 
their expression, whereas no such induction was detected 
in the liver (Supplementary Fig. 5B). NLGN3 infusion sig
nificantly rescued HFD mice from diet-induced insulin re
sistance as evident from GTT, ITT, HOMA-IR, and fasting 
insulin levels; however, these benefits were impaired by 
NRXN1/3 silencing (Fig. 4G and H and Supplementary 
Fig. 5C and D). RT-qPCR analysis of VAT revealed increased 
expression of browning (UCP1, TMEM26, PRDM16, and 
CD137) and lipolysis (ATGL, HSL, and PLIN) markers, 
alongside reduced proinflammatory (iNOS and IL-6) and 
elevated anti-inflammatory (ARG1 and YM1) genes upon 
NLGN3 treatment (Fig. 4I). These effects were compro
mised in NRXN1/3-silenced HFD mice (Fig. 4I), consistent 
with altered NF-κB activation (Supplementary Fig. 5E). 
While in vitro data suggested that NRXN3 mediates adipo
cyte lipolysis and NRXN1 regulates macrophage inflamma
tion, in vivo silencing of either receptor disrupted NLGN3’s 
metabolic benefits, likely reflecting a complex interplay 
between insulin sensitivity and inflammation in which 
disruption of one process exacerbates the other in a vi
cious cycle. Given the robust induction of lipolytic 
genes in VAT of HFD-fed mice after NLGN3 adminis
tration, we next examined ectopic lipid deposition. 
Oil-red O staining demonstrated reduced hepatic lipid de
position with NLGN3 treatment, which substantially re
versed by NRXN1/3-ASO-LNA (Supplementary Fig. 5F and 
G), although hepatic triglyceride levels remained unchanged 
(Supplementary Fig. 5H). In skeletal muscle, lipid accumula
tion was unaffected by NLGN3 delivery or NRXN1/3 si
lencing (Supplementary Fig. 5I and J). Notably, NLGN3 
significantly upregulated β-oxidation marker gene expres
sion in liver and skeletal muscle, while NRXN1/3 silencing 
attenuated these effects (Supplementary Fig. 5K and L). 
Thus, NLGN3 appears to limit ectopic lipid deposition 
and facilitate β-oxidation. NLGN3 administration reduced 
ASC1 (white adipocyte marker) and induced SHOX2, 
UCP1, and PGC-1α (brown/beige adipocyte markers) 
abundance in the VAT of HFD mice, an effect markedly 
undermined by NRXN1/3 silencing (Fig. 4J and Supp- 
lementary Fig. 5M and N). Additionally, NLGN3 en
hanced activation of insulin signaling molecules (IRβ, 
IRS1, and Akt) and upregulated Glut4 in VAT, liver, and 
skeletal muscle, which were suppressed by NRXN1/ 
3-ASO (Fig. 4K and Supplementary Fig. 5O and P).
Taken together, these results show that NLGN3 applica
tion alleviates obesity-induced WAT dysfunction while en
hancing insulin sensitivity and glucose homeostasis.

Exercise-Induced NLGN3 Prevents Insulin Resistance 
in Obese Mice
To investigate the contribution of physical exercise on NLGN3 
expression and insulin sensitivity, HFD-fed mice underwent 
a swimming exercise regimen for 14 days (Fig. 5A). Exercise 
significantly augmented serum NLGN3 levels in HFD-fed 
mice, an effect suppressed by NRXN1-ASO-LNA but not 
NRXN3-ASO-LNA (Fig. 5B), suggesting that NRXN1, 
rather than NRXN3, may play a role in regulating NLGN3 
expression/secretion. For translational relevance, we reana
lyzed publicly available single-cell RNA-seq data sets from 
VAT (GSE176171), liver (GSE136103), and skeletal muscle 
(E-MTAB-13874) to compare NRXN isoform expression pat
terns and found that NRXN3 was the most abundantly ex
pressed isoform across tissues, while NRXN2 was less 
prevalent (Supplementary Fig. 6A). To assess whether nu
tritional status regulates NLGN3 expression, we found that 
obesity markedly suppressed NLGN3 mRNA levels in both 
skeletal muscle and liver (Supplementary Fig. 6B), which 
coincided with decreased serum NLGN3 levels in obese mice 
(Supplementary Fig. 6C). Exercise considerably reduced VAT 
hypertrophy, adipocyte size (Fig. 5C and D), body weight 
(Supplementary Fig. 6D), and epididymal fat mass (Supple- 
mentary Fig. 6E) while increasing adipocyte numbers (Fig. 5E) 
in HFD mice. These attributes were distinctly reversed in 
HFD mice upon NRXN1/3-ASO-LNA delivery (Fig. 5C–E and 
Supplementary Fig. 6D and E). Exercise training upregulated 
NLGN3 gene expression in VAT and skeletal muscle, with a 
greater effect in skeletal muscle, and lowered liver triglycer
ides, whereas NRXN1/3-ASO-LNA delivery selectively sup
pressed NLGN3 expression (Supplementary Fig. 6F and G). 
The swimming exercise raised serum NLGN3 by ∼4.5-fold, 
comparable to the ∼5.2-fold increase with recombinant NLGN3 
administration (Supplementary Fig. 6H), indicating similar 
systemic NLGN3 levels between exercise and exogenous 
treatment under our conditions. Additionally, NRXN1/3-ASO- 
LNA delivery significantly blocked exercise-induced enhance
ment of insulin sensitivity, as demonstrated by GTT, ITT, 
HOMA-IR, and insulin levels (Fig. 5F and G and Supple- 
mentary Fig. 6I and J). In HFD-fed mice, exercise increased 
browning marker, shifted from pro- to anti-inflammatory 
phenotype marker, and upregulated lipolytic marker gene 
expression in VAT. However, NRXN1/3-ASO-LNA delivery 
significantly attenuated exercise-induced changes in brow
ning and inflammatory markers but did not affect lipolytic 
marker gene expression (Fig. 5H). We also noted exercise- 
induced NF-κB inhibition, a decrease in white adipocyte 
markers, and an increase in brown/beige adipocyte markers 
in VAT, which were impaired by NRXN1/3 silencing (Fig. 5I
and Supplementary Fig. 6K–M). Furthermore, NRXN1/ 

HSL, and PLIN), and proinflammatory (iNOS and IL6), and anti-inflammatory (ARG1 and YM1) markers in the VAT from the same treatment 
groups (n = 3). J: Representative immunofluorescence images (left) and corresponding fluorescence intensity quantification (right) of ASC1 
(white adipocyte marker, green), and SHOX2 (beige/brown adipocyte marker, red) in the VAT sections from HFD-fed mice administered Con- 
ASO or NRXN1/3-ASO and treated with either NLGN3 or PBS (n = 4). K: Western blot analysis showing abundances of pIRβ (Y1345), pIRS-1 
(Y612), pAkt (S473), and Glut-4 in the VAT from the respective treatment groups (n = 3). Total IRβ, IRS-1, Akt1/2/3, and β-actin served as loading 
controls. Data are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Figure 5—Exercise-induced NLGN3 prevents insulin resistance in obese mice. A: Schematic illustration of the 14-day swimming exercise 
regimen combined with the administration schedule of Con-ASO-LNA or NRXN1/3-ASO-LNA in HFD-fed obese mice. B: Serum NLGN3 
levels were measured by ELISA in the respective treatment groups (n = 4). C–E: H-E staining images of WAT sections (C), with correspond-
ing quantifications of adipocyte size (D) and number (E) of HFD mice administered Con-ASO-LNA or NRXN1/3-ASO-LNA with or without 
exposure to swimming training (n = 4). F–G: Oral GTT with area under the curve (AUC) (F) and intraperitoneal ITT with area over the curve 
(AOC) (G) were analyzed for the above-mentioned treatment groups (n = 4). H: RT-qPCR analysis of mRNA expression levels for adipose 
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3-ASO-LNA diminished exercise-induced activation of insu
lin signaling molecules in VAT, liver, and skeletal muscle of 
HFD mice (Fig. 5J and Supplementary Fig. 6N and O). Col
lectively, these findings provide captivating evidence that 
exercise-induced factor NLGN3 mediates improvements in 
WAT function and insulin sensitivity in obese insulin- 
resistant mice. In summary, exercise-induced, skeletal muscle–
derived NLGN3 interacts with NRXN1/3 in adipocytes and 
macrophages, thereby mediating skeletal muscle-adipose tis
sue cross talk to hoist insulin sensitivity, as illustrated by 
the schematic diagram in Fig. 5K.

DISCUSSION

Exercise-induced factors have long been recognized for their 
metabolic benefits. Since IL-6 was identified as the first 
exercise-induced mediator (46) and the introduction of the 
myokine concept (8), extensive research has committed to 
identifying and characterizing these molecules to develop 
strategies for combating metabolic diseases. In this context, 
the myokinome has garnered significant attention, with fac
tors such as irisin/FNDC5, FGF21, and METRNL standing 
out among others (3,8–12). However, their therapeutic po
tential is constrained by low circulating abundance, short 
half-life, limited endocrine action, or incomplete understand
ing of their receptors and downstream functions.

Our study identifies NLGN3 as a previously unrecognized 
skeletal muscle–derived factor that mediates the metabolic 
benefits of exercise. Notably, obesity markedly reduced NLGN3 
mRNA expression in skeletal muscle and lowered circulat
ing NLGN3 levels. The reduced serum NLGN3 in obese 
sedentary mice relative to lean controls suggests that obesity- 
associated metabolic stress may reduce circulating NLGN3. 
Obesity-associated factors, including chronic inflammation 
and insulin resistance, may suppress NLGN3 synthesis, 
promote degradation, or impair its secretion or shedding 
from skeletal muscle and other peripheral tissues.

Although exogenous NLGN3 administration strikingly 
reduced body weight and fat mass in obese mice, the asso
ciated metabolic parameters were modest but significant. 
This likely reflects the short treatment duration and limited 
dosing, suggesting that more robust effects on glucose ho
meostasis may require prolonged or higher dosing and/or 
synergy with other exercise-induced factors. Thus, NLGN3 
contributes to metabolic improvement but is unlikely to be 
a sole regulator of systemic glucose homeostasis. A previous 
study showed that overexpression of NLGN transcripts, 
including NLGN3, in pancreatic β-cells enhances insulin 
secretion, whereas their knockdown suppresses it (47), 

indicating indirect effects of NLGN3 on regulating glucose 
homeostasis.

Given the key role of the hypothalamic arcuate and para
ventricular nuclei in energy and glucose homeostasis (48,49), 
it will be important to determine whether exercise influences 
neuron-derived NLGN3. Although NLGN3-NRXN3 signaling 
within paraventricular circuits regulates body weight and glu
cose metabolism independently of food intake (45,49), there 
is no evidence that circulating NLGN3 crosses the blood- 
brain barrier. Its large size (∼110 kDa) and lack of known 
transport mechanisms make direct brain access unlikely, 
highlighting the need for neuron-specific NLGN3 silencing 
to delineate central versus peripheral contributions in exer
cise-induced metabolic regulation.

A growing number of reports have indicated that meta
bolic and inflammatory signaling are tightly interconnected, 
particularly in WAT, where chronic low-grade inflammation 
drives metabolic dysfunction (50,51). Exercise-induced myo
kines modulate both metabolic pathways and inflammatory 
responses, reinforcing the concept of skeletal muscle as an 
endocrine organ (4,52). WAT plays a central role in glucose 
and lipid metabolism (53); however, in obesity, it becomes 
dysfunctional due to macrophage-driven chronic inflamma
tion (35–38), impaired lipogenesis-lipolysis balance, and re
duced insulin sensitivity in adipocytes (53). Accordingly, we 
focused on adipocytes and macrophages as key cellular tar
gets. CM from exercise-mimicking skeletal muscle cells en
hanced insulin signaling and glucose uptake in adipocytes; 
however, strong signaling responses did not proportionally 
translate into glucose uptake, likely due to rate-limiting 
factors such as Glut-4 abundance, feedback inhibition, or 
pathway divergence toward growth or lipid metabolism. In
terestingly, despite lower NLGN3 levels in CM-FSK, adipo
cytes incubated with CM-FSK still exhibited improved insulin 
sensitivity, indicating that FSK induces additional muscle- 
derived mediators. Thus, NLGN3 contributes to, but does 
not fully account for, the metabolic effects of exercise- 
mimicking conditions.

Proteomic analysis of CM from skeletal muscle cells ex
posed to exercise mimetics identified 31 secretory proteins 
commonly enriched across all treatments and absent in 
controls. These proteins were ranked by mean abundance 
as a descriptive prioritization strategy to identify consistently 
enriched candidates, acknowledging that absolute abundance 
does not necessarily reflect physiological importance, as low- 
abundance proteins may also exert potent biological effects. 
Emerging evidence places NLGN3 within the sheddome or 
secretome (54,55). Importantly, NLGN3 is known to undergo 

tissue browning markers (UCP1, TMEM26, PRDM16, and CD137), lipolysis markers (ATGL, HSL, and PLIN), and proinflammatory (iNOS, 
IL-6, and IL-1β),and anti-inflammatory (ARG1, YM1, and IL-13) markers in the VAT from the respective treatment groups (n = 3). I: Repre
sentative immunofluorescence images (left) and quantification of fluorescence intensity (right) for ASC1 (white adipocyte marker, green) 
and SHOX2 (beige/brown adipocyte marker, red) in the VAT sections of these treatment groups (n = 4). J: Western blot analysis showing 
the abundance of pIRβ (Y1345), pAkt (S473), and Glut-4 protein levels in the VAT from the respective treatment groups (n = 3). Total IRβ, 
Akt1/2/3, and β-actin served as loading controls. K: Schematic representation of a proposed model depicting skeletal muscle and adipose 
tissue cross talk in the involvement of exercise-induced myokine NLGN3 in improving adipose tissue functions and insulin sensitivity in 
obese insulin-resistant conditions. Data are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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ADAM10-mediated ectodomain shedding (56), allowing it 
to act as an intercellular signaling molecule. Exercise train
ing has been linked to increased expression and activity of 
ADAM10 (57), which could drive NLGN3 shedding. Inter
estingly, we found that exercise elevates circulating NLGN3 
mainly through proteolytic shedding rather than classical 
secretion. In contrast, neuronal activity induces vesicular se
cretion of NLGN3, which activates proliferative phosphoino
sitide 3-kinase–mammalian target of rapamycin and ERK 
signaling pathways in glioma cells (55). These observations 
suggest that the source, mode of release, and physiological 
context of NLGN3 critically determine its downstream ef
fects. However, the mechanisms governing NLGN3 syn
thesis and its secretion or shedding from skeletal muscle 
following exercise stimulation remain unclear and warrant 
further investigation.

Although exercise increased NLGN3 mRNA expression 
in both skeletal muscle and WAT, the induction was sub
stantially greater in skeletal muscle (∼15-fold vs. ∼8.5-fold), 
indicating that skeletal muscle is a major source of circu
lating NLGN3 with potential endocrine effects on WAT. 
However, contributions from other tissues and possible au
tocrine actions within WAT cannot be excluded. NLGN3 
appears to regulate energy balance by modulating key met
abolic pathways in WAT, and like other exercise-induced 
mediators (58), it enhances glucose uptake, suppresses adi
pogenesis, promotes lipolysis, and induces adipose browning, 
underscoring its role in adipose homeostasis. NLGN3 also 
skewed macrophages toward an anti-inflammatory pheno
type, akin to exercise-induced myokines (59), accentuat
ing its dual role in regulating adipocyte and macrophage 
function.

The current study has certain limitations that should 
be considered. First, as this study relied primarily on mouse 
models and cell lines, future investigations in lean and obese 
human participants with or without T2D, including analyses 
of WAT from various depots and BAT, will be critical to eval
uate translational relevance of NLGN3. Second, exercise mi
metic treatments do not fully recapitulate muscle contraction 
or capture differences in exercise strength, intensity, and du
ration. Comparing our findings with in vitro electrical pulse 
stimulation and in vivo exercise paradigms across exercise 
modalities (swimming vs. treadmill) would further validate 
our observations. Third, the signaling cascades downstream 
of NLGN3-NRXN1/3 interactions in adipocytes and macro
phages, particularly in clinical and translational settings, re
main to be fully elucidated. Finally, skeletal muscle–specific 
deletion of NLGN3, along with macrophage- and adipo
cyte-specific ablation of NRXN1 and NRXN3, respectively, 
will be essential to establish their causal roles in metabolic 
regulation.

With growing recognition of exercise-induced myokines in 
regulating metabolism, the discovery of exercise-responsive 
mediator NLGN3 with metabolic and immunomodulatory 
functions paves new avenues for exercise mimetic therapies. 
Therefore, targeting the NLGN3-NRXN1/3 axis may represent 

a promising strategy to combat obesity-associated insulin 
resistance.
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