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Abstract
Sensory neurons in the dorsal root ganglia (DRG) convey somatosensory and 
metabolic cues to the central nervous system and release substances from stimu-
lated terminal endings in peripheral organs. Sex-biased variations driven by the 
sex chromosome complement (XX and XY) have been implicated in the sensory–
islet crosstalk. However, the molecular underpinnings of these male–female dif-
ferences are not known. Here, we aim to characterize the molecular repertoire 
and the secretome profile of the lower thoracic spinal sensory neurons and to 
identify molecules with sex-biased insulin sensing- and/or insulin secretion-
modulating activity that are encoded independently of circulating gonadal sex 
hormones. We used transcriptomics and proteomics to uncover differentially 
expressed genes and secreted molecules in lower thoracic T5-12 DRG sensory 
neurons derived from sexually immature 3-week-old male and female C57BL/6J 
mice. Comparative transcriptome and proteome analyses revealed differential 
gene expression and protein secretion in DRG neurons in males and females. The 
transcriptome analysis identified, among others, higher insulin signaling/sens-
ing capabilities in female DRG neurons; secretome screening uncovered several 
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1   |   INTRODUCTION

Sensory neurons in the dorsal root ganglia (DRG) arise 
from the neural crest cells and emerge from the inter-
vertebral neural foramina to innervate the skin, bones, 
muscles, and multiple internal organs. DRG neurons are 
pseudo-unipolar, with one axonal branch innervating pe-
ripheral tissues and another projecting to the spinal cord.1 
They comprise a variety of sensory subtypes that detect, 
transduce, and respond to a myriad of physical, thermal, 
and chemical stimuli.2 Internal and external cues activate 
transduction receptors and ion channels on the sensory 
terminal endings and generate action potentials that prop-
agate to the central nervous system (CNS) where signals 
are integrated, interpreted, and relayed back to the target 
tissues via motor neurons.3 Moreover, DRG neurons carry 
dual afferent–efferent functions, that is, in addition to their 
ability to convey to the CNS information arising from the 
tissues they innervate; these afferents also locally release 
neuromodulators such as calcitonin gene-related peptide 
(CGRP) and substance P (SP), in the target tissues.4 DRG 
sensory neurons modulate multiple biological processes 
via the efferent pathway, including neurogenic inflamma-
tion,5 immunity,6 tissue repair and regeneration,7 and cell 
proliferation and function.8

Although historically described for their roles in so-
matosensation and nociception,9 transient receptor po-
tential vanilloid type 1 (TRPV1)-expressing neurons—an 
abundant DRG neuronal subtype—play critical roles in 
energy balance and lifespan.10 These neurons innervate 
major metabolic tissues including the liver, adipose tis-
sue, and pancreas, and express receptors for metabolic 
hormones such as insulin,11 leptin,12 and glucagon-like 
peptide (GLP-1).13 Surgical and chemical denervation of 
whole-body or pancreatic TRPV1+ neurons enhance in-
sulin secretion and improves glucose clearance in male 

mice.14 Worms and mice lacking TRPV1 exhibit extended 
lifespans and youthful metabolic profiles.15 These bene-
ficial outcomes are likely a direct consequence of CGRP 
downregulation in TRPV1 knockout mice.15 Circulating 
levels of CGRP increase with age and treatment of old 
mice with CGRP receptor antagonist results in youthful 
metabolism due, in part, to alterations in insulin secre-
tion.15 Moreover, genetic ablation of CGRPα resulted in re-
duced lipid accumulation in adipose tissue and increased 
mitochondrial respiration from interscapular brown adi-
pose tissue.16

There are sex differences in the regulation of energy 
balance17; particularly at the level of pancreatic β-cell 
function.18 Glucose-stimulated insulin secretion (GSIS) 
is higher in females—in mice,19 rats,20 and humans.21 
In healthy individuals, women exhibit superior GSIS 
compared to men.22–24 The dysfunction of β-cell activ-
ity is also sex-biased. While obesity is more prevalent 
in women, type 2 diabetes is more prevalent in men.17 
Interestingly, while autoimmune conditions are known 
to affect more women than men, type 1 diabetes is ex-
clusively more prevalent in men than women.25,26 Insu-
lin sensitivity is different between men and women.27 
Sex differences are also evident in insulin sensitivity. 
Women tend generally to be more insulin sensitive than 
men even after adjustment for age and body mass index 
(BMI).28 Several tissues contribute to the overall sex-
differential action of insulin, including adipose tissue29 
and hypothalamic neurons.30

Sex differences in energy balance are largely at-
tributed to the actions of sex steroid hormones, which 
can act directly via their receptors to modulate the activ-
ity of the CNS and various peripheral metabolic organs.25 
In pancreatic β cells, estrogens regulate insulin biosyn-
thesis and enhance cell survival in metabolic stress 
conditions31–33; testosterone enhances GSIS in mouse 

sex-specific candidate molecules with potential regulatory functions in pancre-
atic β cells. Together, these data suggest a putative role of sensory interoception 
of insulin in the DRG–islet crosstalk with implications in sensory feedback loops 
in the regulation of β-cell activity in a sex-biased manner. Finally, we provide a 
valuable resource of molecular and secretory targets that can be leveraged for 
understanding insulin interoception and insulin secretion and inform the devel-
opment of novel studies/approaches to fathom the role of the sensory–islet axis in 
the regulation of energy balance in males and females.

K E Y W O R D S
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and human islets in vitro34,35; and both sex hormones 
regulate β-cell mass in vivo.36 In addition to their direct 
action, we reported that male sex hormones regulate 
glucose clearance and GSIS via intricate gonadal–DRG–
islet crosstalk.19 Indeed, while chemical and surgical 
sensory denervation improved glucose excursion and 
insulin secretion in male mice, orchidectomy abrogated 
these effects. The action of male sex hormones in sen-
sory modulation of GSIS is interpreted at least, in part, 
by their stimulatory action on the density of peri-islet 
of sensory CGRP+ in the adult male pancreas.19 Beyond 
the action of gonadal sex hormones, sex differences 
may also arise as the sole consequence of the action 
of the sex chromosome complement (XX and XY).17,37 
Mounting evidence suggests that sex chromosomes play 
a role in glucose homeostasis, fatty liver, adiposity, and 
feeding behavior—independently of the action of sex 
hormones.38 We demonstrated that cell-autonomous 
sensory cues—potentially encoded by the sex chromo-
some complement—regulate GSIS differently in male 
and female mice.19

Here, we paired genomics and proteomics to charac-
terize the molecular repertoire and the secretome profile 
of lower thoracic DRG neurons harvested from sexually 
immature 3-week-old male and female mice. Compu-
tational analysis uncovered differentially expressed 
genes in sensory neurons between sexes. Gene ontol-
ogy revealed significant sex differences in epigenetic 
regulation, cell cycle, DNA replication, cell senescence, 
neuron projection and extension, and insulin signaling 
pathways. Several conventionally and unconventionally 
secreted proteins were differentially regulated in one sex 
compared to the other; some of these molecules have 
modulatory roles in insulin secretion. Collectively, we 
provide a valuable resource of molecular and secretory 
targets that can be leveraged for understanding sex dif-
ferences in sensory modulation of energy balance via 
sensory–islet intercommunication.

2   |   MATERIALS AND METHODS

2.1  |  Animals

All mice studied were on the C57BL/6J background (stock 
#000664, The Jackson Laboratory). Mice were housed in 
pathogen-free facilities and maintained on a 12-h light/
dark cycle in the Animal Care Facility at the Child Health 
Institute of New Jersey and New York Medical College 
(NYMC). All studies and protocols were approved by 
the Rutgers University and NYMC Animal Care and Use 
Committee and were in accordance with the National In-
stitutes of Health guidelines.

2.2  |  DRG culture

DRG neurons located at vertebrae levels T5–12 were pre-
pared as previously described.39 Briefly, lower thoracic 
DRG were harvested from 3-week-old mice and dissociated 
in collagenase (5 mg/mL) and dispase (1 mg/mL) at 37°C 
for 70 min, and then cultured in six-well plates coated with 
Poly-D-lysine (100 μg/mL) and laminin (10 μg/mL). DRG 
neurons were plated at a density of 5 × 104 cells/well in Neu-
robasal media containing B27 (200 mM), NGF (50 ng/mL), 
GDNF (2 ng/mL), and AraC (10 μM). After 3 days of axonal 
outgrowth, DRG neurons were incubated in HEPES solu-
tion containing 75 mM KCL for 60 min. Cells were lysed and 
total RNAs were extracted for RNA sequencing. Superna-
tants were collected for secretome analysis by LC–MS/MS.

2.3  |  RNA sequencing

RNA samples were quantified using a Qubit 2.0 Fluo-
rometer (ThermoFisher Scientific, Waltham, MA, USA) 
and RNA integrity was checked with a 4200 TapeSta-
tion (Agilent Technologies, Palo Alto, CA, USA). Sam-
ples were initially treated with TURBO DNase (Thermo 
Fisher Scientific, Waltham, MA, USA) to remove DNA 
contaminants. rRNA depletion sequencing library was 
prepared by using a QIAGEN FastSelect rRNA HMR 
Kit (Qiagen, Hilden, Germany). RNA sequencing li-
brary preparation uses a NEBNext Ultra II RNA Library 
Preparation Kit for Illumina by following the manufac-
turer's recommendations (NEB, Ipswich, MA, USA). 
Briefly, enriched RNAs are fragmented for 15 min at 
94°C. First- and second-strand cDNA are subsequently 
synthesized. cDNA fragments are end-repaired and ade-
nylated at 3′ends, and universal adapters are ligated to 
cDNA fragments, followed by index addition and library 
enrichment with limited cycle PCR. Sequencing librar-
ies were validated using the Agilent Tapestation 4200 
(Agilent Technologies, Palo Alto, CA, USA), and quanti-
fied using Qubit 2.0 Fluorometer (ThermoFisher Scien-
tific, Waltham, MA, USA) as well as by quantitative PCR 
(KAPA Biosystems, Wilmington, MA, USA). The se-
quencing libraries were multiplexed and clustered onto 
a flowcell. After clustering, the flowcell was loaded onto 
the Illumina HiSeq instrument according to the manu-
facturer's instructions. The samples were sequenced 
using a 2 × 150 bp Paired-End (PE) configuration.

2.4  |  RNA sequencing data analysis

Image analysis and base calling were conducted by the HiSeq 
Control Software (HCS). Raw sequence data (.bcl files) 
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generated from Illumina HiSeq was converted into fastq files 
and de-multiplexed using Illumina bcl2fastq 2.20 software. 
The RNA-seq data analyses were performed as previously 
described.40,41 Briefly, the FASTQ files were aligned to mouse 
mm10 genome using STAR 2.7.7a42 with the following pa-
rameters: ‘–runThreadN 40 –outFilterMultimapNmax 1 –​
outFilterMismatchNmax 3 –outFilterScoreMinOverLread 
0.25 –outFilterMatchNminOverLread 0.25’. A Perl script 
was used to calculate the total number of mapped reads 
and the number of reads that aligned to the exons of each 
gene. The table of raw read counts was normalized, and 
the top 1000 variable genes were selected to perform the 
principal component analysis by DESeq243 and to perform 
the distance between variables by pheatmap. The edgeR44 
and the Genewise Negative Binomial Generalized Linear 
Models with Quasi-likelihood Tests (glmQLFTest) were 
used to compare the gene expression levels between the 
groups. The false discovery rate (FDR) < 0.05 was used as 
the cutoff to identify differentially expressed genes (DEGs). 
The functional enrichment analysis was performed using 
g:Profiler (version_e106_eg53_p16_65fcd97) and gene set 
enrichment analysis (GSEA) software.45 The DEGs were 
used as the input files for g:Profiler. Briefly, the Benjamini–
Hochberg FDR with a threshold of 0.05 was used to deter-
mine the statistical significance and carried out to detect 
the Gene Ontology (GO), Reactome, and KEGG pathway. 
The -log10 FDR values were used to generate the bar plot 
for GO enrichment analysis. The TPM values from edgeR 
were used as input files for the GSEA analysis. Briefly, the 
msigdb.v2022.1.Mm.symbols.gmt was used as gene sets 
database and Mouse-Gene_Symbol_Remapping_MsigDB.
v2022.1.Mm.Chip was used as the chip platform. The pa-
rameters of ‘1000 permutation’, ‘collapse’ and ‘gene_set 
as permutation type’ were selected to run GSEA. The 
scripts used in this study are available at GitHub repository 
(https://github.com/Jerry​-Zhao/DRG2023).

2.5  |  Real-time quantitative reverse 
transcription polymerase chain reaction 
(qRT-PCR)

cDNA synthesis was carried out by using a High-Capacity 
cDNA Reverse Transcription Kit (Thermo Fisher Scien-
tific, Cat# 4368814) with total RNA samples. The primers 
used were listed in Figure  S1A. The cycling parameters 
for qRT-PCR amplification reactions were: AmpliTaq ac-
tivation at 95°C for 10 min, denaturation at 95°C for 15 s, 
and annealing/extension at 60°C for 1 min (40 cycles). The 
Ct value of each selected gene was normalized by the Ct 
value of internal reference (β-actin) and the relative ex-
pression values were calculated according to the 2−ΔΔCt 
method. Finally, to analyze the correlation, the individual 

8 gene's log2 fold change value was used to calculate the 
coefficient of determination (R2) and to evaluate the con-
cordance between qRT-PCR results and RNA-seq data.

2.6  |  LC–MS/MS-based proteomics for 
secretome samples

Secretome samples were prepared using a protocol based 
on S-Trap micro-columns (Protifi, NY).46 Briefly, 600 μL 
HEPES cultured media from each sample were reduced 
and alkylated by incubating with 5% SDS (Sigma-Aldrich) 
and 10 mm DTT (Thermo Scientific) for 30 min at 37°C and 
with 40 mm iodoacetamide (Thermo Scientific) for another 
30 min at room temperature, respectively. Then 27.5% aque-
ous phosphoric acid was added into the sample with a 1:10 
ratio followed by adding S-Trap binding buffer (90% MeOH, 
100 mm triethylammonium bicarbonate (TEAB)) with a 1:7 
ratio. Translucent protein samples were transferred into a 
S-Trap column and cleaned four times using 250 μL of S-
Trap binding buffer per each washing. After cleaning, 1 μg 
of sequencing-grade trypsin (Promega) in 20 μL 100 mM 
TEAB buffer was added to the top of the column. It was al-
lowed to digest overnight at 37°C. Finally, the peptides were 
eluted by 40 μL 50 mM TEAB, 40 μL 0.2% formic acid (FA) 
and 40 μL of 50% acetonitrile (ACN). The eluted peptides 
were pooled for LC–MS/MS analysis. LC–MS/MS was per-
formed as previously described.47 Briefly, the peptides were 
analyzed on a Q Exactive Plus mass spectrometer (Thermo 
Scientific) with a nano-electrospray ion source. The peptides 
were separated on 60 cm × 50 μm ID with Jupiter 3 μm C18 
material (Phenomenex)) with an integrated PicoTip emitter 
(New Objective) using a 2-h LC gradient. A data-dependent 
acquisition mode was employed to automatically trigger the 
precursor scan and the MS/MS scans. For the full scan, a 
resolution of 35 000, 3 × 106 AGC target, and a maximum ion 
trap time of 50 ms were used. Top-10 precursors were iso-
lated for fragmentation under normalized collision energy 
of 32 with an exclusion time of 30 s. Injection time, resolu-
tion, and AGC target were configured as 300 ms, 17 500, and 
2 × 105, respectively.

2.7  |  LC–MS/MS data analysis

MaxQuant software48 was used for protein identifica-
tion and quantification. The MS raw files were pro-
cessed with MaxQuant (Version 1.6.2.10), and MS/
MS spectra were searched by Andromeda search en-
gine against the mouse UniProt database (fasta file 
dated July 14, 2020) with the following parameters: 
tryptic peptides with up to two missed cleavage sites; 
10 ppm parent ion tolerance; 0.6 Da fragment ion mass 

 15306860, 2023, 10, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202300941R

 by R
utgers U

niversity L
ibraries, W

iley O
nline L

ibrary on [22/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://github.com/Jerry-Zhao/DRG2023


      |  5 of 13MOON et al.

tolerance; variable modification (methionine oxida-
tion); fixed modification (cysteine carbamidomethyl). 
Search results were processed with MaxQuant and 
filtered with a false discovery rate (FDR) ≤ 1% at both 
protein and peptide levels. For label-free quantifica-
tion (LFQ), the match between runs (MBR) function 
was activated with a matching window of 0.4 min and 
an alignment window of 20 min. Protein quantifica-
tion was performed by using the LFQ function. The 
search result files “peptides.txt” and “proteinGroups.
txt” were used for further data processing. Proteins de-
tected in four or more samples were included in the 
downstream analysis. Protein level comparison was 
performed by the Student's t-test, and the p-values 
were further corrected by multiple comparisons using 
the Benjamini–Hochberg method to obtain the FDRs. 
Proteins with an FDR < 0.1 were considered differen-
tially expressed proteins. The functional enrichment 
analysis was performed using g:Profiler (version_e106_
eg53_p16_65fcd97) and GSEA software.45 The differen-
tially expressed proteins were converted into the gene 
ID and used as the input files for g:Profiler. Briefly, the 
Benjamini–Hochberg FDR with a threshold of 0.05 was 
used to determine the statistical significance and car-
ried out to detect the GO, Reactome, and KEGG path-
way. The -log10FDR values from edgeR were used as 
input files for the GSEA analysis. Briefly, the msigdb.
v2022.1.Mm.symbols.gmt was used as gene sets data-
base and Mouse-Gene_Symbol_Remapping_MsigDB.
v2022.1.Mm.Chip was used as the chip platform. The 
parameters of ‘1000 permutation’, ‘Remap_Only’ and 
‘Max_probe as collapsing mode for probe sets’ were se-
lected to run GSEAPreranked.

3   |   RESULTS

3.1  |  Transcriptome and secretome 
profiling in male and female DRG neurons

To gain insights into the transcriptome and secretome 
differences between male and female spinal sensory 
DRG neurons as they relate to insulin sensing and in-
sulin secretion, we carried out RNA sequencing (RNA-
Seq) and proteomics assays using lower thoracic DRG 
neurons known to project directly in the pancreas49 
and modulate islet β-cell activity.14,19 Briefly, DRG neu-
rons located at vertebrae levels T5–12 were harvested 
from male and female C57BL/6J mice, dissociated 
and cultured as we previously described.19 To iden-
tify sex-hormone-independent effects underlying sen-
sory sex differences, we used neurons harvested from 
3-week-old—sexually immature—mice. After 3 days of 
culturing, the conditioned cell culture media DRG neu-
rons were acutely incubated in serum-free depolarizing 
KCL (75 mM) solution to induce secretion for 60 min. 
After the incubation, the conditioned cell culture media 
was collected for secretome analysis, whereas DRG neu-
rons were lysed and RNAs were extracted for the RNA-
Seq experiment (Figure 1).

3.2  |  Male and female DRG neurons 
exhibit distinct transcriptome profiles

To determine the transcriptome differences between male 
and female DRG neurons, we carried out an RNA-seq ex-
periment to unbiasedly assess gene transcription levels. 

F I G U R E  1   Schematic of the experimental plan. Dorsal root ganglia (DRG) neurons were harvested from 3-week-old male and female 
C57BL/6J mice. After culture for 3 days, neurons were placed in serum-free HEPES media for 1 h and then incubated with KCL 75 mM to 
enhance secretion for 1 h. After stimulation, culture media was collected for secretome analysis and RNAs were extracted for sequencing.

Three-week-old 
C57BL/6J mice
(male & female)

Isolation and 
culture of DRG

neurons

Stimulation
KCL 75 mM 

(60 min)

Secretome analysis

RNA extraction RNA sequencing

3 days 

Media collection
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We obtained 817 million high-quality RNA-Seq reads from 
sequencing five biological replicates of male and female 
DRG neurons (Figure S1A). Pearson's correlation analysis 
(Figure  2A) showed tight similarities among the biologi-
cal replicates within each intragroup (Pearson's correla-
tion coefficient r > .99) and high intergroup dissimilarities 
(males versus females). To further assess the transcriptome 
profiles, we next performed a principal component analy-
sis (PCA) and found that male and female datasets were 
segregated into two independent groups (Figure 2B), sug-
gesting that male and female DRG neurons exhibit distinct 
transcriptome profiles. To identify genes that are differen-
tially expressed between male and female DRG neurons, 
we quantified the expression levels of all mouse genes 
and compared them using the edgeR method. As a result, 
we identified 403 genes that were differentially expressed 
(FDR < 0.05) between male and female DRG neurons, in-
cluding 126 male-enriched genes and 277 female-enriched 
genes (Figure  2C and Table  S1). Furthermore, we found 
that these gene expression changes between male and fe-
male DRG neurons are consistent among the five biologi-
cal replicates (Figure 2D). To verify the RNA-Seq results, we 

assessed the relative expression levels of a few genes using 
qRT-PCR and calculated the coefficient of determination R2 
to assess the association between RNA-seq results and qRT-
PCR results. This approach demonstrated a high correlation 
(R2 = .9864) between the RNA-seq and qRT-PCR datasets 
(Figures 2E and S1B–J), thus independently validating the 
RNA-seq results. Collectively, these results demonstrated 
that male and female DRG neurons exhibit distinct tran-
scriptome profiles.

3.3  |  Pathway analyses of transcriptome 
profiles of male and female DRG neurons

To identify the biological pathways in DRG neurons that 
predominate in one sex relative to the other, we per-
formed Gene Ontology (GO) enrichment analysis and 
GSEA. We found that the male- and female-selective 
gene expression patterns were enriched in distinct GO 
biological pathways (FDR < 0.05, Tables S2 and S3). In 
the 126 genes enriched in male DRG neurons, we ob-
served an upregulation of chromatin modification and 

F I G U R E  2   Male and female dorsal root ganglia (DRG) neurons exhibit distinct transcriptome profiles. (A) Heatmap of the Pearson's 
correlation analysis of the gene expression profiles obtained by RNA sequencing of male and female DRG neurons. (B) Principal component 
analysis (PCA) plot of male and female DRG neurons RNA-Seq data. (C) Volcano plots of male and female DRG neurons RNA-Seq data. 
The differentially expressed genes (FDR < 0.05) were highlighted in red for female-enriched genes and blue for male-enriched genes. 
(D) Heatmap depicting differential gene relative expression in male versus female DRG neurons. (E) Correlation of gene expression fold 
change (log2 fold change) between RNA-Seq (y-axis) and real-time qRT-PCR (x-axis) data. FDR, false discovery rate; qRT-PCR, real-time 
quantitative reverse transcription polymerase chain reaction.

(D)(A) (C)

(E)(B) (E)
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epigenetic regulation of gene expression pathways, 
including chromatin modifying enzymes, histone 
deacetylases (HDACs), chromatin organization and re-
modeling, DNA packaging complex, and nucleosomal 
DNA binding (Figure 3A). Male DRG neurons were also 
enriched in genes implicated in cell cycle (Figures  3A 
and S2F), DNA replication (Figures 3A and S2I), G2/M 
checkpoints (Figures 3A and S2J), E2F-mediated regu-
lation of DNA replication, and DNA helicase activity 
(Figure  3A). Another male-specific cluster of genes 
highlighted the predominance of cytokine signaling in 
the immune system and signaling by interleukins—
particularly interleukin-7 signaling (Figures  3A and 
S2H). Remarkably, cell senescence and senescence-
associated secretory phenotype (SASP) pathways were 
enhanced in male DRG neurons (Figure 3A). Lastly, GO 
enrichment analysis also showed enhanced signaling by 
nuclear receptors in male DRG neurons, including es-
trogen receptor (ESR)-mediated signaling and estrogen-
dependent gene expression pathways (Figures  3A and 
S2C). The 277 genes enriched in female DRG neurons, 
on the other hand, were enriched in GO biological path-
ways associated with insulin action, such as response 
to insulin hormone, insulin signaling pathway, phos-
phatidylinositol 3-kinase signaling, and forkhead box O 
(FOXO) signaling pathway (Figures 3B and S3E–I). The 
transmembrane receptor protein serine/threonine ki-
nase signaling pathway was also preponderant in female 
sensory neurons (Figures  3B and S3B). Furthermore, 
several gene regulatory networks were linked to aspects 

of glucose homeostasis, positive regulation of metabolic 
processes, cellular carbohydrate metabolic process, and 
response to ketone (Figures  3B and S3A). Among dif-
ferentially regulated GO biological pathways between 
sexes, we found that extracellular matrix organization, 
extracellular matrix assembly, and collagen-containing 
extracellular matrix were upregulated in female DRG 
neurons (Figure  3B). Lastly, our analysis revealed 
female-specific enrichment of biological pathways re-
lated to neuron projection development, axon guidance, 
positive regulation of dendrite extension, neuron pro-
jection extension and axon extension involved in axon 
guidance (Figures 3B and S3C). Notably, GSEA analysis 
results in male versus female DRG neurons (Figures S2 
and S3, Tables S4 and S5) showed similar trends com-
pared to the GO enrichment analysis. Taken together, 
these analyses indicated the existence of male- and 
female-selective gene expression patterns that modulate 
distinct biological pathways in DRG neurons with the 
highlight of the insulin-sensing feature as an important 
female-enriched signaling pathway in the regulation of 
DRG–islet crosstalk.

3.4  |  Male and female DRG neurons 
exhibit distinct secretome profiles

To identify secretory proteins that are differentially reg-
ulated by male and female DRG neurons, we collected 
culture medium of male and female DRG neurons in 

F I G U R E  3   Gene ontology enrichment analysis of male and female dorsal root ganglia (DRG) neurons. (A) Gene ontology (GO) 
enrichment analysis in male DRG neurons, as compared to female DRG neurons. (B) GO enrichment analysis in female DRG neurons, as 
compared to male DRG neurons. FDR < 0.05 was used as the cutoff criteria. FDR, false discovery rate.

(A) (B)
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depolarizing conditions (five biological replicates) and 
performed LC–MS/MS to characterize the secretome 
profiles (Figure  1). We detected 335 proteins in total 
(Table S6). To determine the similarity of the secretome 
profiles, we carried out Pearson's correlation analysis and 
showed a high correlation between pairs of the secretome 
of DRG neurons from the same-sex groups (Pearson's cor-
relation coefficient r > .99) and high divergence between 
opposite-sex groups (Figure 4A). The PCA also showed a 
clear separation between male and female datasets (Fig-
ure 4B), which supports that male and female DRG neu-
rons exhibit distinct secretome profiles. In addition, we 
compared the levels of the 335 secretory proteins between 
male and female datasets and identified 30 and 16 secre-
tory proteins that were differentially enriched in male and 
female DRG secretomes, respectively (FDR < 0.1) (Fig-
ure 4C,D and Table S6). Collectively, these results demon-
strated that male and female DRG neurons exhibit distinct 
secretome profiles.

3.5  |  Pathway analyses of secretome 
profiles of male and female DRG neurons

To identify the biological pathways in the secretome of 
DRG neurons that are differentially expressed between 
males and females, we performed GO enrichment anal-
ysis and GSEA. We found that the male- and female-
enriched secretory proteins were enriched in distinct 
GO biological pathways (FDR < 0.1, Tables S7 and S8). 
Notably, GO enrichment analysis results were consist-
ent between secretome and transcriptome datasets. In 
the 16 secretory proteins enriched in female DRG neu-
rons, we observed upregulation of collagen and extra-
cellular matrix pathways, including a collagen trimer, 
a complex of collagen trimers, collagen type I and III 
trimer, collagen-containing extracellular matrix, and 
collagen-activated signaling pathway (Figure  4E). The 
secretome of female DRG neurons was also enriched 
in signal transduction and regulation of signaling and 

F I G U R E  4   Male and female dorsal root ganglia (DRG) neurons exhibit distinct secretome profiles. (A) Heatmap of the Pearson's 
correlation analysis of secretome profiles captured via proteomics of male and female DRG neurons. (B) Principal component analysis 
(PCA) plot showing the secretome data corresponding to male and female DRG neurons (five biological replicates). (C) Volcano plots of 
differentially secreted proteins (FDR < 0.1) in male and female DRG neurons. (D) Heatmap depicting differentially secreted proteins in male 
versus female DRG neurons. (E) Gene ontology (GO) enrichment analysis in proteomics of female DRG neurons, as compared to male DRG 
neurons. FDR < 0.1 was used as the cutoff criteria. (F) Gene set enrichment analysis (GSEA) plot of the biological pathway of regulation for 
IGF transport and uptake by IGFBPs and heatmap for proteins in this pathway in male versus female DRG neurons. FDR, false discovery 
rate.

(A) (D) (E)

(B)

(F)

(C)
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signaling transduction GO terms (Figure 4E). Lastly, GO 
enrichment analysis revealed the regulation of insulin-
like growth factor (IGF) transport and uptake by insulin-
like growth factor binding proteins (IGFBPs) pathways 
(Figure  4E). GSEA analysis results further confirmed 
differential regulation of IGF transport and uptake by 
the IGFBP pathway in the male and female secretomes 
(Figure  4F and Table  S9). Interestingly, among the 19 
secretory proteins involved in this pathway, the levels 
of cadherin 2 (Cdh2), nucleobindin 1 (Nucb1), follista-
tin 1 (Fstl1), and chromogranin B (Chgb) were signifi-
cantly higher in the secretome of female DRG neurons 
compared to that of male DRG neurons (FDR < 0.1). 
Surprisingly, the 30 secretory proteins enriched in male 
DRG neurons were enriched in GO terms associated 
with chromatin modification and DNA, such as chro-
matin organization, remodeling, assembly, DNA bind-
ing, and DNA replication (Table S8) consistent with the 
transcriptomic signature of male DRG neurons. GSEA 
analysis results also showed that DNA binding path-
ways were enriched in male DRG neurons (Table S10), 
hence mirroring the GO enrichment analysis. Finally, 
secretome screening uncovered several proteins with 
known roles in the modulation of insulin synthesis 
and/or secretion (Figure  4D and Table  S6), including 
peroxiredoxin-4 (Prdx-4), seizure 6-like protein (Sez6l), 
Agrin, Slit guidance ligand 2 (Slit-2), collagen 1 alpha 
1 (Col1a1), collagen 1 alpha 2 (Col1a2), and collagen 
3 alpha 1 (Col3a1). Taken together, these analyses re-
vealed male- and female-specific secretory proteins that 
modulate distinct biological pathways, including those 
with reported roles in the modulation of pancreatic β-
cell function.

4   |   DISCUSSION

Understanding the biological differences between men 
and women requires the identification of the cellular and 
molecular mechanisms that directly or indirectly cause 
sex differences. In the central nervous system, it has 
long been hypothesized that gonadal hormones set per-
manently the sex differences during early development 
“organizational effects” and maintain them throughout 
adulthood via interaction with their respective sex hor-
mone receptors “activational effects”.17 However, the 
sex chromosome complement has also been implicated 
as an important contributor to sex differences37,50—
particularly in aspects of energy homeostasis, including 
the regulation of body weight, cholesterol, and liver tri-
glycerides.51,52 We have recently reported that sensory 
neuromodulation of islet β-cell function is sex-biased14 
and that sensory neuron-derived cell-autonomous 

factors regulate insulin secretion independently of the 
action of gonadal sex hormones.19 Here, we report the 
transcriptome and secretome profiles of lower thoracic 
DRG neurons derived from sexually immature male and 
female mice. We found that DRG neurons exhibit sex 
differences in the gene expression profile and secreted 
proteins, independent of circulating sex hormones. Fur-
thermore, GO and GSEA analyses revealed that male 
and female spinal sensory neurons display differences 
in biological pathways associated—among others—with 
insulin sensing, chromatin remodeling, cell senescence, 
axon extension and insulin secretion.

Our transcriptomics-based screening highlighted the 
presence of insulin signaling machinery (e.g., insulin 
receptors) in lower thoracic DRG neurons. This finding 
strengthens the previously reported data suggesting the 
expression of insulin receptors in DRG sensory neu-
rons directly projecting in the pancreas53 and strongly 
suggests a role for insulin and insulin-like growth fac-
tor 1 (IGF-1) as key interoceptive molecules that bidi-
rectionally links the CNS to the endocrine pancreas via 
thoracic DRG neurons.54 Interestingly, GO and GSEA 
analyses demonstrated that the insulin signaling path-
way is enhanced in DRG neurons harvested from female 
versus male mice. The higher insulin sensitivity in fe-
male sensory neurons is consistent with the well-known 
sex difference in insulin action.29 Why do female spinal 
sensory neurons exhibit enhanced insulin sensitivity? A 
teleological explanation may lie in the requirement to 
compensate for the lesser abundant sensory innerva-
tion of the female pancreas. Indeed, while the peri-islet 
sensory innervation is reduced in female mice as com-
pared to their male counterparts,19 the enhanced insulin 
signaling/sensing may constitute a sensory advantage 
to capture subtle variations in insulin release from the 
poorly innervated islets. An alternative explanation is 
that improved insulin sensitivity would enhance sen-
sory neurite growth and branching within pancreatic 
islets11 as a compensatory strategy to counter the peri-
islet sensory hypoinnervation observed in females ver-
sus males who a higher number of islet-projecting DRG 
neurons.19 Consistent with this hypothesis, GO and 
GSEA analyses indicated enrichment of cluster genes 
associated with neuron projection/extension and axonal 
guidance in DRG cell cultures derived from female mice 
(Figures 3B and S3C). Interestingly, the concept “more 
neurons in males; more processes in females” has been 
also reported in the cerebral cortex.55 It is intriguing 
to identify gene clusters and GO terms associated with 
cell cycle, cell proliferation and DNA synthesis path-
ways in the DRG neural preparation. While spinal sen-
sory neurons become postmitotic after differentiation 
during embryonic life,56 other non-neuronal cell types 
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composing the DRG have proliferative capabilities, in-
cluding satellite glial cells (SGCs)57 and macrophages.58 
Comparative GO analysis showed an upregulation of 
cell cycle gene sets in male versus female DRG neural 
cultures that is consistent with recent studies.58,59 The 
increase in self-renewal of macrophages and SCGs 
within the male DRG underscores the importance of 
continuous self-renewal of these cells to maintain/sup-
port the highly abundant peri-islet sensory neurons in 
male mice.19 The enhanced macrophage proliferation 
is also consistent with the heightened inflammatory 
response in the male DRG and points to interleukin-7 
signaling (Figure S2H) as an important pathway in the 
expansion of DRG resident immune cells, including 
macrophages.60 Another important sex-biased/male-
enriched biological feature identified in DRG neurons 
is cellular senescence/senescence-associated secretory 
phenotype (SASP). In light of the recent studies suggest-
ing the propensity of islet β cells in males (vs. females) 
to cellular senescence61 and the reduction of β-cell func-
tion during aging in men but not women,62 our pathway 
analyses suggest that the pancreas-projecting thoracic 
DRG neurons act within the islet β-cell niche and con-
tribute to islet β-cell dysfunction in males. The reduc-
tion of the peri-islet sensory innervation density19 and 
the DRG-expressed SASP in females (vs. males) palliates 
the deleterious inflammatory milieu generated by the 
senescent DRG fibers, thus resulting in superior GSIS in 
females.19–21 Finally, our study revealed sex-differential/
female-enriched expression of pathways associated with 
collagen-containing extracellular matrix (ECM). Inter-
estingly, collagen production has been associated with 
insulin secretion and collagen supplementation in trans-
plantation settings has been shown to improve β-cell 
engraftment and attenuate hypoxia which ultimately 
enhance β-cell response to glucose.63 Moreover, studies 
have demonstrated that islet ECM is altered/remodeled 
in T1D in a fashion that renders islets more permissive 
to immune cell infiltration and impairment of β-cell 
function. The higher collagen expression and secretion 
from the pancreas-innervating thoracic DRG neurons 
in females (vs. males) is consistent with the recently 
evoked concept of β-cell resilience in response to islet 
stress in female mice.64 We did not observe major con-
gruence in pathways identified by transcriptome and se-
cretome analyses. This is expected as the secretome does 
not necessarily reflect the proteome signature but rather 
the pool of molecules packaged in the secretory granules 
ready to be released in the extracellular media under 
stimulatory conditions such as occurring experimen-
tally in response to KCL 75 mM (Figure  1). Secretome 
screening unraveled several sex-differentially secreted 
molecules with previously described modulatory roles in 

pancreatic β-cell activity, including Prdx-4, Sez6l, Agrin, 
Slit-2, Col1a, Col1a2, and Col3a1. Prdx-4 was reported 
to improve insulin synthesis and glucose-induced insu-
lin secretion in vitro65; Sez6l was recently identified as a 
putative target for Bace1/2; plasma membrane proteases 
known to regulate β-cell function66; post-translational 
modification-specific proteomics identified Agrin sig-
naling pathway to be relevant in GSIS67; Slit-2 increases 
the frequency of glucose-induced calcium oscillations 
and potentiates insulin secretion68 and several collagen 
molecules have been reported to have stimulatory effect 
on insulin secretion.69–71 Finally, secretome screening 
highlighted the enrichment of IGFBPs in female tho-
racic DRG culture media preparations which suggests 
the ability of females to exert a tighter control of IGF ac-
tion within the islet niche. Together, our genomics and 
proteomics analyses unraveled sex differences in multi-
ple converging cellular pathways relevant to the bidirec-
tional crosstalk between DRG neurons and pancreatic 
β cells.

We are cognizant that the sex-differential expression 
and secretion of the DRG molecules might not be due, ex-
clusively, to the action of the sex chromosomes (XX or XY). 
While our experimental design rules out the occurrence of 
activational effects (occurring in adulthood) of gonadal sex 
hormones in 3-week-old mice, the organizational testoster-
one surge taking place during the neonatal period might be 
playing a role72,73 as previously described for the hypotha-
lamic POMC neurons.74 It is possible that perinatal testos-
terone shapes the genetic and secretome profiles in the male 
DRG through epigenetic mechanisms. Nevertheless, it is 
relevant to mention that this has been largely described in 
the CNS75 and it is currently unknown whether similar mas-
culinization effects of the neonatal testosterone surge take 
place in the peripheral nervous system. Moreover, while the 
perinatal testosterone surge is regarded as a significant con-
tributor to the masculinization of the CNS, recent insights 
from disorders of sexual development underscored a role 
for the Y chromosome genes and X-chromosome dosage in 
the moderation of the biological processes linked to the sex-
ual differentiation of the mammalian brain.76,77 Additional 
studies are warranted to separate the effects of testosterone 
surge from those of the sex chromosomes and to determine 
whether these male–female differences in the DRG tran-
scriptome and secretome have sex-specific functional conse-
quences on pancreatic β-cell activity.

5  |  CONCLUSION

Our study unveiled sex differences in the transcriptome 
and secretome profiles of the lower thoracic DRG sen-
sory neurons, including those projecting directly into 
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the endocrine pancreas. These differences appear prior 
to puberty and likely arise from a combination of peri-
natal testosterone surge and sex-chromosome effects. 
The transcriptome analysis revealed higher insulin-
sensing capabilities in female (vs. male) DRG neurons. 
The secretome screening uncovered several sex-specific 
candidate molecules with potential regulatory func-
tions in pancreatic β cells. Together, these data sug-
gest a putative role of sensory interoception of insulin 
in the DRG–islet crosstalk with potential implications 
of sensory feedback loops in the sex-biased regulation 
of β-cell activity. The characterization of these cellular 
and molecular pathways will be relevant in the context 
of strategies aimed at developing sex-based therapeutic 
and/or preventive measures for men and women with 
compromised β-cell function.
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