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Dysregulated mast cell activation induced by
diabetic milieu exacerbates the progression
of diabetic peripheral neuropathy in mice
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Diabetic peripheral neuropathy (DPN), a common disorder in diabetes, is
associated with severe microenvironment imbalance due to immunometa-

bolic stress. However, the underlying mechanistic drivers remain unclear.

Here, we generate a single-cell atlas of human peripheral nerves and identify
cell-specific transcriptional changes in DPN as well as aberrant amplification of
mast cells. Using streptozotocin-induced mouse diabetes models, we further
find that glucose uptake mediated by GLUT3 in high-glucose (HG) diabetic
milieu upregulates ERK1/2 phosphorylation in mouse mast cells. Sustained HG
stimulation also induces aberrant mTOR hyperactivity, resulting in endo-
plasmic reticulum stress and mitochondrial oxidative stress, thereby impairing
mitochondrial functions of mast cells. Dysregulated mast cells then degranu-
late and release histamine, tryptase and inflammatory factors into neural
microenvironment to cause neuropathy in diabetic mice. Lastly, mice with
mast cell deficiency are protected from the immune imbalance in nerves and
progression of neuropathy. Our findings thus implicate dysregulated activa-

tion of mast cells as a potential driver in the progression of DPN.

Diabetic peripheral neuropathy (DPN) is a major complication in dia-
betic patients, as more than 60% of them are expected to develop DPN
within their lifetime'. DPN significantly impairs quality of life, renders
prolonged hospitalization time, and eventually leads to lower extre-
mity amputation*’. The initial pathological changes of DPN occur at
the level of the unmyelinated C fibers, and as the disease course pro-
gresses, demyelination and axonal degeneration of myelinated fibers
ensue*. Distinct from acute nerve injuries, the pathogenesis of DPN can
be viewed as a state of chronic inflammation and metabolic dysfunc-
tion, which initiates a tissue-level insult against the peripheral nerve
axons supported by glia*. Upregulation of proteins involved in
inflammation and aberrant metabolic processes has been reported in
nerve biopsies from DPN patients’. However, few studies have dis-
sected the cell differences within nerve tissues between DPN patients
and non-diabetic healthy controls. In this context, little is known about
the involvement of different cell types, including the minority cell

types, in the pathogenesis of DPN. Although specific anticonvulsants
and antidepressants have been mainly used for management in DPN
patients, the treatment of DPN lacks effective and disease-modifying
therapies*. Understanding the cellular drivers of DPN will help develop
cell-specific therapeutics, thus targeting the main drivers of poor
outcomes. Given the multitude of cell types affected in DPN, there is a
pressing need to understand cell-specific molecular and genomic
mechanisms underlying DPN.

Neuronal microenvironment imbalance, a major characteristic of
DPN, causes successive damage in neural structure and function.
Diabetes-associated metabolic dysfunctions, including hyperglycemia,
dyslipidemia, and insulin resistance, lead to oxidative stress and
inflammation in DPN®. Increased reactive oxygen species (ROS) levels
and oxidative stress in diabetic tissue contribute to ongoing mito-
chondrial damage and insufficient energy production in resident cells’.
Low-grade inflammation accompanied by increased immune cell
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infiltration characterizes a pivotal aspect of DPN pathology®'°. Meta-
bolic imbalance within the environment can drive the phenotypic
switch of immune cells, and thus produce a “metabolically-activated”
phenotype'. In response to metabolic insults of DPN, immune cells in
nerve tissues produce a cascade of cytokines and chemokines,
including proinflammatory interleukin-1p (IL-1B) and tumor necrosis
factor-a (TNF-a)*°. Moreover, activated immune cells adapt their
metabolic profiles, shifting from oxidative phosphorylation to glyco-
lysis, to support robust energy demands™". This switch in metabolic
profile of immune cells leads to the accumulation of metabolic
intermediates®. These proinflammatory factors and metabolic
intermediates further cause successive and irreversible damage to
axons and other supporting cells in peripheral nerves. However, pre-
sent researches on the neuro-immune crosstalk and nerve injuries
mainly focus on macrophages”. Relatively few studies have reported
how other immune cells affect the homeostasis of the nerve micro-
environment. In search of more effective therapeutics in the future
without causing non-specific toxicity, it becomes paramount to
understand the cell-specific mechanism underlying DPN pathogenesis.

In this study, we first demonstrate that tibial nerve tissues from
DPN patients contain more mast cells than those from patients with
traumatic limb amputation (TLA patients). Further experiments in
diabetic mice confirm that genetic depletion of mast cells attenuates
neuroinflammation and neurological deficits following streptozotocin
(STZ) injection. In vitro studies establish that a high glucose (HG)
environment confers a ‘metabolically activated’ phenotype on mast
cells by extracellular signal-regulated kinase 1 and 2 (ERK1/2)-mTOR
cascades, leading to increased expression of proteases and proin-
flammatory mediators. Collectively, our data present precedent
mechanistic insights into mast cell activities that drive the progression
of DPN, and thus provide novel targets for treating DPN.

Results

Cellular heterogeneity in human tibial nerves

We hypothesize that peripheral nerve tissues from DPN patients are
characterized by unique molecular signaling and cellular modifica-
tions. To determine DPN-related molecular and cellular signatures, we
performed 10x Genomics single-cell sequencing on the tibial nerves
from 4 DPN and 3 TLA patients (Fig. 1a, b). We obtained a total of 35,137
high-quality single cells from DPN nerve samples and 26,114 cells from
TLA nerve samples. Transcriptional analysis revealed distinct gene
expression profiles between DPN and TLA nerve samples (Fig. 1c and
Supplementary Fig. 1a, b). Noteworthy, gene enrichments of DPN
samples were significantly increased in gene ontology (GO) terms
related to inflammatory response, ERK1/2 related pathway, and leu-
kocyte chemotaxis compared with those of TLA samples (Fig. 1d, e). To
determine the identities of these clusters, we overlaid cells in the
uniform manifold approximation and projection (UMAP) plot with
well-characterized marker genes. The relative levels of expression were
shown as a color gradient. This approach identified Schwann cells
expressing SI00B, PLPI and CDH19; endothelial cells expressing VWF,
PECAMI and JAM2; mast cells expressing KIT and TPSABI; B cells
expressing MS4A1 and CD79A; T cells expressing CD3D, SKAP1, THEMIS;
natural killer (NK) cells expressing NKG7, KLRCI and KLRDI; neutrophil
expressing CSF3R, CXCRI and CXCR2; fibroblasts expressing sFRP4 and
COLIAIL smooth muscle cells/pericytes expressing TAGLN, ACTA2 and
MYH1I; and macrophages/monocytes expressing CD68 and LYZ. Initial
analysis of single-cell sequencing data identified a marked increase of
mast cells in the nerve tissue of DPN in comparison with their TLA
counterparts (Fig. 1f, g). We found similar proportions for Schwann
cells, endothelial cells, fibroblasts, smooth muscle cells, NK cells, and
macrophages between the two groups (Fig. 1f, g). We then examined
the expression level of mast cell marker genes. These markers included
those commonly-expressed genes in mast cells (e.g., KIT, CMA, TPSABI,
MS4A2, CPA3). As shown in UMAP plots, these markers were expressed

in nerve tissues of DPN patients at abundant levels (Fig. 1h, i). Con-
sistent with single-cell sequencing analysis, our quantitative real-time
polymerase chain reaction (QRT-PCR) data confirmed that nerve tis-
sues of DPN patients expressed higher levels of mast cell genes com-
pared with their TLA counterparts (Fig. 1j).

Mast cells contributed to the pathogenesis of DPN
The pathogenesis of DPN is a complicated process that ultimately leads
to peripheral nerve degeneration and limb dysfunction. DPN-induced
Schwann cell degeneration and peripheral demyelination may be
initiating factors that further lead to neuronal damage'. Given that
nerves from DPN patients contained more mast cells than from their
TLA counterparts, we hypothesize that mast cells may play a role in the
progression of DPN formation. To dissect cell-type-specific mechan-
isms, we first checked the myelin structure in biopsy samples of tibial
nerves from both DPN and TLA patients. Haematoxylin-eosin (HE) and
toluidine blue (TB) staining showed that the axon density in DPN
patients has robustly decreased, compared with that in TLA patients
(Fig. 2a, e). Moreover, transmission electron microscope (TEM) analysis
witnessed more degenerated axons without myelin wrapping in the
nerve sections of DPN patients (Fig. 2b, f). Immunohistochemistry (IHC)
staining also demonstrated that neurofilament 200 (NF200), an axon
marker, has lower expression in DPN nerves than that in TLA nerves
(Fig. 2¢, g). Interestingly, we discovered that the prevalence of myeloid
leukocytes (CD45) and mast cells (tryptase) in nerve tissues robustly
increased along with the nerve degenerative changes (Fig. 2d, h, i).
To investigate whether increased mast cells account for the
demyelination and degeneration in DPN nerves, we established a
murine model of DPN using Kit"*"s" mice, which have no mature
mast cells because of the inversion mutation of the c-Kit promoter
region (Fig. 2j). We performed a single-dose STZ injection to induce
diabetes in mice. At 1and 2 weeks post-STZ injection, blood glucose of
the treated mice were measured. In WT mice, non-fasting blood glu-
cose (NFBG) started to rise by 1 week after STZ treatment and reached
a mean of 3L.1mmol/L at 2 weeks post-injection (Supplementary
Fig. 2a). We found that mast cell-deficient mice had significantly better
glucose tolerance than WT mice. Moreover, upon STZ injection, NFBG
levels in mast cell-deficient mice increased similarly to that of WT mice
(Supplementary Fig. 2a). Mice with NFBG exceeding 25 mmol/L at
2 weeks were allowed for the following experiments. We kept mon-
itoring the NFBG of these mice until the end of the animal experiments.
We then examined the nerve conducting velocity (NCV) in dia-
betic mice. Decreased NCVs were observed in STZ-treated diabetic
mice but not in the saline-treated mice (Fig. 2k). Of note, Kit"sWsh
mice showed significantly faster NCVs compared to their littermates
(Fig. 2k), revealing the alleviated neural damage. We next collected the
sciatic nerves at 24 weeks after intraperitoneal STZ injection for his-
tological and TEM analysis. Murine nerve transection samples were
chosen from the branching sites of sciatic nerves as depicted in Sup-
plementary Fig. 2b, to ensure the least bias in tissue density. The
quantification of nerve transection images was based on the regions of
interest (ROIs), which were selected within nerve bundles wrapped by
perineurium (Supplementary Fig. 2c). Significantly, SI00f3 and NF200
expression were higher in mast cell-deficient DPN mice than WT DPN
mice, indicating genetic clearance of mast cells improved the axon
density and Schwann cell numbers in DPN nerves (Fig. 2I-n), TEM
analysis further witnessed more myelinated axons in nerve tissues
harvested from diabetic Kit"*"¥*" mice than those in diabetic WT mice
(Fig. 20-q). These findings highlighted the pathological role of mast
cells in axon degeneration and demyelination.

Mast cell deficiency protected against DPN-induced
neuroinflammation

Single-cell sequencing analysis demonstrated increased inflammatory
responses in DPN nerves, which could further degenerate nerve
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structure and remodel the microenvironment. Thus, identifying (Fig. 3a, b). As manifested by immunofluorescence analysis, acutely-
mechanisms responsible for increased inflammation in the nerve injured tibial nerves were infiltrated with more neutrophils than DPN
microenvironment is important for understanding DPN development.  nerves, indicating posttraumatic defensive responses in nerve tissue.
Mast cells infiltrate diabetic nerve tissues, where they secrete proteins  DPN nerves were infiltrated with more macrophages than TLA nerves.
that remodel the microenvironment and initiate neuroinflammation. Moreover, we found higher levels of IL-1f and TNF-a in DPN nerves
Here, we discovered that in human patients, both DPN and acutely-  (Fig. 3c-e), indicating a state of long-term chronic inflammation in DPN
injured nerves were infiltrated with macrophages, T cells, and NK cells  nerves. We then figured out the inflammatory state in Kit"=""*" mice.
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Fig. 1| Mast cell subpopulation was elevated in peripheral nerve tissues of
patients with DPN. Samples were collected from the tibial nerves of DPN and
neurotrauma patients (TLA control), respectively. a, b UMAP plot of nerve resident
cells sorted from the tibial nerves of 4 DPN and 3 TLA patients. DPN, diabetic
neuropathy; TLA, traumatic limb amputation. (c) Volcano plot of differentially
expressed genes (DEGs) between DPN and TLA samples. d, e Top-ranked GO
pathways of the enriched DEGs between DPN and TLA samples. f, g UMAP visua-
lizations of all cell clusters from tibial nerves of DPN patients (f) and TLA patients
(g), identified by colors and associated numbers. h, i Gene expression of KIT, CMAL,

TPSAB1, MS4A2, and CPA3 in nerve tissues from DPN (h) and TLA (i) displayed as
UMAP plots. CMAL, chymase; TPSABI, tryptase; CPA3, carboxypeptidase A3. j The
qRT-PCR experiments further confirmed that expressions of mast cell-related
marker genes, including KIT, CMA1, TPSAB1, MS4A2, and CPA3, significantly
increased in DPN nerve tissues compared with TLA control. N= 6 patients in each
PCR group. In panel (j), the ‘black dashed line’ symbol represents the median value,
and the upper and lower lines of the violin plots represent the 75% and 25% quar-
tiles, respectively. Statistical significance was determined using two-tailed unpaired
Student’s ¢ tests.

We noticed that mast cell deficiency reduced the infiltration of myeloid
leukocytes in nerves (Fig. 3f, g). In addition, mast cell genetic clearance
decreased the level of IL-1B and TNF-a in DPN nerves (Fig. 3h, i). Our
findings indicated that mast cell deficiency protected against diabetes-
induced neuroinflammation in mice.

Mast cells degranulated in response to HG exposure

To understand mast cell heterogeneity at the transcriptional level, we
reanalyzed mast cell sequencing data and found that mast cells were
categorized into 7 heterogeneous subclusters. The signature genes of
each subcluster were listed as a heatmap (Supplementary Fig. 3a).
Based on the subclustering outcome, we discovered that clusters 6 and
7 represented distinct clusters with a unique transcriptional profile,
which only emerged in DPN nerves (Fig. 4a, b). Cluster 6 was marked by
HMGBI and HMGB2, and cluster 7 was marked by CCLS and /L32. To
understand the biological functions of the mast cells in DPN, we per-
formed GO pathway analysis of the coregulated genes in mast cells. GO
pathways indicating leukocyte activities, mast cell degranulation,
prostaglandin metabolism and oxidative stress were significantly
enriched, suggesting an immunomodulatory function for these mast
cells during DPN progression (Fig. 4c). KEGG enrichment analysis
further indicated that DPN mast cells were significantly enriched in
mitogen-activated protein kinase 1 (MAPK]1) signaling (Fig. 4d).

Mast cells are bone marrow-derived tissue-dwelling cells that
respond to various environmental stimuli by producing a plethora of
protease and inflammatory mediators, including eicosanoids, hista-
mine, and cytokines”. Peritoneal fluid-derived mast cells and bone
marrow-derived mast cells are commonly used in in vitro studies to
partially phenocopy the tissue-resident mast cells in vivo'. Therefore,
we cultured bone marrow-derived mast cells in HG medium to reca-
pitulate the activities of mast cells in response to hyperglycemia in vivo
(Fig. 4e). We observed an evident degranulating phenomenon after
48 h of culture in HG medium (Fig. 4f, j), suggesting HG exposure as a
potential trigger for mast cell activation. Avidin is used as a biomarker
for mast cells, and CD63 is expressed on the surface of mast cells upon
activation. We found that the HG environment significantly enhanced
the granularity and activation of mast cells (Fig. 4g, i). Histamine is a
type of bioactive monoamine synthesized in mast cells via histidine
decarboxylase (HDC) induction. Consistently, we found that the
expression levels of tryptase and HDC were enhanced in mast cells
upon HG stimulation (Fig. 4k-m). The expression levels of inflamma-
tory factors, including TNF-a and IL-13, were also significantly
increased in HG-treated mast cells (Fig. 4n-p).

Mast cell degranulation induced cytotoxicity in dorsal root
ganglion (DRG) neurons

Having confirmed that HG milieu primed mast cells for cytotoxic
attack by increasing the granularity and the release of pre-stored
granules, we next examined the effects of HG-primed mast cells on
neurons. DRGs can transduce somatosensory stimuli in peripheral
nerves and reprogram their transcriptional identity to initiate axon
regrowth after nerve injuries’. We next investigated the molecular
changes in DRGs provoked by mast cells in DPN. First, we compared
the percentage of injured DRG neurons in WT and Kit"*""s" mice.

Histological analysis by toluidine blue (TB) staining showed no evident
difference in DRGs between WT and Kit"*"Wsh mice (Fig. 5a). ATF3, a
transcriptional factor induced by axon injury, drives transcriptional
reprogramming of DRG neurons'. Detection of ATF3* neurons in DRGs
revealed significantly decreased injured DRG neurons in Kit"svWsh
mice (Fig. 5b, d). In the progression of DPN, myeloid cells migrate and
fuse with DRG neurons, leading to neuronal dysfunction and
apoptosis®. Along with the alleviation of injured state in DRG neurons,
mast cell deletion inhibited the fusion of myeloid cells and neurons in
DRGs (Fig. 5¢c, e). To determine the neuronal responses exerted by
mast cells in different environments, DRG neurons were cocultured
directly or indirectly with mast cells in both normal and HG culture
medium (Fig. 5f). DRG neuronal monoculture was set as control. After
4 days of in vitro HG culture, DRG neurons were highly susceptible to
mast cell-mediated growth suppression (Fig. 5g, h). In normal medium,
DRG neurons of mast cell coculture showed no significant difference
with DRG neurons of monoculture. This finding supported that the
neurotoxic effect of mast cells was induced under an HG environment.
We also noticed that DRG neurons showed no significant difference in
the direct and indirect coculture with mast cells, indicating that mast
cells exerted their suppressing effects mainly through paracrine
activities rather than direct cell-cell contacts. Mitochondrial dysfunc-
tions and decline underlie neuronal degeneration in the development
of neurodegenerative diseases”. Mitochondrial damage was also seen
in neurons cultured in HG medium (Fig. 5i, j). Mast cell coculture fur-
ther exacerbated HG-induced mitochondrial impairment in DRG neu-
rons. To better characterize the mitochondria morphology, we further
performed TEM analysis on DRG neurons isolated from both WT and
mast cell-deficient mice. Based on the TEM result, mitochondria of
DRG neurons responded to HG stimulation with rounded morphology.
Moreover, when cocultured with mast cells in HG medium, mito-
chondria in DRG neurons exhibited fragmented, swollen morphology
and reduction of mitochondrial cristae (Supplementary Fig. 4a). DRG
neuronal monoculture from KIT*"*" mice also featured impaired
mitochondrial structure under HG treatment, but preserved more
mitochondrial ridges and morphological integrity (Supplementary
Fig. 4a). We next evaluated the effects of mast cells on Schwann cell
myelinating capacity. Myelin basic protein (MBP) was used as a marker
of myelination. As shown in our results, Schwann cell monoculture
from WT mice responded to HG treatment with suppressed myelina-
tion potentiation. When cocultured with mast cells in HG medium,
Schwann cells showed less MBP expression than their monoculture
counterparts. Moreover, Schwann cells isolated from KIT*"s" mice
appeared to be less affected under HG treatment and preserved more
myelinating capacity (Supplementary Fig. 4b). These results suggested
that mast cells contributed to axon regrowth retardation and demye-
lination in HG environment via paracrine signaling.

HG environment impaired mitochondrial activities in mast cells
Immune cell activation is associated with a profound and rapid meta-
bolic reprogramming to meet the increased energy demands for
immune responses*?, Specific metabolic pathways are differentially
required for the control of mast cell function. While acutely-activated
mast cells rely on increased glycolysis for energy production,
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Fig. 2 | Mast cell deficiency prevented the demyelination and axon degenera-
tion in nerve tissues of DPN. a HE and TB staining were performed on patient
nerve transections to reveal the neural structure. HE, hematoxylin-eosin; TB,
toluidine blue. b Transmission electron microscope (TEM) images of transverse
nerve sections from TLA and DPN patients. ¢ IHC staining of NF200 was performed
on the transverse and longitudinal sections of patient nerves to show the neural
structure better. IHC, immunohistochemistry. d Tibial nerve tissue of DPN and TLA
patients immunostained for TPSAB1 (green) and CD45 (red). e Quantification of the
myelinated axon density based on TB staining in DPN and TLA nerve transections.
N=10 patients in the TLA group and N=7 patients in the DPN group.

f Quantification of demyelinated axons based on TEM analysis. N =10 patients in
the TLA group and N=7 patients in the DPN group. g Quantification of the neu-
rofilament 200 (NF200) immunostaining area in DPN and TLA nerve transections.
N=10 patients in the TLA group and N=7 patients in the DPN group.

h, i Quantification of CD45 and TPSABI1 expression in nerve tissue sections. N=10
patients in the TLA group and N =7 patients in the DPN group. j Schematic diagram
of DPN induction process via intraperitoneal STZ injection. STZ, streptozotocin.
Panel (j) was created in BioRender. Kong, L. (2025) https://BioRender.com/
hk360ua. k Nerve conduction velocity (NCV) of DPN and control mice, based on
electrophysiological test. N=6 mice in each group. I Representative images of
murine sciatic nerves co-immunostained by NF200 (green) and S100p (red).

m, n Quantification of the percentage of SI00f and NF200 staining area. N = 6 mice
in each group. o0 TEM images of transverse nerve sections from DPN and control
mice. p, q Quantification of intact myelin sheath and demyelinated axon density in
murine sciatic nerves. N=6 mice in each group. All data were expressed as

mean + SD in Fig. 2. Statistical significance was determined using two-tailed
unpaired Student’s ¢ tests in figure (e-i) and one-way ANOVA followed by Tukey’s
post hoc analysis in figure (k, m, n, p, and q).
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MAPK-dependent OXPHOS is required upon longer-term activation®.
Given that HG stimulation induced mast cell activation and degranu-
lation, we next explored the effect of the HG environment on the
metabolic phenotype of mast cells. A robust decrease of mitochondria
quantity was observed in mast cells cultured in an HG environment
(Fig. 6a, b). Damaged mitochondria are aberrant sources of intracel-
lular ROS. Therefore, we detected mitochondrial ROS using ROS-

sensitive dyes, 2’,7-dichlorodihydrofluorescein diacetate (DCF-DA)
and MitoSOX. The mitochondria-specific probe MitoTracker was also
applied to confirm the mitochondrial origin of ROS. Intense red
fluorescence of MitoSOX was observed inside mast cells cultured in an
HG environment (Fig. 6¢, d). Consistently, colocalization of DCF-DA
green fluorescence and MitoTracker red fluorescence was robustly
increased in mast cells under HG stimulation (Fig. 6e, f). To obtain

Nature Communications | (2025)16:4170


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59562-z

Fig. 3 | Mast cell deficiency alleviated the inflammatory response in peripheral
nerves following DPN induction. a Distributions of NK cells, T cells, macrophages,
and neutrophils in tibial nerves of DPN and TLA patients. NK, natural killer.

b Quantification of immune cell infiltration in DPN and TLA nerve transections.
N=10 patients in the TLA group and N=7 patients in the DPN group.

¢, d Quantification of TNFA and ILIB expressions in DPN and TLA nerves, based on
qRT-PCR experiments. N = 6 patients in each PCR group. e Gene expression of TNF-
a and IL-1f in tibial nerves of DPN and TLA patients displayed as UMAP plots. TNF,
tumor necrosis factor; IL, interleukin. f, g Leukocyte infiltration in murine DPN

nerves, and related quantification. N=6 mice in each group. h The TNF-a and IL-1B
levels in sciatic nerves of DPN mice, based on enzyme-linked immunosorbent assay
(ELISA) analysis. N = 6 mice in each group. i Double immunostaining of TNF-a (red)
and IL-1f (green) on longitudinal nerve sections of DPN mice. In panels (c, d), the
‘black dashed line’ symbol represents the median value, and the upper and lower
lines of the violin plots represent the 75% and 25% quartiles, respectively. Data in
panels (b, f, h) were expressed as mean + SD. Statistical significance was deter-
mined using two-way ANOVA followed by Sidak’s post hoc analysis (b, h) and two-
tailed unpaired Student’s ¢ tests (c, d, f).

more information about the activity and metabolism of mitochondria
under HG treatment, we evaluated the mitochondrial respiration of
mast cells after 24 and 48 h of culture using Seahorse XFe24 analyzer
as depicted in Fig. 6g. We found that the increased glucose con-
centration reduced oxygen consumption rate (OCR) in terms of basal
and maximal respiration (Fig. 6h, j), which was indicative of damaged
OXPHOS. We also evaluated the extracellular acidification rate (ECAR)
of mast cells upon HG treatment. After 24 and 48 h of culture, a robust
increase of ECAR was observed in HG-treated groups, which reflected
increased glycolysis level and glycolytic capacity (Fig. 6i, k). Together,
these data demonstrated that HG stimulation elevated the level of
glycolysis but damaged the mitochondrial oxidative phosphorylation
within mast cells.

We observed that the mast cells of control groups showed a
higher ECAR reading following 2-DG stimulation, indicating that the
extracellular acidification was attributed to multiple metabolic pro-
cesses besides glycolysis. This phenomenon was also consistent to a
previous report that highly granulated mast cells could retain ECAR
reading after 2-DG injection?*. We further found that 2-DG could
induce the degranulation of mast cells, which were regranulated at
24 h post 2-DG injection (Supplementary Fig. 5). Therefore, for HG-
treated groups, mast cells have undergone repeated bouts of degra-
nulation prior to the glycolytic stress tests, and thus have probably not
fully regranulated when 2-DG was given.

HG environment increased mTOR activity and ER stress in mast
cells by ERK1/2 cascade

Endoplasmic reticulum (ER) stress and mitochondrial dysfunction are
important mechanisms of diabetes-related metabolic remodeling®.
High glucose in cellular environments can induce ER stress-
mitochondrial oxidative stress”. Given that mitochondrial oxidative
stress was induced in mast cells upon HG treatment, we next explored
the homeostasis in the ER. The increased ER-mitochondria contacts
(EMCs) in HG-stimulated mast cells were revealed by TEM (Fig. 7a, b).
We then utilized in situ (proximity ligation assay) PLA to detect and
quantify ER-mitochondria interaction in mast cells. Two surface pro-
teins, IP3R1 and VDACI, which are expressed on the ER and mito-
chondria membranes, respectively, were selected to evaluate the
proximity of the two organelles. In this way, we found that HG led to
remarkably increased expression of the IP3R1-VDACI complex
(Fig. 7¢c, d).

Metabolic alterations and ER stress-mitochondrial oxidative stress
are strongly associated with the engagement of glucose uptake®.
Glucose uptake is efficiently supported by glucose transporters,
among which facilitative glucose transporters, including GLUTI,
GLUT2, GLUT3, and GLUT4, are indispensable for immune cell acti-
vation and inflammatory cytokine production®. Our sequencing data
showed that mast cells of DPN patients expressed relatively higher
levels of GLUT3 compared to GLUTI (Fig. 7e). Expressions of GLUT2
and GLUT4 were not detected in DPN patients (Fig. 7e). Immunos-
taining analysis revealed the strong GLUT3 expression but slight
GLUTI expression in HG-treated mast cells (Fig. 7f). We further vali-
dated that the mRNA expression level of GLUT3 was markedly higher
than that of GLUT1 in HG-treated mast cells (Fig. 7g, h). Expressions of

glucose transporters are modulated by environmental factors,
including glucose and oxygen availability”’. Therefore, we hypothe-
sized that, upon sensing the HG stimulation in the environment,
GLUT3 adapted its expression and mediated increased glucose uptake
to dictate intracellular activities of mast cells.

Under the circumstances of ER stress, aberrant hyperactivity of
mTOR pathways driven by ERK1/2 cascades, have been reported®.
ERK1/2 are the critical components of the MAPK signaling cascade and
phosphorylate a diverse range of cytoplasmic and nuclear substrates®.
Our single-cell sequencing analysis also indicated that gene expression
of DPN mast cells was enriched in the MAPKI signaling pathway
(Fig. 4d). Therefore, we next determined whether an elevation in glu-
cose uptake would induce ERK1/2 cascades in mast cells. Indeed, levels
of phosphorylated ERK1/2 (p-ERK1/2) were increased in HG-treated
mast cells (Fig. 7i, k), accompanied by a substantial rise in p-mTOR
levels (Fig. 7j, 1). To functionally characterize the role of GLUT3 in HG-
induced ERK cascades, GLUT3 siRNA was added into the mast cell
culture medium. Immunoblots confirmed the decrease of GLUT3
expression in mast cells following the treatment of GLUT3 siRNA
(Fig. 7m, 0). Blocking glucose uptake with the GLUT3 siRNA partially
reversed the ERK1/2 phosphorylation (Fig. 7m, n).

Aberrant mTOR activity leads to the accumulation of misfolded or
unfolded proteins, which subsequently give rise to ER stress?’. C/EBP-
homologous protein (CHOP) suppresses the calcium transfer from the
ER to mitochondria, thus triggering mitochondrial apoptosis during
ER stress®®. The molecular chaperone heat shock protein family A
member 5 (HSPAS) have multiple functions in relieving ER stress and
maintaining cell viability’’. Therefore, the two proteins were ideal
candidates to indicate for ER stress. Accordingly, we observed that
expressions of HSPAS and CHOP significantly increased in HG-treated
mast cells compared with the controls (Fig. 7p-r). Such ER stress phe-
nomenon was alleviated by a specific ERK1/2 antagonist, PD98059,
thereby confirming the role of ERK1/2 as the mediator of HG-induced
ER stress (Supplementary Fig. 5b-e). PD98059 also protected mast
cells against HG-induced degranulation (Supplementary Fig. 5f). Taken
together, these findings indicated that, continuous exposure to high
glucose led to higher expression of GLUT3, which mediated increased
glucose uptake in mast cells. As a result, the activation of ERK1/2/
mTOR/ER stress pathway ensued, ultimately aggravating the metabolic
dysfunction and degranulation of mast cells.

Discussion

The pathogenesis of DPN is linked with vascular damage, hyperglyce-
mia, hypoxia, and oxidative stress, leading to progressive degenera-
tion of peripheral nerves. Despite the rapid expansion of studies
regarding with pathophysiological mechanisms of DPN, the full spec-
trum of affected cells in DPN and an in-depth understanding of the
multicellular responses are still unfolding. Here, we show that the
peripheral nerves of DPN patients are featured with robustly increased
mast cells in concert with increased infiltration of myeloid leukocytes.
By combining the STZ-induced DPN model with genetically deter-
mined mast cell deficiency in mice, we find out that activated mast cells
contribute to the degenerative changes and inflammatory responses
during the progression of DPN (Fig. 8).
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To isolate human DPN nerve tissue, we recruited DPN patients
undergoing amputation surgeries for diabetic foot ulcer. Diabetic foot
ulcer is the commonest major end-point of diabetic complications and
most frequent precursor to amputation®*, Peripheral vascular disease
(PVD) and DPN are the main etiological factors in foot ulceration®. In
the pathway to foot ulcer, PVD and DPN may act alone, together, or in
combination with other contributory causes, such as decreased

Ctrl

HG

mobility and infection susceptibility®>. The neuropathic foot ulcer
results from the combination of insensitivity, extrinsic factors (e.g.,
walking barefoot and stepping on a sharp object), and intrinsic factors
(development of a callosity and diminished sensation). Tibial nerves
are sensorimotor nerves which control the movement and skin sen-
sations to the posterior parts of the feet and lower legs. The formation
of diabetic foot ulcer is a sign that damages in tibial nerves have
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Fig. 4 | HG environment provoked mast cell activation and degranulation.

a Subclustering among the mast cell population by UMAP plots revealed 7 sub-
populations. b The proportion of each subcluster in mast cell populations. ¢ Top-
ranked GO pathways of the enriched genes in DPN mast cells. d KEGG pathways
enriched in DPN mast cells. e Schematic diagram of the establishment of in vitro HG
environment. Panel (e) was created in BioRender. Kong, L. (2025) https://
BioRender.com/lyvzy9d. f Representative immunofluorescence images of mast cell
degranulation visualized by avidin (red) staining. g-i Double immunostaining of

avidin (red) and CD63 (green) on mast cells and related quantification. N=6 per
group. j TEM images revealed the degranulating phenomenon in mast cells under
high glucose (HG) stimulation. k-m Double immunostaining of TPSAB1 (red) and
HDC (green) on mast cells and related quantification. HDC, histidine decarboxylase.
N=6 per group. (n-p) Double immunostaining of TNF-a (red) and IL-1 (green) in
mast cells and related quantification. N= 6 per group. Data were expressed as
mean + SD. Statistical significance was determined using two-tailed unpaired Stu-
dent’s ¢ tests.

deteriorated severely®. Therefore, we obtained tibial nerve samples
for detailed sequencing and morphometric analysis.

Our single-cell atlas of peripheral nerves allowed the detailed
understanding of cellular components and cell-specific transcriptional
changes in DPN progression. To our knowledge, this is the first single-
cell atlas of peripheral nerves from DPN patients to date. Schwann cells
and axons are two vital components in peripheral nervous system.
Schwann cell degeneration and axon demyelination are major patho-
logical features observed in biopsy samples from DPN patients®. Pre-
vious studies have simply focused on the alterations of neural
components during DPN progression®’. However, nerves contain not
only neurons and Schwann cells, but also minority cell types which can
sense the injury signal in nerves and orchestrate multicellular remo-
deling to maintain microenvironment homeostasis. Human nerve
bulk-sequencing data have identified that DPN progression is closely
associated with inflammatory responses®. Based on scRNA-seq data,
we revealed that nerve degeneration in DPN was executed coordi-
nately by immune cells. These data provide a useful resource for
understanding the cell-specific nerve transcriptional responses to
DPN. Among the nerve-resident immune cells, we observed a robust
increase and dysregulated activation of mast cells.

Mast cell is emerging as a pathological factor in the onset and
progression of diabetes and related complications®*°. In fact,
increased mast cells have also been detected in diabetic nephropathy,
wound, white adipose tissue, heart, and vessels, despite the lack of
complete understanding of its mechanisms of activation. A previous
study reported that an increase in mast cell numbers and degranula-
tion level correlated significantly with tubular interstitial injury*’.
Topical application of mast cell stabilizers alleviated the local inflam-
mation in diabetic wound and improved wound healing*. Another
research reported that infiltrated mast cells are the trigger of small
vessel disease and diastolic dysfunction in diabetic mice*’. High
numbers of mast cells were also observed in the white adipose tissue of
type 2 diabetes and exacerbated glucose intolerance by producing
inflammatory factors®. Therefore, our research can provide important
mechanistic insights into high glucose-induced mast cell activation in
diabetes and diabetic complications.

Mast cell-derived mediators and proteases damage the integrity
of the extracellular matrix, impede the functions of vascular cells, and
interfere with the activity of other immune cells, thus contributing to
the pathobiology of diabetic complications*>**, Paclitaxel, a primary
chemotherapy agent against diverse solid tumors, has been reported
to induce the histamine release of mast cells, thereby causing acute
pain and chronic neuropathy***. In this regard, antihistamines and
mast cell stabilizers are used as premedication of chemotherapy to
ameliorate paclitaxel-induced peripheral neuropathy®’. Some studies
reported that mast cells could be recruited to nerve tissues by aberrant
Schwann cells due to the robust release of stem cell factors***°. In
peripheral tissues, mast cells reside near axons and can directly com-
municate with the peripheral nervous system by rapid degranulation
responses or long-term secretion of mediators®*°". In a previous work,
single-cell RNA sequencing was performed on the skins of diabetic foot
ulcers and demonstrated excessive degranulated mast cells in diabetic
skin®’. However, the involvement of mast cells in DPN progression
remained unclear. Our study confirmed DPN induction resulted in

robust expression of inflammatory factors in mast cells, which further
led to axonal demyelination and myelin decompaction in mice.
Genetic depletion of mast cells significantly reduced the level of neu-
roinflammation and alleviated the degenerative changes in nerve
tissues.

In this study, IL-1B and TNF-a levels in DPN nerves of KIT"sh/W-sh
mice were decreased by 1.80 and 1.84 times, respectively, compared
with their WT counterparts. This result indicated that mast cells were
not the sole cellular source of inflammatory factors in DPN. In fact, a
previous article has clarified that macrophages are activated by
advanced glycation end products in the pathogenesis of DPN and are
polarized to a proinflammatory phenotype expressing TNF-a and
iNOS'™. They further identify that macrophage-induced local inflam-
mation leads to axonal transport deficits and neuronal atrophy in
DPN™. Another study also verified that neutrophils contribute to the
neuronal damage in DPN by forming neutrophil extracellular traps and
releasing neuroinflammatory mediators under diabetic condition®.

Given that hyperglycemia is the primary event in the onset of DPN,
we investigated the response of mast cells toward HG stimulation. We
recapitulated the HG environment in DPN by adding 30 mM glucose in
cell culture medium. As expected, the HG environment provided a
source of chronic stimuli toward mast cells. Histamine, tryptase, and
cytokine generation were highly increased, and degranulation was
exacerbated in metabolically-activated mast cells. In HG environment,
mast cells exacerbated the axon regrowth retardation and mitochon-
drial impairment in DRG neurons via paracrine signaling. Based on
these findings, we proposed that the HG microenvironment in DPN
nerve tissue triggered mast cell activation and thus caused the release
of histamine, inflammatory factors, and tryptase, finally leading to
axon damage.

The functionality of immune cells is empowered by mitochondrial
dynamics and modulated by intracellular metabolic pathways®™ . A
previous study reported the metabolic switch in mast cells during
degranulation and regranulation, indicating that release of prestored
granules was partially decided by the metabolic phenotype of mast
cells*®. Consistently, we also noticed that after in vitro culture in HG
environment, the level of OXPHOS was downregulated and but the
level of glycolysis was elevated, suggesting a switch of metabolic
phenotype in mast cells to meet the energy requirements. Impaired
mitochondrial structure, disrupted cellular signaling, and increased
mitochondrial ROS production were observed. Dysfunctional mito-
chondria are pathological mediators of diabetic complications, espe-
cially in mitochondria-rich organs’. Aberrant metabolic alterations are
known as critical contributing factors to axon degeneration”. These
findings implicated that high-glucose diabetic milieu evoked immune
responses of nerve-resident mast cells by triggering mitochondrial
dysfunction and metabolic reprogramming.

GLUT is a series of glucose transporter families with specific glu-
cose uptake and glycolysis functions, which further decide the pro-
liferation, differentiation, and functional activities of immune cells”. In
this study, GLUT3 was highly expressed by mast cells upon sensing the
robust increase in glucose levels. The increased glucose uptake by
GLUT3 caused aberrant ERK1/2 phosphorylation, which activated
mTOR signaling and induced ER stress (Fig. 8). Furthermore, GLUT3-
mediated glucose metabolism preferred glycolysis over oxidative
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phosphorylation to meet the metabolic demands of mast cell activa-
tion. This finding is consistent with a previous claim that the increased
glycolysis in mast cells results from mTOR activation upon sensing
sufficient glucose™.

The most highly studied pathways implicated in DPN pathogen-
esis include the polyol pathway, hexosamine and PKC pathways,
advanced glycation end-products pathway, poly(ADP-ribose)

polymerase (PARP) pathway, and insulin pathways*. Given the multi-
plicity of pathways underlying DPN, our findings further increased the
understanding of the cellular and molecular mechanisms in DPN
pathogenesis. As mast cells are multifunctional, the mechanisms of
mast cell involvement in DPN are likely to be complicated, which
necessitates future work for thorough exploration. Current pharma-
cological treatments for DPN focus on pain management and are used
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Fig. 5 | Mast cells provoked neuronal cytotoxicity in diabetic milieu. a TB
staining of lumbar 5 DRGs isolated from WT and Kit"*""<" mice. b Double immu-
nostaining of ATF3 (red) and NeuN (green) on DRG sections revealed the injured-
state neurons. ATF3, activating transcription factor 3. ¢ Double immunostaining of
CD45 (red) and NeuN (green) on DRG sections revealed the myeloid cell-neuron
fusion phenomenon (arrows, white). d, e Quantifications of ATF3-positive and
CD45-positive neurons related to (b) and (c). N=6 mice per group. f Schematic
diagram of the establishment of DRG monoculture and coculture system. Panel (f)

was created in BioRender. Kong, L. (2025) https://BioRender.com/ifr27s0.

g, h Detection and analysis of neuron monoculture and mast cell-neuron coculture
by calcium phosphate transfection. DRG neurons were transfected with a green
fluorescent protein (GFP)-expressing plasmid. N = 6 per group. i, j Double immu-
nostaining of TOMM20 (red) and NeuN (green) in DRG neurons and related
quantification. N= 6 per group. All data were expressed as mean + SD in Fig. 5.
Statistical significance was determined using two-tailed unpaired Student’s ¢ tests
(d, e) and two-way ANOVA followed by Sidak’s post hoc analysis (h, j).

during the acute exacerbation of pain. The disease-modifying agents,
such as alpha-lipoic acid and epalrestat, remain controversial and are
not recommended by any guideline’’~®. Moreover, these treatments
fail to show positive responses in a meaningful number of patients and
cause non-specific toxicity to healthy tissues®®. Now that we have
demonstrated that mast cell metabolic activation in DPN could be
mediated by GLUT3-ERK-mTOR cascade, future studies can be
designed to develop precise and mast cell-specific therapeutics toward
more effective DPN treatment.

Our study has several limitations. First, the pathogenic role of
mast cells in the onset of DPN was not demonstrated, and further
studies are needed to assess the existence and contribution of mast
cells at early stages of DPN. Second, whereas increased mast cells were
observed in tibial nerves of DPN patients, the rationale how these cells
were recruited to nervous tissue remains unexplored. Third, despite
the finding that mast cell depletion halted DPN progression, the
potential therapeutic approaches were not further investigated. Mast
cell-targeted inhibitors should be developed in future studies so that
the findings in this paper can be applied in the clinic.

Methods

Patient selection

This study enrolled 24 subjects at the Department of Orthopedic
Surgery of Shanghai Sixth People’s Hospital, Shanghai, China.
Patient demographics were summarized in Supplementary
Table S1. Tibial nerves were collected during amputation sur-
geries in patients suffering from DPN or patients with traumatic
limb amputation. Nerve samples isolated from TLA patients were
set as the control group. For single-cell RNA sequencing and PCR
experiments, tibial nerves from the donor were rapidly frozen on
liquid nitrogen in the operating room and transported to a lab to
store at —80 °C refrigerated conditions. For histological experi-
ments, nerve tissue from patients (7 DPN patients, 10 TLA
patients) was immediately fixed in 4% paraformaldehyde for 24 h
and dehydrated to be embedded for sectioning. This study was
registered in the Chinese Clinical Trials Registry (Registration No.
ChiCTR2300068077) on March 6, 2023. The Ethics Committee of
Shanghai Sixth People’s Hospital approved the clinical investiga-
tions (Approval number: 2022-KY-200 (K); Trial registration:
ChiCTR2300068077), and written informed consents from the
patients were obtained prior to participation.

Cell culture

Primary murine mast cells were isolated from bone marrow of mice
femurs and cultured in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 10% fetal bovine serum (FBS), 4 mM
L-glutamine (A2916801, Gibco, USA), 0.1 mM nonessential amino acids
(11140050, Gibco, USA), 1mM sodium pyruvate (111360070, Gibco,
USA), 50 uM B-mercaptoethanol (M3148, Sigma-Aldrich, USA), 1 ng/ml
recombinant murine interleukin-3 (213-13-10UG, Peprotech, USA) and
20 ng/ml recombinant murine stem cell factor (250-03-100UG,
Peprotech, USA). After 4 weeks of culture, mature mast cells were used
for subsequent in vitro studies. For metabolic activation, mast cells
were treated with a high concentration of glucose (30 mM) for 24 and
48 h to recapitulate the diabetic milieu in DPN. To block the excessive

glucose uptake, mast cells were transfected with GLUT3-siRNA (sc-
41219, Santa-Cruz, USA) using Lipofectamine 2000 (11668030, Invi-
trogen, USA) according to the manual.

Primary DRG neurons were derived from L3-L5 DRGs, which were
digested in 0.25% collagenase (Collagenase Type 1, LS004194, Wor-
thington, USA) at 37°C for 30 min. Following the termination of
digestion and centrifuge procedure, cell pellets were resuspended in
neuronal culture media, which included neurobasal media (Gibco,
USA), 2% B-27 supplement (Gibco, USA), and 2mM GlutaMAX™
(Gibco, USA).

For indirect coculture, mast cells were seeded onto the upper
chamber of Transwell® coculture plate (3450; Corning) where DRG
neurons were cultured in the lower chamber of the plate. For direct
coculture, mast cell pellets and DRG neuron pellets were suspended in
culture medium together. For HG coculture, 30 mM glucose was
added into neuronal culture media. After 4 days of culture, DRG neu-
rons were used for subsequent in vitro studies.

Animal model

All animal experiments were conducted following the policy of the
Institutional Animal Care and Use Committee (IACUC) of Shanghai
Sixth People’s Hospital (Ethical Approval Number: DWLL2023-0547).
Adult (aged 10 weeks) male wild-type (C57BL/6) and Kit"Vsh/Wsh
(C57BL/6) mice were purchased from the Jackson Laboratories
(Stock No. 030764). All mice were maintained in specific pathogen-
free conditions and kept on in a regular 12 h:12 h light:dark cycle. To
construct DPN model, mice were injected with STZ (dissolved in
sodium citrate buffer, pH 4.5, S0130, Sigma-Aldrich, USA) intraper-
itoneally at a dose of 180 mg/kg and fed with Western diet (4.5 kcal/g,
40% of energy from fat and 1.25% cholesterol, D12108C, Research
Diets, USA) every day. At the beginning of our in vivo study, a total
number of 42 male mice were used in this study, including 6 WT mice
treated with saline, 18 WT mice treated with STZ, and 18 Kit"Wsh/Wsh
mice treated with STZ. Mice from different groups were housed and
bred separately. STZ intraperitoneal injection led to unexpected
lethality in 3 mice. Mice with a nonfasting blood glucose level
exceeding 25 mmol/L, measured by tail tip bleeding at 2 w after STZ
injection, were used in this study.

Single-cell suspension preparation and single-cell RNA
sequencing

Cryopreserved tibial nerves were incubated in a 37 °C waterbath for
rapid recovery and washed thrice. We removed much of the epineur-
ium, necrotic foci, hemorrhagic foci, and other fibrous connective
tissue in nerve samples. Thereafter, the nerve samples were minced
until no visible chunks remained. These procedures were performed as
soon as possible to keep the cellular viability. Nerve pieces were then
transferred to tubes containing dissociation buffer. Finally, the tissues
were made into single-cell suspension using the gentleMACS Dis-
sociator (MiltenyiBiotec). Single-cell RNA sequencing was carried out
using Single Cell 3’ Library and Gel Bead Kit V3.1 on the Chromium
platform (10X Genomics) according to the manufacturer’s instruc-
tions. Libraries were sequenced to a depth of paired-end 150 bp reads
using an Illumina NovaSeq6000 platform (performed by CapitalBio
Technology, Beijing, China). The 7 human datasets were integrated
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Fig. 6 | Mitochondrial dysfunction and decline underlay the dysregulated
activation of mast cells upon HG exposure. a, b Double immunostaining of
TPSABLI (red) and TOMM20 (green) in mast cells and related quantification of
TOMM20 staining. N= 6 per group. ¢, d Detection and analysis of mitochondrial
ROS production using the mitochondrial superoxide indicator MitoSOX (red). ROS,
reactive oxygen species. N = 6 per group. e, f Detection and analysis of mitochon-
drial ROS production in mast cells using the mitochondrial probe MitoTracker (red)
and ROS-sensitive probe DCF-DA (green). DCF-DA, dichlorofluorescein diacetate.

Time (minutes)

Time (minutes)

N=6 per group. g Schematic diagram of OCR and ECAR measurements using a
Seahorse extracellular flux analyzer. Panel (g) was created in BioRender. Kong, L.
(2025) https://BioRender.com/bdmehyo. h-k Effects of HG exposure (15 and

30 mM) for 24 h and 48 h on the mitochondrial respiration (h and j) and glycolysis
(i and k) of mast cells and their key parameters. N =3 per group. All data were
expressed as mean + SD and analyzed by two-tailed unpaired Student’s ¢ tests

(b, d, and f).

and then separately analyzed for DPN and TLA clustering and UMAP
visualization using the Seurat 4.0 package. Cell types were first anno-
tated using the SingleR (version 1.4.1) R package based on the
expression of canonical cell markers and then manually annotated
based on the expression of marker genes for endothelial cells, peri-
cytes, smooth muscle cells, Schwann cells, T cells, NK cells, fibroblasts,
mast cells, neutrophils, macrophages and B cells***°.

QRT-PCR experiments

To test and verify the increased mast cell infiltration in DPN, we per-
formed PCR experiments on human tibial nerve tissues and evaluate
the gene expression of mast cell markers. The total RNA was extracted
from human tibial nerve tissues by Trizol reagent (15596026CN, Invi-
trogen, USA). To test the GLUT expression of mast cells in response to
HG stimulation, we performed PCR experiments on mast cells cultured
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Fig. 7 | Aberrant EMC increase and ER stress in mast cells upon HG stimulation.
a, b TEM images of ER-mitochondria contacts in mast cells (yellow color depicted
the mitochondria; red color depicted the ER) and related quantification. ER,
endoplasmic reticulum; OMM, outer mitochondrial membrane. N= 6 per group.
¢, d In situ PLA monitoring of ER-mitochondria interactions as reflected by genetic
modulation of IP3R1-VDACI complex and related quantification. The single anti-
body condition was used as the negative control (NC) of the PLA reaction. PLA,
proximity ligation assay; IP3R1, inositol triphosphate receptor 1; VDACI, voltage-
dependent anion channel 1. N =6 per group. e UMAP plots of DPN and TLA nerve
tissues overlaid with GLUT1, GLUT2, GLUT3, and GLUT4 genes. GLUT, glucose
transporter. f Double immunostaining of GLUT1 (red) and GLUT3 (green) in mast
cells. g, h Relative mRNA expression of GLUT1and GLUT3 in mast cells, revealed by
gPCR. i Double immunostaining of p-ERK1/2 (green) and ERK1/2 (red) in mast cells.
ERK, extracellular signal-regulated kinase. j Western blot (WB) assessment of the
expressions of p-ERK1/2, t-ERK1/2, p-mTOR, and t-mTOR in mast cells. mTOR,

Tubulin

- - - —— D — 55D

mechanistic target of rapamycin. k, I Quantification of P-ERK/T-ERK and P-mTOR/T-
mTOR ratio based on the WB results in Fig. 6j. P-ERK refers to the phosphorylated
ERK, T-ERK refers to the total ERK, P-mTOR refers to phosphorylated mTOR, and
T-mTOR refers to the total mTOR. N = 6 per group. m-o WB assessment and related
quantification of GLUT3 expression and ERK1/2 phosphorylation in mast cells. Mast
cells were treated with either siRNA-GLUT3 or siRNA-negative control (NC). The
protein expression levels of GLUT3 were normalized to GAPDH. N =3 per group.
P, q Relative expression level of CHOP and HSPAS based on WB results in Fig. 7R.
The protein expression levels were normalized to tubulin. CHOP, C/EBP homo-
logous protein; HSPAS, heat-shock-protein family A member 5. N=6 per group.

r Immunoblots of the expression of CHOP and HSPAS in mast cells. All data were
expressed as mean + SD. Statistical significance was determined using two-tailed
unpaired Student’s ¢ tests (b, d, g, h, k, 1, p, and q) and one-way ANOVA followed by
Dunnett’s multiple comparison tests (n and o).
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Fig. 8 | Overview of mast cell activation in diabetic milieu which exacerbates
the progression of DPN. Excessive glucose uptake by GLUT3 induces aberrant
activation of the ERK-mTOR pathway, which further mediates the ER stress and
mitochondrial oxidative stress in mast cells. Dysfunction of mitochondria impairs

the OXPHOS process. Mast cells adapt their metabolic profiles, shifting from
OXPHOS to glycolysis, to support the robust energy demands of degranulation.
Figure 8 was created in BioRender. Kong, L. (2025) https://BioRender.com/qdz158v.

in vitro. The total RNA was isolated from mast cells to evaluate the
gene expression of GLUT1 and GLUT3. The total RNA of different
studies was then reversely transcribed into cDNA with the Color
Reverse Transcription Kit (with gDNA Remover) (A0010CGQ,
EZBioscience, USA) and analyzed by qPCR amplification (Applied
Biosystems, USA). The primer sequences of the mast cell marker genes,
including KIT, CPA3, MS4A2, CMAL, and TPSABI, are listed in Supple-
mentary Table S2. Primers of TNFA, IL1B, SLC2A1 (GLUTI), and SLC2A3
(GLUT3) were purchased from Servicebio Technology (China). The
relative quantification of gene expression was analyzed with the values
of 224 and normalized to the GAPDH expression level. There were
6 samples in each group (n=6), and all the detections were repeated
thrice separately.

Immunohistological and immunocytochemistry (ICC) analysis
Human and murine nerve samples were fixed in formalin, embedded in
paraffin, and sectioned (6 um thickness) and then stained with hema-
toxylin and eosin (H&E) or toluidine blue (TB). For immuno-
fluorescence, the paraffin-embedded sections were deparaffinized,
rehydrated, steam-heated and then blocked with 5% serum appro-
priate to the secondary antibody for 1 h at room temperature and then
incubated with the primary antibodies overnight at 4 °C. Afterwards,
primary antibodies were washed off and the sections were incubated
with secondary antibodies at room temperature. Secondary antibodies
included goat anti-mouse Alexa Fluor® 647 (1:200, ab150115, Abcam),
goat anti-rabbit Alexa Fluor® 647 (1:200, ab150079, Abcam), goat anti-
rabbit Alexa Fluor® 488 (1:200, ab150113, Abcam) and goat anti-mouse
Alexa488 (1:500, ab150113, Abcam). Finally, after washing off second-
ary antibodies, all sections were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI, H-1200, Vector Laboratories, USA) and analyzed
using a confocal microscope.

For IHC, paraffin-embedded nerve sections were rehydrated and
treated with 3% H,0,. Then samples were incubated with primary
antibodies overnight and the biotin-conjugated secondary antibody
(goat anti-rabbit, 1:500, ab207995, Abcam, USA) for 1.5h at room
temperature and DAB as substrate.

For ICC analysis, mast cells were fixed and permeabilized at room
temperature. Then, cell samples were blocked with 5% normal goat

serum for 30 min and incubated with primary antibodies overnight.
Then, mast cell samples were incubated with above-mentioned sec-
ondary antibodies. To visualize the pre-stored granules, mast cells
were incubated with 0.2% avidin conjugated with FITC (554057, BD
Biosciences, USA) for 1 h at room temperature. Finally, the nuclei of the
cell samples were stained with DAPI solution and observed with a
fluorescent microscope. To measure the axon length of DRG neurons,
we performed calcium phosphate transfection. The transfection media
was prepared with cDNA encoding green fluorescent protein (GFP).
DRG neurons were transfected with GFP-expressing plasmid (24402,
Addgene, USA).

Primary antibodies included anti-NF200 (rabbit, 1:200, 18934-1-
AP, Proteintech), anti-S100 (1:100, 90393S, Cell Signaling Technology),
anti-NeuN (mouse, 1:250, ab104224, Abcam), anti-TNF-a (rabbit, 1:200,
ab183218, Abcam), anti-IL-1B (rabbit, 1:200, ab254360, Abcam), anti-
CD45 (mouse, 1:250, Proteintech, 60287-1-Ig), anti-TPSAB1 (rabbit,
1:150, Proteintech, 13343-1-AP), anti-CD68 (rabbit, 1:300, Proteintech,
28058-1-AP), anti-NKG7 (rabbit, 1:100, Cell Signaling Technology,
84835S), anti-MPO (rabbit, 1:50, Cell Signaling Technology, 14569S)
and anti-CD3 (rabbit, 1:150, Abcam, ab135372), anti-CD63 (rabbit,
1:200, Proteintech, 25682-1-AP), anti-HDC (rabbit, 1:200, Invitrogen,
PAS-102775), anti-GLUTI (rabbit, 1:100, 73015S, Cell Signaling Tech-
nology), anti-GLUT3 (rabbit, 1:100, 20403-1-AP, Proteintech),
TOMM20 (rabbit, 1:100, 42406S, Cell Signaling Technology).

The intensity and expression level of these measurements were
analyzed and calculated by Image J software (version 1.52a). To count
the percentage of positive cells, the calculation process was done
manually. To measure the intensity of immunosignals and the immu-
nostaining area, the calculation process was done automatically.

Mitochondrial ROS detection

To investigate the generation of mitochondrial ROS, mast cells were
first incubated with 200 nM MitoTracker™ Red FM (M22425, Invitro-
gen, USA) for 30 min at room temperature to label mitochondria. After
MitoTracker staining was completed, the MitoTracker staining med-
ium was replaced with fresh Hank’s Balanced Salt Solution (HBSS)
buffer. Then, cells were loaded with 5 uM DCF-DA (C2938, Invitrogen,
USA) for 30 min at room temperature to detect cellular ROS.
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In a separate experiment, mitochondrial ROS imaging was per-
formed using MitoSOX™ (M36008, Invitrogen, USA). Once in the
mitochondria, the MitoSOX red reagent is oxidized by superoxide and
exhibit bright red fluorescence®. Mast cells were incubated with
500 nM MitoSOX red reagent for 30 min and then imaged in fresh
HBSS buffer. In both experiment, quantification of fluorescence signals
was performed using confocal microscopy.

Seahorse bioenergetic analysis

Oxygen consumption and extracellular acidification in mast cells were
performed using Seahorse XF24 Analyzer (Seahorse Bioscience, USA)
following the manufacturer’s instructions. Briefly, mast cells were
plated at 50,000 cells/well on Seahorse XF24 cell culture microplates
in high glucose (15 and 30 mM) DMEM/F12 media or normal medium
with 5.5mM glucose for 24 h. OCR was measured by sequentially
adding 1uM oligomycin, 1.5uM fluoro-carbonyl cyanide phenylhy-
drazone (FCCP), and 100 nM rotenone plus 1M antimycin A (103015-
100, Agilent, USA). ECAR was measured following the sequential
addition of 10 mM glucose, 1pM oligomycin, and 100 mM 2-DG
(103020-100, Agilent, USA).

TEM analysis

Mast cells were cultured in high-glucose and normal medium as
described above. For each group, mast cells were cultured in 6 sepa-
rate dishes. Nerve tissue samples and cell samples were first fixed with
2.5% glutaraldehyde at 4°C overnight. Thereafter, samples were
postfixed in 1% osmic acid at 4 °C for 1.5 h. Then, samples were dehy-
drated and embedded to be cut into sections, which were stained with
uranyl acetate and lead citrate, and finally imaged using a TEM (Hita-
chi, Japan).

The distance between the ER and outer mitochondrial membrane
(OMM) in mast cells was measured by Image J software. ER-OMM
apposition with a distance less than 100 nm was considered as an EMC.
ER length adjacent to mitochondria in EMCs was measured and nor-
malized by the mitochondria perimeter.

Enzyme-linked immunosorbent assay (ELISA)

Concentrations of TNF-a and IL-1f in murine sciatic nerves were
measured by ELISA kits (MEC1003 and MEC1010, Anogen, Canada)
following the manufacturer’s instructions. Tissue homogenates were
prepared using bilateral sciatic nerves and assayed using the BCA
protein assay kit (P0O012, Beyotime, China). Normalization was per-
formed to the analyte concentration to be pg/mg of total protein.

PLA monitoring

To evaluate the proximity and potential interaction between mito-
chondria and ER, mast cells were fixed, permeabilized, and blocked for
the subsequent PLA process. Then, mast cells were incubated with
primary antibody pairs, anti-IP3R1 and anti-VDACI, overnight at 4 °C.
The formation of an IP3RI-VDACI interaction could generate one
fluorescent dot. We set a negative control group in which mast cells
were incubated with a single primary antibody. After that, mast cells
were incubated with secondary PLA probes for 1h at 37°C. After
washing thrice, cells were incubated with Duolink ligation mix for
30 min at 37 °C, followed by amplification for 100 min at 37 °C. Anti-
body hybridizations, proximity ligations, and detection were per-
formed according to the manufacturers’ recommendations (Du092101,
Millipore Sigma, USA). Finally, DAPI was used for nuclear staining. Mast
cells were imaged under the fluorescence microscope. Quantification
of the PLA signal was performed by counting red fluorescent dots.
There were 6 biological replicates (6 wells) for each group. In each well,
6 cells selected from different fields were quantified as technical
replicates and generated an average value to represent each biological
sample.

Western blot analysis

Mast cells were lysed in RIPA lysis buffer, and the isolated protein
samples were subjected to thorough centrifugation prior to electro-
phoresis. Thereafter, protein samples were transferred onto PVDF
membranes (Millipore, USA), and the PVDF membranes were blocked
with goat serum. Then the PVDF membranes were incubated with
primary antibodies against ERK1/2 (4695S, 1:1000, Cell Signaling
Technology), p-ERK1/2 (9101S, 1:1000, Cell Signaling Technology),
mTOR (2972S, 1:1000, Cell Signaling Technology), p-mTOR (2971S,
1:1000, Cell Signaling Technology), CHOP (2895S, 1:1000, Cell Signal-
ing Technology), HSPA5 (3177S, 1:1000, Cell Signaling Technology),
GAPDH (10494-1-AP, 1:10000, Proteintech) and Tubulin (14555-1-AP,
1:10000, Proteintech). After that, membranes were incubated with
secondary antibodies and finally subjected to the addition of enhanced
chemiluminescent reagent (Millipore) before visualization. Unpro-
cessed images were provided in this paper (Supplementary Fig. S6).

Statistical analysis

For most experiments, 6 biological samples (V= 6) were quantified,
while 6 fields were quantified as technical replicates in each biological
replicate. Technical replicates were quantified to generate an average
value for each biological sample. For the seahorse test and immuno-
blotting in Fig. 7m, only 3 biological replicates were performed without
technical replicates. The single-cell sequencing data were quantified by
7 biological replicates (4 for DPN and 3 for TLA patients) without
technical replicates. The histological analysis for human samples in
Figs. 2e-i and 3b was quantified by 17 samples (V=10 for TLA patients
and N=7 for TLA patients), while 6 fields were quantified as technical
replicates in each biological replicate. The PCR analysis in Figs. 1j and
3¢, d was quantified using 6 biological samples for each group, with 3
technical replicates for each sample. Data were presented as mean +
SD. We utilized GraphPad Prism version 9 (GraphPad Software) for
statistical analysis. For two-group comparisons, a two-tailed Student’s t
test was used. For greater than two-group comparisons, a one-way
ANOVA followed by Tukey’s or Dunnett's multiple comparison
tests and two-way ANOVA followed by Tukey’s or Sidak’s post-hoc
analysis were utilized. Differences were regarded as significant at a
p-value < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the results of this study are available within the
Main Text and Supplementary Information or with the corresponding
author on request. The high-throughput datasets of single-cell RNA
sequencing have been deposited in NCBI Gene Expression Omnibus
(GEO) database under the accession code GSE266026. Source data are
provided in this paper.
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