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Macrophage PTP1B regulates
mitochondrial dynamics via the
JAK2/STAT3-OPA1 axis and
activates the cGAS/STING

signaling pathway
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Tendinopathy is characterized by degenerative changes in tendon tissue, with its
pathogenesis closely associated with macrophage-mediated chronic
inflammation and mitochondrial dysfunction. Bioinformatics analysis of
tendinopathic tissues revealed a significant upregulation of protein tyrosine
phosphatase 1B (PTP1B) in macrophages, which accompanied with robust
immune activation and marked Janus Kinase 2/Signal Transducer and Activator
of Transcription 3 (JAK2/STAT3) signaling pathway inhibition. In tendinopathy
mouse models, both pro-inflammatory cytokines and PTP1B were found to be
highly expressed in tendon tissues. However, conditional deletion of Ptpnl
(encoding PTP1B, Ptpnl™”/") in macrophages significantly alleviated tendon
inflammation and fibrosis, indicating a strong association between PTP1B and
tendinopathy. Mechanistically, in vivo experiments demonstrated that
macrophage PTP1B suppressed STAT3 activation by inhibiting JAK2
phosphorylation, and inhibited the mitochondrial fusion protein Optic Atrophyl
(OPA1), resulting in mitochondrial fragmentation and mitochondrial DNA
(mtDNA) release. This process activated the Cyclic GMP-AMP synthase/
Stimulator of interferon genes (cGAS/STING) pathway, elevating the levels of
inflammation and exacerbating tendon injury. In summary, macrophage PTP1B
was shown to regulate mitochondrial dynamics via the JAK2/STAT3-OPAL1 axis
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and trigger inflammation through activation of the cGAS/STING pathway,
representing a key mechanism underlying the progression of tendinopathy.
Targeting PTP1B or associated pathways may provide novel therapeutic
strategies for tendinopathy.

macrophages, PTP1B, tendinopathy, mitochondrial dynamics, JAK2/STAT3

signaling pathway

Introduction

Tendinopathy is a degenerative disease of tendon tissue
characterized by chronic inflammation and functional
impairment (1), clinically manifesting as stiffness, pain, and
restricted mobility, thereby severely affecting patients’ quality of
life. Tt predominantly affects athletes, manual laborers, and the
elderly, with common sites including the rotator cuff, Achilles
tendon, and patellar tendon (2). The prevalence and incidence of
lower limb tendinopathy, as indicated by the epidemiological
evidence, are 11.83 and 10.52 cases per 1000 person-years,
respectively, and increase with age (3). Conventional treatments,
such as nonsteroidal anti-inflammatory drugs and surgery, can
provide symptomatic relief but are limited in efficacy and prone
to relapse. In some cases, patients may progress to tendon rupture
or chronic fibrosis (4). Therefore, elucidating the mechanisms of
tendinopathy for therapeutic targets remains a critical challenge in
clinical management.

Recent studies have indicated that tendinopathy involves an
imbalance between inflammation and tissue repair, with
macrophages playing a central role (5-7). In the early stage of
injury, mechanical stress or microtrauma induces an immune
reaction, leading to the M1 macrophage recruitment in the injury
site and intensifying inflammatory levels (8). Although this
inflammatory response is essential for tissue repair, excessive
macrophage activation promotes the secretion of matrix
metalloproteinases (MMPs), resulting in collagen disorganization
and tendon structural damage (9). During disease progression,
macrophages fail to polarize toward the anti-inflammatory M2
phenotype, thus impairing tissue repair and promoting fibrosis
(10). Moreover, disruption of mitochondrial dynamics (i.e., fusion-
fission balance) has been identified as a key driver of tendinopathy,
contributing to reactive oxygen species (ROS) accumulation, energy
metabolism disorders, and mitochondrial DNA (mtDNA) leakage,
further activating immune responses and forming a vicious cycle
(11, 12). However, the mechanisms linking macrophage
polarization and mitochondrial dynamics in the context of
tendinopathy remain poorly understood.

Protein tyrosine phosphatase 1B (PTP1B), a crucial regulator of
cellular signaling pathways, involves in inflammation, metabolism,
and tissue homeostasis. It has been implicated in various metabolic
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and chronic inflammatory diseases (13, 14). In rheumatoid arthritis,
PTP1B inhibition was found to alleviate synovial inflammation by
suppressing the levels of NF-kB signaling (15). Similarly, in cardiac
fibrosis, PTP1B deficiency attenuated collagen deposition by
modulating TGF-B/Smad signaling (16). However, the role of
PTPIB in tendinopathy has rarely been explored.

Bioinformatics analysis was first performed using bulk RNA
sequencing (RNA-seq) data (Gene Expression Omnibus, GSE26051)
and single-cell RNA sequencing (scRNA-seq) data of tendinopathy
(National Genomics Data Center, HRA002325). An increased
proportion of M1 macrophages and significant upregulation of
PTPIB in macrophages were observed, along with marked Janus
Kinase 2/Signal Transducer and Activator of Transcription 3 (JAK2/
STAT?3) signaling inhibition. In the collagenase-induced murine model
of tendinopathy, the elevated expression of macrophage PTP1B and
pro-inflammatory cytokines was also identified. Notably, PTP1B
deletion significantly mitigated tendon inflammation and fibrosis. As
shown in Figure 1, mechanistic studies revealed that PTP1B suppressed
the JAK2/STAT3 signaling cascade in macrophages, leading to
decreased expression of Optic Atrophyl (OPAL), a protein essential
for mitochondrial fusion. This resulted in increased mitochondrial
fragmentation and mtDNA leakage, which activated the Cyclic GMP-
AMP synthase/Stimulator of interferon genes (cGAS/STING) signaling
in sequence, further aggravating inflammation and tissue damage. In
short, this study reveals that macrophage PTP1B regulates
mitochondrial dynamics and immune responses in tendinopathy,
suggesting a promising target in tendinopathy therapy.

Materials and methods

Acquisition and analysis of public database
data

Data were obtained from the public database GSE26051,
including sample identifiers from the control group
(GSM639748-GSM639770) and the tendinopathy group
(GSM639771-GSM639793). All these samples were collected
from 23 patients with tendinopathy, and a non-lesional tendon
and a lesional tendon (~3 mm?®) were collected from each patient
respectively. The non-lesional tendons were used as the control
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In diseased tendons, macrophage PTP1B inhibits the JAK2/STAT3 signaling pathway, resulting in reduced the expression of OPA1 and the leakage of
mtDNA, which activates the cGAS/STING signaling and exacerbates tendinopathy.

group, and the lesional tendons were used as the tendinopathy
group. Gene expression data were obtained through Affymetrix
Human Genome U133 Plus 2.0 Array platform. The scRNA-seq
data were obtained from National Genomics Data Center
(HRA002325), and were generated using the Illumina NovaSeq
6000 platform.

For bulk RNA-seq, the CIBERSORT algorithm was used to
quantify the proportion of immune cell subsets to determine the
abundance changes of the cells. Meanwhile, the correlation network
among immune cell subsets was calculated through the CIBERSORT
results to reveal the synergistic or antagonistic relationship.

For scRNA-seq, after screening out CD45" immune cells, 10
immune cell subpopulations were generated by unsupervised
clustering, including macrophages, monocytes, and others.
Differentially expressed analysis was conducted (|log2FC| > 1,
p.adj < 0.05). Enriched signaling pathways were identified using
gene set enrichment analysis (GSEA). Focusing on macrophage

subpopulations, expression changes of key genes were analyzed to
assess JAK2/STAT3 signaling activity.

Animals

Conditional Ptpnl knockout mice in macrophages
(LysM“Ptpn1"*°*) were generated using CRISPR-Cas9 technology
(Cyagen Biosciences Inc). Male C57BL/6 mice (8 weeks) were acquired
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from Shanghai Model Organisms Center, Inc. A volume of 20 pL
collagenase I solution (15 mg/mL) was injected around the Achilles
tendon in mice for 3 weeks; control mice received solvent injections. H-
151 (a STING inhibitor) was injected intraperitoneally (10 mg/kg) once
every 2 days for 3 times in 1 week. After completing the experimental
period, the mice were euthanized, and tendon tissues were harvested.

The tissues were prepared as paraffin sections for histological analysis
through fixation, dehydration, and clearing procedures.

Immunoblotting

The total protein was extracted and quantified. After
conducting the steps related to immunoblotting, the bands were
visualized via the iBright (Thermo). The quantification of the band
intensities performed via Image]. The primary antibody for
immunoblotting was PTP1B Rabbit mAb (A23035, Abclonal).

Histological staining

Hematoxylin and eosin (H&E) staining and Masson staining
was conducted on the tendon sections.

After deparaffinization, rehydration, and staining, sections were
examined microscopically to assess inflammatory infiltration, tissue
damage, and fibrosis. For 3,3’-diaminobenzidine (DAB) staining

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1644289
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lei et al.

procedure, tendon sections were subjected to an incubation with
anti-PTP1B (Abclonal, A23035), COL1A1 (CST, 72026), and
COLIII (Abcam, ab278080) antibodies, followed by S-vision poly-
HRP conjugated goat anti-rabbit IgG (H+L) secondary antibody.
Hematoxylin counterstaining was applied before sealing the slides.
For immunofluorescence staining, the overnight incubations with
primary antibodies (F4/80/PTP1B, F4/80/Argl, F4/80/p-JAK2, F4/
80/p-STAT3, F4/80/p-STING, F4/80/p-TBK1, F4/80/p-IRF3, F4/
80/OPA1, F4/80/DRP1, F4/80/iNOS). were conducted on the
mouse tendon sections. Appropriate secondary antibodies were
applied (Alexa Fluor 488 (ab150077) and 594 (ab150080), Cy3
(A0516, Beyotime) for 1 hour, followed by DAPI nuclear staining.
All images were acquired using an Olympus DP74 imaging system,
and relative protein expression was quantified using Image]. The
following antibodies were used: F4/80 Rabbit mAb (30325),
Phospho-IRF3 Rabbit mAb (29047), Phospho-TBK1/NAK Rabbit
mADb (5483), Phospho-STING Rabbit mAb (62912, CST), Arginase-
1 Rabbit mAb (A25808), OPA1 Rabbit pAb (A9833), DRP1 Rabbit
mADb (A21968, Abclonal), Anti-PTP1B (ab245984), Anti-iNOS
(ab178945), Anti-JAK2 (phospho Y1007 + Y1008) (ab32101), and
Anti-STAT3 (phospho Y705) (ab76315, Abcam).

Histopathological scoring

Histopathological staining was scored based on three
parameters: injury, inflammation, and repair. Injury scoring: 0, no
evident injury; tendon structure normal with well-aligned cells; 1,
mild injury with minor collagen fiber rupture or damage and
minimal cellular infiltration; 2, moderate injury with apparent
tendon rupture, more extensive collagen fiber damage, and
noticeable inflammatory cell infiltration; 3, severe injury with
widespread tendon rupture or destruction, complete loss of
collagen fibers, and significant inflammatory response with
cellular infiltration. Inflammation scoring: 0, inflammatory cell
infiltration free; 1, mild inflammation and cellular infiltration; 2,
moderate inflammatory response with an evident increase in
inflammatory cells; 3, severe inflammation with extensive
inflammatory cell infiltration and tissue necrosis. Repair scoring:
0, normal tendon structure with intact collagen fibers; 1, mild repair
with irregular collagen fiber alignment; 2, partial repair with
proliferated collagen fibers but poor alignment; 3, complete or
abnormal reconstruction with significantly rebuilt collagen fibers,
possibly irregular or fibrotic.

Biomechanical analysis

The complex, including the calcaneus-tendon-muscle belly was
completely isolated and placed in pre-cooled PBS at 4°C The
surrounding fat and fascia tissue were finely removed to obtain
the tendon tissue. The cross-sectional area was continuously
measured at three points (£ 0.01lmm) in the middle of the tendon
using a caliper (Mitutoyol), and the average value was taken as the
calculation reference value. The dual-column mechanical testing
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system (Instron 5848 MicroTester) is equipped with a 500N high-
precision load sensor. After the tendon sample was installed, a
preload of 0.IN was applied for 60 seconds, and then the sample
was stretched at a quasi-static rate of 0.3mm/s until it broke. The
ultimate load (N) is read through the load-displacement curve. The
ultimate stress (N/mm 2) is calculated as the ultimate load divided
by the cross-sectional area. Young’s modulus (N/mm ?) is calculated
by the linear slope of the stress-displacement curve. During the
testing process, the sample was kept moist with 0.9% salt water.

Quantitative real-time PCR

After the extract of total RNA via TRIzol, cDNA was
synthesized following the manufacturer (RR064A, Takara). Real-
time PCR was conducted using PrimePCRTM (Bio-Rad). Reverse
transcription conditions: 42°C for 5min, 95°C for 5 s, 1 cycle. PCR
conditions: 95°C for 5 s, 60°C for 20 s, 40 cycles. Primers used are
listed in Table 1.

Flow cytometry

To assess macrophage polarization within tendon tissues, the
cell suspensions were stained with the specific antibodies for M1
type (CD86) and M2 type (CD206) macrophage markers. The
proportions of M1 and M2 macrophages were quantified via flow
cytometer (BD FACSCelesta). FITC Fluorescent Anti-F4/80
antibody (ab105155), Alexa Fluor® 594 fluorescent Anti-CD86
antibody (ab303578), Alexa Fluor® 594 fluorescent Anti-Mannose

TABLE 1 Primers.

Gene name Primer sequence (5'—3’)

Ptpnl-F GACCTGGTGAAGACCATCCA
Ptpnl-R TGGTGAAGGTGCTGTTGAAG
Tnf-o-F TACTGAACTTCGGGGTGATTGGTCC
Tnf-a-R CAGCCTTGTCCCTTGAAGAGAAC
Il-6-F CAGCCTTGTCCCTTGAAGAGAAC
Il-6-R GGAAATTGGGGTAGGAAGGA
II-1B-F GCACTACAGGCTCCGAGATGAAC
I-1B8-R TTGTCGTTGCTTGGTTCTCCTTGT
CoxI-F CCGACAGCCTAGCCATAGAC
CoxI-R GGTGGTTGGTGTAAAGGAAG
Ifn-B-F CAGCTCCAAGAAAGGACGAAC
Ifn-B-R GGCAGTGTAACTCTTCTGCAT
Ndi-F ATGGCCTTCCTCACCCTAGT
NdI1-R GTTAGGGGGCGTATGGGTTC
Gapdh-F AGGTCGGTGTGAACGGATTTG
Gapdh-R TGTAGACCATGTAGTTGAGGTCA
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Receptor antibody (ab318108) and anti-PTP1B antibody
(ab201974) were provided by Abcam.

Enzyme linked immunosorbent assay

After preparing the suspensions via homogenization to obtain
the soluble proteins from tendon, these samples were subjected to
ELISA (Cloud-Clone Corp) to determine levels of several cytokines.

Statistical analysis

All data were presented as mean * standard deviation (M + SD),
Student’s t-test and One-way ANOVA with Tukey’s post hoc test
were carried out to determine the differences between several
groups via GraphPad Prism 9.0. *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001 were considered statistically significant.

Results
Bioinformatic analysis of tendinopathy

Gene expression data related to tendinopathy were obtained
from the public database (GSE26051). Bioinformatic analysis using
the CIBERSORT tool was performed on normal control samples
(GSM639748-GSM639770) and tendinopathy samples
(GSM639771-GSM639793). The results indicated augmented
proportions of M1 macrophages and CD4" memory activated T
cells in the tendinopathy group, with no significant changes
observed in B cells and NK cells (Figure 2A). Further analysis
revealed significantly decreased proportions of CD8" T cells (P <
0.05) and plasma cells (P < 0.01) in the tendinopathy group
(Figure 2B), suggesting that cytotoxic T cell-mediated immune
response may not be the primary pathological mechanism
in tendinopathy.

CIBERSORT algorithm analysis of immune cell subtypes
indicated a collaborative or synergistic relationship between M1
macrophages and T cell activation (Figure 2C), implying a
synergistic pro-inflammatory interaction contributing to tissue
damage and chronic inflammation. Additionally, regulatory T
(Treg) cells were positively correlated with M2 macrophages,
suggesting potential cooperation in limiting excessive
inflammation, although their low proportions may render them
insufficient to counteract inflammation (Figure 2C). These findings
suggest that macrophages constitute a key immune cell population
in tendinopathy.

To further investigate immune cell roles in tendinopathy,
CD45" immune cells were screened based on the scRNA-seq data
of tendinopathy (HRA002325). Unsupervised clustering generated
ten immune cell clusters representing robust cell types in both
normal and diseased tendons (Figure 2D). Although the basic cell
types remained similar, immune cell composition differed
significantly between groups. Quantitative analysis of cluster
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percentages revealed a notable increase in macrophages,
monocytes, CD8" Tissue-resident Memory T cells (CD8 Trm),
and cytotoxic CD8 T cells in tendinopathy (Figures 2D, E).
Transcriptomic differences among clusters were analyzed
(log2FC|> 1 and p.adj < 0.05) to identify the genes which were
undergo significant alterations in tendinopathy. GSEA indicated
enrichment of TGF-f signaling, inflammatory response, and JAK/
STATS3 signaling pathway in diseased tendons (Figure 2F). Notably,
JAK/STATS3 signaling was most downregulated significantly in
macrophages (Figure 2G). Moreover, SOCS1 and SOCS3 were
upregulated, and BCL2L1 and MCL1 were downregulated in the
macrophages of Tendinopathy (Figure 2H). Among them, SOCS1
and SOCS3 are known negative regulators of the JAK/STAT
pathway. Their upregulation indicated significant inhibition of
JAK/STAT signaling pathway (17-19). Additionally, Ptpnl
(PTP1B), a key regulator of JAK2/STATS3 signaling, was
significantly upregulated in tendinopathy macrophages
(Figure 2H). This suggests a multi-layered suppression
mechanism of JAK2/STAT3 signaling in tendinopathy. However,
the expression level of PTP1B showed no significant differences
among the other 9 immune cell clusters (Supplementary Figure S1).
Prior studies demonstrated that PTP1B hydrolyzes phosphorylated
JAK2 to modulate STAT3 activity, contributing to astrocyte
dysfunction and hypothalamic inflammation (20, 21). These
findings suggest a potential association between elevated PTP1B
expression and suppressed JAK2/STAT3 signaling in macrophages,
potentially exacerbating inflammation and tissue damage
in tendinopathy.

Establishment of the collagenase-induced
mouse tendinopathy model and the
potential pathological role of PTP1B

A mouse tendinopathy model was established using collagenase
to evaluate tendon injury and pathological changes. Contrary to the
control group, the tendinopathy model exhibited tendon
thickening, darkened coloration, and increased stiffness
(Figure 3A), indicating significant morphological changes and
tendon injury. H&E and Masson staining of tendon sections were
performed. In healthy controls, tendon fibers were well-organized
with evenly distributed vasculature and absence of inflammatory
infiltration. In contrast, tendinopathic tendons displayed severe
injuries, including ruptured muscle fibers, disrupted architecture,
and substantial inflammatory infiltration (Figure 3B). Masson
staining confirmed collagen fiber disorganization and increased
fibrosis in the tendinopathy group (Figure 3C), Mechanical
properties were also affected; ultimate stress (Figure 3D) and
Young’s modulus (Figure 3E) were reduced markedly in the
tendinopathy group, suggesting a compromised biomechanical
performance of tendinopathic tendons.

Consistent with bioinformatics analysis, the PTP1B level was
also elevated in pathological tendon tissues, accompanied by a
marked increase in histological scores (Figure 3F), suggesting a
pivotal role of PTP1B in tendinopathy. Concurrently, both
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FIGURE 2

Bioinformatics analysis of tendinopathy. (A) Cell types, (B) cell proportions, and (C) immune cell interactions in GSE26051 were analyzed using the
CIBERSORT tool; (D) UMAP projection of all immune cell clusters and (E) relative proportions of each immune cell population in control and
tendinopathy group; (F) Significantly enriched pathways by GSEA analysis; (G) Expression levels of JAK/STAT3 genes in control and tendinopathy;
(H) Expression levels of SOCS1, SOCS3, BCL2L1, MCL1, and PTP1B in macrophages from control and tendinopathy. DC1, conventional dendritic cell

type 1, DC2, conventional dendritic cell type 2.

immunoblotting (Figure 3G) and qRT-PCR (Figure 3H) proved the
upregulation of PTP1B in diseased tendon tissues. However, there
was no significant change in the expression level of PTP1B in
skeletal muscle and synovial tissue (Supplementary Figure S2).
Furthermore, the expression of macrophage-derived PTP1B
within tendon tissues was examined, with macrophages identified
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by F4/80 staining. These findings above proved that the level of
macrophage PTP1B in was elevated markedly in diseased tendons
(Figure 3I; Supplementary Figure S3), which may influence
macrophage polarization. As expected, the proportion of Ml
macrophages (F4/80"CD86") was increased, while the proportion
of M2 macrophages (F4/80"CD206") was reduced in pathological
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FIGURE 3

Establishment of a collagenase-induced mouse tendinopathy model and the potential pathological role of PTP1B. (A) Images of mouse tendons;

(B) H&E staining and histological scores of mouse tendons (scale bar, 200 um, 40 um, n = 5); (C) Masson staining and fiber area fraction statistics
(scale bar, 200 um, 40 um, n = 5); (D) Ultimate stress and (E) Young's modulus measurements (n = 3); (F) Immunohistochemical (IHC) staining and
histological scores of PTP1B in tendon tissues (scale bar, 200 um, 40 um, n = 5); (G) Immunoblotting and statistical analysis of PTP1B (n = 3);

(H) Relative mRNA expression levels of PTP1B in tendon tissues (n = 3); (I) Quantification of F4/80*PTP1B* cells in tendons via flow cytometry.

(n = 3); (J) Quantification of M1 macrophages (F4/80"CD86") and M2 macrophages (F4/80"CD206%) via flow cytometry (n = 3); (K) ELISA detection
of TNF-o, IL-6, and IL-1B (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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tendon tissues (Figure 3J), indicating that elevated PTP1B
expression may promote MI polarization and enhance immune
and inflammatory responses. This was supported by ELISA, which
revealed the augmented secretion of pro-inflammatory cytokines
(TNF-a, IL-6, IL-1pB) in diseased tendons than the normal tendons
(Figure 3K). The augmented secretion of these cytokines was
consistent with histopathological observations of inflammatory
cell infiltration and tissue damage.

Conditional knockout of macrophage
Ptpnl alleviates tendon injury and
inflammation

To investigate the function of PTPIB in tendinopathy, we
generated macrophage-specific Ptpnl (Ptpnl”") knockout mice via
CRISPR-Cas9 system. Mice were then assigned to three groups:
control, collagenase + Ptpn1*"* (normal Ptpnl expression with
collagenase treatment), and collagenase + Ptpnl™ (macrophage-
specific Ptpnl knockout with collagenase treatment). Tendons in the
control group displayed normal morphology without evident injury,

while those in the collagenase + Ptpnl**

group exhibited severe
damage. Notably, tendon damage in the collagenase + Ptpn1”" group
was alleviated to a certain extent (Figure 4A). Histopathological
evaluation using H&E staining (Figure 4B) and Masson staining
(Figure 4C) further confirmed that macrophage-specific Ptpnl
knockout mitigated collagenase-induced tendon injury and fibrosis.
Similarly, the mechanical properties of tendon tissues, including
ultimate stress and Young’s modulus, which were adversely affected
by collagenase, were partially restored in the Ptpnl knockout group
(Figures 4D, E).

Immunofluorescence staining was used to investigate the
association between PTP1B and M1 macrophage polarization. As
anticipated, fluorescence intensity of M1 macrophages (F4/
80"INOS™) was reduced upon Ptpnl knockout (Figure 4F),
whereas fluorescence intensity of M2 macrophages (F4/80"Argl™)
was elevated (Figure 4G), indicating that PTP1B promotes M1
polarization. Consequently, the inflammatory cytokines (TNF-o,
IL-6, IL-1P) levels were decreased, and this effect was attenuated in
the absence of Ptpnl (Figures 4H, I). type I collagen (COL1A1) and
type III collagen (COLIII) are critical constituents of tendon
extracellular matrix (ECM) (22, 23), critical for structural
integrity and function. THC staining of tendon tissues showed
that both COL1AI1 and COLIII were evenly distributed in the
control group. Following collagenase treatment, COL1Al
expression was reduced, leading to an increased COLIII/COL1A1
ratio (Figures 4]-M). However, in collagenase-treated Ptpn1”" mice,
COL1AL1 levels were restored, and the COLIII/COL1A1 ratio was
reduced (Figures 4J-M). Overall, macrophage-derived PTP1B in
pathological tendons was found to promote M1 polarization,
inflammation, and fibrosis, while Ptpnl knockout attenuated
these deleterious effects, supporting its potential as a therapeutic
target in tendinopathy.
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PTP1B regulates mitochondrial dynamics
and cGAS/STING pathway via the JAK2/
STAT3-OPA1 axis

Cell function and homeostasis are regulated not only by
inflammatory cytokines but also by various intracellular organelles.
As the center of energy metabolism, mitochondria exert profound
effects on cellular function when altered. Previous studies have shown
that inflammatory macrophages experience mitochondrial damage
that leads to mtDNA leakage and activation of the cGAS/STING
pathway (24). Thus, the cytosolic mtDNA level was quantified and the
mRNA expression of COX1 and ND1 was elevated in the collagenase +
Ptpn1*"* group compared to controls, indicating increased mtDNA
content, while this effect was suppressed in the absence of Ptpnl
(Figure 5A). mtDNA leakage has been associated with impaired
mitochondrial fusion (25, 26). Therefore, the expression of OPAIL, a
regulator of mitochondrial fusion and membrane integrity (27), was
assessed. The expression level of OPA1 (F4/80"OPA1") was
significantly reduced in the collagenase + Ptpnl*’* group
(Figure 5B), whereas Ptpnl deletion restored its expression,
indicating that macrophage-derived PTP1B induces fusion
impairment. Increased expression of Dynamin-related protein 1
(DRP1), a mitochondrial fission-related protein, in the same group
further supported this finding (Figure 5B). Existing studies have shown
that STAT3 can directly bind to the promoter of OPAL (28, 29).
Combined with our bioinformatics analysis, it was identified that
JAK2/STAT3 acts downstream of PTP1B, and activated STAT3
promotes OPA1 expression (28, 30). Therefore, the hypothesis was
formulated that the impairment of mitochondrial fusion by
macrophages is due to the downregulation of OPA1, which is a
consequence of the inhibition of the JAK2/STATS3 signaling by
PTP1B. As expected, collagenase treatment suppressed the
phosphorylation levels of JAK2 and STAT3, whereas Ptpnl
knockout restored their activation (Figure 5C), suggesting that
PTP1B-mediated inhibition of JAK2/STAT3 signaling leads to fusion
defects and mtDNA release. mtDNA leakage was found to activate the
cGAS/STING pathway, triggering innate immunity and amplifies
inflammation. The expression of the cGAS/STING pathway-related
proteins (p-STING, p-IRF3, p-TBK1) were increased in the collagenase
+ Ptpn1*™"* group, indicating pathway activation. This activation was
suppressed upon Ptpnl deletion (Figure 5D). In addition, we adding
H-151 (a STING inhibitor) to Ptpnl™" mice via intraperitoneal
injection, and the results indicated that the level of IFN-B (a
downstream product of the cGAS/STING signaling pathway) was
further suppressed (Figures 5E, F). Furthermore, the levels of TNF-o.
and IL-1 were further decreased (Figure 5G), indicating that PTP1B is
a downstream necessary mediator for the pro-inflammatory effect of
cGAS/STING. Collectively, PTP1B in pathological tendon tissues was
shown to induce mitochondrial fusion impairment and mtDNA
release by inhibiting the JAK2/STAT3-OPA1 axis, thereby activating
the ¢cGAS/STING pathway and exacerbating immune and
inflammatory responses, ultimately contributing to
tendinopathy progression.
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FIGURE 4

Conditional deletion of Ptpnl in macrophages attenuates tendon injury and inflammation. (A) Images of mouse tendons; (B) H&E staining and
histological scores of mouse tendons (scale bar, 200 um, 40 um, n = 5); (C) Masson staining and fiber area fraction statistics (scale bar, 200 um, 40
um, n = 5); (D) Ultimate stress and (E) Young's modulus measurements (n = 3); (F) Immunofluorescence staining and statistical analysis of M1
macrophages (F4/80%iNOS*) and (G) M2 macrophages (F4/80*Argl*) in tendon tissues (scale bar, 100 um, n = 3); (H) ELISA detection of TNF-o, IL-
6, and IL-1B (n = 3); (I) Relative mRNA expression levels of TNF-a, IL-6, and IL-1p in tendon tissues (n = 3); (J) IHC staining of COLIII and (K) COL1A1
in tendon tissues (scale bar, 50 um, n = 3); (L) Statistical analysis of the relative expression levels of COLIII and COL1A1; (M) Statistical analysis of the
ratio of COLIIl to COL1A1L expression levels. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Discussion

This study elucidated the role and mechanisms of macrophage-
derived PTPIB in tendinopathy. Integrating bioinformatics and in
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vivo experiments demonstrated that macrophage PTP1B in
pathological tendons inhibits the JAK2/STATS3 signaling pathway,
downregulates the mitochondrial fusion protein OPAI, induces
mitochondrial fusion defects and mtDNA leakage, and activates the
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cGAS/STING pathway. This cascade culminates in heightened
inflammation injury of tendon tissues. In collagenase-induced
tendinopathy mouse models, macrophage-specific knockout of
Ptpnl alleviated tendon damage, inflammatory cell infiltration,
and fibrosis while suppressing cGAS/STING pathway activation.
These findings not only reveal a mechanistic link between
macrophage PTP1B-mediated chronic inflammation and
mitochondrial dynamics in tendinopathy but also provide a
theoretical basis for targeting PTP1B and associated signaling
pathways in therapy.

Tendinopathy, characterized by chronic inflammation and tissue
degeneration, involves complex pathophysiological mechanisms that
remain incompletely understood. This study is the first to associate
PTP1B with mitochondrial dynamic imbalance and immune activation
in tendinopathy. Previous studies have shown that PTP1B plays a key
role in metabolic and inflammatory diseases, yet its involvement in
tendinopathy has been scarcely reported. Our bioinformatics analysis
and experiments in vivo revealed that M1 macrophages were
significantly enriched in the lesion tissues of tendinopathy mice, and
the expression level of Ptpnl was specifically elevated in the
macrophage subsets, while no significant changes were observed in
other immune cells such as T cells and dendritic cells, suggesting that
the polarization imbalance of macrophages and the upregulation of
PTP1B may be the core driving factors of the continuous inflammation
of tendinopathy.

Notably, the JAK2/STAT3 pathway may play dual roles in tissue
repair: while STAT3 activation supports proliferation and anti-
inflammatory responses, excessive activation may induce fibrosis.
This study demonstrated that elevated PTP1B expression in
macrophages of pathological tendons suppresses JAK2/STAT3
signaling, thereby impairing mitochondrial fusion and preventing the
shift toward the M2 anti-inflammatory phenotype, leading to chronic
inflammation. This finding is consistent with prior studies on the role
of STAT3 in maintaining mitochondrial dynamics (31), further
underscoring the pivotal role of JAK2/STAT3 in preserving cellular
homeostasis. Furthermore, we noted elevated expression of SOCS1 and
SOCS3 in macrophages from tendinopathic tissues, which are
established inhibitors of JAK/STAT signaling. While PTP1B
dephosphorylates JAK2, SOCS proteins may further reinforce the
inhibition through feedback mechanisms. This synergistic
suppression likely exacerbates the impairment of mitochondrial
fusion and anti-inflammatory responses. Future investigations should
delineate the relative contributions of PTP1B and SOCS proteins to
JAK/STAT pathway dysregulation in tendinopathy.

Mitochondrial dynamics imbalance has been identified as one of
the key findings of this study. OPA1 was found to be downregulated,
resulting in mitochondrial fragmentation and mtDNA leakage. The
leaked mtDNA was shown to activate the cGAS/STING signaling,
forming a vicious cycle of “inflammation-mitochondrial damage.”
This mechanism has been previously reported in rheumatoid
arthritis and neurodegenerative diseases; however, its role in the
context of tendinopathy has been elucidated for the first time in
this study.

Although the NF-xB signaling pathway is a well-established
regulator of inflammation in various pathological contexts,
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including tendinopathy, our study focused primarily on the
JAK2/STAT3-OPA1 axis due to its prominent inhibition observed
in our GSEA analysis (Figure 2F) and experimental data. We
acknowledge that NF-kB may also participate in tendinopathy
progression, and it is possible that crosstalk exists between the
JAK/STAT and NF-xB pathways. The potential interactions
between these pathways will be explored in future, to provide a
more comprehensive understanding of inflammatory regulation
in tendinopathy.

From a therapeutic perspective, targeting PTP1B or its downstream
pathways exhibits considerable potential. Animal experiments
demonstrated that macrophage-specific knockout of Ptpnl
significantly alleviated tendon inflammation and fibrosis, while also
improving tissue mechanical properties. These results are consistent
with the therapeutic effects of PTP1B inhibitors in metabolic disorders,
suggesting that both local and systemic inhibition of PTP1B may be a
novel interventional avenue for tendinopathy. However, the potential
side effects of PTP1B inhibitors are also worth noting. Studies have
shown that PTP1B inhibition can enhance the insulin signaling
pathway (32), which theoretically may lead to excessive insulin
sensitivity and cause hypoglycemia. PTP1B is also expressed in the
brain and is involved in leptin signaling, regulating appetite and energy
metabolism and neurodevelopment (33). Inhibiting PTP1B may affect
the function of the central nervous system, and potential side effects
may include mood changes, cognitive impacts, etc. In addition,
common side effects during the drug development process, including
liver and kidney toxicity, gastrointestinal reactions, and allergic
reactions, are also important factors restricting the clinical use of
PTP1B inhibitors.

Several limitations of this study should be acknowledged. First,
although bioinformatics analysis revealed the synergistic roles of
M1 macrophages and T cells, the specific mechanisms underlying
their mutual regulation remain undefined. Recent studies have
shown that obesity induced by a high-fat diet can exacerbate
collagenase-induced tendon injury and increase the levels of IL-
1B and MMPs (34), highlighting that the abnormal energy
metabolism and immune inflammation may be important
contributing factors to tendinopathy. In addition, the precise role
of immune effectors downstream of the cGAS/STING pathway in
tendinopathy requires further investigation. Finally, the function of
PTPIB in tenocytes or other stromal cells has not been
independently studied, and potential multicellular crosstalk may
influence the design of therapeutic strategies.

In conclusion, this study has systematically elucidated the
molecular mechanism by which macrophage PTP1B regulates
mitochondrial dynamics via the JAK2/STAT3-OPA1 axis and
activates the cGAS/STING signaling pathway, thereby offering a
novel perspective on the pathological progression of tendinopathy.
These findings contribute to offer new insights in the mechanisms
underlying tendinopathy, and provide a theoretical basis for
developing precision therapies targeting PTPIB or its associated
pathways. Future research should further investigate multicellular
interactions, metabolic reprogramming, and immune activation,
and promote translational studies to assess the clinical relevance of
these findings.
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