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Macrophage-derived extracellular
vesicles transfer mitochondria to
adipocytes and promote
adipocyte-myofibroblast transition in

epidural fibrosis
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Epidural fibrosis post laminectomy is the leading cause of failed back surgery syndrome. Little is
known about the role and mechanisms of adipose tissues in epidural fibrosis. Here, we found that
obese patients were more likely to develop epidural fibrosis after spine surgery. Similarly, obesity led to
more progressive epidural fibrosis in a mouse model of laminectomy. Adipocyte-myofibroblast
transition (AMT) occurs in epidural scarring. Mechanistically, large extracellular vesicles (EVs) from
M2-type macrophages transfer mitochondria into adipocytes and promote AMT by activating the
TGF-B and PAI-1 pathways. Blocking the PAI-1 pathway significantly attenuated the transition of
adipocytes into myofibroblasts. We conclude that large EVs from macrophages transfer mitochondria

to promote AMT in epidural fibrosis.

With the aging of society, more people are suffering from degenerative
diseases of the lumbar spine, in which the nerves and spinal cord are
compressed, even leading to paralysis'. In this context, laminectomy, a
surgery designed to relieve compression, is increasingly used”. However,
some patients may develop failed back surgery syndrome (FBSS) following
spine operation’. One of the leading causes of FBSS is massive epidural
fibrosis’. The specific mechanisms of epidural fibrosis are still largely
unknown.

Obesity, a modern pandemic, is an independent risk factor for
spine degeneration®. Adipose tissues store excess energy in the form
of triglycerides in lipid droplets’. In addition, adipose tissues provide
mechanical cushioning in certain areas, such as the buttocks, heels
and epidural areas’. Epidural fat is located mainly on the dorsal side
of the epidural space and is present in the thoracic and lumbar
spine’. In epidural fat, adipocytes constitute the majority’. Adipocytes
have been found to regulate metabolism and influence
inflammation'’, but their role in tissue repair and epidural fibrosis
remains unclear. Adipocytes may serve as a source of myofibroblasts
and thus participate in the development of fibrosis", especially in
dermal-related diseases'”™". In this study, we found that epidural

adipocytes transform into myofibroblasts, which secrete extracellular
matrix and promote epidural fibrosis after laminectomy.
Macrophages, known as one of the most common types of innate
immune cells, are involved in many physiological processes”. It is generally
accepted that macrophages can be divided into M1-type and M2-type
macrophages, with M1 macrophages being the main type involved in the
inflammatory response and M2 macrophages being the main type involved
in tissue repair'®. In our study, we found that macrophages migrated around
epidural adipocytes after laminectomy. Moreover, macrophages, especially
M2-type macrophages, promote the conversion of adipocytes into myofi-
broblasts. This process is regulated by extracellular vehicles (EVs) derived
from macrophages. EVs are small vesicle-like bodies with a double mem-
brane structure ranging from 40 nm to 1000 nm in diameter”’. EVs act as
transport vehicles, carrying biological molecules such as RNA, proteins,
carbohydrates and lipids'’. Recent studies have shown that extracellular
vesicles may also carry mitochondria, which regulate cell metabolism and
function when they enter cells”’. As bilayer organelles that exist in most
eukaryotic cells, mitochondria are the main sites of aerobic respiration and
oxidative phosphorylation and provide energy for cellular activities”. In
addition to providing energy, mitochondria are involved in many processes,
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ie., cell differentiation'. Here, we show that mitochondria from large EVs
derived from M2 macrophages fuel the trans-differentiation of adipocytes
into myofibroblasts in epidural fibrosis.

Results

Effects of obesity on postoperative epidural fibrosis

To explore whether obesity played a role in the development of the epidural
scar, we obtained the Oswestry disability index (ODI) from patients before
laminectomy and one year after surgery. Then, we subtracted the pre-
operative ODI from the postoperative ODI to obtain the AODI, and a higher
AODI indicated greater back pain relief and a better prognosis. The results
revealed that obese patients tended to have a worse prognosis (Fig. 1A, B).
After scoring the epidural scars in the MR images of the patients, we con-
cluded that obese patients tended to produce more epidural scars than
normal weight patients (Fig. 1C, D).

To further dissect the role of obesity in epidural fibrosis, we performed
laminectomy in OB/OB (leptin™) mice. The expression of fibronectin, a-
SMA and collagen 1 in epidural scar tissues was greater in OB/OB mice than
in wild-type mice 30 days after laminectomy (Fig. 2A, B). In the epidural
area, we observed increased expression of a-SMA in OB/OB mice 30 days
after laminectomy (Fig. 2C). In addition, more inflammatory infiltration
(Fig. 2D) and collagen deposition (Fig. 2E) were observed in the OB/OB
mice than in the wild-type mice after surgery. Clinically, a large proportion
of patients are obese because of poor diet control. Therefore, to better
simulate the clinical situation, we obtained obese mice that were fed with a
high-fat diet (HFD). As expected, the HFD promoted epidural fibrosis
(Supplementary Fig. 1). Collectively, these data suggest that obesity is
positively linked to epidural fibrosis after spine surgery.

Adipocytes are involved in epidural scar formation

To further investigate the mechanisms of obesity in epidural fibrosis, we
collected patients” epidural scar tissues and scar-adjacent tissues for pro-
teomics. We found that the ACSL1 and DGAT1 proteins were highly

expressed in the epidural scar (Fig. 3A). Both ACSL1 and DGAT1 can
regulate the formation of triglycerides and affect the metabolism and
function of adipocytes™*’. GO analysis revealed that neutral lipid metabolic
processes and fatty acid metabolic processes were involved in the formation
of epidural scars (Fig. 3B). KEGG analysis revealed that the PPAR signaling
pathway”, which plays an important role in regulating the formation and
function of adipocytes, is involved in the formation of epidural scars
(Fig. 3C). We detected that ACSL1 and DGAT1 were indeed highly
expressed in scar tissues from patients (Fig. 3D). We obtained adipose tissue
from patients who underwent laminectomy or patients who required
sacrectomy due to epidural scar hyperplasia. The adipose tissues from the
revision surgery group showed more inflammatory infiltration and a greater
change in the morphology of the adipocytes (Fig. 3E). TGF-p is a master
cytokine for fibrosis. In response to treatment with TGF-, the number of
lipid droplets in adipocytes begins to decrease (Supplementary Fig. 2a). A
portion of adipocytes stimulated with TGF- expressed the myofibroblast
marker a-SMA (Supplementary Fig. 2b, c). The levels of fibronectin and a-
SMA were increased, while the expression of PLIN-1 was decreased after
stimulation with TGF-f (Supplementary Fig. 2d). Indeed, we found that the
adipocyte marker PLIN1 and the myofibroblast marker a-SMA were highly
colocalized in adipose tissues from revision surgery patients (Fig. 3F),
indicating that adipocytes may transdifferentiate into myofibroblasts.

Macrophages regulate the adipocyte-myofibroblast transition

We observed that the morphology of epidural adipocytes in obese mice
changed significantly (Fig. 4A). The number of cells that expressed both
PLIN-1 and a-SMA in obese mice increased over time after laminectomy
(Fig. 4B). Representative images 30 days after surgery revealed the same
trend, with more adipocytes expressing the a-SMA protein (Fig. 4C). As an
important component of adipose tissues”’, macrophages have been found to
affect the function of adipocytes™. The macrophages infiltrated around
adipocytes in the obese mice 30 days after laminectomy (Fig. 4D). The
enlarged images revealed that the adipocytes near the macrophages were
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Fig. 2 | OB/OB mice developed more epidural fibrosis. A Western blot analysis of
fibronectin and a-SMA in OB/OB mice and normal control mice subjected to sham
surgery or laminectomy. B ELISA analysis of collagen-1 in OB/OB mice and normal
control mice subjected to sham surgery or laminectomy. C Immunohistochemical
staining of a-SMA (brown) in OB/OB mice and normal control mice subjected to

OB/OB+operation

sham surgery or laminectomy. D HE staining of OB/OB mice and normal control
mice subjected to sham surgery or laminectomy. E Masson staining of OB/OB mice
and normal control mice subjected to sham surgery or laminectomy. Values are
mean + SEM.

deformed, whereas the adipocytes far from the macrophages remained
unchanged (Fig. 4D). To confirm the roles of macrophages in adipocytes, we
used liposomes encapsulating clodronate, a well-established method for the
macrophage depletion”. In our previous publication, we utilized clodronate
liposomes to deplete macrophages and achieved an elimination rate
exceeding 80%"*. Once macrophages were depleted, the percentage of
AMT decreased (Fig. 4E, F), suggesting that macrophages regulate AMT
during epidural fibrosis.

M2 macrophage-derived large vesicles promoted AMT

To investigate whether macrophages promote AMT and the specific
mechanisms involved, we cocultured macrophages and adipocytes in a
Transwell system. We placed macrophages in the upper compartment of the
insert chamber and found that the lower adipocytes developed different
levels of AMT. Compared with M1-type macrophages, M2-type macro-
phages had greater potential to promote AMT (Fig. 5A). Macrophages may
release extracellular vesicles and communicate with other cells”. Therefore,
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Fig. 3 | Adipocytes are involved in the development of epidural fibrosis.

A Proteomic analysis was conducted on the scar tissue and normal tissue from three
patients. Proteins with a fold change greater than 1.2 or less than 0.8, and a p value
less than 0.05, were identified as differentially expressed proteins. The results were
presented in the form of a heatmap. B Differential proteins from the scar tissue and
normal tissue of three patients were subjected to Gene Ontology (GO) enrichment
analysis. C Differential proteins from the scar tissue and normal tissue of three

PLIN-1 a-SMA merge

patients were subjected to KEGG enrichment analysis. D Western blot analysis of
DGAT1 and ACSLI in scar and normal tissues from patients. E HE staining of
adipose tissues from patients who underwent primary surgery or revision surgery.
F Immunofluorescence staining of PLIN1 (pseudogreen) and a-SMA (pseudored
red) in adipose tissues from patients who underwent primary surgery or revision
surgery.
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Fig. 4 | Macrophages promoted the adipocyte-myofibroblast transition. A HE
staining of epidural adipose tissues from obese mice 30 days after laminectomy or
without laminectomy. B PLIN1 and a-SMA expression in obese mice at different
times after laminectomy was detected via flow cytometry. On the left are typical
images of flow cytometry, and on the right is the statistical graph after the experiment
was repeated six times. C Immunofluorescence of PLIN1 (pseudogreen) and a-SMA
(pseudocolored red) in obese mice 30 days after surgery or sham surgery.
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D Immunofluorescence of PLIN1 (pseudogreen) and F4/80 (pseudored red) in obese
mice 30 days after surgery or sham operation. E PLINI and a-SMA expression in
obese mice was detected by flow cytometry. On the left are typical images of flow
cytometry, and on the right is the statistical graph after the experiment was repeated
six times. F Immunofluorescence of PLIN1 (pseudogreen) and a-SMA (pseudored)
in obese mice 30 days after surgery. Values are mean + SEM.
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we extracted vesicles from the supernatant of M1-type or M2-type mac-
rophages and observed the morphology of the vesicles (Fig. 5B). Addi-
tionally, we detected the markers CD81, CD63, and flotillin to identify the
vesicles (Fig. 5C). The diameter of the vesicles was mostly between 500 and
1500 nm, and a small number of the vesicles were less than 100 nm in
diameter (Fig. 5D). We used macrophage-derived vesicles to stimulate

adipocytes. The results showed that M2-derived vesicles promoted AMT
more than did M1-derived vesicles (Fig. 5E). To determine whether exo-
somes less than 100 nm in diameter or vesicles larger than 500 nm play a role
in AMT, we used a 0.22 pm sieve to filter large-diameter vesicles and showed
that AMT was significantly inhibited. Moreover, we used GW4869 to inhibit
the release of small-diameter vesicles”, and AMT was not inhibited (Fig. 5F).
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Fig. 5 | M2 macrophage-derived large vesicles promoted AMT. A PLIN1 and a-
SMA expression in adipocytes cocultured with M1- or M2-type macrophages was
detected via flow cytometry. On the left are typical images of flow cytometry, and on
the right is the statistical graph after the experiment was repeated three times.

B Typical images of extracellular vesicles observed via transmission electron
microscopy. C Western blot analysis of CD81, CD63 and flotillin-1 in vesicles
derived from M1 or M2 macrophages. D The diameter of the vesicles was measured
via NTA. E PLIN1 and a-SMA in adipocytes treated with vesicles derived from M1-
or M2-type macrophages were detected via flow cytometry. On the left are typical
images of flow cytometry, and on the right is the statistical graph after the experiment

was repeated three times. F Before we stimulated adipocytes with vesicles, we filtered
the extracted vesicles with a 0.22 pm sieve or treated macrophages with CCCP prior
to vesicle extraction. Then, we detected PLIN1 and a-SMA in adipocytes via flow
cytometry. On the left are typical images of flow cytometry, and on the right is the
statistical graph after the experiment was repeated three times. G Flow cytometry
was used to detect lipid content (BODIPY staining) and the expression of a-SMA in
adipose tissue. On the left are typical images of flow cytometry, and on the right is the
statistical graph after the experiment was repeated six times. All the data are pre-
sented as the mean * Standard Error of the Mean (SEM).

To assess whether the vesicles derived from macrophages have the desired
efficacy in vivo, we injected the vesicles into the adipose tissue of the inguinal
region in mice and subsequently employed flow cytometry to detect the
occurrence of AMT. The adoptive transfer of EVs indeed increased the
expression of a-SMA in adipocytes (Fig. 5G). Overall, we concluded that
large vesicles from macrophages may promote AMT.

Large vesicles transmitted mitochondria to induce AMT

When we stimulated adipocytes with macrophage-derived vesicles, the
expression of mitochondria-related proteins increased in adipocytes
(Fig. 6A). To explain this phenomenon, we suspected that the vesicles
contained mitochondria and carried them into adipocytes. Therefore, we
used MitoTracker staining to label the mitochondria in the vesicles, and the
results revealed that the vesicles contained mitochondria and that the M2-
derived vesicles contained more mitochondria than did the M1-derived
vesicles (Fig. 6B). Similarly, we found that M2-derived vesicles contained
more mitochondria-related proteins than M1-derived vesicles (Fig. 6C).
Moreover, we observed that in M2-type macrophages, vesicles were secreted
from the mitochondria, which indicated that the vesicles could contain the
components of the mitochondria (Fig. 6D). To confirm that macrophages
can transfer mitochondria to adipocytes, we stained macrophages with
MitoTracker and cocultured them with adipocytes via a Transwell system.
After 24 h of coculture, the proportion of adipocytes positive for Mito-
Tracker staining was measured. The results showed that M2-type macro-
phages could transfer more mitochondria to adipocytes than MI-type
macrophages (Fig. 6E). When we used a 0.22 pm sieve to remove large EVs,
we found that the number of transferred mitochondria was significantly
reduced, indicating that large vesicles may dominate mitochondrial trans-
port (Fig. 6F). To study whether vesicle-transported mitochondria were
indispensable to AMT, we inhibited mitochondrial function in macro-
phages with CCCP, a mitochondrial oxidative phosphorylation uncoupling
agent’’. When vesicles with inhibited mitochondrial function were trans-
ported to adipocytes, AMT was weakened (Fig. 6G). To further elucidate the
relationship between mitochondria and AMT, we sorted EVs with high
numbers or low numbers of mitochondria (Supplementary Fig. 3a). These
EVs with high or low mitochondria were cocultured with adipocytes. The
results revealed that vesicles carrying more mitochondria had a stronger
ability to promote AMT (Fig. 6H). In summary, large vesicles from mac-
rophages transfer mitochondria into adipocytes, which promotes AMT.

The TGF-B/PAl-1 pathway mastered the AMT

Once EVs were introduced into adipocytes, we observed significant meta-
bolic alterations, with notable increases in both glycolytic and aerobic
respiration capacities (Supplementary Fig. 3b, c), suggesting that upon sti-
mulation by EVs, complex intracellular pathways within adipocytes
underwent changes. To explore the intracellular signaling changes in adi-
pocytes stimulated with vesicles, we conducted high-throughput bulk RNA
sequencing of adipocytes treated with vesicles or left untreated. The results
revealed that genes associated with fibrosis, such as Tgfb1 and Tgfb3, were
activated (Fig. 7A). KEGG analysis (Fig. 7B) and wiki enrichment analysis
(Fig. 7C) indicated that the cytokine-cytokine receptor and TGF-f signaling
pathways may be involved in vesicle-stimulated adipocytes. GSEA further
revealed that ECM-receptor interactions (Fig. 7D) and the TGF-p signaling
pathway (Fig. 7E) were activated in adipocytes stimulated with vesicles.

Among all the differentially expressed genes, Serpinel (Fig. 7F) was selected
as a candidate for potentially regulating vesicle-induced AMT. Therefore,
we detected the plasminogen activator inhibitor-1 (PAI-1) encoded by
Serpinel in adipocytes stimulated with vesicles, and the results revealed that
PAI-1 increased once adipocytes were treated with vesicles (Fig. 7G). When
we used Tm5441, an inhibitor of PAI-1%, the AMT promoted by vesicles
was weakened (Fig. 7H, I). Similarly, when we used siRNA to suppress the
expression of PAI-1, the transdifferentiation of adipocytes into myofibro-
blasts was significantly attenuated (Fig. 7J). Overall, we concluded that the
TGEF-B/PAI-1 pathway is involved in the transdifferentiation of adipocytes
into myofibroblasts.

Discussion

Organ fibrosis is associated with obesity. In nonalcoholic fatty liver disease,
adipose tissues are closely associated with inflammation and fibrosis of the
liver, and the development of fibrosis in the liver is significantly alleviated
after weight loss”. Similarly, obesity is recognized as an independent risk
factor for the development of kidney fibrosis, and bariatric surgery improves
kidney outcomes in patients with chronic kidney disease™. The role of
obesity in myocardial fibrosis is also well-established, and chronic inflam-
mation caused by obesity promotes myocardial fibrosis™. In the present
study, we demonstrated for the first time that patients with a higher BMI
after spine surgery were more likely to suffer from FBSS, which was asso-
ciated with accelerated epidural fibrosis. Similarly, in both OB/OB mice and
HFD-fed mice, obesity exacerbated the formation of epidural scarring after
spine operation, suggesting that adipose tissues may contribute to epidural
fibrosis.

Myofibroblasts orchestrate the accumulation of extracellular matrix
during wound healing and scar formation. In addition to fibroblasts,
mesenchymal stem cells may also differentiate into myofibroblasts™.
Indeed, once stimulated with EVs, MSCs may transdifferentiate into
myofibroblasts (Supplementary Fig. 4). In areas where endothelial and
epithelial cells are abundant, endothelial mesenchymal transformation and
epithelial mesenchymal transformation also provide sources for
myofibroblasts™. In some cases, macrophages also transdifferentiate into
myofibroblasts”. In addition, adipocytes may be converted into myofibro-
blasts, thus promoting the development of fibrosis**. Adipocyte-myofi-
broblast transition (AMT) has been found in skin repair' and
scleroderma®, and in our study, we found that AMT also occurred in the
epidural area and, at least in part, contributed to epidural fibrosis. Notably,
the transdifferentiation of adipocytes into myofibroblasts still needs to be
verified in a variety of diseases and different conditions™.

As the most important immune cells in adipose tissues, macrophages
play a crucial role in regulating the function of adipocytes™. Previous studies
have suggested that the transformation of adipocytes into myofibroblasts
requires a process of lipolysis, which is inseparable from the help of
macrophages'*. There is frequent mitochondrial transfer between macro-
phages and adipocytes''. Mitochondria from adipocytes could be trans-
ferred to macrophages, thereby altering their function®. We found that
mitochondria derived from macrophages were transferred to adipocytes
and changed the function of adipocytes. Nanotubes* and extracellular
vesicles” were found to be common pathways for mitochondrial transport.
In our study, the large extracellular vesicles carrying mitochondria from M2
macrophages promoted the adipocyte-myofibroblast transition.
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Fig. 6 | Mitochondria in large EVs promoted AMT. A Western blot analysis of
OGDH, citrate synthase and IDH in adipocytes treated with vesicles derived from
M1- or M2-type macrophages. B Vesicles stained with MitoTracker Red were
detected via flow cytometry. On the left are typical images of flow cytometry, and on
the right is the statistical graph after the experiment was repeated three times.

C Western blot analysis of OGDH, citrate synthase and IDH in vesicles derived
from M1- or M2-type macrophages. The supernatant after vesicle extraction was
used as the control. D Using transmission electron microscopy, we observed that
vesicles were secreted from mitochondria in M2-type macrophages. E After the
macrophages were stained with MitoTracker Deep Red, they were cultured with
adipocytes, and the portion of MitoTracker-positive adipocytes was detected via
flow cytometry. On the left are typical images of flow cytometry, and on the right is
the statistical graph after the experiment was repeated three times. F After the

macrophages were stained with MitoTracker, we filtered the vesicles derived from
them with a 0.22 um sieve. After stimulation with the vesicles, the portion of
MitoTracker-positive adipocytes was detected via flow cytometry. On the left are
typical images of flow cytometry, and on the right is the statistical graph after the
experiment was repeated three times. G We stimulated macrophages with CCCP
and obtained vesicles derived from them. After stimulation with the vesicles, PLIN1
and a-SMA in adipocytes were detected via flow cytometry. On the left are typical
images of flow cytometry, and on the right is the statistical graph after the experiment
was repeated three times. H After adipocytes were stimulated with EV's containing
different levels of mitochondria, flow cytometry was used to detect the expression
levels of PLIN1 and a-SMA. All the data are presented as the mean + Standard Error
of the Mean (SEM).

Macrophage-derived mitochondria may activate specific signaling path-
ways in adipocytes by delivering mitochondrial DNA (mtDNA), thereby
influencing the function and metabolic state of adipocytes. The promotion
of AMT by macrophage-derived vesicles may involve not only the transfer
of mitochondria but also the transfer of miRNAs and cytokines. Therefore,
further exploration is needed to elucidate the specific mechanisms involved
in these processes.

PAI-1 plays a critical role in fibrosis development, with its upregulation
observed in a multitude of fibrotic conditions, including renal fibrosis™,
pulmonary fibrosis”, and liver fibrosis®. Consistent with previous studies,

we found that PAI-1 may also play a key role in epidural fibrosis in obese
patients. Our study revealed that PAI-1 was a critical determinant facil-
itating the transdifferentiation of adipocytes into myofibroblasts. However,
the precise mechanisms underlying PAI-1’s role in this context remain to be
elucidated. The reversibility of AMT upon PAI-1 inhibition offers a novel
therapeutic avenue for the suppression of epidural fibrosis, suggesting that
PAI-1 may serve as a clinically viable target, particularly for obese patients.
In the future, extensive clinical studies and mechanistic exploration are
needed to validate PAI-1 as a therapeutic target and to delineate the
underlying molecular mechanisms of its role in epidural fibrosis.
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Fig. 7| TGF-B/PAI-1 pathway mediated AMT. A The differentially expressed genes
are shown as a heatmap. B KEGG analysis of the differentially expressed genes.

C Wiki pathway analysis of the DEGs. D The ECM-receptor interaction pathway
was enriched according to GSEA. E The TGF-p signaling pathway was enriched
according to GSEA. F Differentially expressed genes are shown in the form of a
volcano map. G Western blot analysis of serpinel in adipocytes treated with vesicles
at different times. H Western blot analysis of TGF- in adipocytes treated with

Tm5441 were detected

detected by qPCR. K P

vesicles or Tm5441. 1 PLIN1 and a-SMA in adipocytes treated with vesicles or

via flow cytometry. On the left are typical images of flow

cytometry, and on the right is the statistical graph after the experiment was repeated
three times. J PAI-1 expression levels in adipocytes transfected with si-PAI were

LIN1 and a-SMA expression in adipocytes was detected via

flow cytometry after they were transfected with si-PAI or stimulated with EVs. All
the data are presented as the mean + Standard Error of the Mean (SEM).
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Our study revealed the relationship between obesity and epidural
fibrosis. Although we followed a large number of patients and
obtained their preoperative and postoperative ODIs, this reflected only
the extent of epidural fibrosis indirectly. MRI is the most effective
method to evaluate the degree of fibrosis rather than the ODI. Since
MRI is not routinely included in follow-up examinations after lami-
nectomy, we obtained only a limited number of postoperative MR
images. In addition, revision surgery is not common and is chosen
only when patients suffer from severe epidural fibrosis after lami-
nectomy. As a result, we obtained only several revision surgery sam-
ples. Finally, we do not know whether AMT is a direct transformation
process or whether adipocytes first transition into mesenchymal stem
cells and are later induced to become myofibroblasts. We did not
investigate whether adipocytes undergoing lipolysis have a similar
differentiation function as mesenchymal stem cells do. Finally,
patients with a normal BMI may still develop epidural fibrosis, which
may not be explained by obesity and adipocytes alone.

Methods

Clinical samples

To investigate the relationship between obesity and epidural fibrosis, we
enrolled 258 patients who underwent laminectomy at the Second Affiliated
Hospital of Nanjing Medical University from January 2020 to March 2021.
All patients enrolled met the following criteria: (1) had low back pain and
numbness in the lower limbs; (2) were positive on the straight leg elevation
test; (3) magnetic resonance imaging (MRI) revealed a herniated disc at the
L4-15 level; and (4) none of the patients had cancer, autoimmune diseases,
or serious infectious diseases.

We collected height and weight data from clinical patients and calcu-
lated body mass index (BMI). The Oswestry disability index (ODI)
questionnaire” was used to obtain the degree of back pain of the patients
before laminectomy and one year after surgery.

Among the patients enrolled in this investigation, 31 patients under-
went MRI examination one year after surgery, and we assessed the quantity
of scars in these images. Briefly, the spinal canal was subdivided into four
quadrants by drawing two vertical lines from the center of the dural sac. We
graded the degree of the epidural scar according to grades 0-4: grade 0, no
scars; grade 1, >0 to <25% of the quadrants were full of scars; grade 2, >25 to
<50% of the quadrants were full of scars; grade 3, >50 to <75% of the
quadrants were filled with scars; and grade 4, 75-100% of the quadrants
were full of scars®.

We collected epidural scar and epidural adipose tissues removed from
patients during surgery and then stored some of the tissues in liquid nitrogen
and 4% paraformaldehyde for further study.

The study has been performed in accordance with the Declaration of
Helsinki and approved by Ethics Committee at the Second Affiliated
Hospital of Nanjing Medical University ([2019]KY056). A written informed
consent form was signed by each patient.

Animals

Male C57BL/6] mice were purchased from the Animal Center of Nanjing
Medical University. OB/OB (leptin KO) mice were purchased from Gem-
Pharmatech Company (Nanjing, China). To simulate diet-induced obesity,
4-week-old male mice were fed a high-fat diet (60% fat, from Xietong
Pharmaceutical Company, Nanjing, China) for 16 weeks". All experiments
involving animal and tissue samples were performed in accordance with the
guidelines and procedures approved by the Institutional Animal Care and
Use Committee (IACUC) of Nanjing Medical University (IACUC-
1904052).

We performed laminectomy on the mice”. First, the mice were
intraperitoneally injected with 200 mg/kg ketamine hydrochloride (Riem-
ser, Greifswald, Germany) and 10 mg/kg xylazine (Medistar, Ascheberg,
Germany) in 100 pL of normal saline. When the mice were anesthetized, we
made an incision in the skin, and the lamina from L1 to L3 was removed. For
the mice in the control group, we performed a sham incision in the skin

without removing the lamina. When the mice were awakened from anes-
thesia, they were returned to their cages.

To deplete macrophages in the mice, we injected 200 pL of clodronate
liposomes (5 mg/mL, Yeasen, Shanghai, China) intraperitoneally into the
mice 24 h before laminectomy.

Before the mice were sacrificed via cervical dislocation, they were
injected with 200 mg/kg ketamine hydrochloride and 10 mg/kg xylazine in
100 pL of normal saline.

Cell culture
The macrophages were derived from bone marrow. Briefly, we acquired
tibias and femurs from mice after they were sacrificed via cervical disloca-
tion, and we rinsed the bone marrow with cold phosphate-buffered saline
(PBS). After centrifugation at 4°C and 500 x g for 5 min in red blood cell
lysis buffer (Thermo Fisher Scientific, MA, USA), cell precipitates were
obtained. Subsequently, the cells were washed twice with PBS and resus-
pended ata concentration of 2 x 1016 cells/mL in Dulbecco’s modified Eagle
medium (DMEM) (Sigma, Shanghai, China, D5030) supplemented with
10% fetal bovine serum (Gibco, MA, USA), 100 U/mL penicillin, and
0.1 mg/mL streptomycin, and most of the cells were monocytes. To induce
monocytes to differentiate into M1- or M2-type macrophages, we used
10 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF;
Biolegend, CA, USA; Cat# 576308) or macrophage-colony-stimulating
factor (M-CSF; Biolegend, CA, USA; Cat# 576408) to stimulate the cells.
Following 7 days of stimulation, mature macrophages were obtained.
Adipocytes were harvested from adipose tissues. Adipose tissues from
the groin of the mice were excised and immersed in cold PBS. The adipose
tissues were minced and digested with collagenase 1 (Sigma, Shanghai,
China) for 60 min. The cells were subsequently filtered through a 70 um cell
sieve and cultured in petri dishes with DMEM. After 3 passages, we obtained
pure precursor adipocytes. When the cells in the dish reached 80% con-
fluence, they were transferred to a 24-well plate for differentiation. When the
precursor adipocytes had allowed for 2 days, we added high-glucose DMEM
supplemented with IBMX (250 uM) (Sigma, Shanghai, China), insulin
(0.5 pg/ml) (Sigma, Shanghai, China), and dexamethasone (1 pM) (Sigma,
Shanghai, China) instead of normal DMEM. After 5 days, the medium was
replaced with high-glucose DMEM containing insulin (0.5 pg/ml) for fur-
ther culture. Mature adipocytes were available at 14 days after induction.
To obtain mesenchymal stem cells', the bone marrow cells were plated
in a T75 flask and incubated at 37°C in a humidified atmosphere with 5%
CO,. After 24 h, the nonadherent cells were removed by washing with PBS,
leaving only the adherent cell population. These cells were maintained until
they reached approximately 80% confluence. The cells were subsequently
passaged three times to enrich for the MSC population. After the third
passage, a relatively pure population of BM-MSCs was obtained and used
for further experiments.

Histological analysis

The mice were sacrificed at 30 days after laminectomy to obtain spinal
tissues from L1 to L3. Epidural fat tissues were obtained from patients
during laminectomy. The tissues were fixed in 4% paraformaldehyde and
embedded in paraffin.

To observe the association between adipocytes and fibrosis, we used
immunofluorescence in mouse spinal tissues and human adipose tissue
samples. Briefly, the embedded tissues were cut into 4 pum thick sections and
incubated with anti-a-SMA (1:100, mouse monoclonal, ab7817, Abcam)
and anti-PLINT1 (1:100, rabbit polyclonal, ab3526, Abcam) at 4°C for 24 h.
Then, the slides were incubated with goat anti-rabbit IgG (1:100, Alexa
Fluor® 488, ab150077, Abcam) and goat anti-mouse IgG (1:100, Alexa
Fluor® 594, ab150120, Abcam) for 2 h at 27°C and then observed under the
fluorescence microscope.

To investigate the relationship between macrophages and adipocytes,
we cut the spinal tissues from the mice into 4 um thick sections and incu-
bated them with anti-PLIN1 (1:100, rabbit polyclonal, ab3526, Abcam) and
anti-F4/80 (1:100, rat monoclonal, ab6640, Abcam) at 4°C for 24 h.
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Following this, the slides were incubated with goat anti-rabbit IgG (1:100,
Alexa Fluor® 488, ab150077, Abcam) and goat anti-rat IgG (1:100, Alexa
Fluor® 594, ab150160, Abcam) for 2 h at 27°C and then observed under a
fluorescence microscope.

To observe cell morphology and inflammatory cell infiltration in the
scar tissues, hematoxylin-eosin (H&E) staining (abs9217, Absin) was used
in mouse spinal tissues and adipose tissues from patients. The sections of the
tissues were fixed in 95% ethanol for 2 min and washed with PBS for 5 min.
The sections were subsequently placed sequentially in hematoxylin solution
for 3 min and eosin solution for 3 min. We washed the sections with PBS
before each change in dye solution, and the slides were imaged via a
microscope.

Masson’s trichrome solution (abs9347, Absin) was used to label the
collagenous fibers in the spinal tissues of the mice. We placed the sections
sequentially into Bouin’s solution for 30 min, Weigert’s hematoxylin solu-
tion for 10 min, Biebrich scarlet solution for 10 min, phosphotungstic acid-
phospholimbic acid solution for 15 min, and aniline blue solution for 2 min.
Finally, the sections were rinsed in a 1% acetic acid bath, treated with
alcohol, and permeabilized with xylene. Finally, the slides were imaged with
a microscope.

To demonstrate the degree of epidural fibrosis, immunohistochemical
staining was performed on the spinal tissues of the mice. In brief, the
embedded tissues were cut into 4 pum thick sections and incubated with anti-
a-SMA (1:100, mouse monoclonal, ab7817, Abcam). Then, the slides were
incubated with goat anti-mouse IgG (1:100, HRP, ab6789, Abcam) for 2 h at
27°C and observed with a microscope.

Western blot analysis

To detect proteins in the tissues, we performed western blot analysis. Briefly,
the tissues were cut into pieces and lysed in radioimmunoprecipitation assay
buffer supplemented with 1 mM phenylmethanesulfonyl fluoride. Loading
buffer (5x) was added to the lysis buffer. Equal volumes of sample were
loaded to a 10% sodium dodecyl sulfate-polyacrylamide gel. The proteins
were subsequently separated via electrophoresis and transferred to poly-
vinylidene fluoride membranes. The membranes were immersed in 5%
bovine serum albumin at 27°C for 1 hour to avoid nonspecific binding of the
antibody to the antigen. Then, we rinsed the membranes in PBS containing
Tween 3 times and incubated them with anti-ACSL1 (1:1000, rabbit poly-
clonal, ab189939, Abcam), anti-DGAT1 (1:1000, rabbit monoclonal,
ab179711, Abcam), anti-fibronectin (1:1000, rabbit monoclonal, ab268020,
Abcam), anti-a-SMA (1:1000, rabbit monoclonal, ab124964, Abcam) and
anti-B-Actin (1:1000, rabbit polyclonal, ab8227, Abcam) secondary anti-
bodies at 4°C overnight. Finally, the membranes were incubated with goat
anti-rabbit IgG (1:5000, HRP, ab6721, Abcam). The proteins in the mem-
branes were detected with enhanced chemiluminescence high-signal
reagents (36208ES60, Yeasen). B-Actin was used to normalize the expres-
sion of all the proteins.

Similarly, the proteins of the adipocytes were also extracted in radio-
immunoprecipitation assay buffer and measured by western blotting. As
described previously, the membranes were incubated with anti-PLIN1
(1:1000, rabbit polyclonal, ab3526, Abcam), anti-fibronectin (1:1000, rabbit
monoclonal, 1:1000, ab268020, Abcam), anti-a-SMA (1:1000, rabbit
monoclonal, ab124964, Abcam), anti-B-actin (1:1000, rabbit polyclonal,
ab8227, Abcam), anti-OGDH (1:1000, rabbit monoclonal, ab307370,
Abcam), anti-citrate synthase (1:1000, rabbit polyclonal, ab129095,
Abcam), anti-IDHp (1:1000, rabbit polyclonal, ab131263, Abcam), anti-
PAI-1 (1:1000, rabbit monoclonal, ab182973, Abcam) and anti-GAPDH
(1:1000, rabbit polyclonal, ab9485, Abcam) antibodies. The expression of all
proteins was normalized to that of -actin or GAPDH.

For the proteins in the extracellular vesicles, we directly mixed 5x
loading buffer with the vesicle mixture. The proteins in the membranes were
incubated with anti-CD81 (1:1000, rabbit monoclonal, 1:1000, ab109201,
Abcam), anti-CD63 (1:1000, rabbit monoclonal, 1:1000, ab217345, Abcam),
anti-flotillin (1:1000, rabbit monoclonal, ab133497, Abcam), anti-OGDH

(1:1000, rabbit monoclonal, ab307370, Abcam), anti-citrate synthase
(1:1000, rabbit polyclonal, ab129095, Abcam), and anti-IDHp (1:1000,
rabbit polyclonal, ab131263, Abcam) antibodies. The expression of all
proteins was normalized by PonceausS staining.

Oil Red O staining

To observe the formation of lipid droplets in adipocytes, Oil Red O staining
was used. Briefly, the cells were washed with PBS three times and fixed with
4% paraformaldehyde for 15 min. The cells were subsequently incubated
with Oil Red O solution (Cat# MAK194; Sigma-Aldrich) for 15 min. Finally,
the cells were washed with PBS to remove the residual Oil Red O solution
and observed under a microscope.

Flow cytometry

The tissue samples were minced and digested with collagenase for
30 min, the mixture was passed through a 100 pum sieve to obtain
single-cell suspensions. The suspensions were incubated with anti-
PLIN1 (1:100, rabbit polyclonal, ab3526, Abcam) and anti-a-SMA
(1:100, mouse monoclonal, ab7817, Abcam) antibodies for 2h at
27°C. The suspensions were subsequently washed with PBS 3 times
and incubated with goat anti-rabbit IgG (1:100, Alexa Fluor® 750,
ab175735, Abcam) and goat anti-mouse IgG (1:100, FITC, ab6785,
Abcam) for 1 hour at 27°C.

The cells were obtained with pancreatic enzymes, centrifuged and
resuspended into single-cell suspensions. The cells were incubated with
anti-PLIN1 (1:100, rabbit polyclonal, ab3526, Abcam), anti-a-SMA (1:100,
mouse monoclonal, ab7817, Abcam) for 2 h at 27°C, MitoTracker Red
(100 nM, 40741ES50, Yeasen), or MitoTracker Deep Red (100nM,
40743ES50, Yeasen) for 30 min at 27°C. The cells were subsequently incu-
bated with goat anti-rabbit IgG (1:100, Alexa Fluor® 488, ab150077,
Abcam), goat anti-mouse IgG (1:100, APC-Cy7, ab130785, Abcam) or goat
anti-mouse IgG (1:100, Alexa Fluor® 750, A21037, Thermo Fisher) for
1 hour at 27°C. Anti-CD34 (1:100, rabbit monoclonal, ab81289, Abcam),
anti-CD45 (1:100, rabbit monoclonal, ab317446, Abcam), anti-CD73
(1:100, rabbit multiclonal, ab317462, Abcam), anti-CD105 (1:100, rabbit
monoclonal, ab221675, Abcam), and anti-CD90 (1:100, rabbit monoclonal,
ab307736, Abcam) and the corresponding secondary fluorescence anti-
bodies were used to identify mesenchymal stem cells via flow cytometry. The
data were collected on a Beckman CytoFLEX Cytometer and analyzed via
FlowJo v10 software.

Adipocyte plasmid transfection

The method used for plasmid transfection of adipocytes has been described
previously™. Briefly, murine 3T3-L1 preadipocytes were differentiated into
fully lipid-laden adipocytes via a standard induction cocktail of 3-isobutyl-
1-methylxanthine/IBMX, dexamethasone, and insulin. Adipocytes were
seeded in 6-well plates at a density of 1x10 cells per well in complete culture
medium and incubated overnight until they reached approximately 50-70%
confluence. To knock down serpinel (PAI), the cells were transfected with a
siRNA plasmid (BIOG, China) via Lipofectamine RNAi™** transfection
reagent (Invitrogen) according to the manufacturer’s instructions. The cells
were incubated further 24h to allow for gene silencing. The forward
sequence of si-PAI is GGA GAU GGU UAU AGA CCG ATT, and the
reverse sequence is UCG GUC UAU AAC CAU CUC CTT.

Cell fluorescence

To observe the lipid droplets in adipocytes and the extracellular matrix
secreted by adipocytes, we washed the cells three times with PBS and fixed
them with 4% paraformaldehyde. Then, the adipocytes were incubated with
an anti-a-SMA antibody (1:100, mouse monoclonal, ab7817, Abcam) for
1 hour at 27°C. The cells were subsequently incubated with goat anti-mouse
IgG (1:100, Alexa Fluor® 594, ab150120, Abcam) and BODIPY 493/503
(1 M, Cat# 790389, Sigma-Aldrich) for 1 hour. Images of these cells were
captured under a fluorescence microscope.
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Seahorse metabolic assay

For the Seahorse XF assay to measure cellular respiration and glycolysis, the
cells were seeded in a Seahorse XF96 cell culture microplate at a density of
1 x 10* cells per well. On the day of the assay, the medium was aspirated, and
the cells were washed with 1 mL of Seahorse XF Base Medium supple-
mented with 1 mM pyruvate, 10 mM glucose, and 2 mM glutamine. Then
the cells were incubated with 180 uL of supplemented XF Base Medium for
1 hour at 37°C without CO2. The Seahorse XF96 cartridge was hydrated
overnight in XF Calibrant Solution. Following the equilibration period, the
microplate was loaded into the Seahorse XF Analyzer, and the oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) were
measured at baseline and after sequential injections of oligomycin, FCCP,
and rotenone/antimycin A for the Mito Stress Test or glucose, oligomycin,
and 2-deoxyglucose for the Glycolysis Stress Test.

Exosome isolation and identification

When the macrophages matured, the original medium was replaced with
exosome-free fetal bovine serum. After 24 h, the medium was collected and
centrifuged at 500xg at 4°C for 10 min. The precipitate of the cells was
discarded, and the supernatant was centrifuged at 2000xg for 15 min. Then,
the precipitate of the dead cells was discarded. The supernatant was collected
and centrifuged at 10,000 xg for 30 min. Finally, the precipitate of cell debris
was discarded, and the supernatant was centrifuged at 100,000 xg at 4°C for
60 min. The supernatant was then discarded, and the exosomes were sus-
pended in sterile PBS and stored at -80°C.

The size distribution of the exosomes was explored via nanoparticle
tracking analysis (NTA). Transmission electron microscopy (TEM) was
used to observe the exosomes. Specific protein markers for the exosomes
were detected via western blotting.

Quantitative polymerase chain reaction

Total RNA was extracted from adipocytes stimulated with M2-EVs for 24 h
via a TRIzol reagent kit according to the manufacturer’s protocol. The
extracted RNA was then reverse-transcribed into cDNA via a commercially
available kit as directed by the supplier’s instructions. Quantitative real-time
PCR (qPCR) was performed on a StepOnePlus Real-Time PCR System to
assess PAI mRNA expression. The sequences of primers used for PAI were
(forward) 5'-AGG AGA UGG UUA UAG ACC GAT T-3' and (reverse) 5'-
AAC CAG UAA CCA UCU CCA ATT-3'. The primer sequences for the
housekeeping gene -actin were (forward) 5'-GCA CCA CAG ACG CGA
TCT T-3' and (reverse) 5-ACC TCT GAA AAG TCC ACT TGC-3'.
B-Actin was utilized as the internal control. Relative mRNA levels of PAI
and B-actin were calculated via the 27**“* method.

High-throughput mRNA sequencing and proteomics analysis
For high-throughput mRNA sequencing, adipocytes were treated with
exosomes derived from M2-type macrophages for 1 hour, while the control
group remained untreated. Total mRNA was subsequently extracted with
TRIzol according to the manufacturer’s instructions. After mRNA quality
and integrity were measured, the mRNA was quantified and subjected to
stranded RNA sequencing in collaboration with OE Biotech Company
(Shanghai, China). RNA sequencing was performed via an Illumina
NovaSeq 6000 sequencer. The genes whose P value was less than 0.05 and
whose fold change was greater than 2 or less than 0.5 were defined as DEGs
(differentially expressed genes). We subsequently carried out Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis, Wiki pathway analysis
and gene set enrichment analysis (GSEA) on the DEGs and used R (v 3.2.0)
to construct volcano diagrams, heatmaps and enrichment analysis
diagrams.

For proteomics, the clinical specimens from 3 patients were ground
into powder, which was then ultrasonically cracked. The same amount of
protein was taken from each sample for enzymolysis, and the peptide seg-
ment was obtained after enzymolysis. The peptides were labeled according
to the TMT kit instructions (Jingjie Biotech Company, Shanghai, China).
The peptides were then analyzed via liquid chromatography-mass

spectrometry. In all three groups, proteins with a fold change greater than
1.2 or less than 0.8 were defined as differentially expressed proteins. Heat-
maps of these differentially expressed proteins were generated. To gain
deeper insight into the biological functions and pathways associated with the
differentially expressed proteins, we conducted functional enrichment
analysis using Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) analyses. KEGG pathway analysis identified the bio-
logical pathways that are significantly enriched among the differentially
expressed proteins, providing a comprehensive view of the molecular
interaction and reaction networks. Meanwhile, GO analysis categorized the
proteins based on their involvement in cellular components, molecular
functions, and biological processes, thereby offering a detailed under-
standing of the specific roles and potential implications of these proteins
within the cellular context. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium (https://
proteomecentral. proteomexchange.org) via the iProXpartner repository
with the dataset identifier PXD059035.

Elisa

To calculate specific collagen levels in the epidural areas of the mice, the
spinal tissues were cut into pieces and centrifuged at 4°C and 10,000 x g for
10 min with lysis buffer. The supernatant was collected, and the collagen I
content was measured with a collagen I ELISA kit (Beijing Long Tian
Technology, Beijing, China).

Magnetic resonance imaging

MRI was performed 1 year post spine operation. The patients were prepared
for the examination according to the standard protocol. Prior to the MRI, all
metallic objects and electronic devices were removed from the patient to
ensure safety and image quality. The patients were instructed to lie in a
supine position on the MRI table. For comfort and to minimize motion
artifacts, cushions and straps were used to secure the patient. Anesthesia was
not required; however, if necessary, sedation was administered under the
supervision of an anesthesiologist. The MRI scans were acquired using a 3.0
Tesla clinical MRI system. A T2-weighted imaging (T2WI) sequence was
employed, with the following parameters: time of repetition (TR) 4000 ms,
echo time (TE) 90 ms, slice thickness 5 mm, interslice gap 1 mm, and matrix
size 256x256. The field of view (FOV) was adjusted to cover the region of
interest, which in this case was the lumbar spine (L1-L5). The total scan time
per sequence was approximately 8 min. Additional sequences, such as T1-
weighted imaging (T1WI) and diffusion-weighted imaging (DWI), were
also performed to provide complementary information about the tissue
characteristics. The epidural scar area, if present, was measured using the
software’s measurement tools. All measurements were conducted by two
independent radiologists, and any discrepancies were resolved through
consensus. The data were then analyzed to assess the extent of the scar
formation and its impact on the spinal canal and nerve roots.

Statistical analysis

All the data are presented as the mean + Standard Error of the Mean (SEM).
Statistical analyses were conducted via Prism (GraphPad) software.
Unpaired Student’s t test and one-way ANOVA were used to determine
statistically significant differences between groups.

Data availability

The datasets are available from the corresponding author upon reasonable
request. The bulk RNA-Seq data in the project have been submitted to
Sequence Read Archive with the accession number of PRINA1158572.
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