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Lean adipose tissue macrophage derived 
exosome confers immunoregulation to improve 
wound healing in diabetes
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Shenying Luo1, Yimin Khoong1, Meng Hou5*† and Tao Zan1*† 

Abstract 

Chronic non-healing wounds, a prevalent complication of diabetes, are associated with increased mortality in diabetic 
patients. Excessive accumulation of M1 macrophages in diabetic wounds promotes inflammation and results in 
dysregulated tissue repair. Adipose tissue macrophages (ATMs) derived from healthy lean donors have the ability to 
improve glucose tolerance and insulin sensitivity, as well as modulate inflammation. MicroRNAs (miRs), which can 
be packaged into exosomes (Exos) and secreted from cells, serve as essential regulators of macrophage polarization. 
Here, we revealed that ATMs isolated from lean mice secrete miRs-containing Exos, which modulate macrophage 
polarization and promote rapid diabetic wound healing when administered to diabetes-prone db/db mice. The miRs 
sequence of tissue samples from wounds treated with Exos secreted by lean ATMs  (ExosLean) revealed that miR-222-3p 
was up-regulated. Further analyses showed that inhibiting miR-222-3p using a miR inhibitor impaired the mac-
rophage-reprogramming effect of  ExosLean. In the excisional skin wound mouse model, locally inhibiting miR-222-3p 
disrupted healing dynamics and failed to modulate macrophage polarization. Mechanistic studies revealed a connec-
tion between miR-222-3p, Bcl2l11/Bim, an inflammatory response effector, macrophage polarization, and diabetic 
wound healing. In summary,  ExosLean act as positive regulators of macrophage polarization by regulating miR levels in 
wounds and accelerating wound healing, and thus have important implications for wound management in diabetes.
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Introduction
Diabetes, one of five priority noncommunicable dis-
eases (NCDs) [1], involve complex, long-term, and 
costly endeavors due to the chronic complications [2]. 
Type 2 diabetes mellitus (T2DM) leads to a number of 
long-term complications, and chronic diabetic wounds 
are a leading cause of hospitalizations for diabetics and 
a major morbidity associated with diabetes [3]. Chronic 
hyperglycemia and dyslipidemia are the hallmarks of 
T2DM [4]. Moreover, the chronic inflammatory state 
induced by hyperglycemia and dyslipidemia contributes 
to the occurrence of chronic diabetic wounds [5]. There 
are four phases in the wound healing process: hemosta-
sis, inflammation, proliferation/repair, and remodeling. 
Macrophages are the most important immunomodula-
tory cells involved in wound healing [6]. Macrophages 
remove phagocytic debris and stimulate tissue granu-
lation to help maintain tissue homeostasis during the 
healing process [7]. In T2DM patients, excessive and 
prolonged inflammation occurs at the wound site due 
to the predominance of M1 macrophages [8]. Conse-
quently, the accumulation of M1 macrophages, which 
creates a harmful microenvironment, continuously pro-
motes proteolysis and cell damage [9]. Thereafter, mod-
ulation of macrophage polarization may contribute to 
the healing of diabetic wounds.

The dysfunction of adipose tissue, characterized by 
metabolic disturbances, plays a critical role in T2DM 
pathogenesis [10]. In the context of obesity, adipose tis-
sue becomes dysfunctional, loses its beneficial endocrine 
functions, and disrupts immune cell function, thus lead-
ing to tissue inflammation and fibrosis [11]. In the tis-
sues of obese individuals with chronic diabetic wounds, 
obesity results in the accumulation of pro-inflamma-
tory macrophages, a hallmark of tissue inflammation. 
Pro-inflammatory macrophages are the main source of 
inflammatory mediators and recruit, accumulate, and 
activate more pro-inflammatory macrophages in wound 
tissue, thereby leading to chronic inflammation-related 
failure in wound healing [12]. Therefore, it is crucial to 
achieve a balance between pro-inflammatory and anti-
inflammatory macrophages in diabetic wound healing 
tissues. ATMs derived from healthy lean donors may be 
excellent candidates for achieving this balance due to 
their ability to improve glucose tolerance and insulin sen-
sitivity, as well as modulate inflammation [13]. Emerg-
ing evidence suggests that in addition to cytokines, Exos, 
which are implicated in crosstalk between ATMs and 
metabolic organs, play critical roles in modulating meta-
bolic and inflammatory homeostasis, which are impor-
tant for diabetic wound healing [14, 15]. Previous studies 
have demonstrated that ATMs from lean mice contrib-
ute to tissue homeostasis by being polarized toward the 
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M2 phenotype; however, obesity leads to an increase in 
the number of pro-inflammatory M1 ATMs, resulting in 
metabolic disorders associated with obesity [16]. In addi-
tion, to providing protection against obesity-induced 
insulin resistance,  ExosLean also exerts similar protective 
effects against cell apoptosis [13, 17]. Moreover, Exos 
isolated from relatively lean donor adipose tissue drives 
the polarization of macrophages toward the M2 pheno-
type, resulting in a relative reduction in inflammation 
[18]. Thus, it is of great interest to investigate the ability 
of  ExosLean to treat chronic diabetic wounds by restoring 
macrophage phenotype balance.

MiRs are regulatory noncoding RNAs primarily 
responsible for cell–cell interactions through Exos [19]. 
Exos containing numerous miRs can modulate the func-
tion of recipient cells locally or by entering the blood-
stream and acting at distant sites [20]. A growing body of 
evidence suggests that exosomal miRs secreted by ATMs 
influence metabolic regulation [13, 14]. In addition, miRs 
expression in adipose tissue differs between obese and 
lean donors, and the levels of different miRs correlate 
with BMI to varying degrees [21, 22]. Evidence also sug-
gests that Exos that are derived from ATMs and taken up 
by neighboring cells modulate the function of recipient 
cells, resulting in alleviation of insulin resistance, inflam-
matory homeostasis, and tissue protection [13]. This led 
us to hypothesize that ATMs from lean donors secrete 
exosomal miRs that can improve the healing of chronic 
diabetic wounds.

Here, we demonstrate that ATMs from lean animals 
secrete Exos containing miRs that are phagocytized by 
macrophages, leading to rebalancing of macrophage 
polarization and contributing to the therapeutic effect 
in chronic diabetic wounds. In addition, we hypothesize 
that miR-222-3p is the candidates treatment effector 
through a mechanism that is most likely associated with 
direct suppression of its target gene Bcl-2-like protein 11 
(Bcl2l11)/Bim.

Materials and methods
Animals
All animal procedures associated with this work are 
authorized by the institution’s ethical committees. 
B6.BKS(D)-Leprdb/J (db/db) mice were applied as dia-
betes models. Low-fat diet fed mice were used as a lean 
model, as previously reported [23]. All mice were housed 
individually and had ad libitum access to food and water. 
Experimenters were not blinded to group assignment and 
outcome assessment.

Wound healing model and treatment
The mice were anesthetized with 2.5% of isoflurane. 
The hair on the back of the mice was shaved off with an 

electric razor and sterilized using 70% alcohol. 8  mm 
skin wounds were made using a biopsy punch. From day 
1 to day 5, 100  μg per 100 μL of  ExosLean was injected 
at 4 injection sites (25 μL per site) around the wounds. 
The diameter of each wound (day 0, 5, 10, and 15) was 
measured using Photoshop to calculate the percentage of 
wound closure.

To induce local inhibition of expression of miR-222-3p, 
1  nmol miR-222-3p inhibitor or negative control (Ther-
moFisher Scientific) was injected intradermally into the 
wound edges of mice in a total volume of 100 μL for each 
wound, as per manufacturer’s instruction, as previously 
reported [24].

Histological analysis and immunofluorescence
Tissue samples were fixed in 4% paraformaldehyde and 
3 μm sections were cut from paraffin-embedded blocks. 
The sections were stained with standard Masson’s tri-
chrome. Immunohistochemical staining for the presence 
of TNF-α was conducted in consecutive sections.

Immunofluorescent staining was performed with par-
affin-embedded tissues and 4% PFA fixed macrophages. 
Following incubation with primary antibody, the slides 
were washed with 1X PBS and incubated for 1 h at room 
temperature with the secondary antibody. Sections were 
counterstained with DAPI mounting medium and ana-
lyzed. Fluorescence was detected under confocal laser 
scanning microscopy.

Adipose tissue macrophage (ATMs) isolation
ATMs were isolated from mouse visceral adipose tissues 
(VATs). The preparation and sorting of ATMs by flow 
cytometry were performed as described previously [13]. 
Briefly, mechanically minced VATs were digested with 
collagenase II (Sigma-Aldrich) for 15  min at 37  °C. The 
collected digests were filtered with 100  μm cell strain-
ers and centrifuged at 1000×g for 10  min. Pellets were 
incubated in RBC lysis buffer. For flow cytometry cell 
sorting, single-cell suspensions were incubated with flu-
orescence-tagged CD11b or F4/80 antibodies. CD11b+/
F4/80+ macrophages were purified using FACS.

Isolation and characterization of exosomes
Centrifuge the supernatant for 30  min (3000×g) to 
remove the precipitate, then add the supernatant into the 
ultrafiltration M tube and centrifuge for 30 min (3000×g) 
to obtain the upper chamber liquid. Exosome quick 
extraction solution was added to the filtered solution in a 
1:5 ratio and stored at 4 °C for at least 12 h. Exosomes can 
be precipitated by centrifuging 10,000×g for 1 h. The iso-
lation process was performed at 4 °C, and the exosomes 
were resuspended in PBS and stored at − 80 °C.
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The morphology of exosomes was observed using 
transmission electron microscopy (TEM, JEM-1400plus). 
The size was determined through nanoparticle tracking 
analysis (NTA). Western blotting was used to detect the 
exosomal markers HSP70, TSG101, and CD63.

MiRs sequencing
RNA was isolated using TRIzol reagent, and its concen-
tration was quantified using a NanoDrop spectropho-
tometer while its integrity was evaluated. 3  μg of total 
RNA per sample was used as input material for the small 
RNA library. Following transforming the single-stranded 
DNA adaptor into a double-stranded DNA molecule, 
PCR amplification was performed. Finally, library’s qual-
ity was assessed using the Agilent Bioanalyzer 2100 sys-
tem and DNA High Sensitivity Chips. DESeq2 was used 
to test for differential expression of small RNAs between 
samples.

Quantitative real‑time RT‑PCR (qRT‑PCR) assay
Trizol reagent (Invitrogen, USA) was used to extract total 
RNA from treated cells. Then, DNA reverse transcription 
was performed. qRT-PCR was carried out using SYBR 
Green Master (ROX) (Roche, USA). The mRNA levels 
were calculated relative to the control Gapdh (for mRNA) 
or U6 (for miRs) using the  2−ΔΔCq method, as previously 
reported [25].

Immunoblots
Cells were lysed using RIPA solution, and protein content 
was determined using a BCA assay. The electrophoreti-
cally separated protein was transferred to PVDF mem-
branes. After blocking, the membranes were separately 
incubated overnight with primary antibodies, followed 
by HRP-conjugated secondary antibodies. The stained 
protein bands were visualized using a Bio-Rad ChemiDoc 
XRS imaging system and analyzed using Quantity One 
software.

Dual luciferase reporter assays
The luciferase reporter assay was performed to validate 
the 3′-UTR binding site of Bim with miR-222–3p, accord-
ing to previous research [26]. Briefly, HEK293T cells were 
seeded in 96-well plates and co-transfected with target 
plasmids and mimic/miR control miR-222-3p. After 24 h 
of transfection, luciferase activity was determined and 
the reporter assay was performed according to the manu-
facturer’s protocol (Promega). Renilla luciferase activity 
was normalized relative to activity of firefly luciferase and 
expressed as a percentage of the control.

Flow cytometry
The expression of cell surface markers for M1 or M2 phe-
notypes was evaluated using flow cytometry, as described 
previously [27]. Briefly, following treatment, RAW 264.7 
cells were surface-stained with antibodies specific for 
CD86 (M1 marker) and CD206 (M2 marker) for 30 min 
at 4  °C. After additional washing procedures, the cells 
were analyzed using a BD FACS AriaII flow cytometer 
and FlowJo software.

Statistical analysis
The data was presented as mean ± standard deviation. 
The statistical significance of differences between groups 
was evaluated using one-way or repeated measures 
ANOVA. Two groups were compared using the student’s 
t-test or paired t-test. P < 0.05 was considered to be statis-
tically significant.

Results
Dysregulated macrophage polarization and wound 
healing in diabetic mice
Chronic non-healing wounds impair the quality of life 
of diabetic patients [28]. Leptin receptor-deficient db/
db mice were employed to assess the relevance of mac-
rophage polarization to diabetic wound healing (Fig. 1A). 
As expected, the skin excision model showed that wound 
healing was impaired in the db/db mouse model, and 
a delay of nearly three days was observed before the 
wound reached half-maximal closure (Fig.  1B and C). 
To test whether dysregulated macrophage polarization 
contributed to the impaired diabetic wound healing, the 
expression of M1 and M2 markers at the mRNA level was 
tested using qRT‒PCR. The results showed a significant 
increase in the levels of M1 markers (iNOS, TNF-ɑ, and 
IL-1β) (Fig.  1D), while the levels of M2 markers (Arg1, 
TGF-β1, and IL-10) (Fig.  1E) decreased. In addition, 
immunofluorescence staining for CD86 (M1 marker) 
and CD206 (M2 marker) was performed. As shown 
in Fig.  1F–I, the proportion of M1-like macrophages 
(CD68 +, CD86 +) in the db/db groups was significantly 
higher than that in the control group (Fig.  1F and G), 
while the proportion of M2-like macrophages (CD68+, 
CD206+) was decreased (Fig. 1H and I).

ATM‑Exos derived from lean mice accelerate wound 
healing
As it has been reported that ATM-secreted Exos derived 
from lean animals alleviate chronic inflammation and 
insulin resistance [13], we assessed whether Exos derived 
from lean animals hasten wound healing. Exos were iso-
lated from lean donors and control mice (Fig.  2A), and 
electron microscopy (Fig. 2B) and NTA (Fig. 2C) revealed 
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Fig. 1 Dysregulated macrophage polarization and wound healing in diabetic mice. A Schematic illustration of wound healing and macrophage 
polarization. B Representative images of wound closure in control and db/db mice. C The relative wound area was calculated. D, E The expression 
levels of M1 markers and M2 markers. F, G Immunofluorescence staining images showing the localization of CD68+/CD86+ M1 macrophages (F) 
and statistical analysis of the proportion of M1 macrophages (G). H, I Immunofluorescence staining images showing the localization of CD68+/
CD206+ M2 macrophages (H) and statistical analysis of the proportion of M2 macrophages (I). Scale bars: 100 μm; *P < 0.05 by Student’s t tests 
(n = 3)
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that the particles had a diameter of approximately 
100  nm. The protein expression of the Exos markers 
HSP70, TSG101, and CD63 was measured in these frac-
tions (Fig. 2D).

Next, we tested whether  ExosLean affects the wound 
healing dynamics. Mice with full-thickness skin wounds 
were topically administered  ExosLean, Exos, and PBS as 

a control (Fig.  3A). While  ExosLean accelerated wound 
healing, neither Exos nor PBS improved wound healing 
(Fig. 3B and C). Additionally, three stages of tissue repair 
were assessed. During the initial inflammation phase of 
wound healing, the level of inflammation was abnor-
mally high in db/db mice, as evidenced by the elevated 
expression of TNF-α (Fig.  3D and E) and accumulation 

Fig. 2 Exos isolation and characterization. A Schematic diagram of Exos isolated from ATMs collected from control mice and lean mice. Exosomal 
collection was confirmed using TEM, NTA and western blot analysis. B Representative TEM image. C Size range of Exos validated using NTA. D 
Representative western blot images showing that the exosomal markers HSP70, TSG101, and CD63 were expressed in Exos and  ExosLean

Fig. 3 ATM-Exos derived from lean mice accelerate wound healing. A Schematic illustration of Exos treatment. B Representative images of wound 
closure in the different treatment groups. C The relative wound area was calculated. D Representative images of immunohistochemical staining 
for TNF-α. Scale bars: 200 μm. E Statistical analysis of TNF-α levels. F Immunofluorescence staining image showing the localization of CD86+ M1 
macrophages. Scale bars: 100 μm. G Statistical analysis of the proportion of M1 macrophages. H Immunofluorescence staining for CD31. Scale 
bars: 200 μm. I Statistical analysis of CD31 levels. J Immunofluorescence staining images showing the localization of CD206+ M2 macrophages. 
Scale bars: 100 μm. K Statistical analysis of the proportion of M2 macrophages. L Representative images of Masson’s trichrome staining. *P < 0.05 by 
one-way analysis of variance (n = 3)

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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of M1 macrophage (Fig.  3F and G). TNF-α expression 
and M1 accumulation were decreased in  ExosLean-treated 
mice compared to db/db mice (Fig.  3D to G). In the 
proliferation phase, macrophage polarization and neo-
vascularization are critical for angiogenesis and fibro-
blast infiltration [29]. Thus, immunostaining for platelet 
endothelial cell adhesion molecule-1 (CD31) (Fig. 3H and 
I and CD206 (Fig. 3J and K) was performed to assess the 
presence of newly generated vessels and M2 accumula-
tion. The wound sections of  ExosLean-treated mice con-
tained a greater number of CD31- and CD206-positive 
cells than those of the control and Exos-treated mice 
(Fig. 3H to K). During the remodeling phase, extracellu-
lar matrix (ECM) deposition and remodeling are critical 

for wound healing. Therefore, Masson trichrome stain-
ing was performed to evaluate ECM deposition. Wound 
tissues from  ExosLean-treated mice exhibited a relatively 
intact epidermal layer and appropriate ECM deposi-
tion (Fig.  3L). However, administration of control Exos 
alone did not result in such a significant improvement in 
wound healing.

MiR‑222‑3p enhances wound healing
To determine the mechanism underlying the therapeu-
tic effect of  ExosLean on diabetic wound healing, miRs 
sequencing analysis was performed on db/db mice and 
db/db mice treated with  ExosLean (Fig. 4A and B). During 
the  ExosLean induced diabetes wound healing process, an 

Fig. 4 MiRs are differentially regulated by  ExosLean treatment in db/db mice. A MiRs-Seq results. B Heatmap of differentially expressed miRs in the 
 ExosLean-treated and control groups. C A volcano plot was used to visualize the relationship between the fold change in expression and statistical 
significance. D MiR-222-3p expression was validated by qRT‒PCR. *P < 0.05 by Student’s t test (n = 6)
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equivalent response of miRs was observed, with 15 miRs 
being significantly up-regulated and8 miRs being sig-
nificantly down-regulated (Fig. 4C). MiR-222-3p expres-
sion was further validated using qRT‒PCR (Fig.  4D). 
MiR-222-3p was chosen because it modulates inflam-
mation and may be involved in tissue regeneration [30]. 
Using a synthetic miR-222-3p inhibitor, we then exam-
ined whether inhibiting miR-222-3p expression influ-
ences the wound healing dynamics. Local injection of the 
synthetic miR-222-3p inhibitor decreased miR-222-3p 
expression five days post-wounding (Fig.  5A). Notably, 
 ExosLean improved wound closure (Fig.  5B and C) and 
markedly decreased the inflammatory burden in wounds 

with fewer M1 cells (Fig.  5D and E) and more M2 cells 
(Fig.  5F and G). However, local miR-222-3p inhibition 
reversed this accelerated wound healing and inflamma-
tory modulation, as indicated by disruption of wound 
healing (Fig. 5B and C) and impaired macrophage polari-
zation (Fig. 5D to G).

Regulation of exosomal miR‑222‑3p in reprogramming 
of M1 to M2
Given that  ExosLean induced inflammation balance during 
accelerated wound healing by modulating miR-222-3p, 
its function as an Exos regulator of inflammation was 
anticipated. We first determined whether miR-222-3p 

Fig. 5 MiR-222-3p enhances wound healing. A QRT‒PCR analysis of miR-222-3p expression in the wound edges after miR-222-3p inhibitor or 
miR-NC inhibitor injection. *P < 0.05 by one-way analysis of variance (n = 6). B Representative images of wound closure in the different treatment 
groups. C The relative wound area was calculated. D, E Immunofluorescence staining image showing the localization of CD68+/CD86+ M1 
macrophages and statistical analysis of the proportion of M1 macrophages. (F, G) Immunofluorescence staining image showing the localization of 
CD68+ /CD206 + M2 macrophages and statistical analysis of the proportion of M2 macrophages. Scale bars: 100 μm; G1: control; G2:  ExosLean; G3: 
 ExosLean + miR-222-3p inhibitor; G4:  ExosLean + miR-NC inhibitor; *P < 0.05, #P < 0.05 by one-way analysis of variance (n = 3)
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accumulated in  ExosLean. The qRT‒PCR results demon-
strated that miR-222-3p was elevated in  ExosLean relative 
to Exos (Fig. 6A). Next, we explored whether RAW264.7 
macrophages can take up  ExosLean. PKH26-labeled 
Exos were added to the Raw264.7 cell culture medium. 
The presence of red fluorescence in macrophages indi-
cated effective uptake of  ExosLean (Fig.  6B). Further-
more, the secretion inhibitor GW4689 was applied to 
block Exos production and miR-222-3p delivery from 
ATMs to macrophages. This inhibitor decreased miR-
222-3p expression in macrophages, indicating that miRs 
were predominantly transported in an Exos-dependent 
manner (Fig. 6C). Flow cytometry was utilized to quan-
titatively analyze the proportion of macrophages. LPS-
treated control macrophages exhibited high levels of 
CD86(M1 polarization induction). In contrast, the M1 
marker CD86 was downregulated in  ExosLean-treated 
macrophages, and this anti-inflammatory effect was 
reversed by miR-222-3p inhibition in macrophages 
(Fig. 6D).  ExosLean consistently increased the proportion 
of CD206 + anti-inflammatory (M2-like) macrophages, 
whereas inhibition of miR-222-3p decreased the pro-
portion of CD206 + macrophages (Fig.  6E). In addi-
tion, immunofluorescence staining for M1 macrophages 
(iNOS) and M2 macrophages (Arg1) was performed to 
investigate the effects of  ExosLean on the transformation 
of M1 macrophages into M2 macrophages. The  ExosLean 
group had a lower level of the M1 marker iNOS (Fig. 6F 
and G) and a higher level of the M2 marker Arg1 (Fig. 6H 
and I). Nevertheless, miR-222-3p inhibition appeared to 
inhibit transformation (Fig. 6F and I).

Bim is a bona fide miR‑222‑3p target gene
To further explore the mechanisms by which exosomal 
miR-222-3p induces the transformation of M1 mac-
rophages into M2 macrophage, the target gene of miR-
222-3p was identified. A Venn diagram was used to 
represent the number of genes significantly upregulated 
in ATMs from obese donors compared to those from 
lean donors based on microarray analysis (GSE84000) 
[23] and the number of potential targets of miR-222-3p 
predicted by target prediction algorithms (Fig.  7A). 
Analysis of the biological processes and pathways asso-
ciated with a subset of potential miR-222-3p targets 

by metascape (https:// metas cape. org/) revealed that 
“Activation of BH-3 only proteins” may play a role in 
miR-222-3p modulation (Fig.  7B). Bim was identified 
as a potential miR-222-3p target. The dual-luciferase 
gene reporter assay was used to confirm the presence 
of a potential binding site between miR-222-3p and 
Bim (Fig.  7C). Weaker relative luciferase activity was 
observed in the WT Bim + miR-222-3p mimic group 
(Fig. 7D). An increase in the Bim protein level in mac-
rophages was confirmed using western blotting. More-
over,  ExosLean significantly inhibited Bim expression 
in macrophages, whereas inhibition of miR-222-3p in 
macrophages restored the expression of Bim (Fig.  7E 
and F). We also investigated the effect of  ExosLean on 
the expression of Bim in vivo. Bim expression decreased 
significantly in db/db mice treated with  ExosLean, 
whereas this inhibition was reversed by wound-locally 
transfected miR-222-3p inhibitor (Additional file 1: Fig. 
S1A and 1B).

We next investigated whether the downregulation of 
Bim by exosomal miR-222-3p modulates macrophage 
polarization. Comparing cells infected with Ad-Bim to 
cells infected with Ad-Control (Ad-Ctrl), adenoviruses 
(Ads) coding Bim (Ad-Bim) were utilized to elevate Bim 
expression in macrophages. qRT‒PCR results indicated 
that Bim mRNA expression was significantly upregulated 
in cells infected with Ad-Bim (Fig. 8A). Western blotting 
was subsequently utilized to further confirm the effects 
of recombinant Ad vector-mediated gene overexpres-
sion. As shown in Fig.  8B and C, Ad-Bim significantly 
increased the expression of Bim. The increase in M1 
macrophages (Fig. 8D) and decrease in M2 macrophages 
(Fig.  8E) indicated that upregulation of the expres-
sion of the miR-222-3p target gene Bim is sufficient to 
inhibit  ExosLean-mediated macrophage modulation and 
that Bim is an important regulator of this process. Simi-
larly, immunofluorescence staining of M1 macrophages 
(iNOS) and M2 macrophages (Arg1) presented more 
iNOS-positive macrophages (Fig.  8F and G) and fewer 
Arg1-positive macrophages (Fig. 8H and I) in Bim-over-
expressing macrophages compared to  ExosLean-treated 
macrophages. These results indicate that Bim is an exo-
somal miR-222-3p-sensitive macrophage polarization 
regulator.

(See figure on next page.)
Fig. 6 Regulation of exosomal miR-222-3p in reprogramming of M1 to M2. A MiR-222-3p expression in Exos was validated by qRT‒PCR. *P < 0.05 
by paired t test (n = 6). B Exos were labeled with PKH26 and then added to the culture medium of RAW264.7 macrophages. C The effects of 
an extracellular vesicle (EV) secretion inhibitor on Exos-dependent miR delivery. *P < 0.05 by repeated-measures analysis of variance (n = 6). 
LPS-activated RAW 264.7 cells were treated with  ExosLean,  ExosLean + miR-222-3p inhibitor, or  ExosLean + miR-NC inhibitor. D Flow cytometry 
analysis and quantification of the relative abundance of CD86+ cells. E Flow cytometry analysis and quantification of the relative abundance of 
CD206+ cells. F, G Immunofluorescence staining image showing the localization of iNOS + cells and statistical analysis of the proportion of these 
cells. H, I Immunofluorescence staining image showing the localization of Arg1 + cells and statistical analysis of the proportion of these cells. Scale 
bars: 50 μm; *P < 0.05, #P < 0.05 by repeated-measures analysis of variance (n = 3)

https://metascape.org/
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Fig. 6 (See legend on previous page.)
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As the continued inhibition of Bim by  ExosLean is 
associated with macrophage polarization, we examined 
whether overexpression of Bim affects the pro-healing 
and immune-modulating effects induced by  ExosLean. 

Using AAV9-Bim vectors, Bim overexpression was 
induced in  vivo. Wound healing was impaired in mice 
treated with  ExosLean + AAV9-Bim (Additional file 2: Fig. 
S2A and 2B). In addition, locally transfection with Bim 

Fig. 7 MiR-222-3p directly targets Bim. A Venn diagram showing the number of genes. significantly upregulated in ATMs from obese donors 
compared with ATMs from lean donors according to microarray analysis and the number of potential targets of miR-222-3p predicted by target 
prediction algorithms. B Enrichment analysis of pathways performed by Metascape. C Predicted binding sites between miR-222-3p and the Bim 
3’-UTR. D Dual-luciferase assays were performed in HEK293T cells after co-transfection with Bim 3’-UTR wild-type (WT) or mutant (MUT) plasmids 
and miR-222-3p mimic or miR-NC mimic. *P < 0.05 compared with the WT group by repeated-measures analysis of variance (n = 3). E, F Western 
blotting was used to analyze Bim and β-actin protein levels in RAW264.7 cells treated with LPS, LPS +  ExosLean, LPS +  ExosLean + miR-222-3p inhibitor, 
or LPS +  ExosLean + miR-NC inhibitor. *P < 0.05, #P < 0.05 by repeated-measures analysis of variance (n = 3)

(See figure on next page.)
Fig. 8 Overexpression of Bim inhibited macrophage polarization. A Bim mRNA expression was measured by qRT‒PCR. B, C Western blotting 
was used to analyze Bim and β-actin protein levels. *P < 0.05 by repeated-measures analysis of variance (n = 3). D Flow cytometry analysis and 
quantification of the relative abundance of CD86+ cells. E Flow cytometry analysis and quantification of the relative abundance of CD206+ cells. 
F, G Immunofluorescence staining image showing the localization of iNOS + cells and statistical analysis of the proportion of these cells. (H, I) 
Immunofluorescence staining image showing the localization of Arg1 + cells and statistical analysis of the proportion of these cells. Scale bars: 
50 μm; *P < 0.05, #P < 0.05 by repeated-measures analysis of variance (n = 3)
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Fig. 8 (See legend on previous page.)
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was accompanied with dysregulated macrophage polari-
zation (Additional file 2: Fig. S2C and 2D).

Discussion
The impairment of wound healing in individuals with 
T2DM is associated with substantial morbidity and 
mortality [31]. Therefore, considerable effort has been 
devoted to elucidating the pathogenesis of diabetic non-
healing wounds and identifying novel treatments. The 
four phases of wound healing are primarily mediated 
by macrophages [9]. Here, we show that T2DM impairs 
wound healing through immune imbalance, disrupt-
ing the transformation of M1 macrophages into M2 
macrophages, thereby interfering with all phases of the 
wound healing process. As an important component of 
antimicrobial defense during the inflammatory phase, 
M1 (pro-inflammatory) macrophages are the most 
important inflammatory cells in wound healing as they 
phagocytose pathogens [32]. However, diabetic wounds 
exhibit dysregulated and persistent M1 (pro-inflamma-
tory) macrophage polarization, whereas normal wounds 
exhibit a transition to M2 (pro-healing) macrophages 
[33]. Recent research has shown that various epigenetic 
alterations evoked by a hyperglycemic environment 
led to elevated inflammatory cytokine expression, thus 
promoting M1 macrophage polarization [34]. Here, we 
demonstrated that there the expression of pro-inflam-
matory cytokines, such as TNF-a, a glucose intolerance 
factor that links immune cells to metabolic dysfunc-
tion, is increased in the wound edge. Moreover, failure 
of macrophage phenotype transformation inhibits tissue 
granulation stimulation during the proliferation phase. 
During the proliferation phase, macrophage phenotype 
transformation inhibits inflammation while promoting 
angiogenesis [35]; however, in our research, we observed 
an insufficient number of new vessels along with mac-
rophage polarization defects. During the remodeling 
phase, which typically last weeks to years, fibroblasts, 
with the assistance of adipocytes, contribute to the for-
mation of important structural elements, including col-
lagen, elastin, and ECM proteins [36]. In our study, the 
Masson staining results suggested that an abnormal mac-
rophage polarization results in deficient ECM formation. 
All of the aforementioned findings support the notion 
that reprogramming macrophage polarization could be a 
new therapeutic strategy for treating diabetic nonhealing 
wounds.

Recent studies have demonstrated that Exos can trans-
fer mature miRs between organs, resulting in functional 
changes in the receiving organs and the alleviation of 
T2DM [37]. Emerging evidence suggests that the states 
of donor cell determine the function of Exos via the 
transport of miRs into neighboring or distant cells [38]. 

Previous research revealed that lean mice produce adi-
pose tissue Exos that directly enhance insulin signaling 
in vitro and, when administered to obese mice, markedly 
improve insulin sensitivity and glucose tolerance, two 
important factors that can lead to macrophage polari-
zation equilibrium [39, 40]. Importantly, we report that 
 ExosLean-treated mice exhibit balanced macrophage 
polarization and enhanced wound healing. This effect, 
however, may be due to the Exos injection-induced mod-
ulation of inflammation. To avoid this unintended effect, 
control Exos were also administered. Compared with 
 ExosLean, it was discovered that control Exos did not exert 
a significant therapeutic effect. Exos ex vivo enables the 
release of lipids from the adipose tissue from lean mice, 
and the rate of lipid release in obese animals more than 
doubles. In vitro differentiation of bone marrow precur-
sors into ATM-like cells can be induced by these adipose 
Exos and their associated factors [41]. Given that mac-
rophages in lean adipose tissue are predominantly anti-
inflammatory M2-like cells [37], lean ATMs may facilitate 
the beneficial transition of ATMs through a positive feed-
back mechanism. The reprogramming of macrophage 
polarization by  ExosLean was also observed in our study.

To further explore which exosomal miRs or miRs 
groups contribute to immunomodulatory phenotypes, we 
sequenced miRs from db/db mice and  ExosLean-treated 
db/db mice. We found that, among the miRs highly 
enriched in  ExosLean-treated mice, miR-222-3p serves as 
a novel effector since its beneficial effects on metabo-
lism are involved in tissue regeneration [42]. MiR-222, 
which is enriched in the culture medium of adipose tis-
sue stem cells, modulates inflammation and protects 
cells from apoptosis, has been the focus of research [43]. 
Our results revealed that ATM-Exos isolated from adi-
pose tissue-conditioned medium not only led to miR-
222-3p accumulation in macrophages, but also induced 
the transformation of M1 macrophages into M2 mac-
rophages by activating a transcriptional program that is 
characteristic of the M2 phenotype. Overexpression of 
miR-222 has been shown to inhibit the expression of sev-
eral inflammatory mediators, such as TNF-α, at the pro-
tein, mRNA, and transcript levels. Conversely, inhibition 
of miR-222 decreased anti-inflammatory gene expres-
sion, even during a naïve LPS response [44], which is 
consistent with our in vitro finding that treatment with a 
miR-222-3p inhibitor decreased M2 polarization.

To further elucidate the mechanisms underlying the 
effects of miR-222-3p on macrophage polarization, 
translational arrest and mRNA degradation of miRs-
bound mRNAs were identified. Our analysis revealed 
that miR-222-3p repressed the expression of a series 
of mRNAs associated with processes such as immune 
modulation and repression of cellular apoptosis [30, 
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45]. Among the mRNAs repressed by miR-222-3p, 
Bcl2l11/Bim, the pro-apoptotic BH3-only gene that 
leads to cellular apoptosis and promotes an inflamma-
tory response, was chosen for further study [46]. Bim 
acts as a crucial regulator of apoptosis, and this extrin-
sic cell death pathway was also initially believed to 
control the immune response by regulating the avail-
ability of type 1 cytokines, such as IL-15, as previ-
ously reported [47]. Further, type 1 immune response 
restrained macrophage polarization [48]. In addition, 
we found that Bim is the authentic mRNA target of 
miR-222-3p. The expression of Bim increased following 
the inhibition of miR-222-3p in macrophages, demon-
strating the inhibitory effects of miR-222-3p on Bim. 
Bim has been identified as a key mediator of both pan-
creatic β-cell death and hepatic insulin resistance and 
is thus a potential therapeutic target for diabetes [49]. 
Together with previous studies, our data indicate that 
 ExosLean, as an effective diabetes protector, induced 
miR-222-3p activation, leading to Bim inhibition, 
thereby affecting diabetes wound healing.

In summary, chronic diabetic wounds are accompanied by 
an accumulation of pro-inflammatory macrophage, which 
leads to deficient wound healing. In addition, we found that 
lean adipose tissue secretes miRs-loaded Exos that affect 
macrophage polarization. Treatment with  ExosLean induces 
M2 polarization in  vivo and in  vitro, thereby improving 
wound healing.  ExosLean treatment increases the expression 
of miR-222-3p and reduces Bim expression. The resulting 
changes in Bim expression led to re-polarization of mac-
rophage. This study advances our understanding of chronic 
diabetic wound healing and identifies novel therapeutic tar-
gets that can be exploited to design effective interventions 
that enhance wound healing in diabetes patients.
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