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Abstract
Background  Recovery from a foot ulcer is compromised in a diabetic status, due to the impaired tissue microenvironment 
that consists of altered inflammation, angiogenesis and fibrosis. Phenotypic alterations in both macrophages and fibroblasts 
have been detected in the diabetic wound. Recently, a fibroblast subpopulation that expresses high matrix metalloproteinase 
1 (MMP1), MMP3, MMP11 and Chitinase-3-Like Protein 1 (CHI3L1) was associated with a successful diabetic wound 
healing. However, it is not known whether these healing-associated fibroblasts are regulated by macrophages.
Methods and Results  We used bioinformatic tools to analyze selected public databases on normal and diabetic skin from 
patients, and identified genes significantly altered in diabetes. In a mouse model for diabetic wound healing, we detected 
not only a loss of the spatiotemporal changes in interleukin 1β (IL1β), IL6, IL10 and vascular endothelial growth factor A 
(VEGF-A) in wound macrophages, but also a compromised expression of MMP1, MMP3, MMP11, CHI3L1 and VEGF-A 
in healing-associated wound fibroblasts in a diabetic status. Co-culture with diabetic macrophages significantly reduced 
the expression of MMP1, MMP3, MMP11, CHI3L1 and VEGF-A in fibroblasts from non-diabetic wound. Co-culture with 
non-diabetic macrophages or diabetic macrophages supplied with IL6 significantly increased the expression of MMP1, 
MMP3, MMP11, CHI3L1 and VEGF-A in fibroblasts from diabetic wound. Moreover, macrophage-specific expression of 
IL6 significantly improved wound healing and angiogenesis in diabetic mice.
Conclusions  Macrophages may induce the activation of wound-healing-associated fibroblasts, while the defective mac-
rophages in diabetes may be corrected with IL6 treatment as a promising therapy for diabetic foot disease.
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Introduction

More than 300 million people suffer from severely defec-
tive glucose metabolism, a disease called diabetes [1]. A 
long-term hyperglycemic status causes severe complica-
tions in diabetic patients [2]. Non-healing wounds, which 
typically occur in the feet of the patients known as diabetic 
foot ulcers (DFUs), are the most severe diabetic complica-
tion and a leading cause of amputations, resulting in more 
than a 50% mortality in five years [3]. Thus, treatment of 
DFUs constitutes the highest annual US medical expense 
[4].

Wound healing is a complicated process encompass-
ing a hemostasis phase, inflammation phase, proliferation 
phase and remodeling phase in a linear, coordinated and 
partially overlapping manner. Wound healing is orches-
trated by cooperations from many different cell types, 
including macrophages and fibroblasts [5]. Macrophages, 
key immune cells, arrive first at the injury site, clearing 
debris and pathogens. Their secreted cytokines and growth 
factors then recruit and activate fibroblasts, essential for 
tissue repair and scar formation. Fibroblasts synthesize 
extracellular matrix components, crucial for structural 
support and wound closure. Macrophages undergo a trans-
formation from a pro-inflammatory (M1) to a healing-pro-
moting (M2) phenotype, guided by the wound environment 
[5]. M2 macrophages release anti-inflammatory cytokines 
and growth factors that further stimulate fibroblasts for 
collagen deposition, angiogenesis, and wound contraction. 
Defective or dysfunctional macrophages are believed to 
contribute significantly to the impaired wound healing in 
diabetes [6]. In the inflammatory phase of wound healing, 
macrophages receive local signals to be polarized into a 
proinflammatory/M1 type, during which they produce and 
secrete cytokines such as IL1β, IL6, IL10, IL12, IFNɣ 
and TNFα [5] to promote the progression of inflammation 
and clearance of dead tissue and cell debris. In the prolif-
erative phase of the wound healing, a dynamic change of 
macrophage phenotype results in the domination of anti-
inflammatory/M2 macrophages in the wound and their 
promotion of cell proliferation, wound repair and tissue 
remodeling [6]. The abnormal macrophage phenotype in 
diabetes is believed to mainly result from the epigenetic 
changes in macrophages and their impaired crosstalk with 
other cell types, such as neutrophils, fibroblasts, endothe-
lial cells and lymphocytes [7–13].

Interleukin-6 (IL-6) plays a significant role in this con-
text. Initially, it acts as a pro-inflammatory cytokine, cru-
cial in the early phase of wound healing [14]. It promotes 
the recruitment of immune cells, including macrophages, 
to the injury site [14]. However, IL-6 also aids in the tran-
sition of macrophages from an M1 to an M2 phenotype 

[15]. This shift is vital for downregulating inflammation 
and facilitating the healing process [15]. Furthermore, 
IL-6 directly influences fibroblast activity, enhancing 
their proliferation and migration, which are vital for tis-
sue repair [16]. Thus, IL-6 presents as a therapeutic agent 
that can potentially modulate both macrophage function 
and fibroblast activity, addressing different stages of the 
wound healing process, thereby accelerating tissue repair 
and regeneration [16].

Very recently, a single cell transcriptomic study has 
revealed a unique fibroblast subpopulation that expresses 
high matrix metalloproteinase 1 (MMP1), MMP3, MMP11, 
Chitinase-3-Like Protein 1 (CHI3L1) in successful diabetic 
wound healing associated with greater M1 macrophage 
polarization [17]. MMPs are enzymes that play a key role 
in extracellular matrix (ECM) remodeling, crucial for wound 
closure and tissue repair. They help in breaking down dam-
aged ECM components, enabling cellular migration and new 
tissue formation [18]. However, in diabetes, MMP activ-
ity can be dysregulated, leading to impaired wound healing 
[19]. CHI3L1 is another significant molecule involved in 
tissue remodeling and inflammation. It is known to modulate 
cellular responses during tissue repair, including fibroblast 
proliferation and angiogenesis [19]. However, a possible reg-
ulation of the healing-associated fibroblasts by macrophages 
has not been investigated and is thus addressed in this study.

Materials and methods

Protocol approval

All the protocols including in vitro cell studies and in vivo 
animal work have been approved by the institutional research 
committee of Nanchang University. Inbred littermate mice 
were used to minimize experimental confounder, while the 
number of mice used in each experiment was determined by 
a power calculation (p < 0.05).

Production of adeno‑associated viruses (AAVs)

Plasmids for generating AAVs in this study were obtained 
from Addgene (Watertown, MA, USA). They were a back-
bone plasmid (#32395 [20]), a CD68 promoter plasmid 
(#34837 [21]), a mouse IL6 plasmid (IL6-GFP, #28088 
[22]). The sequence of a control scramble construct was 
5’-GCC​CTT​ATT​AAC​GGT​ATT​AAC​GCC​GGC​TTU​
AAGCC-3’. Serotype 6 was chosen to carry the transgenes 
since we have shown that it was very efficient for transduc-
ing macrophages [23]. Transfection of human embryonic 
kidney 293 cells with the prepared plasmids, purification of 
AAVs and titration of AAVs by a dot-blot assay were done 
as described before [23].
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Induction of diabetes, DFD and AAV transplantation

Diabetes was induced in 12-week-old C57/Bl6 mice (SLAC 
Laboratory Animal, Shanghai, China) by single intraperi-
toneal (i.p) injection of 150 mg/kg streptozotocin (STZ) in 
120µl normal saline after an overnight fasting, as described 
before, which was proven to induce hyperglycemia in mice 
(fasting blood glucose >  = 350 mg/dl) [23]. Equal volume of 
the normal saline was i.p. given to some mice as a control 
for STZ. One week later, a round wound (2cm in diameter) 
was created on the dorsal midline of the STZ-treated diabetic 
mice, which received orthotopic injection with 80µl saline 
as controls or AAVs [2×1011 genome copy particle (GCP)/
ml], as described [23]. Four groups of mice of 5 each were 
applied in the experiment. Group 1: mice received i.p. saline 
and local saline (saline + saline). Group 2: mice received i.p. 
STZ and local saline (STZ + saline). Group 3: mice received 
i.p. STZ and local control virus (STZ + AAV-pCD68-
Scr); Group 4: mice received i.p. STZ and local IL6 virus 
(STZ + AAV-pCD68-IL6). Blood glucose level was meas-
ured after an overnight fasting. The pancreatic beta-cell mass 
was calculated as the product of the pancreas weight and the 
% insulin-positive area as described [23]. For labeling func-
tional vessels, tail vein injection of a tomato-lectin (50 µl, 
Vectorlabs, Burlingame, CA USA) was performed 8 min 
before sacrifice of the mice. Vessel density was assessed 
and presented as the ratio of lection-positive area to the total 
tissue area, as described before [23].

Flow cytometry

The wound tissue was dissected out and digested with 0.3% 
trypsin for 25–30 min to get completely dissociated for 
flow cytometry. Cell sorting was based on immunofluores-
cence for F4/80 (by a PE-conjugated anti-F4/80 antibody, 
#565,410, Becton–Dickinson Biosciences, San Jose, CA, 
USA) or DLK1 (unconjugated, ab119930, Abcam, Cam-
bridge, MA, USA; followed by incubation with an anti-
mouse BV421-conjugated 2nd antibody) or CD163 (by an 
APC-conjugated anti-CD163 antibody, #17-1631-82, eBio-
science, San Diego, CA, USA). A Flowjo software (version 
12, Flowjo LLC, Ashland, OR, USA) was used for analyzing 
and presenting data.

Co‑culture

Macrophages and fibroblasts isolated from the wound tis-
sue were co-cultured using a transwell system featuring 
a 0.4 µm pore size insert membrane (ThermoFisher Sci-
entific, Pittsburgh, PA, USA). This setup allowed for the 
exchange of growth factors and cytokines but prevented 
the physical intermingling of the cells. To initiate the co-
culture, Macrophages were seeded in the lower chamber, 

while fibroblasts were placed in the upper insert. The cells 
were cultured in their respective media at 37 °C with 5% 
CO2. IL-6, obtained from R&D Biosystems (Shanghai, 
China), was added to the co-culture at a concentration of 
0.1 ng/ml. This concentration was chosen based on lit-
erature and preliminary dose–response experiments to 
optimize cellular response without inducing cytotoxicity. 
The co-culture was maintained for 48 h, to allow suffi-
cient time for cell–cell signaling via the secreted factors. 
Post-culture, the cells were harvested separately from each 
compartment for subsequent analyses.

ELISA

The total protein was extracted from tissue or cells using 
a CelLytic™ MEM Protein Extraction Kit (CE0050, 
Sigma-Aldrich, St. Louis, MO, USA). Enzyme-linked 
immunosorbent assays (ELISAs) were done for IL1β 
(ab197742; Abcam), tumor necrosis factor alpha (TNFα, 
ab208348; Abcam), interferon gamma (IFNɣ, ab282874; 
Abcam), IL6 (Ab100713; Abcam), IL10 (M1000B; R&D 
Biosystems), CD163 (ab272204; Abcam), transforming 
growth factor β1 (TGFβ1, ab119557; Abcam), VEGF-A 
(ab209882; Abcam), fibroblast growth factor 1 (FGF1, 
ab223587; Abcam), MMP1 (NBP3-06885; Novus Biologi-
cals, Centennial, CO, USA), MMP3 (ab203364; Abcam), 
MMP11 (NBP3-06935; Novus Biologicals) and CHI3L1 
(ab238262; Abcam).

Bioinformatics

To conduct bioinformatic analysis, gene expression profiles 
were sourced from the Gene Expression Omnibus (GEO, 
http://​www.​ncbi.​nlm.​nih.​gov/​geo/) [24], selecting datasets 
GSE134431 [25], GSE143735 [26], and GSE199939. These 
datasets were downloaded, typically in.CEL or.txt format, 
and prepared for analysis. The next step involved pooling the 
data from these datasets, with an initial focus on normalizing 
and removing batch effects to ensure comparability. This was 
done using the “NormalizeBetweenArrays” and “Remove-
BatchEffect” functions in the Limma R package, a widely-
used tool for analyzing gene expression data. Principal Com-
ponent Analysis (PCA) was then performed to understand 
the variance in the data, utilizing the “factoextra” R pack-
age for visualization. Finally, pathway enrichment analyses 
were conducted on genes that showed significant differences 
(p < 0.05) and at least a two-fold change in expression. This 
analysis was carried out using Metascape (http://​metas​cape.​
org), an online tool that provides a detailed understanding 
of pathway involvement and interactions among the differ-
entially expressed genes.

http://www.ncbi.nlm.nih.gov/geo/
http://metascape.org
http://metascape.org
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Statistical analysis

For comparing multiple groups and two subgroups in 
our study, we employed a one-way analysis of variance 
(ANOVA) complemented by the Tukey post hoc method 
(GraphPad Software, version 9, La Jolla, CA, USA). A 
p-value of less than 0.05 was considered statistically sig-
nificant, while non-significant differences were indicated as 
NS (p ≥ 0.05).

Results

Combination of public databases for analyzing 
altered genes in diabetic skin

First, we used bioinformatic tools to analyze selected pub-
lic databases on normal and diabetic skin in patients. We 
included several databases that allow the data to be pooled 
together for analysis. After a careful assessment for relat-
edness and appropriateness, 3 gene expression profiles 
(GSE134431 [25], GSE143735 [26] and GSE199939) were 
specifically selected for analysis after removal of the batch-
effect (Fig. 1A). The 3 types of the samples in the gene 
profiles were diabetic foot ulcer (DFU), diabetic foot skin 
(DFS) and non-diabetic foot skin (NDFS). PCA was then 
performed to demonstrate the distribution of the samples 
from different studies (Fig. 1B). We specifically compared 
the DFS with the NDFS, for which the significantly altered 
genes were shown in a Volcano map (Fig. 1C).

Bioinformatic evidence for defective 
proinflammation and angiogenesis in diabetic skin

The significantly differed genes (p < 0.05) with at least a 
two-fold changes in values were subjected to a pathway 
enrichment analysis using the online tool Metascape. The 
greatest altered signal pathways in diabetes were those 
associated with proinflammation and angiogenesis, such as 
extracellular matrix organization, neutrophil degranulation, 
VEGFA-VEGFR2 signaling pathway, positive regulation 
of cell migration, blood vessel development, phagosome, 
inflammatory response (Fig. 2A–B).

Significant alterations in several key genes 
associated with proinflammation and angiogenesis 
in diabetic skin

Next, we examined levels of the genes that are key regula-
tors for proinflammation and angiogenesis. We found that 
IL1β levels were significantly increased in DFS, compared 
to NDFS (Fig. 3A). The TNFα and IFNɣ levels were not 
significantly altered (Fig. 3B–C). Moreover, IL6 and IL10 

levels were significantly increased in DFS, compared to 
NDFS (Fig. 3D–E). These factors are associated with pro-
inflammation, while IL10 also plays a role in macrophage 
polarization [27]. Thus, a proinflammatory status of diabetic 
skin may result from the activated status of IL1β, IL6 and 
IL10, which could cause a defective response during wound 
healing. We also detected a significantly increase in CD163 
(Fig. 3F), an anti-inflammatory/M2 macrophage marker, a 
significantly increase in TGFβ1 (Fig. 3G), a factor associ-
ated with macrophage polarization and fibroblast activation, 
and a significantly increase in VEGF-A (Fig. 3H), a potent 
angiogenetic factor in DFS, compared to NDFS, although 
we did not detect significant alteration in FGF1 (Fig. 3I). 
These data suggest that macrophages in diabetic skin may 
be polarized to M2-like at quiescence, while the fibrosis 
and angiogenesis pathway in diabetic skin were both pre-
activated before a wound.

Defect in wound proinflammatory/M1 macrophages 
and fibroblasts in diabetic mice

We hypothesized the pre-activated status of proinflamma-
tion and angiogenesis in diabetic skin may impair their 
proper activation when a wound occurs. Since no human 
specimens allow such studies, we used a mouse model for 
diabetic wound healing to address this question. This model 
has been described in our previous studies [23, 28, 29]. It is 
known that proinflammatory/M1 macrophages dominate in 
the inflammatory phase of wound healing and their number 
peaks at day 3 after the wound, while anti-inflammatory/M2 
macrophage dominate in the proliferative phase and their 
number peaks at day 7 after the wound [6]. Thus, we isolated 
fibroblasts (DLK1 +), M1 macrophages (F4/80 + CD163-) 
and M2 macrophages (F4/80 + CD163 +) from the mouse 
wound tissue by flow cytometry (Fig. 4A). We examined lev-
els of key factors that are associated with proinflammation 
and significantly altered in diabetes (IL1β, IL6 and IL10; 
Fig. 3A, D, E) and that are associated with angiogenesis 
(VEGF-A, Fig. 3H) in M1 macrophages (Fig. 4B). We also 
examined levels of marker factors in the healing-associated 
fibroblasts (MMP1, MMP3, MMP11, CHI3L1 and VEGF-
A) in fibroblasts by ELISA (Fig. 4B). Interestingly, the sig-
nificant alteration in levels of IL1β, IL6, IL10 and VEGF-A 
in non-diabetic M1 macrophages between day 3 and day 
7 after the wound were all abolished in diabetic M1 mac-
rophages (Fig. 4B). Moreover, the significant alteration in 
levels of MMP1, MMP3, MMP11, CHI3L1 and VEGF-A in 
non-diabetic fibroblasts between day 3 and day 7 after the 
wound were all abolished in diabetic M1 fibroblasts, and 
their expression levels were also significantly lower in dia-
betes (Fig. 4B). These data suggest that the diabetic status 
may cause the loss of the spatiotemporal response of both 
M1 macrophages and fibroblasts to the wound, in terms of 
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their phenotypic adaptation and release of cytokines as a 
possible reason for the defective wound healing in diabetes.

M1/proinflammatory macrophages regulate 
the phenotype of fibroblasts

In order to find out whether M1/proinflammatory mac-
rophages regulate the phenotypic change and activation 
of healing-associated fibroblasts in wound, we did 2 co-
culture experiments. First, fibroblasts isolated from non-
diabetic wound were cultured alone, or with isolated M1 

macrophages from non-diabetic wound, or with isolated M1 
macrophages from diabetic wound. The levels of those key 
factors for healing were examined in fibroblasts. We found 
that co-culture with isolated M1 macrophages from non-dia-
betic wound did not significantly alter the levels of MMP1, 
MMP3, MMP11, CHI3L1 and VEGF-A in fibroblasts from 
non-diabetic wound (Fig. 5A). However, co-culture with iso-
lated M1 macrophages from diabetic wound significantly 
decreased the levels of MMP1, MMP3, MMP11, CHI3L1 
and VEGF-A in fibroblasts from non-diabetic wound 
(Fig. 5A). In the second experiment, fibroblasts isolated from 

Fig. 1   Combination of public databases for analyzing altered genes 
in diabetic skin. To increase the representativeness and the sample 
number in this analysis, we tried to include several public databases 
that allow the data to be pooled together. A Three gene expression 
profiles (GSE134431, GSE143735 and GSE199939) were specifi-
cally selected to remove the batch-effect, showing as boxplots before 

or after batch-effect removal. B Three types of the samples in the 
database were diabetic foot ulcer (DFU), diabetic foot skin (DFS) and 
non-diabetic foot skin (NDFS). PCA was then performed to demon-
strate the distribution of the samples from different studies in a 3D 
mode. (C) A Volcano map to illustrate differentiated genes
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diabetic wound were cultured alone, or with isolated M1 
macrophages from diabetic wound, or with isolated M1 mac-
rophages from non-diabetic wound. The levels of those key 
factors for healing in fibroblasts were examined. We found 
that co-culture with isolated M1 macrophages from dia-
betic wound did not significantly alter the levels of MMP1, 
MMP3, MMP11, CHI3L1 and VEGF-A in fibroblasts from 
diabetic wound (Fig. 5B). However, co-culture with isolated 
M1 macrophages from non-diabetic wound significantly 
increased the levels of MMP1, MMP3, MMP11, CHI3L1 
and VEGF-A in fibroblasts from diabetic wound (Fig. 5B). 
Moreover, adding IL6 into the co-culture of fibroblasts iso-
lated from diabetic wound with isolated M1 macrophages 
from diabetic wound mimicked the effects of co-culture of 
fibroblasts isolated from diabetic wound with isolated M1 
macrophages from non-diabetic wound (Fig. 5B). Together, 

these data suggest that M1/proinflammatory macrophages 
regulate the phenotype of fibroblasts, and the defect in dia-
betic M1 macrophages could be corrected by IL6, at least 
for their effects on fibroblast activation.

Generation of AAVs that specifically express IL6 
in macrophages

In order to extrapolate our in vitro finding to in vivo, we 
generated an AAV carrying IL6 under a macrophage-spe-
cific CD68 promoter (AAV-pCD68-IL6), which allows 
specific expression of IL6 in skin macrophages after a local 
administration for assessing its effect on diabetic wound 
healing (Fig. 3A). To ensure the specificity of CD68 pro-
moter for macrophage and specifically not for fibroblasts, 
either AAV-pCD68-IL6 or control AAV-pCD68-Scr were 

Fig. 2   Bioinformatic evidence for defective proinflammation and 
angiogenesis in diabetic skin. A–B The significantly differed genes 
(p < 0.05) with at least a two-fold changes in values were subjected 
to a pathway enrichment analysis using the online tool Metascape 

(http://​metas​cape.​org), showing the top 20 greatest altered signal 
pathways in diabetes in a bar illustration (A) and in a network illus-
tration (B). Arrows point to highlighted VEGF-VEGFR2 signaling 
pathway

http://metascape.org
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used to transduce isolated M1 macrophages and fibroblasts 
from diabetic wound. Our result based viral GFP expres-
sion showed specific transduction of macrophages, but not 
transduction of fibroblasts, by these viruses (Fig. 6A). The 
levels of IL6 were then determined, which further proved 
the specificity of the CD68 promoter for macrophages 
(Fig. 6B).

Macrophage‑expression of IL6 does not affect 
diabetes

The effects of macrophage-IL6 on diabetic wound healing 
were then examined in the described mouse model, in which 
STZ-tread diabetic mice received a surgical creation of a 
skin wound as well as a simultaneous local viral injection 
[23]. After another 4 weeks were used to monitor the wound 
healing of the mice (Fig. 7A). Four groups of mice of 5 
each were applied in the experiment. Group 1: mice received 
i.p. saline and local saline (saline + saline). Group 2: mice 
received i.p. STZ and local saline (STZ + saline). Group 3: 
mice received i.p. STZ and local control virus (STZ + AAV-
pCD68-Scr); Group 4: mice received i.p. STZ and local IL6 
virus (STZ + AAV-pCD68-IL6). Neither the induction of an 
irreversible hyperglycemia (Fig. 7B) nor the value of beta-
cell mass (Fig. 7C) was altered by viral injection, suggesting 
that the viral treatments here do not affect diabetes.

Macrophage‑expression of IL6 promotes wound 
healing and angiogenesis

Next, we examined the effects of macrophage-expression 
of IL6 on diabetic wound healing. We found that the wound 
was cured by more than 95% at 4 weeks in saline-treated 
non-diabetic mice (i.p control for STZ and local injection 
control for virus) (Fig. 8A). The wound was cured for less 
than 30% in STZ-treated mice with local injection of saline 
or control viral (Fig. 8A). However, the wound was cured for 
about 65% in STZ-treated mice with local IL6 viral injec-
tion, which was significantly adventurous over the other two 
STZ-treated groups (Fig. 8A). This improvement of wound 
recovery by IL6 expression in macrophages may be partially 
due to the improved angiogenesis, which was quantified by 
lectin-perfused area in the wound (Fig. 8B–C). Together, 
our in vitro and in vivo data suggest that M1/proinflamma-
tory macrophages may regulate the induction of healing-
associated fibroblasts.

Discussion

The phenotypic changes of proinflammatory/M1 mac-
rophages in diabetes may result from two factors. First, an 
analysis of public database from patients showed that dia-
betic status could render a quiescent skin (no wound) to be 

Fig. 3   Significant alterations 
in several key genes associ-
ated with proinflammation and 
angiogenesis in diabetic skin. 
Levels of genes that are key 
regulators for proinflammation 
and angiogenesis were shown. 
A IL1β. B TNFα. C IFNɣ. 
D IL6. E IL10. F CD163. G 
TGFβ1. H VEGF-A. I FGF1. 
*p < 0.05. NS non-significant. 
DFS diabetic foot skin. NDFS 
non-diabetic foot skin
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proinflammatory. Thus, the continuous presence of inflam-
mation in diabetes thus might be harmful to local micro-
environment in the skin, causing a sustained and modest 
activation of macrophages, fibroblasts and keratinocytes, as 
well as reducing their responsive potential when a wound 
occurs [30]. Second, since all phases of a normal wound 
healing are impaired in diabetes, the interaction among 
macrophages, fibroblasts and other cell types could be fur-
ther damaged [31]. For example, in the hemostasis phase, 
the vasoconstriction, platelet aggregation, clot formation 
and platelet degranulation to form insoluble fibrin for neu-
trophil recruitment and activation are all altered in a long 
hyperglycemic status [6, 32, 33]. Hence, the activation of 
macrophages by activated neutrophils is altered in diabetes 

[34]. In the inflammatory and proliferative phases, the cross-
talk between macrophages and fibroblasts appears to be 
very important for the clearance of dead tissue, initiation of 
angiogenesis and progression of tissue repair [35, 36]. Spe-
cifically, macrophages orchestrate the complicated cell–cell 
crosstalk to fulfill all the biological activities required for a 
successful wound healing [37]. A spatiotemporal change in 
macrophages is very impressive and required for a wound 
healing to occur properly, as shown here and in previous 
studies [36, 38].

Here, we specifically detected reduced expressions of 
IL1β, IL6, IL10 and VEGF-A in M1/proinflammatory 
macrophages at the inflammatory stage in diabetes. IL1β is 
very critical for proinflammatory activation and activates 

Fig. 4   Defect in wound proinflammatory/M1 macrophages and fibro-
blasts in diabetic mice. A In a mouse model that creates a skin wound 
in STZ-treated diabetic mice, fibroblasts (DLK1 +), M1 macrophages 
(F4/80 + CD163-) and M2 macrophages (F4/80 + CD163 +) were iso-
lated from the wound tissue by flow cytometry, shown by representa-

tive flow charts. B ELISA for IL1β, IL6, IL10 and VEGF-A in M1 
macrophages and for MMP1, MMP3, MMP11, CHI3L1 and VEGF-
A in fibroblasts. *p < 0.05. NS non-significant. NDW non-diabetic 
wound. DW Diabetic wound
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different signaling pathways such as MAPK, NF-kappa B, 
PI3-K/Akt and MEK/ERK [39]. The compensated IL1β 
activation in diabetes perhaps caused incompleteness of 
adequate immune reaction [40]. IL10 is an anti-inflamma-
tory cytokine with essential immunoregulatory functions 
[41]. Impaired IL10 activation could lead to incomplete-
ness of inflammatory solution and failure of proper pheno-
typic transition of proinflammatory macrophages and other 
cell types [42]. IL6 a pleiotropic cytokine that plays a vital 
role in wound healing, while wound healing is damaged 
due to loss of IL6 itself [43]. Moreover, high IL6 levels 
have been shown to be advantageous for DFUs [44]. IL6 
regulates many cell types including macrophages, lym-
phocytes and fibroblasts [16]. Therefore, we used a mac-
rophage-IL6 to correct the impaired effects of proinflam-
matory/M1 macrophages on fibroblast activation in this 
study. VEGF-A is the well-known and most potent angio-
genetic factor [45]. The impaired cure of diabetic wound 
is at least due to impaired angiogenesis [46]. Therefore, it 
is not surprising that VEGF-A from both macrophages and 
fibroblasts was reduced in diabetes, and the improvement 
of diabetic wound healing by macrophage-expression of 
IL6 also improved angiogenesis through VEGF-A.

The proposition that IL6 holds therapeutic potential in 
wound healing, particularly in diabetic contexts, is indeed 
significant [43]. IL6, traditionally classified as a pro-inflam-
matory cytokine, plays a critical role in immune responses 
and has been observed to aid in tissue repair and regenera-
tion [43]. This dual nature presents a unique opportunity 
for its use in therapeutic interventions for diabetic wounds, 
which often suffer from impaired healing processes. How-
ever, the employment of IL6 as a treatment necessitates a 
thorough examination of its safety profile, especially given 
its pro-inflammatory properties [44]. In the context of diabe-
tes, a condition often accompanied by chronic inflammation, 
there is a legitimate concern that exogenous IL6 could exac-
erbate underlying inflammatory states, potentially leading 
to worsened diabetic complications. For instance, elevated 
levels of IL6 have been associated with insulin resistance 
and the progression of diabetic complications like nephropa-
thy and retinopathy [44]. Therefore, a detailed investigation 
into the possible side effects of IL6 therapy is crucial. This 
should encompass not only the immediate inflammatory 
responses but also long-term effects on metabolic control 
and diabetes-related complications. Moreover, determin-
ing the optimal dosage and delivery method that maximizes 

Fig. 5   M1/proinflammatory macrophages regulate the phenotype 
of fibroblasts. A Fibroblasts isolated from non-diabetic wound were 
cultured alone, or with isolated M1 macrophages from non-diabetic 
wound, or with isolated M1 macrophages from diabetic wound. 
ELISA for MMP1, MMP3, MMP11, CHI3L1 and VEGF-A in fibro-
blasts was performed. B Fibroblasts isolated from diabetic wound 

were cultured alone, or with isolated M1 macrophages from diabetic 
wound supplied with/without IL6, or with isolated M1 macrophages 
from non-diabetic wound. ELISA for MMP1, MMP3, MMP11, 
CHI3L1 and VEGF-A in fibroblasts was performed. *p < 0.05. NS 
non-significant. NDW non-diabetic wound. DW Diabetic wound
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wound healing benefits while minimizing pro-inflammatory 
risks is essential. Balancing IL6's regenerative capabilities 
against its inflammatory actions will be key in develop-
ing a therapeutic strategy that is both effective and safe for 
patients with diabetes.

A very recent study reported that about 10% of wound 
fibroblasts were likely originated from monocytes/mac-
rophages, suggesting a plasticity of macrophages during 
wound healing [30]. However, the contribution of mac-
rophages to healing fibroblasts was never investigated either 
previously or in the current study. It would be interesting to 

apply a lineage tracing approach to address this question in 
the future.

Using mouse models in wound healing research, espe-
cially for studying human DFUs, is both valuable and chal-
lenging [3]. Their primary advantage lies in the ease of 
genetic manipulation, which allows for detailed studies of 
specific genes and molecular pathways involved in wound 
healing under diabetic conditions [3]. This can be crucial 
for uncovering novel therapeutic targets. Mice also offer a 
controlled environment, where factors like diet, genetics, 
and environmental conditions are standardized, leading 

Fig. 6   Generation of AAVs 
that express IL6 specifically 
in macrophages. We generated 
an AAV carrying IL6 under 
a macrophage-specific CD68 
promoter (AAV-pCD68-IL6), 
which allows specific expres-
sion of IL6 in skin macrophages 
after a local administration for 
assessing its effect on diabetic 
wound healing. A To ensure the 
specificity of CD68 promoter 
for macrophage and specifically 
not for fibroblasts, isolated M1 
macrophages and fibroblasts 
from diabetic wound were 
infected with either AAV-
pCD68-IL6 or control AAV-
pCD68-Scr. GFP was used to 
detect infection. B ELISA for 
IL6 in infected cells. *p < 0.05. 
NS: non-significant. Scale 
bars are 100 µm. DW Diabetic 
wound
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to more consistent and replicable results [3]. However, 
the limitations are noteworthy. Mice significantly differ 
from humans in skin structure, immune responses, and 
wound healing mechanisms, which can affect the translat-
ability of findings to human DFUs [3]. Additionally, the 
diabetic state in mice is often induced artificially, which 
might not fully replicate the complexity of human diabetes 
and its impact on wound healing [3]. Thus, while mouse 
models are invaluable for preliminary investigations and 
understanding basic mechanisms, the applicability of these 
findings to human DFUs must be approached with caution, 
often necessitating further validation in human tissues or 
clinical trials.

Conclusions

M1/proinflammatory macrophages play a critical role in 
activating fibroblasts associated with wound healing. How-
ever, in diabetes, these M1/proinflammatory macrophages 
often exhibit a compromised ability to stimulate fibroblast 
activation, impeding the healing process. The potential of 
IL6 treatment emerges as a promising therapeutic strat-
egy to address this deficiency. By enhancing the function 
of defective M1/proinflammatory macrophages, IL6 could 
effectively restore their capacity to activate wound-healing 
fibroblasts, thereby improving the treatment outcomes for 
DFUs.

Fig. 7   Macrophage-expression 
of IL6 does not affect diabetes. 
A Schematic of a mouse model 
for diabetic wound healing, in 
which STZ-tread diabetic mice 
received a surgical creation 
of a skin wound as well as an 
immediate local viral injection. 
Mice were kept for another 4 
weeks for analysis. Four groups 
of mice of 5 each were applied 
in the experiment. Group 1: 
mice received i.p. saline and 
local saline (saline + salilne). 
Group 2: mice received i.p. STZ 
and local saline (STZ + saline). 
Group 3: mice received i.p. 
STZ and local control virus 
(STZ + AAV-pCD68-Scr); 
Group 4: mice received i.p. 
STZ and local IL6 virus 
(STZ + AAV-pCD68-IL6). B 
Fasting blood glucose. C Beta-
cell mass at sacrifice. *p < 0.05. 
NS non-significant
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