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Macrophage contribution to the survival of transferred expanded
skin flap through angiogenesis
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Background: Despite the application of tissue expansion in the reconstruction of significant tissue defects,
complications with expanded random-pattern skin flaps remain a major challenge. Insufficient angiogenesis
is one of the keys factors in flap ischemia and dysfunction. Macrophages play a key role in promoting tissue
angiogenesis, but their effects on expanded flap angiogenesis and the survival of the transferred skin flap are
still unknown.

Methods: A rat scalp expansion model was established to evaluate the dynamic changes of macrophages
in expanded skin. Clodronate liposomes (Clo-lipo) were injected into the expanded scalps to deplete the
macrophages, and the expanded scalp flaps with macrophage depletion were orthotopically transferred. The
remaining expanded rat scalp flaps were treated with either a macrophage-colony stimulating factor (M-CSF)
alone or M-CSF in combination with Clo-lipo and transferred. The number of macrophages, blood
perfusion, microvascular densities (MVDs), flap survival, histological changes, and gene expression related to
macrophage polarization and angiogenesis were determined with immunofluorescence (IF) staining, full-field
laser perfusion imager, hematoxylin and eosin (HE) staining, and quantitative real-time polymerase chain
reaction.

Results: The number of pan-macrophages significantly increased in the expanded scalp on days 14 and 21
after expander placement. The depletion rate after treatment with Clo-lipo was 29.06%, and the number
of macrophages was significantly reduced in the group that underwent Clo-lipo treatment on day 14 before
flap transfer (P<0.05). Macrophage depletion resulted in decreased blood perfusion, reduced MVDs, lower
expression of factors, and poor survival rate. The recruitment of macrophages with a M-CSF led to higher
blood perfusion, increased MVDs, greater expression of angiogenic factors, and better flap survival after flap
transfer.

Conclusions: Alternatively activated macrophages in the expanded flap could significantly promote
angiogenesis, improve blood perfusion, and ultimately increase the flap survival rate. Modulating
alternatively activated macrophages may provide a key therapeutic strategy to promote expanded skin flap

survival. Our study has provided a basis for clinically improving random-pattern skin flap survival.
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Introduction

Skin expansion can harvest “extra skin tissue” that is similar
in texture, color, and flexibility to the adjacent tissues.
Random-pattern expanded skin flaps refer to expanded skin
flaps with nonspecific blood circulation and are routinely
used to reconstruct defects from injuries, ulcerations, tumor
excision, and malformation (1). The length-to-width ratio
is normally restricted to 1.5 or 2, but it can be widened to
3 in facial-neck regions with sufficient blood supply (2).
As random-pattern flaps are formed without retaining
the vascular pedicle, partial or complete necrosis remains
a serious complication in random-pattern expanded skin
flap transfers (3). Additionally, subcutaneous hematoma or
infection in flap tissue is generally considered a result of
insufficient blood supply and inadequate angiogenesis (4).

A recent study indicates a strong connection between
inflammatory and regenerative processes. Macrophages play
a key role in coordinating these processes and are essential
for recovering tissue integrity and function (5). Angiogenesis
is a complex process involving proliferation, migration, and
differentiation of vascular endothelial cells (ECs) under
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the stimulation of specific signals. It is controlled by the
balance between promoting and inhibiting factors. Various
angiogenic factors produced by macrophages have been
identified that function in stimulating angiogenesis (6).
Angiogenesis and vascular remodeling and maturation
are essential for tissue regeneration. The inhibition of
macrophage activity reduces angiogenesis, demonstrating
the contribution of macrophages to the revascularization of
regenerating tissue (7). Macrophages critically contribute
to wound healing by angiogenic processes (8). The
mechanisms that promote skin regeneration and skin flap
survival are currently under investigation. Our previous
research suggested that macrophages are necessary for
skin regeneration during tissue expansion (9); however, the
effects of macrophages on the angiogenesis of expanded flap
and the survival of the transferred random-pattern skin flap
remain unknown.

We hypothesized that macrophage depletion during
expansion would reduce expanded random-pattern skin
flap survival through the inhibition of angiogenesis. This
hypothesis was tested by establishing both macrophage
depletion and macrophage recruitment models
and comparing the following outcomes: number of
macrophages, blood perfusion, number of blood vessels, flap
survival, histological changes, and gene expression related to
macrophage polarization and angiogenesis. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-1558/rc).

Methods
Rat scalp expansion model

In total, 75 male Sprague Dawley rats (6 weeks old;
160-180 g) were purchased from the Experimental Animal
Center of the Fourth Military Medical University. The
rats were housed in separate cages (6 rats per cage) under
a temperature of 23 °C, a relative humidity of 55%+5%,
and a 12-hour light-dark cycle. The rats had free access
to standard chow and water. To evaluate the histological
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changes and macrophage infiltration in the expanded scalp
tissues, the rats were randomly divided into an expanded
scalp group (n=18) and a sham group (n=18). The surgery
for tissue expansion was described in our previous study (10).
Briefly, a 1-milliliter silicone expander was placed under
the scalp on the preperiosteal plane. The sham group
underwent the same surgical process but received a silicone
sheet without saline injection. Subsequently, 1 mL of
sterilized saline was injected to flatten the silicone expander.
Sterilized saline was injected every 2 days in the expanded
group (0.7 mL per injection) until the silicone expander
was enlarged to a volume of 5.9 mL on day 14. The time
of expander implantation was designated on day 0. On
days 7, 14, and 21 after expander implantation, expanded
scalp tissues from 6 rats in each group at each time point
were subjected to hematoxylin and eosin (HE) staining and
immunofluorescence (IF) staining to determine the number
of macrophages and histologic changes. Experiments were
performed under a project license (No. IACUC-20181209)
granted by the Experimental Animal Committee of the
Fourth Military Medical University, and all animal surgeries
were strictly performed in accordance with the institutional
guidelines for the care and use of animals. A protocol was
prepared before the study without registration.

Macrophbage depletion in the rat scalp expansion model

The 23 rats that underwent scalp expansion were randomly
divided into a clodronate liposome (Clo-lipo) group (n=12)
and a phosphate-buffered saline liposome (PBS-lipo) group
(n=11). To deplete the macrophages in the expanded flaps,
50 pL of Clo-lipo (50 pg/mL; Liposoma, Amsterdam,
the Netherlands) was injected subcutaneously into the
expanded scalps of rats in the Clo-lipo group on days
0, 4, 8, and 12 (9). The rats in the PBS-lipo group were
subcutaneously injected with 50 pL. of PBS-lipo (50 pg/mL;
Liposoma) as a control. The scalp expansion surgery and
saline injection were performed as in the rat scalp expansion
model. Treatments were administered for 2 weeks, after
which the expanded scalp tissues of 6 rats from each group
were removed and analyzed with IF staining to test the
depletion efficiency of macrophages in the expanded scalp
skin. Meanwhile, the scalp flaps of the remaining rats (Clo-
lipo group: n=6; PBS-lipo group: n=5) were orthotopically
transferred on day 14 and excised 7 days after flap transfer
(day 21) to investigate the effects of macrophage depletion
on angiogenesis in the transferred scalp flap.
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Macrophage-colony stimulating factor (M-CSF) treatment
alone and combined with Clo-lipo

To further evaluate the effects of macrophage recruitment
on angiogenesis in the transferred scalp flap, 16 rats were
randomly divided into 3 groups: a PBS group (n=6), a M-CSF
treatment group (n=5), and a combined M-CSF/Clo-lipo
treatment group (n=>5). Subsequently, 50 pL of recombinant
rat M-CSF protein (ab269198; Abcam, Cambridge, UK) at a
20 ng/pL concentration was injected into the expanded scalp
of rats in the M-CSF group, while the combined M-CSF/
Clo-lipo group received a combined injection of both
M-CSF and Clo-lipo at the same volume. Injected M-CSF
preferentially recruits macrophages to the expanded scalp,
whereas Clo-lipo injection is used to deplete macrophages
in the expanded scalp. The same volume of PBS was used
as a control. For rats, M-CSF was injected subcutaneously
on postoperative days 0, 2, 4, 6, 8, 10, 12, and 14 (11); and
Clo-lipo was injected subcutaneously on postoperative
days 0, 4, 8, and 12. The surgery and expansion process
were performed as previously stated. Tissue biopsies were
performed on day 21 after expander placement, and samples
were subjected to HE and IF staining.

Expanded random-pattern flap transfer

Orthotopic transfer of the expanded random-pattern flap
model was established using the rats which had undergone
scalp expansion with macrophage depletion. The time of
expander implantation was designated as day 0. All expanded
random-pattern scalp flap transfers were performed on day
14 after expander placement. First, rats were anesthetized
with isoflurane (5% induction and 2% maintenance), and
the cephalic skin flap (I ecm x 3 cm) was then outlined on
the rat’s expanded scalp. Then, both supraorbital arteries in
the flap pedicle end were identified and ligated using a 9-0
polyester suture. After the expander was removed and excess
skin was trimmed, the flap was immediately sutured to the
orthotopic donor bed using 5-0 silk sutures. Finally, the
scalp flap was packaged and bandaged under pressure, with
the pressure increasing gradually from the caudal base to
the distal flap. The survival of the scalp flaps was recorded
7 days after expanded flap transfer surgeries (day 21) using
a digital camera at 30 cm from the area of the scalp flaps
after the rats were positioned. The survived area of the skin
flap was measured using Image] software 1.8.0 (National

Institutes of Health, Bethesda, MD, USA). The expanded
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random-pattern flap samples were obtained, after which
the animals were killed (day 21). Flap blood flow perfusion
imaging was obtained in anesthetized rats in vivo on day 21,
after which flap tissues were excised and subjected to flap
survival analysis, HE and IF staining, and quantitative real-
time polymerase chain reaction (QRT-PCR).

Histologic examination

Skin samples were fixed in 10% formaldehyde solution for
at least 24 hours, embedded in paraffin, sectioned at 5 pm,
stained with HE, and examined microscopically according
to routine procedures. Expanded scalp samples (n=6 per
group at each time point) were procured on days 7, 14,
and 21. If necrosis occurred, samples were taken from the
remaining viable flap tissue.

Blood flow measurements

On day 21, the regional microvascular blood flow intensity
of scalp flaps that had undergone random-pattern expanded
flap transfer was continuously quantified in anesthetized
rats iz vivo using a full-field laser perfusion imager (FLPL;
Moor FLPI, Moor Instruments Ltd., Devon, UK). The
blood flow intensity was recorded as the flux perfusion unit
(PU) and calculated using image processing software (Moor
FLPI 3.0). Blood flow was calculated as the mean value of
10 independent images for each rat.

IF staining

For IF staining, tissue sections were rehydrated, submitted
to an antigen retrieval step at 96 °C for 20 minutes in citrate
buffer at a pH of 6.0, and blocked for 1 hour. Following this,
primary antibody was applied to the tissue overnight at 4 °C
in a humid chamber; tissue sections were then stained with
conjugated secondary antibodies and finally counterstained
with 4',6-diamidino-2-phenylindole. Primary antibodies
against the pan-macrophage marker mouse anti-rat CD68
antibody (1:100; ab31630; Abcam), M1 macrophage marker
rabbit anti-rat inducible nitric oxide synthase antibody
(INOS; 1:25; ab15323; Abcam), M2 macrophage marker
CD206 antibody (1:50; ab64693; Abcam), and angiogenesis
marker CD34 antibody (1:100, ab81289, Abcam) were used.
"To determine the number of pan-macrophages, samples of
expanded and sham scalp groups were labeled with a CD68
antibody on days 7, 14, and 21. Expanded scalp sections of
Clo-lipo and PBS-lipo treatment groups on days 14 were
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screened with a CD68" macrophage depletion efficiency. IF
staining was used to label the M1 (iNOS'CD68") and M2
(CD206°CD68") macrophages on day 21. CD34" was used
to determine the number of blood vessels in transferred
random-pattern expanded flaps. Slides were imaged at 25 °C
at x20/x40 magnification using the Nikon A1 HD25
confocal microscope (Nikon Instruments Inc., Melville,
NY, USA). Six random fields per section were captured and
analyzed with NIS-Elements Viewer 4.20 software (Nikon
Instruments Inc.).

Quantitative real-time polymerase chain reaction

The messenger RNA (mRNA) levels of CD68, colony-
stimulating factor 1 receptor (CSF-1R), iNOS, platelet-
derived growth factor receptor (PDGFR), fibroblast growth
factor (FGF), vascular endothelial growth factor a (VEGFa),
and C-X-C motif chemokine ligand 10 (CXCL10) were
measured QRT-PCR. The total RNA was extracted from
random-pattern expanded flap tissues after flap transfer
on day 21 using TRIzol reagent (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA). Briefly, an 80 mg
to 100 mg portion of the flap was homogenized in 1 mL
of Trizol reagent. Postcentrifugation, RNA was extracted
with chloroform and precipitated with isopropyl alcohol.
Isolated RNA samples were then reverse-transcribed into
complement DNA (cDNA) using a ¢cDNA synthesis kit
(Takara Bio Inc., Shiga, Japan) following standard protocols.
Quantitative gene expression was detected using synthetic
primers and SYBR Green (Takara Bio Inc.). Relative mRNA
levels were normalized to GAPDH. The primers used are
listed in Table SI.

Statistical analysis

All data in this study are expressed as the mean + standard
error. Statistical analyses were performed using GraphPad
Prism 8.0.2 (GraphPad Prism 8.0.2, GraphPad Software,
San Diego, CA, USA). Statistical significance was
determined using 7-tests between 2 groups or 1-way analysis
of variance (ANOVA) with Bonferroni correction for
multiple comparisons.

Results

Dynamic changes of macrophage number in the expanded
scalp

A rat scalp expansion model was established to evaluate
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the dynamic changes of macrophages and the thickness
of expanded skin (Figure 14,1B). The thickness of the
expanded scalp group was thinner than that of the sham
group on days 14 and 21 (P<0.01), although there was no
significant difference on day 7 (P>0.05; Figure 1C,1D).
Similarly, the number of pan-macrophages was significantly
higher in the expanded scalp group than in the sham group
on days 14 (P<0.05) and 21 (P<0.001); however, there was
no significant difference on day 7 (P>0.05; Figure 1E,1F).

Macrophbage depletion decreased the survival rate and
thickness of expanded scalp flap after transfer

In the expanded scalp group, the number of CD68"
macrophages was significantly increased compared to the
sham group on day 14. A model of macrophage depletion
in the rat scalp expansion and expanded random-pattern
flap transfer was established to evaluate the flap survival
rate after macrophage depletion (Figure 24). IF staining
indicated that the number of macrophages was markedly
reduced in the group that underwent Clo-lipo treatment
on day 14 before flap transfer (P<0.05; Figure 2B,2C),
indicating the depletion of macrophages in the expanded
scalp. No side effects (including death) were observed
during the macrophage depletion prior to flap transfer;
however, after flap transfer, the average flap survival area
was smaller in the Clo-lipo group (37.32%+10.66%) than in
the PBS-lipo group (51.73%+8.27%; P<0.05; Figure 2D,2E)
on day 21. In addition, the expanded flaps in the Clo-
lipo group were thinner than those in the PBS-lipo group
(P<0.05; Figure 2F2G).

The number of M2 macrophages reduced significantly in
the Clo-lipo group after expanded scalp flap transfer

To understand how macrophages influence the survival
of random-pattern expanded scalp flap, subtypes of
macrophages were identified. In contrast to the PBS-lipo
treatment group, the Clo-lipo group had a significantly
decreased total number of macrophages (P<0.01). Further
study revealed that the number of M2 macrophages in
the expanded scalp was decreased in the Clo-lipo group
(P<0.01), although there was no difference in the number of
M1 macrophages between groups (Figure 34-3D; P>0.05).
We further examined the expression of macrophage-
related biomarkers with qRT-PCR (Figure 3E-3G). The
mRNA expression of CD68 and CSF-1R was markedly
downregulated (Figure 3E,3F, P<0.05), while no significant
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difference was found in iNOS mRNA expression after
macrophage depletion (Figure 3G; P>0.05). These results
showed that the liposome clodronate injection mainly
decreased the number of M2 macrophages, suggesting that
these play an important role in expanded scalp flap survival
in this model.

Macrophage depletion inhibited angiogenesis of the
transferred expanded scalp flaps

To investigate the effects of macrophage depletion on
angiogenesis in the transferred scalp flap, blood perfusion,
microvascular densities (MVDs), and the expression of
angiogenic factors were analyzed. The PBS-lipo group
showed higher (P<0.05; Figure 44,4B) blood perfusion
(258.73+37.56/flux) compared to the Clo-lipo group
(191.88+42.51/flux). The number of CD34" blood vessels
was smaller in the Clo-lipo group (15.65+6.01/per
field) than in the PBS-lipo group (27.83+8.66/per field;
P<0.001; Figure 4C,4D). The results of qRT-PCR in the
depleted group showed decreased expression of PDGFR
and FGF (P<0.05; Figure 4E) but increased expression
of the angiostatic factor CXCL10 (P<0.05; Figure 4E).
Surprisingly, no significant differences were detected in the
expression of VEGFa between the 2 groups (Figure 4E).

Macrophage recruitment with M-CSF injection during
expansion increased the transferred flap survival

To further understand the role of macrophages on the
expanded scalp flap, another assay was performed to assess
the survival and thickness of flaps. The expanded flaps
were subcutaneously injected with PBS (PBS group: n=6),
M-CSF (macrophage recruitment, M-CSF group: n=5),
or M-CSF combined with Clo-lipo (M-CSF + Clo group:
n=5) at distinct time points; the expanded scalp flaps were
then orthotopically transferred (Figure 5A4). Compared with
that in M-CSF group, the survival areas of the transferred
expanded flaps in the PBS group (1-way ANOVA, P<0.001;
Figure 5B,5C) and M-CSF + Clo group (1-way ANOVA,
P<0.05; Figure 5B,5C) were decreased. No significant
difference was observed between the PBS and M-CSF
+ Clo groups (Figure 5B, 5C). A thicker epidermis (1-
way ANOVA, P<0.001; Figure 5D,5E) and dermis (1-way
ANOVA, P<0.05; Figure 5D,5E) were found in the M-CSF
group, whereas this effect in the epidermis (1-way ANOVA,
P<0.001; Figure 5D,5E) and dermis (1-way ANOVA,
P<0.01; Figure 5D,5E) was reversed in the M-CSF + Clo
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staining; DAPI, 4',6-diamidino-2-phenylindole; PBS, phosphate-buffered saline; Clo-lipo, clodronate-liposome.
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group (Figure 5D,5E).

M-CSF treatment increased the number of macrophages
in the transferred flap

The rats in the M-CSF group had significantly higher
numbers of M1, M2 and total macrophages than did those
in the PBS group (1-way ANOVA, total and M2: P<0.001;
M1: P<0.01; Figure 64-6D). Furthermore, M-CSF + Clo
group rats had significantly fewer numbers of M1, M2, and
total macrophages than M-CSF group rats (1-way ANOVA,
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total and M1: P<0.001; M2: P<0.01; Figure 64-6D). No
significant difference in macrophage number was observed

between the PBS and M-CSF + Clo groups (Figure 64-6D).

Macrophages facilitate angiogenesis of the transferrved flaps

The M-CSF group showed higher blood perfusion
compared with that of the PBS (P<0.05), while the M-CSF
+ Clo group displayed relatively lower blood perfusion
compared with the M-CSF group (1-way ANOVA, P<0.05);
Figure 74,7B). The M-CSF also had more CD34" MVDs
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Figure 4 Macrophage depletion attenuated blood perfusion, MVDs, and the expression of angiogenic factors. (A) Representative
photographs of flap blood perfusion. Red boxes indicate the transferred expanded flaps. (B) Compared with the PBS-lipo group (n=6),
significantly lower blood perfusion was detected in the Clo-lipo group (n=5). (C) Representative photographs of CD34" microvessels (red) in
the transferred expanded scalp flap (IF staining). The white arrows indicate CD34" microvessels. (D) Quantitative analysis of CD34" MVDs.
The number of CD34" MVDs in the PBS-lipo group was higher than that in the Clo-lipo group per field. (E) Angiogenic factors, PDGFR
and FGE, showed decreased expression in the Clo-lipo group versus the PBS-lipo group, while the angiostatic factor, CXCL10, showed
increased expression in the Clo-lipo group versus the PBS-lipo group. No significant difference was found in VEGFuo between the 2 groups.
*, P<0.05; ***, P<0.001. IF staining, immunofluorescence staining; PBS, phosphate-buffered saline; Clo-lipo, clodronate-liposome; DAPI,
4',6-diamidino-2-phenylindole; MVD, microvascular density; PDGFR, platelet-derived growth factor receptor; FGE, fibroblast growth
factor; VEGFo, vascular endothelial growth factor a; CXCL10, C-X-C motif chemokine ligand 10.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2023;11(6):248 | https://dx.doi.org/10.21037/atm-22-1558



Page 10 of 17 Huang et al. Macrophages promote flap survival through angiogenesis

& &
A b‘\e.\& (é\e &
& P RS 3
K K &
N 4 <
3 4 34 3 4 4 3 4 .
I I | I I 1 | I I | I I I I | 1 I I | I 1
Day 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
A A A A A A A A
A A A A 1.0

o
©
1

The survival rate of skin flap (7)
o
(o2}
1

0.4 -
0.2 -
0.0 -
& &
A
E X
1600 - ., ==PBS
1400 | 2 --M-CSF
£ 1200 == M-CSF-Clo
. =
¢ & 1000 a N
< 800 H
2]
%5 600 O
@ 100 hx
8 8- 7
£
S 60 —
£ 404
20
o 0 -
; - & &
PBS M-CSF M-CSF-Clo GUOE b?}@\ o@*‘(\\
&

Figure 5 The survival and thickness of the expanded scalp flap after M-CSF treatment or combined M-CSF and Clo-lipo treatment. (A)
Study design: dates of saline injections for expanding tissue (}), scalp flap transfer in situ (3) and biopsy (') are displayed at the top of the
schedule. Dates of Clo-lipo/PBS-lipo injections (50 pg/mL, A) and M-CSF/PBS injections (20 ng/pL,, A) are displayed at the bottom of
schedule. (B,C) Survived area of transferred flaps and quantitative analysis of survival rate. Increased average flap survival rates were observed
in the M-CSF group on day 21 (1-way ANOVA, P<0.001), whereas this effect of flap survival rate (1-way ANOVA, P<0.05) was reversed
by M-CSF + Clo. (D,E) Representative HE staining images of transferred expanded scalp flap and thickness analysis of the epidermis and
dermis. A thicker epidermis (1-way ANOVA, P<0.001) and dermis (1-way ANOVA, P<0.05) was observed in the M-CSF group, whereas
this effect of epidermis (1-way ANOVA, P<0.001) and dermis (1-way ANOVA, P<0.01) was reversed by M-CSF + Clo (E). No significant
difference in thickness was observed between PBS and M-CSF + Clo groups. *, P<0.05; **, P<0.01; ***, P<0.001. PBS, phosphate-buffered
saline; M-CSF, macrophage-colony stimulating factor; Clo-lipo, clodronate-liposome; HE staining, hematoxylin eosin staining; ANOVA,
analysis of variance.

than did the PBS group (P<0.05; Figure 7A4,7B); however,
this effect was reversed in the combined treatment of
M-CSF and Clo-lipo groups (1-way ANOVA, P<0.05;
Figure 7C,7D). qRT-PCR results showed that M-CSF
group had higher mRNA expression of PDGFR, FGEF, and

group (1-way ANOVA, P<0.05; Figure 7E) and M-CSF +
Clo group (1-way ANOVA, P<0.05; Figure 7E).

Discussion

VEGFa than did the PBS group (1-way ANOVA, P<0.05;
Figure 7E). Compared with the Clo-lipo group, the M-CSF
group showed a significant increase in the expression of
PDGEFR (1-way ANOVA, P<0.01; Figure 7E). In addition,
the M-CSF group demonstrated a lower expression of the
angiostatic factor, CXCL10, compared with the control

© Annals of Translational Medicine. All rights reserved.

Transferred skin flap is frequently used in the reconstruction
of significant tissue defects (12). The survival of these skin
flap presents an ongoing challenge for plastic surgeons (13),
with impaired and insufficient vascularization considered
commonly accepted causes of skin flap tissue necrosis (14).
Macrophages are one of the most studied cell types and
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Figure 6 The number of macrophages of different subtypes in the survived flaps after transfer with PBS, M-CSF, and M-CSF + Clo-lipo
treatment. (A-C) Representative IF staining images of pan-macrophages, and M2 and M1 macrophages. (A) CD68" cells (red). (B) iNOS*
(green) CD68" (red) cells (M1 macrophages). (C) Insets show high-magnification (x40) images of the M1 or M2 macrophage cells. (D)
Quantitative analysis of macrophages. M-CSF group rats showed significantly higher numbers of M1, M2, and total macrophages than did
the PBS group rats (1-way ANOVA, total and M2: P<0.001; M1: P<0.01). Furthermore, M-CSF + Clo group rats had significantly fewer
numbers of M1, M2, and total macrophages than did the M-CSF group rats (1-way ANOVA, total and M1: P<0.001; M2: P<0.01). Total
macrophages (CD68"), M2 macrophages (CD206"CD68"), and M1 macrophages iINOS'CD68"). PBS group (n=6), M-CSF group (n=5) and
M-CSF + Clo group (n=5). **, P<0.01; ***, P<0.001. PBS, phosphate-buffered saline; M-CSF, macrophage-colony stimulating factor; Clo-

lipo, clodronate-liposome; ANOVA, analysis of variance; iNOS, inducible nitric oxide synthase.

are used in axolotl limb and heart regeneration (15). They
promote wound healing and facilitate skin generation by
promoting angiogenesis. Proangiogenic cytokines and
growth factors, such as VEGFa and fibroblast growth
factor 2 (FGF2), are secreted from macrophages and play
an important role in angiogenesis (16,17) and macrophage
activity (18,19). FGF2 is a member of FGFs family. The
expression of these proangiogenic cytokines and growth
factors enables macrophages to participate in the diverse
phases of the angiogenic cascades, such as EC proliferation,
migration, and vascular sprout formation (20-22). Expanded
skin regeneration and transferred expanded flap survival
in rats are dependent on angiogenesis via release of these

© Annals of Translational Medicine. All rights reserved.

various proangiogenic factors derived from macrophages.
Previous research has studied the role of macrophages in
expanded skin regeneration (9), and this study studied this in
further detail. Monocytes of other types may also contribute
to expanded skin regeneration and transferred expanded
flap survival in rats, which will be the focus of future study.
In our rat skin expansion model, thickened expanded skin
was associated with elevated macrophage levels, while
macrophage depletion hindered skin regeneration during
tissue expansion in the rat dorsal expansion model (9);
however, to our knowledge, the effects of macrophages on
angiogenesis and transferred expanded flap survival have
not yet been analyzed.

Ann Transl Med 2023;11(6):248 | https://dx.doi.org/10.21037/atm-22-1558
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Figure 7 The effects of M-CSF treatment on the angiogenesis of scalp flap and blood perfusion, MVDs, and the expression of angiogenic
factors after flap transfer. (A) Representative photographs of flap blood perfusion. Red boxes indicate the transferred expanded flaps. (B)
Compared with the PBS group, significantly higher blood perfusion was observed in the M-CSF group, whereas the M-CSF + Clo group
showed lower blood perfusion than did the M-CSF group. (C) Representative IF staining photographs of CD34" microvessels (red) in the
transferred flaps. The white arrows indicate CD34" microvessels. (D) Quantitative analysis of CD34" MVDs. The total number of CD34*
MVDs in the M-CSF group was higher than that in the PBS group, whereas M-CSF + Clo group showed a marked decrease in CD34"
MVDs compared with M-CSF group (P<0.05). (E) Increased expression of PDGFR (P<0.05), FGF (P<0.01), and VEGFa (P<0.001) was
detected in the M-CSF group versus the control group. The M-CSF + Clo group showed lower expression of PDGFR than did the M-CSF
group (P<0.01). Decreased expression of CXCL10 was found in the M-CSF group versus the PBS group (P<0.01), whereas CXCL10 in
the M-CSF + Clo group showed a higher expression than did the M-CSF group (P<0.05). PBS group, n=6; M-CSF group, n=5; M-CSF
+ Clo group, n=5. *, P<0.05; **, P<0.01; ***, P<0.001. IF staining, immunofluorescence staining; PBS, phosphate-buffered saline; M-CSF,
macrophage-colony stimulating factor; Clo, clodronate; PDGFR, platelet-derived growth factor receptor; FGE, fibroblast growth factor;
VEGFa, vascular endothelial growth factor a; CXCL10, C-X-C motif chemokine ligand 10; MVD, microvascular density; ANOVA, analysis

of variance.
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In our preliminary study, we found that the number
of macrophages on day 1 after Clo-lipo injection did not
change; however, a significant change in macrophage levels
was detected on day 7 (9). This and our previous study have
shown that macrophage depletion during expansion impairs
the survival of the transferred expanded random-pattern
scalp flap through angiogenesis inhibition (9). To further
investigate the effects of macrophages on angiogenesis,
M-CSF was used to recruit macrophages to the expanded
skin. Studies on macrophage treatments report that
macrophages recruited in this fashion at the local expanded
scalp guaranteed homogeneity. The results showed that
local recruitment of macrophages during expansion
markedly improve transferred expanded random-pattern
scalp flap survival through enhanced angiogenesis.

Macrophages are the most common immune cells within
the tissue microenvironment. There is growing evidence
to support the role macrophages play in angiogenesis
and tissue regeneration via multiple mechanisms (23).
Macrophages are classified in 2 broad categories: M1 and
M2 (24). In particular, M2 macrophages represent an
“alternatively” activated phenotype that can promote wound
healing (25). M2 macrophages have been shown to facilitate
fat graft survival (26). In our previous study, we found
that the M2:M1 ratio of macrophages was high in normal
expanded skin, with dominance of M2 macrophages (9).
In the present study, there were significantly fewer M2
macrophages following macrophage depletion and flap
transfer; consequently, there was a marked reduction in flap
survival after transfer, which is consistent with findings from
the literature (27). Adequate blood supply plays a key role
in transferred skin flap survival (28), and previous studies
have demonstrated the critical role of macrophages in
angiogenesis among different models (9,29,30). Moreover,
M2 macrophages have been reported to play a central role
in angiogenesis, tissue repair (31), regeneration of ischemic
limbs (32), and the promotion of growth factor synthesis for
angiogenesis (33). In this study, we also found that blood
perfusion and the number of MVDs decreased after Clo-
lipo treatment, along with M2 macrophages. Notably, the
ability to promote angiogenesis has only been observed in
M2-polarized macrophages (34). Our current research was
supported that M2 macrophages contribute to angiogenesis
in transferred expanded flaps.

Angiogenesis is a complex process that consists of 4
distinct steps: (I) degradation of basement membrane by
protease production; (II) activation and migration of the

endothelium and pericyte; (III) proliferation of ECs; and (IV)

© Annals of Translational Medicine. All rights reserved.
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formation of tube-like structures and capillary tubes (35).

The initial step is generation of large early angiogenic
“mother vessels” from pre-existing normal venules by
a process involving degradation of their rigid basement
membranes (36). Following this, VEGF priming by binding
VEGFR?2 favors EC tubulogenesis, proliferation, and
permeability. VEGF priming is also associated with the
formation of actin stress fibers, activation of focal adhesion
components, upregulation of the EC factor receptors, and
upregulation of EC-derived PDGEF, which collectively affect
pericyte recruitment and proliferation (37).

In addition to modulating immune cell recruitment,
macrophages also serve as angiogenesis-promoting cells
by production of proangiogenic factors, such as VEGFa,
FGF2, PDGFs, and matrix metalloproteinase-2 (MMP2),
and by facilitating vascular reconstruction (7). A previous
study suggested that angiogenic factors, such as PDGE,
FGEF, VEGFo, and angiostatic factor CXCL10 contributed
to the survival of skin flaps (38). PDGF receptors (PDGFRs)
and FGF receptors (FGFRs) are catalytic receptors with
intracellular tyrosine kinase activity (39,40), and the
activated forms of PDGFR and FGFR are known to play a
role in angiogenesis (41). The FGF-dependent regulation
of EC plays a key role in vascular growth. A decrease in
hexokinase 2 levels in the absence of FGF signaling input
results in decreased glycolysis, leading to impaired EC
proliferation and migration (42). Part of the CD34" vasa
nervorum microvessels have a thick basement membrane
which contains collagen fibers, and vasa nervorum
endothelia and Schwann cells express FGF2 (nuclear
localization) (43). VEGFua is well known for its potent
angiogenic effects, which are essential for the initiation of
angiogenic sprouting and for the regulation of capillary tip
cell migration (44). M2 macrophages produce and relocate
VEGFa to perivascular areas (45). Our study revealed that
rat scalps treated with Clo-lipo showed downregulated
expression of PDGFR and FGE, whereas treatment with
M-CSF upregulated their expression. This observation
was consistent with previous work, which found that M2
macrophages secreted PDGFB acting on PDGFRB (46),
and macrophages expressed FGF1 acting on receptor
FGFRI1 (38). CXCL10 is a potent inhibitor of angiogenesis
in vivo (47). It has been shown to profoundly inhibit basic
FGF-induced neovascularization in athymic mice and to
cause EC differentiation into tubular capillary structures
in vitro (48). Therefore, CXCL10 contributes to the
inhibition of inflammatory reaction with attracting
macrophages and to angiostasis (49). Our findings showed
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that CXCL10 expression was higher in the Clo-lipo group
and lower in the M-CSF group. These results also supported
previous work which suggested that cholesterol activation of
ERRa may induce a transcriptional suppression of CXCL10
in macrophages (50) and that the CXCL10 gene is less
expressed in M2 macrophages (51); however, treatment
with both M-CSF and Clo-lipo reversed the expression
pattern of PDGFs. This suggested that M2 macrophages
might have contributed to angiogenesis regulation in
transferred flaps by expressing PDGFR and secreting FGE,
VEGFa, and CXCL10; these factors ultimately contributed
to angiogenesis. Interestingly, the endogenous levels of
PDGEFR were downregulated in the M-CSF + Clo groups.
Autocrine or paracrine loops of PDGF/PDGFR and
PDGFRs may appear on the pericytes of blood vessels (39).
It remains unclear why the VEGFo mRNA levels did not
change in the Clo-lipo-treated expanded scalps of rats,
while VEGFa expression in M-CSF-treated skin was
significantly upregulated. One potential explanation is that
VEGF is probably secreted from endothelial or smooth
muscle cells after macrophage depletion (52), although
VEGF secretion in macrophages is rapidly controlled
in vivo (53). This speculation should be investigated in
future research.

This study has a few limitations that should be addressed.
For one, the specific macrophage subtypes that give rise
to distinct roles in the angiogenesis and flap survival
remained unexamined. However, we demonstrated that
M2 macrophage depletion during expansion impaired
expanded random-pattern scalp flap survival after transfer,
whereas local recruitment of macrophages during expansion
markedly improved expanded random-pattern scalp flap
survival after transfer. Further mechanism study showed
that the increased and decreased M2 macrophage levels
respectively promoted and hindered angiogenesis, and that
increases and decreases in angiogenesis contributed to flap
blood perfusion. Therefore, the present study provides a
therapeutic strategy to improve transferred expanded skin
flap survival through the promotion of angiogenesis by
modulating subtypes of macrophage.

Conclusions

Using rat models of scalp expansion and expanded scalp flap
transfer, our study provides evidence that M2 macrophages
may promote angiogenesis of expanded scalp flap and
improve the survival of transferred scalp flaps. Modulating

© Annals of Translational Medicine. All rights reserved.
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M2 macrophages and relevant angiogenic factors may
provide a key therapeutic strategy to promote expanded
skin flap survival. The present results provide the basis for
clinically improving random-pattern skin flap survival.
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Supplementary

Table S1 PCR primer sequence

Number Name Sequence (5'-3") The number of bases Purification
01 CD68-F TGTTCAGCTCCAAGCCCAAA 20 PAGE
02 CD68-R GCTCTGATGTCGGTCCTGTTT 21 PAGE
03 Csfir-F GCTCTGGGACCTGCTTCACTTC 22 PAGE
04 Csf1r-R CGCTGGTCAACAGCACATTTC 21 PAGE
05 Nos2-F TCCTCAGGCTTGGGTCTTGTTAG 23 PAGE
06 Nos2-R TTCAGGTCACCTTGGTAGGATTTG 24 PAGE
07 Pdgfr-F AGTCAGTGTGAGGACTGAGCCAGA 24 PAGE
08 Pdgfr-R TGCAAACGCGTGGTAAACAGA 21 PAGE
09 Fof-F GGAATTTATCAGCTTGGCTGTGG 23 PAGE
10 Fof-R TGTTTGTACAAGGTGGATGCATAGG 25 PAGE
11 Vegfa-F TCCTGCAGCATAGCAGATGTGA 22 PAGE
12 Vegfa-R CCAGGATTTAAACCGGGATTTC 22 PAGE
13 Cxcl10-F TTATTGAAAGCGGTGAGCCAAAG 23 PAGE
14 Cxcl10-R GCTGTCCATCGGTCTCAGCA 20 PAGE
15 Rat-GAPDH-F GGCACAGTCAAGGCTGAGAATG 22 PAGE
16 Rat-GAPDH-R ATGGTGGTGAAGACGCCAGTA 21 PAGE
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