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Abstract 

Background: Fat grafting is one of the most common soft tissue filling methods in plastic surgery. Bone marrow 
mesenchymal stem cell (BM-MSC) transplantation is an effective method for improving graft retention. However, the 
role of BM-MSCs in fat transplantation is not completely clear.

Methods: Human fat particles, together with BM-MSCs or PBS as a control, were subcutaneously transplanted into 
the backs of nude mice. Samples were taken on days 14, 30 and 90 post-grafting to calculate the fat graft retention 
rate, and tissue staining was evaluated. Furthermore, macrophages were treated with BM-MSC conditioned medium 
(BM-MSC-CM) to identify the beneficial component secreted by these stem cells.

Results: In this study, we found that BM-MSCs improved retention by enhancing angiogenesis in fat grafting. Further 
analysis revealed that BM-MSCs could significantly inhibit the expression of the proinflammatory M1 macrophage 
markers interleukin (IL)-1β, tumor necrosis factor-α (TNF-α) and IL-6 in the early stages of fat grafting and promote the 
expression of the anti-inflammatory M2 macrophage markers Arg1, IL-10 and VEGF. Furthermore, our results showed 
that IL-10 secreted by BM-MSCs induced M2 macrophage polarization in vitro.

Conclusions: BM-MSC transplantation can improve the fat retention rate and promote angiogenesis, which may be 
related to M2 macrophages. These results help elucidate the role of BM-MSCs in fat grafting.
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Introduction
Fat grafting is increasingly being used in the treatment 
of soft tissue defects and reconstructive surgery [1, 2]. A 
major limitation is the high absorption rate, which leads 
to instability in clinical application [3]. Early rapid neo-
vascularization plays a key role among the numerous 

factors that can improve the retention of transferred fat 
[4]. Mesenchymal stem cells (MSCs) are multifunctional 
stem cells that have been explored in the applied fields 
of orthopaedic regeneration, pain treatment, arthritis, 
asthma and so on [5–7]. In our previous study, we found 
that bone marrow mesenchymal stem cells (BM-MSCs) 
isolated from rabbits could improve fat retention and 
enhance angiogenesis [8]. However, the mechanisms 
underlying the improvement in the retention rate and 
enhancement of angiogenesis in the context of fat graft-
ing are unclear.
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Macrophages are important innate immune cells in 
the human body and play an important role in fat tissue 
biology [9]. Moreover, macrophages can be divided into 
two phenotypes: “classically activated” M1 macrophages 
and “alternatively activated” M2 macrophages [10]. M1 
macrophages exert proinflammatory activity by produc-
ing proinflammatory cytokines and proteolytic enzymes, 
while M2 macrophages have anti-inflammatory/regener-
ative abilities, demonstrated by the secretion of interleu-
kin (IL)-10 or TGF-β [11]. These cytokines help to resolve 
inflammation and facilitate tissue remodelling. M2 mac-
rophages secrete and release many angiogenic factors 
(chemokines, cytokines, and growth factors) to stimulate 
endothelial cell migration and proliferation [12]. Studies 
have shown that the addition of M2 macrophages can 
enhance angiogenesis in fat grafts [13]. Thus, increas-
ing the number or proportion of M2 macrophages in 
the recipient area is an attractive treatment strategy to 
increase the retention rate of fat grafts. However, it is dif-
ficult to enrich M2 macrophages for clinical application. 
Therefore, researchers have begun to seek alternative 
strategies to regulate macrophage polarization.

MSCs are the most widely used stem cells. Compared 
with other types of stem cells, BM-MSCs have signifi-
cant immunomodulatory abilities [14]. The interaction 
between immune cells and stem cells in tissue regener-
ation has been known for a long time. When the tissue 
barrier is destroyed, stem cells recruit immune cells to 
the wound site, which may create a cascade and amplify 
the regenerative response. BM-MSCs can reduce inflam-
mation and inflammatory responses and promote tissue 
regeneration by inducing macrophage repolarization 
from the M1 phenotype to the M2 phenotype in vari-
ous disease models [15]. However, it is unknown whether 
BM-MSCs exert their therapeutic effects by modulating 
the macrophage phenotype in the context of fat grafting.

There is evidence that MSCs have extensive therapeu-
tic potential and show some promise in the context of 
fat grafting [8], but the underlying mechanisms remain 
unclear. Clarifying the related mechanisms will provide 
ideas for easy and reliable treatment methods to improve 
fat grafting. In this study, we confirmed that BM-MSCs 
could improve fat retention and promote angiogenesis 
in fat grafts. Through applying a bioimaging system for 
BM-MSCs in  vivo, performing macrophage depletion 
experiments, and applying an IL-10 neutralizing antibody 
to inhibit IL-10 secretion in vitro, we confirmed that the 
therapeutic effects of BM-MSCs in fat grafting could be 
due to their induction of macrophage polarization. In 
addition, the key role of IL-10 in macrophage polariza-
tion was determined.

Methods and materials
Tissue sources and cell culture
Adipose tissue samples were obtained from healthy 
donors undergoing liposuction at the Department of 
Plastic Surgery, First Affiliated Hospital of the Air Force 
Military Medical University.

RFP-labelled BM-MSCs and BM-MSCs from OriCell 
strain C57BL/6 mice were purchased from Cyagen Bio-
sciences, Inc. (Guangzhou, China). RAW264.7 mouse 
monocytes/macrophages were purchased from the Stem 
Cell Bank, Chinese Academy of Sciences. Both cell types 
were maintained at 37  °C in a humidified 5%  CO2 incu-
bator and were cultured in high-glucose DMEM (Gibco) 
supplemented with 10% FBS (Gibco) and penicillin–
streptomycin (100 µg/ml). Cells from passages 3–6 were 
used for all experiments.

Immunophenotypic characterization of mouse BM-
MSCs was performed via flow cytometry. Specifically, 
BM-MSCs were evaluated by FACS and were showed to 
be positive for CD29, CD90 and CD44 and negative for 
the haematopoietic markers CD34 and CD45 (BioLeg-
end, San Diego, CA). The trilineage differentiation poten-
tial of BM-MSCs was evaluated by staining according to 
the manufacturer’s instructions. Morphology was evalu-
ated by Oil Red O staining for adipogenesis, Alizarin Red 
S staining for osteogenesis and Alcian Blue 8GX staining 
for chondrogenesis.

Nude mice fat grafting model
All animal experiments were approved by the Institu-
tional Animal Ethics Committee Laboratory, following 
the guidelines Center of Air Force Military Medical Uni-
versity (Xi’an, China). Nude mice were purchased from 
the Experimental Animal Center of Air Force Military 
Medical University (Xi’an, China) and used to establish a 
fat grafting model.

In the first set of experiments, 48 nude mice were 
assessed for the effect of BM-MSCs or PBS on fat graft-
ing. The nude mouse fat graft model was previously 
described [16]. Briefly, the mice were split into two 
groups: (1) the PBS group and (2) the BM-MSC group. 
In the PBS group, a mixture of 0.3 mL (or 0.3 g/spot) of 
fat particles with 200 µL of PBS was injected into the 
left side of the back. In the BM-MSC group, a mixture 
of 0.3 mL (or 0.3 g/spot) of fat with 200 µL of PBS pre-
mixed with 1 ×  106 BM-MSCs was injected on the other 
side. As reported previously, both injections were per-
formed in the dorsal region of each mouse at two sites 
using 14-G needles. After the injections, the skin wounds 
were sutured with 6–0 nylon, and antibiotic ointment 
was applied to the wound surface. On days 14, 30 and 90 
post-grafting, fat tissues were acquired, and digital pho-
tographs were taken with an Olympus digital camera. 
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Additionally, the fat weight was measured with an elec-
tronic balance.

In the second set of experiments, 12 nude mice were 
used to assess the role of macrophages in the BM-MSC-
induced improvement in fat retention. To deplete mac-
rophages after fat grafting, the mice were randomly 
divided into four groups: (1) the PBS + ctrl.Lipo group 
(2) the PBS + clo.Lipo group (3) the BM-MSCs + ctrl.
Lipo group (4) and the BM-MSCs + clo.Lipo group. Clo-
dronate-containing liposomes or control PBS-containing 
liposomes were subcutaneously injected at 0.5 ml/100 g 
of body weight into both transferred fat grafts of each 
mouse every other day for a total of seven times. Fat tis-
sue was then collected from the mice for immunofluo-
rescence staining on days 7 and 14 after macrophage 
depletion.

Stem cell tracing
An IVIS bioluminescence imaging system was applied 
to monitor the fluorescence intensity of BM-MSCs in 
fat grafts. BM-MSC-RPF mice were placed in the imag-
ing dark box platform after being anaesthetized using 
an inhaled anaesthesia system, and the system software 
controlled the lifting of the platform to a suitable field of 
vision. Imaging was performed in a dark room on days 1, 
3, 5, 7 and 14 after injection. Living Image® 4.3.1 software 
was used to acquire and analyse images.

Graft retention and H&E examination
Mice were sacrificed at the designated time after graft-
ing. The transferred fat was weighed, and the retention 
rate was calculated based on weight. That is, the weight 
at the sampling time was compared to the initial weight. 
Graft tissues were dissected from each mouse. The fat tis-
sue was fixed in 4% formaldehyde for further histologi-
cal evaluation by haematoxylin and eosin (H&E) staining 
following a standard protocol (n = 6) [17]. Samples were 
embedded in paraffin and cut into 5-μm-thick sections.

The integrity of adipose tissue, the presence of cysts 
and vacuoles and the degree of fibrosis were determined 
by H&E staining, and samples were imaged and observed 
using an inverted fluorescence microscope. Each param-
eter was evaluated with reference to previous literature 
by a second blinded observer [8].

Immunofluorescence staining
Immunofluorescence staining of 5-μm formaldehyde-
fixed and paraffin-embedded fat tissue sections was 
applied according to standard procedures. In brief, cells 
were incubated at 4 °C overnight with the following pri-
mary antibodies: anti-CD31 (rabbit IgG, 1:200), anti-
MAC-2 (rat IgG, 1:200), anti-F4/80 (rabbit IgG, 1:100), 
anti-CD206 (rat IgG, 1:400) and anti-RFP (rat IgG, 1:200). 

Any residual primary antibody was washed away, and the 
bound primary antibody was reacted with corresponding 
goat anti-rabbit secondary antibodies. All primary anti-
bodies were purchased from Abcam (Cambridge, UK). 
Alexa Fluor 448- and Alexa Fluor 594-conjugated goat 
anti-rabbit and goat anti-rat secondary antibodies were 
purchased from Invitrogen. Nuclei were visualized with 
DAPI (5 µg/mL), and images were acquired using a con-
focal microscope.

Quantitative real‑time polymerase chain reaction 
(RT‑qPCR)
Total RNA was extracted from 50 mg of fat tissue using 
TRIzol reagent (Invitrogen, USA), and RNA quantity 
and quality were determined by a Nanodrop. The iso-
lated RNA was reverse transcribed into cDNA using a 
DNA synthesis kit (TaKaRa, Shiga, Japan). Subsequently, 
50 ng of cDNA was used for RT-qPCR with SYBR-green 
(TaKaRa, Shiga, Japan) and an Applied Real-Time PCR 
instrument. High-stringency primer pairs for mouse 
macrophage differentiation markers and mouse angi-
ogenesis-related genes were used. Data were analysed 
with the  2−ΔΔCt relative quantification technique using 
GAPDH expression as a normalization control. PCR 
amplifications were performed using specific primers: 
for IL-1β, 5′-TCC AGG ATG AGG ACA TGA GCAC (sense) 
and 5′-GAA CGT CAC ACA CCAG-CGTTA(antisense); 
for VEGF, 5′- ACA TTG GCT CAC TTC CAG AAA 
CAC (sense) and 5′-TGG TTG GAA CCG GCA TCT 
TTA(antisense);for IL-6, 5′-CCA CTT CAA GTC GG-
AGG CTT A-3′(sense)and 5′-TGA CAG TGC ATC ATC 
GTT GTTC-3′(antisense); or IL-10,5′-CAA AGG ACC 
AGC TGG ACA ACA-3′(sense)and 5′-GCA ACC CAA 
GTA -ACC CTT AAA GTC -3′(antisense); for TNF-α, 
GAC CCT CAC ACT CAG ATC ATCT-TCT-3′(sense)and 
5′-CCA CTT GGT GGT TTG CTA CGA-3′(antisense); for 
GAPDH, 5′-ATG GTG AAG GTC GGT GTG A-3′ (sense) 
and 5′-CTC CAC TTT GCC ACT GCA A (antisense), All 
mRNA levels were normalized to that of GAPDH.

BM‑MSC conditioned medium (BM‑MSC‑CM) collection
BM-MSC-CM was collected from passage 3 BM-MSC 
cultures. Briefly, BM-MSCs were seeded at a density of 
1 ×  106 cells in a 100-mm dish with 10% knockout serum 
in culture medium. After 24 h of incubation, the condi-
tioned medium (CM) was collected by centrifugation for 
10  min at 1500  g, and the collected supernatant (CM) 
was stored at − 80 °C.

In vitro effects of BM‑MSCs on macrophages
The effects of BM-MSCs on macrophages were assessed. 
In total, 2 ×  105 Raw 264.7 cells were transferred to 6-well 
culture plates with a 0.4-µm pore size (Corning) and 
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cocultured with 2 ×  105 BM-MSCs seeded in the upper 
insert. Moreover, we cultured Raw264.7 cells in mixed 
medium consisting of 50% high-glucose DMEM and 50% 
BM-MSC-CM. After 2 days, the supernatant of the mac-
rophages in the bottom insert was collected for immu-
nofluorescence testing, and harvested RNA was used to 
evaluate macrophage gene expression.

Enzyme‑linked immunosorbent assay (ELISA) assay
The levels of IL-10 within the BM-MSCs-CM were ana-
lysed using ELISA kits (R&D Systems, Minneapolis, MN) 
according to the manufacturer’ instructions, and the total 
protein was assessed by the BCA method.

Statistical analysis
Statistical analyses were conducted using GraphPad 
Prism 8.0, and the mean ± SEM are presented. Student’s 
t test was used for calculation of statistical differences 
between two groups, and p values less than 0.05 (p < 0.05) 
were defined as statistically significant.

Results
Characterization of BM‑MSC
BM-MSCs and BM-MSCs-RFP at 80–90% conflu-
ence were photographed using an inverted micro-
scope. Most of the cells appeared to have heterogeneous 

fibroblastic-like appearances (Fig.  1a), and BM-MSCs-
RFP showed strong red fluorescence (Fig.  1b). Further-
more, differentiation experiments confirmed that these 
BM-MSCs could differentiate into adipogenic, osteo-
genic and chondrogenic lineages (Fig.  1c–e). Isolated 
BM-MSCs were also used to verify the identity of these 
using specific markers by flow cytometric, namely, based 
on the expression of CD29, CD90 and CD44. These were 
positive in BM-MSCS, while CD34 and CD45 were nega-
tive (Fig. 1f ).

BM‑MSC increase the retention rate of fat graft
We previously reported that BM-MSCs isolated from 
rabbits had a positive effect on fat grafts. To confirm 
whether BM-MSCs isolated from mice are as effective as 
rabbit BM-MSCs in fat grafts, Coleman fat mixed with 
either PBS or BM-MSCs was transplanted subcutane-
ously into the left and right sides of nude mice. On day 
14, there were no significant differences between the two 
groups in terms of fat retention (Fig. 2a–c). However, the 
weight of the transferred fat in the BM-MSC group was 
significantly greater than that of the transferred fat in 
the PBS group on day 30 and day 90 (Fig. 2b). The weight 
retention rate of fat grafts showed a consistent trend 
(Fig. 2c). These results confirmed that the retention rate 
of fat grafts in mice was significantly higher for grafts 

Fig. 1 Characterization of BM-MSC. a, b The morphology of BM-MSCs was observed under a light microscope, and the morphology of BM-MSCs 
expressing RFP was photographed using a fluorescence microscope. c–e BM-MSCs were stained with oil red O, alizarin red and Allicin blue, 
indicating that could differentiate into adipocytes, osteoblasts or chondroblasts, respectively. f Flow cytometry analysis showed that these cells 
were highly enriched for CD29, CD44 and CD90, but negative for CD34 and CD45
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mixed with BM-MSCs than for grafts mixed with PBS 
from day 30 to day 90.

To further validate the effects of BM-MSCs, H&E 
staining was performed on days 14, 30, and 90 post 
transplantation. As shown in Fig.  2d–e, the infiltra-
tion of inflammatory cells was observed in both groups. 

However, the infiltration of inflammatory cells in the PBS 
group was consistently higher than that in the BM-MSC 
group. Interestingly, the PBS group showed infiltration 
of large inflammatory cells on day 14, and severe fibrosis 
was observed at the later stage of fat grafting compared 
with the BM-MSC group. In addition, we observed that 

Fig. 2 BM-MSCs can improve the retention rate of fat grafting. a Representative images from the mixed transplantation of fat grafts with PBS or 
BM-MSCs. b, c Percentage of fat weight and graft weight mixed with PBS or BM-MSCs. d Histological images (H&E staining) of fat grafting treated 
with PBS or BM-MSCs on day 14, 30 or 90. Scale bar 50 um. e According to the results from PBS or BM-MSCs and H&E staining after fat transfer, the 
integrity of fat, cysts, vacuoles and fibrosis were scored histological. n = 8 per group. * P < 0.05, * * P < 0.01* * * P < 0.001 and * * * * P < 0.0001
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the BM-MSC group had significantly higher fat integrity 
scores, fewer cysts, and less fibrosis on day 90 post trans-
plantation (Fig.  2e). These results reveal that BM-MSCs 
reduce the infiltration of inflammatory cells in the early 
stage of grafting and lead to better fat quality in the later 
stage.

BM‑MSCs enhanced angiogenesis in fat grafts and were 
associated with macrophages
To evaluate the pro-angiogenic potential of BM-MSCs 
in fat grafts, CD31 immunofluorescence staining was 
used to label vascular endothelial cells in the tissue 
around each transferred graft. The results of CD31 
staining indicated that the number of capillary cells in 
the fat space in the BM-MSC group was significantly 
higher than that in the PBS group on days 14, 30 and 
90 (Fig.  4a, b). However, we tracked RFP-labelled stem 
cells in vivo with an IVIS bioluminescence imaging sys-
tem and found that the number of stem cells in trans-
ferred graft, decreased sharply within 1  week (Fig.  3a, 
b); these cells were almost undetectable after one week, 
but a small number of CD31 + cells and a low RFP signal 
were still present at 30 days. Furthermore, immunofluo-
rescence staining showed that most CD31 + cells existed 

in the Mac2 + region (Fig.  4a, c). These results indicate 
that BM-MSCs promote angiogenesis not only through 
the direct transformation of stem cells but also possibly 
through effects on macrophages.

Macrophage depletion reduced the effect of BM‑MSCs 
on fat grafting in nude mice
To investigate the pro-angiogenic effects of macrophages 
on BM-MSCs, clodronate-containing liposomes or PBS-
containing liposomes were used to deplete macrophages 
in  vivo. The results showed that clodronate liposomes 
effectively depleted macrophages in the BM-MSC group. 
Notably, the clodronate-containing liposome group 
showed the lowest number of capillaries (Fig.  5a, b). 
Overall, these results indicated that macrophages were 
necessary for the promotive effect of BM-MSCs on fat 
angiogenesis.

The proangiogenic effect of BM‑MSCs in fat grafts 
is associated with M2 macrophage polarization
Macrophage-mediated inflammation and macrophage 
polarization state play important roles in fat grafting. 
Macrophage infiltration into adipose tissues was evalu-
ated using MAC-2 immunostaining. As shown in Fig. 6a, 

Fig. 3 In vivo detection of the distribution of mesenchymal stem cells (BM-MSCs) in fat transplantation. a Continuous monitoring of the 
BM-MSCS-RFP signal after transplantation. b The results showed that BM-MSCS-RFP fluorescence was retained for 7 days, and the signal intensity 
was not detected in the transplanted fat after 7 days. c Immunofluorescence staining with RFP antibody and anti-CD31 to label transplanted MSCs 
and endothelial cells in adipose tissue sections. Scale bar 100 um. n = 6 per group. * P < 0.05, * * P < 0.01* * * P < 0.001
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the expression level of MAC-2 in the PBS group was sig-
nificantly higher than that in the BM-MSC group on day 
14.

To evaluate the effect of BM-MSCs on the phenotype 
of infiltrating macrophages in transplanted fat, immu-
nostaining for MAC-2 and CD206 (M2 macrophage 
markers) was performed after transplantation. The BM-
MSC group contained a significantly higher percentage 
of MAC-2 + CD206 + macrophages than the PBS group 
on day 14 post transplantation (Fig.  6b). However, this 
trend became less apparent over time. Furthermore, 
the proportion of CD206 + cells was significantly differ-
ent on day 14 in the early stage after transplantation in 
the BM-MSC group (Fig. 6c). These results showed that 
BM-MSCs play a stage-dependent role in macrophage 
recruitment and mobilization. Specifically, BM-MSCs 
can increase the percentage of M2 macrophages in the 
early stage of fat grafting.

BM‑MSCs regulate the local inflammatory 
microenvironment in fat grafts
To further clarify the effect of BM-MSCs on the local 
inflammatory microenvironment during the early stage 
of fat transplantation, we next evaluated the expression of 
the M1 markers IL-6, IL-1β and TNF-α; the M2 markers 

IL-10 and Arg-1; and the vascular growth factor VEGF. 
The RT–qPCR results indicated that BM-MSCs could sig-
nificantly decrease the levels of the M1 proinflammatory 
cytokines TNF-α, IL-1β and IL-6 (Fig. 7a-c) and signifi-
cantly increase the expression of the anti-inflammatory 
cytokines IL-10, VEGF, and Arg-1 (Fig.  7d–f). These 
results suggest that BM-MSCs can influence macrophage 
polarization and regulate the local microenvironment by 
increasing the proportion of M2 macrophages.

BM‑MSCs secreted relatively high amounts of IL‑10
In vivo fat grafting in nude mice has revealed the role of 
macrophages in vascularization of transplanted fat medi-
ated by cytokine release. Moreover, macrophage phe-
notypic plasticity is related to signals derived from the 
local microenvironment. According to previous studies, 
MSCs can affect macrophage polarization through par-
acrine factors. On this basis, we hypothesized that BM-
MSC-CM modulates macrophage polarization through 
the secreted cytokine IL-10 in BM-MSC-CM. As shown 
in Fig.  8b, the concentration of IL-10 measured in BM-
MSC-CM was over 900 pg/mL. Collectively, these results 
demonstrate that BM-MSCs can secrete relatively high 
amounts of IL-10.

Fig. 4 Immunofluorescence analysis of the interaction between blood vessels and macrophages at different time points with PBS or BM-MSCs. a 
The effects of PBS or BM-MSCs on transplanted fat endothelial cells and macrophages were labelled with CD31 (green) and MAC2 (red) staining, 
respectively. Scale bar 50 um. b Compared with the PBS control group, BM-MSCs could promote the vascularization of transplanted fat after 
transplantation on days 14, 30 and 90. c Compared with the PBS control group, BM-MSCs could reduce the number of inflammatory cells. n = 6 per 
group *P < 0.05, **P < 0.01***P < 0.001
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IL‑10, as a major component secreted by BM‑MSCs, 
promoted M2 macrophage polarization
To further investigate the role of IL-10 in BM-MSC-
induced macrophage polarization, we confirmed that 
BM-MSC-CM contained a relatively high amount of 
secreted IL-10. Therefore, we hypothesized that IL-10 is 
a critical secreted factor of BM-MSCs that alters mac-
rophage phenotype. We neutralized IL-10 in BM-MSC-
CM, with double immunocytochemical staining and 
RT-qPCR were applied to assess macrophage polariza-
tion. As shown in Fig. 8a, c, the numbers of CD206 + cells 
in cultures treated with BM-MSC-CM were increased, 
and the same effects were observed on the levels of 
Arg-1 and VEGF. Moreover, neutralizing IL-10 in BM-
MSCs showed no effect on macrophage phenotype. 
Taken together, our results demonstrated that BM-MSCs 
induced M2 macrophage polarization through IL-10.

Discussion
In recent years, MSCs have been proposed as a promis-
ing treatment option to improve graft retention [1, 8]. In 
this study, we first found that mouse BM-MSCs increased 
fat graft retention. Second, live cell tracking and fluo-
rescence double staining experiments were proven that 

only a small number of stem cells differentiated directly 
into endothelial cells. Finally, the important relationship 
between angiogenesis and macrophages in fat transplan-
tation was clarified. Our results showed that BM-MSCs 
act as trainers of macrophages. They modulate the phe-
notype of macrophages to M2, Which can establish tissue 
revascularization more quickly and improve the reten-
tion rate of fat grafts.

In this study, we successfully modelled fat grafting 
in nude mice and used BM-MSCs to facilitate fat graft-
ing. We then monitored the appearance of fat, retained 
weight of the fat graft, and graft retention rates for sta-
tistical analysis. The results showed that the grafts con-
taining BM-MSCs were larger in size and heavier, with 
higher fat retention rates than grafts mixed with PBS. 
H&E staining showed an interesting pattern: the BM-
MSC group had less inflammatory cell infiltration during 
the early stage of fat grafting on day 14 than the control 
group, while the control group had more tissue fibrosis in 
the later stage.

Stem cells act through multiple mechanisms and 
improve the efficacy of stem cell therapy [18–20]. In addi-
tion to the direct transformative and regenerative abili-
ties of transplanted cells, the regulation of immune cells 

Fig. 5 Macrophage depletion reverses the angiogenesis effect of BM-MSCs in fat grafting. a 7 days and 14 days after PBS or BM-MSCs treatments, 
MAC-2 (red) and CD31 (green) were used to stain control or clodronate liposome-treated adipose tissue sections to label endothelial cells and 
macrophages, respectively. Scale bar 50 um. b After clodronate liposome treatment, MAC-2 dropped sharply in the PBS and BM-MSCs groups. c 
Compared with the macrophage depletion group, the blood vessels in the transplanted fat were significantly reduced. n = 6 per group. *P < 0.05, 
**P < 0.01, ***P < 0.001 and ****P < 0.0001
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Fig. 6 BM-MSCs increased the percentage of M2 macrophages in transplanted fat. a The effects of PBS or BM-MSCs on transplanted macrophages 
and M2 macrophages were labelled with MAC2 + (red) and CD206 + positive (green) staining. Scale bar 50 um. b, c Compared with the PBS control 
group, the ratio of CD206 + M2 macrophages increased rapidly on days 14 of transplantation in the BM-MSCs group, and stabilized on days 30 and 
90. The ratio of CD206 + M2 macrophages was still high in PBS group. n = 6 per group. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001

Fig. 7 BM-MSCs regulate the inflammatory microenvironment of transplanted fat. The total RNA from transplanted fat treated with PBS and 
BM-MSCs was extracted, and the expression of inflammatory factors and growth factors in these tissues was quantitatively detected using RT-qPCR. 
a IL-6. b IL-1β. c TNF-α. d IL-10. e Arg-1. f VEGF. n = 6 per group. *P < 0.05 and **P < 0.01
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by stem cells plays a key role in tissue regeneration [21]. 
Many studies have shown that stem cells recruit immune 
cells and change the early tissue microenvironment to 
achieve tissue regeneration [22–24]. All the above find-
ings verified the potential benefits of BM-MSCs in fat 
grafts. We found that the number of BM-MSCs in trans-
ferred fat gradually decreased over time, and only a 
part of neovascularization was directly differentiated by 
BM-MSCs. This result was consistent with the findings 
of previous reports [25, 26]. Thus, BM-MSCs probably 
increased fat retention by regulating endogenous cells or 
acting through paracrine mechanisms.

Rapid revascularization in the early stage of transplan-
tation is key to promoting fat retention. According to 
the early literature and our pre-experimental results, we 
chose 1 ×  106 BM-MSC dose for mixed transplantation. 
At this dose, the animals survived safely after 3 months 
transplantation. In addition, we found that the retention 
rate in the graft changed significantly. Immunohisto-
chemistry showed that the retention of fat grafts in the 
BM-MSC group was attributed to angiogenesis. This 
observation was consistent with many previous reports. 
In this study, we selected only a single effective dose, 
However, whether there is any causative relationship 
between stem cell dose and blood vessels must be fur-
ther studied. Rapid and acute infiltration by macrophages 

may lead to tissue vascularization and regeneration after 
fat grafting [17]. Macrophages are involved in mediat-
ing the therapeutic effect of BM-MSCs, which has been 
reported in many disease models [27–29]. To deter-
mine whether the effect of BM-MSCs was related to 
macrophages, we performed double immunofluores-
cence staining for MAC-2 and CD31, and the results 
showed that MAC-2 + macrophages colocalized with 
CD31 + endothelial cells in both groups. In addition, 
macrophage depletion significantly hindered angiogen-
esis in fat grafts. Thus, the promotion of fat graft vascu-
larization by BM-MSCs may be related to macrophages.

Macrophages also play essential roles in inflamma-
tion and regeneration in transferred fat tissues [30, 31]. 
which is the key regulator of the local inflammatory envi-
ronment in the early stage of fat grafting [17]. In differ-
ent microenvironments, macrophages are polarized into 
different phenotypes, triggering different functions. M2 
macrophages are involved in debris removal, angiogen-
esis, tissue regeneration and wound healing [32]. Stud-
ies have shown that additional supplementation with M2 
macrophages increases the retention of transplanted fat 
by enhancing angiogenesis in fat grafts [17]. M2 mac-
rophages have been shown to play a key role in the early 
neovascularization process; in vitro experiments showed 
that the expression of angiogenic growth factors and 

Fig. 8 BM-MSCs promoted M2 macrophage polarization via IL-10. a Representative immunofluorescence staining for F4/80 and the M2 marker 
CD206 in BM-MSCs and BM-MSC-CM. Scale bar 100 um. b Conditioned medium (CM) from BM-MSCs was collected and analysed for IL-10 by ELISA. 
c Analysis of the percentage of  CD206+ /F4/80+ on various samples. d The mRNA levels of M2 markers in BM-MSCs and BM-MSC-CM. n = 6 per 
group.*P < 0.05, **P < 0.01
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cytokines in M2 macrophages is higher than that in M1 
macrophages, and macrophages secrete a large num-
ber of angiogenic factors, such as vascular endothelial 
growth factor, basic fibroblast growth factor and matrix 
metalloproteinases [33]. Studies have demonstrated the 
involvement of PLGF and FGF signalling in M2-induced 
angiogenesis [34].

Thus, increasing the number or proportion of M2 
macrophages in the recipient area is an attractive treat-
ment strategy to increase the retention rate of fat grafts. 
However, it is difficult to enrich M2 macrophages for 
clinical application. Therefore, researchers have begun 
to seek alternative strategies to regulate macrophage 
polarization.

BM-MSCs have been reported to regulate macrophage 
phenotype in the context several disorders [35–37]. 
Recently, using a murine model of diabetic wound heal-
ing, Zhang et  al. demonstrated that BM-MSCs induced 
the functional restoration of vascular endothelial cells 
by polarizing macrophages into an anti-inflammatory 
phenotype [38]. Cytokines in the inflammatory micro-
environment are important in macrophage polarization. 

In this study, we found that BM-MSCs increased the 
percentage of M2 macrophages in transferred fat and 
changed the local environment by inhibiting proin-
flammatory cytokine expression and increasing anti-
inflammatory cytokine levels. These results indicate 
that BM-MSCs can provide a more favourable environ-
ment for M2 macrophages. Moreover, we demonstrated 
the effect of BM-MSC-CM on RAW264.7 cells in  vitro. 
Additionally, a beneficial component in the BM-MSC 
secretome was identified. We found that BM-MSCs 
secreted relatively high amounts of IL-10, which exerted 
an anti-inflammatory effect and promoted tissue regen-
eration [39] and also induced M1-to-M2 macrophage 
repolarization. We found that the induction of M2 mac-
rophages by BM-MSC-CM was attenuated by applying a 
neutralizing anti-IL-10 antibody, further confirming that 
IL-10 is necessary for BM-MSC-CM-induced M2 mac-
rophage polarization. However, this study only briefly 
verified the role of IL-10 in vitro, so we will explore the 
role of this cytokine in a fat graft model in  vivo in the 
future.

M2 polarizationIL-10 Promote 
angiogenesis

Early stage of fat grafting

14 days90 days

Fat retention rate increase

M1 macrophage

M2 macrophage

Bone marrow mesenchymal stem cell

Fat grafting

0 day

Fig. 9 Schematic diagram depicting the potential mechanism by which BM-MSCs can improve the retention rate and enhance angiogenesis in 
context of fat grafting
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Conclusions
In summary, this study showed that BM-MSCs increased 
the retention rate of fat grafts and enhanced angiogen-
esis and that these effects may be partly attributed to the 
repolarization of macrophages into the M2 phenotype via 
the secretion of IL-10 (Fig. 9). Our results provide novel 
insight into the role of BM-MSCs in fat grafting..
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