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Background: Cell-assisted lipotransfer (CAL), a modified adipose-derived stromal/stem cells (ADSCs)-
based approach for autologous fat grafting that is an ideal option for soft tissue augmentation, has many
shortcomings in terms of retention and adverse effects. The objective of our study was to improve the
treatment efficacy of CAL by adding fibroblasts.
Methods: ADSCs and fibroblasts were isolated from human adipose and dermal tissues, with fibroblasts
identified by immunofluorescence and ADSCs identified by the multilineage differentiation method. We
performed cell proliferation, apoptosis, migration, adipogenic, and hemangioendothelial differentiation
experiments, qPCR and Western blotting analysis in co-cultures of fibroblasts and ADSCs. Subsequently,
we conducted animal experiments with BALB/c nude mice. Masson's staining, immunofluorescence
staining and ultrasound were used to analyze the occurrence of adverse reactions of the grafted fat, and
CT and three-dimensional reconstruction were used to accurately evaluate the volume of the grafted fat.
Results: We found that the co-culture of fibroblasts and ADSCs promoted their mutual proliferation,
adipogenic differentiation, hemangioendothelial differentiation and proliferation and migration of
HUVECs. Fibroblasts inhibit the apoptosis of ADSCs. Moreover, in animal experiments, the autografted
adipose group combined with ADSCs and fibroblasts had the least occurrence of oily cysts, and fat had
the best form of survival.
Conclusions: We enhanced adipocyte regeneration and angiogenesis in ADSCs and fibroblast cells after
adding fibroblasts to conventional CAL autologous fat grafts. In turn, the volume retention rate of the
grafted fat is improved, and the adverse reactions are reduced.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Breast cancer is the most commonmalignant tumor in theworld,
and its global burden exceeds all other cancers [1,2]. After breast
cancer surgery, the quality of life of breast cancer patients is influ-
enced by partial breast deformity, which is disfiguring and can stig-
matize the patient [2]. To improve their quality of life, up to 40% of
womendiagnosedwithbreast cancer requirebreast reconstructionas
a surgical treatment [3]. Female patients who choose breast recon-
struction range from implants (usually saline or silicone) to
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autologous tissues [4,5]. However, exponentially increasing evidence
has shown that breast implants are associated with serious compli-
cations, such as capsular contracture, infection, lump, implant
rupture, squeeze (implant penetrates the skin) [5e8] and anaplastic
large cell lymphoma [7]. These complications cast a shadow on the
future of implant-based breast augmentation surgery. Autologous
tissues for breast reconstruction include free flaps and autologous fat.
Comparedtobreast implants, freeflaps lookand feelmorenaturaland
more like natural breast tissue [9]. There is no risk of breast implant
rupture, but the disadvantages of using free flaps include longer
surgeryandhospital stay,higherdonor sitemorbidity (e.g., abdominal
bulging and scarring), vascular flap complications, etc [10,11].

Autologous fat seems to be a promising option for breast
reconstruction. It is being accepted as an ideal soft-tissue filler
because it is biocompatible, versatile (such as body shaping),
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nonimmunogenic, and easily available [12]. However, the reab-
sorption rate of grafted fat is highly unpredictable and has been
reported to range from 20 to 90% [13]. Therefore, the outcome of fat
grafting often leads to overcorrection or multiple operations [13].

Cell-assisted lipotransfer (CAL) based on ADSCs has become a
promising cell therapy technology that can significantly increase the
survival rate of fat grafts to 49.83e80.2% [5,14]. However, the existing
obstacle for this method in clinical therapy is the unstable survival
ratio of fat grafts and poor pathophysiological consequences (such as
oily cysts and calcification) that still need to be improved [5]. Another
CAL method also based on ADSCs is Stromal-vascular fractions (SVF)
assisted fat grafted. SVF is a cell population containing ADSCs, fibro-
blasts and macrophages [3]. The disadvantage of SVF is that its cell
population is complex and the proportion of its cell population cannot
be standardized during the SVF isolation process, making the final fat
retention rate still very uncertain [8,15]. In addition, it is worth
mentioning thatonestudyshowedthat fat graftingutilizingSVFrather
than ADSCs as its CAL component had higher long-term retention
rates, suggesting that other cells in SVFmaycontribute to fat retention
rates improvement [16]. Based on this, we focused our research on
fibroblasts that produce ECMs. Currently, the function of ECMs has
been expanded to be considered a “niche” for stem cells [17,18]. Usu-
ally, all cellsneed tobeadjacent to theECMstogrowandreproduce[3].
Fibroblasts are the principal cell type that produces, maintains, and
reabsorbs ECMs [19], but they also participate in the dynamic balance,
remodeling of tissues, and the adjustment of interstitial fluid volume
and pressure, thus realizing the steady state of tension, which could
provide more space and growth opportunities for fat regeneration
[20]. Additionally, adipose tissue rich infibroblasts ismore in linewith
the physiological structure of breast structural fat [21]. Moreover, fi-
broblasts not only provide a structural framework for all tissues but
also serve as a repository for cytokines and growth factors and a
scaffold for cell migration [22]. Importantly, fibroblasts have a strong
ability to repair injuries that candifferentiate intoadipocytes, and they
can also directly differentiate into hemangioendothelial cells to form
newbloodvessels [22].Recently,fibroblastshavebeenused forwound
healing and facial plastic surgery in the clinic [23].

In this study, we aimed to evaluate the function of fibroblasts on
ADSCs in angiogenesis and lipogenesis and explore the underlying
mechanisms based on proteomics in depth. Our data might provide
helpful evidence to improve the survival and poor pathophysio-
logical consequences of adipocytes in autologous fat grafting.

2. Materials and methods

2.1. Tissue cell separation, identification and culture

Normal adipose tissue and dermal tissue were obtained from 3
femalepatientswithbenignbreast tumorsbetween theagesof30and
70, and the distance between the obtained tissues and benign tumors
was>5cm[24].A total of 15mlof adipose tissueand3�3mm3of skin
tissue were obtained. ADSCs and fibroblasts were obtained from ad-
ipose and dermal tissue following previously published procedures,
respectively [14]. Adipose tissuewas digested in Dulbecco's modified
Eagle's medium (DMEM, KeyGen BioTECH, China) with 0.1% (wt/vol)
type II collagenase at 37 �C for 60min. The dermal tissuewasdigested
inDMEMwith 0.1% (wt/vol) type 1 collagenase at 37 �C for 180min. It
was filtered through 70-mM cell strainers to remove any residual tis-
sues, then centrifuged at 400�g for 5 min andwashed twice, and the
supernatant was discarded. The resulting cells were individually
cultured until fully confluent.

ADSCs are identified in twoways. On the one hand, the amplified
third-generation ADSCs were placed in a centrifuge tube (1 � 106/
tube), and the ADSCs were incubated with FIFC-conjugated mono-
clonal antibodies, specifically: CD73-FIFC(Cat#127219), CD90-FIFC
8

(Cat#328107), CD105-FIFC (Cat#323203), CD31-FIFC (Cat#303103),
CD34-FIFC (Cat#343503) and CD45-FIFC (Cat#304005) with FIFC
Human IgG1 (Cat#403507) as isotype control. All antibodies were
from BioLegend. Cells were detached with 0.25% trypsin, washed in
FACS buffer (1% fetal bovine serum, 0.1% NaN3 in PBS), and mixed
with directly conjugatedmonoclonal antibody (5 ml/100,000 cells) in
FACS buffer incubate on ice for 30 min, wash twice with FACS buffer
and fix with 1% paraformaldehyde/PBS. Detection was performed by
flow cytometry and analysis was performed by Flowjo. On the other
hand, ADSCs were identified by oil red O (OriCell, HUXMD-90031,
American), alizarin red and alcian blue staining to identify adipose
tissue, bone (OriCell, HUXMD-90021, American) and chondrocytes
(OriCell, HUXMD-04041-2, American), respectively [25]. Fibroblasts
are identified in two ways. On the one hand, cells were identified as
fibroblasts by immunofluorescence with a monoclonal antibody
against vimentin (vimentin, 1:500, rabbit, Abcam ab92547) [26]. On
the other hand, fibroblasts were stained with CD10-FIFC (Cat#
312207), CD26-FIFC (Cat#302704) and CD106-FIFC (Cat#A15439)
monoclonal antibodies conjugated to APC, FIFC Human IgG1
(Cat#403507) was used as an isotype control [27,28]. All antibodies
were from BioLegend except CD106-FIFC from Thermofisher. The
method is the same as above for the identification of ADSCs. Human
umbilical vein endothelial cells (HUVECs) were purchased from the
Cell Bank of Shanghai Institutes for Biological Sciences (Shanghai,
China). HUVECs and fibroblasts were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin/
streptomycin (Gibco). ADSCs were cultured in Preadipocyte Medium
(PAM, Sciencell, USA).

Human umbilical vein endothelial cells (HUVECs) were pur-
chased from the Cell Bank of Shanghai Institutes for Biological
Sciences (Shanghai, China). HUVECs and fibroblasts were cultured
in DMEM supplemented with 10% fetal bovine serum (FBS; Gibco)
and 1% penicillin/streptomycin (Gibco). ADSCs were cultured in
Preadipocyte Medium (PAM, Sciencell, USA).

2.2. Adipogenicity of ADSCs and fibroblasts

To evaluate the reciprocal effect between ADSCs and fibroblasts
on adipogenic differentiation ability, we conducted an induced
differentiation assay in a co-culture system. For the Transwell co-
culture model, ADSCs at a density of 2 � 105 cells/well were
seeded in the lower chamber of a 6-well plate, and fibroblasts with
a 0.4-microm pore size (3412; Corning) were placed on the top of
each well followed by seeding with 2 � 104 cells/well in the upper
chamber of the Transwell as the experimental group [29]. A sepa-
rate culture group of ADSCs and fibroblasts was used as a control.
After that, the medium was changed to a Human Adipose Mesen-
chymal Stem Cell Adipogenic Differentiation Kit (HUXMD-04041-2,
OriCell). Twoweeks later, oil red O staining was used to detect lipid
formation [30,31].

2.3. Hemangioendothelial differentiation of ADSCs and fibroblasts

To evaluate the reciprocal effect between ADSCs and fibroblasts
on the hemangioendothelial cell differentiation capability, we
conducted an induced differentiation assay in a co-culture system.
Groups and plated cells were divided in the same way as described
above. When the cells reached 70e90% confluency, the medium
was replaced with endothelial medium (DMEM þ 30% human
serum (From the patients, the collection method is as described
[32], 50 ng/ml VEGF [SigmaeAldrich, USA], 10 ng/ml bFGF
[SigmaeAldrich, USA]) for 7 days. The medium was changed every
2 days. Anti-Factor VIII (Abcam, USA) was used to identify differ-
entiated hemangioendothelial cells by immunofluorescence
staining.



H. Fu, S. Dong and K. Li Regenerative Therapy 22 (2023) 7e18
2.4. Co-culture of cells under ischemia and hypoxia

To mimic hypoxic conditions immediately after fat grafting, we
performed a Transwell co-culture model under 5% O2. We divided
the cells into three groups: an ADSC and fibroblast co-cultured
group and ADSC and fibroblast groups cultured separately. Briefly,
after cells attached to the culture dish, the original complete culture
mediumwas replaced with 10 ml serum-free PAM and placed in an
anoxic incubator. Hypoxia was induced by using a multifunctional
incubator (Thermo, USA), and the O2 concentrationwasmaintained
at 5% with a mixture composed of CO2 and balanced N2 for 72 h
[33]. After 72 h, we collected the supernatant from each sample and
centrifuged it at 3000g for 10 min before discarding the pellet and
subjecting the supernatant to subsequent experiments [34].

2.5. Cell Counting Kit 8 analysis

Cells were seeded at 2 � 103 cells/well in 96-well plates and
incubated for 48 h at 37 �C with 5% CO2. Cells were incubated with
10 ml CCK8 labeling reagent (0.5 mg/ml; Dojindo, Japan) and 100 ml
serum-free medium per well for 2 h. At three time points of 0 h,
24 h, and 48 h, the cell viability was calculated by using a micro-
plate reader (Thermo Scientific, Shanghai, China) to detect the ab-
sorption at 450 nm [35].

2.6. Cell migration

Wound healing and Transwell studies were used to determine
the migration rate of HUVECs. Three lines at 1 cm intervals were
painted behind 6-well plates in the wound healing assay. HUVECs
were seeded into 6-well plates at a density of 6 � 105 cells/well
with different supernatant treatments as described above, and the
cells were scratched with lines perpendicular to the previously
painted line. Three fields were randomly selected from each well,
and cell movements in the scratch were observed and photo-
graphed at 0 h, 24 h, and 48 h. The width of the scratch was
detected with ImageJ 1.8 software. Meanwhile, a Transwell filter
assay (Minicell, Millipore, USA) was used to quantify cell invasion.
HUVECs were added to the upper chamber with 8.0-mm pore size
membrane inserts in 24-well plates at a density of 5 � 103. Cells
that migrated to the outside of the membrane were stained with
crystal violet (Beyotime) after 24 h. The cells were counted at 100�
magnification in five randomly selected regions per well, and all
these experiments were repeated at least three times [35].

2.7. Flow cytometry

ADSCs were co-cultured with or without fibroblasts separately
under hypoxic conditions. These cells were harvested and centri-
fuged at 1300 rpm for 5min at 72 h, and the cells pellet was washed
with ice-cold D-Hanks (pH 7.2e7.4). The cells pellet was suspended
in 200 ml of 1� binding buffer, and 10 ml Annexin V-APC was added
to stain cells in the dark for 15 min. Apoptotic cells were detected
by flow cytometry and analyzed by FlowJo [36].

2.8. Endothelial tube formation assay

Ischemia and hypoxia model cells, as well as supernatant
collection, are depicted above. HUVECs were cultured with ADSCs
and fibroblast co-culture supernatant as the experimental group.
HUVECs were cultured with ADSC and fibroblast supernatant
separately, with HUVECs serum-free culture serving as a control
group. HUVECs were seeded onto 96-well plate-coated matrix gels
(BD Biosciences) and treated separately with the three lysates in 5%
CO2 at 37 �C for 12 h. The resulting tubular structures were imaged
9

using a light microscope, and the total number of connections was
automatically calculated using the Angiogenesis Analyzer plug-in
in ImageJ 1.8 software [37].

2.9. Quantitative polymerase chain reaction (qPCR)

We performed qPCR experiments on ADSCs co-cultured with
fibroblasts, and ADSCs cultured alone (Cell culture conditions are
shown in the co-culture of cells under ischemia and hypoxia sec-
tion). Total RNA was extracted using a High Pure RNA Isolation kit
(Roche). cDNAwas obtained by reverse transcription-PCR from 1 mg
of RNA using SuperScript ViLO cDNA synthesis (Invitrogen) ac-
cording to the manufacturer's instructions. Gene expression was
analyzed by real-time qPCR using LightCycler 480 SYBR green I
master mix (Roche), corrected by GAPDH expression and expressed
as relative units. The primer sequences used for qPCR are listed in
Supplementary Table 1.

2.10. Construction of a fat-grafted BALB/c nude mouse model

Animal experiments were approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University (Nanjing,
China). Female BALB/c nude mice (3e4 weeks old) were purchased
from the University Model Animal Research Center of Nanjing
Medical University and raised under SPF conditions in the animal
room of Nanjing Medical University.

As described above, after obtaining primary ADSCs and fibro-
blasts, these two cell lines were expanded in vitro to obtain the cells
required for subsequent experiments. After grinding the adipose
tissue into a chyle, it was centrifuged at 1200�g for 3 min to obtain
the purified fat required for this experiment, that is, the “Coleman
fat” in the middle layer [38] (Fig. 4A and B).

Fibroblasts and ADSCs were counted for cell viability using a
Countess® II automated cell counter prior to autologous fat grafting
(Fig. 4C). Twenty BALB/c nudemicewere divided into 4 groups with
5mice in each group. The cell density of all CAL groups was 2� 107/
ml. The first group was fibroblasts combined with ADSCs (the ratio
of cells was fibroblasts vs ADSCs, 1:5) mixed with fat; the second
group was fibroblasts mixed with fat; the third group was ADSCs
mixed with fat; the fourth was fat grafted. Finally, the left side of
the second pair of mammary fat pads of BALB/c nude mice was
injected with grafted fat or fat with mixed cells, and the injection
volume of each group was 200 mL. The volume calculation formula
was total volume (mm3) ¼ length � width2/2 [39]. At 12 weeks
posttransplant, following imaging studies, fat specimens were
removed, weighed, and fixed in 4% paraformaldehyde for further
analysis.

2.11. CT and 3D reconstruction

At week 12 after fat grafting, microcomputed tomography
(microCT) and imaging were performed using a Bruker Skyscan
1276 microCT (Bruker) to measure the volume of grafted fat in
BALB/c nude mice. 3D reconstruction was performed using cubic
spline interpolation, and the mean value was calculated for each
sample. The assessment of graft fat volume was performed by two
investigators in a single-blind setting [40].

2.12. Ultrasonography

We performed ultrasound examinations using a MyLab™Delta
ultrasound system (SL3116, Esaote, Genoa, Italy). We exposed
anesthetized BALB/c nude mice to 20 MHz, pulsed USW, and a scan
rate of 35 frames per second for 2e3 min. The grafted fat of BALB/c
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nude mice was scanned to evaluate the occurrence of oily cysts in
BALB/c nude mice in each group [41].

2.13. Histological staining

At the observation end point at week 12, after the above-
mentioned examinations were completed, the grafted fat removed
from the subcutaneous tissuewas fixed in 4% paraformaldehyde for
12 h, embedded in paraffin, and sectioned (8 mm thickness). Mas-
son's staining (acid fuchsin staining for 5e10 min, aniline blue
staining for 5 min) was used to analyze the distribution of surviving
adipocytes and their surrounding ECMs. Three randomly selected
regions in each sample (sample size per group, n ¼ 3) were imaged
under an inverted microscope (Olympus Corporation) [42].

For immunofluorescence histology staining, tissue sections
were probed with primary antibodies overnight at 4 �C and then
incubated with Cy™3-conjugated secondary antibodies or Alexa
Fluor 488-conjugated secondary antibodies. The following primary
antibodies were used for immunohistochemistry: F4/80 (D4C8V)
XP® Rabbit mAb, anti-Human Nuclear Antigen, anti-Perilipin, and
anti-CD34. Staining was performed according to the reagent man-
ufacturer's instructions. A microscope was used to take photomi-
crographs. Among them, type 2macrophages were labeled with F4/
80, and the fluorescent color was green; the anti-Perilipin antibody
labeled adipocytes, and the fluorescent color was orange; the anti-
CD34 antibody labeled hemangioendothelial cells, and the fluo-
rescent color was red. Five randomly selected regions in each
sample (sample size per group, n ¼ 3 per group) were imaged [43].
Fig. 1. Effects of ADSCs and fibroblasts on the proliferation and apoptosis of each other. A: R
ADSCs with Annexin V-APC and 7-AAD. The apoptosis rate of ADSCs in ADSCs co-cultured w
promote each other's proliferation. a: ADSCs promote the proliferation ability of fibroblasts.
fibroblasts and ADSCs when co-cultured is greater than their respective proliferation abilitie
the asterisks represent significant differences between the groups (*P < 0.05, **P < 0.01, *
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2.14. Statistics

Data were visualized, and statistical analyses were performed
using Prism 8.0 software (Graph Pad) or the R statistical package.
P < 0.05 was considered statistically significant. In all cases, the
experimental groups showed comparable variance. Each experi-
ment was performed in triplicate. P values for unpaired compari-
sons between two groups with comparable variance were
calculated by two-tailed Student's t test. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001. Error bars indicate the mean ± s.d., as
indicated.

3. Results

3.1. Fibroblasts regulate the proliferation, apoptosis, and adipogenic
and hemangioendothelial cells differentiation of ADSCs

Primary fibroblasts and ADSCs were successfully isolated from
human tissues and identified separately. ADSCs were identified by
CD73þ, CD90þ, CD105þ, CD31�, CD34� and CD45� [44,45], and
by their ability to differentiate into adipogenic, chondrogenic and
osteogenic (Supplementary Fig. 1). Fibroblasts are not fully capable
of adipogenic, chondrogenic and osteogenic differentiation [28,46].
Fibroblasts were identified by CD10þ, CD26þ, CD106� [27,28] and
immunofluorescence chemical staining of vinmentin
(Supplementary Fig. 2).

ADSCs apoptosis was inhibited by fibroblasts (Fig. 1A). Fibro-
blasts promoted the proliferation of ADSCs whether they are co-
epresentative scatter plots of flow cytometry analysis to measure apoptosis by staining
ith fibroblasts was lower than that in ADSCs cultured alone. B: ADSCs and fibroblasts
b: Fibroblasts promote the proliferation ability of ADSCs. c: The proliferation ability of
s when they are cultured separately. Student's t test was used to analyze the data, and
**P < 0.001, ****P < 0.0001, n ¼ 3).
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cultured in indirect contact co-culture (Fig. 1B-b) or direct contact
(Fig. 1B-c). The results showed a beneficial interaction between the
two kinds of cells. In the adipogenic differentiation experiment, the
co-culture of fibroblasts and ADSCs was performed as the experi-
mental group, and fibroblasts and ADSCs were cultured separately
as two control groups. The results demonstrated that the adipo-
genic (Fig. 2A, co-culture [ADSCs] > ADSCs, P < 0.05) and heman-
gioendothelial cells (Fig. 2B, co-culture [ADSCs] > ADSCs, P < 0.05)
differentiation capacities of ADSCs were improved by fibroblasts in
the co-culture group.
3.2. ADSCs regulate the proliferation, adipogenic and
hemangioendothelial cells differentiation of fibroblasts

We found that ADSCs promoted not only the proliferation
of fibroblasts (Fig. 1B-a) but also the differentiation of
adipocytes (Fig. 2A, co-culture [Fibroblasts] > Fibroblasts,
P < 0.05) and hemangioendothelial cells (Fig. 2A, co-culture
[Fibroblasts] > Fibroblasts, P < 0.05). However, unlike fibro-
blasts, which could inhibit the apoptosis of ADSCs, ADSCs could
not inhibit fibroblast apoptosis (Negative results not shown). The
results also showed that the adipogenic (Fig. 2A) and heman-
gioendothelial cells (Fig. 2B) differentiation capacities of ADSCs
were better than those of fibroblasts, whether in co-culture or
separate cultures.
Fig. 2. Adipogenic and hemangioendothelial cells differentiation of ADSCs and fibroblasts. A
when they were co-cultured. B: The capacity of ADSCs and fibroblasts to differentiate in
**P < 0.01, ***P < 0.001, ****P < 0.0001, n ¼ 3).
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3.3. Co-culture system promotes angiogenesis, proliferation, and
migration capabilities of HUVECs

Compared with the fibroblast or ADSC supernatant, the co-
culture supernatant significantly promoted angiogenesis (Fig. 3A),
proliferation (Fig. 3C), and migration(Fig. 3B, D) of HUVECs, indi-
cating that the secretory components of the co-culture supernatant
play important roles in the proliferation, angiogenesis and migra-
tion processes of HUVECs.
3.4. Changes in angiogenesis and adipogenic factors expression in
the co-culture group

In the process of exploring the mechanism of this part of the
experiment, we detected the expression of classical angiogenesis
and adipogenesis factors (PPARg, bFGF, VEGF, C/EBPa, C/EBPb,
FABP4, Leptin, Adiponectin, IGF1, GAPDH [16,47,49]). We found that
only VEGF, C/EBPa and IGF1 were significantly increased in the co-
culture group of ADSCs and fibroblasts compared to ADSCs cultured
alone (Supplementary Fig. 3).
3.5. Process and volume analysis of fat grafting

Before performing CAL fat grafting experiments, we successfully
isolated and expanded fibroblasts and ADSCs from human tissues
: The capacity of ADSCs and fibroblasts to differentiate into adipocytes was improved
to hemangioendothelial cells was improved when they were co-cultured (*P < 0.05,



Fig. 3. A Co-culture system of ADSCs combined with fibroblasts promotes angiogenesis, proliferation, and migration capabilities of HUVECs. A: Co-culture supernatant of ADSCs
combined with fibroblasts can considerably improve the angiogenesis of HUVECs when compared to fibroblast or ADSCs supernatant. B: In the Transwell filter assay, compared with
fibroblasts or ADSCs supernatant, the co-culture supernatant of ADSCs combined with fibroblasts significantly promoted the migration of HUVECs. C: Co-culture supernatant of
ADSCs combined with fibroblasts can considerably promote the proliferation of HUVECs when compared to fibroblast or ADSCs supernatant. D: In the wound healing assay,
compared with the fibroblasts or ADSCs supernatant, the co-culture supernatant of ADSCs combined with fibroblasts significantly promoted the migration of HUVECs (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, n ¼ 5).
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in vitro (Fig. 4A), and purified fat was obtained using the “Coleman”
method [38] (Fig. 4B). When fat grafting was performed, we
determined the viability of viable cells. The viable viability of fi-
broblasts and ADSCs were 89% and 94%, respectively (Fig. 4C). The
construction of a complete fat graft model is shown in Fig. 4. In
preliminary experiments, we found that the fibroblasts combined
with ADSCs (cell ratio of 1:5, the following are the former than the
latter) mixed with fat group, could most effectively maintain the
volume of grafted fat. Therefore, in the follow-up study, we selected
the group of fibroblasts combined with ADSCs (cell ratio of 1:5) as a
representative group of fibroblasts combined with ADSCs for fat
grafting.

We found that after fat grafting, from week 8 to week 12, the
fibroblasts combined with ADSCs mixed with fat group had a
significantly higher rate of regeneration of the grafted fat volume
than the other three groups. At the 12th week after fat grafting, the
volume of grafted fat was measured by micro-CT tomography þ 3D
reconstruction. In all four groups, the volume of grafted fat was
ranked from high to low (Fig. 5B): the fibroblasts combined with
ADSCsmixedwith fat group (190mm3 ± 4%), the ADSCsmixedwith
fat group (135 mm3 ± 3.2%), the fibroblasts mixed with fat group
(103 mm3 ± 4.8%), and the fat group (25 mm3 ± 5%).
3.6. Qualitative analysis of fat grafts

The ultrasound results (Fig. 6A) showed that compared with the
three groups of ADSCs combined with fat, fibroblasts combined
with fat, and fat, the formation of oily cysts in the fibroblast com-
bined with ADSCs mixed with fat group was much less than the
levels in the other three groups. Tissue integrity and grafted fat
volume were much higher than those of the other three groups.

The results of Masson's staining showed that the combination of
fibroblasts combined with ADSCs in the mixed adipose group had
the best morphology, rich ECMs (Fig. 6B), and maintained the
normal adipose tissue structure, which may be due to the ECMs
Fig. 4. Process of fat grafting. A: Fibroblasts, ADSCs (and expanded in vitro) and adipose tiss
fibroblasts combined with ADSCs mixed with adipose group, ADSCs mixed with adipose gr
cutaneously grafted into BALB/c nude mice. B: The purified adipose tissue is divided into thr
bottom layer is the blood and normal saline. C: Determination of ADSCs (94% viability) and
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secreted by fibroblasts supporting the adipose tissue The space for
the cells so that they do not pile up excessively due to reduced
oxygen consumption.

As seen from the results of immunofluorescence staining
(Fig. 7), in the fibroblasts combined with ADSCs mixed adipocyte
group, a large number of viable and morphologically healthy adi-
pocytes (perilipin [orange fluorescence] was strongly positive)
could be seen, and fat-abundant hemangioendothelial cells (CD34
[red fluorescence]) were present around the cells. In the fibroblast-
mixed adipose group and the ADSCs-mixed adipose group, there
were fewer viable adipocytes, and microscopic oily cysts sur-
rounded by macrophages (F4/80 (highly positive for [green fluo-
rescence])) appeared. This phenomenonwas found to be evenmore
pronounced in simple fat grafts, where large oily cysts encased in
large numbers of macrophages were present, and a large number of
adipocytes did not survive or regenerate.
4. Discussion

After avascular fat grafting, severe ischemia and hypoxia pro-
mote adipocyte necrosis and apoptosis. In contrast, ADSCs can
survive under extreme conditions of ischemia and hypoxia for three
days and promote tissue regeneration [50]. However, CAL based on
ADSCs has an insufficient survival rate and severe adverse reactions
in autologous fat grafting. We discovered that adding fibroblasts to
ADSCs improves adipogenic and angiogenic differentiation, prolif-
eration, and anti-apoptotic properties, which could be a new
strategy to improve CAL survival and adverse effects.

Fibroblasts and ADSCs promoted the proliferation of each other,
and fibroblasts inhibited ADSC apoptosis. The effects of ADSCs on
the biological functions of fibroblasts and the secretion of ECMs
through secretion have been studied and confirmed [51]. Fibro-
blasts and ADSCs have the ability to differentiate into adipocytes
and hemangioendothelial cells and support their growth [52e56].
Our study demonstrated that when ADSCs were co-cultured with
ue (purified) were isolated from human tissues and divided into the following groups:
oup, fibroblasts mixed with adipose group, and fat group. The four groups were sub-
ee layers: the top layer is the oil layer, the middle layer is the purified fat layer, and the
fibroblast viability (89% viability) before fat grafting.



Fig. 5. Micro-CT þ 3D reconstruction for assessment of grafted fat volume. At the 12th week after fat grafting, micro-CT þ 3D reconstruction was used to measure the fibroblasts
combined with ADSCs mixed with fat group, the ADSCs mixed with purified fat group, the fibroblasts mixed with purified fat group, and the fat group with transplanted fat volume.
(n ¼ 5).
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fibroblasts, adipogenic differentiation and hemangioendothelial
cells were enhanced compared to when the two types of cells were
cultured separately. A previous study showed that fibroblasts are
the preferred source of cells to promote blood vessel formation
when co-cultured with HUVECs [56], and ADSCs can promote the
14
migration and invasion abilities of HUVECs [56]. ADSCs also pro-
mote the proliferation and migration of fibroblasts [57]. The pur-
pose of our study was to determine whether ADSCs combined with
fibroblasts and HUVECs have any effect on HUVECs when they are
co-cultured together. We found that the collection of fibroblasts



Fig. 6. A: Ultrasound showing the occurrence of oily cysts (red arrows) at 12 weeks after fat grafting. B: Masson's staining. (n ¼ 5).
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and ADSCs under hypoxic conditions under the co-culture super-
natant and secreted substances promoted angiogenesis, prolifera-
tion, and the migration of HUVECs. Hence, it is necessary to clarify
which substances secreted between cells caused the above results.

We detected by qPCR that in ADSCs co-cultured with fibroblasts,
vascular endothelial growth factor VEGF, adipogenic differentiation
factor C/EBPa and IGF1 (C/EBPa-induced adipocyte production
[58,59], IGF1 promotes adipogenesis through ADSCs [60]) mRNA
expression levels were elevated compared with those in ADSCs
cultured alone.

In in vivo experiments, we isolated and expanded ADSCs and
fibroblasts from human tissues and obtained purified fat. The
experiment was divided into a preexperiment and a formal
experiment. Three BALB/c nude mice were set up in each group,
and the cell density was 2� 107/ml (in the previous clinical study of
CAL, when the density of ADSCs was 2 � 107/ml, that is, 2000 times
the physiological level, the fat retention rate was the highest, and
this ratio was used as the lower limit. When this density is excee-
ded, the fat retention ratewill not be affected [5,61]). The fat grafted
site was the second pair of mammary fat pads of BALB/c nude mice.
15
In our preliminary experiments, we found that a 1:5 ratio of
fibroblasts þ ADSCs was most favorable for the volume retention of
grafted fat, so this ratio was adopted in subsequent experiments.
We found that the fibroblasts combined with ADSCs mixed with fat
group had the highest volume retention rate (190 mm3 ± 4%), the
lowest occurrence of oily cysts, the best fat morphology, and the
most uniform distribution of the ECMs.

From our in vitro experiments, it can be seen that in the co-
culture system of fibroblasts and ADSCs, the adipogenic differen-
tiation abilities of fibroblasts and ADSCs were enhanced, the
angiogenesis, proliferation and migration abilities of HUVECs were
promoted, and fibroblasts and ADSCs also promoted each other's
proliferation. In addition, fibroblasts had anti-apoptotic effects of
ADSCs.

These in vitro experiments explain why, in animal experiments,
when fibroblasts were combined with ADSCs mixed with fat, the
grafted fat had the highest rate of fat volume retention or regen-
eration and the lowest occurrence of the adverse effect of oily cysts.
In addition to the improved survival rate of grafted cells, the reason
for the lowest occurrence of oily cysts is that the ECMs secreted by



Fig. 7. Immunofluorescence staining. Immunofluorescent staining of adipocytes with perilipin (orange), macrophages with F4/80 (green), and hemangioendothelial cells (red) in 4
different subgroups at week 12 after fat grafting. Abundant hemangioendothelial cells can be seen in adipocyte-rich areas, and oil droplets or dead adipocytes are encapsulated by
macrophages to form oily cysts. (n ¼ 5).
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fibroblasts were distributed and interspersed among the relatively
large fat cells, which could give rise to ADSCs having more space
and targeted differentiation opportunities.

Our research clarified the following issues. 1. We first discovered
that the co-culture of ADSCs and fibroblasts could be an effective
way to improve the survival rate of autologous fat grafting. 2. In the
current study, the most common complication of autologous fat-
grafted oily cysts [5,61] is usually a lack of discussion and accu-
rate evaluation (ultrasound examination of oily cysts is the most
objective and accurate) [62]. Our research addresses and prelimi-
narily solves this defect. 3. Compared with CAL or traditional
autologous fat grafting, introducing fibroblasts is more in line with
the physiological structure of breast structural fat and improves the
spatial organization [21]. 4. In our study, fibroblasts mixed with fat
also significantly increased the rate of fat retention or regeneration
[52e55]. In CAL, other studies have not reported this finding. At
present, it seems that the use of fibroblasts alone to assist autolo-
gous fat grafting is not the optimal autologous grafting scheme, but
in certain cases, the use of fibroblasts as CAL can also be considered
an option.

Furthermore, ADSCs and fibroblasts can be cryopreserved and
applied in the future. ADSCs can reconstruct and repair target or-
gans (e.g., bone, cartilage, myocardium, liver, nervous system, and
skin) [63]. ADSCs can also treat lymph node edema after breast
16
cancer surgery [64] and reverse tissue damage, such as damage that
occurs during radiotherapy [65,66]. 2. Fibroblast grafting includes
the treatment of gingival recession [67,68], nonhealing wounds
[69], diabetic foot ulcers [70], wrinkles [42], acne scars [71], and
moderate to severe nasolabial folds [72]. Fibroblasts can also
replace the role of the skin flap. Currently, FDA-approved Derma-
graft® is a sterile, cryopreserved human fibroblast-derived dermal
substitute [23]. In breast reconstruction, this fibroblast-based ma-
terial can be used clinically in place of skin flaps, eliminating the
need to remove large areas of skin from the human body.

The safety of CAL is widely recognized in clinical practice. Since
the first grafting of adult stem cells from bone marrow in the 1960s
[71] and the grafting of adult stem cells from cord blood in 1988,
there has been no scientific literature on any record of tumor for-
mation caused by the injection of stem cells [67,73].

There are several limitations of our study. First, we require
additional human research to verify our findings. Then, no molec-
ular mechanism has been discovered to explain how co-cultured
fibroblasts and ADSCs govern cell differentiation, proliferation,
migration, anti-apoptosis, and other characteristics by signaling
pathways and target molecules. Finally, the clinical application of
CAL has some limitations. The processing time for expanded cells is
also longer and more expensive in CAL compared to traditional fat
grafting. Therefore, after the cells are harvested, the production of
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low-cost, minimally manipulated expanded cells that can be safely
used in the operating room is a major challenge in applying our
method to the field of regenerative medicine. It is not an easy task
to expand cells in vitro and then infuse or transplant them back into
the human body. Fibroblast þ ADSCs assisted fat graft still needs
considerable research before it becomes a standard clinical
application.

5. Conclusion

Our experiments indicate that the co-culture of ADSCs and fi-
broblasts could help improve the application prospects of CAL in
reconstruction and cosmetic volume restoration, making this
method the most attractive option in the field of autologous fat
grafting.
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