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ABSTRACT

Synergistic Anti-Skin Aging Effect of
Adipose-derived Stem Cell and Fat Graft
in Aged Mice

Kikap Kim

College of Medicine

Department of Plastic and Reconstructive Surgery
The Graduate School

Seoul National University

Background: We investigated the beneficial effects of adipose-derived stem cells (ADSCs) and
fat graft on skin wrinkles in a nude mouse model of chronological aging.
Methods: With 50 weeks of chronological aging, 44 female BALB/c-nude mice were classified

into 4 groups, i.e., a negative control group and groups injected subcutaneously with ADSCs (1



x 10’ cells in 0.5 ml) on the back, injected with fat tissue (0.5 ml), or injected with both fat
tissue (0.5 ml) and ADSCs (1 x 10°cells in 0.5ml). The degree of wrinkling was evaluated by a
replica analysis and skin biopsies were performed after 4 weeks. The dermal thickness and
density of collagen were determined. The levels of type 1 collagen and MMP were determined
by western blot and type 1 procollagen mRNA levels were evaluated by RT-PCR. Tropoelastin,
fibrillin-1, and CD31 were evaluated by immunohistochemistry.

Results: Based on the total wrinkle area, there was significant wrinkle reduction in the fat group
and the ADSC with fat group. Collagen expression and type I procollagen mRNA levels were
significantly higher in the ADSC with fat group than in the ADSC group and in the fat group. In
addition, the ADSC with fat group exhibited significantly higher CD31 expression levels than
those in the ADSC group and in the fat group.

Conclusions: ADSCs and fat could both play important roles in wrinkle reduction and have

synergic effects on collagen synthesis and neovascularization.
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INTRODUCTION

Various studies have focused on improving wrinkles.! Animal models have been
developed to confirm wrinkle-improving effects, and these have been used to establish
the effects of particular cell types, e.g., fat, adipose-derived stem cells (ADSC), and
fibroblasts.”'*

Skin aging can be divided into endogenous aging over time and extrinsic aging caused
by extreme stress, ultraviolet rays, and smoking.>” After long-term UV exposure, the
epidermis and dermis are thickened and wrinkles form.>* In these photoaged skins, the
number and function of fibroblasts decrease and the structural stability of the dermis is
destroyed.*> Recently, the anti-aging effects of adult stem cells, such as ADSCs, have
been proven in photoaging models and these cells are emerging as a new anti-aging
solution.” The injection of cultured stem cells could be used to regenerate aged skin by
transplanting self-derived cells that can directly induce skin substrates. In addition,
adipocyte stem cells release cytokines, growth factors, and other molecules that exert

paracrine effects.”™"”

There is significant recent interest in the properties and effects of

ADSCs.®” Subcutaneously injected ADSCs effectively increase collagen synthesis,

collagen density, fibroblast density, and dermal thickness during



photoaging.'® Additional studies have shown that ADSCs increase levels of procollagen
type I and decrease levels of matrix metalloproteinases (MMPs), thereby increasing the

89,16

dermal collagen density. Therefore, a proposed mechanism by which ADSCs reduce

wrinkles involves collagen generation, decreased MMP expression, and fibroblast
activation.>*'¢

Several clinical studies have shown that it is more effective to use ADSCs together
with fat graft than to use fat graft alone.'”'® Although most reports are clinical case
series, they suggest that the injection of cultured ADSCs and fat graft could play an
important role in anti-aging therapy.'” However, the mechanism underlying wrinkle
improvement has not been evaluated. In addition, comparative analyses of the effects of
fat injection only and the injection of fat and ADSCs together on wrinkles are lacking.
We evaluated wrinkles using a chronological aging model, rather than a photo-aged
model, which has been widely used in the past. Using this model, we verified the effects

of the injection of fat tissues and ADSCs and the injection of fat tissues alone in a

comparative framework.



MATERIALS AND METHODS

Isolation and culture of ADSCs

Abdominal adipose tissue samples were obtained from discarded tissues from a 48-
year-old woman who underwent transverse rectus abdominis myocutaneous flap
surgery for breast reconstruction. Samples were collected after obtaining informed
consent and the study protocols were approved by the Seoul National University
Hospital Institutional Review Board (No. H-1108-098-374).'° The fat was suction
aspirated from the discarded tissue and washed twice using phosphate-buffered saline
(PBS). The samples were processed with 0.1% collagenase type 1 (Worthington
Biochemicals, Lakewood, NJ, USA) under agitation at 37°C and centrifuged for 10
minutes at 800 X g. The centrifuged pellet was then washed and re-suspended
in PBS.”'® After repeat centrifugation, the supernatant was removed and the cell band
that was buoyant over Histopaque was collected.® Cells were cultured overnight at 37°C
and 5% CO; in control medium (10% fetal bovine serum, 100 IU penicillin, 100 mg/ml
streptomycin, 5 pg/ml heparin, and 2 ng/ml acidic fibroblast factor).® The adherent cell
population containing ADSCs was maintained over 3 days and then expanded and

cultured.®



Animal experiments

Fifty-six 6-week-old female BALB/c nude mice were provided by ORIENT Inc.
(Seongnam, Korea). The hypothesis of inferiority was rejected in the lower bound of the
95% confidence interval if it exceeded —20%. The mice were nourished on a
standardized diet for 1 week prior to the experiment. A total of 52 mice were assigned to
4 groups: a negative control group, fat group, ADSC group, and fat with ADSC
group.”’ The animals were fed until 50 weeks of age and subjected to treatments. Mice
in the negative control group received no injection. In the fat group, 0.5 cc of fat was
injected in the dorsal skin wrinkles of the mice. The fat graft subset was centrifuged at
1200 rpm for 3 min as in routine fat graft, followed by oil and blood removal and
injected using 18-gauge needles with 1 cc syringes. In the ADSC group, 0.5 cc of
ADSCs (1 x 10’ cells) were injected in the dorsal skin wrinkles of the mice.*' A 26-
gauge needles were used for the injection of cells diluted in 0.5 ml Hank’s Balanced
Salt Solution (HBSS). In the fat with ADSC group, 0.5 cc of fat were injected using 18-
gauge needles with 1 cc syringes and ADSC (1 x 10°cells diluted in 0.5 ml Hank’s
Balanced Salt) were injected using 26-gauge needles into the dorsal skin wrinkles of the
mice. The injection volume of 1 x 10° cells was chosen based on the results of previous

experiments.”’ All injections were made parallel to deep wrinkles in a retrograde fashion



into the subdermal and panniculus adiposus planes. Three to five injections were
administered per mouse. Mice were monitored for 4 weeks after injection.”' This animal
study was monitored and approved by the Institutional Animal Care and Use Committee

of the Seoul National University (IACUC Protocol No. 13-0228-C2A0).

Evaluation
Wrinkles were evaluated by preparing impressions of the dorsal skin surfaces with a
silicon-based impression material (Courage + Khazaka Electronic GmbH, Koln,
Germany). The impressions were cut into 1-cm-diameter discs and rotated to achieve
oblique illumination. A high-resolution Visioline® VL 650 camera (Courage + Khazaka
Electronic GmbH) was used to detect vertical shadows within the prepared discs. The
length and depth of the shadows were measured for quantitative comparisons. The total
wrinkle area, mean depth, total length, and maximal depth of the dorsal skin were
measured prior to and 4 weeks after injection.
At 4 weeks following injection, a 1 cm X 1 cm section of injected dorsal skin was
obtained and fixed with a 10% formalin solution for histopathology.® The skin samples
were embedded in wax and sectioned at5 pm.The sections were stained

with hematoxylin & eosin (H&E) and Masson’s trichrome stain. Dermal thickness was



evaluated on H&E-stained sections with the averages of five measurements were
obtained. Collagen density was evaluated on Masson’s trichrome-stained sections using
image analysis software (Leica Qwin V3 and Leica Microsystems CMS GmbH, Wetzlar,
Germany) and averages of five measurements were obtained. Elastic fiber density was
evaluated on Gomori’s aldehyde fuchsin-stained sections using image analysis software
(Leica Qwin V3 and Leica Microsystems CMS GmbH) and averages of five
measurements were obtained.

To evaluate changes in gene expression, mRNA levels of various genes were
measured in the skin samples. Ribonucleic acid (RNA) was isolated from specimens (50
mg) using TRIzol reagent (500 pl) and a homogenizer, resuspended in RNase-free water,
and quantified using a UV spectrophotometer.'® Single-stranded ¢cDNA was prepared
from 1 pg of total RNA in a 20-pul reaction volume using a TOPscript RT DryMIX
(Enzynomics, Dacjeon, Korea).'® Real-time PCR was performed using an ABI 7500
machine with SYBR Premix Ex Taq""' (TaKaRa, Shiga, Japan). PCR conditions were as
follows: 30 s at 95°C, followed by 34 cycles of 5 s at 95°C and 34 s at 60°C.** The
average threshold cycle for each gene was determined from triplicate reactions.”” The
gene expression levels were normalized to those of beta-actin. The genes included in the

analysis were procollagen, MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13>%



Protein levels in the samples were also evaluated. Tissues lysates were centrifuged for
10 minat 14000 X g,and a western blot analysis was performed using the
supernatants.®'® A Bradford assay was used to measure protein concentrations.® The
samples were loaded onto a 10% sodium dodecyl sulfate polyacrylamide gel.® The
protein  samples  were  transferred  electrophoretically  to polyvinylidene
difluoride membranes.® The membranes were blocked with 5% skim milk in Tris-
buffered saline and Tween-20 and were incubated with the following antibodies: anti-
mouse collagen type 1 (Millipore, Billerica, MA, USA), anti-MMP 1 (Novus
Biologicals Inc., Littleton, CO, USA), anti-MMP 2, anti-MMP 3, anti-MMP 9, anti-
MMP 13, and anti-Beta Actin (Abcam, Cambridge, MA, USA) to allow for protein
visualization by enhanced chemiluminescence (Thermo Scientific, Rockford, IL,
USA)." All real-time PCR and western blot analyses were performed three times per
mouse gene or protein.

The samples were sectioned as previously described and sections were placed on
slides and prepared using the Discovery XT Automated Immunohistochemistry Stainer
(Ventana Medical Systems, Inc., Tucson, AZ, USA).26 The Ventana Chromo Map Kit
(Ventana Medical Systems) was used for detection.”® The tissue sections were

deparaffinized, and CC1 standard (pH 8.4 buffer containing Tris/Borate/EDTA) was



used to retrieve the antigen.’® Inhibitor D (3% H,0, endogenous peroxidase)
was plugged in for 4 min at 37°C.*” The slides were incubated with anti-Tropoelastin
(Abcam) for 32 min at 37°C, and a secondary antibody, OmniMap anti-Mouse HRP, for
20 min at 37°C.** Other slides were incubated with anti-fibrillin-1 (Abcam) for 32 min
at 37°C, and a an OmniMap anti-Mouse HRP secondary antibody for 20 min at
37°C.*" The slides were incubated in DAB + H,0, substrate for 8 min at 37°C followed
by hematoxylin and bluing reagent for counterstaining at 37°C.*” A Tris buffer solution
(pH 7.6) was used for washing.”’ The immunohistochemically stained slides were
evaluated by densitometric analysis using image analysis software (Leica Qwin V3 and
Leica Microsystems CMS GmbH) and averages of five measurements were obtained.
Capillary density was also measured by immunohistochemical staining for CD31. The
numbers of vessels were counted and densities were analyzed using the same image

analysis software.

Statistical analysis
Results were analyzed using nonparametric Mann—Whitney tests. SPSS Version
21.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analyses and a p-value of

<0.05 was considered statistically significant



RESULTS

Characterization of ADSCs

ADSCs were cultured from fat tissue without any problems. We identified ADSCs by
comparison with their typical morphology and we confirmed the molecular phenotype
of cells using a fluorescence-activated cell sorting (FACS) scanner.®” The ADSCs
expressed CD13, CD73, and CD 105, but did not express CD14, CD19, CD34, CD45,

and HLA-DR.

Chronological aging model of nude mice

We confirmed that the total wrinkle area due to natural aging stabilized when BALB/c
nude mice were older than 42-46 weeks, although a statistically significant increase was
observed after 22 weeks (Figure 1). Therefore, the injections were performed at 50
weeks of age. Of the 56 total mice, 44 survived until week 50 and were assigned to
groups as follows: control group (11 mice), ADSC group (11 mice), fat group (10 mice),

and ADSC with fat group (12 mice).

Skin replica and image analysis



Four weeks following injection, we obtained images and performed a skin replica

analysis (Figures 2, 3). At 4 weeks after the cell injection, the total wrinkle area

decreased in the 3 experimental groups. The total area of wrinkles was significantly

lower in the fat group and ADSC with fat group than in other groups (p = 0.04 and p =

0.01, respectively, Figure 4). There was no statistically significant difference in wrinkle

area between the control group and the ADSC group (p = 0.14). The mean depth of

wrinkle patterns was similar in all groups.

Histological findings

The average thickness of the dermis was 145.3 + 12.3 pm in the ADSC group and was

139.3 + 14.4 pm in the fat group. The average thickness in the combined group was

154.5 £ 12.4 um (Figure 5). The dermal thickness, as determined by hematoxylin &

eosin staining, was significantly greater in both the ADSC group and ADSC with fat

than in the other groups (p = 0.04 and p = 0.03, respectively). However, thickness did

not differ significantly between the control group and the fat group (p = 0.19, Figure 6).

The density of collagen exhibited similar patterns in all groups to the dermal thickness

patterns. The average densities of collagen according to an image-based analysis of

Masson’s trichrome staining were 52.3 + 8.2% in the ADSC group, 39.5 + 8.6% in the

_lo_



fat group, and 60.0 £ 12.4% in the ADSC with fat group (Figure 7). The densities of

collagen were significantly elevated in both ADSC group and ADSC with fat group

(ADSC group, p < 0.01; ADSC with fat group, p < 0.01). However, collagen density did

not differ significantly between the fat group and the ADSC with fat group (p = 0.21,

Figure 8).

Real-time PCR and western blot analysis

Real-time PCR revealed that the levels of type I procollagen increased in all 3

experimental groups compared with the control group. The ratio for the ADSC group

relative to the control group was 3.2 £ 0.5 (p < 0.01) and for the fat group relative to the

control group was 1.4 + 0.3 (p = 0.04). Type I procollagen mRNA levels in the ADSC

with fat group were statistically significantly higher than those in the ADSC group and

fat group (p = 0.01, p < 0.01, respectively, Figure 9). The collagen type I expression

pattern revealed by western blotting was consistent with the real-time PCR results. After

ADSC or fat injection, the expression level increased significantly in both groups. The

increase in the ADSC with fat group was significantly greater than the increases in the

ADSC group and the fat group.
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Immunohistochemical analysis

The amount of tropoelastin decreased after ADSC injection. Moreover, the amount of

tropoelastin was significantly lower after ADSC with fat injection. However, there was

no statistically significant difference between the control group and the fat group

(Figure 10). Fibrillin-1 increased significantly after ADSC injection and ADSC with fat

injection. However, there was no statistically significant difference between the control

group and fat group (Figure 11). CD31 expression increased significantly in all three

groups. CD31 expression in the ADSC with fat group differed significantly from those

in the ADSC group and the fat group (Figure 12, 13). The numbers of CD31-positive

vessels in the ADSC with fat groups (31.8 + 6.4) were significantly higher than those in

the fat group (15.3 £7.4) (p = 0.02, Figure 14).

_12_
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Figure 1. Total wrinkle area in nude mice according to age. We confirmed that the total

wrinkle area due to natural aging stabilized when BALB/c nude mice were older than

42-46 weeks, although a statistically significant increase was observed after 22 weeks.

Therefore, the injections were performed at 50 weeks of age.
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Figure 2. Gross pictures. Four weeks following injection, we obtained images.
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Figure 4. Skin replica analysis. At 4 weeks after the cell injection, the total wrinkle

area decreased in the 3 experimental groups. The total area of wrinkles was significantly

lower in the fat group and ADSC with fat group than in other groups (p = 0.04 and p =

0.01, respectively). There was no statistically significant difference in wrinkle area

between the control group and the ADSC group (p = 0.14). The mean depth of wrinkle

patterns was similar in all groups.
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Dermal thickness

Control
group

Figure 5. Dermal thickness. The average thickness of the dermis was 145.3 + 12.3 um

in the ADSC group and was 139.3 + 14.4 um in the fat group. The average thickness in

the combined group was 154.5 £12.4 um.
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Figure 6. Dermal thickness. The dermal thickness, as determined by hematoxylin &

eosin staining, was significantly greater in both the ADSC group and ADSC with fat

than in the other groups (p = 0.04 and p = 0.03, respectively). However, thickness did

not differ significantly between the control group and the fat group (p =0.19).
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Collagen density
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Figure 7. The density of collagen. The density of collagen exhibited similar patterns in
all groups to the dermal thickness patterns. The average densities of collagen according
to an image-based analysis of Masson’s trichrome staining were 52.3 + 8.2% in the

ADSC group, 39.5 £+ 8.6% in the fat group, and 60.0 + 12.4% in the ADSC with fat

group.

-
TRalh e AT



0.7

0.6

0.5

04

ratio ,;

0.2 -

0.1 -

Figure 8. The density of collagen. The densities of collagen were significantly elevated

in both ADSC group and ADSC with fat group (ADSC group, p < 0.01; ADSC with fat

group, p < 0.01). However, collagen density did not differ significantly between the fat

group and the ADSC with fat group (p = 0.21).
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Figure 9. Type I procollagen mRNA. Real-time PCR revealed that the levels of type I

procollagen increased in all 3 experimental groups compared with the control group.

The ratio for the ADSC group relative to the control group was 3.2 £ 0.5 (»p < 0.01) and

for the fat group relative to the control group was 1.4 = 0.3 (p = 0.04). Type 1|

procollagen mRNA levels in the ADSC with fat group were statistically significantly

higher than those in the ADSC group and fat group (p =0.01, p < 0.01, respectively).
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Tropoelastin

Control
group

Figure 10. Tropoelastin. The amount of tropoelastin decreased after ADSC injection.

Moreover, the amount of tropoelastin was significantly lower after ADSC with fat

injection. However, there was no statistically significant difference between the control

group and the fat group.
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Figure 11. Fibrillin-1. Fibrillin-1 increased significantly after ADSC injection and ADSC
with fat injection. However, there was no statistically significant difference between the

control group and fat group.
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Figure 12. Expression of CD31. CD31 expression increased significantly in all three

groups. CD31 expression in the ADSC with fat group differed significantly from those

in the ADSC group and the fat group. The numbers of CD31-positive vessels in the

ADSC with fat groups (31.8 £ 6.4) were significantly higher than those in the fat group

(15.3 +£7.4) (p = 0.02).
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Figure 13. Expression of CD31.CD31 expression increased significantly in all three

groups. CD31 expression in the ADSC with fat group differed significantly from those

in the ADSC group and the fat group.
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Figure 14. The numbers of CD31-positive vessels in the ADSC with fat group (31.8 £

6.4) were significantly higher than those in the fat group (15.3 + 7.4) (p = 0.02).
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DISCUSSION

Fat graft has become one of the most common operations in the field of plastic

surgery.”**’ Basic research and clinical trials have evaluated methods beyond simple fat

6-9.21

grafts. Injections with ADSCs and fat have been actively studied. Since ADSCs
could directly differentiate into adipocytes, increase collagen production, and activate
fibroblasts, ADSCs have a wrinkle improvement effect.”’ The concept of a nanofat graft
has recently been introduced and is the subject of recent research.’*>* Nanofat is an
emulsified suspension derived from fat tissue that is processed by mechanical means; it
was reported by Tonnard et al.’® Subsequent studies have demonstrated that nanofat
contains a large quantity of ADSCs that retain an extensive proliferative and
multipotent differentiation capacity.’> Moreover, most nanofat studies have suggested
that ADSCs play a major role in the outcomes, and interest in the effectiveness of

33,34

ADSC:s is increasing. Hence, we verified the effect of the injection of fat tissue and
ADSCs in comparison with the injection of fat tissue alone.

We proved that ADSCs activated collagen production and elastic fiber production.
These findings are consistent with previous research.®*'®*'> ADSCs secrete a variety

6-9,16,35

of cytokines that activate fibroblasts and increase collagen production. However,

_27_



our results show that the direct injection of fat can have a similar effect as the injection
of ADSCs, although the mechanism underlying these effects is unclear. The most
distinctive finding was that ADSCs and fat have a synergic effect on collagen synthesis
and neovascularization. The effects of ADSCs and fat were significantly different from
those of fat alone and those of ADSC alone. Previous studies have shown that ADSC
secretes growth factors such as VEGF, HGF, and TGF-f and promotes angiogenesis

through IL-6 expression.”™"

In this experiment, we could hypothesize that ADSC
stimulates collagen production by stimulating growth factors and interacts with fat to
promote angiogenesis.

There was an increase in vessels, but this could be explained by either vessel
engorgement or neovascularization. Therefore, we did not simply measure the vessel
surface area, but also determined the number of vessels and changes in diameter.** In
this study, the numbers of CD31-positive vessels in the ADSC with fat groups were
significantly higher than those in the fat group, suggesting that our results could be
explained by neovascularization. It is possible that the neovascularization resulted from

proangiogenic growth factors, but further research in needed to confirm the mechanism

underlying the synergic effects.

_28_



We believe that a major contribution of this study is the use of the chronologic aging

2-5,39,40
L“777"" There are

model. Most studies of skin wrinkles have used a photo-aging mode
some key differences between the photo-aging and chronologic aging models. Photo-
aging, unlike chronological aging, results in the active destruction of collagen and
elastin fibers in the skin.>*” Some researchers therefore prefer the term “photo-damage”
as a more accurate expression. There is debate regarding whether it accurately reflects
the process of skin aging. Accordingly, to determine the effects of adipocytes and
ADSCs on natural aging, the chronologic aging model was chosen. To establish the
chronologic model, we performed replica tests at 4-week intervals and confirmed that
the wrinkles stabilized after 48 weeks of age. We believe this is the first application of a
chronologic model established using nude mice, and this study provides a basis for
future studies of aging using human cells. The replica patterns in the photoaging model
and chronologic model were different. A change in wrinkle depth was apparent in the
photoaging model. The wrinkle area increased remarkably in the chronologic model.
However, the chronological model required a long study duration of about 1 year, and a

sufficient number of animals is needed to account for animal death during this period.

This is a potential limitation of the model.
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This study had several limitations. First, there are differences between the immune
systems of mice and humans. Mice are considered good animal models for studying the

3-5,39

chronological aging and photoaging of skin. Established wrinkle models utilize

hairless mice, and various analyses of filler and cell injections used these models.”>?"*’
However, for clinical applications, it may be appropriate to use nude mice for xenograft
research involving human cells.”’ Second, the injected volumes varied from group to
group. At the time of planning the experiment, we had set up 3 experimental groups
with one control group instead of comparing two groups like A vs B. So there can be a
reasonable doubt that there could be a volume effect with ADSC plus fat group, because
this group has received more volume than other groups. However, in the case of ADSC,
the cell did not occupy 0.5 cc, but the volume occupied by the cells was insignificant
and diluted in 0.5 cc of Hank's Balanced Salt Solution (HBSS). Though this solution is
absorbed in the body over a period of several hours to several days, we can’t completely
rule out the possibility that the injected volume would have some effects on this
experiment to determine the results especially in skin replica analysis. Third, we
investigated simple cell injections, but the injection of growth factors and other

injection types may have different effects. Forth, we evaluated the time from injection to

the most pronounced effects in order to determine the ideal interval between repeat fat

_30_



injections in the clinical setting; however, parameters were only measured at the

predetermined endpoints.

_31_



CONCLUSION

ADSCs and fat both have the potential to play an important role in wrinkle reduction and have

a synergic effect on collagen synthesis and neovascularization.
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