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Abstract Poly-L-lactic acid (PLLA), a well-established
biostimulator that induces collagenases, is widely used
among clinical practice to treat skin aging. However, the
precise regulatory effect of PLLA on different dermal cell
subsets beyond fibroblast has not been fully elucidated. In
this study, we constructed in vivo PLLA injection and
in vitro PLLA-adipocyte co-culture models to analyze the
regulatory effects of PLLA on the volume, differentiation,
lipolysis, and thermogenic capacity of dermal adipocyte.
We found that PLLA injection significantly reduced the

Wen Jin and Gang Chen have contributed equally to this paper.

P< Kai Li
likai87 @njmu.edu.cn

< Wei Cai
caiweiplastic@njmu.edu.cn

Wen Jin
wenjin1021 @qqg.com

Gang Chen
cg910824@163.com

Department of Plastic Surgery, The Second Affiliated
Hospital of Nanjing Medical University, Nanjing 210003,
China

Department of Endocrinology, The Affiliated Taizhou
People’s Hospital of Nanjing Medical University, Taizhou
School of Clinical Medicine, Nanjing Medical University,
Taizhou 225300, China

Key Laboratory of Human Functional Genomics of Jiangsu
Province, Department of Biochemistry and Molecular
Biology, Nanjing Medical University, Nanjing 211166, China

Department of Pathology, Sir Run Run Hospital, Nanjing
Medical University, Nanjing 211100, China

Department of Pathology, The First Affiliated Hospital of
Nanjing Medical University, Nanjing 210029, China

@ Springer

thickness of dermal fat in mice. In co-culture assay, PLLA
showed no effect on adipogenesis, but stimulated the
lipolysis activity. Interestingly, PLLA also enhanced the
differentiation of fat cells into beige fat cells, which pos-
sess higher thermogenic capacity. In mechanical study, we
blocked adipocyte lactate uptake with a monocarboxylate
transporter (MCT1/4) inhibitor and found that the regula-
tory effect of PLLA on dermal adipocyte relies on its
metabolite lactate. In summary, our results suggest that
PLLA has complex regulatory effects on the dermal cells,
and its ability to improve skin aging is not fully attributed
to stimulating collagen synthesis, but also partially
involves adipocytes.
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Introduction

The skin, composed of the epidermis and dermis, is the
largest organ of the human body, providing physical pro-
tection against external insults and also playing a crucial
role in thermoregulation. However, due to sustained and
irreversible skin aging process, which encompasses several
phenotypes, such as, but not limited to, wrinkling, pig-
mentation, and telangiectasis [1-3], the protection effect of
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the skin weakens and affects facial and body appearance.
Skin aging not only affects the physical function of the
human body, but also brings about psychological pressure
and social anxiety [4]. Therefore, proper treatments should
be offered for aging skin, to ensure that society’s negative
views not be unnecessarily reinforced, and maintain a
realistic treatment expectation.

Skin aging is a continuous process, caused by both
internal and external factors, characterized by a decrease in
the production and content of collagen in the dermis [5].
Skin collagen, mainly secreted by fibroblast in the dermis,
forms an abundant extracellular matrix (ECM), houses
various cell types, such as adipocytes [6], and further
supports the epidermis layer. Recently, it has been found
that another major characteristic of skin aging, in addition
to the reduction in collagen content, is the enlargement of
dermal white adipose tissue ({AWAT). Research based on
model animals has found that in aged mice at 31-week-old
[7, 8] or at 12-month-old [9], the content of dAWAT sig-
nificantly increases. Besides, dWAT also enlargers after
ultraviolet radiation, the most important external factor
leading to skin aging [10]. Recent data have discovered a
paracrine effect of dWAT derived lipids in influencing
metabolism of dermis fibroblast [11]. Hence, dermal adi-
pocyte is now considered to be the prime targets in
strategies aimed at counteracting skin aging [12].

In clinical practice to treat skin sagging and collapse
caused by aging, the use of injectable dermal fillers has
become an essential tool. Among the fillers, poly-L-lactic
acid (PLLA), a biocompatible, biodegradable and biore-
sorbable polymer, has been used worldwide, associated
with good long-term esthetic results [13]. PLLA is an alpha
hydroxy acid polymer of the lactic acid L-enantiomeric
structure that has been safely used in many applications
and in medicine for more than 30 years [14, 15]. PLLA
filler injected into the skin with a carrier solution imme-
diately augments the volume at the injection site, which
disappears rapidly as the carrier solution is absorbed by the
tissue [16]. The remaining PLLA particles are degraded
into lactic acid, which enhances collagen synthesis and
gradually increases the dermal thickness [17, 18]. How-
ever, the effect of PLLA on the morphology and biological
function of dWAT is still unclear.

Therefore, in this study, we performed in vitro and
in vivo assay to analysis the regulatory effect of PLLA on
dWAT. Moreover, using a monocarboxylate transporter
(MCT1/4) inhibitor, we blocked adipocyte lactate uptake,
to clarify whether the above effect of PLLA was dependent
on its decomposition product, lactic acid.

Materials and Methods
Material

The PLLA was purchased from Changchun SinoBiom
Medical Science & Technology Co., Ltd (Loviselle®
PLLA Facial Filler, GXZZ No0.20213130276, Specifica-
tion: 340 mg/bottle). The Mctl/4 inhibitor 7ACC1 was
purchased from MedChemExpress (#HY-D0067).

Lactate Measurement

Lactate concentration, either in the medium or in the adi-
pocyte, was determined using a colorimetric Lactate Assay
Kit (#ab65331, Abcam). Briefly, the lactate containing
sample was treated with lactate dehydrogenase to oxidize
the lactate and generate a product which interacts with a
probe to produce a color (Amax = 450 nm), according to the
manufacturer’s protocol. As for the adipocyte cellular
lactate content, 2* 10° cells were harvest and washed with
cold PBS, followed by resuspending the cell pellet in 4*
volumes of lysis buffer offered in the kit. After centrifuging
3 min at 10000g, the supernatant was collected and used to
measure lactate content, which were then normalized with
the total protein concentration.

Cell Viability Assay

The dermal fibroblast was seeded into 48-well trans-well
plates and cultured to contact inhibition state. The cells
were then differentiated into adipocyte. At the beginning of
differentiation, the PLLA (200pg/mL medium) was added
into the up-layer of the trans-well and co-cultured with
adipocyte for indicated times. Cell viability was evaluated
by the CCKS8 assay (#CA1210-100T, Solarbio).

Separation of Dermal Fibroblast

The skin samples were collected from the back of wild-
type C57BL/6j mice, at the age of 3—4-day-old. Skin tissue
was rinsed with 75% ethanol and cut into small pieces.
Type I collagenase (2mg/ml, #SCR103, Sigma,) was pre-
configured using DMEM basic medium (#C11995500BT,
Gibco,) containing 2% volume of FBS (Gibco), 100 U/ml
penicillin, 100 pg/ml streptomycin, and stored in the dark
after removal of bacteria by filtration using a 0.22-pm fil-
ter. The volume ratio of collagenase to tissue was main-
tained at 3:1. The tissue was then digested in 37 °C water
bath for 1h, during which the tube was reversed and mixed
every five minutes. The digested fibroblast was filtered (70
pm) and then centrifuged at 100 g for 10 min. After re-
suspension with PBS, centrifuge at the same speed and
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time. DMEM/F-12 (#MA0214, Meilunbio) containing 15%
FBS (Gibco) and 1% penicillin-streptomycin was used to
culture the primary dermal fibroblast, and then the cells
were implanted into the pore plate of appropriate size. The
medium was changed 24 h later and then every 48 h until
the cells grew to contact inhibition state.

Adipocyte Differentiation and PLLA Co-culture
Assay

The plate fully covered cells then subjected to differenti-
ation. As for beige adipogenesis, culture medium was
added insulin (0.5pg/ml, #13536, Sigma), dexamethasone
(5uM, #D4902, Sigma), 3,3’,5-triiodo-L-thyronine (T3,
InM, #T2977, Sigma), rosiglitazone (1pM, #R2408,
Sigma), isobutyl methylxanthine (0.5mM, #5879, Sigma).
The above differentiation medium was changed 48 h later
with medium only containing insulin, T3 and rosiglitazone
and renewed every 48 h. Lipid droplet formation was
observed at day 7-8, indicating successful induction of
beige adipogenesis.

As for white adipogenesis, insulin (1pg/ml), dexam-
ethasone (1uM), isobutyl methylxanthine (0.5mM) were
added into the same induction medium. The medium was
changed 48 h later, only containing insulin to maintain the
differentiation of adipocytes.

Co-culture of PLLA and adipocytes was performed
using trans-wells. While inducing mesenchymal stem cells
to differentiate into mature adipocytes, they were incubated
with either PLLA (200pg/mL medium) or a blank control
chamber until differentiation was complete or at various
time points indicated in each experiment.

Cells were incubated at 37 °C in a suitable atmosphere
containing 5% CO,.

Cellular Oil Red O Staining

Before oil red O staining, the cells were fixed with 4%
paraformaldehyde for 15 minutes. Then, the saturated oil red
O dye was mixed with ddH,O at a ratio of 3:2, and the dye
was filtered with a 0.45-pum filter. The cells were stained for
15 minutes and then cleaned with PBS for 3 times. All cells
were photographed by Olympus microscope.

The staining was quantified by extracting the Oil Red O
stain with 100% isopropyl alcohol, after which the absor-
bance was measured using a spectrophotometer (Evolution
One; Thermo-Fisher Scientific) at 510 nm.

Triglyceride Content
Adipocyte was rinsed twice with PBS. Add cell lysis buffer

(1 M Tris-HCI, 1 M MgCl,, 10% Triton X100) into the
dish, and lyse the cells thoroughly through a freeze-thaw
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cycle. The triglyceride content was determined using
triglyceride test kit (#632-50991, LabAssay'™ Wako)
according to the instruction. The triglyceride content of
each cell sample was then normalized to its corresponding
protein content.

Glycerol and NEFA Release Assay

The primary dermal fibroblast was separated and induced
to differentiation into white adipocyte for 7 days, as
described above. The mature adipocytes were then co-
cultured with/without 200pg/mL PLLA for 24h. Adipocyte
was then rinsed twice with Krebs-Ringer-HEPES (KRH)
buffer (121 mM NaCl, 4.9 mM KCI, 1.2 mM MgSO,,
0.33mM CaCl,, 12 mM HEPES, pH 7.4), followed by
incubated with KRH buffer containing 3% fatty acid-free
bovine serum albumin (BSA), and 1 uM isoproterenol at
37°C, for indicated times. The amounts of glycerol and
non-esterified fatty acids (NEFA) released into the medium
were determined with a free-glycerol assay kit (#E1012,
Applygen) and a NEFA kit (#633-52001, LabAssay™
Wako), respectively.

Animal Model

Male C57BL/6j mice at 8-week-old were anesthetized with
isoflurane and shaved. Insert the syringe from the midline
of the abdomen, carefully move it subcutaneously to the
lateral position of the abdomen, and inject PLLA and
ensure no leakage of the filling material. The control mice
received equal amount of saline. The mice were then raised
normally for 2 more month, and the skin at the injection
site was taken for subsequent analysis. The inguinal sub-
cutaneous adipose tissue (sWAT) and epididymal adipose
tissue (eWAT) were also isolated from mice.

Histology

Skin tissue above the injection site, fixed with 4%
paraformaldehyde overnight, paraffin-embedded sectioned
at the thick of 5 um, rehydrated and stained with hema-
toxylin and eosin (H&E). All sections were photographed by
Olympus microscope. The diameter of adipocytes was cal-
culated via ImagelJ software, from 6 to 8 sections of AWAT
obtained using three random mice within each group.

Protein Extraction and Immunoblotting

Protein samples were obtained from fresh cells, lysed with
ice-cold lysis buffer containing 50 mmol/L Tris-HCI1 (pH
7.4), 150 mmol/L NaCl, 1% NP-40, 1 mmol/L EDTA, 1
mmol/L.  phenylmethylsulfonyl fluoride, with complete
protease inhibitor (1 tablet/10 mL; Roche). Protein content
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was determined using BCA Protein Assay Kit (Takara,
T9300A). Adjust the protein concentration to same level
and boiled samples for 10 min. Samples are uniformly
processed by SDS-Page gel electrophoresis at a loading
amount of 30 pg. The protein was transferred to the
methanol pre-activated PVDF membranes (Millipore Corp,
USA) and then blocked with 5% skim milk, followed by
incubation with corresponding first and second antibodies.
The protein band was visualized using High-sig ECL
(Tanon, 180-5001).

RNA Extraction, and Quantitative PCR

Trizol reagent (Invitrogen) was used to extract total RNA from
cells. 1pg RNA was reverse-transcribed into cDNA by the
reverse transcription kit HiScript IT Q RT SuperMix (Vazyme,
R222-01). After mixing with ChamQ SYBR qPCR Master
Mix (Vazyme, Q321-02) in proportion, quantitative PCR was
performed using Light Cycler 480 II Sequence Detection
System (Roche, Basel, Switzerland). The RNA sequences of
the primers used are available in Table 1.

Statistical Analysis

The data presented in this paper were expressed as mean £
SEM. Significant differences are assessed using a two-
tailed Student t test or one-way ANOVA for multiple group
comparison. All data analyses were performed using
GraphPad Prism 8 (GraphPad Software). P< 0.05 was
considered statistically significant.

Results

PLLA Treatment Reduced the dWAT Cell Size
in C57 Mice

To analyze the potential regulatory effect of PLLA on
adipose tissue, we constructed a mouse-based PLLA
injection model. After subcutaneously injection of PLLA

(Fig. 1A), the rodent was then fed normally for two
months. PLLA injection did not affect the overall body
weight of the mice (Fig. 1B), either changed tissue weight
of iWAT or eWAT (Fig. 1C).

However, histological staining of the dWAT showed
interestingly changes. Masson staining suggest that the
PLLA treatment retains collagens within the dermis
(Fig. 1D), consistent with its well-known biofunction of
collagen stimulator [19]. Contrast to the increased colla-
gen, the thickness of dWAT in the PLLA-treated mice
significantly decreased, as shown by the H&E staining
(Fig. 1D); a statistical classification of the adipocyte size
found that the proportion of large cells in the PLLA group
significantly decreased, while the proportion of small fat
cells increased accordingly (Fig. 1E). Moreover, the dWAT
thickness at the non-injection site of the mice was com-
parable to those of the control ones, indicating that the
reduction of dWAT only occurs at the injection site.

PLLA Has no Significant Cytotoxicity in In Vitro
Assay

To explore the specific mechanism of PLLA (Fig. 2A) in
reducing the size of dermal adipocytes, we constructed a co-
culture model of PLLA and adipocytes derived from dermal
fibroblast (Fig. 2B). Considering that the known biological
effects of PLLA mainly rely on its degradation product—
lactate, we first detected the level of lactic acid in the co-
culture system. The results showed that PLLA co-culture can
rapidly increase the level of lactate in the culture medium and
stably persist for at least four days (Fig. 2C).

In order to clarify whether the mechanism of PLLA-
lactate on adipocytes comes from the extracellular or
intracellular, the cells were treated with 7ACC1, inhibitor
that blocked the Mctl/4, the transporter of lactate. We
found that the usage of 7ACCI significantly reduced the
level of lactate inside the adipocytes, but had no effect on
the lactate level in the medium (Fig. 2C, D). The results of
CCKS assay showed that PLLA treatment did not signifi-
cantly inhibit the viability of adipocytes (Fig. 2E),

Table 1 Primers

Target gene Forward

Reverse

Ppary GGAAGACCACTCGCATTCCTT GTAATCAGCAACCATTGGGTCA
Clebpa GCGGGAACGCAACAACATC GTCACTGGTCAACTCCAGCAC
Fasn GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG
Lipe GATTTACGCACGATGACACAGT ACCTGCAAAGACATTAGACAGC
Pnpla2 ATGTTCCCGAGGGAGACCAA GAGGCTCCGTAGATGTGAGTG
Abhd5 TGGTGTCCCACATCTACATCA CAGCGTCCATATTCTGTTTCCA
Cidea TGACATTCATGGGATTGCAGAC CATGGTTTGAAACTCGAAAAGGG

Pgcl TATGGAGTGACATAGAGTGTGCT
GTGAACCCGACAACTTCCGAA

Ucpl

GTCGCTACACCACTTCAATCC
TGCCAGGCAAGCTGAAACTC
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Fig. 1 PLLA treatment reduced the dWAT cell size in C57 mice.
A PLLA injection model. After anesthesia, PLLA was injected under
the skin of mice, as described in the Materials and Methods
section. B The body weight of the mice, measured two months after
PLLA injection. C The inguinal adipose tissue (iWAT) and epididy-
mal adipose tissue (eWAT) weight of mice, measured two months

indicating that its effect on reducing adipocyte volume was
not dependent on toxic effects.

PLLA Has no Effect on the Differentiation
of Adipocytes and Fat Accumulation In Vitro

The in vitro effect of PLLA on adipogenesis was then
explored. Neither PLLA only or PLLA plus Mctl/4
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after PLLA injection. D Morphological staining of dermis. Top:
Masson staining for collagen; bottom: H&E staining showing overall
morphology. The dWAT is indicated between the two dashed line.
E In dWAT, the percentage of adipocyte in relation to cell diameter
were calculated. Values are represented by means +SEM. *p<0.05;
*#p<0.01; ***p<0.001

inhibitor treatment could dramatically altered the differ-
entiation capacity of the adipocytes, as reflected by the
number of lipid droplet stained by oil red O (Fig. 3A, B)
and by the total triglyceride content within the fat cell
(Fig. 3C). The expression levels of adipocyte marker genes,
such as Ppary (Fig. 3D), Cl/ebpoa (Fig. 3E), and Fasn
(Fig. 3F), were comparable between the three groups,
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Fig. 2 PLLA has no significant cytotoxicity on fibroblast and
adipocyte. A The structural formula of PLLA. B The diagram of co-
culture system using trans-well plates. C, D Lactate level in the
medium (C) and adipocyte (D) were measured. The primary dermal
fibroblast was induced differentiation into white adipocyte. After
4-days differentiation, the adipocyte was then co-cultured with /
without PLLA for indicated time. The Mct1/4 inhibitor 7ACC1 were
also added into the co-culture system at the start point. N=3 for each

suggesting the adipogenesis were not affect by PLLA
treatment.

PLLA Enhances Dermis Adipocyte Lipolysis
In Vitro

Next, we analyzed the potential impact of PLLA on
lipolysis. Under the state of norepinephrine-stimulated
lipolysis, the PLLA co-cultured adipocytes had a stronger
fat mobilization ability, manifested by releasing more
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group. E The adipocyte viability was measured at indicted time point
after PLLA treatment. The primary dermal fibroblast separated and
differentiated into white adipocyte. At the beginning of differentia-
tion, the cells were co-cultured with / without PLLA for indicated
time. N=6 for each group. Values are represented by means +SEM. +
PLLA - 7ACCl compared with —PLLA — 7ACCl1, *p<0.05;
*#p<0.01; ***p<0.001. + PLLA + 7ACC1 compared with +PLLA
— TACCI1, ##: p<0.01; ###: p<0.001

lipolytic products, such as glycerol (Fig. 4A) and fatty
acids (Fig. 4B), into the medium. Protein (Fig. 4C) and
mRNA (Fig. 4D-F)-based expression assay suggested that
PLLA significantly increased the expression of key
lipolytic enzymes, such as p-HSL (Lipe), ATGL (Pnpla2),
and Abdh5, indicating that these adipocytes have a stronger
potential for fat decomposition. Interestingly, when
blocking Mctl/4-mediated lactate uptake, the promotion
effect of PLLA on lipolysis was almost completely abol-
ished (Fig. 4A-F). The above data suggest that PLLA can
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Fig. 3 PLLA has no effect on the differentiation of adipocytes and fat
accumulation in vitro. The primary dermal fibroblast was induced
differentiation into white adipocyte. At the beginning of differenti-
ation, the cells were co-cultured with / without PLLA. N=3 for both
groups. A Oil red O staining of lipid droplets at day 8. B The

significantly promote lipolysis in adipocytes, and this effect
is mainly dependent on the intracellular action of its
metabolite, lactate, while the Gpr81 receptors have little
role in this process.
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(TG) content within the adipocyte were measured at day 8. D-
F Quantitative PCR analyzing the mRNA level of white adipose
marker gene, Ppary (D), C/ebpo (E), and Fasn (F), at day 8. Values
are represented by means +SEM

PLLA Enhances Beige Adipogenesis In Vitro

Due to its spatial distribution, dWAT can effectively
receive external temperature stimuli and differentiate into
thermogenic beige fat. PLLA treatment significantly
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Fig. 4 PLLA enhance dermis adipocyte lipolysis in vitro. The
primary dermal fibroblast was induced differentiation into white
adipocyte. Fully differentiated dermis adipocyte (at day 6 after
differentiation) were co-cultured with / without PLLA for 24h. N=3
for both groups. A, B Glycerol (A) and non-esterified fatty acid
(B) release was measured with equal amount of dermis adipocyte
(1*1075) in the presence of isoproterenol at different time points.

enhanced the beige adipocte differentiation process, as
reflected by the increase of lipid droplets (Fig. 5A, B) and
total triglyceride content (Fig. 5C) within the adipocyte.
Consistently, during the beige adipocyte differentiation,
PLLA-stimulated cells exhibit higher expression levels of
beige marker genes (Fig. SD-F). Consistent with the results
of the lipolysis assay, blocking Mctl1/4 -mediated lactate
transport completely reversed the effect of PLLA on beige
adipogenesis. The above results suggest that PLLA can
activate the beige adipogenesis of dWAT through its
metabolite lactate, and this process is dependent on Mct1/4.

Discussion

As the aging population grows and becomes increasingly
concerned with physical appearance, the number of
patients seeking non-surgical rejuvenation treatments for
the face and body is steadily rising. Women wanting to
maintain a younger appearance and attractiveness account
for 92% of all cosmetic procedures [19]. Men are keen to
maintain  physical characteristics associated  with

C Immunoblotting measurement of the lipolysis enzyme, Hsl and
ATGL, D-F Quantitative PCR analyzing the mRNA level of key
lipolysis enzymes, Pnpla2 (D), Lipe (E), and Adhb5 (F). Values are
represented by means +SEM. + PLLA — 7ACC1 compared with
—PLLA - 7ACC1, *p<0.05; **p<0.01; ***p<0.001. + PLLA +
7TACC1 compared with +PLLA — 7ACCl, #: p<0.05; ##: p<0.01;
##H: p<0.001

masculinity [20]. Among the various treatment approaches,
several minimally invasive techniques have been devel-
oped and rapidly applied in esthetic plastic treatment.
PLLA, a well-established tissue filler and biostimulator that
induces collagenases, is widely used among clinical prac-
tice to treat skin aging. PLLA was approved in esthetics in
1999 in Europe and in 2004 in Europe and in USA by the
US Food and Drug administration (FDA). Since then, the
worldwide adoption of PLLA has been driven by its ability
to provide good long-term esthetic results, attributed to its
biostimulatory-collagen effect. However, the precise reg-
ulatory effect of PLLA on different dermal cell subsets
beyond fibroblast has not been fully elucidated. In this
study, we constructed in vivo PLLA injection and in vitro
PLLA-adipocyte co-culture models to analyze the regula-
tory effects of PLLA on the volume, differentiation,
lipolysis, and thermogenic capacity of dermal adipocyte,
one of the major cell types within the skin. Our results
indicate that PLLA can exert a wide range of biological
functions through its metabolite lactate, such as activating
dWAT lipolysis and thermogenesis. Therefore, PLLA
should not only considered as a collagen stimulator for
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Fig. 5 PLLA enhances beige adipogenesis in vitro. The primary
dermal fibroblast was induced differentiation into beige adipocyte. At
the beginning of differentiation, the cells were co-cultured with /
without PLLA. N=3 for both groups. A Oil red O staining of lipid
droplets at day 8. B The quantified measurement of Oil Red O
staining. C Triacylglycerol (TG) content within the adipocyte were

clinical application, its regulatory effect on dermal adipo-
cytes suggests that it may have more clinical application
scenarios.
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measured at day 8. D-F Quantitative PCR analyzing the mRNA level
of white adipose marker gene, Cidea (D), Pgcla (E), and Ucpl (F), at
day 8. Values are represented by means +SEM. + PLLA — 7ACCl1
compared with -PLLA — 7ACCI1, *p<0.05; **p<0.01; ***p<0.001. +
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Skin is the most widely distributed and abundant tissue
type in the human body. Over time, our skin exhibits aging
changes, characterized by a reduction in skin thickness,
which is mainly attributed to the loss of collagen.
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Interestingly, recent model animals-based studies have
found that dermal adipocytes actually increased during skin
aging [8], and thus, this specific subgroup of adipocytes
have been elevated to the prime targets in strategies aimed
at counteracting skin aging[12]. In this study, we analyzed
the regulatory effect of PLLA, the most widely used skin
fillers, on the physiological function of dermal adipocytes
both in vivo and in vitro. Our data revealed that in addition
to its classic role in promoting collagen production, PLLA
can activate lipolysis and thermogenesis of dermal adipo-
cytes, but has no significant effect on the differentiation of
dermal fat.

During aging, the skin and adjacent adipose tissue
exhibit three distinct morphological changes: a moderate
reduction in dermal thickness, a significant expansion of
dWAT located at the dermal-subcutaneous tissue junction,
and a significant reduction in sWAT [12, 21-23]. Inter-
estingly, dWAT and sWAT exhibit opposite behaviors in
chronological aging, suggesting that dWAT is a group of
cells with unique functions that are significantly different
from classical lipid-rich subcutaneous white adipocytes
[8, 12]. In our study, subcutaneous injection of PLLA in
mice significantly reduced the volume of dWAT, mani-
fested as the decrease of the thickness of dWAT layer and
reduced adipocyte size. The size of adipocyte mainly
depends on the size of the lipid droplets they contain, so the
lipid accumulating processes, such as adipogenesis, can
increase the size of fat cells, while lipolysis, which
reducing lipid droplets, shows opposite effect. We believed
that the effect of PLLA on reducing dWAT adipocyte
volume is mainly achieved by activating lipolysis and has
no significant effect on adipogenesis. Interestingly, PLLA
had no such effect on the sWAT. Further studies are
required to fully delineate the function and mechanism of
PLLA in the discriminatory regulation of dWAT and
SWAT.

Fibroblasts and dermal adipocytes together constitute
the main cellular components of the dermis and can carry
out cell-cell communication through signaling molecules
such as metabolites. Ablation of dermal adipocytes in
murine model in vivo demonstrated a significant reduction
of dermal fibroblast genes related to FFA oxidation [11].
This supports the notion that dermal adipocytes can supply
FFAs as metabolites to adjacent dermal fibroblasts. In our
study, PLLA-treated dermal adipocytes showed higher
lipolysis rate, which on the one hand led to a reduction in
fat volume, and on the other hand, there was also a pos-
sibility that PLLA indirectly regulated the function of
fibroblasts by promoting dermal adipocyte secreting free
fatty acids. This suggests that PLLA may have an indirect
regulatory pathway dependent on adipocyte-fibroblast

communication in addition to its classical direct regulatory
effect on fibroblasts. This hypothesis remains to be further
confirmed in subsequent studies.

As the main metabolite of PLLA, lactate could affect the
adipocyte function via two pathways, one is activating
Gpr81 on the membrane as a ligand [26], the other one is
being ingested by the cell via MCT1/4 and then act as a
core metabolite [27]. In this study, we blocked the entry of
lactate into dermal adipocytes with Mct1/4 inhibitor and
found that it reversed the effects of PLLA, suggesting that
the main effect of PLLA depends on the intracellular effect
of lactate. However, considering the high expression of
GPRS1 in adipocytes and the fact that lactate activates
adipocyte thermogenesis and beigeing via GPR81 [28],
which is highly consistent with the regulatory effect of
PLLA on dermal adipocyte, our study cannot completely
exclude the potential involvement of GPR81. Generating
adipocyte-specific GPR81 knock out mice will help to
reveal whether GPR81 pathway also mediates the regula-
tory effect of PLLA on physiological functions of dermal
adipocytes in the future.

In summary, our study revealed that PLLA possess
regulatory effects on dermal adipocyte, such as reducing
cell volume, enhancing lipolysis, and promoting beige
adipogenesis. When evaluating the effect of PLLA on
improving skin aging, the potential effects of adipocytes
should not be ignored.
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