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photodamage through CD151- and AdipoQ-
EVs
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Abstract

To clarify the protective effects of subcutaneous adipose tissue (SAT) against photodamage, we utilized nude mouse
skin with or without SAT. Skin and fibroblasts were treated with adipose tissue-derived extracellular vesicles (AT-

EVs) or extracellular vesicles derived from adipose-derived stem cells (ADSC-EVs) to demonstrate that SAT protects
the overlying skin from photodamage primarily through AT-EVs. Surprisingly, AT-EVs stimulated fibroblast proliferation
more rapidly than ADSC-EVs did. The yield of AT-EVs from the same volume of AT was 200 times greater than that of
ADSC-EVs. To compare the differences between AT-EVs and ADSC-EVs, we used a proximity barcoding assay (PBA)

to analyze the surface proteins on individual particles of these two types of EVs. PBA analysis revealed that AT-EVs
contain diverse subpopulations, with 83.42% expressing CD151, compared to only 1.98% of ADSC-EVs. Furthermore,
AT-EVs are internalized more rapidly by cells than ADSC-EVs, as our study demonstrated that CD151-positive AT-EVs
were endocytosed more quickly than their CD151-negative counterparts. Additionally, adiponectin in AT-EVs acti-
vated the AMPK pathway and inhibited the NF-kB pathway, enhancing fibroblast protection against photodamage.
The significantly higher yield and faster acquisition of AT-EVs compared to ADSC-EVs underscore their potential

for broader applications.
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Graphical Abstract

AT mitigates skin photoaging via AT-EVs, which consist of 14 subpopulations and express more CD151 and APN
on their surface, as determined by PBA sequencing. CD151 facilitates faster cellular recognition and uptake of AT-EVs.
APN activates AdipoR to stimulate the AMPK pathway and inhibit the NF-kB pathway, reducing ROS and DNA damage
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in fibroblasts. This results in improved skin histology, increased collagen production, a reduction in senescent cells,
and decreased ROS accumulation. (Created with BioRender.com)
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Introduction

Photodamage is the most common and primary extrin-
sic cause of skin ageing [1]. This type of damage not only
leads to a rough texture and wrinkled appearance but can
also cause skin immune dysfunction and impaired skin
barrier function, leading to dermatitis, melanin spots,
poor wound healing, and even malignant skin tumours
[2-5]. Ultraviolet B (UVB) light is recognized as a harm-
ful component of sunlight and can easily lead to skin pho-
toaging during sun exposure [6]. UVB radiation promotes
the generation and accumulation of reactive oxygen spe-
cies (ROS) and induces DNA damage [7—9]. Subcutane-
ous adipose tissue (SAT) is closely associated with the
skin. Clinical observations have shown that areas rich in
SAT tend to have better skin texture than areas without
SAT [10-12]. Fat transplantation can soften scars, ame-
liorate skin discolorations, smooth wrinkles, improve
skin texture, and promote hair follicle regeneration [13,
14]. However, whether adipose tissue (AT) has a protec-
tive effect on the skin and the underlying mechanisms are
unclear.

AT is primarily composed of lipid-rich cells known
as adipocytes, along with stromal vascular fraction
cells (SVFs) that consist of adipose-derived stem cells
(ADSCs), preadipocytes, endothelial cells, and immune
cells. Cells derived from AT, such as ADSCs or vascular
endothelial cells [15, 16], can migrate to adjacent tissues
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and differentiate into somatic cells during skin expansion
or wound healing [17]. However, the limited number of
migrating cells has minimal impact. Extracellular vesicles
(EVs) are cell-secreted membranous vesicles that deliver
RNAs, proteins, and lipids to recipient cells, serve as
mediators of intertissue communication and exert regu-
latory effects [18]. Adipose tissue-derived extracellular
vesicles (AT-EVs) are a mixture of EVs produced by vari-
ous AT cells [19]. The composition of AT-EVs includes
EVs derived from adipose-derived stem cells (ADSC-
EVs), but AT-EVs are more diverse than ADSC-EVs.
Notably, ADSCs, through ADSC-EVs, are effective treat-
ments for skin ageing [20] and wound healing [21] and
can promote skin regeneration [22]. AT-EVs can promote
skin regeneration, which can accelerate diabetic wound
healing, as well as cell proliferation and migration [23].
However, whether the protective effect of AT in the skin
is mediated by AT-EVs and the underlying mechanisms
are worth exploring.

To investigate the role of AT during UVB exposure,
we employed a novel inguinal skin model with and with-
out SAT, as well as a fat graft model, to demonstrate the
protective effect of AT. After in vivo and in vitro experi-
ments, the effective substances in AT were confirmed to
be AT-EVs. Compared with ADSC-EVs, AT-EVs can pro-
mote cell proliferation more rapidly, suggesting that AT-
EVs are internalized more quickly, which is associated
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with EV surface proteins. To compare the surface protein
expression of AT-EVs and ADSC-EVs, we used a prox-
imity barcoding assay (PBA) and identified two proteins
with relatively high expression rates on AT-EVs. Subse-
quent in vitro experiments explored the role of these
proteins in facilitating the cellular uptake of AT-EVs and
their mechanisms of protection against photoaging.

Methods

Treatment with AT and cell culture

Human ATs were acquired from healthy and young
female donors with a BMI higher than 18.5 and less than
20 who underwent abdominal liposuction. Each partici-
pant provided written consent, and the research protocol
received approval from the Ethics Committee of Shang-
hai Jiao Tong University School of Medicine. The AT was
cleaned as previously described [23]. The microfat graft
was prepared according to a previously reported proce-
dure [24].

Human ADSCs were isolated from fat mass as
described previously [25]. ADSCs were cultured in low-
glucose Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Grand Island, NY, USA) supplemented with 10%
foetal bovine serum (FBS, Cyagen, Santa Clara, CA, USA)
and 1% antibiotic—antimycotic mixture (Gibco, Grand
Island, NY, USA). ADSCs were passaged every 3-7 days,
and passage 3 ADSCs were used to prepare ADSC-EVs.
Characterization of ADSCs at passage 3 was performed
by inducing adipogenic and osteogenic differentiation.
Human fibroblasts (HFs) were isolated from the skin der-
mis as previously described [26]. The NIH3T3 cell line
was procured from the Cell Bank of the Chinese Acad-
emy of Science (Shanghai, China). Fibroblasts were cul-
tured in high-glucose DMEM (Gibco) supplemented
with 10% FBS and 1% antibiotic—antimycotic mixture and
passaged every 3—4 days. HFs from passages 2-3 were
utilized in the experiments. All the cells were cultured at
37 °C and 5% CO,. To prevent mycoplasma contamina-
tion, DAPI staining was conducted at each cell passage
to ensure cell health. Media from NIH3T3 cells was har-
vested after 24 h of culture in serum-free DMEM when
the cells reached 60-70% confluence. Informed consent
was secured from all participating patients. The study
protocol was reviewed and approved by the Ethics Com-
mittee of Shanghai Ninth People’s Hospital.

Model of photoaging induced by UVB and its treatment

The in vivo experiments were performed on female
BALB/c nude mice. All the mouse experiments were
approved by Shanghai Ninth People’s Hospital. Fat graft-
ing, UVB irradiation, and gross evaluation were all com-
pleted after isoflurane anaesthesia. UVB irradiation was
carried out as detailed in a previous publication [20]. The
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three types of animal experiments were the inguinal skin
with and without SAT, the dorsal skin model with and
without fat grafts, and the dorsal skin model with ADSC-
EVs and AT-EVs.

NIH3T3 cells or HFs were cultured in culture medium
or culture medium supplemented with different EVs.
After 24 h and two washes with PBS, the cells were
exposed to UVB irradiation at a cumulative dosage of
100 mJ/cm? following a previous protocol [20]. Then, the
culture medium of the cells was replenished with fresh
culture medium or culture medium supplemented with
different EVs for 24 to 72 h before the experiments were
performed.

EV preparation, fluorescent labelling, and cellular
uptake of EVs were described minutely in supplementary
methods (Supplementary Material 1). The details of the
animal or cell group division, gross skin evaluation, tissue
histological analysis, assessment of cellular proliferation,
cell SA-B-gal staining, immunofluorescence staining,
ROS detection, quantitative real-time polymerase chain
reaction (QRT-PCR), and western blotting (WB) are
listed in the supplementary information.

To verify how AT-EVs exert their effects, NIH3T3 cells
with low expression of AdipoR were constructed using
the lentivirus, with details provided in the supplementary
information.

PBA and EV proteomic data analysis

To determine the surface proteins of EVs from ADSCs
and ATs, we employed PBA to identify the presence of
261 proteins on these EVs, as listed in Supplementary
Material 2. The process utilized antibodies equipped
with DNA probes that bear a distinct protein tag for each
protein type [27]. The specific reagents, instruments,
and operations used are listed in the supplementary
information.

Sequencing reads were obtained via EVisualizer® soft-
ware (version 1.0; Secretech, Shenzhen, China). Data
normality was initially assessed via the Shapiro—Wilk
test, and data homogeneity was evaluated via either the
F test or Bartlett’s test. The Benjamini-Hochberg pro-
cedure was applied for p value adjustment. The unsu-
pervised FlowSOM algorithm was employed for the
generation of EV subpopulations [28]. Visualization of
these subpopulations was achieved via distributed sto-
chastic neighbourhood embedding (t-SNE) and uniform
flow approximation and projection methods [29]. Some
details of the statistical analysis are listed in the supple-
mentary information.

Isolation of CD151-positive AT-EVs
Superparamagnetic Dynabeads™ were conjugated with a
CD151 antibody (BioLegend, San Diego, CA, USA) via a
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Dynabeads Antibody coupling kit (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s instructions and
a previous publication [30]. The details of isolation are
described in the supplementary information.

Statistical analysis

Numerical data are presented as the means *standard
deviations. The data were analysed via Student’s t test or
one-way analysis of variance (ANOVA) followed by Tuk-
ey’s post hoc test (GraphPad Prism 9.3.1, La Jolla, CA,
USA). Confidence intervals were determined at the 95%
confidence level, and P<0.05 was considered to indicate
statistical significance.

Results

AT has a protective effect on the skin against UVB
irradiation

To investigate whether AT protects skin against photoag-
ing, we established two AT models. One model utilized
inguinal skin with SAT as the AT group, whereas the
adjacent skin without SAT served as the control (Fig. 1a).
Before UVB irradiation, HE and Masson staining revealed
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no significant differences in epidermal or dermal thick-
ness between the two groups (Figs. S1, S2). After 8 weeks
of UVB exposure, the AT group presented improved skin
elasticity (Fig. 1b). The manifestations of photoaging
observed in the skin of nude mice can serve as a model
for the pathological changes observed in human ageing
skin, with a substantially growing epidermis, thinning
dermis, and more aged cells [31]. Histological analyses,
including HE, Masson, Sirius Red, and SA-[B-gal stain-
ing, revealed that the AT group had a thinner epidermis,
a thicker dermis, increased collagen content, and fewer
senescent cells. These findings indicate that AT strongly
contributes to a more youthful appearance of the skin
from photoaging (Figs. 1c, S3).

In the alternative model, a fat graft placed beneath
the dorsal skin constituted the fat graft group, with PBS
injection serving as the control. Two weeks post-trans-
plantation, Oil Red O staining confirmed the survival of
the grafted AT (Fig. S4). The groups showed no signifi-
cant difference in skin elasticity or melanin content (Fig.
S5). After UVB exposure (Fig. 1d), the transplanted fat in
the fat graft group remained viable (Fig. S6), and the skin
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=

Fig. 1 AT has a protective effect on the skin under ultraviolet B (UVB) irradiation. a Gross image of the AT group with subcutaneous adipose tissue
(SAT) in the inguinal area and the adjacent control group without SAT before UVB exposure. b Quantification of skin elasticity in the control group
and AT group. ¢ HE, Masson, Sirius Red, and immunofluorescence staining to determine epidermal thickness, dermis thickness, collagen deposition,
and SA-B-gal expression in the control group and AT group. Scale bars=50 um. d Schematic diagram of fat grafting and UVB irradiation on the back.
e Gross images of skin texture from the control group and fat graft group after UVB irradiation. f, g Quantification of the melanin content and skin
elasticity in the control group and fat graft group. h HE, Masson, Sirius Red, and immunofluorescence staining to determine epidermal thickness,
dermis thickness, collagen deposition, and SA-3-gal expression in the control group and fat graft group. Scale bars=100 um. i The mRNA expression
of ColTAT, MMP9, and CDKNTA in the two groups. j, k The protein expression of Col1, MMP9, and p21 in the two groups. *p <0.05, ***p < 0.001
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appeared smoother with fewer wrinkles than that in the
control group (Fig. le). The CK-MPA10 results revealed
reduced melanin levels and improved elasticity in the fat
graft group (Fig. 1f, g). Histological staining revealed that
the fat graft group exhibited epidermal thinning, dermal
thickening, increased collagen production, and reduced
cellular senescence, which was consistent with the results
from the inguinal skin model (Figs. 1h, S7). Molecu-
lar analysis, including qRT-PCR and WB, revealed the
upregulation of CollAl and the downregulation of
MMP9 and CDKNI1A in the fat graft group (Fig. 1i-k).
These findings further support the conclusion that the
presence of AT substantially mitigates UVB-induced
photoaging, leading to the rejuvenation of ageing skin.

The protective effect of AT-EVs on the skin under UVB
irradiation is similar to that of ADSC-EVs

To investigate whether AT-EVs are the mechanism by
which AT exerts its protective effects, we used nude mice,
as shown in Fig. 2a. Previous research has demonstrated
the skin-protective properties of ADSC-EVs under UVB
exposure [20], establishing these EVs as positive controls.
Cells from AT were cultured and differentiated into adi-
pocytes and osteoblasts (Fig. S8) to confirm their iden-
tity. Both ADSC-EVs and AT-EVs were characterized
via electron microscopy (Fig. 2b) and a flow NanoAna-
lyzer, which revealed average sizes of 61.3+17.8 nm and
63.9+18.0 nm, respectively (Fig. S9). Furthermore, both
ADSC-EVs and AT-EVs expressed the surface markers
CD9, CD63, and CD81 (Fig. S10) and were taken up by
NIH3T3 cells labelled with PKH26 (Fig. S11).

After eight weeks of UVB exposure, the AT-EV-
treated skin exhibited a reduced number of skin wrinkles
(Fig. 2c). Additionally, skin elasticity and melanin con-
tent improved in the AT-EV group (Fig. 2d, e). Compared
with those in the UVB group, histological analysis via HE,
Masson, Sirius Red, SA-B-gal, and in situ dihydroethid-
ium red fluorescence staining (Fig. 2f) revealed that the
AT-EV group had a thinner epidermis, a thicker dermis,
increased collagen levels, fewer senescent cells, and lower
ROS levels (Fig. 2g-k). Furthermore, AT-EVs modulated
skin gene expression, increasing Coll1Al expression and
decreasing MMP9 and CDKNIA expression (Fig. 2I-
n). The experimental results revealed no significant dif-
ferences between the AT-EV group and the ADSC-EV
group.

In summary, AT-EVs, which function similar to AT,
mitigated the histological manifestations of photoaging,
promoted collagen production and deposition, reduced
ROS and MMP9 levels, and alleviated signs of ageing,
providing skin protection under UVB exposure similar to
that of ADSC-EVs. These results suggest that AT exerts
its protective effects through AT-EVs.
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AT-EVs also have a protective effect on NIH3T3 cells

during UVB exposure and can more rapidly promote cell
proliferation

For determination of the impact of AT-EVs on UVB-
exposed fibroblasts, NIH3T3 and human fibroblasts
were treated and analysed (Fig. 3a). AT-EVs increased
CollA1l levels while decreasing MMP9 and CDKNI1A
levels in NIH3T3 cells, as confirmed by both qRT-PCR
and WB (Fig. 3b—d). Human fibroblasts treated with AT-
EVs exhibited reduced senescence, as indicated by fewer
SA-B-gal-positive cells (Fig. 3c, d), and decreased ROS
accumulation, as measured via DCFH2-DA (Fig. 3g, h).
The experimental results revealed no significant differ-
ence between the ADSC-EV group and the AT-EV group.
Overall, AT-EVs protect fibroblasts by reducing ROS
levels, promoting collagen synthesis, decreasing MMP
expression, and alleviating cellular senescence. Further-
more, AT-EVs increased NIH3T3 cell proliferation more
rapidly than ADSC-EVs did at 24 h post-UVB irradiation,
suggesting that AT-EVs may be absorbed by cells more
quickly than ADSC-EVs are, thereby exerting their effects
more efficiently (Fig. 3i). These findings prompted fur-
ther investigation into the mechanism by which AT-EVs
can protect the skin from photoaging and be internalized
more rapidly.

AT-EVs exhibit a rich variety of subpopulations, with many
AT-EVs expressing CD151 and APN on their surface

The uptake of EVs is associated with the tetraspanins
on their surface [32]. The differential expression of sur-
face proteins on AT-EVs and ADSC-EVs may account for
the more rapid absorption of AT-EVs by cells than that
of ADSC-EVs. To investigate this finding, we compared
the surface protein expression of AT-EVs and ADSC-EVs
obtained from 10 patients (Fig. 4a), whose BMIs ranged
from 19.473 to 30.071. We employed PBA analysis, which
sorts EVs into subpopulations on the basis of their sur-
face proteins [27]. Additionally, we compared the quanti-
ties of ADSC-EVs and AT-EVs. We used 10 ml of AT to
extract ADSCs and another 10 ml of AT from the same
patient to extract AT-EVs. ADSC-EVs were extracted
directly without expanding the ADSC mixture. The quan-
tities of EVs were determined via a Flow NanoAnalyzer.
The number of AT-EVs was significantly greater than that
of ADSC-EVs in the same volume of AT (Fig. 4b). Spe-
cifically, the count of AT-EVs in 10 ml of AT was approxi-
mately 6.1x 10", which was approximately 200 times
greater than the number of ADSC-EVs (Fig. 4c).

Patient data are provided in Supplementary Material
3. Principal component analysis revealed distinct sur-
face protein expression profiles between ADSC-EVs and
AT-EVs (Fig. 4d), with high correlations among biologi-
cal replicates within each group, as shown by the Pearson
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Fig. 2 AT-derived extracellular vesicles (AT-EVs) can alleviate skin photoaging caused by UVB. a Schematic diagram of EV injection and UVB
irradiation. b Morphology of EVs shown by transmission electron microscopy. Scale bar=200 nm. ¢ Gross images of skin texture in the four groups
after UVB irradiation. d, e Quantification of skin elasticity and melanin content in the four groups. f HE, Masson, Sirius Red, immunofluorescent

and situ dihydroethidium red fluorescence staining to determine epidermal thickness, dermis thickness, collagen deposition, SA-B-gal expression
and ROS levels in the four groups. Scale bars=50 um. g-k Statistical analysis of epidermal thickness, dermis thickness, collagen deposition, SA-B-gal
expression, and dihydroethidium fluorescence. I-n The mRNA expression of Col1A1, MMP9, and CDKN1A in the four groups. *p <0.05, **p < 0.01,
***p<0.001, n.s, no significant difference between groups
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Fig. 3 AT-EVs can protect fibroblasts during UVB irradiation. a Schematic diagram of the process of cell intervention and UVB irradiation. b The
mMRNA expression of Col1A1, MMP9, and CDKN1A in the four groups. ¢, d The protein expression of Col1, MMP9, and p21 in the four groups. e
SA-B-gal staining revealed differences in FB senescence among the four groups. Scale bars =100 pm. f Quantification of SA-3-gal-positive cells
in the four groups. g The fluorescence intensity reflects the level of intracellular ROS production after intervention and UVB irradiation. Scale
bars=50 um. h Quantification of the level of ROS production in the four groups. i CCK-8 analysis of NIH3T3 cell proliferation in the four groups
after 72 h (n=5). *p<0.05, *p < 0.01, ***p <0.001, n.s,, no significant difference between groups

correlation coefficient (Fig. S12). After normalization
via the trimmed mean of M values method, the protein
expression levels were determined (Fig. S13). A heatmap
highlighted the top 100 differentially expressed surface
proteins, notably showing higher levels of CD151 and
AdipoQ in AT-EVs (Fig. 4e). AdipoQ in AT-EVs may have
anti-inflammatory and protective effects in response to
UVB exposure. t-SNE plots illustrated the clustering of

EVs, distinguishing 14 clusters via FlowSOM (Fig. 4f),
which were colour-coded to represent their group ori-
gins and to illustrate differences among subpopulations
(Fig. 4g). The biomarkers for each cluster are shown in
Fig. 4h. Most clusters exhibited positive CD151 expres-
sion. ADSC-EVs were primarily represented by one sub-
population, with cluster 1 (97.2%) characterized by the
expression of AIF1, TIMP2, and FN1 (Fig. 4h, i). AT-EVs
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Fig. 4 Surface protein sequences and EV subpopulations of AT-EVs and ADSC-EVs. a Schematic diagram of sample collection and detection. b
Flow NanoAnalyzer was used to count the number of ADSC-EVs and AT-EVs in 10 ml of AT. ¢ Quantification of AT-EVs and ADSC-EVs in 10 ml of AT. d
Principal component analysis revealed significant differences in protein expression between ADSC-EVs and AT-EVs. e Heatmap showing the top 100
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fourteen subpopulations. g The distribution of AT-EVs and ADSC-EVs among subpopulations. h Heatmap displaying the proteomic biomarker
characteristics of each subpopulation. i Proportion of each subpopulation of ADSC-EVs and AT-EVs. j The expression of AdipoQ and CD151
on the surface of ADSC-EVs and AT-EVs. **p < 0.01. (Created with BioRender.com)

displayed greater diversity and encompassed all 14 clus-
ters. Clusters 13 and 3 had the highest proportions, at
28.4% and 15.4%, respectively. Both clusters were char-
acterized by CD151 and ITGB1, with cluster 13 showing
strong overexpression of CD151 and cluster 3 showing
strong overexpression of ITGB1 (Fig. 4h, i). The analysis
of surface protein expression indicated that AT-EVs had
significantly higher levels of AdipoQ and CD151 than
ADSC-EVs did, with 517 AT-EVs coexpressing both pro-
teins, in contrast to only 1 ADSC-EV (Fig. 4j).

Compared with ADSC-EVs, AT-EVs presented greater
surface protein diversity. We analysed surface protein
expression on 13,332 EVs from both ADSC-EVs and AT-
EVs. AdipoQ was expressed in 41 (0.30%) ADSC-EVs and
656 (4.92%) AT-EVs. CD151 was found in 264 (1.98%)
ADSC-EVs and 11,122 (83.42%) AT-EVs. Compared with
517 (3.88%) AT-EVs, only 1 ADSC-EV showed coexpres-
sion (Fig. 4j). These findings underscore the increased

subpopulation diversity, including 13 clusters beyond
the primary ADSC-derived cluster, and the increased
expression of key proteins such as CD151 and AdipoQ
on AT-EVs, which may contribute to their increased effi-
cacy of cellular uptake and protective effects under UVB
exposure.

Adiponectin on the surface of AT-EVs activates the AMPK
pathway to alleviate photoaging

We hypothesized that AT-EVs protect cells through
APN during UVB exposure. To test this hypothesis, we
constructed NIH3T3 cells with AdipoR knockdown
(NIH3T3-shAdipoR) and treated them with ADSC-EVs
and AT-EVs, with grouping and intervention, as shown
in Fig. 5a. WB analysis confirmed the increased APN lev-
els in AT-EVs (Fig. S14). We used lentiviruses to knock
down AdipoR1 and AdipoR2 in NIH3T3 cells (Fig. 5b, ),
and WB analysis revealed significantly reduced AdipoR
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expression in the NIH3T3-shAdipoR group (Fig. 5d, e).
WB analysis revealed a decreased ratio of phosphorylated
5’ AMP-activated protein kinase™”? (p-AMPK''"?) to
total AMPK (t-AMPK) in both the shNC and shAdipoR-
AT-EV groups following UVB irradiation. Conversely,
pretreatment with AT-EVs mitigated the UVB-induced
reduction in p-AMPK™7? (Fig. 5f, g). We subsequently
investigated the impact of AT-EVs on the activation of

the NF-kB signalling pathway during UVB irradiation.
Although the differences between the groups were not
significant, WB analyses revealed that both AT-EVs and
ADSC-EVs tended to inhibit the increase in p-NF-«xB
p6557%¢ levels (Fig. 5f, g). iNOS, which is downstream of
the NF-«xB pathway, had lower expression in the shNC-
AT-EV group than in the shAdipoR-AT-EV group (Fig. 5f,
g). Immunofluorescence analysis of y-H2AX indicated
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reduced nuclear DNA damage in the shNC-AT-EV group
(Fig. 5h, i). These results demonstrate that APN on AT-
EVs can activate AdipoR, stimulate the AMPK pathway,
inhibit the NF-kB pathway, reduce UVB-induced DNA
damage, and protect cells from UVB exposure.

CD151, which is highly expressed on the surface of AT-EVs,
increases the cellular uptake of EVs

We investigated whether the mechanism underlying the
increased uptake of AT-EVs is facilitated by the increased
expression of CD151. Surface protein sequencing and WB
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analysis confirmed that CD151 expression was greater on
AT-EVs than on ADSC-EVs (Fig. 6a). The NIH3T3 cells
treated with 400 pg/ml PKH26-labelled ADSC-EVs or
AT-EVs for 30 min presented increased intracellular red
fluorescence in the AT-EV group (Fig. 6b, c), suggesting
faster cellular uptake of AT-EVs. Moreover, the NIH3T3
cells in the AT-EV group expressed more CD151 (Fig. 6b,
d). Time-lapse uptake recordings (Supplementary Mate-
rial 4,5) revealed that AT-EVs were internalized earlier
than ADSC-EVs were internalized, with a first appear-
ance at 2 min 40 s for AT-EVs and 18 min 54 s for

CD151(+) CD151(-)
AT-EVs AT-EVs

70 %* %

Merge

YN

Mean fluorescence intensity
of PKH26
o 2]
o u o0 o o
7y E :,

Mean fluorescence intensity
of CD151
B
3

Fig. 6 AT-EVs with high expression of CD151 can be more rapidly taken up by cells. a The protein expression of CD151 in AT-EVs and ADSC-EVs. b
PKH26 and immunofluorescence staining of CD151 in cells after incubation with PKH26-labelled ADSC-EVs or AT-EVs for 30 min. Scale bars=5 um.
¢, d Quantification of PKH26 and CD151 fluorescence in the AT-EV group and ADSC-EV group. e Sorting of CD151(+) AT-EVs and CD151(-)

AT-EVs from AT-EVs. f CD151 expression in CD151(+) AT-EVs and CD151(-) AT-EVs. g PKH26 and immunofluorescence staining of CD151 in cells
after incubation with PKH26-labelled CD151(+) AT-EVs and CD151(-) AT-EVs for 30 min. Scale bars=5 pm. h, i Intracellular PKH26 and CD151

fluorescence statistics. **p <0.01, ***p < 0.001. (Created with BioRender.com)
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ADSC-EVs (Fig. S15) and a peak fluorescence at 21 min
24 s for AT-EVs and 40 min 13 s for ADSC-EVs (Fig. S16),
indicating quicker AT-EV cellular uptake and potential
for earlier regulatory effects.

To investigate whether the expression of CD151 on
AT-EVs facilitates faster cellular uptake than that on
ADSC-EVs, we isolated CD151-positive AT-EVs from
CD151-negative AT-EVs via magnetic beads (Fig. 6e).
WB analysis confirmed the effectiveness of the sorting
process (Fig. 6f). Both types of EVs were labelled with
PKH26 and incubated with NIH3T3 cells for 30 min.
Cells treated with CD151-positive AT-EVs presented
increased red fluorescence, indicating faster uptake of
EVs (Fig. 6g, h), as well as elevated CD151 expression
(Fig. 6g, i). These findings suggest that CD151 can pro-
mote the internalization of EVs by cells.

Discussion

Photoaging, which is caused mainly by UVB, is a major
external factor of skin ageing. UVB radiation triggers
the MAPK/NF-«kB pathway to increase MMP synthesis
and suppresses the TGF-f/Smad pathway to decrease
collagen expression [7]. UVB exposure also elevates the
intracellular ROS level [33] and exacerbates DNA dam-
age [34]. We utilized a dorsal skin model and a novel
inguinal skin model with or without SAT to demonstrate
the protective effects of SAT. Unlike artificial fat grafting,
the inguinal skin with and without SAT determined the
therapeutic impact of natural SAT on the skin following
UVB exposure. This approach eliminates the potential
complications associated with grafting errors and varia-
tions in AT survival rates. Our findings revealed that the
AT group and fat graft group presented an improved skin
texture compared with the control group, with a thinner
epidermis, thicker dermis, more collagen, lower MMP
levels, and fewer senescent cells. These results suggest
that AT has a protective effect on the skin.

SAT is closely juxtaposed to the skin structurally, with
notable intertissue communication. However, the mecha-
nisms through which AT exerts regulatory effects on the
skin are unclear. ADSCs in SAT can migrate to the skin,
differentiate into fibroblasts, and aid in tissue repair and
regeneration [35]. Vascular endothelial cells lose their
adhesive ability, migrate to adjacent tissues, and differen-
tiate into fibroblasts and myofibroblasts [16]. Neverthe-
less, the therapeutic effects of mesenchymal stem cells
occur primarily through their paracrine actions rather
than their differentiation capacity [36]. The number of
ADSCs and vascular endothelial cells capable of migra-
tion and differentiation is limited. AT-EVs are crucial
mediators through which AT exerts regulatory effects for
paracrine and endocrine functions [19]. With respect to
tissue regeneration, AT-EVs stimulate angiogenesis and
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collagen rearrangement during wound healing [23, 37].
Our study demonstrated that AT-EVs, similar to ATs,
protect skin and fibroblasts against UVB, which poten-
tially explains the mechanism of the protective effect of
AT against photodamage.

AT-EVs, which are produced by diverse AT cells, are
complex and heterogeneous vesicle mixtures [38]. There-
fore, we used various technologies to isolate and study
individual EVs. The mechanisms by which AT-EVs can
more rapidly promote cell proliferation may be related
to prompt recognition and uptake by cells, which are pri-
marily linked to tetraspanins on the EV surface [32]. To
explore the mechanism by which AT-EVs promote cell
proliferation, we applied PBA sequencing, a cutting-edge
and innovative technique, to evaluate surface protein
expression on single particles of AT-EVs and ADSC-EVs.
The PBA results revealed that AT-EVs present a variety of
subpopulations, in contrast to ADSC-EVs, which have a
single cluster. Among AT-EVs, 83.42% expressed CD151,
and 4.92% expressed APN, whereas among ADSC-EVs,
the expression rates were significantly lower, with 1.98%
expressing CD151 and only 0.30% expressing APN.

The mechanism by which AT-EVs are taken up more
rapidly by cells is due to the expression of CD151 on
the surface of AT-EVs. CD151, a crucial transmembrane
scaffold protein, interacts with integrins (ITGs), such as
ITGa6B1, a6B4, a3p1, and a7p1 [39]. The ITGA6-ITGB1-
CD151 complex on exosomes is linked to cancer cell
invasion and metastasis [40, 41]. EVs with high CD151,
ITGA®6, ITGB4, and epidermal growth factor receptor
VIII levels on their surface are also rapidly absorbed by
recipient cells [42]. Our study revealed that AT-EVs were
internalized faster than ADSC-EVs were. We innovatively
separated AT-EVs via magnetic beads into CD151-posi-
tive and CD151-negative groups, with the former being
more rapidly internalized. CD151 is also expressed by the
cells themselves [43], so the treatment of NIH3T3 cells
with CD151-negative AT-EVs also affects the expression
of CD151. CD151-positive EVs have clinical application
value because CD151 complexes can facilitate the rapid
recognition and uptake of EVs by cells. This finding will
contribute to the development of drug-loaded EVs with
better therapeutic efficacy.

The protective mechanism of AT against UVB radiation
is attributed to APN on the surface of AT-EVs. APN binds
to AdipoR, activating the AMPK pathway, which inhib-
its NF-kB [44] and reduces iNOS expression, countering
UVB-induced MAPK/NEF-«kB activation, which increases
the expression of MMPs and decreases the expression
of procollagen I and III [7, 45]. After AT-EV interven-
tion, MMP9 synthesis decreases, whereas Coll1A1 levels
increase in fibroblasts. AMPK activation also increases
mitophagy and mitochondrial biogenesis [46] to clear
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damaged mitochondrial DNA [47] and reduce UVB-
induced ROS [7, 8] and nuclear DNA damage [9]. Fur-
thermore, AMPK upregulates nuclear factor E2-related
factor 2 (Nrf2) for antioxidant enzyme synthesis [48,
49]. Increased mitochondrial renewal and antioxidant
enzyme synthesis can eliminate the increased ROS
caused by UVB. APN potentially activates the BMP/
Smad pathway [50, 51], promoting cell proliferation and
collagen synthesis suppressed by UVB [7, 15], suggesting
a role for APN in increasing Smad pathway activity dur-
ing UVB exposure. ADSC-EVs can also deliver circular
RNA-Fryl to activate the AMPK pathway [52] and deliver
microRNA to inhibit the NF-kB pathway [53], thereby
protecting against skin photoaging.

In terms of production efficacy, AT-EVs outperform
ADSC-EVs. Approximately 6.1x10'' AT-EVs are con-
tained in 10 ml of AT, which is 200 times the number of
ADSC-EVs in an equal volume of AT. During the stand-
ard preparation process of AT-EVs and ADSC-EVs, AT-
EVs can be harvested by continuous collection in vitro
within 48 h of obtaining AT. In contrast, the acquisi-
tion of a substantial amount of ADSC-EVs typically
requires 2 to 3 weeks for the ADSCs to proliferate to the
third or fourth generation. The acquisition of AT-EVs
is significantly faster and more convenient than that of
ADSC-EVs.

This study has several limitations. We focused on EV
surface proteins. The cargo of AT-EVs, including micro-
RNAs, proteins and lipids, may promote cell proliferation
and migration [23] and needs further research. AT-EVs
possess fourteen distinct subpopulations with varying
surface proteins and potential unique functions, indi-
cating good research value. AT-EVs, a complex mixture
of molecules and diverse types of cell-derived EVs, play
intricate regulatory roles in the body. Further research
is needed to determine their effects on diseases such as
inflammation, cardiovascular issues, and diabetes and to
clinically verify their therapeutic efficacy. AT-EVs com-
bined with APN have anti-inflammatory effects, which
may also have therapeutic effects on other inflammatory
diseases, such as skin fibrosis and scarring. These results
will promote further studies of these diseases.

In conclusion, AT can protect skin against photodamage.
The protective effects of AT are mediated through AT-EVs.
The composition of AT-EVs is diverse and can be divided
into 14 subpopulations. Compared with ADSC-EVs, AT-
EVs have higher expression rates of CD151 and APN. The
rapid internalization of AT-EVs by cells is facilitated by
CD151 on the AT-EV surface. APN on the surface of AT-
EVs activates the AMPK pathway, inhibits the NF-«B path-
way, and reduces ROS levels in fibroblasts, thus having
protective effects on UVB-irradiated cells. Furthermore,
the notably greater yield and more rapid acquisition of
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AT-EVs than ADSC-EVs emphasize their potential clinical
application.
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