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Abstract
Skin thickness is closely related to the appearance of human skin, such as sagging and wrinkling, which primarily
depends on the level of collagen I synthesized by dermal fibroblasts (DFs). Small extracellular vesicles (SEVs), especially
those derived from human DFs (HDFs), are crucial orchestrators in shaping physiological and pathological development of skin. However, the limited supply of human skin prevents the production of a large amount of HDFs-SEVs,
and pig skin is used as a model of human skin. In this study, SEVs derived from DFs of Chenghua pigs (CH-SEVs),
considered to have superior skin thickness, and Large White pigs (LW-SEVs) were collected to compare their effects on
DFs and skin tissue. Our results showed that, compared with LW-SEVs, CH-SEVs more effectively promoted fibroblast
proliferation, migration, collagen synthesis and contraction; in addition, in mouse model injected with both SEVs,
compared with LW-SEVs, CH-SEVs increased the skin thickness and collagen I content more effectively. Some differentially expressed miRNAs and proteins were found between CH-SEVs and LW-SEVs by small RNA-seq and LC–MS/
MS analysis. Interestingly, we identified that CH-SEVs were enriched in miRNA-218 and ITGBL1 protein, which played
important roles in promoting fibroblast activity via activation of the downstream TGFβ1-SMAD2/3 pathway in vitro.
Furthermore, overexpression of miRNA-218 and ITGBL1 protein increased the thickness and collagen I content of
mouse skin in vivo. These results indicate that CH-SEVs can effectively stimulate fibroblast activity and promote skin
development and thus have the potential to protect against and repair skin damage.
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Graphical Abstract

Introduction
Skin thickness is closely related to the appearance of
human skin, such as sagging and wrinkling, which primarily depends on the level of collagen I synthesized by
fibroblasts in the dermal layer [1]. Human skin thickness
varies considerably according to race, age, sex, and region
of the body surface [2, 3]. As life progresses, physical
changes in the skin are the first observation demonstrating organismal ageing, and the skin thickness, number and
biosynthetic capacity of fibroblasts, and collagen content
decreases with age [4–6], which may account, in part, for
the wrinkling and loss of elasticity [7]. Although various
materials, such as antioxidants, retinoids, peptides, growth
factors, and dermal fillers have been used to protect or
repair the skin [8–11], most of the available skin treatment
products lack the capacity to enrich the skin completely.
Small extracellular vesicles (SEVs), generally called
exosomes, are cell-derived nanoscale vesicles with a diameter of 40–160 nm that can mediate cell-to-cell communication and regulate the properties of target cells through
factors such as proteins, nucleic acids, carbohydrates, and
lipids [12]. Previous reports demonstrated that multiple
kinds of endogenous SEVs, such as those derived from
adipose-derived stem cells (ADSCs) and mesenchymal
stem cells (MSCs), are crucial orchestrators in shaping the
physiological and pathological development of the skin
[13–16]. Moreover, recent studies have discovered that
SEVs derived from autologous human dermal fibroblasts
(HDFs) can more efficiently ameliorate skin ageing [17,
18] and promote cutaneous wound healing [19, 20], which
indicates that HDF-SEVs may be potential materials for
protecting against and repairing skin damage.
However, because human skin is obtained during plastic surgery procedures or from deceased donors, the
limited supply of human skin severely prevents the production of a large amount of HDF-SEVs. Porcine skin has

been used as a model of human skin because it shares
histological, ultrastructural, and physiological skin attributes with those of human skin [21, 22]. The Chenghua pig
(CH) is an endangered black breed native to southwestern China in Sichuan Province and is characterized by a
superior skin thickness of approximately 8 mm or more
at the back in adult individuals [23]; however, the most
popular commercial pig breeds, such as Large White
pigs (LW) and Landrace pigs, only show a thickness of
approximately 2 mm at the back in adult individuals [21,
24]. These studies indicate that CH pigs may have strong
DF activity and skin development and may be an ideal
model animal for researching mammalian skin biology.
Here, we hypothesized that SEVs derived from CHDFs
could have a beneficial effect on fibroblast activity and
skin development via the enriched alterations of proteins
and miRNA cargos. To test this hypothesis, we isolated
SEVs derived from CHDFs and LWDFs and comparatively
investigated their effects on fibroblast activity in vitro and
skin development in vivo. Moreover, we identified CHSEVs enriched in miRNA-218 and the ITGBL1 protein and
explored their molecular mechanism in regulating fibroblast
activity in vitro and their roles in skin development in vivo.

Result
Characterization of SEVs derived from CHDFs and LWDFs

Histomorphological analysis revealed that the skin of
CH pigs was thicker than that of LW pigs (8.5 mm vs.
3.0 mm) and that the collagen fibres were more densely
packed in CH pigs than in LW pigs (Fig. 1A and Additional file 1: Fig. S1A). To examine the effects of SEVs
from CHDFs and LWDFs on DFs and skin tissue, we isolated SEVs from the conditioned medium of CHDFs and
LWDFs by differential ultracentrifugation and then characterized their morphological characteristics, size distribution, and surface marker expression. Transmission
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Fig. 1 Characterization of skin thickness and SEVs from DFs. A Skin thickness (left), Sirius red (middle), and HE stain (right) of CH and LW pig
skin tissue. Scare bars of Sirius/HE = 1000/100 µm. B Transmission electron microscope images of SEVs derived from DFs of CH and LW pigs.
Scare bars = 100 nm. C Size distribution of CH/LW-SEVs by nanoparticle tracking analysis. n = 3. D Western blot bands of CD9, CD63, and CD81
in secreting cells and CH/LW-SEVs. n = 3. E CD9 and CD63 of CH/LW-SEVs were detected by flow cytometry. n = 3. F Images of location between
CH-SEVs and CHDFs by confocal microscopy. Cells (105) were incubated with 10 µg SEVs labelled with PKH67 (green) for 24 h. The supematant of
free SEVs-labelled was used as a negative control (NC). Scare bars = 20 μm. CH, Chenghua; LW, Large White; HE, hematoxylin-eosin. The data was
calculated using student’s t test. Data are expressed as means ± SEM

electron microscope (TEM) showed that the isolated
SEVs exhibited the typical cup-shaped microscopy
(Fig. 1B); in addition, nanoparticle tracking analysis
(NTA) revealed that the diameters ranged from 40 to
130 nm, of which the majority were approximately 76 nm

(Fig. 1C). Western blot (WB) results showed that surface
markers such as CD9, CD63 and CD81 were abundant in
these particles (Fig. 1D and Additional file 2: Table S1).
Flow cytometric analysis further confirmed the presence
of surface markers including CD9 and CD63 (Fig. 1E).
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The characteristics of these isolated SEVs were consistent with previous studies [25]. Moreover, coincubation of
fibroblasts (CHDFs, LWDFs, and HDFs) with CH-SEVs
labelled with PKH67 (green) revealed the uptake of these
nanoparticles into these cells (Fig. 1F and Additional
file 1: Fig. S1B).
Effects of different SEVs on DFs in vitro

To comparatively investigate the effects of SEVs from
two different types of pig dermalfibroblasts on the activity of DFs in vitro, three types of DFs (CHDFs, LWDFs,
and HDFs) were incubated with CH-SEVs and LW-SEVs,
respectively. As collagen type I predominates in the dermis and is responsible for the tensile strength of skin tissue [1], the assessment of its effect on the synthesis of
collagen I and fibronectin in DFs was performed by qRT–
PCR, WB, and ELISA. After coincubation for 24 h, in all
three types of DFs, compared to the negative control (NC)
group (PBS), both treatment groups showed a significantly
higher expression level of COL1A1 mRNA; moreover the
CH-SEV group had a relatively higher expression level
than the LW-SEV group. In addition, the WB images for
collagen I and fibronectin showed more visually increased
bands in the CH-SEV group versus the LW-SEV group
(Fig. 2A, Additional file 1: Fig. S2A and Additional file 2:
Table S2). The ELISA further revealed that, compared
to the NC group, the expression levels of collagen I were
upregulated approximately 2-fold for the CH-SEV group
and 1.5-fold for the LW-SEV group in all three types of
DFs, respectively (Fig. 2B and Additional file 1: Fig. S2B).
DF proliferation was investigated with CCK-8, EdU,
and flow cytometry assays. The results of CCK-8 and
EdU assays showed that, compared to the NC group, CHSEV group exhibited a striking ability of cell proliferation,
while LW-SEV group showed a slight ability of cell proliferation in all three types of DFs, respectively (Fig. 2C,
D, and Additional file 1: Fig. S2C, D). Moreover, the flow
cytometry assay further revealed that, compared to the
NC group, both treatment groups exhibited a significantly faster cell division progression, while the CH-SEV
group had a relatively faster cell division progression than
the LW-SEV group, with 9.9–15.6% of the cell in G2/M
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phase in the CH-SEV group and only 8.4–12.3% of the
cell in the G2/M phase in the LW-SEV group in all three
types of DFs, respectively (Fig. 2E and Additional file 1:
Fig. S2E). In addition, the migration of DFs was investigated with a wound healing assay. After treatment for
24 h, in all three types of DFs, compared to the NC group,
both treatment groups showed a significantly faster rate
of wound recovery, moreover CH-SEV group showed
a relatively faster recovery than LW-SEV group (Fig. 2F,
Additional file 1: Fig. S2F, and Additional file 2: Table S3).
In addition, to confirm the contraction ability of SEVtreated fibroblasts, a collagen gel contraction assay was
conducted in three types of DFs treated with CH-SEVs
and LW-SEVs, respectively. The results showed that, in
all three types of DFs, treatment with CH-SEVs and LWSEVs stimulated collagen gel contraction compared with
the NC group, while the CH-SEV group showed a more
visibly accelerated contraction than the LW-SEV group
(Fig. 2G, Additional file 1: Fig. S2G, and Additional file 2:
Table S4). These results indicated that the SEVs originating from CHDFs and LWDFs could stimulate DF activity in vitro, while CH-SEVs were more advantageous in
promoting DF proliferation, migration ability, collagen
secretion, and collagen gel contraction.
Effects of injection with different SEVs on skin tissue
in mice

To effectively regulate skin tissue, SEVs must penetrate
through the epidermis to reach the dermis. Therefore,
to realize the biodistribution of the SEVs in mouse skin
tissue, we injected approximately 100 µg of purified CHSEVs labelled with DiR dyes into the dorsum of nude
mice. After one day, the fluorescence activity was monitored by the IVIS imaging system; in addition, the image
of the frozen section of the mouse skin biopsies showed
that the labelled SEVs reached the dermis (Fig. 2H).
Then, to evaluate the efficacy of different SEV treatments on the development of mouse skin, 6-week-old
C57 mice received CH-SEVs and LW-SEVs (1010 particles/mL) by subcutaneous injection every day for 21 days,
respectively. On the 0th, 7th, 14th, and 21st days after
treatment, we found that, compared to the NC group

(See figure on next page.)
Fig. 2 Comparison effect of SEVs from CHDFs and LWDFs in vitro and in vivo. A mRNA levels of COL1A1 and WB images of collagen I and
fibronectin in CHDFs treated with CH/LW-SEVs. n = 3. B Collagen I content of CHDFs treated with CH/LW-SEVs. n = 3. C Proliferation of CHDFs
treated with CH/LW-SEVs by CCK-8. n = 3. D EdU analysis of CHDFs treated with CH/LW-SEVs. n = 3. Scare bars = 100 μm. E Cell cycle of CHDFs
treated with CH-SEVs and LW-SEVs. Data are the percentage of G1, G2/M, and S. n = 3. F Wound recovery area of CHDFs treated with CH-SEVs
and LW-SEVs. Objective area is between the two red line. n = 3. G Images of collagen gel contraction in CHDFs treated with CH/LW-SEVs. n = 3. H
Location of CH-SEVs in mouse skin by IVIS imaging system (on the left) and frozen section (on the right). The 100 µL of SEVs labelled with DiR dye
were injected by subcutaneous in the buttocks of nude mice. The supematant of free SEVs-labelled was used as a negative control (NC). n = 3. I Skin
thickness of mice treated with CH/LW-SEVs. n = 3. J Collagen I content of mouse skin treated with CH/LW-SEVs. n = 3. Data was calculated using
student’s t test and two-way ANOVA followed by Bonferroni’s multiple comparisons test. Data are expressed as means ± SEM; with P* < 0.05, P** <
0.005, P*** < 0.001
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(PBS), the thickness of mouse skin was significantly
increased in both treatment groups by HE staining, with
the CH-SEV group showing a relatively thicker skin than
the LW-SEV group (Fig. 2I). Similarly, the ELISA results
showed that the collagen I content of mouse skin tissue
was significantly upregulated in both treatment groups
compared to the NC group, while the CH-SEV group had
a relatively higher collagen I content than the LW-SEV
group (Fig. 2J). All these data suggested that SEVs derived
from both CHDFs and LWDFs could promote skin development, while CH-SEVs were more effective in regulating skin development.
Identification of enriched microRNAs in CH‑SEVs by small
RNA sequencing

SEVs can mediate cell-to-cell communication and regulate the properties of target cells through some factors,
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such as proteins, nucleic acids, carbohydrates, and lipids
[12], and the effectively specific roles of CH-SEVs on
DFs and skin tissue prompted us to further explore the
molecular mechanisms of the enriched microRNAs in
the SEVs. Therefore, we performed small RNA sequencing of CH-SEVs and LW-SEVs. As a result, we screened
a total of 327 miRNAs in the two types of SEVs (Additional file 3: Dataset S1). Among these data, 27 differentially expressed miRNAs were obtained between the
CH-SEVs and LW-SEVs (Additional file 3: Dataset S2)
and are shown on the heatmap (Fig. 3A) and volcano
plots (Fig. 3B). The KEGG and GO analyses showed that
these targeted genes for the differentially expressed miRNAs were mainly enriched in some regulatory pathways,
such as the Rap1 signalling pathway and PI3K-AKT signalling pathway (Fig. 3C), which regulate cell adhesion,
proliferation, and migration [26, 27] and are involved in

Fig. 3 Bioinformatics analysis for differentially expressed miRNAs between CH-SEVs and LW-SEVs. A Heatmap of differential miRNAs between
CH-SEVs and LW-SEVs. n = 3. Pseudo-colors show expression levels from red (high) to blue (low). B Volcano plots of differential miRNAs between
CH-SEVs and LW-SEVs. Red and blue plots represent up and down-regulated miRNAs, respectively. n = 3. C KEGG for target genes from differential
miRNAs. D GO for these target genes from differential miRNAs. E Expression levels of miR-218 in CH/LW-SEVs, CHDFs, and LWDFs. n = 3. The data
was calculated using student’s t test and two-way ANOVA followed by Bonferroni’s multiple comparisons test. Data are expressed as means ± SEM;
with P* < 0.05, P** < 0.005, P*** < 0.001
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numerous cellular functions, such as biological regulation and extracellular region (Fig. 3D).
To further explore the potential roles of these differentially expressed miRNAs, we measured their expression levels in two types of SEVs by qRT–PCR (Additional
file 2: Table S5). The results showed that miR-218 displayed a relatively high expression level with a greater
fold-increase in both CH-SEVs (3.9-fold) and CHDFs
(3.2-fold) compared with the LW-SEVs and LWDFs,
respectively (Fig. 3E). Coincidentally, a previous study
reported that miRNA-218 regulated the ability of TGFβ
to induce myofibroblast differentiation in fibroblasts [28].
The results indicated that miRNA-218 might be a CH pig
specific regulatory element and play an important role in
the development of skin tissue.
miR‑218 targets TGIF2 and activates the TGFβ1‑SMAD2/3
pathway to stimulate fibroblast activity and skin
development

To further identify the potential role of miR-218 in vitro,
CHDFs were transfected with miR-218 mimics or inhibitor, and the expected transfection efficiencies were
obtained after 24 h (Additional file 1: Fig. S3A). The
qRT–PCR and ELISA results showed that, compared to
the NC group, the expression levels of collagen I were
notably increased after overexpression of miR-218, but
the effect was reversed after transfection with the miR218 inhibitor (Fig. 4A and B). EdU analysis showed that
overexpression of miR-218 increased DF proliferation,
whereas the opposite results were found after transfection with the miR-218 inhibitor (Fig. 4C). Flow cytometry analysis showed that 9.7% of DFs were at the stage
of division after overexpression of miR-218, but only
5.3% of DFs at the stage of division in the inhibitor group
(Fig. 4D). Moreover, wound healing analysis showed that
DF migration was largely accelerated after treatment with
miR-218 mimics, while treatment with miR-218 inhibitor inhibited DF movement (Fig. 4E and Additional file 2:
Table S3). Collagen gel contraction assays showed that
miR-218 mimics stimulated collagen contraction while
the miR-218 inhibitor had an inhibitory effect (Fig. 4F
and Additional file 2: Table S4).
To further verify the function of miR-218 mimics
in vivo, we injected miR-218 agomir into 6-week-old C57
mice every day for 21 days. On the 0th, 7th, 14th and
21st days after treatment, we found that the thickness of
the mouse skin was gradually increased in the miR-218
agomir group compared with the NC group (Fig. 4G); in
addition, the ELISA results showed that the skin of mice
injected with the miR-218 agomir had a higher collagen I
protein content than the NC group (Fig. 4H).
TGIF2, the target gene of miR-218, is regarded as
a transcription factor inhibitor of the TGFβ pathway
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[29], which is related to the ability of DFs to synthesize
and secrete collagen I [30]. Sequence analysis showed
that there is a complementary sequence between the
3′UTRs of the TGIF2 gene and the seed sequence of miR218 (Fig. 5A). A luciferase reporter assay showed that
the luciferase activity was significantly decreased after
cotransfection of miR-218 mimics and TGIF2 wild type
vectors compared with cotransfection of miR-218 mimics
and TGIF2 mutant-type vectors (Fig. 5B). Overexpression of miR-218 significantly downregulated the mRNA
level of TGIF2, whereas inhibition of miR-218 significantly upregulated the mRNA level of TGIF2 (Additional
file 1: Fig. S3B).
Next, we transfected TGIF2 into CHDFs. After overexpression of TGIF2, the mRNA level of COL1A1 was
significantly reduced, as shown by qRT–PCR and DFs
proliferation was also significantly suppressed, as shown
by EdU and cell cycle assays, but the opposite results
were found after knockdown of TGIF2 (Fig. 5C–E). Furthermore, after cotreatment with miR-218 mimics and
TGIF2 overexpression vectors, we found that the proliferation and migration of DFs were suppressed by wound
healing and cell cycle assays (Fig. 5F, G, and Additional
file 2: Table S3).
To evaluate the effect of miR-218 and TGIF2 on the
downstream TGFβ1-SMAD2/3 signalling pathway, which
is related to the ability of DFs to synthesize and secrete
collagen I [30], we transfected miR-218 and TGIF2 into
CHDFs and then assessed the protein levels of related
genes by WB (Fig. 5H and Additional file 2: Table S6, S7).
After transfection of miR-218 mimics, the protein levels
of SMAD2, SMAD3, p-SMAD2/3, TGFβ1, collagen I, and
fibronectin were significantly upregulated compared to
the negative control; similar results were also found after
knockdown of TGIF2. However, the opposite results were
found after transfection of miR-218 inhibitor or TGIF2
overexpression vectors, respectively. After cotransfection
with miR-218 mimics and TGIF2 overexpression vectors,
the protein expression levels of these genes were suppressed. The above results indicated that miR-218 might
stimulate fibroblast activity and promote skin development, as well as activate the TGFβ1-SMAD2/3 signalling
pathway by targeting TGIF2.
Identification of enriched proteins in CH‑SEVs by LC–MS/
MS analysis

To determine the enriched proteins in CH-SEVs, LC–
MS/MS analysis was performed on both CH-SEVs and
LW-SEVs. As a result, we screened a total of 1613 proteins (Additional file 3: Dataset S3), and their expression pattern is shown in Fig. 6A and B, which proved the
discrepancy between CH-SEVs and LW-SEVs. Among
these data, 151 differentially expressed proteins were

Zou et al. Journal of Nanobiotechnology

(2022) 20:296

Page 8 of 16

Fig. 4 Effect of miR-218 on fibroblast and skin tissue. Expression levels of COL1A1 mRNA (A) and collagen I content (B) in CHDFs transfected with
miR-218. n = 3. C Proliferation of CHDFs transfected with miR-218. n = 3. Scare bar = 100 μm. D Cell cycle of CHDFs transfected with miR-218. Data
are the percentage of G1, G2/M and S. n = 3. E Wound recovery area of CHDFs treated with miR-218. Objective area is between the two red lines.
n = 3. F Images of collagen gel contraction in CHDFs treated with miR-218. n = 3. Skin thickness (G) and collagen I content (H) of mice injected
miR-218 agomir. n = 3. The data was calculated using student’s t test and two-way ANOVA followed by Bonferroni’s multiple comparisons test. Data
are expressed as means ± SEM; with P* < 0.05, P** < 0.005, P*** < 0.001

obtained between CH-SEVs and LW-SEVs (Fig. 6C and
Additional file 3: Dataset S4). The KEGG and GO analyses showed that these differentially expressed proteins
were mainly enriched in some regulatory pathways,

such as the focal adhesion and ECM-receptor interaction pathways (Fig. 6D) and were involved in numerous
cellular functions, such as signal transduction, integral
component of membrane, and intrinsic component of
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Fig. 5 miR-218 targeted TGIF2 and TGIF2 repressed fibroblast activity via TGFβ1-SMAD2/3 pathway. A Sequence alignment between TGIF2
and miR-218. B Relative luciferase activity of between TGIF2 and miR-218. n = 3. C Expression levels of COL1A1 mRNA in CHDFs transfected with
TGIF2. n = 3. D Proliferation of CHDFs transfected with TGIF2. n = 3. Scare bar = 100 μm. E Cell cycle of CHDFs transfected with TGIF2. Data are the
percentage of G1, G2/M and S. n = 3. F Wound recovery area of CHDFs treated with miR-218 and TGIF2. Objective area is between the two red lines.
n = 3. G Cell cycle of CHDFs co-treated with miR-218 and TGIF2. Data are the percentage of G1, G2/M and S. n = 3. H Protein levels of the related
genes in CHDFs. n = 3. The data was calculated using student’s t test and two-way ANOVA followed by Bonferroni’s multiple comparisons test. Data
are expressed as means ± SEM; with P* < 0.05, P** < 0.005, P*** < 0.001

membrane (Fig. 6E). Interestingly, considering the top
15 upregulated proteins with a fold change and the significant pathway of focal adhesion and ECM-receptor
interaction, we found that the ITGBL1 protein could

play an important role in fibroblasts and skin tissue.
Coincidentally, a previous study reported that ITGBL1
was a key upstream regulator of liver fibrosis via interactions with TGFβ [31]. In addition, WB assays showed
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Fig. 6 Bioinformatics analysis for differentially expressed proteins between CH-SEVs/LW-SEVs. A Heatmap of total proteins between CH-SEVs and
LW-SEVs. Pseudo-colors show expression levels from red (high) to blue (low). n = 3. B 3D-principal component analysis plot based on expression
level of total proteins between CH-SEVs and LW-SEVs. n = 3. C Volcano plots of differential proteins between CH-SEVs and LW-SEVs. Red and green
plots represent up and down-regulated proteins. n = 3. D KEGG for these differential proteins. E GO for these differential proteins. F Protein levels of
ITGBL1 in - CH/LW-SEVs. n = 3. The data was calculated using student’s t test. Data are expressed as means ± SEM

that the ITGBL1 protein was remarkably enhanced in
CH-SEVs compared with LW-SEVs (Fig. 6F and Additional file 2: Table S2).
ITGBL1 promotes fibroblast activity and skin development
by regulating the TGFβ1‑SMAD2/3 pathway

To verify the function of ITGBL1 in vivo, we carried out
a transfection experiment for ITGBL1 in CHDFs and
then obtained the expected transfection efficiencies by
WB (Fig. 7A and Additional file 2: Table S8). The qRT–
PCR results showed that the mRNA level of COL1A1
was notably increased after overexpression of ITGBL1,
but the effect was reversed after transfection with shITGBL1 (Fig. 7B). Using EdU and cell cycle assays, we
found that overexpression of ITGBL1 significantly promoted DF proliferation, whereas knockdown of ITGBL1
had a contradictory effect (Fig. 7C and D). Wound healing analysis showed that DF migration was largely accelerated after treatment with ITGBL1 overexpression
vectors, while treatment with sh-ITGBL1 inhibited DF

movement (Fig. 7E and Additional file 2: Table S3). Collagen gel contraction assays showed that overexpression
of ITGBL stimulated protein contraction but knockdown
of ITGBL1 had the opposite effect (Fig. 7F and Additional
file 2: Table S4).
To further confirm the function of ITGBL1 in vivo,
we constructed an ITGBL1 vector with pcDNA3.1 and
injected it into 6-week-old C57 mouse skin tissue every
day for 21 days. On the 0th, 7th, 14th and 21st days after
treatment, we found that the skin thickness of mice
treated with ITGBL1 vector was gradually increased
compared with that of negative control mice (PBS)
through HE staining (Fig. 7G); in addition, the ELISA
results showed that the skin of mice injected with the
ITGBL1 vector had a higher collagen I protein content
than the negative control group (Fig. 7H).
Previous studies showed that ITGIBL1 protein could
promote migration and invasion in hepatocellular carcinoma cells by stimulating the TGFβ/SMAD signalling pathway through interaction with TGFβ1 [32, 33].
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Fig. 7 Effect of ITGBL1 protein on fibroblast and skin tissue. A Protein levels of ITGBL1 in CHDFs transfected with ITGBL1. n = 3. B mRNA levels
of COL1A1 in CHDFs transfected with ITGBL1. n = 3. C Proliferation of CHDFs transfected with ITGBL1. n = 3. Scare bar = 100 μm. D Cell cycle of
CHDFs transfected with ITGBL1. Data are the percentage of G1, G2/M and S. n = 3. E Wound recovery area of CHDFs treated with ITGBL1. Objective
area is between the two red lines. n = 3. F Images of collagen gel contraction in CHDFs treated with ITGBL1. n = 3. Skin thickness (G) and collagen
I content (H) of mice injected ITGBL1 vectors. n = 3. I Protein levels of the related genes in CHDFs treated with ITGBL1. n = 3. Data was calculated
using student’s t test and two-way ANOVA followed by Bonferroni’s multiple comparisons test. Data are expressed as means ± SEM; with P* < 0.05,
P** < 0.005, P*** < 0.001

To determine whether ITGBL1 can act as an activator
downstream of the TGFβ1-SMAD2/3 signalling pathway, we transfected ITGBL1 into CHDFs and then
assessed the protein expression levels of related genes by
WB (Fig. 7I and Additional file 2: Table S8). After transfection with the ITGBL1 plasmid, the protein levels of
SMAD2, SMAD3, p-SMAD2/3, TGFβ1, collagen I, and

fibronectin were significantly upregulated compared to
those in the negative control (pcDNA3.1), whereas the
opposite results were also found after treatment with
sh-ITGBL1. The above results suggested that ITGBL1
might stimulate fibroblast activity by interacting with the
TGFβ1-SMAD2/3 signalling pathway and promote skin
development.
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Discussion
Dermal fibroblasts are essential for skin regeneration
and damage repair because they can produce abundant
collagens and cytokines that are primary constituents of
the dermal extracellular matrix [31]. Although autologous HDF injections are capable of improving facial contour defects and creating a continuous protein repair
system to reduce wrinkle formation, DFs gradually lose
their capacity to proliferate and synthesize collagen with
ageing. Recently, SEVs derived from HDFs have been
reported to be effective materials to protect and repair
skin damage, because they can ameliorate skin-ageing
[17, 18] and promote cutaneous wound healing [19, 20],
which indicates that SEVs from HDFs may be potential materials to protect and repair skin damage. In this
research, using pigs as a model of humans, we isolated
SEVs from pig DFs and demonstrated that treatment with
SEVs derived from pig DFs can promote fibroblast proliferation, migration, collagen contraction, and synthesis
of collagen I and fibronectin; similarly, injections of SEVs
derived from pig DFs were also observed increase the
thickness and collagen I content of mouse skin in vivo.
Moreover, the effect of SEVs derived from pigs was more
advantageous for cell activity in HDFs. Thus far, our
results indicated that SEVs derived from pig DFs and
HDFs play a vital role in accelerating fibroblast activity
and skin development.
Notably, the cell state of DFs can affect their biological
functions. For example, previous research found that old
HDFs, which lose the fibroblast states present in young
skin, were no longer clearly demarcated and showed not
only reduced expression of genes involved in the formation of the extracellular matrix but also the appearance of
adipogenic traits [34]. Similarly, SEVs derived from primary fibroblasts of young humans can ameliorate certain
biomarkers of senescence in old fibroblasts and in a variety of tissues in old mice [18]. Moreover, compared to the
SEVs derived from the monolayer culture of HDFs (2D
HDF-SEVs), the SEVs-derived from three-dimensional
spheroids (3D HDF-SEVs) were more effective at regulating dermal fibroblast proliferation, migration, and protein expression, thus reducing skin ageing [17]. Here, we
found that SEVs derived from DFs of CH pigs with superior skin thickness were more effective than SEVs derived
from LWDFs at stimulating fibroblast activity in vitro and
promoting mouse skin development in vivo, which may
partially account for the development of superior skin
thickness in CH pigs.
The ability of DFs to synthesize and secrete collagen I
is primarily regulated by the TGFβ pathway [1, 35]. DFs
can produce many cytokines and growth factors for skin
cells, and these bioactive molecules may be packaged by
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SEVs and delivered to target cells to prompt the activities of recipient cells [12, 36, 37]. Here, we identified
an enriched miRNA in CH-SEVs, miRNA-218, which
promoted fibroblast activity and skin development and
revealed that the activation of the miR-218-TGIF2-TGFβSMAD2/3 pathway was involved in the positive effects of
the DF-SEVs. Therefore, the increased miR-218 in CHSEVs could prompt the development of superior skin
thickness in CH pigs via the TGFβ-SMAD2/3 pathway.
Similarly, a previous study revealed that miRNA-218 can
regulate the ability of TGFβ to induce myofibroblast differentiation in fibroblasts via cezanne/FAK; compared
with gingival fibroblasts, the dermal fibroblasts showed
increased expression levels of miR-218 and resulted in
the ability of TGFβ to induce α-SMA in fibroblasts [28].
In addition, several studies reported that TGIF2, the target gene for miR-218, is a SMAD transcriptional corepressor that negatively regulates TGFβ-activated gene
expression in vertebrates [38, 39] and plays a role in spermiogenesis and folliculogenesis [29].
Moreover, we identified an enriched active protein
known as ITGBL1 in CH-SEVs, which promoted fibroblast activity and skin development by stimulating the
TGFβ/SMAD2/3 signalling pathway. Similarly, in liver
cells, a previous study revealed that ITGBL1 promotes
migration and invasion in hepatocellular carcinoma cells
by stimulating the TGFβ/SMADs signalling pathway
through interaction with TGFβ1 [32]; moreover, ITGBL1
was demonstrated to be as a key upstream regulator of
liver fibrosis via interactions with TGFβ [40]. In addition,
one study found that in lung cells, ITGBL1 is a target of
miR-576-5p and promotes non-small-cell lung cancer
(NSCLC) cell migration and invasion through Wnt/PCP
signalling [41]; moreover, ITGBL1 plays a role in the pulmonary fibrosis process through the positive feedback of
TGFβ1-lncITPF-ITGBL1 [42]. Interestingly, our results
indicate that ITGBL1 could be activated by miR-218 via
the TGFβ1/SMAD pathway. Here, the increased ITGBL1
in CH-SEVs could prompt the development of superior skin thickness in CH pigs via the TGFβ-SMAD2/3
pathway.
This study revealed that CH-SEVs can effectively stimulate fibroblast activity and promote skin development.
Enriched cargos in CH-SEVs, namely miRNA-218 and
the ITGBL1 protein, play an important role in stimulating fibroblast activity via activation of the downstream
TGFβ1-SMAD2/3 signalling pathway and promoting skin
development. These results indicate that SEVs from CH
pig dermal fibroblasts can effectively stimulate fibroblast
activity and skin development and have the potential to
protect and repair skin damage.
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Materials and methods
Skin phenotype measurements

The total skin thickness from 20 pigs with similar weight
at approximately 100 kg per breed was measured with
a Vernier calliper, and all pig skin was subjected to Sirius red and haematoxylin-eosin staining; moreover, all
experimental mouse skin was also stained with haematoxylin-eosin. All skin dermal thicknesses were measured
according to a previously described method [3, 43].
Cell culture and small extracellular vesicle characterization

The pig primary fibroblasts were separated from the skin
tissues of 7-day-old CH and LW pigs. The skin tissues
were digested by dispase II and collagenase I. Then, the
cells were seeded into T-175 flasks containing DMEM
supplemented with 15% foetal bovine serum (FBS)
(Gibco, New York, USA). Then, after the cell density
reached 70% confluence, we discarded the conditioned
medium and used DMEM supplemented with 2% free
exosome foetal bovine serum in place of 15% FBS to culture fibroblasts. The fibroblast conditioned medium was
collected after 48 h. Then, SEVs were isolated according
to previous methods [44], and the supernatant was ultracentrifuged three times at 120,000×g for 2 h at 4 °C by
TYPE 90 Ti (Beckman Coulter, USA). The pellets were
resuspended in phosphate buffer saline (PBS) and stored
at − 80 °C until subsequent analysis. Morphological
analysis of SEVs was performed by transmission electron
microscopy (Hitachi, Japan), and SEVs were concentrated
at 1010 particles/mL for Nanoparticle Tracking Analysis (Nanosight NS300, Amesbury, UK) using an NTA2.1
Analytical Software. The surface marker proteins CD9/
CD63/CD81 were assessed by western blotting. Moreover, SEVs (1010 particles/mL) were incubated with magnetic microbeads coated with CD9 or CD63 antibodies,
and those antibodies that attached to the SEVs were analysed by flow cytometry. Human dermal fibroblasts (DFs)
and 293T cells purchased from the Cell Bank of Chinese
Academy of Sciences were cultured with DMEM containing 10% fetal bovine serum in an incubator at 37 °C
with 5% C
 O2. Cell lines were tested and did not exist for
mycoplasma contamination.
Labelling of small extracellular vesicles with PKH67/DiR

The SEVs were labelled with PKH67 (green) /DiR (red)
fluorescent kits based on the instructions. In briefly, 100
µL of SEVs was added to 5 µL of PKH67/DiR (5 µM) and
incubated at 37 °C for 10 min in the dark. Then, the reaction was stopped by adding 1 mL of free exosome bovine
serum for 5 min and ultracentrifuged once at 120,000×g
for 2 h at 4 °C after adding 4 mL of PBS. The labelled
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SEVs were resuspended in PBS and then were captured
using an Olympus IX53 microscope (Olympus; Tokyo,
Japan) and stored at 4 °C until further study.
Isolation of SEV RNA, construction of the library, and RNA
sequencing

Total SEV RNA was extracted from the 6 samples (three
biological replications per breed SEVs) using RNA
extraction reagent according to the manufacturer’s
instructions. The purity and concentration of the SEV
RNAs were assessed using an Agilent 2100 Bioanalyzer.
The small RNA library was constructed by Guangzhou
Huayin Health Medical Co., Ltd. Library preparation
with fragmentation gel (18–30 nt), ligation of 3′ and 5′
adapters, reverse transcription, PCR amplification and
gel recycling were performed. Finally, the libraries were
sequenced on an Illumina Nova-seq 6000 following the
manufacturer’s recommendations.
Small RNA sequencing data analysis

High-quality clean reads were obtained by removing the
reads, including adapter, polyA and low-quality reads, for
subsequent analysis. The known miRNAs were obtained
by Bowtie2 (2.2.8) software, which were mapped to
ensemble release 99 for each sample. For the small RNA
data, the transcripts per million (TPM) were calculated
for each sample. The differentially expressed miRNAs
were analysed using the edgeR package running in the
R programming environment. Differential expression, as
determined by a p value < 0.05 and | fold change | > 1, was
characterized in two different SEVs. The mRNAs targeted
by these miRNAs were functionally analysed by the public GO and KEGG databases.
Detection of protein by RPLC–MS/MS and data analysis

The SEV protein was digested using a filter-aided sample
preparation method [45]. The polypeptide was obtained
and analysed by reversed-phase liquid chromatographytandem mass spectrometry (RPLC–MS/MS). Finally, the
mass spectrometry data were obtained using an Orbitrap
Fusion Lumos Mass Spectrometer (Thermo Scientific).
We used the Uniprot porcine protein sequence database and integrated the DIA mass spectrometry data
by Spectronaut Pulsar (Biognosys) software for protein
identification and quantitative information. The protein
identification mode was DirectDIA with the threshold
value of proteins PSM FDR < 0.01, and protein FDR < 0.01.
The criteria of fold change > 1.5 and P < 0.05 were used as
the screening threshold for differentially expressed proteins. Proteins functional was analysed by the GO and
KEGG databases.
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Cell treatment, proliferation, migration and collagen
production

When the fibroblast density reached 70–80% confluence,
the cell medium was changed to DMEM containing the
ITGBL1 and TGIF2 plasmid vectors (200 ng/µL), negative control (pcDNA3.1, 200 ng/µL), sh-ITGBL1 and shTGIF2 (500 ng/µL), sh-NC (500 ng/µL), double-stranded
miR-218 mimics, or miR-218 inhibitor and negative
control (50 µM) for transfection with Lipofectamine
3000 (Thermo Fisher Scientific) for 8 h according to the
manufacturer’s instructions. Additionally, the fibroblasts
were treated with DMED with CH/LW-SEVs (1010 particles/mL) for 24 h as well as a negative control (NC,
PBS). Subsequently, proliferation of the cells (103) was
assessed at 0 h, 24 h, 48 and 72 h using CCK-8 (Beyotime, Shanghai, China), and EdU (Beyotime, Shanghai,
China) staining was performed according to the manufacturer’s protocol. Then, the cell resuspension solution
was assessed by flow cytometry (Beckman Coulter, USA)
to obtain the ratio data for the different stages of the cell
cycle. Moreover, cell migration was assessed by a wound
healing assay. In addition, the expression levels of related
genes were determined by qRT–PCR and WB. The collagen I content was assessed using ELISA kit (EIAab,
Wuhan, China).
Collagen gel contraction assay

The 3D collagen gel contraction assay was performed
with Cell Contraction Assay Kit (Cell Biolabs Inc., CA,
USA) according to the manufacturer’s protocol. The cells
(106) treated with CH-SEVs, LW-SEVs, miR-218 mimics,
negative control or TGIBL1 were mixed with cold Collagen Gel Working Solution. Then, 0.5 mL of a mixture
of cells and collagen was transferred into 24 well plates,
which were cultured for 1 h at 37 ºC with 5% CO2. Then,
0.8 mL of 10% FBS culture medium was added to each
well and incubated for 48 h after that. Collagen contraction was initiated by gently releasing the gel from the
sides of platelets, after the cells were treated with 10 mM
BDM contraction mediators. The collagen contraction
gel was obtained, and the areas were measured using
ImageJ.
Luciferase reporter assay

The corresponding sequences of TGIF2-WT/Mut were
inserted into psiCHECK-2 vectors (Sangon, Shanghai,
China). Approximately 104 293T cells were cotransfected
with TGIF2-WT/Mut and miR-218 mimics/inhibitor
using Lipofectamine 3000. The luciferase activity of each
group was measured by the GloMax 20/20 Luminescence
Detector based on the dual-luciferase reporter assay
instructions.
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Animal model

The 6-week-old female C57 mice and 8-week-old nude
mice were obtained from Chengdu Dashuo Biotechnology Company. 100 µg/mL of CH-SEVs (n = 3), 100 µg/
mL of LW-SEVs (n = 3), 5 μm of miR-218 agomir (n = 3),
20 µg/g of pcDNA3.1-ITGBL1 plasmid vector (Hanbio,
Shanghai, China) (n = 3) or 100 µL of PBS as a negative
control (NC) groups (n = 3) were stably injected in the
buttocks of the mice every day. On the 0th, 7th, 14th, and
21st days, the mice were sacrificed, and skin tissues were
obtained at the hip for related analysis.
Statistical analysis

Statistical testing was conducted with GraphPad Prism.
The data are shown as the mean ± SEM for one group.
The differences between groups were calculated using
Student’s t test and two-way ANOVA followed by Bonferroni’s multiple comparisons test. P < 0.05 was considered to be significant, with *P < 0.05, **P < 0.01, and
***P < 0.001.
Some detailed materials and methods are provided in
supplementary materials and methods (Additional file 4).

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12951-022-01499-2.
Additional file 1: Fig S1. Characterization of skin thickness and SEVs from
DFs; Fig S2. The effect of SEVs from CHDFs and LWDFs on LWDFs/HDFs;
Fig S3. The expression levels of miR-218 and TGIF2 in CHDFs.
Additional file 2: Table S1. The quantitative WB data of SEVs surface
marker genes in screening cells and SEVs. Table S2. The quantitative WB
data in fibroblast treated with CH/LW-SEVs. Table S3. The wound healing
area in fibroblasts treated with CH/LW-SEVs and related genes. Table S4.
The collagen gel contraction values in fibroblasts treated with CH/LWSEVs and related genes. Table S5. The fold change of total differential
miRNAs by RNA–seq and qRT–PCR. Table S6/S7. The quantitative WB data
in CHDFs transfected with miR-218 and TGIF2. Table S8. The quantitative
WB data in CHDFs transfected with ITGBL1.
Additional file 3: Dataset S1.The total miRNAs in CH-SEVs and LWSEVs. Dataset S2. The differential miRNAs between CH-SEVs and LW-SEVs.
Dataset S3.The total proteins in CH-SEVs and LW-SEVs. Dataset S4.The
differential proteins between CH-SEVs and LW-SEVs.
Additional file 4. The detailed materials and methods are provided
in supplementary materials and methods and include as follows: TEM,
NTA, flow cytometry, RPLC-MS/MS, validation of genes by qRT–PCR, SEVs
internalization, cell counting kit-8 assay, 5-Ethynyl-2′-deoxyuridine assay,
ELISA assay, wound healing assay, cell cycle analysis, western blot analysis,
and animal for SEVs labelling.
Acknowledgements
This study was supported by the Key R&D Program of Sichuan Province
(2020YFN0018) and Chengdu Livestock and Poultry Genetic Resources Protection Center (2021).
Author contributions
Conceptualization and design: QZ, YJ; data curation and analysis: MZ, YW, RS;
formal analysis: ZG, YL; funding acquisition: RY, CL; investigation: CL, KF; methodology and experiment: QZ, MZ, YX, TZ; project administration: YJ, LZ, GT, ML;

Zou et al. Journal of Nanobiotechnology

(2022) 20:296

writing—original draft preparation: QZ, YJ; writing—review and editing: XL, YJ.
All authors read and approved the final manuscript.
Availability of data and materials
All data and materials about this study are included in these additional files.

Declarations
Ethics approval and consent to participate
All animal experimental procedures were approved by the Care and Use
Committee of Sichuan Agricultural University (Permit Number: 20200056).
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Zoology, College of Life Science, Sichuan Agricultural University, Ya’an 625014, Sichuan, China. 2 Chengdu Livestock and Poultry Genetic
Resources Protection Center, Chengdu 610081, Sichuan, China. 3 Institute
of Animal Genetics and Breeding, College of Animal Science and Technology,
Sichuan Agricultural University, Chengdu 611130, Sichuan, China.
Received: 22 March 2022 Accepted: 7 June 2022

References
1. Qin Z, Fisher GJ, Voorhees JJ, Quan T. Actin cytoskeleton assembly
regulates collagen production via TGF-β type II receptor in human skin
fibroblasts. J Cell Mol Med. 2018;22(9):4085–96.
2. Hwang K, Kim H, Kim DJ. Thickness of skin and subcutaneous tissue of
the free flap donor sites: a histologic study. Microsurgery. 2016;36(1):54–8.
3. Lee Y, Hwang K. Skin thickness of Korean adults. Surg Radiol Anat.
2002;24(3–4):183–9.
4. Shuster S, Black MM, McVitie E. The influence of age and sex on skin thickness, skin collagen and density. Br J Dermatol. 1975;93(6):639–43.
5. Branchet MC, Boisnic S, Frances C, Robert AM. Skin thickness changes in
normal aging skin. Gerontology. 1990;36(1):28–35.
6. Quan T, Fisher GJ. Role of age-associated alterations of the dermal extracellular matrix microenvironment in human skin aging: a mini-review.
Gerontology. 2015;61(5):427–34.
7. Fenske NA, Lober CW. Structural and functional changes of normal aging
skin. J Am Acad Dermatol. 1986;15(4 Pt 1):571–85.
8. Castleberry SA, Quadir MA, Sharkh MA, Shopsowitz KE, Hammond PT.
Polymer conjugated retinoids for controlled transdermal delivery. J
Control Release. 2017;262:1–9.
9. Aldag C, Nogueira Teixeira D, Leventhal PS. Skin rejuvenation using
cosmetic products containing growth factors, cytokines, and matrikines:
a review of the literature. Clin Cosmet Investig Dermatol. 2016;9:411–9.
10. Kim JH, Kwon TR, Hong SW, Seok J, Kim JM, Hong JY, Lee SE, Han SW, Kim
BJ. Comparative evaluation of the biodegradability and wrinkle reduction efficacy of human-derived collagen filler and hyaluronic acid filler.
Aesthetic Plast Surg. 2019;43(4):1095–101.
11. Schagen SK. Topical peptide treatments with effective anti-aging results.
Cosmetics. 2017;4:16.
12. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science. 2020;367:eaau6977.
13. An Y, Lin S, Tan X, Zhu S, Nie F, Zhen Y, Gu L, Zhang C, Wang B, Wei W, Li D,
Wu J. Exosomes from adipose-derived stem cells and application to skin
wound healing. Cell Prolif. 2021;54(3):e12993.
14. Prasai A, Jay JW, Jupiter D, Wolf SE, El Ayadi A. Role of exosomes in dermal
wound healing: a systematic review. J Invest Dermatol. 2021;142(3 Pt
A):662-678.e8.
15. Xiong M, Zhang Q, Hu W, Zhao C, Lv W, Yi Y, Wang Y, Tang H, Wu M, Wu
Y. The novel mechanisms and applications of exosomes in dermatology
and cutaneous medical aesthetics. Pharmacol Res. 2021;166:105490.

Page 15 of 16

16. Henriques-Antunes H, Cardoso RMS, Zonari A, Correia J, Leal EC, JiménezBalsa A, Lino MM, Barradas A, Kostic I, Gomes C, Karp MJ, Carvalho E,
Ferreira L. The kinetics of small extracellular vesicle delivery impacts skin
tissue regeneration. ACS Nano. 2019;13(8):8694–707.
17. Hu S, Li Z, Cores J, Huang K, Su T, Dinh PU, Cheng K. Needle-free injection
of exosomes derived from human dermal fibroblast spheroids ameliorates skin photoaging. ACS Nano. 2019;13(10):11273–82.
18. Fafián-Labora JA, Rodríguez-Navarro JA, O’Loghlen A. Small extracellular
vesicles have GST activity and ameliorate senescence-related tissue damage. Cell Metab. 2020;32(1):71–86.e75.
19. Han X, Wu P, Li L, Sahal HM, Ji C, Zhang J, Wang Y, Wang Q, Qian H, Shi H,
Xu W. Exosomes derived from autologous dermal fibroblasts promote
diabetic cutaneous wound healing through the Akt/β-catenin pathway.
Cell Cycle. 2021;20(5–6):616–629.
20. Hu P, Chiarini A, Wu J, Freddi G, Nie K, Armato U, Prà ID. Exosomes of
adult human fibroblasts cultured on 3D silk fibroin nonwovens intensely
stimulate neoangiogenesis. Burns Trauma. 2021;9:tkab003.
21. Khiao In M, Richardson KC, Loewa A, Hedtrich S, Kaessmeyer S, Plendl
J. Histological and functional comparisons of four anatomical regions
of porcine skin with human abdominal skin. Anat Histol Embryol.
2019;48(3):207–17.
22. Debeer S, Le Luduec JB, Kaiserlian D, Laurent P, Nicolas JF, Dubois B,
Kanitakis J. Comparative histology and immunohistochemistry of porcine
versus human skin. Eur J Dermatol. 2013;23(4):456–466.
23. Qiao S. Preliminary study on the production performance and utilization
prospect of local pig breeds in Sichuan Province. Sichuan Anim Vet Sci.
1994;2–4.
24. Ming Z. The Relationship between swine skin thickness and the ratio of
lean meat. Swine. 1989;26–7.
25. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles,
and friends. J Cell Biol. 2013;200(4):373–83.
26. Engelman JA, Luo J, Cantley LC. The evolution of phosphatidylinositol
3-kinases as regulators of growth and metabolism. Nat Rev Genet.
2006;7(8):606–19.
27. Shah S, Brock EJ, Ji K, Mattingly RR. Ras and Rap1. A tale of two GTPases.
Semin Cancer Biol. 2019;54:29–39.
28. Guo F, Carter DE, Leask A. miR-218 regulates focal adhesion kinasedependent TGFβ signaling in fibroblasts. Mol Biol Cell. 2014;25(7):1151–8.
29. Hu Y, Yu H, Shaw G, Renfree MB, Pask AJ. Differential roles of TGIF family
genes in mammalian reproduction. BMC Dev Biol. 2011;11:58.
30. Chen SJ, Yuan W, Mori Y, Levenson A, Trojanowska M, Varga J. Stimulation
of type I collagen transcription in human skin fibroblasts by TGF-beta:
involvement of Smad 3. J Invest Dermatol. 1999;112(1):49–57.
31. Thulabandu V, Chen D, Atit RP. Dermal fibroblast in cutaneous development and healing. Wiley Interdiscip Rev Dev Biol. 2018. https://doi.org/10.
1002/wdev.307.
32. Huang W, Yu D, Wang M, Han Y, Lin J, Wei D, Cai J, Li B, Chen P, Zhang
X. ITGBL1 promotes cell migration and invasion through stimulating
the TGF-β signalling pathway in hepatocellular carcinoma. Cell Prolif.
2020;53(7):e12836.
33. Li XQ, Du X, Li DM, Kong PZ, Sun Y, Liu PF, Wang QS, Feng YM. ITGBL1
Is a Runx2 transcriptional target and promotes breast cancer bone
metastasis by activating the TGFβ signaling pathway. Cancer Res.
2015;75(16):3302–13.
34. Salzer MC, Lafzi A, Berenguer-Llergo A, Youssif C, Castellanos A, Solanas G,
Peixoto FO, Stephan-Otto Attolini C, Prats N, Aguilera M, Martín-Caballero
J, Heyn H, Benitah SA. Identity noise and adipogenic traits characterize
dermal fibroblast aging. Cell. 2018;175(6):1575–1590.e1522.
35. Quan T, Shao Y, He T, Voorhees JJ, Fisher GJ. Reduced expression of
connective tissue growth factor (CTGF/CCN2) mediates collagen loss in
chronologically aged human skin. J Invest Dermatol. 2010;130(2):415–24.
36. Driskell RR, Lichtenberger BM, Hoste E, Kretzschmar K, Simons BD,
Charalambous M, Ferron SR, Herault Y, Pavlovic G, Ferguson-Smith AC,
Watt FM. Distinct fibroblast lineages determine dermal architecture in
skin development and repair. Nature. 2013;504(7479):277–81.
37. Tkach M, Théry C. Communication by extracellular vesicles: where we are
and where we need to go. Cell. 2016;164(6):1226–32.
38. Hyman CA, Bartholin L, Newfeld SJ, Wotton D. Drosophila TGIF proteins
are transcriptional activators. Mol Cell Biol. 2003;23(24):9262–74.
39. Wotton D, Lo RS, Lee S, Massagué J. A Smad transcriptional corepressor.
Cell. 1999;97(1):29–39.

Zou et al. Journal of Nanobiotechnology

(2022) 20:296

Page 16 of 16

40. Wang M, Gong Q, Zhang J, Chen L, Zhang Z, Lu L, Yu D, Han Y, Zhang D,
Chen P, Zhang X, Yuan Z, Huang J, Zhang X. Characterization of gene
expression profiles in HBV-related liver fibrosis patients and identification
of ITGBL1 as a key regulator of fibrogenesis. Sci Rep. 2017;7:43446.
41. Gan X, Liu Z, Tong B, Zhou J. Epigenetic downregulated ITGBL1 promotes
non-small cell lung cancer cell invasion through Wnt/PCP signaling.
Tumour Biol. 2016;37(2):1663–9.
42. Song X, Xu P, Meng C, Song C, Blackwell TS, Li R, Li H, Zhang J, Lv C.
lncITPF promotes pulmonary fibrosis by targeting hnRNP-L depending
on its host gene ITGBL1. Mol Ther. 2019;27(2):380–93.
43. Song WK, Liu D, Sun LL, Li BF, Hou H. Physicochemical and biocompatibility properties of type I collagen from the skin of Nile tilapia (Oreochromis
niloticus) for biomedical applications. Mar Drugs. 2019;17(3):137.
44. Xie MY, Hou LJ, Sun JJ, Zeng B, Xi QY, Luo JY, Chen T, Zhang YL. Porcine
milk exosome mirnas attenuate LPS-induced apoptosis through inhibiting TLR4/NF-κB and p53 pathways in intestinal epithelial cells. J Agric
Food Chem. 2019;67(34):9477–91.
45. Van der Spek SJF, Gonzalez-Lozano MA, Koopmans F, Miedema SSM,
Paliukhovich I, Smit AB, Li KW. Age-dependent hippocampal proteomics
in the APP/PS1 Alzheimer mouse model: a comparative analysis with
classical SWATH/DIA and directDIA approaches. Cells. 2021;10(7):1588.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

