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Abstract
Background: Human dermal �broblasts (HDFs) have the potential to differentiate into vascular
endothelial cells (VECs), but their differentiation rate is low and the mechanism involved is unclear. The
small molecule pathway controls the phenotype of �broblasts by activating cellular signaling pathways,
which is a more convenient method in the differentiation strategy of dermal �broblasts into vascular
endothelial cells.

Methods: In this study, dermal �broblasts were treated with the different doses of CPP, and the mRNA
level and protein level were detected by qPCR, Western blot and immuno�uorescent staining. Matrigel
assays also were used to teste the angiogenic ability of vascular endothelial cells derived from dermal
�broblasts.

Results: Here, we report that a small chemical molecule, CPP ((E)-4-(4-(4-(7-(diethylamino)-2-oxo-2H-
chromene-3-carbonyl) piperazin-1-yl) styryl)-1-methylpyridin-1-ium iodide), e�ciently induces the
differentiation of dermal �broblasts into Vascular endothelial cells. First, we observed that the
morphology of CPP-treated dermal �broblasts elongated, curved and formed circular patterns. Western
blot and qRT-PCR analyses revealed that CPP effectively reduced the level of the dermal �broblasts-
marker Vimentin and increased levels of the vascular endothelial cells -markers CD31 and CD133.
Detection of the percentage of CD31-positive cells from immuno�uorescent staining con�rmed that CPP
e�ciently induces dermal �broblasts to differentiate into vascular endothelial cells. Matrigel assays
showed that CPP-treated dermal �broblasts have the functions of vascular endothelial cells. Western blot
and qRT-PCR analyses of pro-angiogenic factors (VEGF, FGF-2 and PDGF-BB) showed that CPP induces
dermal �broblasts to vascular endothelial cells by promoting the expression of pro-angiogenic factors
(VEGF, FGF-2 and PDGF-BB).

Conclusions: Our results indicate that the small chemical molecule CPP e�ciently induces the
differentiation of dermal �broblasts into vascular endothelial cells. Simultaneously, this new inducer
provides a potential to develop new approaches to restore vascular function for the treatment of ischemic
vascular diseases.

Background
The main reason for the damage of the vascular repair mechanism is vascular endothelial cells (VECs),
that the endothelial progenitor cells in the body are damaged due to lack, poor mobilization or
dysfunction[1, 2]. Therefore, the use of generate ECs for the treatment of vascular injury-related diseases
has become a current research hotspot. However, the differentiation rate of using adult stem cells and
progenitor cells to form endothelial cells is relatively low[3, 4].

Human dermal �broblasts (HDFs) in the skin are derived from mesenchymal stem cells (MSCs) during
embryonic development [5, 6]. HDFs are abundant in the human body and have a multi-directional
differentiation potential. Previous studies have reported that HDFs can differentiate into endothelial-like



Page 3/19

cells, fat-like cells, cartilage-like cells, bone-like cells and spinal motor neurons [7–9]. At present, the main
strategy to induce the differentiation of HDFs is reprogramming. However, reprogramming has the
disadvantages of a low differentiation rate and a high cost, so it is urgent to develop more e�cient
differentiation induction strategies[10–12].

The small molecule pathway can control the phenotype of �broblasts by activating cellular stress-related
signaling pathways, which is a more convenient application method for the differentiation strategy of
�broblasts into endothelial cells. Simultaneously, small chemical molecules have been reported to
possess great advantages in inducing cell differentiation, which can produce faster biological effects and
facilitate in-depth studies of signaling pathways [13, 14]. In our research, we are committed to using
small chemical molecules as tools to discover new factors and new pathways [15–17]. Therefore, our
aim is to identify new chemical molecules that can e�ciently induce HDFs to differentiate into
endothelial cells. Recently, we synthesized and identi�ed a new water-soluble �uorescence probe for the
detection of hypochlorous acid (HOCl) ((E)-4-(4-(4-(7-(diethylamino)-2-oxo-2H-chromene-3-carbonyl)
piperazin-1-yl)styryl)-1-methylpyridin-1-ium iodide)(CPP) [18].

Methods And Materials

Antibodies
Antibodies against CD31 (sc-1506), PDGF-BB (sc-7878), VEGF (sc-7269), FGF-2 (sc-271847) and CD133
(sc-30219) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against Vimentin
(10366-1-AP) was from Proteintech group (Wuhan, China). The antibody against β-actin was from Sigma-
Aldrich (St. Louis, MO, USA). Horseradish peroxidase-conjugated secondary antibodies were from
Jackson Immunoresearch (West Grove, PA, USA). The secondary antibody used for immuno�uorescence
was donkey anti-rabbit IgG Alexa Fluor-546 (A-11037; Invitrogen, Carlsbad, CA, USA).

Cell culture
Human primary HDFs were derived from adult foreskins, and were isolated according to our previous
publication [19]. HDFs were cultured in DMEM Basic medium (C11995500BT, Gibco, Grand Island, NY,
USA) supplemented with 10% (v/v) bovine calf serum. HDFs were cultured in a humidi�ed incubator at
37°C in a 5% CO2 atmosphere. Cells were seeded in appropriate dishes (35,000 cells/ml), and all cell lines
were authenticated by DNA short tandem repeat (STR) pro�ling and were con�rmed to be mycoplasma
negative.

Cell morphology
Morphological changes of HDFs were examined using an inverted phase contrast microscope (Eclipse
TS-100; Nikon, Tokyo, Japan) after 10 days of treatment with CPP at the indicated concentrations.

Cell viability assay
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HDFs were seeded in 96-well plates and were then treated with 0.1% DMSO (as a control) or with CPP at
the indicated concentrations for 48 h. Cell viability was determined using a sulforhodamine B (SRB)
assay (L109288, Aladdin, Shanghai, China) according to the manufacturer’s instructions.

Western blot analysis
Cell lysates (30 µg protein per lane) were separated by SDS-PAGE, after which the proteins were
transferred to polyvinylidene di�uoride membranes. At room temperature, the membranes were blocked
with 5% non-fat milk in TBST (TBS containing 0.05% Tween-20) for 1 h. After that, the membranes were
incubated with the primary antibody overnight at 4°C, then were washed three times with TBST for 5 min
each. Each membrane was incubated with the secondary antibody for 1 h at room temperature, and was
then washed 3 times with TBST, each time for 5 min. Antibodies bound to proteins were detected using
an enhanced chemiluminesence detection kit (34080, Thermo Fisher, Waltham, MA, USA). Relative
quantities of speci�c bands were analyzed by Image J software and were normalized to loading controls.

Quantitative real-time PCR
RNA was extracted from the whole-cell fraction using the Trizol reagent method (Takara, Tokyo, Japan),
and extracted total RNAs were reverse transcribed using the primer sequences of the target genes. The
reverse transcription step used the PrimeScript RT reagent kit with gDNA Eraser (Takara). PCR reactions
involved the use of SYBR Premix Ex Taq (Tli RNaseH Plus, Takara) and levels of expressed genes were
measured by the 2 − ΔΔCt method with MxPro 4.00 (Stratagene, La Jolla, CA, USA). The following primers
were used: VEGF: 5’-ATCGAGTACATCTTCAAGCCAT-3’ (forward) and 5’-GTGAGGTTTGATCCGCATAATC-3’
(reverse); FGF-2: 5’- CATCAAGCTACAACTTCAAGCA-3’ (forward) and 5’-CCGTAACACATTTAGAAGCCAG-3’
(reverse); PDGF-BB: 5’-ACCGCACCAACGCCAACTTC-3’ (forward) and 5’-
TCTTCCGCACAATCTCGATCTTTCTC-3’ (reverse); CD31: 5’-TCAGACGTGCAGTACACGGA-3’ (forward) and
5’-CTTTCCACGGCATCAGGGAC-3’ (reverse); CD133: 5’-GTGGCGTGTGCGGCTATGAC-3’ (forward) and 5’-
CCAACTCCAACCATGAGGAAGACG-3’ (reverse); Vimentin: 5’-GGTGGACCAGCTAACCAACG-3’ (forward) and
5’-TTGCAGGGTGTTTTCGGCTT-3’ (reverse); Actin: 5′- CCTGGCACCCAGCACAAT-3′ (forward) and 5′-
GCCGATCCACACGGAGTACT-3 (reverse).

Angiogenesis assays
Aliquots of Matrigel were stored at -80°C and were melted in ice overnight immediately prior to use. After
mixing the culture medium and Matrigel (3:1), 300 µl Matrigel was added to each well in 24-well plates.
The 24-well plates were cultured in a humidi�ed incubator at 37°C in a 5% CO2 atmosphere for 30 min.
Cells were digested with trypsin and were then resuspended in culture medium and seeded at a
concentration of 4 × 10,000 cells/ml in the 24-well plates. Morphological changes of HDFs were
examined using an inverted phase contrast microscope (Eclipse TS-100; Nikon). Tubular lengths were
analyzed by Image J software and were normalized to the control group.

Statistical analysis
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Data are reported as means ± SE from at least three separate experiments and were analyzed by t-test
with SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Differences with a p < 0.05 are recognized as statistically
signi�cant.

Results
CPP altered the morphology of HDFs.

In order to test whether the hypochlorous acid (HOCl) probe CPP could potentially promote the
differentiation of HDFs into endothelial cells, we �rst investigated whether CPP affects the cell viability of
HDFs. Using the sulforhodamine B (SRB) assay, we observed that CPP did not signi�cantly affect the
viability of HDFs (Fig. 1A-1B). Secondly, we investigated whether treatment with CPP affects the
morphology of HDFs. We observed that HDFs treated with CPP for 6 days and 10 days were elongated,
curved and formed circular patterns (Fig. 1C), which resembles the function of endothelial cells.

From the above results we draw a conclusion that CPP, as a hypochlorous acid probe, can affect the
morphology of HDFs. In order to identify whether other hypochlorous acid probes can also promote HDFs
to form circular patterns, we treated HDFs with other HOCl probes for 10days. Interestingly, these HOCl
probes failed HDFs to elongated, curved and formed circular patterns (Fig. 1D). Taken together, these
data indicate that we may have found a new inducer that can induce HDFs to change their morphology
and possess endothelial cell functions.

CPP promotes the expression of endothelial cell marker CD133.

In order to prove that HDFs indeed differentiated into VECs after treatment with CPP, we treated HDFs with
different doses of CPP for 10 days. Cells treated with CPP had signi�cantly decreased protein levels of
the endothelial cell marker CD133 (Fig. 2A, 2B). Next, we further text the expression of CD133 in CPP-
treated HDFs by qPCR. Consistent with western blot results, CPP can signi�cantly increase the mRNA
level of CD133 (Fig. 2C).

Furthermore, we used immuno�uorescence staining to detect the level of CD133 in HDFs and found that
CPP can promote the increase of CD133 levels. Collectively, CD133, as an important regulator for the
maintenance of endothelial progenitor cell stemness, plays an important role in the process of endothelial
cell differentiation[20]. From the above data, we found that CPP can signi�cantly promote the expression
of CD133.

CPP promotes the expression of endothelial cell marker CD31.

CD31, as the main marker of VECs, is the main factor to identify whether there is vascular endothelial cell
production. In order to prove that CPP induce HDFs to differentiate into VECs. We treated HDFs with CPP
at 1, 10 and 20 µM for 10 days, the protein level of CD31 was measured by western blot. As expected, the
protein level of CD31 was signi�cantly increased (Fig. 3A, 3B). Next, we tested the mRNA level of CD31 by
qPCR, we also proved that the mRNA level of CD31 was increased (Fig. 3C). These results were veri�ed by
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immuno�uorescence staining (Fig. 3D). Together, these data showed that CPP promoted the expression
of CD31.

Moreover, we quanti�ed the percentage of CD31-positive cells using immuno�uorescence staining, and
found that nearly 80% of cells after 10 days of treatment with 10 or 20 µM CPP expressed CD31, and less
than 10% of CD31-positive cells was observed in the control group (Fig. 4A). Taken together, these data
demonstrate that CPP e�ciently induced the differentiation of HDFs into VECs in vitro.

CPP reduced the level of HDFs marker Vimentin.

In the process of transforming one type of cell into another, the level of the marker protein of the source
cell will decrease, and the level of the marker protein of the target cell will increase. Therefore, in order to
further prove that CPP induces the differentiation of HDFs into VECs, we detected Vimentin, a marker
protein of HDFs. After CPP treated HDFs at 1, 10 and 20 µM for 10 days, western blot was used to detect
the protein level of Vimentin. We found that CPP signi�cantly reduced the protein level of Vimentin at
10µM (Fig. 5A, 5B). Interestingly, these results were veri�ed by qRT-PCR analysis and by
immuno�uorescence staining (Fig. 5C, 5D).

CPP promotes the angiogenesis of VECs derived from HDFs in vitro.

Next, we tested the angiogenic ability of HDFs treated with CPP using an in vitro Matrigel tube formation
assay. HDFs treated with CPP at concentrations of 10 or 20 µM for 12 days, we observed the formation of
HDFs into tubules in vitro on 4 days, 8 days, 10 days, and 12 days. We found that CPP-treated HDFs
began to form tubules on day 10, and the number of tubes has increased signi�cantly on day 12. In
contrast, tube-like structures didn’t appear in the control group without treatment of CPP (Fig. 6).

CPP induces HDFs to differentiate into VECs by promoting the expression of pro-angiogenic factors.

As a secretory cell, VECs can secrete a variety of cytokines. Studies have shown that Vascular endothelial
growth factor (VEGF), �broblast growth factor 2 (FGF-2) and Platelet derived growth factor (PDGF-BB) are
closely related to the maturation of VECs. In order to clarify the mechanism of CPP-induced
differentiation of HDFs into VECs, we analyzed whether CPP(0,1,10,20 µM) treatment enhanced the
expression levels of vascular endothelial function related factors in HDFs, and qRT-PCR analysis revealed
that mRNA levels of VEGF, FGF-2 and PDGF-BB were strongly increased in cells treated with CPP for 10
days (Fig. 7A-C). Next, in order to further prove that CPP promoted the secretion of VEGF, FGF-2 and
PDGF-BB, western blot was further veri�ed. As expected, CPP signi�cantly promoted the increase of VEGF,
FGF-2 and PDGF-BB protein levels (Fig. 7D-I). Through the above results, we preliminarily proved that
VECs derived from CPP-induced HDFs have their typical secretory function.

Discussion
HDFs have the potential to differentiate into VECs, but at present, there are few effective strategies to
induce HDFs to differentiate into VECs. Lee et al. showed the direct reprogramming of human HDFs into
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endothelial cells using ER71/ETV2 [21]. Recently, analyses of induced neuron production by single cell
RNA-Seq revealed that silencing of reprogramming factors, death from an epigenetically unstable state
and reprogramming toward alternative fates, limits the number of cells that successfully reprogram [22,
23]. Therefore, there are some safety issues in the genetic delivery of exogenous genes, such as gene
mutations or insertions, etc[24–26]. Here, based on small chemical molecules that provide a simple,
e�cient and cost-effective induction method, we found that the small chemical molecule CPP induced
HDFs to differentiate into VECs with a high rate of differentiation. At the same time, we discovered that
treatment of HDFs with CPP for 10 days will cause them to elongate, curved and form circular patterns. In
addition, we speculate that these changes in cell morphology indicate that the cells already have the
function of VECs, rather than being simple endothelial-like cells.

More and more evidence has shown that small chemical molecules can regulate cell phenotypes by
targeting signaling pathways, epigenetic modi�cations and metabolic processes [27, 28]. In research
studies of signaling pathways, it was found that the Wnt signaling pathway, the TGF-β signaling pathway
and the MAPK/ERK signaling pathway play important roles in the maintenance of cell pluripotency [29–
31]. Small molecules maintain cell pluripotency by affecting those signaling pathways[32]. However, in
previous studies, researchers used a variety of small molecules to treat cells together to achieve a high
induction rate[27, 33, 34]. In this article, we use a small molecule to induce HDFs with an induction rate of
up to 80%. Secondly, because different small chemical molecules regulate cells in different ways, the use
of different small molecules to treat cells is not conducive to detailed mechanism research on cell
differentiation. In our reports, we treated HDFs with CPP, and proved that CPP induced HDFs to
differentiate into VECs.

VEGF regulates the function of endothelial cells through its three receptors VEGFR1, VEGFR2, and
VEGFR3[35]. At the same time, the VEGF signaling pathway has a regulatory role in the differentiation of
endothelial progenitor cells into VECs[36, 37]. In this study, we found that the expression of VEGF in CPP-
treated HDFs was signi�cantly increased, which further proved that VEGF played a key role in the
differentiation of HDFs into VECs induced by CPP. PDGF signaling pathway also plays an important
regulatory role in the differentiation of endothelial progenitor cells into mature endothelial cells[38, 39].
PDGF-BB can induce the production of mature endothelial cells under serum-free conditions. In previous
reports, it was found that VEGF and FGF-2 synergistically activate the endogenous PDGF-B-PDGFRβ
signaling pathway[40]. Therefore, in this study, compared with the control group, HDFs treated with CPP
Signi�cantly increased the level of VEGF, FGF-2 and PDGF-BB.

Conclusions
In conclusion, we have found a new induction method that can induce HDFs to differentiate into VECs
with a high differentiation rate. these results provide new ideas for the study of HDF differentiation, and
also provide a new compound to potentially develop effective new drugs against ischemic dermopathy.

Abbreviations
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mesenchymal stem cells             MSCs

hypochlorous acid                  HOCl

Human dermal �broblasts            HDFs

vascular endothelial cells             VECs

Vascular endothelial growth factor     VEGF

�broblast growth factor 2            FGF-2

Platelet derived growth factor         PDGF
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Figure 1

CPP induces morphological changes of HDFs. (A) The chemical structure of CPP. (B) Cell viability was
determined using the sulforhodamine B (SRB) assay according to the manufacturer’s instructions. HDFs
were seeded in 96-well plates, and were then treated with 0.1% DMSO (as a control) or with CPP at the
indicated concentration for 48 h, after which the SRB assay was used to determine cell viability. (C) HDFs
were treated with the small chemical molecule CPP (0, 1, 10 or 20 μM) for 6 days (D6) or 10 days(D10),
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after which morphological changes of HDFs were examined using an inverted phase contrast
microscope. (D) HDFs were treated¬ with other HOCI probes for 10 days, and morphological changes of
HDFs were examined by inverted phase contrast microscope (Eclipse TS-100; Nikon, Tokyo). Scale bar:
20 μm.

Figure 2

CPP promoted the expression of CD133. (A)-(B) HDFs were treated with 0, 1, 10 or 20 μM CPP for 10 days
(D10), after which the protein level of CD133 was determined by Western Blot. β-actin (ACTB) was used
as a loading control. Quantitation of bands in the Western blots (A) is shown in (B). (C) Different doses of
CPP (0, 1, 10 or 20 μM) were used to treat HDFs for 10 days, after which mRNA levels of CD133 were
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detected by qPCR. (D) Different doses of CPP (0, 1, 10 or 20 μM) were used to treat HDFs for 10 days
(D10), after which protein levels of CD133 was detected by immuno�uorescence. Scale bar: 20 μm. Data
are presented as means ± SEM, *p < 0.05, **p < 0.01, n = 3.

Figure 3

CPP promoted the expression of CD31. (A)-(B) HDFs were treated with 0, 1, 10 or 20 μM CPP for 10 days
(D10), and the protein level of CD31 was determined by Western Blot. β-actin (ACTB) was used as a
loading control. Quantitation of bands in the Western blots (A) is shown in (B). (C) Different doses of CPP
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(0, 1, 10 or 20 μM) were used to treat HDFs for 10 days, and the mRNA levels of CD31 were detected by
qPCR. (D) Different doses of CPP (0, 1, 10 or 20 μM) were used to treat HDFs for 10 days (D10), after
which protein level of CD31 was detected by immuno�uorescence. Scale bar: 20μm. Data are presented
as means ± SEM, *p < 0.05, **p < 0.01, n = 3.

Figure 4
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Differentiation rate of HDFs into vascular endothelial cells. Different doses of CPP (0, 1, 10 or 20 μM)
were used to treat HDFs for 10 days, and then the ratio of the number of CD31-positive cells to the total
number of cells was counted. Data are presented as means ± SEM, ***p < 0.001, n = 3.

Figure 5

CPP reduced the level of Vimentin. (A)-(B) HDFs were treated with 0, 1, 10 or 20 μM CPP for 10 days
(D10), after which the protein level of Vimentin was determined by Western Blot. β-actin (ACTB) was used
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as a loading control. Quantitation of bands in the Western blots (A) is shown in (B). (C) Different doses of
CPP (0, 1, 10 or 20 μM) were used to treat HDFs for 10 days, after which mRNA levels of Vimentin were
detected by qPCR. (D) Different doses of CPP (0, 1, 10 or 20 μM) were used to treat HDFs for 10 days
(D10), after which protein levels of Vimentin was detected by immuno�uorescence. Scale bar: 20 μm.
Data are presented as means ± SEM, *p < 0.05, **p < 0.01, n = 3.

Figure 6
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CPP promotes the angiogenesis of VECs derived from HDFs in vitro. (A)-(C) In vitro capillary-like tube
formation by HDFs treated with different concentrations of CPP (0, 10, 20 μM) for 4, 8, 10 and 12 days.
Representative images of capillary morphogenesis are shown at different points in time (A), and tubular
lengths at day 10 (D10) and 12 (D12) were analyzed by Image J software and normalized to the control
group (B) and (C). Data are presented as means ± SEM, **p < 0.01, n = 3.

Figure 7
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HDFs treated with CPP secrete angiogenesis-related factors. (A)-(C) mRNA expression levels of VEGF,
FGF-2 and PDGF-BB in HDFs treated with or without CPP (10 μM) for 10 days (D10) were analyzed by
qPCR. (D)-(I) HDFs were treated with or without CPP for 10 days (D10), and protein levels of VEGF, FGF-2
and PDGF-BB were determined by Western Blot (D), (F) and (H). β-actin (ACTB) was used as a loading
control. Quantitation of bands in the Western blot bands (D), (F) and (H) are shown in (E), (G) and (I).


