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Inhibition of PDE4 by apremilast attenuates skin fibrosis
through directly suppressing activation of M1 and T cells
Qiu-kai Lu1,2, Chen Fan1, Cai-gui Xiang1,2, Bing Wu1,2, Hui-min Lu1,2, Chun-lan Feng1, Xiao-qian Yang1, Heng Li1 and Wei Tang1,2

Systemic sclerosis (SSc) is a life-threatening chronic connective tissue disease with the characteristics of skin fibrosis, vascular injury,
and inflammatory infiltrations. Though inhibition of phosphodiesterase 4 (PDE4) has been turned out to be an effective strategy in
suppressing inflammation through promoting the accumulation of intracellular cyclic adenosine monophosphate (cAMP), little is
known about the functional modes of inhibiting PDE4 by apremilast on the process of SSc. The present research aimed to
investigate the therapeutic effects and underlying mechanism of apremilast on SSc. Herein, we found that apremilast could
markedly ameliorate the pathological manifestations of SSc, including skin dermal thickness, deposition of collagens, and increased
expression of α-SMA. Further study demonstrated that apremilast suppressed the recruitment and activation of macrophages and
T cells, along with the secretion of inflammatory cytokines, which accounted for the effects of apremilast on modulating the pro-
fibrotic processes. Interestingly, apremilast could dose-dependently inhibit the activation of M1 and T cells in vitro through
promoting the phosphorylation of CREB. In summary, our research suggested that inhibiting PDE4 by apremilast might provide a
novel therapeutic option for clinical treatment of SSc patients.
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INTRODUCTION
Systemic sclerosis (SSc), with global disproportionate but increas-
ing morbidity and disability, is an autoimmune disease, which
threatens multiple tissues with the manifestations of finger
swelling, subcutaneous tissue hardening, and muscle atrophy
[1]. The pathological triggers for SSc remained partially defined
and extensively involved the crosstalk and interaction among
genetic factors, epigenetics, environmental deterioration, and
disturbance of immune systems [2]. Fibrosis with progressive
accumulation of extracellular matrix (ECM) proteins, including
collagens, elastin, glycosaminoglycans, and fibronectin, represents
a prominent pathological feature and distinguishing hallmark of
SSc patients [3]. Currently, no single therapeutic approach for
connective tissue diseases has been proved uniformly effective.
Therefore, there exists a great requirement for developing novel
therapeutic strategies for SSc treatment.
Mounting evidences indicated that alternations of innate and

adaptive immune responses, such as infiltration of immune cells
and secretion of pro-inflammatory cytokines, played a prominent
role in the initiation and development of SSc [4, 5]. Upon exposure
of multiple pathological mediators, skin-resident and newly
recruited macrophages could differentiate into classically inflam-
matory macrophages (M1) and immune-regulating macrophages
(M2), which have been intriguingly implicated in the pathogenesis
of skin fibrosis [6]. In addition to the intrinsic specialty of
macrophages, cytokines derived from activated macrophages
could further lead to the differentiation of T cells and abnormal

activation of skin fibroblasts [7]. Therein, TGF-β derived from
macrophages and T-helper cells is considered as the main
pathogenic triggers of tissue fibrosis. The inactive precursor of
TGF-β could be converted to its biologically active form via
integrins-mediated activation [8].
Phosphodiesterase 4 (PDE4) belongs to the PDEs superfamily and

specifically hydrolyzes the cyclic adenosine monophosphate (cAMP)
to regulate intracellular signaling transduction [9]. With an extensive
distribution in neurons, immune cells, and epithelial cells, PDE4
might be incorporated into the specific signalosomes and specially
regulate cAMP-predominant signaling events [10]. In terms of the
transduction of G-protein-coupled receptors, adenylate cyclase
could be activated and subsequently lead to the accumulation of
intracellular cAMP and further activation of protein kinase A (PKA)
[11]. Previous reports have demonstrated that inhibition of PDE4
displayed multiple pharmacological effects in psoriasis, inflamma-
tory airway diseases, and ulcerative colitis through modulating the
PKA-dominant phosphorylation of cAMP-response element binding
protein (CREB) and antagonism of nuclear translocation of NF-κB
[12]. Apremilast is a patent PDE4 inhibitor bearing with the distinct
chemical skeleton and specifically regulates the expression of pro-
inflammatory and anti-inflammatory mediators. Due to the
therapeutic capacities, apremilast was approved by FDA in 2014
for the treatment of moderate-to-severe chronic plaque psoriasis
and active psoriatic arthritis in adults [13].
Over the past 10 years, apremilast, with a well-defined tolerance

and oral availability, has been considered as a breakthrough in the
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development of PDE4 inhibitors [14]. In the previous research by
Maier et al., the efficacies of specific inhibition of PDE4 by rolipram
and apremilast were investigated in bleomycin (BLM)-induced skin
fibrosis [15]. Whereas, the underlying mechanism of apremilast on
the function of macrophages and T cells remained ill-defined in
skin fibrosis. Herein, the present research was designed to uncover
the modulatory effects of apremilast on BLM-induced murine SSc
model and to provide new insights toward the development of
clinical therapeutic strategies for SSc patients.

MATERIALS AND METHODS
BLM-induced murine model of SSc and drug treatment
All animals’ feeding and laboratory programs were implemented
according to the National Institutes of Health Guide for Care and
Use of Laboratory Animals and approved by the Bioethics
Committee of the Shanghai Institute of Materia Medica, Chinese
Academy of Sciences. Wild-type female C57BL/6J mice (8 weeks
old, 20–22 g, IACUC protocol# 2018-10-TW-12) were obtained
from Shanghai Laboratory Animal Center of the Chinese Academy
of Sciences. The mice were reared under specific pathogen-free
conditions with the period of 12 h of light/12 h of darkness,
suitable temperature, and humidity. All mice were randomly
allotted with standard laboratory fodder and drinking water,
and acclimated in our facility for 1 week before the
experiments began.
Mice were randomly divided into four groups (normal, vehicle

receiving BLM and 0.5% carboxymethylcellulose sodium (Sigma-
Aldrich, St. Louis, MO, USA) plus 0.25% Tween 80 (Sigma-Aldrich),
drug treatment group receiving BLM and 25mg/kg of apremilast,
drug treatment group receiving BLM and 5mg/kg of apremilast
with 10 mice per group. BLM (TargetMol, Boston, USA) was
dissolved in phosphate buffer saline (PBS), prepared into a stock
solution of 300 μg/ml, and then disinfected by filtration. According
to the experimental instructions, BLM (1.5 mg/kg) was injected
subcutaneously with an insulin needle into the settled position on
the shaved back skin of C57BL/6J mice, which was lasting for
4 weeks as previously described [16, 17]. Apremilast (Selleck,
Shanghai, China) was dissolved in 0.5% carboxymethylcellulose
sodium plus 0.25% Tween 80, and then mice were taken orally
once a day for consecutive 4 weeks. In the end of treatment, all
mice were euthanized and skin biopsies were collected for further
analysis.

Histopathological assessment and immunohistochemistry
All skin biopsies were obtained from BLM-induced murine SSc
model and fixed in 10% formaldehyde buffered in PBS solution.
Immobilized skin slices were dewaxed and stained with hematox-
ylin and eosin (H&E) or Masson’s trichrome reagents to visualize
the histopathological manifestations and deposition of collagens,
respectively. Subsequently, the histopathological features were
observed and scored under the light microscope (Olympus, Tokyo,
Japan) by three researchers who were double-blind about
experimental conditions. For immunohistochemistry, skin slices
were incubated with anti-α-SMA antibodies (Cell Signaling
Technology, Beverly, MA, USA) overnight at 4 °C and then stained
with the secondary antibodies (R&D systems, Minneapolis, MN,
USA) according to the instructions. The positive areas of α-SMA
were observed under the light microscope. The images were
analyzed and quantified using the Image-Pro Plus software (Media
Cybernetics, Silver Springs, MD, USA).

Cell cultures and treatments
Bone-marrow-derived macrophages (BMDMs) were differentiated
in the presence of macrophage colony-stimulating factor (M-CSF,
PeproTech, Rocky Hill, NJ, USA) as previous description [18]. Briefly,
the 6-week-old C57BL/6J mice were euthanized and the tibia and
femur were disinfected to obtain bone marrow cells. The cells

were dispersed in the Iscove’s Modified Dulbecco’s Medium
(IMDM, Gibco, Grand Island, NY, USA), and then the Red Blood Cell
Lysis Buffer (Beyotime, Shanghai, China) was added to deplete red
blood cells. Subsequently, cells were cultured in IMDM containing
10% fetal bovine serum (FBS, Gibco), 10-ng/ml M-CSF, 100-U/ml
penicillin, and 100-mg/ml streptomycin for 7 days. Non-adherent
cells were removed and new growth media were added on day 3.
To induce the polarization of macrophages in vitro, BMDMs were
incubated with 10-ng/ml IFN-γ (PeproTech) plus 1-μg/ml lipopo-
lysaccharide (LPS, Sigma-Aldrich), 10-ng/ml IL-4 (PeproTech) plus
10-ng/ml IL-13 (PeproTech) for M1 and M2 induction, respectively.
Apremilast was dissolved in dimethyl sulfoxide (DMSO) at a
concentration of 50 mM. The stock solution of apremilast was
diluted into the required concentration with the culture media, in
which the final concentration of DMSO did not exceed 0.1% (v/v).
Polyclonal CD4+ T cells were separated from murine spleens by

using EasySepTM mouse CD4+ T-Cell isolation kit (Stemcell,
Vancouver, BC, Canada). In order to obtain the pure CD4+

T cells, immunomagnetic negative selection was performed
according to the instructions. Purified CD4+ T cells were cultured
with anti‐CD3 antibodies (5 μg/ml) plus anti‐CD28 antibodies (2
μg/ml, Thermo Fisher Scientific, Pittsburgh, PA, USA) in the
presence or absence of apremilast at the indicated concentrations
for 48 h. The cytokine levels in the supernatants were determined
by ELISA.

Preparation of skin cell suspensions
The depilated back skins were snipped into small pieces and then
digested in RPMI-1640 media (Gibco) containing 10% FBS, 2-mg/
ml collagenase IV (Sigma-Aldrich), 1.5-mg/ml hyaluronidase
(Sigma-Aldrich), and 0.03-mg/ml DNase I (Roche Applied Science)
at 37 °C for 2 h [19]. After grinding, the skin cells were filtered
through the 70-μm Falcon cell strainers (BD Biosciences, San Jose,
CA, USA). Single cell suspensions were centrifugated at 1200 rpm
for 5 min, resuspended in RPMI-1640 media, and used for the
following flow cytometric analysis.

Flow cytometric analysis
Skin single cell suspensions were washed with cold PBS and
stained with fixable viability dye eFluor™ 780 (eBioscience, San
Diego, CA, USA) at 4 °C for 30 min to identify the viable cells from
the dead cells. For staining the cell surface proteins, cell
suspensions were incubated with FITC‐conjugated anti‐CD4 (BD
Biosciences Cat# 553651), FITC‐conjugated anti‐Gr‐1 (Thermo
Fisher Scientific Cat# 11‐5931‐81), FITC‐conjugated anti‐CD86
(BD Biosciences Cat# 561962), FITC-conjugated anti-CCR5 (abcam
Cat# 258785–9), phycoerythrin (PE)‐conjugated anti‐CD25 (BD
Biosciences Cat# 553866), PE‐conjugated anti‐F4/80 (BD Bios-
ciences Cat# 565410), PE-conjugated anti-CD11c (BD Biosciences
Cat# 553802), PE-conjugated anti-CXCR3 (BD Biosciences Cat#
562152), PE-conjugated anti-CD301 (Biolegend Cat# 145704),
Percp‐Cy5.5‐conjugated anti‐CD11b (BD Biosciences Cat#
550993), Percp‐Cy5.5‐conjugated anti‐CD4 (BD Biosciences Cat#
550954), allophycocyanin (APC)‐conjugated anti‐CD4 (BD Bios-
ciences Cat# 553051), APC‐conjugated anti-Ly6C (BD Biosciences
Cat# 560595), APC‐conjugated anti-CD11b (Biolegend Cat#
101212), APC‐conjugated anti-CD206 (BD Biosciences Cat# 17-
2061-82), brilliant violet 421 (BV421)‐conjugated anti‐CD3 (BD
Biosciences Cat# 564008), BV421‐conjugated anti-CD11b (BD
Biosciences Cat# 562605), or BV421‐conjugated anti-CX3CR1
(Biolegend Cat# 149023). For intracellular staining, cells were
fixed, permeabilized, and then labeled with PE‐conjugated anti‐IL‐
17A (BD Biosciences Cat# 559502), Percp‐Cy5.5‐conjugated anti-IL-
4 (BD Biosciences Cat# 560700), Alexa Fluor 647‐conjugated anti-
p-CREB (Cell Signaling Technology Cat# 14001S), or Percp‐Cy5.5‐
conjugated anti‐Foxp3 antibodies (Thermo Fisher Scientific Cat#
45‐5773‐82). The data were further analyzed by the FlowJo
software (Tree Star, Ashland, OR, USA).
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SiRNA interference
To decrease the expression of CREB in BMDMs, siRNA sequences
targeting CREB (RiboBio, Shanghai, China) were designed and
transfected according to the instructions. Briefly, siRNA was mixed
with Lipofectamine RNAiMAX Reagent (Thermo Fisher Scientific) in
serum-free Opti-MEM media and then transfected into the
BMDMs. Cells were collected for further validation after 72-h
transfection.

Immunofluorescence analysis
BMDMs were grown on the coverslips, fixed with 4% paraformal-
dehyde for 30 min, and permeabilized with 1% Triton X-100 for 10
min. After washing with PBS for three times, blocking buffer
(Beyotime) was incubated for 1 h to block the nonspecific
bindings. Subsequently, the coverslips were stained with anti-p-
CREB antibody or anti-p-NF-κB antibody (Cell Signaling Technol-
ogy) overnight at 4 °C. Primary labellings for unconjugated
fluorescein were detected by FITC-conjugated secondary anti-
bodies and then counterstained with DAPI. The representative
immunofluorescent images were captured under the Leica TCS
SPS microscope (Wetzlar, Germany).

Cytokines analysis by ELISA
Skin samples were cut from the frozen back skins in each group,
homogenized, and then centrifuged at 12,000 rpm for 10 min. The
supernatants were collected, and BCA Protein Assay Kits (Thermo
Fisher Scientific) were used to determine the concentration of
total proteins. The levels of TNF-α, IL-6, IL-12, and IL-17 in skin
homogenates and cell culture media were quantified by the ELISA
kits (BD Pharmingen) according to the instructions.

Western blot analysis
Cells and skin samples were lysed in SDS Lysis Buffer (Beyotime)
in the presence of protease inhibitors. Total proteins were
uniformed by using BCA Protein Assay Kits (Thermo Fisher
Scientific). The protein samples were mixed with the loading
buffers, subjected to the SDS-PAGE gels, and then transferred
onto the nitrocellulose membranes (Amersham Pharmacia
Biotech, Buckinghamshire, UK). Nonspecific bindings were
blocked with SuperBlockTM T20 Blocking Buffer (Thermo Fisher
Scientific). Subsequently, the membranes were incubated with
the primary antibodies, including anti-α-SMA, anti-Smad4, anti-p-
Smad3, anti-CREB, anti-p-CREB, anti-NF-κB, anti-p-NF-κB, anti-ERK,
anti-p-ERK, anti-MAPK, anti-p-MAPK, anti-PI3K, anti-p-PI3K, anti-
GAPDH, or anti-Tubulin antibodies (Cell Signaling Technology)
overnight at 4 °C. The HRP-conjugated secondary antibodies were
added and incubated for 1 h at room temperature. The positive
signals were detected by ChemiDoc™ MP Imaging System (Bio‐
Rad, Hercules, CA, USA).

RNA extraction, cDNA synthesis, and real-time PCR
Total RNA in skin tissues and BMDMs was extracted by the
RNAsimple total RNA kits (Tiangen, Beijing, China) and then
reversely transcribed by cDNA Synthesis SuperMix (Biotool,
Houston, TX, USA). For performing real-time PCR experiments,
SYBR Green Real-time PCR Master Mix (TOYOBO, Osaka, Japan)
was used on an Applied Biosystems 7500 Fast Real‐Time PCR
System (Applied Biosystems, Foster city, CA, USA). β-actin acted as
the housekeeping gene and fold changes of the gene expression
were normalized to β-actin using the ΔΔCt method.

cAMP determination
Frozen skin tissues were homogenized in 10 volumes of 0.1-M HCl
and centrifuged at 600 × g for 10min to pellet the debris. The
supernatants were collected for further analysis. Enzo Direct cAMP
ELISA kits (Enzolifesciences, New York, USA) were used to
determine the content of cAMP in skin lesions according to the
instructions.

Statistical analysis
All data were presented as mean ± SEM. One-way ANOVA
followed by Dunnett’s multiple comparison test was applied to
determine the significant difference by using the GraphPad Prism
6.0 software (GraphPad Software, San Diego, CA, USA). P < 0.05
was considered to represent a significant difference.

RESULTS
Inhibition of PDE4 by apremilast attenuated the pathological
manifestations in BLM-induced murine skin fibrosis
To uncover the therapeutic capacity of inhibition of PDE4, oral
administration of apremilast was conducted in BLM-induced SSc.
As illustrated in Fig. 1a, mice from the vehicle group generally
displayed more black patches around the injection locations than
the normal individuals, which were proven to be associated with
the disease severity and hair follicle damage in the inflamed
sections [20]. Consistently, apremilast could dramatically attenuate
the pathological manifestations in a dose-dependent manner
(Fig. 1a). In the histopathological assessment by H&E and Masson
staining, compared with the vehicle mice, the histological scores,
dermal thickening, and deposition of collagens were significantly
reversed upon apremilast treatment (Fig. 1b–e). Moreover, the
immunohistochemistry results revealed that activated fibroblasts,
indicated by α-SMA positive staining, were largely scattered in the
dermal layers, and decreased in the apremilast-treated group
(Fig. 1c, e). Collectively, our findings demonstrated that inhibition
of PDE4 by apremilast exerted a curative effect on the BLM-
induced skin fibrosis. To fully illustrate the underlying mechanism
of apremilast in skin fibrosis, mice treated with 25 mg/kg of
apremilast were selected in the following investigations.

Inhibition of PDE4 by apremilast suppressed the expression of pro-
fibrotic factors in BLM-induced murine skin fibrosis
Given that apremilast could retard the process of skin fibrosis, we
further explored whether apremilast directly exhibited modulatory
effects on the expression of pro-fibrotic factors. Previous reports
have suggested that multiple signaling pathways were involved in
the development and deterioration of tissue fibrosis, in which TGF-
β/Smads signaling pathway functioned as the dominant element
[21]. In line with the pathological phenotypes, apremilast could
obviously decrease the mRNA level of TGF-β (Fig. 2a) and modulate
the expression and phosphorylation of Smad proteins, as evidenced
by decreasing the expression of Smad4 and phospho-Smad3 and
increasing the expression of Smad7 (Fig. 2b). Consequently,
apremilast downregulated the expression of several types of
collagens, including Col1a1, Col13a1, and Col4a1 (Fig. 2c). Moreover,
increased expression of α-SMA, fibroblast activation protein (FAP),
fibronectin, platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), and Vimentin were observed in
vehicle mice and obviously suppressed following apremilast
treatment (Fig. 2d, e). Taken together, we found that inhibition of
PDE4 suppressed the deposition of ECMs and collagens through
regulating the classic TGF-β/Smads signaling pathway.

Inhibition of PDE4 by apremilast regulated the expression and
downstream signaling transduction of PDE4
Previous studies have suggested that inhibition of PDE4 could
modulate the expression of PDE4 in inflammatory bowel diseases
and psoriasis [22, 23]. In the present research, we found that in
BLM-induced skin fibrosis, apremilast specifically decreased the
mRNA expression of PDE4A, PDE4B, and PDE4C subtypes (Fig. 3a),
and subsequently promoted the accumulation of cAMP in the
inflamed skins (Fig. S1). Consistently, apremilast exerted the
capacity on promoting the phosphorylation of CREB in CD3+

T cells and CD11b+ myeloid cells (Fig. 3b). The function of CREB
was mediated by the cAMP–PDE4–PKA axis, and phosphoryla-
tion of CREB was closely related to the transcriptional regulation
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of several intracellular events [24]. Herein, protein expression of
CREB in BMDMs was knocked down to explore how inhibition of
PDE4 affected the activation of macrophages. As illustrated in
Fig. 3c, three CREB-targeting siRNAs were designed and
transfected into BMDMs and the expression of CREB was largely
reduced. In line with our hypothesis, inhibition of PDE4 by
apremilast could increase the phosphorylation of CREB, which
was nearly impeded upon siCREB transfection (Fig. 3c, bottom).
The immunofluorescence further confirmed that increased
distribution of phospho-CREB in nuclei was weakened by
siCREB intervention (Fig. 3d). In terms of inflammatory
mediators’ synthesis, apremilast significantly inhibited the
expression level of TNF-α, iNOS, and IL-12; whereas, the effects
of apremilast were aborted in siCREB-transfected BMDMs
(Fig. 3e). In brief, these findings demonstrated that CREB
functioned as the critical element for apremilast in modulating
the inflammatory responses in macrophages.

Inhibition of PDE4 by apremilast decreased the infiltration of
inflammatory monocytes and the polarization of macrophages
Given the anti-inflammatory effects of apremilast on macro-
phages, further investigations in the inflamed skin lesions were
performed by flow cytometry. Compared with the vehicle group,

apremilast decreased the infiltration of myeloid cells (CD11b+),
monocytes (CD11b+Ly6C+), dendritic cells (CD11b+CD11c+),
macrophages (CD11b+F4/80+), and neutrophils (CD11b+Ly6G+)
in the skin lesions (Fig. 4a), as well as the expression of
chemokine receptors, CCR2, and CX3CR1 on CD11b+ cells
(Fig. 4b). In addition, the percentage of macrophage subtypes
M1 (F4/80+CD86+) and M2 (F4/80+CD206+) was also decreased
in the skin lesions upon apremilast treatment (Fig. 4c), which
were further confirmed by the expression of transcription
factors, IRF5, Arg-1, and Ym-1 (Fig. 4d). To verify the outcomes
in vitro, BMDMs were differentiated and incubated with LPS plus
IFN-γ and IL-4 plus IL-13 to induce the polarization of M1 and
M2, respectively. The results in Fig. 4e demonstrated that
apremilast displayed a concentration-dependent efficacy on
restraining the polarization of M1, while there seemed a
negligible effect on the polarization of M2 in vitro. Correspond-
ingly, apremilast could decrease the mRNA and protein level of
TNF-α and IL-12p40, the inflammatory cytokines from M1 cells,
in a concentration-dependent manner (Fig. 4f). The similar
results were observed in the peritoneal-derived macrophages
(Fig. 4g). Collectively, we found that inhibition of PDE4 by
apremilast could suppress the recruitment of inflammatory
monocytes, especially the M1 subtypes.

Fig. 1 Inhibition of PDE4 attenuated the pathological manifestations in BLM-induced murine skin fibrosis. a Representative back skin
phenotypes of BLM-induced SSc. b Histological scores. c Representative skin sections with H&E staining (top, ×100 magnification), Masson’s
trichrome staining (middle, ×100 magnification), and immunohistochemical staining of α-SMA (bottom, ×100 magnification). d Dermal
thickness from each group. e Quantification of collagen volume fraction and α-SMA positive cells. Data were shown as mean ± SEM; n= 10
mice per group. ***P < 0.001, significantly different from vehicle (BLM only) group.
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Inhibition of PDE4 by apremilast inhibited the infiltration and
activation of T cells
In addition to macrophages, T cells functioned as the predominant
immune cells to produce IFN-γ, IL-2, IL-4, and IL-17, which
subsequently aggravated the process of skin fibrosis [25]. Herein,
flow cytometry analysis showed that inhibition of PDE4 by
apremilast significantly reduced the population of T-helper cells,
including Th1, Th2, and Th17 cells (Fig. 5a). Moreover, reductions
of activated T cells and Treg cells were also observed in the
apremilast-treated mice (Fig. 5b). Conformably, compared to the

vehicle group, transcriptional factors associated with T cells
differentiation were downregulated upon apremilast treatment
(Fig. 5c). Furthermore, the expression of CCR5 and CXCR3 on
T cells was also suppressed by apremilast (Fig. 5d). To confirm the
fact that inhibition of PDE4 by apremilast exerted modulatory
effects on the function of T cells, CD4+ T cells were purified by
magnetic beads and cultured in vitro with the anti-CD3/CD28
antibodies. We found that apremilast could inhibit the expression
of CD25 and CD69 and production of IFN-γ and IL-2 from activated
T cells in a dose-dependent manner (Fig. 5e, f).

Fig. 2 Inhibition of PDE4 suppressed the expression of pro-fibrotic factors in BLM-induced murine skin fibrosis. a The mRNA level of TGF-β
in skin samples. b Western blotting assay and quantification analysis of α-SMA, Smad4, Smad7, and p-Smad3. c The mRNA levels of collagen
subtypes, Col1a1, Col3a1, and Col4a1, in skin samples. d The mRNA levels of α-SMA, FAP, and Fibronectin in skin samples. e The mRNA levels of
PDGF, VEGF, and Vimentin in skin samples. Data were shown as mean ± SEM; n= 10 mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001,
significantly different from vehicle (BLM only) group.
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Fig. 3 Inhibition of PDE4 regulated the expression and downstream signaling transduction of PDE4. a The mRNA expression level of PDE4
isoforms in skin lesions. b The percentage of p-CREB in T cells (CD3+) and myeloid cells (CD11b+) in skin cell suspensions. c Western blotting
analysis of CREB and phosphorylation of CREB in BMDMs. d Representative images of nuclear location of phospho-CREB in BMDMs, assayed by
immunofluorescence. e Transfected BMDMs were incubated with apremilast in the presence of LPS for 3 h and the mRNA level of TNF-α, iNOS, and
IL-12 was determined by RT-PCR. Data were shown as mean ± SEM; a, b n= 10 mice per group; c–e n= 3. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 4 Inhibition of PDE4 decreased the infiltration of inflammatory monocytes and the polarization of M1. a The percentage of myeloid
cells (CD11b+), monocytes (CD11b+Ly6C+), dendritic cells (CD11b+CD11c+), macrophages (CD11b+F4/80+), neutrophils (CD11b+Gr‐1+),
assayed by flow cytometry. b The expression level of CCR2 and CX3CR1 on CD11b+ cells. c The expression level of CD86 and CD206 on F4/80+

cells. d The mRNA levels of IRF5, Arg-1, and Ym-1 in skin lesions. e BMDMs were polarized into M1 or M2 cells in the presence of apremilast
and the population of M1 and M2 cells were assayed by flow cytometry. f The mRNA and protein levels of TNF-α and IL-12p40 in BMDMs. g
The mRNA and protein levels of TNF-α and IL-12p40 in peritoneal macrophages. Data were shown as mean ± SEM; a–d n= 10 mice per group;
e–g n= 3. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Inhibition of PDE4 by apremilast suppressed the inflammatory
responses in BLM-induced murine skin fibrosis
In keeping with the activation of skin fibroblasts, macrophages,
and T cells, inflammatory responses occurred in the inflamed
locations in BLM-induced skin fibrosis. Increased expression of
adhesion molecules, including ICAM-1, MadCAM-1, and E-selectin,
were observed in the vehicle group and relieved by apremilast
intervention (Fig. 6a). Meanwhile, the mRNA and protein level of
certain pro-inflammatory cytokines, TNF-α, IL-6, and IL-17A, were
consistently decreased in the apremilast-treated mice (Fig. 6b, c).
In line with our previous reports, inhibition of PDE4 by apremilast
could directly enhance the phosphorylation of CREB and
spontaneously interfere with the activation of pro-inflammatory
signaling pathways, such as NF-κB, ERK, MAPK, and PI3K signaling
(Fig. 6d, e), which were further confirmed by the immunofluor-
escent staining of phosphor-NF-κB in the nuclei of BMDMs

(Fig. S2). Taken together, inhibition of PDE4 by apremilast exerted
protective effects on BLM-induced skin fibrosis, which were mainly
due to the suppression of activation of M1 and T cells.

DISCUSSION
SSc is an autoimmune disease with a relatively high prevalence of
disability and characterized by excessive activation of immune
responses and pathological exacerbation of tissue fibrosis [26].
Given the stubborn manifestations, there remains a great need for
developing novel therapeutic strategies for SSc patients [27].
Accumulating studies have demonstrated that multiple factors,
such as genetic susceptibility, environmental pathogens, mechan-
ical stress, and chronic inflammation, were linked with the
pathogenesis of SSc [28]. With a wide distribution in various cells,
PDE4 acts as an intracellular modulator of cAMP signalosomes,

Fig. 5 Inhibition of PDE4 inhibited the infiltration and activation of T cells. a The percentage of Th1, Th2, and Th17 cells in skin lesions was
measured by flow cytometry. b The percentage of activated T cells and Treg cells in skin lesions. c The mRNA expression of transcription
factors, related with T cells differentiation. d The expression level of CCR5 and CXCR3 on T cells. e CD4+ T cells were purified and incubated
with anti‐CD3/CD28 antibodies in the presence of apremilast. The cells were collected for determining the expression of CD25 and CD69;
meanwhile, the supernatants were quantified for IFN-γ and IL-2 (f). Data were shown as mean ± SEM; a–d n= 10 mice per group; e, f n= 3.
*P < 0.05, **P < 0.01, and ***P < 0.001.
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which are involved in modulating the differentiation and function
of inflammatory immune cells [29]. During the prolonged
development and optimization for PDE4 inhibitors, apremilast,
approved for the treatment of psoriasis, attracted the enthusiasm
of numerous researchers [30]. Due to the intrinsic expression of

PDE4 in immune cells, fibroblasts, and myofibroblasts, PDE4
inhibitors were attempted to be applied in the treatment of SSc
[31]. In the previous research, specific inhibition of PDE4 by
rolipram was investigated in experimental murine skin fibrosis
model, which indicated that rolipram could attenuate the

Fig. 6 Inhibition of PDE4 suppressed the inflammatory responses in BLM-induced murine skin fibrosis. a The mRNA expression of
adhesive molecules in skin lesions. b The protein level of inflammatory cytokines in skin lesions, assayed by ELISA. c The mRNA level of
inflammatory cytokines in skin lesions. Western blotting analysis of cAMP-dominant phosphorylation of CREB (d) and downstream
inflammatory signaling pathways (e). f The mRNA level of IFN-γ, IL-4, and IL-13 in skin lesions. Data were shown as mean ± SEM; n= 10 mice
per group. *P < 0.05, **P < 0.01, and ***P < 0.001, significantly different from vehicle (only BLM) group.

Fig. 7 The schematic diagram of inhibition of PDE4 in attenuating skin fibrosis through directly suppressing activation of M1 and T cells.
Inhibition of PDE4 by apremilast exerted protective effects on the experimental skin fibrosis, as evidenced by alleviating the progression of
disease deterioration and decreasing the activation of skin fibroblasts by modulating the TGF-β/Smads signaling pathway. Moreover,
apremilast could suppress the infiltration and polarization of macrophages and T cells in the inflamed skin tissues, which were largely due to
the activation of cAMP-predominant PKA-CREB pathway.
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activation of fibroblasts and deposition of collagens [15]. Whereas,
the therapeutic effects of apremilast on skin fibrosis and the
modulatory mechanism of inhibition of PDE4 on macrophages
and T cells remained ill-defined. In the present study, we aimed to
uncover the efficacy and the underlying mechanism of apremilast
in the process of BLM-induced murine skin fibrosis. Herein, we
found that oral administration of apremilast could prevent dermal
fibrosis through reducing deposition of collagens and activation of
myofibroblasts, which were largely due to the direct suppression
of the polarization and function of M1-type macrophages and
T cells (Fig. 7).
BLM-induced murine SSc model is characterized by obstinate

fibrosis and overactivation of immune cells and could extensively
simulate the clinical features of human SSc [32]. It has been
identified that fibroblasts obtained from the inflamed skin lesions
exhibited more potential to produce various types of collagens
than healthy individuals [33]. The present research confirmed that
skin biopsies from BLM-induced SSc displayed several pathologi-
cal parameters, such as tightness and stiffness, as well as increased
deposition of collagens, activation of fibroblasts, and dermal
thickening (Figs. 1 and 2), in which several signaling pathways,
including Wnt and TGF-β/Smads, were closely related to the
activation and proliferation of fibroblasts in skin fibrosis [34, 35].
Thereinto, TGF-β served a key growth factor directly inducing the
destruction of ECM and upregulation of α-SMA through modulat-
ing the phosphorylation of downstream proteins, Smad2, and
Smad3 [36]. Blockade or intervention of TGF-β signaling has been
identified to be effective in attenuating fibrogenesis in liver,
kidney, lung, heart, and skin [37]. Consistently, inhibition of PDE4
by apremilast could significantly attenuate the disease severity of
SSc (Fig. 1) and reverse the pro-fibrotic process by modulating the
signaling transduction of TGF-β/Smads pathway (Fig. 2a–c).
In the skin microenvironments, innate and adaptive immune

responses played the vital parts in initiation and deterioration of
inflammation and fibrosis in SSc [38], among which activation and
polarization of macrophages and T cells have been proven to
participate in the key process [39]. The lineage classification and
plasticity of macrophages were the key aspects for the function of
macrophages [40]. Mounting evidences have implicated that upon
exposure of multiple mediators, tissue-resident and newly
recruited macrophages could differentiate into classically inflam-
matory macrophages (M1) and immune-regulating macrophages
(M2), which were intriguingly implicated in the pathogenesis of
skin fibrosis [40]. On the other hand, there existed a precise
communication between macrophages and T cells. In line with the
plasticity of macrophages, differentiation and activation of T cells
are well-known as the capacity of secreting inflammatory
cytokines, IFN-γ, IL-4, and IL-17, and also closely related to the
disease severity of SSc [41]. Meanwhile, during the deterioration of
SSc, increased level of TGF-β from activated macrophages could
subsequently promote the differentiation of Tregs, which were the
main source of IL-10 and thought to drive the fibrosis processes
[41]. The function and mechanism of Tregs in the process of
fibrosis are tissue and context-dependent. In addition to interfer-
ing with the Th2 cells, Tregs could also express TGF-β, which not
only induced differentiation and maturation of Tregs, but also
promoted the activation of fibroblasts [42, 43]. In our research, we
found that apremilast could largely impeded the production of
TGF-β in the inflamed skin tissues, which indicated that the
inducer for Tregs was reduced and might account for the fact that
apremilast decreased the population of Tregs. Further investiga-
tions revealed that inhibition of PDE4 by apremilast could
suppress the infiltration and differentiation of T cells (Fig. 5),
which in turn directly inhibited the polarization of M1 cells in a
concentration-dependent manner (Figs. 4e–g and 6f). Indeed,
many studies have shown that M2 cells played an important role
in promoting the activation of fibroblasts. However, compared
with the vehicle controls, decreased population of M2 cells were

observed in apremilast-treated mice (Fig. 4c, d), which might
be attributed to the suppressive effects of apremilast on the
function of Th2 cells. Moreover, as demonstrated in Fig. 6f,
inhibition of PDE4 could dramatically decrease the production of
IL-4 and IL-13, which were the key inducers of M2 cells. Taken
together, we speculated that the inhibition of PDE4 by apremilast
downregulated the inducers of M2 differentiation without directly
interfering with the differentiation of M2 cells.
Numerous clinical trials have designed to expand the ther-

apeutic indications of apremilast for inflammatory and auto-
immune diseases [44]. Targeting the regulation of intracellular
second messengers has identified to show effects on interrupting
the inflammatory cascades at the earlier point [22, 45]. Upregula-
tion of intracellular cAMP could functionally activate PKA, cyclic
nucleotide gated ion channels, and exchange protein activated by
cAMP [46], which subsequently led to the phosphorylation of
cAMP-responsive element binding transcription factors, including
CREB and cAMP-responsive element modulator (CREM) [47]. In
keeping with previous reports, upon cAMP elevation by inhibiting
PDE4 enzymatic activity, phosphorylation of CREB was increased
following apremilast treatment (Figs. 3c, d and 6d), which resulted
in the suppression of activation of macrophages (Fig. 4e, f).
Nevertheless, the effects of apremilast on macrophages could be
largely restricted following siCREB transfection (Fig. 3).
This study presented that inhibition of PDE4 by apremilast

exerted properties to improve the pathological features in BLM-
induced murine skin fibrosis, as evidenced by alleviating the
progression of disease deterioration and decreasing the activation
of fibroblasts through regulating the TGF-β/Smads signaling
pathway. Further study demonstrated that inhibition of PDE4 by
apremilast suppressed the infiltration and polarization of macro-
phages and T cells and inhibited the production of pro-
inflammatory cytokines in the inflamed skin lesions. Notably, the
effects of apremilast on the differentiation of M1-type macro-
phages and T-helper cells depended on the phosphorylation of
CREB. In brief, the present research provided critical evidence that
inhibition of cAMP-dominant PDE4 might be selected for
therapeutic intervention in pathological processes of skin fibrosis.
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