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Background: Fibroblasts activation-induced fibrosis can cause idiopathic pulmonary fibrosis (IPF). Excessive activation of
fibroblasts contributes to poor healing or severe visceral fibrosis and even organ dysfunction. Sitagliptin acts
as a dipeptidyl peptidase 4 inhibitor to reduce glucose level in type 2 diabetes, but its role in fibrosis of lung
fibroblasts is elusive. We investigated the mechanism of sitagliptin in TGF-B-activated lung fibroblasts and eval-
uated the efficacy of sitagliptin in extracellular matrix accumulation and fibroblasts proliferation.

Material/Methods: By in vitro lung fibroblasts culture, we assessed the expression of lung fibroblasts biomarker (a-SMA) and
extracellular matrix (Col-1, Col-3, fibronectin) following TGF-B stimulation and treatment with sitagliptin.
Mechanistically, the phosphorylation level of Smad-3 protein in cells was analyzed using Western blotting, and
the apoptosis level was assessed by Western blotting and flow cytometry. The degree of proliferation was de-
termined using immunofluorescence and scratch-healing assay.

Results: We found that treatment with sitagliptin attenuates fibroblasts activation following TGF-f stimulation.
Furthermore, the extracellular matrix was decreased by sitagliptin treatment by suppressing the phosphoryla-
tion level of Smad-3 protein. We found that sitagliptin does not affect apoptosis in fibroblasts, but it does af-
fect the degree of proliferation of lung fibroblasts, thus ameliorating fibrosis after TGF- stimulation.

Conclusions: Sitagliptin inhibits fibrosis in TGF-B-induced lung fibroblasts activation, which restrains extracellular matrix for-
mation and cell proliferation in fibroblasts. Therefore, sitagliptin appears to have promise as a treatment of
fibroproliferative disease caused by activation and proliferation of fibroblasts.
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Background

Fibrosis is a chronically exacerbating pathology that contributes
to organic disease and scar hyperplasia of wounds. Excessive fi-
brosis can be caused by chronic inflammatory stimuli, increas-
ing lipidosis, infection, and immunity [1,2]. Despite increased
understanding of the pathophysiology of fibrosis, treatments
for idiopathic pulmonary fibrosis (IPF) are lacking. Given the eti-
ology of IPF, parenchymal tissue replaced by extensive fibrous
connective tissue is a major characteristic in the lungs, which
provokes organic structural destruction, lung hypofunction, and
even respiratory failure [3]. Earlier studies confirmed that effec-
tive suppression of fibroblast bioactivity in multiple fibrotic dis-
eases attenuated lesions [4,5], indicating that the modulation
of fibroblasts at an early stage can inhibit the development of
fibrotic diseases. Acting as a physiological adaptive response,
fibrosis participates in tissue injury repair, while repeated dam-
age to lung tissue triggers a mass of fibroblasts to proliferate to
repair histological damage and ultimately leads to pathological
changes of fibrosis, especially in alveolus tissue [6]. To control
fibrosis in IPF, decreasing fibroblast activation is considered to
be a promising strategy aspect. Fibroblasts are differentiated
from mesenchymal cells during the embryonic period and serve
as a main cellular component of loose connective tissue, which
proliferate through mitosis and synthesize and secret collagens
and matrix components [7]. However, over-activated fibroblasts
proliferate and secrete a large amount of extracellular matrix
(ECM) via stimulation of multiple growth factors such as trans-
forming growth factor (TGF), connective tissue growth factor
(CTGF), and fibroblast growth factors (FGF) [8,9]. TGF-B is a rec-
ognized tissue factor that stimulates fibroblasts differentiation
and has been widely used to induce activation of fibroblasts in
vitro [10]. Numerous studies have indicated that activation of
the TGF-B pathway is associated with fibrosis and related his-
tologic lesions [11, 12]. Hence, much research has concentrat-
ed on understanding TGF-f3 pathway regulation to control fibro-
sis and disease progression. Sitagliptin, a dipeptidase-4 (DPP-4)
inhibitor, modulates hyperglycemia and related complications
by protecting endogenous incretins and enhancing their action
in type 2 diabetes [13]. Several studies reported that DPP-4 in-
hibitor plays a protective role in various fibrosis-induced dis-
eases. Particularly, DPP-4 inhibitor modulated kidney fibrosis
in streptozotocin-induced diabetic mice [14], potently inhibited
fibrosis and inflammation in experimental autoimmune myo-
carditis [15], and attenuated hepatic fibrosis via suppression of
activated hepatic stellate cells [16]. From past studies, we rec-
ognize that DPP-4 inhibitor can change the fibrosis process of
IPF through modulating several pathogenic factors. However,
the effect and mechanism of DPP-4 inhibitor in lung fibroblasts
activation via TGF-B induction are unclear. We hypothesized that
DPP-4 inhibitor can mediate the TGF-f pathway and cell prolif-
eration or apoptosis to play an anti-fibrosis role in lung fibro-
blasts. To test this in vitro, we used sitagliptin in TGF-B-induced
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lung fibroblasts and explored the effect and mechanism of the
DPP-4 inhibitor sitagliptin on fibrotic regulation.

Material and Methods

Cell culture and treatment

Human lung fibroblasts were purchased from American Type
Culture Collection (ATCC) (Manassas, VA, USA). Primary fibro-
blasts were digested with 0.25% trypsin (Gibco, Rockville, MD,
USA) inoculated into a 75-cm? cell flask with Dulbecco’s modi-
fied Eagle’s medium containing 1% penicillin and streptomycin
(DMEM, KeyGEN, Nanjing, China) with 15% fetal bovine serum
(FBS, Gibco, Rockville, MD, USA). When cells grew to 90% con-
fluence, we performed cell passage into 25-cm? flasks. After
starvation with serum-free DMEM for 24 h, sitagliptin (10 nM
and 20 nM, Abcam, Cambridge, MA, USA) was used to pretreat
fibroblasts for 24 h, then TGF-p (10 ng/mL, Sigma, St. Louis,
MO, USA) was used to activate fibroblasts for 24 h.

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

Total RNA was extracted from fibroblasts using TRIzol reagent
(Beyotime Biotechnology, Shanghai, China) according to the
manufacturer’s protocol. Reverse transcription was conducted
to synthesize complementary deoxyribose nucleic acid (cDNA)
using a gScript Flex cDNA Synthesis Kit (Quanta Biosciences,
Beverly, MA, USA). A total of 20 pL reaction mixture was used
to quantify the RNAs using Perfecta SYBR Green Supermix
(Quanta Biosciences, Beverly, MA, USA). We determined the
specificity of every reaction by using melting curve analysis.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
for normalization. Relative mRNA expression levels were quan-
tified by the 24 method and data were collected. Table 1 pro-
vides a full list of primers used. All reactions were performed
in triplicate using a real-time PCR system.

Western blot (WB) analysis

Fibroblasts were treated with lysis buffer. Total proteins of the
cells were extracted using a Total Protein Extraction Kit (Keygen,
Nanjing, China) supplemented with phenylmethylsulfonyl fluo-
ride (PMSF), phosphatase inhibitors, and proteinase inhibitor. We
measured protein concentration using an Enhanced Bicinchoninic
Acid (BCA) Protein Assay Kit (Beyotime, Shanghai, China) and bal-
anced them. After electrophoretic separation, transfer onto poly-
vinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA,
USA), and blocking procedures, proteins were incubated over-
night with anti-a-SMA (Abcam, Cambridge, MA, USA, 1: 1000),
anti-Col-1 (Abcam, Cambridge, MA, USA, 1: 1000), anti-Col-3
(Abcam, Cambridge, MA, USA, 1: 1000), anti-fibronectin (Abcam,
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Table 1. Primer sequences of quantitative reverse transcription-
polymerase chain reaction.

Genes Sequences

l Forward GAGGGCCAAGACGAAGACATC
(Ce]BIl o T AT A A A I T
Reverse CAGATCACGTCATCGCACAAC
- Forward GAGCCAAAGGATCTGCTGGT
0l-3
Reverse TTGGGGCCTTGTTCACCTTT
Forward CGGTGGCTGTCAGTCAAAG
Fibronectin =~ -
Reverse AAACCTCGGCTTCCTCCATAA
Forward AGGTCGGTGTGAACGGATTTG
GAPDH e
Reverse GGGGTCGTTGATGGCAACA

Cambridge, MA, USA, 1: 1000), and anti-GAPDH (Proteintech,
Rosemont, IL, USA, 1: 10 000). After washing with Tris-buffered
saline-tween (TBST), the proteins were incubated with second-
ary antibody (YiFeiXue, Nanjing, China, 1: 10 000) for 1 h at
room temperature. Proteins were then visualized and detected
using an electrochemiluminescence (ECL) system.

Immunofluorescence (IF)
Fibroblasts were fixed with 4% PFA and assessed by IF with

0-SMA (Abcam, Cambridge, MA, USA, 1: 200) and Ki67 (Abcam,
Cambridge, MA, USA, 1: 300) overnight at 4°C. Cells were then
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washed with phosphate-buffered saline (PBS) and combined
with Alexa Fluor 488 or 594-conjugated AffiniPure F(ab’)2
Fragment Goat Anti-Rabbit IgG (H+L) (Jackson, West Grove, PA,
USA, 1: 500) for 1 h at room temperature. Counterstaining of
nuclei and mounting were performed with 4’,6-diamidino-2-phe-
nylindole (DAPI)-Fluoromount-G (Southern Biotech, Birmingham,
AL, USA). Then, cells were imaged using a microscope.

Flow cytometry assay

Apoptosis was determined using a 70-AP101-30 Annexin
V-FITC/PI Apoptosis Kit (MultiSciences, Hangzhou, China) fol-
lowing the manufacturer’s procedures. Fibroblasts were incu-
bated with Annexin V-FITC and propidium iodide (PI) in the
dark for 30 min. Apoptotic cells and viable cells were sorted
using a fluorescence-activated cell-sorting flow cytometer (BD
FACSCalibur, BD Biosciences, Detroit, MI, USA). Then, we used
FlowJo software to collect the cytometry images.

Scratch assay

Fibroblasts were seeded into a 12-well plate and underwent
starvation treatment for 24 h, then we added 2 mL DMEM with
10% FBS into each well and used 10 nM and 20 nM sitagliptin
to pretreat cells for 24 h. After TGF-B (10 ng/mL) treatment for
24 h, we used a 10-pL pipette tip to scratch the cell layer. After
24 h, we collected images using a microscope.
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Figure 1. Concentration-dependent effect of sitagliptin in inhibiting lung fibroblasts from differentiating into myofibroblasts.
(A) Representative a-SMA RNA levels in control, TGF-B, 10-nM sitagliptin, and 20-nM sitagliptin groups. (B) Representative
0-SMA protein in control, TGF-B, 10-nM sitagliptin, and 20-nM sitagliptin groups. (C) Representative quantitative analysis of
o-SMA in control, TGF-B, 10-nM sitagliptin, and 20-nM sitagliptin groups. (D) Representative immunofluorescence of a-SMA
(green) in control, LPS, 10-nM Liraglutide, and 20-nM Liraglutide groups (200x); scale bar=100 pm. * Means vs. control group;

#* means vs. TGF-B group with statistical significance.
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Figure 2. Sitagliptin attenuates ECM accumulation via suppressing the TGF-B/Smad-3 pathway. (A) Representative RNA levels of Col-1,
Col-3, and fibronectin in control, TGF-f, and 20-nM sitagliptin groups. (B) Representative proteins level of Col-1, Col-3, and
fibronectin in control, TGF-B, and 20-nM sitagliptin groups. (C) Representative quantitative analysis of Col-1, Col-3, and
fibronectin in control, TGF-B, and 20-nM sitagliptin groups. (D) Representative proteins level of p-Smad-3 and Smad-3 in
control, TGF-B, and 20-nM sitagliptin groups. (E) Representative quantitative analysis of p- Smad-3 and Smad-3 ratio in
control, TGF-B, and 20-nM sitagliptin groups. * Means vs. control group with statistical significance; * means vs. TGF-f3 group

with statistical significance.

Statistical analysis

Data are displayed as means+SD (standard deviations).
Difference between the 2 groups were analyzed using the t
test. Comparisons between multiple groups were done using
one-way ANOVA test followed by a post hoc test (least sig-
nificant difference). Data were collected and assessed using
Statistical Product and Service Solutions (SPSS) 18.0 software
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered statisti-
cally significant.

Results

Sitagliptin inhibits lung fibroblasts differentiating to
myofibroblasts in a concentration-dependent manner

To examine whether sitagliptin inhibits lung fibroblasts differ-
entiation, we used TGF-f to stimulate fibroblasts and differ-
ent concentrations of sitagliptin-treated cells. Myofibroblasts
are differentiated from fibroblasts, which specifically express-
es a-smooth muscle actin (a-SMA) at high levels. Hence, we
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assessed the RNA level of a-SMA in each group, finding that
sitagliptin inhibited the RNA level of a-SMA, especially in the
20-nM group (Figure 1A). Consistent with results at the tran-
scriptional level, the protein level of a-SMA also decreased af-
ter sitagliptin treatment (Figure 1B, 1C). Moreover, immuno-
fluorescence showed that 10 nM sitagliptin slightly decreased
the expression of a-SMA (green), while 20 nM sitagliptin sig-
nificantly reduced the expression of a-SMA (green) in fibro-
blasts/myofibroblasts (Figure 1D). The above results show that
sitagliptin inhibits fibroblasts differentiation in a concentra-
tion-dependent manner.

Sitagliptin attenuates ECM accumulation by suppressing
the TGF-$/Smad-3 pathway

Next, we investigated the effect of sitagliptin on ECM expres-
sion in lung fibroblasts. Type 1 collagen (Col-1), type 3 collagen
(Col-3), and fibronectin were measured at the transcriptional
and translational levels. We found that sitagliptin treatment
remarkably decreased the RNAs expression of Col-1, Col-3,
and fibronectin compared with the TGF-B group (Figure 2A).
Consistently, the protein levels of Col-1, Col-3, and fibronectin
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Figure 3. Administration of Sitagliptin did not affect apoptosis of lung fibroblasts. (A) Representative proteins level of Caspase-3,
Bax-2, and Bcl-2 in control, TGF-B, and 20-nM sitagliptin groups. (B) Representative quantitative analysis of Caspase-3, Bax-2,
and Bcl-2 in control, TGF-B, and 20-nM sitagliptin groups. (C) Representative flow cytometry results of apoptosis in control,
TGF-B, and 20-nM sitagliptin groups. * Means vs. control group with statistical significance; * means vs. ALl group with

statistical significance.

decreased after sitagliptin administration (Figure 2B, 2C). To
determine the mechanism by which sitagliptin inhibits ECM
production, we examined the phosphorylated level of Smad-3,
which is a critical factor in the TGF-p pathway. Western blot-
ting showed that TGF-B induction provoked strong phosphor-
ylation of Smad-3, but sitagliptin reduced phosphorylation of
Smad-3 (Figure 2D, 2E). Therefore, sitagliptin alleviates ECM de-
position through downregulating the TGF-B/Smad-3 pathway.

Administration of sitagliptin did not affect apoptosis of
lung fibroblasts

We also speculated that sitagliptin can affect apoptosis or pro-
liferation in lung fibroblasts. Hence, we further assessed levels
of the apoptosis-related factors Bax-2, Bcl-2, and Caspase-3.
Western blotting showed that there was no significant differ-
ence in these proteins between groups (Figure 3A, 3B). We
also visualized the apoptosis ratio of cells in each group us-
ing cytometry assay, finding that sitagliptin and TGF-f did not
affect the number of apoptotic fibroblasts (Figure 3C). These

results confirm that sitagliptin administration does not inhib-
it fibrosis by promoting apoptosis.

Sitagliptin restrains proliferation of lung fibroblasts by
downregulating Ki-67 expression

Because sitagliptin did not affect the apoptosis of lung fibro-
blasts, we further examined the proliferation level of lung fi-
broblasts. Ki-67, a representative biomarker of cell proliferation,
was used to reflect the proliferation level of fibroblasts by using
immunofluorescence. We found that TGF-f} treatment remark-
ably promoted Ki-67 expression in fibroblasts, but sitagliptin
administration significantly inhibited the Ki-67 level compared
with the TGF-B treatment group (Figure 4A). We performed the
scratch assay to assess the proliferation of fibroblasts in 24 h,
showing that the number of cells in the scratch greatly increased
compared with the control group, but sitagliptin intervention
reduced the number of cells in the scratch after TGF- stimula-
tion (Figure 4B). Hence, the results indicate that sitagliptin re-
duces Ki-67 expression and inhibits proliferation of fibroblasts.
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Figure 4. Sitagliptin restrains proliferation of lung fibroblasts via downregulating Ki-67 expression. (A) Representative IF staining of
Ki-67 (red) in control, TGF-B, and 20-nM sitagliptin groups (200x); scale bar=100 um. (B) Representative scratch assay result
at 24 h in control, TGF-B, and 20-nM sitagliptin groups (40x).

Discussion

The activation of lung fibroblasts in IPF is a complex pro-
cess involving pathogenic factors in various organic dis-
eases. Deteriorative fibrosis in IPF induces extensive intersti-
tial hyperplasia, systemic dysfunction, and even life-threating
events [17-19]. Repeated injury provokes proliferation and dif-
ferentiation of lung fibroblasts in lesions to repair the injured
site. However, chronic fibrosis in lung tissue can trigger pa-
renchymal cells to transform into fibroblasts, ultimately form-
ing scars and impairing physiological functions [20]. Therefore,
finding an effective method to control fibroblasts at the pre-
liminary stage might reduce IPF exacerbation. Lung fibroblasts
are important interstitial cells regulating tissue repair response
in the lungs. When activated, fibroblasts turn into myofibro-
blasts and secrete a variety of collagens, fibrous proteins, and
growth factors to induce more extensive fibrosis [21]. The over-
expression of pro-fibrotic factors becomes the driving force in
the deterioration caused by fibrosis. DDP-4 inhibition has been
shown to ameliorate fibrosis in various tissues. Interestingly,
a recent study reported that sitagliptin reduced inflammation
and fibrosis and improved cardiac function [22]. Therefore, we
assumed that sitagliptin can attenuate IPF by targeting lung fi-
broblasts after TGF-B treatment. In the present study, we found
that sitagliptin downregulated a-SMA expression in lung fi-
broblasts after TGF-B stimulation by inhibiting differentiation
of myofibroblasts in response to fibrosis. Sitagliptin treatment
also caused a clear decrease in the ECMs Col-1, Col-3, and fi-
bronectin. Mechanically, the TGF-B/Smad-3 pathway is a crit-
ical regulatory signaling loop that plays a key role in regulat-
ing the expression of fibrosis, including fibroblasts activation,

secretion, and proliferation. In several fibrotic diseases, effec-
tively inhibiting the canonical TGF-/Smad-3 pathway activa-
tion in fibroblasts can attenuate scarring in repairing tissue.
Hence, we suspected that sitagliptin serves as a potent anti-
diabetic and can alleviate fibrosis by restraining TGF-/Smad-3
pathway activation in fibroblasts. We found that sitagliptin
clearly reduced the level of phosphorylated Smad-3 protein
in activated lung fibroblasts, indicating that sitagliptin exerts
an anti-fibrotic effect on the TGF-B-induced lung fibroblasts
by inhibiting the Smad-3 signaling pathway. DDP-4 inhibition
negatively regulates non-canonical TGF-p pathways such as
ERK, and P38 signaling also attenuated cultured fibroblasts ac-
tivation as well as experimental fibrosis. It was reported that
DPP-4 inhibition ameliorated fibroblasts activation and acted
as a potential target for systemic sclerosis treatment via spe-
cifically suppressing ERK signaling [23]. Another study dem-
onstrated that sitagliptin decreased p38 phosphorylation in
activated hepatic stellate cells and exerted an anti-fibrotic ef-
fect on hepatic fibrosis [24]. We proved that sitagliptin inhib-
its the Smad pathway to mitigate lung fibroblasts activation,
but the regulatory effect of sitagliptin on other non-canonical
TGF-B pathways needs to be explored in further research. We
also assessed the function of sitagliptin in cell apoptosis and
proliferation after TGF-f3 stimuli. Our assessment of apopto-
sis-related proteins in lung fibroblasts showed that sitagliptin
and TGF-B did not affect apoptosis of cells, and flow cytome-
try showed that the numbers of apoptotic fibroblasts in each
group were not significantly different. These data indicate that
sitagliptin does not exert a pro-apoptosis effect in fibroblasts.
We also assessed the effect of sitagliptin on cell proliferation
through immunofluorescence staining of Ki-67, showing that
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fibroblasts can be activated to the fibrogenic phenotype and Conclusions
promotes proliferation via TGF-B induction. Previous studies
showed that TGF-B/Smad pathway signaling increased fibro-
blast proliferation and Ki-67 expression [25,26]. In the present
study, we found that sitagliptin inhibited Ki-67 expression in

lung fibroblasts, possibly by altering the TGF-B/Smad pathway.

Our results suggest that sitagliptin treatment reduces fibrosis
by inhibiting the TGF-B/Smad-3 pathway in lung fibroblasts,
resulting in decreased ECMs and limited proliferation, but does
not affect apoptosis. Thus, sitagliptin may be a promising ther-

Our scratch assay results showed that sitagliptin reduced the
number of proliferative cells in the scratch, indicating that si-
tagliptin could be useful in inhibiting fibroblast proliferation.
Although we proved that sitagliptin possesses a promising
anti-fibrotic effect on fibroblasts in vitro, in vivo studies using
an IPF model are needed, and further exploration of the mech-
anism regulating IPF is warranted.

apeutic agent to inhibit IPF.
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