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Abstract
Interleukin-17 (IL-17) is a pleiotropic cytokine that plays a primary role in triggering epithelial–mesenchymal transition (EMT)
in many chronic inflammatory diseases. EMT plays a critical role in the progression of salivary gland (SG) fibrosis in primary
Sjögren’s syndrome (pSS). This study focused on the activation of the canonical TGF-β1/Smad2/3 and noncanonical TGF-β1/
Erk1/2 pathways in IL-17-dependent TGFβ1-induced EMT in human SG epithelial cells (SGEC) derived from healthy subjects.
The expression of phosphorylated Smad2/3 and Erk1/2 during IL-17 treatment-stimulated EMT was evaluated in healthy
SGEC. Cotreatment with IL-17 and specific TGFβ receptor type I kinase inhibitor SB431542, or Erk 1/2 inhibitor U0126,
abrogates the corresponding morphological changes and EMT phenotypic markers expression in healthy SGEC. Interestingly,
inhibition of canonical TGFβ1/Smad2/3 signal transduction had no effect on activation of the noncanonical TGFβ1/Erk1/2/
EMT pathway, suggesting that the two pathways act independently in activating IL-17-dependent EMT in SGEC.

Introduction

Fibrosis typically results from chronic inflammation, sug-
gesting that although initially beneficial, the repair process
becomes pathogenic when it escapes control, leading to
pathological damage and ultimately to loss of organ func-
tion. Most chronic inflammatory disorders have in common
the persistent release of a wide range of proinflammatory
cytokines in the chronic inflammatory microenvironment,
which dysregulate events, resulting in an excessive accu-
mulation of fibrotic tissue at the site of injury and failure to
restore tissue and physiological organ function [1–4].

Therefore, when tissue is damaged/wounded, a series of
signaling events activate the immune system, leading to severe
inflammatory responses that trigger epithelial–mesenchymal
transition (EMT), a complex reprogramming process that

gradually converts epithelial cells to mesenchymal-like
cells [5], contributing to trigger pathological fibrosis [6–8].
The fibrotic process is the main pathological feature in many
chronic autoimmune diseases, including rheumatoid arthritis,
systemic lupus erythematosus, and primary Sjögren’s
syndrome (pSS) [9, 10]. pSS is a chronic autoimmune
inflammatory disease primarily affecting exocrine glands, that
leads to an impaired secretory function. The clinical picture
predominantly features dry eyes and dry mouth [11, 12]. The
persistent chronic inflammation is caused by a marked over-
expression of proinflammatory cytokines thought to be
involved in the pathological mechanisms underlying tissue
fibrosis, particularly in the salivary tract [3, 13]. Previous
studies have identified several chemokines, cytokines, and
growth factors mediating EMT, such as TGF-β1, IL-17, and
IL-22, which may trigger the development and progression of
salivary gland (SG; SGs) fibrosis [14–16].

TGF-β1 is a multifunctional cytokine considered to be a
potent profibrotic mediator and recognized to induce the
fibrotic process [17]. A recent study demonstrated an aberrant
upregulation of TGF-β1 in pSS SG, promoting morphologi-
cal and functional mesenchymal changes in SG epithelial
cells (SGEC) via activation of the TGF-β1/Smad/Snail sig-
naling pathway [14]. TGF-β1 regulates EMT through two
main pathways: the canonical Smad dependent pathway and
a non-Smad signaling pathway [18]. Recent investigations
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have also demonstrated that the non-Smad pathway can
mediate TGF-β1 fibrogenic responses, too [16, 18]. The
Smad family is composed of various factors that are crucial
for the activation of TGF-β1 signaling, but how they promote
IL-17-induced EMT remains unclear. In addition, the TGF-β1
pathway may also signal through other Smad-independent
signal transducers including Ras–extracellular signal-
regulated kinase (Erk) [19]. Moreover, there is increasing
evidence that the Erk signaling pathway is involved in
chronic fibroproliferative conditions [16].

Since IL-17 has recently emerged as an attractive target
for the treatment of autoimmune diseases [20] and there
is also now evidence that IL-17 plays a primary role in
the pathogenesis of pulmonary fibrosis [21] and SG
fibrosis [16], in this study we speculate whether IL-17 may
trigger Smad2/3 phosphorylation by upregulating TGFβ1
expression, and thereby contribute to SG fibrosis in pSS.
Specific inhibitors of the canonical (SMAD signaling)- and
noncanonical (Erk signaling)-TGF-β1-dependent pathways
were therefore employed, allowing us to demonstrate that
IL-17-dependent TGF-β1 release requires the participation
of both the canonical and noncanonical signaling pathways
to induce SG EMT-dependent fibrosis.

Materials and methods

Reagents used for cells treatment and antibodies

Recombinant human Interleukin-17 (IL-17) (50 ng/ml) was
purchased from Sigma-Aldrich (St. Louis, MO). The
following antibodies were used for the study: mouse anti-
human TGF-β1 monoclonal antibody (mAb) (1:50, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), goat anti-
human Smad2/3 polyclonal Ab (pAb) (1:100, R&D Systems,
Minneapolis, MN, USA); goat anti-human p-Smad2/3
(Ser 423/425) pAb (1:100, Santa Cruz Biotechnology),
mouse anti-human Erk1/Erk2 mAb or mouse anti-human
phospho-Erk1/Erk2 mAb (both from R&D systems); mouse
anti-human β-actin mAb clone AC-15 (1:100, Sigma-
Aldrich, St. Louis, MO); mouse anti-human E-cadherin mAb
(1:100, Dako, Santa Clara, CA, USA), mouse anti-human-
vimentin mAb (1:100, Thermo Fisher Scientific, Waltham,
MA, USA); TGF-β receptor type I kinase inhibitor SB-
431542 (10 mM in DMSO) (R&D systems, Minneapolis,
MN, USA); Erk inhibitor U0126 (Sigma-Aldrich) at 10 μM.

Patients and healthy subjects

The Department of Pathology, University of Bari Medical
School, selected twenty pSS labial SGs biopsies (patients
aged 64.5 ± 3.2 years) according to the 2016 pSS ACR/
EULAR classification criteria [22]. These are based on the

evaluation of five points: anti-SSA/Ro antibody positivity
and focal lymphocytic sialadenitis with a focus score of ≥1
foci/4 mm2, each scoring 3; an altered ocular staining score
of ≥5 (or van Bijsterveld score of ≥4), a Schirmer’s test
data of ≥5 mm/5 min, and an unstimulated salivary flow rate
of ≥0.1 ml/min, each scoring 1. Primary healthy SGEC
cultures were set up from healthy volunteers (aged 62.8 ±
1.7 years, N= 10), affected by salivary mucoceles and
employed in all experimental procedures. The healthy
subjects did not complain of oral dryness, had no auto-
immune disease and normal salivary function. Informed
consent was obtained from all the subjects, and the study
was approved by the local Ethics Committee.

Cell culture and treatment

Healthy subjects and pSS patients were subjected to the
MSGs explant outgrowth technique from the lower lip [23].
The tissues were dissociated, by enzymatic and mechanical
methods, into a suspension of single cells and plated on
culture flasks. pSS dispersal cells were resuspended in
McCoy’s 5a modified medium supplemented with 10% heat-
inactivated (56 °C for 30min) FCS, 1% antibiotic solution,
2 mM L-glutamine, 50 ngml−1 epidermal growth factor
(EGF, Promega, Madison, WI, USA), 0.5 μg ml−1 insulin
(Novo, Bagsvaerd, Denmark) and incubated at 37 °C, 5%
CO2 in air. Using 0.02% EDTA treatment, contaminating
fibroblasts were removed, while immunocytochemical con-
firmation of the epithelial origin of cultured cells was routi-
nely performed, as previously described [24]. The primary
pSS SGEC cultures obtained were used as controls for TGF-
β1 expression. Healthy human SGEC were grown in the
same modified McCoy’s 5A medium (Invitrogen) supple-
mented with 1% heat-inactivated FCS (to avoid excessive
growth during treatment with TGF-β1). Healthy SGEC were
stimulated with 50 ng/mL of IL-17 in the growth medium for
24–72 h and then harvested for future analyses. To inhibit
TGF-β1-dependent EMT, SB-431542 (R&D systems, Min-
neapolis, MN, USA) was dissolved at a concentration of
10mM in DMSO. IL-17-treated healthy human SGEC were
incubated in medium supplemented with 10mM of
SB431542 [25] at 37 °C in a 5% CO2 atmosphere. To inhibit
Erk1/2 activation, U0126 (Sigma-Aldrich) [26] was dis-
solved at a concentration of 10 µM in DMSO and added to
IL-17 treated healthy SGEC culture medium at 37 °C in a 5%
CO2 atmosphere for 24–72 h. All experiments were per-
formed in triplicate and repeated three times.

Assessment of morphological EMT-related changes
in SGEC

To confirm that IL-17 treatment determines the activation
of TGF-β1/Smad1/2/Erk1/2-dependent EMT in healthy
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SGEC, in vitro analysis of the morphological changes
indicative of the EMT was performed on 72 h-treated
SGEC with IL-17 (50 ng/mL), in the presence and the
absence of the TGF-β receptor type I kinase inhibitor
SB431542 (10mM) and Erk1/2 inhibitor U0126 (10 µM).
Changes in cell morphology were assessed under phase
contrast light microscopy.

Amplification of gene transcripts by reverse
transcriptase polymerase chain reaction (RT-PCR)
and quantitative real-time PCR (q-RT PCR)

Total RNA from untreated healthy SGEC, pSS SGEC, IL-17-
24h-treated healthy, and healthy SGEC treated with IL-17+
SB431542/U0126 for 24 h was isolated using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA.). First-strand cDNA
was synthesized by M-MLV reverse transcriptase (Promega,
Madison, WI, USA) with 1 μg each of DNA-free total RNA
sample and oligo-(dT)15 (Life Technologies, Grand Island,
NY, USA). Equal amounts of cDNA were subsequently
amplified by PCR in a 20 μl reaction mixture containing 2 μM
of each sense and antisense primer, PCR buffer, 2.4mM
MgCl2, 0.2mM each dNTP, 10 μl of transcribed cDNA, and
0.04 U/μlTaq DNA polymerase. The primers used to amplify
cDNA fragments were as follows: TGF-β1, forward 5′-CC
CAGCATCTGCAAAGCTC-3′ and reverse 5′-GTCAATG
TACAGCTGCCGCA-3′; Smad2, forward 5′-ACTAACTT
CCCAGCAGGAAT-3′ and reverse 5′-GTTGGTCACTTGT
TTCTCCA-3′; Smad3, forward 5′-ACCAAGTGCATTAC
CATCC-3′ and reverse 5′-CAGTAGATAACGTGAGGG
AGCCC-3′; Erk1, forward, 5′-CCCCTGCGACCCCTTAA
GATTTGTGATT-3′ and reverse, 5′-CAGGGAAGATGG
GCCCCGGTTAGAGA-3′; Erk2, forward, 5′-GCGCGGGC
CCCCCCCCGGAGATGGTC-3′ and reverse, 5′-TGAAG
CGCAGTAAGATTTTT-3′; E-cadherin, forward 5′-TTCC
CTGCGTATACCCTGGT-3′ and reverse 5′- GCGAAGA
TACCGGGGGACACTCATGAG-3′; vimentin, forward
5′-AGGAAATGGCTCGTCACCTTCGTGAATA-3′ and
reverse 5′-GGAGTGTCGGTTGTTAAGAACTAGAGCT-
3′. The PCR cycling profile consisted of an initial denatura-
tion step at 95 °C for 15min, followed by 35 cycles of 94 °C
for 60 s; 55 °C for 60 s; and 72 °C for 60 s. Then, the products
of amplification were electrophoresed on 1.5% agarose gel
containing ethidium bromide and visualized under ultraviolet
transillumination. For qRT-PCR, forward and reverse primers
for all the genes tested and the internal control gene β-2
microglobulin (part no. 4326319E; β2M) were from Applied
Biosystems (Assays-On-Demand, Applied Biosystems). Each
qPCR reaction was run in triplicate on an ABI PRISM
7700 sequence detector (Applied Biosystems). Relative gene
mRNA expression ratios were calculated using the ΔΔCt
formula, where Ct is the threshold cycle time value. The
different expression of mRNA was deducted from 2−ΔΔCt

Data evaluation and sequence analysis

mRNA quantification data, based on the mean of a set of
three independent experiments, were obtained with gel
image software (Bio-Profil Bio-1D; ltf Labortechnik GmbH,
Wasserburg, Germany), determining the intensity values for
each band relative to GAPDH as reference, expressed as
arbitrary units. The identity of each PCR product was con-
firmed by the size, and the purified products were directly
sequenced using gene-specific forward or reverse primers.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of TGF-β1 in untreated healthy and pSS
SGEC, IL-17-48h-treated healthy, and healthy SGEC trea-
ted with IL-17+ SB-431542/U0126 for 48 h, was detected
by ELISA using kits from Invitrogen (Carlsbad, CA, USA)
according to the manufacturer’s instructions.

Western blot analysis

Total cell lysates from untreated healthy and pSS SGEC, IL-
17-48 h-treated healthy, and healthy SGEC treated with IL-
17+ SB-431542/U0126 for 48 h were prepared using a
buffer (200 μl) containing 1% Triton X-100, 50 mM Tris-
HCl (pH 7.4), 1 mM PMSF, 10 μg/ml soybean trypsin
inhibitor, and 1 mg/ml leupeptin. The homogenates were
centrifuged at 10,000 × g for 10 min at 4 °C and Bradford’s
protein assay was used to determine the protein concentra-
tions. The samples, in equal amounts, were resolved by
electrophoresis on 10% SDS-polyacrylamide gels, trans-
ferred to nitrocellulose membranes and blotted under the
following conditions: 200mA (constant amperage), 200 V
for 110 min. Blots were blocked by phosphate-buffered
saline (PBS) pH 7.2 with 0.1 % (v/v) Tween 20, 5 % w/v
nonfat dried milk for 1 h and washed three times with 0.1 %
(v/v) Tween 20-PBS 1× (T-PBS). Then, the membranes
were probed with the specific primary antibodies as reported
above. The signals were developed with the chemolumi-
nescence luminal reagent (Santa Cruz Biotechnology)
according to the protocol procedure. After incubation with a
stripping buffer (Thermo Scientific, Middletown, VA,
USA), immunoblots were probed with mouse anti-human
β-actin mAb clone AC-15 (1:100, Sigma-Aldrich, St. Louis,
MO; 0.25 μg/ml) used as protein loading control.

Flow cytometry

Untreated healthy and pSS SGEC, IL-17-48h-treated heal-
thy, and healthy SGEC treated with IL-17+ SB-431542/
U0126 for 48 h were incubated with mouse anti-human
TGF-β1 mAb, goat anti-human Smad2/3 pAb, goat anti-
human phospho-Smad2/3 (Ser 423/425) pAb, mouse anti-
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human phospho-Erk1/Erk2 mAb, mouse anti-human E-
cadherin mAb, mouse anti-human-vimentin mAb as primary
antibodies, and with secondary antibodies conjugated with
Alexa fluor 488 (Invitrogen). Protein expression was ana-
lyzed with a Becton–Dickinson (BD, Becton–Dickinson,
Germany) FACS Canto tm II flow cytometer and BD FACS
Diva software. Indirect staining using just the secondary
antibody was performed as negative standard, indicated in
the figures as “negative.” The data were acquired and ana-
lyzed as mean fluorescence intensity (MFI) using the FACS
Diva software package (BD Biosciences). MFI values were
compared with those observed in healthy untreated SGEC.
This procedure was repeated for at least three passages.

Statistical analysis

Data were subjected to statistical analyses, calculating the
mean percentage ± SE. Differences among groups were
determined by T test using Excel 2007 software (Microsoft).
Statistical significance was set at *P < 0.05 and **P < 0.01.
All experiments were performed a minimum of three times.

Results

IL-17 enhanced TGF-β1 expression

We examined TGF-β1 expression to assess its role in EMT
triggered by IL-17 in healthy SGEC (Fig. 1). To investigate
whether or not IL-17 modulates TGF-β1 expression, healthy

SGEC were cultured for 24 h in the presence of IL-17
(50 ng/mL). Total RNA was isolated, and gene expression
was assessed by RT-PCR (Fig. 1a, b) and quantitative PCR
(Fig. 1c). As seen, TGF-β1 mRNA expression increased
significantly, up to threefold, with IL-17 treatment, thus
reaching values similar to those found in pSS SGEC used as
control (p > 0.05). To confirm whether or not the observed
induction of TGF-β1 mRNA was correlated with the
induction of TGF-β1 protein, healthy SGEC were cultured
for 48 h in the presence of IL-17 (50 ng/mL), and TGF-β1 in
conditioned medium collected from SGEC grown under IL-
17 stimulation conditions was quantified by ELISA. TGF-
β1 release is expressed as mean ± SE of three independent
experiments and compared with that of untreated healthy
SGEC. As shown in Fig. 1d, a representative ELISA of Il-
17 treated healthy SGEC conditioned medium, TGF-β1
amounts were significantly increased as compared with
untreated cells (p < 0.01). Furthermore, as shown in the
Fig. 1e, f, western blot analysis confirmed the induction of
TGF-β1 protein expression by IL-17 treatment.

Activation of the Erk signaling pathway was
required for IL-17-TGF-β1-induced EMT in vitro

When stimulated with IL-17, healthy SGEC undergo EMT,
a process characterized by the loss of E-cadherin from the
plasma membrane, and cells acquire a spindle-like cell
phenotype [16]. To extend our study, we sought to define the
activation of the Erk1/2 pathway in normal SGEC under IL-
17 stimulation conditions. RT-PCR analysis and Real-Time

Fig. 1 IL-17 enhanced TGF-β1 expression. TGF-β1 gene and pro-
tein expression was quantified by semiquantitative RT-PCR (a), real-
time PCR (c), western blotting (f), and ELISA (d) in in vitro cultured
healthy SGEC treated with IL-17 for 24/48 h and in untreated control
healthy SGEC. The images show that IL-17 treatment determined an
increased TGF-β1 gene and protein expression. Band intensities were

analyzed by densitometric analysis performed by gel image software,
normalized against that of GAPDH for RT-PCR, and β-actin for
western blotting, and expressed in arbitrary units (b, e). In all
experimental procedures pSS SGEC were used as positive control.
(Data represent mean ± SE; n= 3). Asterisks and arrowheads indicate
statistical significance p < 0.01. M Marker.
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PCR were performed on RNA from SGEC treated with IL-
17 (Fig. 2a–c). The Erk1/2 gene exhibited a significantly
increased expression (Fig. 2a–c), greater than twofold
(Fig. 2c) (p < 0.01). Results from gene expression analyses
suggested that in healthy SGEC, the Erk signaling pathway
may be activated by IL-17. To study the protein expression
level, total and phosphorylated Erk1/2 were determined
using the cellular protein of healthy SGEC treated with
50 ng/mL of IL-17 for 48 h; western blot analysis revealed
that IL-17 induced an increased expression of total Erk1/2,
and the phosphorylation of Erk1/2 (Fig. 2d, e). To confirm
the activation of Erk1/2 through phosphorylation in IL-17-
treated healthy SGEC, we inhibited Erk1/2 activation by
incubating IL-17-treated SGEC with a pharmacological
agent that antagonizes the activity of MEKs, the upstream
activators of Erk1 and Erk2. This MEK inhibitor, U0126,
has been previously shown in numerous studies [26, 27] to
effectively reduce the activity of MEK1 and MEK2. Fig-
ure 3 demonstrates the effects of the U0126 addition on the
activation of Erk1/2 at both gene (Fig. 3a–c) and protein
levels (Fig. 3d, e) in healthy SGEC treated by IL-17.
demonstrating that the increased expression of total and
active Erk1/2 following IL-17 treatment for 48 h was
blocked by cotreatment with U0126, confirming the efficacy
of this MEK inhibitor on IL-17-dependent activation of

Erk1/2. Then we further investigated the relationship
between the Erk pathway and TGFβ1 activation signaling
mediated by IL-17 treatment. The role of Erk activation in
TGF-β1-induced EMT is unclear. To test whether Erk sig-
naling was necessary for IL-17-mediated-TGF-β1-induced
EMT, Erk signaling was blocked using U0126, to explore
the ability of MEK inhibition alone to promote epithelial
characteristics in healthy SGEC. As shown in Fig. 4a, IL-17
induced EMT in healthy SGEC after 48 h of IL-17 treat-
ment. In fact, in the absence of treatment (Fig. 4a), SGEC
had an epithelial-like morphology, but upon IL-17 treatment,
phase contrast microscopy revealed that the cells underwent
a morphologic change from a cobblestone-like cell mor-
phology to an elongated morphology (Fig. 4b). When
healthy SGEC were treated with IL-17 in combination with
the MEK1/2 inhibitor U0126 (IL-7+U0126, Fig. 4c), the
morphologic change induced by IL-17 alone was sig-
nificantly blocked. Healthy SGEC were cultured in the
presence of IL-17 with or without U0126 for 2 days (Fig. 4).
In response to IL-17, TGF-β1 gene expression increased, E-
cadherin gene expression decreased, and vimentin gene
expression increased in SGEC (Fig. 4b–d) and confirming
previous observations, U0126 cotreatment inhibited changes
in TGF-β1, E-cadherin, and vimentin genes. The same
trends were found in healthy SGEC, analyzing TGF-β1,

Fig. 2 IL-17 induced Erk1/2 gene and protein expression. Erk 1 and
Erk 2 genes expression was quantified by semiquantitative RT-PCR
(a, b) and real-time PCR (c) in in vitro cultured healthy SGEC
treated for 24 h with IL-17 and in untreated control healthy SGEC.
d, e Western blotting analysis of Erk 1/2 and phospho-Erk1/2

(p-Erk1/2) protein expression in in vitro cultured healthy SGEC treated
for 48 h with IL-17 and in untreated control healthy SGEC. (Data
represent mean ± SE; n= 3). Asterisks and arrowheads indicate sta-
tistical significance p < 0.01. M Marker.
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E-cadherin, and vimentin protein expression by western blot
and flow cytometry (Fig. 4e–g), demonstrating the efficacy
of U0126 in restoring the levels of TGF-β1, E-cadherin, and
vimentin proteins in SGEC treated with IL-17.

IL-17 regulates TGF-β1/activity signaling by
modulating Smad2/3 activity via phosphorylation

Previous studies of the relationship between IL-17 and
TGF-β1 have not provided a definitive mechanistic link
between the mediators; in addition, TGF-β1 mediated acti-
vation of the TGF-β1 receptor complex initiates signal
transduction through the Smad2/3 pathway [28, 29]. Start-
ing from these assumptions and considering that Sisto et al.
have recently demonstrated that TGF-β1 is known to acti-
vate Smad2 and Smad3 in human healthy SGEC [16], we
first evaluated the gene expression and activation status of
Smad2/3 after 24 h of IL-17 treatment conditions. A com-
parison between the relative gene expression levels of
Smad2/3 using RNA isolated from untreated and IL-17-
24 h-treated healthy SGEC was performed (Fig. 5a–c); in
the tested samples, we found that Smad2/3 gene expression
significantly increased, more than twice (Fig. 5a, b, p <

0.01) in comparison to the level observed in untreated
SGEC (Fig. 5c, p < 0.01). In addition, healthy SGEC were
stimulated for 48 h with or without IL-17 and, as shown in
Fig. 5d, e, the expression of total Smad 2/3 and the phos-
phorylation of Smad2/3 at serine 423/425 was evaluated by
western blot. An increased expression of total Smad 2/3 and
a robust phosphorylation of Smad2/3 was observed in
healthy SGEC stimulated with IL-17. We validated our
results by flowcytometry (Fig. 5f) and observed an
increased total Smad 2/3 expression and the phosphoryla-
tion and total protein of Smad2/3 in healthy SGEC fol-
lowing IL-17 exposure. Interestingly, increased Smad 2/3
gene and total protein expression and phospho-Smad2/3
protein levels after IL-17 treatment were not blocked
by U0126, indicating that U0126 did not inhibit IL-17-
mediated-TGF-β1 signaling activation through a direct
effect on Smads (Fig. 5a–f).

Smad inhibition prevents IL-17 induction of TGF-β1-
dependent EMT in healthy SGEC

In order to clearly determine which of the two main path-
ways, the Smad-dependent pathway or the MAPK/Erk1/2

Fig. 3 U0126 inhibitor blocks noncanonical Erk kinase activity
induced by IL-17. The effect of Erk inhibitor U0126 on Erk 1 and Erk
2 genes expression was quantified by semiquantitative RT-PCR (a, b)
and real-time PCR (c) in untreated healthy SGEC, in healthy SGEC
treated for 24 h with IL-17, and in SGEC treated with IL-17 plus
U0126. d, e Western blotting analysis of Erk 1/2 and p-Erk1/2 protein
expression in cultured healthy SGEC treated for 48 h with IL-17 and in
SGEC treated with IL-17+U0126; untreated healthy SGEC were

used as control. As expected, cotreatment with IL-17 plus U0126
blocks the activation of Erk1/2. Bands intensities were analyzed by
densitometric analysis performed by gel image software, normalized
against that of GAPDH for RT-PCR (b) and β-actin for western
blotting, and expressed in arbitrary units (e). (Data represent mean ±
SE; n= 3). Asterisks and arrowheads indicate statistical significance
p < 0.01. M Marker.
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pathway, both of which can be activated by TGF-β1, was
involved in IL-17-mediated EMT in SGEC, we firstly
evaluated the efficacy of the pharmacological inhibitor of

the Smad pathway, SB431542, in our experimental model.
SB431542 is a potent and specific inhibitor of the TGF
superfamily type I activin receptor-like kinase (ALK)
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receptors ALK4, ALK5, and ALK7, which are responsible
for the phosphorylation of Smad2/3 [30]. SB431542 was
added to healthy SGEC treated with IL-17 to demonstrate
the efficacious inhibition of total Smad 2/3 expression and
Smad2/3 phosphorylation and activation. As shown in
Fig. 6a–c, SB431542 was able to determine a significantly
decreased Smad2 and Smad3 gene expression in compar-
ison with IL-17 treated healthy SGEC (p < 0.01). A similar
result was obtained when considering total and phospho-
Smad2/3 protein expression (Fig. 6d–f). In fact, IL-17+
SB431542-treated healthy SGEC showed a lower Smad2/3
phosphorylation, comparable to untreated control cells, due
to the blockade of IL-17-TGF-β-induced phosphorylation
and activation of Smad2/3. Morphological evaluation of the
effect of SB431542 addition to IL-17-treated healthy SGEC
(Fig. 6d) revealed a clear attenuation of the IL-17-TGF-
β-induced EMT in healthy SGEC, characterized by block-
ade of the cell morphology transformation from a cuboidal
to an elongated spindle-like shape. These results further
confirmed the efficacy of SB431542 in the system used to
study IL-17-dependent EMT. Therefore, as shown in Fig. 6,

Fig. 4 The block of Erk1/2 signaling inhibited IL-17-dependent
EMT in SGEC. a Morphological changes detected in cultured SGEC
treated with and without IL-17 and IL-17 plus U0126 Erk inhibitor for
48 h. Untreated SGEC (a); IL-17 treated cells (b); treatment of SGEC
with IL-17 plus U0126 (c). Changes in cell morphology were assessed
under phase contrast light microscopy (original magnification, ×20).
Bar= 20 μm. TGF-β1, E-cadherin and vimentin genes expression was
quantified by semiquantitative RT-PCR (c, d) and real-time PCR (b) in
in vitro cultured healthy SGEC treated for 24 h with IL-17 and with IL-
17+U0126; untreated healthy SGEC were used as control. Band
intensities were analyzed by densitometric analysis performed by gel
image software, normalized against that of GAPDH and expressed in
arbitrary units (d). (Data represent mean ± SE; n= 3). Asterisks and
arrowheads indicate statistical significance p < 0.01. M Marker.
e Western blot analysis of TGF-β1, E-cadherin, and vimentin in cul-
tured untreated SGEC, and in healthy SGEC treated with IL-17 and IL-
17+U0126 for 48 h. Protein expressions were quantified using Ima-
geJ software (f). The data are normalized to β-actin expression. Values
are considered statistically significant at *p < 0.05 or **p < 0.01. All
western blots were repeated a minimum of three times. g Summary of
flow cytometry analysis for TGF-β1, E-cadherin, and vimentin SGEC
expression in the presence of IL-17 and IL-17+U0126. The mean
fluorescence intensity (MFI) is shown. Data summarize three inde-
pendent experiments (mean ± SE).

Fig. 5 Effect of Erk1/2 inhibitor U0126 on the Smad2/3 signaling
pathway. Smad2 and Smad3 genes expression were quantified by
semiquantitative RT-PCR (a, b) and real-time PCR (c) in in vitro
cultured healthy SGEC treated for 24 h with or without IL-17 in the
presence of the Erk inhibitor U0126. d, e Western blotting analysis of
Smad2/3 and p-Smad 2/3 protein expression in in vitro cultured
healthy SGEC treated for 24 h with or without IL-17 in the presence of
the Erk inhibitor U0126. The treatment with IL-17 induced an
increased Smad2/3 gene expression and Smad2/3 protein activation

through phosphorylation. This increase was not blocked by U0126,
indicating that U0126 did not inhibit IL-17-mediated-TGF-
β1 signaling activation through a direct effect on Smads. Bands
intensities were analyzed by densitometric analysis performed by gel
image software, normalized against that of GAPDH for RT-PCR (b)
and β-actin for western blotting, and expressed in arbitrary units (e).
These results were confirmed by flow cytometry (f). (Data represent
mean ± SE; n= 3). Asterisks and arrowheads indicate statistical sig-
nificance (**p < 0.01). M Marker.
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pretreatment with SB431542 significantly inhibited the
enhancement of IL-17 dependent transcription of TGF-β1
gene and protein expression. In fact, as illustrated in
Fig. 7a–c, TGF-β1 gene expression in IL-17-treated healthy
SGEC resulted higher than the level observed following the
addition of SB431542 (p < 0.01). At the protein level the
same result was observed, showing a clear and significant
reduction of TGF-β1 release following the addition of the
inhibitor (Fig. 7d–g). Furthermore, as shown in Fig. 7a–g,
SGEC treated with SB431542 together with IL-17 undergo
upregulation of the E-cadherin gene and downregulation of
vimentin gene expression compared with SGEC treated
with IL-17 only (p < 0.01). We found the same results when
analyzing E-cadherin and vimentin protein expression.

In the last step, as illustrated in Fig. 7h–j, in order to
elucidate the role of the canonical Smad-mediated and
noncanonical Erk-mediated signaling pathways in IL-17-
TGF-β1-initiated EMT, we analysed Erk1/2 pathways
activation in the presence of the pharmacological inhibitor
SB431542 in healthy SGEC treated with IL-17. As
shown, blocking Smad2/3 signaling with SB431542 did
not affect basal or IL-17-TGF-β1-stimulated

phosphorylation of Erk1/2, indicating that the canonical
Smad-mediated and noncanonical Erk-mediated signaling
pathways are mutually independent. Together, these
results demonstrate that both the Smad2/3 and ERK
pathways are responsible for IL-17-TGF-β1-induced
EMT. Based on our findings, a possible scheme for TGF-
β1-Smad2/3 and -ERK1/2 pathways activation by IL-17 is
proposed in Fig. 8.

Discussion

A growing number of studies has indicated that the devel-
opment of SG fibrosis in pSS could be attributed to EMT of
SGEC in response to a variety of cytokines, typically TGF-
β1 [31]. In the last years several experimental conditions
have revealed the dichotomous nature of TGF-β during
tumorigenesis, known as the “TGF-β Paradox,” based on
the demonstration that TGF-β acts as a potent anticancer
agent, inhibiting the uncontrolled proliferation of various
benign cell types and also acting during early-stage cancers,
but then it promotes progression in cancer cells at later

Fig. 6 Smad inhibitor SB431542 blocks canonical Smad activity
induced by IL-17. The effect of Smad inhibitor SB431542 on Smad2
and Smad3 genes expression was quantified by semiquantitative RT-
PCR (a, b) and real-time PCR (c) in untreated cultured healthy SGEC,
in healthy SGEC treated for 24 h with IL-17 and in cells treated with
IL-17 plus SB431542 Smad inhibitor. d, eWestern blotting analysis of
Smad 2/3 and p-Smad2/3 protein expressions in the SGEC treated for
48 h with IL-17, in SGEC treated with IL-17+ SB431542 and in
untreated healthy SGEC as control. f Flow cytometry analysis for
Smad2/3 and p-Smad2/3 expressions in the presence of IL-17 and IL-
17+ SB431542. The mean fluorescence intensity (MFI) is shown.
Cotreatment with IL-17 plus SB431542 inhibitor blocks the activation
of the canonical Smad signaling pathway. g Represents morphological
analysis changes detected in cultured SGEC treated with and without

IL-17 and IL-17 plus SB431542 inhibitor. Untreated SGEC (a) show a
clear pebble-like shape and cell–cell adhesion. IL-17-treated cells (b)
show a decrease in cell–cell contacts and a more elongated morpho-
logical shape approaching a mesenchymal phenotype; while the
treatment of SGEC with IL-17 plus Smad inhibitor (c) blocks the
corresponsione morphological changes. Changes in cell morphology
were assessed under phase contrast light microscopy (original mag-
nification, ×20). Bar= 20 μm. Bands intensities were analyzed by
densitometric analysis performed by gel image software, normalized
against that of GAPDH for RT-PCR (b) and β actin for western
blotting, and expressed as arbitrary units (e). (Data represent mean ±
SE; n= 3). Asterisks and arrowheads indicate statistical significance
(**p < 0.01). M Marker.
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stages [32]. The TGF-β Paradox manifestations are closely
related to the initiation of EMT in the development and
progression of malignancies. The pathological reactivation
of EMT through the canonical TGF-β1-dependent Smad 2/3
pathway plays a critical role in carcinogenesis, promoting
cancer invasion and metastasis, but also in various chronic
fibrotic diseases, including pSS [15, 16, 33]. In this study,
we investigated the role of IL-17 in the activation of the
canonical TGF-β1/Smad pathway, focusing on the interac-
tion of Smad 2/3 signaling with the noncanonical Erk1/2
pathway in TGFβ1-induced EMT in human SGEC. We
found that the activation of Erk 1/2 signaling by TGF-β1, in
healthy SGEC treated with IL-17, is independent of cano-
nical IL-17-dependent TGFβ1/Smad signaling, because

blocking Smad2/3 signaling with the specific inhibitor
SB431542 did not affect the basal or IL-17-TGF-β1-sti-
mulated phosphorylation of Erk1/2, indicating that both the
canonical Smad2/3 and noncanonical Erk 1/2 pathways are
responsible for IL-17- TGF-β1-induced EMT.

These observations provide compelling evidence further
supporting our emerging view that IL-17 is an important
factor promoting EMT in pathological organ fibrosis set-
tings during chronic inflammatory diseases. Increasing
evidence has suggested that IL‐17 is clearly linked to EMT
in lung inflammatory diseases [34] and pulmonary fibrosis
[34, 35]. In obliterative bronchiolitis, IL‐17‐mediated EMT-
dependent type V collagen deposition via TGF‐β1‐depen-
dent signaling was shown [35], and recently the inhibitory

Fig. 7 Effects of Smad inhibitor SB431542 on IL-17-dependent
activation of EMT. The effect of Smad inhibitor SB431542 on TGF-
β1, E-cadherin and vimentin genes expression was quantified by
semiquantitative RT-PCR (a, b) and real-time PCR (c) in untreated
cultured healthy SGEC, in healthy SGEC treated for 24 h with IL-17
and in cells treated with IL-17 plus SB431542 Smad inhibitor. Bands
intensities were analyzed by densitometric analysis performed by gel
image software, normalized against that of GAPDH and expressed in
arbitrary units (b). d–fWestern blotting and flow cytometry analysis of
TGF-β1, E-cadherin, and vimentin protein expression in cultured
healthy SGEC treated for 48 h with IL-17 or IL-17+ SB431542 and in
untreated healthy SGEC. Protein expression changes observed by

western blotting and flow cytometric analysis are in agreement with
the results monitored by semiquantitative RT-PCR and real-time PCR
analysis. The mean fluorescence intensity (MFI) is shown for flow
cytometry. Proteins expressions were quantified using ImageJ software
(e). g For TGF-β1 protein expression ELISA was also performed on
the culture medium of SGEC treated with or without IL-17 for 48 h in
the presence or not of the Smad2/3 inhibitor SB431542, confirming
results obtained with the other experimental procedures. h–j The effect
of Smad inhibitor SB431542 on p-Erk1/2 expression in SGEC treated
with IL-17 and analyzed by western blotting (h, i) and flow cytometry
(j). Values are considered statistically significant at *p < 0.05 or **p <
0.01. (Data represent mean ± SE; n= 3).
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action of an IL‐17 antagonist on chronic inflammatory
responses and pulmonary fibrosis, acting in a TGF‐β1‐
dependent manner, was demonstrated [34]. In addition, IL-
17 expression is widely recognized as a potential key factor
in the progression of fibrosis in several major organs such as
the heart [36], kidney [37], and liver [38]. In the last year,
this has been shown also in SGs, where IL‐17 determines
gene and protein expression changes of the EMT markers
E‐cadherin, vimentin, and collagen type I in healthy SGEC,
leading to morphological alterations typical of transdiffer-
entiation toward a mesenchymal cell type similar to that
observed in pSS SGEC [15, 16].

TGF‐β1 is proposed as the most prominent inflammatory
inducer of pathological fibrosis in the kidney [39–41], lung
[42], and liver [43]. In fact, TGF‐β1 overproduction pro-
motes evident fibrotic changes affecting physiological organ
function [44–46]. In addition, a recent study implicated
TGF‐β1 as a mediator of fibrosis observed in pSS, since
increased TGF‐β1 levels were detected in pSS SGs tissues.
This phenomenon seems to be associated with chronic
inflammatory conditions, determining an excessive fibrotic
tissue deposition in pSS SGs [15]. These studies confirmed
that a cascade of events is activated in pSS SGs, that
determines changes in the expression of TGF‐β1‐dependent
factors, Smads, Snail, and the activation of a profibrotic
transcriptional program [14, 15]. However, the exact
mechanism involved in cytokines-dependent TGF‐β1-rela-
ted EMT activation in the pathogenesis of pSS remains less
well documented.

For our study purposes, firstly human SGEC derived
from healthy subjects were cultured in the presence of IL-17
as a model to simulate pSS, and the effect on the TGF‐β1
gene and protein expression was investigated, demonstrat-
ing that IL-17 treatment can change TGF‐β1 expression in
healthy SGEC. This result was in accordance with data
obtained by Meng et al. [38, 40] who found that IL-17
signaling facilitates the production of IL-6, IL-1β, and TNF-
α by inflammatory cells, and increases the expression of
TGF-β1, the major profibrogenic cytokine. Furthermore,
Okamoto et al. [47] demonstrated that the addition of
recombinant IL-17 to a skin fibroblast cell line culture
determines increased TGF-β1, connective tissue growth
factor, and collagen production. Known important intra-
cellular factors of the TGF-β1 signaling pathway are
members of the Smad family, which have crucial key roles
in promoting TGF-β-induced EMT. TGF-β isoforms exert
their cellular effects by binding to the TGF-β type II
receptor (TβRII), and this binding facilitates the activation
of TGF-β type I receptor (TβRI) kinase, which leads to the
activation of Smad2 and Smad3. Phosphorylated Smads
partner with cytosolic Smad4 and form a heteromeric Smad
complex, which translocates to the nucleus and cooperates
with other transcription factors, coactivators, and cor-
epressors to regulate the transcription of specific genes
[48, 49]. Sisto et al. [15, 16] found that TGF-β1 induces
EMT via the TGF-β1/SMAD/Snail signaling pathway in
healthy SGEC. Given the role of the Smad signaling path-
way in TGF-β family signaling, as a second step we

Fig. 8 Postulated mechanism
of IL-17-TGF-β1-induced
EMT in healthy SGEC. TGF-
β1 signals through both the
canonical Smad2/3 pathway and
the noncanonical Erk1/2
pathway. The canonical pathway
requires the phosphorylation of
Smad2/3, and can be blocked by
SB431542. The noncanonical
pathway requires the
phosphorylation of Erk1/2, and
can be inhibited by U0126 but
not through the addition of
SB431542. TGF-β1 activates
both the canonical and
noncanonical pathways
triggering the IL-17-dependent
EMT in healthy SGEC.
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investigated whether IL-17 may induce EMT through the
TGF-β/Smad signaling pathway. To address this issue, we
conducted studies with healthy SGEC to assess the impact
of phosphorylated Smad2/3 and total Smad2/3 expression
during IL-17-stimulated EMT. We found that IL-17 treat-
ment significantly increased the phosphorylation of Smad2/
3 in healthy SGEC. This suggested that the Smad2/3
pathway is involved in EMT stimulated by IL-17. To fur-
ther elucidate the role of the Smad pathway in IL-17-
stimulated EMT, SB431542, a potent and specific inhibitor
of TβRI kinases (ALK-4, −5, −7), was used to inhibit IL-
17-induced phosphorylation of Smad2/3 in healthy SGEC.
We found that treatment of SGEC with SB431542 can
inhibit morphological changes and phenotypic markers
expression, such as downregulated E-cadherin expression
and upregulated vimentin expression.

In addition, TGF-β1 can also activate non-Smad signal-
ing pathways [50, 51], such as the MAPK signaling cascade
including Erk1/2. In addition, the Erk1/2 signaling pathway
has a complex and crucial correlation with the TGF-
β1 system in controlling carcinogenesis [52] and inflam-
mation [53]. Likewise, Erk1/2 activity has been considered
an essential condition for TGF-β1-mediated EMT [54]. In
human lung biopsy samples an augmented Erk1/2 signaling
was observed in idiopathic pulmonary fibrosis samples
compared with normal control lungs [55]. Madala et al. [56]
demonstrated that blocking the Mek/Erk pathway in vivo
attenuated the progression of both fibrosis and physiologic
alterations in the lung. Therefore, we also conducted studies
to explore the role of the ERK pathway in IL-17-mediated
EMT in healthy SGEC. Like Smad2/3, enhanced Erk
phosphorylation can be consistently detected in healthy
SGEC after IL-17 stimulation. Furthermore, treatment of
healthy SGEC with U0126, an Erk1/2 inhibitor, inhibited
the corresponding morphological changes and phenotypic
markers expression in SGEC. Therefore, our data support
the concept that IL-17 enhances Erk1/2 activity during the
induction of EMT. Nevertheless, after inhibiting canonical
TGFβ/Smad2/3 signaling transduction, no effect on the
activation of Erk1/2 induced by IL-17 dependent TGFβ1
release was detected. These data indicate that IL-17-
dependent TGFβ1-induced ERK1/2 activation is indepen-
dent of the IL-17-dependent TGFβ1/Smad pathway in
SGEC, providing evidence that TGF-β1-induced activation
of Erk1/2 is independent of canonical TGFβ1/Smad sig-
naling in pSS. These results do not only provide new
insights into the cellular mechanisms that mediate EMT in
pSS, but also offer potential for novel treatment targets that
could benefit patients by reducing SG fibrosis and pro-
moting improved glandular function.
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