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A B S T R A C T

Background: During the development of obesity the expansion of white adipose tissue (WAT) leads to a dysre-
gulation and an excessive remodeling of extracellular matrix (ECM), leading to fibrosis formation. These ECM
changes have high impact on WAT physiology and may change obesity progression. Blocking WAT fibrosis may
have beneficial effects on the efficacy of diet regimen or therapeutical approaches in obesity. Since dipeptidyl
peptidase IV (DPP-IV) inhibitors prevent fibrosis in tissues, such as heart, liver and kidney, the objective of this
study was to assess whether vildagliptin, a DPP-IV inhibitor, prevents fibrosis in WAT in a mouse model of
obesity, and to investigate the mechanisms underlying this effect.
Methods: We evaluated the inhibitory effect of vildagliptin on fibrosis markers on WAT of high-fat diet (HFD)-
induced obese mice and on 3T3-L1 cell line of mouse adipocytes treated with a fibrosis inducer, transforming
growth factor beta 1 (TGFβ1).
Results: Vildagliptin prevents the increase of fibrosis markers in WAT of HFD-fed mice and reduces blood glu-
cose, serum triglycerides, total cholesterol and leptin levels. In the in vitro study, the inhibition of DPP-IV with
vildagliptin, neuropeptide Y (NPY) treatment and NPY Y1 receptor activation prevents ECM deposition and
fibrosis markers increase induced by TGFβ1 treatment.
Conclusions: Vildagliptin prevents fibrosis formation in adipose tissue in obese mice, at least partially through
NPY and NPY Y1 receptor activation.
General significance: This study highlights the importance of vildagliptin in the treatment of fibrosis that occur in
obesity.

1. Introduction

Obesity is one of the most common health problems in developed
countries and is characterized by an increase of white adipose tissue
(WAT) expansion [1]. The WAT expansion ability is dependent on ex-
tracellular matrix (ECM) [2]. Moreover, ECM remodeling is a crucial
event to the main WAT biological functions, such as adipogenesis and
also for maintenance of tissue architecture [2]. However, in obesity it
occurs excessive ECM deposition in adipose tissue, leading to fibrosis
[3]. Fibrosis is characterized by deposition of ECM components, mainly
collagens, which lead ultimately to organ dysfunction [4]. A major
component of collagen is hydroxyproline which is often used as an
indicator of collagen content [5]. Several profibrotic factors have been

implicated in the development of fibrosis but the most important and
potent profibrotic factor is transforming growth factor beta 1 (TGFβ1)
[4]. TGFβ1 is an important player in fibrosis development and the
decrease of this factor prevents fibrosis [4]. Furthermore, it was also
described that subcutaneous WAT fibrosis decreases fat mass loss in-
duced by surgery [6]. Moreover, it was demonstrated that collagen VI-
null ob/ob mice show ameliorations in glucose and lipid metabolism
[7]. Strategies that prevent or block WAT fibrosis have potential ben-
eficial impact on the efficacy of diet regimen or therapeutical ap-
proaches in obesity.

Dipeptidyl peptidase IV (DPP-IV) is a multifunctional enzyme,
which is expressed ubiquitously, including in visceral, epididymal and
omental adipose tissue [8,9]. DPP-IV is a so-called “moonlighting
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protein” as it functions as a serine protease, a receptor, a costimulatory
protein, and as an adhesion molecule for collagen and fibronectin [10].
DPP-IV cleaves peptides at the N-terminal region after X-proline or X-
alanine, such as glucagon-like peptide-1 (GLP-1), glucagon-like peptide-
2 (GLP-2) and gastric inhibitory polypeptide (GIP) and also neuropep-
tide Y (NPY) [11,12]. DPP-IV inhibitors mainly act to activate insulin
secretion, inhibit glucagon secretion, improve β-cell mass, and to lower
blood glucose [13]. For these reasons, several DPP-IV inhibitors are
used as oral drugs for the treatment of type 2 diabetes [13].

Besides DPP-IV inhibitors action in lowering glucose, they have also
been shown to have a protective role in other non-adipose tissues
[14,15]. DPP-IV inhibitors were demonstrated to have a protective ef-
fect in preventing fibrosis in several organs, such as heart, liver and
kidney, both in vitro and in vivo [16–18].

NPY was shown to be a DPP-IV substrate with an important role in
adipose tissue physiology. NPY was observed to induce adipocyte dif-
ferentiation and proliferation in 3T3-L1 cell line [19]. NPY also has an
anti-lipolytic effect in adipocytes through NPY Y1 receptor [8]. More-
over, NPY was shown to have impact in fibrosis formation in non-adi-
pose tissues. NPY was described to reduce fibrosis in a swine model of
chronic myocardial ischemia and hypercholesterolemia [20]. NPY
overexpression reduces the cardiac fibrosis development in other rat
model [21]. The antifibrotic effects of NPY seem to occur through NPY
Y1 receptor. Another study observed that mice lacking NPY Y1 receptor
have more myocardial fibrosis [22].

Although DPP-IV inhibition and NPY were shown to be important in
fibrosis in other tissues, the role of DPP-IV inhibition and NPY is not
known in the pathogenesis of adipose tissue fibrosis in obesity. The
hypothesis of this study is that DPP-IV inhibitor can prevent adipose
tissue fibrosis in obesity.

Thus, the aim of this study was to investigate the role of DPP-IV
inhibition, by vildagliptin, in adipose tissue fibrosis in a mouse model of
diet-induced obesity and using also a 3T3-L1 preadipocyte cell line.

2. Materials and methods

2.1. In vivo experiments

All experimental procedures were performed in accordance with the
European Union Directive 86/609/EEC for the care and use of labora-
tory animals. In addition, animals were housed in a licensed animal
facility (international Animal Welfare Assurance number
520.000.000.2006) and the CNC animal experimentation board ap-
proved the utilization of animals for this project. Moreover, people
coordinating the animal studies have received appropriate education
(FELASA course) as required by the Portuguese authorities.

2.2. Animals

Eight-week old adult male C57BL/6 mice were purchased from
Charles River Laboratories and were housed under a 12 h light/dark
cycle in a temperature/humidity controlled room with ad libitum access
to water and food. Mice were randomly divided into four groups and
treated for seven weeks: two groups were maintained in normal chow
diet (8% fat), one group with and the other without vildagliptin
treatment (30 mg/kg/day in water). The animals of the other two
groups were maintained in a high-fat diet (HFD; LabDiet - Western diet
for rodents) with 40% fat, also one group with and the other without
vildagliptin treatment (30 mg/kg/day in water). The chow group was
composed of 13 mice. The chow group with vildagliptin treatment had
10 mice. The HFD group had 14 mice. The HFD group with vildagliptin
treatment was composed of 14 mice. Body weight and food consump-
tion were measured twice a week for a total of 7 weeks.

2.3. Intraperitoneal glucose tolerance test

Intraperitoneal glucose tolerance test (ipGTT) was performed at the
sixth week of HFD. The test was performed after an overnight fast
(12 h). The next morning mice were weighted and glycemic levels were
measured using the FreeStyle Precision Neo glucometer (Abbot) (Time
0). Glucose administration was performed via injection (2.0 g/kg, using
a 20% glucose solution in saline 0.9% NaCl) into the peritoneal cavity.
Glycemic levels were measured at 15, 30, 60, 90 and 120 min after
glucose administration.

2.4. Tissue collection

At week 7, mice were sacrificed with a lethal dose of halothane (2-
bromo-2-chloro-1, 1, 1-trifluoroethane) followed by decapitation. Liver
and WAT (epididymal fat pad) were collected. The WAT was weighted
and, afterwards, samples were collected, immediately frozen in dry ice
and kept at −80 °C. Blood was collected; the serum was separated by
centrifugation (2000 × g, 15 min) and stored at −20 °C.

2.5. Serum triglycerides and cholesterol determination

Serum triglyceride and cholesterol levels were quantified using the
automatic biochemical analyzer Integra 800 (Roche).

2.6. Serum leptin and insulin quantification

Serum levels were measured for leptin and insulin with commer-
cially available ELISA kits from EMD Millipore. All ELISA-based mea-
surements were performed according to manufacturers' instructions.

2.7. Tissue preparation for histological processing

Mice were sacrificed with an overdose of avertin (2.5 times of
14 μL/g, 250 mg/kg, intraperitoneally). Transcardial perfusion with
phosphate solution and fixation with 4% paraformaldehyde were per-
formed. The epididymal adipose tissue and liver were collected and
postfixed in 4% paraformaldehyde and cryoprotected by incubation in
25% sucrose/phosphate buffer. After that, dry tissues were embedded
in paraffin, and subsequently cut into 3 μm-thick sections in a micro-
tome.

2.8. Hematoxylin and eosin staining

For histological analysis of paraffin sections, epididymal adipose
tissue and liver were stained with hematoxylin and eosin (HE). Slides
were kept for 30 min at 68 °C to melt the paraffin. After 2 washes in
xylene for 3 and 2 min, slides were transferred to a glass coplin jar
containing 100% ethanol for 4 min and 95% for 2 min and rinsed 2
times with distilled water for 30 s. Slides were stained in hematoxylin
Gill III for 5 min and bathed 2 times in distilled water for 2 and 1 min.
After that, slides were stained with eosin for 1 min and dehydrated with
2 fast rinses in water, 95% and 100% of ethanol in water for 1 min and
2 times with xylene for 2 min. Glass slides were then mounted.

2.9. Adipocyte diameter quantification

Epididymal adipose tissue sections were stained with HE. The tissue
was visualized using a fluorescence microscope (Axioskop 2 Plus, Zeiss,
Jena, Germany) and the images were acquired with Axiovision software
(release 4.7). Axiovision software was used to measure adipocyte dia-
meter, which is represented as the average adipocyte diameter (in μm).
Adipocyte diameter was measured from four groups of mice (> 100
cells/group).
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2.10. Picrosirius red staining

For collagen analysis, epididymal adipose tissue was stained with
Picrosirius red [23]. Slides were kept for 30 min at 68 °C to melt the
paraffin. Slides were washed 2 times in xylene for 10 min, and then
transferred to 100%, 95%, 85%, 75%, 60% and 50%, for 5 min each
and rinsed 2 times with distilled water for 30 s. Nuclei were stained
with Weigert's hematoxylin for 5 min and washed 2 times with distilled
water for 5 min. After that, slides were stained with a solution of Pi-
crosirius Red (0.1% Picrosirius Red in a saturated solution of Picric
Acid) for 1 h and rinsed twice with acidified water. Slides were then
dehydrated with 50%, 60%, 75%, 85%, 95% and 100% of ethanol in
water for 5 min each and 2 washes with xylene for 10 min. Glass slides
were then mounted.

The cells were visualized using the microscope Axio Imager Z2 and
the images were acquired with Carl Zeiss Zen software. Collagen was
quantified using FIJI (Fiji is Just ImageJ) software (National Institutes
of Health). Five images were analyzed for each condition, and data are
representative of at least three independent experiments.

2.11. Hydroxyproline quantification

Hydroxyproline measurement was done using a modified protocol
that was described elsewhere [5]. Briefly, 20 mg of frozen fat or 3T3-L1
cells were heated in 6 N HCl at 110 °C overnight in sealed tubes. The
samples were then heated at 110 °C until dried. Each sample was in-
cubated with chloramine-T (Sigma Aldrich) at room temperature for
exactly 20 min and then with p-dimethylaminobenzaldehyde (Fisher
Scientific) at 60 °C for 15 min. The absorbance was read at 540 nm and
the concentration was determined by the standard curve created with
cis-4-hydroxy-L-proline (Sigma-Aldrich).

2.12. Viral vectors production

Lentiviral vectors encoding for a negative short hairpin RNA (LV-
PGK-EGFP-H1-shRNA control) and a short hairpin RNA targeting DPP-
IV (LV-PGK-EGFP-H1-shRNA DPP-IV) were produced in HEK293T cell
line with a four-plasmid system, as previously described [24]. Lentiviral
particles were suspended in sterile 1% BSA in PBS. Concentrated viral
stocks were stored at −80 °C, until use.

2.13. Engineering of short hairpin RNA

A negative short hairpin RNA (shRNA) (control) and shRNA tar-
geting mouse DPP-IV were created. For each one, a pair of oligomers
was designed. The sequences of each pair of oligomers used were:
shRNA control (top 5′ GATCCCCCAACAAGATAAGAGCACCAATTCAA
GAGATTGGTGCTCTTCATCTTGTTG3TTTTTA 3′/bot 5′ AGCTTAAAAA
CAACAAGATGAAGAGCACCAATCTCTTGAATT GGTGCTCTTCATCTTG
TTGGGG 3′) and shRNA DPP-IV (top 5′ GATCCCCATAAGATCATCAG
CGACAAAGTTCAAGAGACTTTGTCGCTGATGATCTTATTTTTTA 3′/bot
5′ AGCTTAAAAAATAAGATCATCAGCGACAAAGTCTCTTGAAC TTTGT
CGCTGATGATCTTATGGG 3′). Each pair of oligomers were annealed
and inserted in linearized (with BglII and HindIII restriction enzymes)
pENTR/pSUPER+ (AddGene 575-1). The H1-shRNA cassette was then
transferred, with LR clonase recombination system, into SIN-cPPT-PGK-
EGFP-WHV-LTR gateway vector.

2.14. Cell culture of 3T3-L1 preadipocyte cell line

Cell cultures were performed as described previously [25]. For the
experiences with genetic DPP-IV silencing, cells were plated in a six-
well plate and 24 h later were infected with lentiviral vectors encoding
for negative shRNA control (LV-PGK-EGFP-H1-shcontrol) or for shRNA
targeting DPP-IV (LV-PGK-EGFP-H1-shDPP-IV) with infectious media.
At 2 weeks post-infection, cells were plated and induced to differentiate

as we previously described [25].

2.15. Preadipocyte differentiation

Preadipocyte 3T3-L1 differentiation was performed as we pre-
viously described [25]. To evaluate the effect of a fibrotic inducer, 3T3-
L1 preadipocytes were treated during the differentiation of the cells
with TGFβ1 (2.5 μg/mL; Peprotech), vildagliptin (2 nM), NPY (100 nM;
Phoenix Pharmaceuticals), NPY Y1 receptor agonist (Leu31Pro34NPY,
100 nM; Bachem), NPY Y2 receptor agonist (NPY13–36, 100 nM; Ba-
chem) or the NPY Y5 receptor agonist (NPY19–23(Gly1,Ser3,Gln4,Thr6,
Ala31,Aib32,Gln34)PP, 100 nM; Bachem) and NPY neutralizing antibody
at the C-terminal (NPY05; 6 μg/mL) [26].

2.16. Immunofluorescence

Following fixation and permeabilization, nonspecific binding was
blocked with 3% BSA. Cells were incubated with the following primary
antibodies, anti-αSMA (1:500), anti-fibronectin (1:1000) or anti-col-
lagen VI (1:500) overnight, at 4 °C. After rinsing with PBS, the cells
were incubated with the appropriate secondary antibodies for 1 h
(1:200, anti-rabbit or anti-mouse IgGs conjugated with Alexa Fluor 488
or Alexa Fluor 594), at room temperature. All antibodies were prepared
in blocking solution (PBS containing 3% of BSA). Nuclei were labeled
with Hoechst 33342 (1 μg/mL) for 3 min, after incubation with the
secondary antibodies. Coverslips were mounted on glass slides, the cells
were visualized using a fluorescence microscope (Carl Zeiss Axio
Observer Z1) and the images were acquired with Carl Zeiss Zen soft-
ware. Fluorescence was quantified using FIJI (Fiji is Just ImageJ)
software (National Institutes of Health) and averaged per image. Five
images were analyzed for each condition, and data are representative of
at least three independent experiments.

2.17. Protein quantification and sample preparation

Cells were rinsed twice with ice-cold PBS and then lysed with RIPA
buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 5 mM EDTA; 1% Triton
X-100; 0.5% deoxycholate; 0.1% SDS; 200 μM PMSF; 1 mM DTT, 1 mM
Na3VO4; 10 mM NaF), supplemented with mini protease inhibitor
cocktail tablet (Roche, Germany). Lysates were centrifuged at
12000 ×g, for 15 min at 4 °C. Protein concentration was determined by
the Bradford assay (Biorad) and denatured with SDS buffer (0.5 M Tris,
30% glycerol, 10% SDS, 0.6 M DTT, 0.012% bromophenol blue). After
heating for 5 min at 95 °C, the samples were frozen at −20 °C until use.

Adipose tissue was sonicated at 4 °C in RIPA buffer (50 mM Tris-
HCl, pH 7.4; 150 mM NaCl; 5 mM EDTA; 1% Triton X-100; 0.5%
deoxycholate; 0.1% SDS; 200 μM PMSF; 1 mM DTT, 1 mM Na3VO4;
10 mM NaF), supplemented with mini protease inhibitor cocktail tablet
(Roche, Germany). Lysates were centrifuged at 1000 ×g, for 5 min at
10 °C and the supernatant collected and centrifuged at 3300 ×g, for
5 min at 4 °C. Protein concentration was determined by the Bradford
assay (Biorad) and denatured with SDS buffer (0.5 M Tris, 30% gly-
cerol, 10% SDS, 0.6 M DTT, 0.012% bromophenol blue). After heating
for 5 min at 95 °C, the samples were frozen at -20 °C until use.

2.18. Western blotting

Samples were separated in a 4–10% SDS-PAGE followed by elec-
trophoretic transfer onto PVDF membranes. The membranes were
blocked with 5% non-fat milk in TBS-T (137 mM NaCl, 20 mM Tris,
0.1% Tween 20, pH 7.6) and incubated overnight at 4 °C with anti-
αSMA (1:500), anti-fibronectin (1:1000), anti-β-actin (1:10000) or anti-
β-tubulin (1:10000) antibodies diluted in blocking solution. After three
washes with TBS-T, the membranes were incubated for 1 h, at room
temperature, with an alkaline phosphatase-linked secondary antibody,
specific to rabbit or mouse immunoglobulin G (1:20000, Amersham
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Biosciences, GE Healthcare, UK). Immunoreactive bands were visua-
lized using ECF substrate in the Versa-Doc 3000 imaging system (Bio-
Rad, USA). Densitometry of the bands was quantified using Quantity
One Software (Bio-Rad, USA).

2.19. Statistical analysis

Results are expressed as mean ± SEM. Data were analyzed using
one-way ANOVA or two-way ANOVA, as indicated in figure legends. A
value of p < 0.05 was considered significant. Prism 6.0 (GraphPad
Software) was used for all statistical analysis.

3. Results

3.1. Vildagliptin has no effect on body weight of HFD mice, but reduces
serum triglycerides and total cholesterol

Eight-week-old C57BL/6 mice were given a standard chow diet or a
HFD and were treated with vildagliptin for 7 weeks. The vildagliptin
treatment of mice under chow diet, for 7 weeks, did not change body
weight gain, food intake, serum triglycerides, total cholesterol, insulin
and leptin, when compared to non-treated mice (Table 1).

As expected, HFD-fed mice have a significantly increase in percen-
tage of body weight gain in comparison with chow diet-fed mice
(Table 1 and Fig. 1D). The HFD has higher energy content than the
chow diet (4.49 kcal/g vs 2.268 kcal/g); the increased body weight of
mice fed HFD is associated to an increased energy intake in comparison
to mice fed a chow diet (Table 1).

Despite the maintenance of body weight increase, vildagliptin-
treated mice fed with a HFD have reduced serum triglycerides and total
cholesterol levels, when compared to non-treated mice (Table 1).

3.2. Vildagliptin decreases blood glucose and improves glucose tolerance but
does not alter epididymal adipose tissue weight nor adipocyte diameter

Vildagliptin-treated mice fed a chow diet compared to non-treated
mice show no difference in fasting blood glucose (Fig. 1A) neither on
glucose kinetics measured by intraperitoneal glucose tolerance test
(ipGTT) (Fig. 1B–C; area under the curve (AUC)). Fasting glucose levels
in HFD mice are increased, when compared to mice in chow diet and
vildagliptin prevents this increase (Fig. 1A). When challenged with an
ipGTT, HFD mice treated with vildagliptin have improved glucose
clearance for the duration of the challenge, when compared to non-
treated HFD mice (Fig. 1B–C). Serum insulin levels significantly in-
crease in HFD mice in comparison to chow diet, but no significant
differences were observed in vildagliptin-treated mice (Table 1). Serum
leptin levels are also significantly increased in HFD mice that is pre-
vented with vildagliptin treatment (Table 1).

As expected, epididymal adipose tissue weight is significantly

higher in the HFD group compared to chow group. This adipose tissue
weight increase is not altered with vildagliptin treatment (Fig. 1E). In
agreement, adipocyte diameter is increased in WAT of HFD group,
when compared to chow diet mice, and vildagliptin does not change
this parameter (Fig. 1F–G).

3.3. Vildagliptin prevents fibrosis markers increase in adipose tissue of HFD
mice

Increased collagen and matrix deposition are key features of fibrosis
that occur in adipose tissue of obese mice [3]. The Picrosirius red
staining is used for histological visualization of collagen I and III fibers
and thereby used to assess fibrosis [23]. Moreover, hydroxyproline is a
major component of collagen and the measurement of this amino acid
can be used as an indicator of collagen content [5]. We observed by
Picrosirius red staining and hydroxyproline content, that collagen is
increased in WAT of mice fed a HFD when compared to chow-fed mice
(Fig. 2A–C). Vildagliptin-treated HFD mice have lower levels of WAT
total collagen, in comparison to non-treated mice (Fig. 2A–C). By
western blotting assay we evaluated the levels of α smooth muscle actin
(αSMA) and fibronectin, two profibrotic proteins. WAT of HFD-fed mice
showed significantly higher αSMA and fibronectin levels, compared to
WAT of chow diet-fed mice (Fig. 2D–E). Vildagliptin treatment de-
creases the levels of αSMA and fibronectin in WAT of mice fed a HFD
(Fig. 2D–E). These results suggest that vildagliptin decreases fibrosis
formation in WAT of HFD-induced obese mice.

Obesity is often associated with ectopic lipid accumulation due to
incapacity of adipose tissue to accumulate more lipids and thereby
hepatic steatosis can occur. Analysis of livers from control mice on HFD
reveals an increase in lipid content compared with mice fed regular
chow diet (Fig. 2F). Moreover, livers from vildagliptin-treated mice on
HFD show lower levels of lipid droplet accumulation when compared to
livers from non-treated HFD-fed mice (Fig. 2F).

3.4. Vildagliptin prevents collagen and matrix deposition markers in TGFβ1-
stimulated 3T3-L1 cell line

In order to clarify the mechanism through which vildagliptin can
prevent fibrosis in adipose tissue, we first evaluated whether vilda-
gliptin was able to prevent collagen and matrix deposition in vitro. We
used a preadipocyte cell line, 3T3-L1, and mimicked fibrosis by treating
the cells with 2.5 ng/mL of TGF-β1 [27]. After 7 days of treatment with
this fibrosis inducer, we observed an increase in αSMA and fibronectin
levels that is prevented with vildagliptin treatment (Fig. 3C and G). We
also evaluated the levels of αSMA, fibronectin and collagen VI by im-
munofluorescence. TGF-β1 increases the immunoreactivity of αSMA,
fibronectin and collagen VI and vildagliptin is able to prevent this in-
crease (Fig. 3A–B, E–F and I–J). Total collagen content was evaluated
by determination of hydroxyproline content. We also observed a

Table 1
Parameters measured in mice fed a Chow or HFD with or without vildagliptin treatment for 7 weeks.

Chow Chow+ V HFD HFD + V

Body weight change (%) 18.9 ± 1.7 20.6 ± 1.1 34.0 ± 2.6⁎⁎⁎ 37.7 ± 2.4⁎⁎⁎

Food intake/mice/day (calories) 9.1 ± 0.2 8.5 ± 0.1 17.7 ± 0.02⁎⁎⁎ 16.6 ± 0.3⁎⁎⁎,#

Serum triglycerides (mg/dL) 72.9 ± 4.3 86.1 ± 8.9 184.9 ± 9.1⁎⁎⁎ 141.2 ± 10.5⁎⁎⁎,##

Serum cholesterol (mg/dL) 127.9 ± 31.1 138.6 ± 38.9 334.8 ± 35.5⁎⁎ 162.3 ± 25.4#

Serum insulin (ng/dL) 0.47 ± 0.15 0.30 ± 0.09 2.26 ± 0.84⁎ 1.51 ± 0.54
Serum leptin (ng/dL) 1.6 ± 0.3 2.7 ± 0.8 19.2 ± 4.6⁎⁎⁎ 10.8 ± 1.8⁎⁎,#

Mean ± SEM, n = 4–14.
⁎ p < 0.05.
⁎⁎ p < 0.01.
⁎⁎⁎ p < 0.001 compared to chow group.
# p < 0.05.
## p < 0.01 compared to HFD group. One-way ANOVA was used as statistical test.
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significant increase of total collagen content in cells treated with TGF-
β1. Vildagliptin inhibits TGF-β1–induced total collagen stimulation
(Fig. 3K). To better understand the direct effect of DPP-IV inhibition, by
vildagliptin, in ECM deposition and remodeling, we silenced DPP-IV
using a shRNA targeting DPP-IV. Fibrosis was induced in 3T3-L1 cells
with TGFβ1 and DPP-IV was genetically silenced. We evaluated, by
western blotting, the protein levels of αSMA and fibronectin. As ex-
pected, we observed that TGFβ1 increases αSMA and fibronectin and
that DPP-IV silencing significantly decreases both αSMA and fi-
bronectin levels (Fig. 3D and H). We further evaluated total collagen
content, and we observed that TGFβ1 increases total collagen and when
DPP-IV is silenced the levels of total collagen decrease (Fig. 3L). In
conclusion, our results suggest that inhibition of DPP-IV by vildagliptin
and by genetic tools prevents collagen and matrix deposition in TGFβ1-
treated 3T3-L1 cells.

3.5. Vildagliptin abrogates the TGFβ1-induced alterations in ECM through
NPY Y1 receptor activation

To further clarify the underlying mechanisms of DPP-IV inhibitor
vildagliptin as an antifibrotic agent, we investigated the role of one
DPP-IV substrate, the NPY, on ECM. This hypothesis was based on the
fact that NPY is a substrate of DPP-IV, and it is implicated in the reg-
ulation of fibrosis in a swine model of chronic myocardial ischemia and
hypercholesterolemia [20].

To study the effect of NPY on ECM, cells were treated with NPY
(100 nM) in the presence of TGFβ1. We observed, by western blotting,
that NPY significantly decreases the levels of αSMA and fibronectin
induced by TGFβ1, when compared to TGFβ1 alone (Fig. 4A–B). NPY
also decreases total collagen content in TGFβ1-treated cells (Fig. 4C).
Moreover, in order to study whether vildagliptin effect occurs through
NPY receptor activation by released NPY, cells were treated with TGFβ1
and vildagliptin in the presence of a neutralizing NPY antibody, NPY05

Fig. 1. Vildagliptin decreases blood glucose, improves
glucose tolerance and has no effect on body weight
gain, epididymal white adipose tissue and adipocyte
diameter. (A) Fasting blood glucose, (B) blood glucose
during intraperitoneal glucose tolerance test, two-way
ANOVA was used as statistical test, (C) area under the
curve (0–120 min) of blood glucose of intraperitoneal
glucose tolerance test in Chow and HFD group with
and without vildagliptin treatment (V). n = 9–13
*p < 0.05; **p < 0.01; ***p < 0.001 compared to
Chow group. #p < 0.05; ##p < 0.01 compared to
HFD group. One-way ANOVA was used as statistical
test; (D) Cumulative body weight gain presented as
percentage of initial weight (n = 10–14), two-way
ANOVA was used as statistical test, (E) epididymal
adipose tissue weight (n = 7–10), (F) representative
image of hematoxylin and eosin staining in epididymal
adipose tissue (n = 3; Scale bar: 50 μm), (G) adipocyte
diameter (n = 3). *p < 0.05; **p < 0.01;
***p < 0.001 compared to Chow group. One-way
ANOVA was used as statistical test.
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Fig. 2. Vildagliptin prevents fibrosis formation in the adipose tissue of HFD mice. (A) Representative image of Picrosirius Red Staining in epididymal adipose tissue (n = 3; Scale bar:
50 μm); (B) Picrosirius red staining quantification (n = 3); (C) hydroxyproline quantification (n = 3–8), (D and E) αSMA or fibronectin and β-actin (loading control) immunoreactivity by
Western blotting (n = 5–7); (F) representative image of hematoxylin and eosin staining in liver (Scale bar: 100 μm) in Chow and HFD group with and without vildagliptin treatment (V).
*p < 0.05; ***p < 0.001 compared to Chow group. #p < 0.05; ##p < 0.01 compared to HFD group. One-way ANOVA was used as statistical test.
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Fig. 3. Vildagliptin and DPP-IV silencing prevent fibrosis
formation. 3T3-L1 preadipocytes were induced to differ-
entiate and were treated with TGFβ1 (2.5 ng/mL) in the
presence or absence of vildagliptin (V, 2 nM) for seven
days. (A, E, I) Representative images of immuno-
fluorescence for αSMA (red), fibronectin (green) and col-
lagen VI (green). Nuclei were stained with Hoechst 33342
(blue). Scale bar: 20 μm (B, F, J) Quantification of αSMA,
fibronectin and collagen VI immunofluorescence im-
munoreactivity. (C, G) αSMA or fibronectin and β-tubulin
(loading control) immunoreactivity by Western blotting.
(K) Hydroxyproline quantification. n = 3–10 *p < 0.05;
***p < 0.001 compared to control. #p < 0.05;
###p < 0.001 compared to TGFβ1. One-way ANOVA was
used as statistical test. 3T3-L1 preadipocytes were infected
with lentivirus encoding a negative short hairpin RNA
(control condition) or a short hairpin RNA targeting DPP-
IV. (D, H) αSMA or fibronectin and β-tubulin (loading
control) immunoreactivity by Western blotting. (L)
Hydroxyproline quantification. n = 4–7 **p < 0.01;
***p < 0.001; compared to control of control shRNA.
#p < 0.05; ###p < 0.001; compared to TGFβ1-treated
control shRNA. One-way ANOVA was used as statistical
test.
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Fig. 4. DPP-IV inhibitor prevents fibrosis through NPY and
NPY Y1 receptor activation. 3T3-L1 preadipocytes were
induced to differentiate and were treated with TGFβ1
(2.5 ng/mL) in the absence or presence of (A–C) NPY; (D–F)
vildagliptin (V, 2 nM) with or without NPY neutralizing
antibody (NPY05, 6 μg/mL) for seven days; (G–I) NPY Y1

receptor agonist (Leu31Pro34NPY, 100 nM), NPY Y2 re-
ceptor agonist (NPY13–36, 100 nM) or NPY Y5 receptor
agonist (NPY19–23(Gly1,Ser3,Gln4,Thr6,Ala31,Aib32,Gln34)
PP, 100 nM). (A, D, G) αSMA or (B, E, H) fibronectin and β-
tubulin (loading control) immunoreactivity by Western
blotting. (C, F, I) Hydroxyproline quantification. n = 4–7
*p < 0.05; **p < 0.01; ***p < 0.001 compared to con-
trol. #p < 0.05; ##p < 0.01; ###p < 0.001 compared to
TGFβ1. +p < 0.05; ++p < 0.01 compared to
TGFβ1 + V. One-way ANOVA was used as statistical test.

A.P. Marques et al. BBA - General Subjects 1862 (2018) 403–413

410



[28]. We observed that when NPY effect is neutralized, the inhibitory
effect of vildagliptin on αSMA, fibronectin and total collagen in TGFβ1-
treated cells is partially reverted (Fig. 4D–F). To evaluate which NPY
receptor was involved in this antifibrotic effect induced by NPY, pre-
adipocytes were incubated with TGFβ1 in the presence of NPY Y1 re-
ceptor agonist (Leu31Pro34NPY, 100 nM), NPY Y2 receptor agonist
(NPY13–36, 100 nM) or NPY Y5 receptor agonist
(NPY19–23(Gly1,Ser3,Gln4,Thr6,Ala31,Aib32,Gln34)PP, 100 nM). We ob-
served that NPY Y1 receptor agonist decreases αSMA, fibronectin, and
total collagen upregulation induced by TGFβ1 (Fig. 4G–I). NPY Y2 re-
ceptor agonist or the NPY Y5 receptor agonist do not change the levels
of αSMA, fibronectin and total collagen (Fig. 4G–I). These results show
that NPY prevents ECM deposition by NPY Y1 receptor activation and
that vildagliptin antifibrotic effect occurs partially through preserving
NPY that will activate NPY Y1 receptor.

4. Discussion

Obesity is associated with an excessive increase of WAT. It has been
described an excessive ECM remodeling, that leads to fibrosis formation
in adipose tissue in obesity [3]. Adipose tissue fibrosis limits normal
expansion of the tissue, leading to metabolic complications in obesity.
Vildagliptin is a selective and competitive inhibitor of DPP-IV that is
currently being used in the treatment of type 2 diabetes [13]. Moreover,
there is evidence that DPP-IV inhibitors have other effects besides
glycemic control, such as hypolipidemic effect [29]. Some studies have
already described that DPP-IV inhibitors are able to prevent fibrosis
formation in the liver, kidney and heart [16–18]. Taking this into ac-
count, in this study we investigated the potential effect of DPP-IV in-
hibitor, vildagliptin, in the prevention of fibrosis in adipose tissue of
obese mice, induced by HFD. In this work, HFD induces an increase of
body and epididymal adipose tissue weight and adipocyte diameter.
HFD-fed mice also showed, as already described [30], an increase of
fasting blood glucose, impaired glucose tolerance, an increase in serum
cholesterol, triglycerides, insulin and leptin and also an increase of fat
accumulation by the liver. Moreover, we observed epididymal adipose
tissue fibrosis in HFD mice. Furthermore, we found that vildagliptin,
besides improving glycemic control, also improves other serum para-
meters such as triglycerides, cholesterol and leptin in HFD-fed mice.
Vildagliptin also improves lipid accumulated by the liver of HFD mice.
The effect of vildagliptin in glycemic control is known to occur through
the increase of half-life time of GLP-1 and GIP, which are known to
potentiate insulin secretion by pancreatic β-cells, lowering blood glu-
cose levels, HbA1c, glucagon secretion and liver glucose production
[31]. Some of the other effects, namely triglycerides, cholesterol and
leptin decrease can be explained by the improvement of glycemic
control due to inhibition of DPP-IV [14]. Several studies described that
DPP-IV inhibitors improve blood cholesterol and triglycerides, both in
humans [32–34] and rodents [14,35].

Moreover, although there were no significant differences in body
weight change nor adipose tissue mass, we observed a decrease in fi-
brosis in WAT of obese mice treated with vildagliptin. These findings
represent the first evidence, to our knowledge, that DPP-IV inhibition
prevents fibrosis in adipose tissue in a diet-induced obesity rodent
model. The antifibrotic role of vildagliptin in non-adipose tissues has
already been described by others [36,37]. The antifibrotic role will
putatively decrease the stiffness of the tissue and thereby improve
adipocyte ability to store lipids, and can be a cause for the amelioration
of other parameters that we observed in this study, such as decrease in
serum triglycerides and cholesterol and also ectopic lipid accumulation
in the liver. All of these parameters are hallmarks of metabolic syn-
drome, so amelioration of these parameters suggests that vildagliptin
could have an important role in obesity complications and thereby
contribute to health improvement. In fact, it was already observed that
collagen VI deficient ob/ob and HFD-fed mice also have less adipose
tissue fibrosis [7]. These mice have more fat mass with improved

insulin sensitivity, suggesting that adipose tissue fibrosis may be an
important determinant of insulin sensitivity [7]. The inhibition of fi-
brosis in WAT decreases its rigidity and this might facilitate weight loss.
In obese patients, subcutaneous adipose tissue revealed persistence of
fibrosis two years after bariatric surgery [38] and adipose tissue fibrosis
is even found negatively associated with weight loss induced by bar-
iatric surgery [6]. All of these studies are important reinforcements for
the role of fibrosis on adipose tissue homeostasis and its consequences
during obesity process.

Some studies report that antifibrosis leads to an increase in fat mass
and in fat cells [7]. However, we observed no alteration in adipocyte
diameter nor in adipose tissue weight in vildagliptin-treated animals
with less fibrosis. Although DPP-IV inhibitors are considered to be
weight neutral in humans, several studies showed that DPP-IV in-
hibitors induced weight loss [39,40]. DPP-IV inhibitors have an anti-
fibrotic effect, but it is also important in adipocyte physiology. In vitro
studies showed that vildagliptin could prevent adipocyte differentiation
in 3T3-L1 preadipocytes [26]. Moreover, the authors also described that
vildagliptin inhibits lipid accumulation, thereby reducing fat cell size
[26]. It was described that DPP-IV inhibition prevents hypertrophy of
fat cells in epididymal white adipose tissue in HFD-fed mice [40]. Mice
lacking the DPP-IV gene are resistant to the development of obesity,
adiposity and adipocyte hypertrophy induced by HFD, associated with
reduced energy intake and increased energy expenditure [41]. More-
over, DPP-IV deficiency leads to up-regulation of PPARα and down-
regulation of SREBP-1 expression in the liver, attenuating lipogenesis
and increasing fat oxidation [41]. These results suggest that reduced
hepatic lipid accumulation in DPP-IV−/− mice is associated with at-
tenuated lipogenesis and increased fat oxidation. Therefore, the fact
that vildagliptin does not alter adipose tissue weight and adipocyte
diameter might occur because of other effects induced in adipocytes
such as proliferation, differentiation, lipid accumulation and fat oxi-
dation in adipocytes.

Regarding the mechanisms underlying the antifibrotic effect of vil-
dagliptin in adipose tissue fibrosis, we could hypothesize that it occurs
as a consequence of increased GLP-1 levels and consequently improved
insulin response and glycemic control [13]. However, several studies
showed that DPP-IV inhibitors are able to prevent fibrosis in-
dependently of glycemia and GLP-1 in the liver [36], in the heart [42]
and in the kidney [43]. Moreover, fibrosis prevention could also be
explained by anti-inflammatory effects of DPP-IV inhibitors and GLP-1
that were both described to prevent inflammation in WAT [40,44]. It is
widely recognized that obesity is an inflammatory state and fibrosis is
perceived by many as a process secondary to tissue inflammation [45].
But in fact little is known about this triad and the causal relationships
between adipose tissue fibrosis and inflammation remain to be defined.

To better understand the putative mechanism underlying fibrosis
prevention by vildagliptin in adipose tissue, we used an in vitromodel of
3T3-L1 preadipocytes and showed that both vildagliptin and a genetic
approach of DPP-IV silencing suppress TGFβ1-mediated stimulatory
effects on the profibrotic markers: αSMA, fibronectin, collagen VI and
total collagen deposition. DPP-IV inhibitors were shown to have anti-
fibrotic effects also in vitro in other cell types [17,46]. Inhibition of DPP-
IV was performed through pharmacological and genetic approaches.
Genetic silencing of DPP-IV resulted in similar results to those obtained
with vildagliptin. These results show that the antifibrotic effects that we
obtained with vildagliptin occur specifically through inhibition of cat-
alytic function of DPP-IV, and not through non-specific, off-target ef-
fects. DPP-IV has several other substrates, such as NPY [47]. DPP-IV
removes N-terminal dipeptide changing the receptor sub-type specifi-
city from Y1 (NPY1–36) to Y2/Y5 (NPY3–36) [48]. Moreover, NPY has an
important role in the development of adipose tissue and increases
proliferation and differentiation of adipocytes through NPY Y2 and Y5

receptors [19]. It has been demonstrated that DPP-IV inhibition facil-
itates the anti-lipolytic effects of NPY through Y1 receptor [8]. Taking
into account the NPY relevance in adipose tissue function, we
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hypothesized that NPY might be a possible DPP-IV substrate responsible
for the antifibrotic role of vildagliptin. In this study, we showed that the
vildagliptin effect occurs partially through its action in NPY that in turn
activates NPY Y1 receptor. These results are in agreement with the
“expandability theory”. If vildagliptin acts through decrease NPY
cleavage to inhibit fibrosis, it might allow adipocytes to expand and
accumulate lipids, thereby inhibiting lipolysis. Others previously
showed that NPY decreases fibrosis in a swine model of chronic myo-
cardial ischemia and hypercholesterolemia [20]. Moreover, NPY over-
expression reduces the development of cardiac fibrosis in other rat
model [21]. Another study observed that mice lacking NPY Y1 receptor
also have a larger volume fraction of myocardial fibrosis [22], corro-
borating our results.

In summary, this study establishes that a DPP-IV inhibitor sig-
nificantly protects against adipose tissue fibrosis formation.
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