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Abstract

Purpose Obesity is associated with systemic insulin resistance and cardiac hypertrophy with fibrosis. Peroxisome proliferator-
activated receptors (PPARs) regulate carbohydrate and lipid metabolism, improving insulin sensitivity, triglyceride levels,
inflammation, and oxidative stress. We previously demonstrated that prolonged-release pirfenidone (PR-PFD) is an agonistic
ligand for Pparx with anti-inflammatory and anti-fibrotic effects, and might be a promising drug for cardiac diseases-treatment.
Here, we investigated the effects of PR-PFD in ventricular tissue of mice with nonalcoholic steatohepatitis (NASH) and obesity
induced by high-fat/high-carbohydrate (HFHC) diet.

Methods Five male C57BL/6 J mice were fed with normal diet (ND) and ten with HFHC diet for 16 weeks; at 8 weeks of
feeding, five mice with HFHC diet were administered PR-PFD (350 mg/kg/day) mixed with HFHC diet.

Result Systemic insulin resistance, heart weight/body weight ratio, myocardial steatosis with inflammatory foci, hypertrophy,
and fibrosis were prevented by PR-PFD. In addition, HFHC mice showed significantly increased desmin, Tgf31, Timpl,
collagen I (Col I), collagen III (Col III), TNF-«, and Nrf2 mRNA levels, including o-SMA, NF-kB, Nrf2, troponin I, Acoxl,
CptlA, and Lxra protein levels compared with the ND ventricular tissues. Mechanistically, HFHC mice with PR-PFD treatment
significantly decreased these genes overexpressed by HFHC diet. Furthermore, PR-PFD overexpressed the Pgcla mRNA levels
and Ppar«x, Ppary, Acox1, and Cptl A protein levels.

Conclusions The results suggest that PR-PFD could be a promising drug for the prevention and treatment of cardiac steatosis and
fibrosis induced by obesity.

Keywords High-fat/high-carbohydrate diet - Cardiac steatosis and fibrosis - Male C57BL/6 J mice - Prolonged-release
pirfenidone - PPARs

Introduction
Electronic supplementary material The online version of this article Obesity is a chronic, multifactorial, and largely preventable
(https://doi.org/10.1007/s10557-020-07014-9) contains supplementary disease that affects all kind of socioeconomic groups; it is
material, which is available to authorized users. caused by an imbalance between dietary energy consumption

relative to energy expenditure. According to latest WHO es-
timates, in 2016, more than 1.9 billion of people aged 18 years
and older were overweight worldwide; and of these over 650
million adults were obese [1, 2]. Globally, this disease is rap-

< Juan Armendariz-Borunda
armdbo @ gmail.com

Department of Molecular Biology and Genomics, Institute for

Molecular Biology in Medicine and Gene Therapy, University of idly rising, and is getting increasing attention given its strong
Guadalajara, CUCS, Guadalajara, Jalisco, México association with cardiovascular diseases (CVDs). Hence,
2 University of Guadalajara, IRSME, CUCS, Guadalajara, Jalisco, there is an increasing demand for new therapies targeted for
Meéxico CVDs. Fatty acids are the main energetic lipids metabolically
> Tecnologico de Monterrey, Campus Guadalajara, utilized by the heart, which represent approximately 70% of
Guadalajara, Jalisco, México the heart energy requirements in normal conditions [3].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10557-020-07014-9&domain=pdf
https://doi.org/10.1007/s10557-020-07014-9
mailto:armdbo@gmail.com

928

Cardiovasc Drugs Ther (2021) 35:927-938

However, in pathological situations such as advanced
hypertrophy and other cardiomyopathies, cardiac energy
metabolism switches from fatty acids to glucose for
ATP production [3].

The high-fat/high-carbohydrate (HFHC) diet, commonly
known as Western diet, induces obesity, which is associated
to metabolic syndrome, type 2 diabetes (T2D), nonalcoholic
steatohepatitis (NASH), and CVDs [4, 5]. In male C57BL/6 ]
mice, the persistent caloric excess provided by HFHC diet
increases weight, body fat mass, fasting glucose, insulin resis-
tance, and plasma cholesterol [5]. Buildup of lipids in the heart
tissue leads to alterations in cardiac morphology and function
due to glucose intolerance, low-grade inflammation, and im-
paired insulin sensitivity [5—7]. High fat diet (HFD) induces
myocardial oxidative stress, defective intracellular signaling,
cardiomyocyte hypertrophy, interstitial fibrosis, and dysregu-
lation of genes such as peroxisome proliferator-activated re-
ceptors (PPARSs), including Pparcc and Ppary [8—11]. Thus,
these pathological alterations, mainly interstitial fibrosis, may
cause myocardial stiffness [11]. PPARs are master reg-
ulators of lipid and carbohydrate metabolism, enhance-
ment of insulin sensitivity, and inhibition of inflamma-
tion and oxidative stress [12].

Pirfenidone (PFD) is a drug with anti-inflammatory, anti-
oxidant, and anti-fibrotic effects in various tissues such as the
lung, the liver, the heart, and other organs [13—16]. We have
recently shown that prolonged-release pirfenidone (PR-PFD)
is an agonistic ligand for Pparcc and decreases hepatic steatosis
and fibrosis [17]. Nonetheless, little is known concerning the
role of pirfenidone on cardiac steatosis and fibrosis induced by
a HFHC diet. Therefore, we assess the effect of PR-PFD in
order to ameliorate triglyceride content and prevent HFHC-
induced myocardial fibrosis using male C57BL/6 J mice that
develop obesity and a NASH phenotype [5]. We started to
feed 5-week-old mice with HFHC diet for 16 weeks, and at
8 weeks of feeding, mice were intervened with PR-PFD treat-
ment. We evaluated genes related to lipid metabolism, inflam-
mation, oxidative stress, and myocardial damage in the ven-
tricular tissue of obese mice. We also analyzed the effect of
PR-PFD on the protein expression of transcriptional factors/
nuclear receptors Pparx and Ppary in cardiac tissue of mice
fed HFHC diet.

Methods
Animal Care

CUCS Research Committee at the University of Guadalajara
approved this study (protocol number: CI-01419). All animal
experiments were performed in compliance with the guide-
lines for the care and use of laboratory animals published by
the US National Institutes of Health (NIH, publication No. 85-
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23, revised 1996). Four-week-old male C57BL/6 J mice
weighing between 18-22 g were purchased from the
National Polytechnic Institute (Mexico City, Mexico). Mice
were housed in polycarbonate cages with a humidity of 40-
50% and a temperature of 21-22 °C, including a 12 h light-
dark cycle. Animals were provided ad libitum access to food
and water. Experiments were done and results were reported
in accordance with the ARRIVE guidelines.

Experimental Design

At the age of 5 weeks, animals were randomly assigned into
two groups; normal diet (ND, n = 5) and high-fat/high-carbo-
hydrate (HFHC, n = 10) diet. ND was composed of 18% kcal
from fat food (2018S.15-Envigo, Supplement Table S1).
HFHC diet consisted of 60% kcal from fat food (TD.06414-
Envigo, Supplement Table S1) and drinking water with 42 g/L.
of carbohydrates (55% fructose and 45% sucrose) [5]. At the
end of the eighth week, five HFHC mice were treated with
approximately 350 mg/kg/day of PR-PFD (Cell Pharma S.A.
de C.V.) mixed with food (HFHC + PR-PFD, n = 5); the dose
was chosen according to the reported in a mouse model of
NASH [18]. Another set of animals was subjected to HFHC
diet (n = 12) and sacrificed by groups (n=3)at4, 8, 12, and 16
weeks to monitor cardiac steatosis and fibrosis development.

Food and Water Intake Measurement

Food and water consumption were calculated by subtracting
the amount of food and water left, three times for week. Mice
groups (n =5 or n = 3) were housed per cage, respectively, and
food and water intake values were divided by the number of
animals per cage. Energy intakes were calculated based on 3.1
kcal/g for the ND and 5.1 kcal/g for HFHC groups.
Carbohydrate intakes in water were considered as well.

Insulin Tolerance Test

Insulin tolerance test (ITT) was performed in mice using tail
blood. After fasting for 4 h, basal glucose was determined. A
total of 100 pL saline solution containing a dose of 0,025 U/
mouse of human-recombinant short-acting insulin (Humulin
R, Lilly) was administered intraperitoneally. Glucose levels
were determined at 30, 60, and 90 minutes with a glucometer
(One Touch Ultra, LifeScan Inc.). Area under the curve
(AUC) was calculated.

Heart and Liver Dissection

Mice were anesthetized with tiletamine/zolazepam (15 mg/kg/
bw, Zoletil® 50, Virbac); the hearts and livers were rapidly
isolated. Previously, mice heart was perfused through left ven-
tricular using a syringe with 5 mL of ice cold PBS. Auricles
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were removed and ventricles were sliced in four sections; one
was fixed in 4% paraformaldehyde (0.1 M PBS, pH 7.4) and
embedded in paraffin; other was immersed in Tissue-Tek®
OCT. The other two ventricle portions were used to extract
protein and total RNA, respectively. Sliced sections of liver
were fixed in 4% paraformaldehyde (0.1 M PBS, pH 7.4), and
embedded in paraffin.

Oil Red O and Hematoxylin-Eosin (H&E) Staining

For oil red O (ORO), OCT frozen blocks of cardiac tissue
were cut in 8 um-thick slices and fixed with ice-cold 10%
paraformaldehyde, washed with distilled water, and dried for
2 minutes. Isopropanol (60%) was added for 60 seconds,
stained with ORO for 15 minutes followed by adding
60% isopropanol for 30 seconds, washed three times
with distilled water, and counterstained with Harris’ he-
matoxylin for 1 min.

Serial ventricular sections of 5 um were cut and processed
according to standard hematoxylin-eosin (H&E) staining, and
inflammatory foci were explored in ventricular and liver tis-
sue. Digital images (Olympus BX51) of 7 random fields were
captured from each mouse heart. Lipid content per tissue area
within each field and cardiomyocyte size (quantitation of 350
cells per mice group) was determined using Image]J.

Masson Staining Morphometric Analysis

Masson’s trichrome and picrosirius red staining were made
according to standard procedures (Sigma-Aldrich). Fibrotic
area in the total field area was assessed in 7 representative
images per heart, using ImageJ.

Immunohistochemistry

After deparaffinization and rehydration, ventricular tissues
were treated with 3% H202 in absolute methanol for 20
min. Sections were incubated overnight at 4 °C with mono-
clonal antibody rabbit anti-«-SMA (Supplement Table S2),
then detected with avidin-conjugated secondary antibodies,
and visualized with a Vectastain kit, PK-8800 (Vector
Laboratories) and diaminobenzidine (Sigma-Aldrich).
Sections were lightly counterstained with hematoxylin, before
being dehydrated and mounted. The antigen retrieval was per-
formed in water bath set to 99 °C for 25 min in Tris-EDTA
buffer, pH 9.0. For quantification, 7 random fields of ventric-
ular areas were evaluated. Staining intensity of x-SMA was
determined using Imagel.

RNA Isolation and RT-qPCR

Total RNA from ventricular tissue was isolated with Trizol
reagent (Invitrogen) according to the manufacturer’s

instructions, and quantified using NanoDrop spectrophotom-
eter (Thermo Fisher Scientific). Two micrograms of total
RNA was reverse-transcribed using 690 ng random primers,
0.72 mM deoxynucleotide triphosphate (AINTP) mix, 1x first-
strand buffer, 3.6 mM dithiothreitol (DTT), 5 U of RNAase
inhibitor, and 260 U Moloney Murine Leukemia Virus
(M-MLYV) reverse transcriptase (Invitrogen) in a 50 pL
reaction volume, following manufacturer’s directions.
Each qPCR was carried out using 1 pL of cDNA, 1x
Universal PCR Master Mix, and 1x specific Taqman
primer/probe (Supplement Table S3). qPCR reactions
were performed on the LightCycler 96 Instrument
(Roche Molecular Systems). All data were run in tripli-
cate, normalized according to Gapdh and 18S levels,
and analyzed using 2“2 method.

Western Blot Analysis

Snap-frozen ventricular tissue was homogenized in RIPA
buffer; 40 pg of total cardiac protein was resolved per lane
in 12% SDS-PAGE gel and transferred to PVDF mem-
brane (Bio-Rad Laboratories). Membranes were incubat-
ed with 3% nonfat dry milk in Tris-buffered saline con-
taining 0.1% Tween 20 at room temperature for 1 h.
Membranes were immunoblotted with specific primary
antibodies (Supplement Table S2). Primary antibodies
were used at 1:1000 dilution and incubated overnight
at 4 °C. Subsequently, peroxidase-conjugated secondary
antibody (Roche) was used at 1:12000 dilution for 1 h
at room temperature. Protein bands were detected using
BM Chemiluminescence Western Blotting Kit (Roche
Applied Science), and analyzed for density through
ChemiDoc XRS+ with the Image Lab software (Bio-
Rad Laboratories). All western blots were performed in
triplicate samples. 3-actin was used as constitutive
protein.

Data Analysis

Data were tested for normal distribution using the Shapiro-
Wilk test and Kolmogorov-Smirnov test. The error bars of
data are presented as median + quartile for Mann-Whitney U
test, which was performed on data that were not normally
distributed. Statistical significance was determined for para-
metric data with Welch’s ¢ test for two groups, and one-way
ANOVA analysis of variance followed by Tukey’s post
hoc analysis. The error bars of data are expressed as
mean + standard error of the mean (SEM). Statistical
analyses were performed using SPSS (IBM Corp., ver-
sion 24). P values less than 0.05 were considered sig-
nificant. We determined power analysis of data by the
program G3*Power 3.1.9.2; we calculated effect size
and « was 0.05; power values were 0.76-1.
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Results
Animal Characteristics and Metabolic Parameters

Two groups of male C57BL/6 J mice were subjected to ND or
HFHC diet during 16 weeks; while one mice group was fed
with HFHC diet for 8 weeks, and then treated with PR-PFD
(Fig. 1a).

All HFHC mice showed an increase in visceral fat accu-
mulation and heart weight gain (Fig. 1b). Histological
examination of liver sections from mice fed HFHC diet
for 16 weeks exhibited development of steatosis with
hepatocytes ballooning, including inflammation and fi-
brosis (Fig. 1c).

Statistically significant changes of caloric intake in the
HFHC group were noted when they were compared with ND
group (Fig. 2 aand b, P < 0.001). Table 1 describes the char-
acteristics of animal groups. HFHC mice developed hypergly-
cemia (198 + 27.57 mg/dL) and insulin sensitivity alterations
(18.09 + 3.38) compared with the ND mice (111 + 12.01 mg/
dL and 9.66 + 1.25, respectively; P < 0.01). PR-PFD treatment
in HFHC mice improved insulin sensitivity (P < 0.05 vs.
HFHC), which was analyzed by AUC. HFHC group showed
an increase in fat accumulation and a significant (P < 0.001)
increase body weight compared with the ND mice (49.25 +
472 g vs. 27.98 + 0.94 g, respectively). In HFHC animals

Fig. 1 HFHC diet leads to a
obesity, visceral fat accumulation,

and NASH. a Experimental 44@2}
design that shows the weeks of Q
diet and PR-PFD treatment. b
Macroscopic comparison of body

Diet initiation

treated with PR-PFD, body weight diminished to 40.33
+ 5.65 g (P < 0.05 vs. HFHC). ND mice showed a
HW/BW ratio of 5.95 + 0.23 mg/g, and HFHC diet
decreased significantly HW/BW ratio (3.69 + 0.40 mg/
g; P < 0.001 vs. ND), but it was recuperated to 4.97 +
0.63 mg/g by the treatment with PR-PFD (Table 1, P <
0.01 vs. HFHC).

PR-PFD Attenuates HFHC-Induced Cardiac Lipid
Accumulation

Histologic analyses were used to assess the myocardial lipid
content in C57BL/6 J mice fed HFHC diet. Oil red O staining
showed that HFHC diet significantly increased by 1.8-fold of
content of small lipid droplets in myocytes (Fig. 3 cand e, P <
0.001 vs. ND). Lipid accumulation was gradually increased
since the fourth week up to the sixteenth week (Fig. 3 a and d,
P < 0.05). Noteworthy, excess of big lipid droplets in some
tissue areas were common (Fig. 3b, 16 weeks). Oil red O
staining showed since the twelfth week that droplets of lipid
were more abundant in left ventricle than in right ventricle of
the hearts from HFHC-induced obese mice (Fig 3b, 12
weeks), indicating a steady accumulation of lipids on heart
tissue following initiation of the HFHC diet. PR-PFD in
HFHC mice reduced to 1.4-fold the lipid levels (Fig 3 ¢ and
e, P < 0.05 vs. HFHC).
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Fig. 2 Average daily caloric intake in mice groups before and during
treatment with PR-PFD. a Caloric intake measured previous treatment
with PR-PFD. For group comparisons (Welch’s # test), data are expressed
as mean = SEM, n = 24/group. b Caloric intake measured during

PR-PFD Protects Mice from Heart Hypertrophy
and Inflammation Induced by HFHC Diet

In order to determine the HFHC diet impact on myocardial
histology, cardiomyocyte cross-sectional area and neutrophil-
ic inflammatory foci were examined. Heart sections stained
with H&E revealed at 16 weeks a significant (P < 0.001)
increase in the median of cross-sectional area in mice fed
HFHC diet compared with those ND mice (222.13 um? vs.
389.79 um?, respectively), which indicates cardiomyocyte hy-
pertrophy (Fig. 4 a and b). The median of cardiomyocytes size
was reduced to 377.70 pm? in mice fed with HFHC and PR-
PFD compared with the HFHC mice (Fig 4b, P < 0.01).

Next, we examined the presence of neutrophilic inflamma-
tory foci in heart tissue of HFHC mice. Recruitment of several
inflammatory foci emerged at the eight week and was more
evident at the sixteenth week (Fig. 4 ¢ and d). The inflamma-
tory foci induced in HFHC mice at 16 weeks were remarkably
prevented by PR-PFD treatment (Fig. 4d).

Effects of PR-PFD on HFHC-Induced Cardiac Fibrosis

Myocardial fibrosis was analyzed in ventricular tissue, which
has been associated to myocardial stiffness. We found in
HFHC mice through Masson’s trichrome staining a significant
increase in the extracellular matrix fiber accumulation; the

Table 1 Effects of PR-PFD on HFHC-induced cardiac steatosis and
fibrosis. AUC, area under the curve; ND, normal diet; HFHC, high-fat/
high-carbohydrate; HFHC + PR-PFD, high-fat/high-carbohydrate plus
prolonged-release pirfenidone; PR-PFD, prolonged-release pirfenidone;
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T

ND HFHC HFHC + PR-
9-16 Weeks PFD

treatment with PR-PFD. For group comparisons (Mann-Whitney U
test), data are expressed as median + quartile, n = 24/group. ***P <
0.001 vs. ND

fibrosis was evident since the eight week up to the sixteenth
week with around 12% of the fibrotic area (Fig. 5a—d, P <
0.001 vs. eight week and ND). PR-PFD treatment in HFHC
group significantly (P < 0.001) declined extracellular matrix
fibers to 7% of the fibrotic area compared with that in the
HFHC group without PR-PFD treatment (Fig. 5S¢ and d).
Fibrosis prevention by PR-PFD treatment was also confirmed
by picrosirius red staining, which detects mostly collagen 1
(Col I) and collagen III (Col III) fibers (Fig. Se). In order to
detect the expression levels of fibrosis-related «-SMA protein,
we performed immunohistochemical analysis. The x-SMA
protein levels were strongly expressed around blood vessels,
and were induced by 6.1-fold in HFHC mice compared with
4.4-fold in the ND mice (Fig. 5 fand g, P < 0.001), whereas
they were significantly decreased to 4.5-fold by PR-PFD treat-
ment (Fig. 5 fand g, P < 0.001 vs. HFHC).

mRNA Levels of Genes Implicated in Cardiac
Hypertrophy and Fibrosis Are Modified by PR-PFD

The expression of desmin mRNA levels was significantly
increased by 1.46-fold in HFHC mice-cardiac tissue com-
pared with those from ND mice (P < 0.01), and PR-PFD
treatment in HFHC mice showed a significant reduction to
0.65-fold of the desmin mRNA levels (Fig. 6a, P < 0.001
vs. HFHC). We also analyzed in HFHC mice, the mRNA

LW, liver weight; HW, heart weight. Data are expressed as mean + SEM.
For group comparisons (n = 5/group), one-way ANOVA followed by
Tukey’s post hoc analysis. **P < 0.01 and ***P < 0.001 vs. ND; *P <
0.05, ™P < 0.01 vs. HFHC

Group Dose (mg/kg) Plasma glucose (mg/dL) AUC BW (g) LW (g) HW (mg) HW/BW (mg/g)
ND 111 +£12.01 9.66 + 1.25 27.98 +0.94 132+0.16 16650+7.77 595+0.23
HFHC 198 +27.57%*%* 18.09 +£3.38** 4925 +472%*%* 204+034 180.50+2.89  3.69 + 0.40%**
HFHC+PR-PFD 350 177 £9.50 11.73 £0.70 40.33 + 5.65 2.85+0.72 198.00+14.04 4.94+0.63
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Fig. 3 PR-PFD prevents cardiac
lipid accumulation induced by
HFHC diet. a-d Lipid
accumulation in frozen heart
sections were stained with ORO.
Scale bar: 100 pum, magnification
x 20 (a); 200 wm, magnification x
12 (b, 12 weeks) and 150 pum,
magnification x 40 (b, 16 weeks).
d, e Histograms of lipid content
quantified from the fourth week
up to the sixteenth week and
sixteenth week, respectively. Data
are expressed as mean + SEM.
For group comparisons
(n=35/group), one-way ANOVA
followed by Tukey’s post hoc
analysis. *P < 0.05, **P < 0.01,
and ***P < (0.001 vs. 4 weeks or
ND; #P < 0.01 vs. 8 weeks;
*P<0.05vs. HFHC and P<0.01
vs. 12 weeks
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expression of fibrosis-associated biomarkers, such as Tgff31,
Timpl, Col I, and Col III, these genes were increased by 1.94-
fold, 2.25-fold, 2.15-fold, and 2.72-fold, respectively (Fig. 6a,
P < 0.01 vs. ND). HFHC mice with PR-PFD showed signif-
icantly decreased mRNA levels for Tgf31 (1.11-fold), Timpl
(1.29-fold), Col I (1.23-fold), and Col III (1.26-fold) (Fig. 6a,
P < 0.05 vs. HFHC).

Fibrosis is also associated with persistent inflammation;
thus, TNF-ac mRNA level expression was analyzed.
TNF-« mRNA was significantly elevated by 1.5-fold
in HFHC mice compared with the ND mice (P <
0.01), while PR-PFD treatment in HFHC mice showed
a significant reduction to 0.7-fold of the TNF-ox mRNA
levels (Fig. 6b, P < 0.001 vs. HFHC).

Nrf2 factor is a mediator of antioxidant signaling during
inflammation. HFHC diet induced a significant increase of
Nrf2 mRNA levels compared with those in ND mice (P <
0.05), while PR-PDF treatment was significantly able to pre-
vent Nrf2 gene overexpression (Fig. 6b, P <0.001 vs. HFHC).

Sodl mRNA levels decreased in HFHC mice compared
with those in ND mice, including mice with PR-PDF
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treatment, but these differences were not statistically signifi-
cant (Fig 6b).

In addition, Srebpl and Acox] mRNA expression was
evaluated in order to find the PR-PFD effects on lipid metab-
olism. Acox] mRNA levels did not show significant differ-
ences between mice groups, and Srebpl mRNA levels were
not significantly changed in animal groups (Fig. 6b).

The mRNA levels of peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (Pgcla), which is a master
regulator of mitochondrial biogenesis, were not significantly
changed in HFHC mice (decreased by 0.8-fold), while HFHC
mice with PR-PDF treatment expressed the Pgcla mRNA
levels to 1.71-fold (Fig. 6b, P < 0.001 vs. HFHC).

Determination of Protein Expression Related
to Inflammation, Lipid Metabolism, Oxidative Stress,
and Myocardial Damage

The HFHC mice-cardiac tissue had significantly elevated by
1.7-fold the NF-kB protein levels compared with those in ND
mice, and HFHC mice with PR-PFD significantly reduced to
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Fig. 4 Representative heart
histology features stained with
H&E from mice fed with HFHC
diet. a Micrographs of
cardiomyocyte cross-sectional ar-
ea, depicting cardiomyocyte size
of the mice groups at 16 weeks
(three cell membranes by photo-
micrography are limited in black),
scale bar: 100 um, magnification
% 100. b Histogram showing car-
diomyocyte cross-sectional area
at 16 weeks. ¢, d Heart tissue re-
vealing small neutrophilic in-
flammatory foci (black arrows)
from the fourth week up to the
sixteenth week and sixteenth
week, respectively; scale bar:

150 pm magnification x 40. Bar
graph indicates the median +
quartile, n = 350/group. Statistical
test was performed by Mann-
Whitney U test for group com-
parisons. ***P < 0.001 vs. ND;
#p <0.01 vs. HFHC

1-fold the NF-kB protein levels compared with HFHC diet
(Fig. 7aand b, P < 0.01).

Nrf2 protein levels in the ventricular tissues were signifi-
cantly upregulated by 1.3-fold in HFHC mice compared with
those in ND group, and PR-PFD with HFHC significantly
decreased by 0.6-fold the Nrf2 protein levels compared with
the HFHC group (Fig. 7aand b, P < 0.01).

We evaluated changes in the expression of troponin I,
which is a specific indicator of myocardial damage.
Troponin I protein levels were significantly increased by
1.52-fold in HFHC mice compared with ND mice (Fig. 7a
and b, P < 0.01). Troponin I protein levels were significantly
reduced to 0.98-fold in HFHC mice with PR-PFD treatment
(Fig. 7 a and b, P < 0.05 vs. HFHC), indicating that HFHC
diet is harmful to the ventricular tissue.

To explore a possible mechanism by which PR-PFD could
help avoid intramyocellular lipid accumulation in cardiac tis-
sue; we focused on the Pparx, Ppary, Acoxl, CptlA, Lxre,
and Srebpl gene expression. Noteworthy, Pparx and Ppary
protein levels were not affected by HFHC diet. Interestingly,
Pparx and Ppary protein levels were significantly increased by
1.3-fold and 1.4-fold upon PR-PFD treatment in HFHC mice
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(Fig. 7 cand d, P < 0.01 vs. HFHC). Acox1 and Cptl A protein
levels were significantly (P < 0.001) increased by 0.9-fold and
1.1-fold in HFHC mice compared with the ND mice (0.5-fold
and 0.3-fold, respectively), while Acox1l and CptlA protein
levels were overexpressed to 1.2-fold and 1.5-fold in HFHC
mice treated with PR-PFD (Fig. 7 ¢ and d, P < 0.05).

Regarding Lxra protein levels expression, they were sig-
nificantly increased by 1.5-fold in the ventricular tissue of
HFHC mice compared with 0.6-fold of the ND mice
(Fig. 7 ¢ and d, P < 0.01). However, Lxrx protein
levels were slightly decreased in HFHC mice treated
with PR-PFD (Fig. 7 ¢ and d).

Srebpl protein level expression did not show significant
differences in HFHC mice compared with ND mice, neither
in HFHC mice treated with PR-PFD compared with HFHC
mice (Fig. 7 ¢ and d).

Discussion

The HFHC diet used in the present study has been reported to
induce obesity, body fat mass, systemic insulin resistance,
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fasting glucose, and NASH with fibrosis in male C57BL/6 J
mice [5]. We used the same animal model in order to evaluate
the impact of HFHC diet on ventricular tissue, and PR-PFD
potential effect on the cardiac hypertrophy and fibrosis pre-
vention under lipotoxicity phenotype.

C57BL/6 J mice developed obesity with increases in both
total weight and fat mass gain, and an insulin-resistant pheno-
type due to intake of HFHC diet for 16 weeks [4, 5]. PR-PFD
recuperated heart weight to body weight ratio. Wang et al.
reported that heart weight/body weight ratio decreased
by a chronic high fat diet [8] and reflects the cardiac
pathology [19].

The triglyceride accumulation in non-adipose tissues as the
myocardium is associated with inflammation, myocardial hy-
pertrophy, and fibrosis in obese conditions [7]. C57BL/6 J
mice displayed an increase in diacylglycerols when they were
fed with HFD [20], which impaired insulin action through
protein kinase C isoform activation [21]. A 2-fold increase
cardiac triglyceride content after 7 weeks of HFD has been
reported in rats [22]. We observed an increase of myocardial
lipids by 1.8-fold after 16 weeks of HFHC-feeding. We dem-
onstrated that PR-PFD treatment decreased lipids in heart of
HFHC mice. Furthermore, pirfenidone decreased hepatic lipid
accumulation in a mouse model of NASH by polarizing M2

Fig. 5 Histological analysis of PR-PFD effects on HFHC-induced cardi-
ac fibrosis. a, ¢, and e Representative microphotograph cross sections of
heart tissue showing endomysial and perimysial collagen network depo-
sition, stained by Masson’s trichrome and picrosirius red. Interstitial fi-
brosis and perivascular fibrosis are indicated by yellow arrows (a, ¢, e);
collagen fibers appeared at the eight week (a). b, d Histogram represen-
tation of collagen deposition of Masson’s trichrome stain. f, g Mice
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macrophages and by improving systemic insulin sensitivity
[23], and our own recent data are consistent with these find-
ings [17].

Obesity leads to myocardial hypertrophy and increases car-
diomyocyte size, which has been proposed as the gold stan-
dard for diagnosing this pathology [8, 24]. HFD induces myo-
cardial hypertrophy and fibrosis [8]. Cardiac hypertrophy is
induced in male C57BL/6 J mice fed with high-fructose diet
for 10 weeks, and these mice showed increased of desmin and
troponin I protein levels [25]. In addition, C57BL/6 mice fed
with HFD for 6 weeks exhibited an increase of plasma cardiac
troponin I [26]. We found increased expression of desmin
mRNA levels and troponin I protein levels in HFHC mice,
and PR-PFD reduced these markers of cardiac hypertrophy.
The «-SMA protein expression was found increased in cardi-
ac fibrosis induced by pressure-overloaded hearts and myo-
cardial infarction, and pirfenidone reduced it [15, 16]. Other
well-known fibrosis markers are Tgff31, Col I, and Col III,
including Timpl. For instance, Timpl deficiency reduces
myocardial fibrosis in both models of cardiomyopathy in-
duced by pressure-overloaded hearts and myocardial infarc-
tion [27]. Our obese C57BL/6 J mice overexpressed x-SMA
protein levels and mRNA levels of Tgf31, Timpl, Col I, and
Col III in cardiac tissue with fibrosis, and PR-PFD decreased
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Data are expressed as mean = SEM. For group comparisons (n = 35/
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these fibrosis markers in the ventricular tissue of obese mice.
Taken together, these results confirm the anti-fibrotic effect of
pirfenidone reported in different preclinical and clinical stud-
ies [13-16], including mouse models of nonalcoholic
steatohepatitis [17, 18, 23].

It is important to note that HFD increases NF-kB activity in
mice [28], and NF-kB activation induced by saturated fatty
acid coincides with insulin resistance [29]. Mechanistically,
TNF-x and free fatty acids activate intracellular kinases in
order to induce phosphorylation of IRS proteins, thus attenu-
ating insulin signaling and inducing insulin resistance [30].
Fibrotic cardiomyopathy is characterized by inflammation
[11], and Ppare and Ppary activation attenuates this patholog-
ical process through inhibition of NF-kB and TNF-« in car-
diac muscle [9, 10]. HFHC mice showed neutrophilic inflam-
matory foci formation; TNF-oc mRNA and NF-«kB protein
levels increased, and PR-PFD reduced these markers of in-
flammation, probably due to its anti-inflammatory effects
[31], suppression of NF-kB activity [32], and reduction of
myocardial triglyceride content.

Pparoc has been implicated in the regulation of oxidative
stress [10]. In our HFHC mice, no changes statistically signif-
icant of Sodl mRNA levels were found compared with ND
mice. In cardiac tissue of C57BL/6 J mice fed with HFD, Sod1
protein levels were expressed similarly to mice fed with con-
trol diet [33].

Data of PPAR pathway activation and expression on ven-
tricular hypertrophy are conflicting. In diabetic cardiomyopa-
thy and in chronic exposure to free fat acids, Ppara expression
was found reduced [11]. Studies in humans suggest that Pparc
expression is not significantly altered in cardiac tissue of T2D
patients [11]. We found that Pparx and Ppary protein levels
were not significantly changed in HFHC mice when they were
compared with ND mice. Agonists of Pparx and Ppary reduce
free fatty acids and triglyceride levels in experimental animals
and subjects with T2D [9, 10, 17, 34, 35]. Similar to PR-PFD,
these agonists as gemfibrozil, including thiazolidinedione
drugs, which are antidiabetic agents and ligands for Ppara
and Ppary activation, respectively, can enhance insulin sensi-
tivity [9, 10, 17, 34, 35]. Gemfibrozil is used in clinical prac-
tice, but their utility is limited because just protect against
CVDs in a modest fashion, and thiazolidinedione is used clin-
ically to treat dyslipidemia and T2D [10]. In 2014, pirfenidone
was recommended by the US Food and Drug Administration
(FDA) for the treatment of idiopathic pulmonary fibrosis [36].

The cardioprotective and anti-fibrotic effects of PR-PFD in
obese mice might be due to Pparc and Ppary protein overex-
pression. Pparoc and Ppary activators attenuate cardiac fibrosis
in T2D and hypertensive rats [37, 38]. Pparx is a lipid-
sensitive receptor and drives the expression of Acoxl and
Cptl A, which are involved in the fatty acid (3-oxidation.
C57BL/6 J mice fed with HFD for 1 week exhibited increased
Acox] mRNA levels in the heart [33]. We also found an

increase of Acoxl and Cptla protein expression in HFHC
mice.

Pgcla promotes fatty acid (3-oxidation by functioning as a
coactivator for Pparx and for others PPARs, and regulates
mitochondrial biogenesis. The Pgcla transcription is reduced
in skeletal muscle and adipose cells of obese subjects; consis-
tent with this, myocytes were treated with palmitate decreased
Pgcla expression [39]. Pgcla overexpression on heart tissue
led to an increase of Cptlb mRNA levels and the expression
of genes involved in oxidative phosphorylation [39].

Ppary agonist rosiglitazone, an insulin-sensitizing drug,
increased liver Pgcla and CptlA proteins; meanwhile,
Pparoc agonist WY-14,643 increased Cptl A and Acox1 pro-
teins, when male Wistar rats were fed with low-fat standard
chow diet by 12 days [40]. Both PPAR agonists decreased
heart free fatty acids [40]. We also found in HFHC mice
treated with PR-PFD a significant increase of Pgcla mRNA
levels and Acox1 and CptlA protein levels.

Mechanistically, Pparo and Ppary agonists upregulate the
heme-oxygenase (HO)-system, and its products such as car-
bon monoxide, bilirubin, biliverdin, and ferritin are implicated
in the improvement of insulin sensitivity, lipid, and glucose
metabolism, including inflammation and oxidative stress [12].
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Fig. 6 Effects of HFHC diet and PR-PFD on the mRNA levels expres-
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Data are expressed in bar diagrams as mean + SEM. For group compar-
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analysis. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. ND; P <0.05
and P < 0.001 vs. HFHC
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Fig. 7 Evaluation of
inflammation, oxidative stress,
myocardial damage, and lipid
metabolism-related genes.
Western blotting image and
quantitation of NF-kB, Nrf2,
troponin I (a, b); and Pparc,
Ppary, Acoxl, CptlA, Lxra,
and Srebpl (¢, d) using cardiac
protein extracts of ventricular tis-
sue. Band intensities were mea-
sured and are shown in the histo-
grams. Data are expressed as
mean + SEM. For group compar-
isons (n = 5/group),

one-way ANOVA followed by
Tukey’s post hoc analysis.

#*P < 0.01 and ***P < 0.001 vs.
ND; *P < 0.05, P < 0.01, and
##p < 0.001 vs. HFHC

HO-1 is the inducible form, and improves insulin resistance
and dyslipidemia in a mouse model of obesity [41]. HO-1
upregulates expression of Pgcla to increase mitochondrial

Fig. 8 Schematic diagram
illustrating the potential
cardioprotective effects of PR-
PFD, which shows the Pparc,
Ppary, Acox1, and CptlA protein
overexpression and prevents
cardiac steatosis and
inflammation as well as cardiac
hypertrophy and fibrosis,
including systemic insulin
resistance induced by HFHC diet
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the HO system potentiates Pparax and Ppary effects
[12]. Given that Pparx and Ppary agonists are implicat-
ed in the lipid and carbohydrate metabolism, it is pos-
sible that HO-1 may be involved in the cardioprotective
mechanism of PR-PFD to prevent cardiac steatosis and
fibrosis in HFHC mice. Therefore, we considered to
further analyze the PR-PFD effects on HO-1 in ventric-
ular tissue of obese mice. Here, we have explored the effects
of PR-PFD in the prevention and treatment of obesity-induced
cardiac steatosis and fibrosis; a summary of the
cardioprotective effect induced by PR-PFD is illustrated
(Fig. 8). We need to further explore the mechanism of the
effect of PR-PFD in obese mice model with heart-specific
Pparoc and Ppary knockout animals.

Limitations

We acknowledge that the absence of data related to effects of
PR-PFD on cardiac function and left ventricular wall thick-
ness is a limitation of this study. Park et al. reported in C57BL/
6 mice that ventricular fractional shortening declined signifi-
cantly after 20 weeks of HFD compared with ND.
Furthermore, the left ventricular posterior wall thickness at
end-diastole was significantly increased in mice after 20
weeks of HFD compared with after 3 weeks of HFD, and it
was not changed after 20 weeks of ND [6].

Conclusions

In summary, our data demonstrate for the first time that PR-
PFD prevents cardiac steatosis in C57BL/6 J mice with obe-
sity and NASH, improving insulin sensitivity, inflammation,
cardiac hypertrophy, and fibrosis, including the upregulation
of Ppara, Ppary, Acoxl, and Cptl A genes. Our results give
new insights into the cardioprotective effect of PR-PFD for
the prevention and treatment of obesity-induced cardiac hy-
pertrophy and fibrosis.
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