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ARTICLE INFO ABSTRACT

Keywords: Fenofibrate, a PPAR-u agonist clinically used to lower serum lipid levels, reduces cardiac remodeling and im-
Fenofibrate proves cardiac function. However, its mechanism of action is not completely elucidated. In this study we
Hypertension

examined the effect of fenofibrate on mitochondria in a rat model of renovascular hypertension, focusing on
mediators controlling mitochondrial dynamics and autophagy.

Rats with two-kidney one-clip (2K1C) hypertension were treated with fenofibrate 150 mg/kg/day (2K1C-FFB)
or vehicle (2K1C-VEH) for 8 weeks. Systolic blood pressure and cardiac functional were in-vivo assessed, while
cardiomyocyte size and protein expression of mediators of cardiac hypertrophy and mitochondrial dynamics
were ex-vivo examined by histological and Western blot analyses.

Fenofibrate treatment counteracted the development of hypertension and the increase of left ventricular mass,
relative wall thickness and cross-sectional area of cardiomyocytes. Furthermore, fenofibrate re-balanced the
expression Mfn2, Drpl and Parkin, regulators of fusion, fission, mitophagy respectively. Regarding autophagy,
the LC3-1I/LC3-I ratio was increased in 2K1C-VEH and 2K1C-FFB, whereas the autophagy was increased only in
2K1C-FFB.

In cultured H9C2 cardiomyoblasts, fenofibrate reversed the Ang II-induced mRNA up-regulation of hyper-
trophy markers Nppa and Myh7, accumulation of reactive oxygen species and depolarization of the mitochon-
drial membrane exerting protection mediated by up-regulation of the Uncoupling protein 2.

Our results indicate that fenofibrate acts directly on cardiomyocytes and counteracts the pressure overload-
induced cardiac maladaptive remodeling. This study reveals a so far hidden mechanism involving mitochon-
drial dynamics in the beneficial effects of fenofibrate, support its repurposing for the treatment of cardiac hy-
pertrophy and provide new potential targets for its pharmacological function.

Cardiac hypertrophy
Mitochondrial dynamics
Oxidative stress

1. Introduction sympathetic nervous system. According to the expert consensus,

angiotensin-converting enzyme inhibitor (ACEI) and angiotensin re-

Hypertension is a major independent risk factor for cardiovascular
morbidity and mortality (Egan, 2010; Frohlich, 1999) since it induces
cardiac remodeling associated with left-ventricular hypertrophy leading
to heart failure (Roger, 2013). Hypertension-induced cardiac hypertro-
phy is a complex pathological process, and involves multiple cellular
events and molecular mechanisms, which are not well understood.

Currently, there are several pharmacological strategies that are
effective for partial regression of cardiac hypertrophy by minimizing the
neurohumoral activation involving renin-angiotensin system and

ceptor blockers (ARBs) are recommended as 1st-line therapeutic drugs
(Chen et al., 2020). Angiotensin receptor-neprilysin inhibitors (Martens
et al., 2018) and sodium-glucose cotransporter-2 (SGLT2) inhibitors
(Brown et al., 2020) have been reported to be effective in reducing
cardiac hypertrophy. Compared with other therapies, p-blockers are less
effective in reversing hypertrophy, and several studies found no effect
on reverse remodeling (Martin et al., 2023). Calcium channel blockers
have only limited additional benefit (Fak et al., 1996), but improve their
effectiveness when used as an add-on treatment with RAAS antagonists
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or thiazide diuretics (Ahmed et al., 2020; Sun et al., 2011). Modest
reverse remodeling has also been observed with cardiac myosin in-
hibitors and mTOR inhibitors (Paoletti et al., 2012; Saberi et al., 2021).
Finally, PDE5 inhibitor sildenafil added to RAAS inhibition and
B-blockade increases hypertrophy regression (Guazzi et al., 2011).

Despite existing pharmacological therapies ensure an improved
health outcomes and regression of cardiac hypertrophy, a subset of pa-
tients are non-responding and full normalization of left ventricular mass
in most patients does not occur even after years of treatment (Cuspidi
et al., 2006). Many factors could have a role in determining whether and
to what extent reverse remodeling occurs with existing therapies.

Among them, mitochondrial dysfunction has been indicated as a
potential and important player in the development of cardiac hyper-
trophy (Torrealba et al., 2017). Growing evidence suggested that
changes in “mitochondrial dynamics”, which refers to processes of
mitochondrial fusion, fission, biogenesis and mitophagy, may act as
mechanisms for bioenergetic adaptation during cardiac pathological
remodeling (Vasquez-Trincado et al., 2016). Unbalances of mitochon-
drial dynamic together with altered mitophagy were showed to play a
functional role in the progression of cardiovascular diseases, such as
myocardial infarction and hypertrophy (Hasan et al., 2018; Nah et al.,
2017). Thus, mitochondrial dynamics is currently suggested as potential
new therapeutic target, but its pharmacological modulation to improve
cardiac remodeling requires further studies.

Of note, hypertrophic stimuli, including hypertension, induce down-
regulation of peroxisome proliferator-activated receptor-a (PPARa) in
cardiomyocytes and this is associated with a shift in energy substrate
preference from fatty acid to glucose (Ismael et al., 2015), while tar-
geting PPARa was suggested as potential option for the prevention of
cardiac hypertrophy (Kar and Bandyopadhyay, 2018).

The agonists of PPAR-a receptor are currently used in clinical
treatment of hypertriglyceridemia and type III hyperlipidaemia. In
addition to lipid regulation, PPAR-a activation have shown anti-
atherogenic potential by inhibition of vasculature inflammatory re-
sponses, as the cytokine-induced vascular cell adhesion molecule-1
(VCAM-1), thus limiting the recruitment of inflammatory cells to the
activated endothelium (Marx et al., 1999). In addition, the vaso-
protective effects of PPARa activation is achieved by enhancing endo-
thelial nitric oxide (NO) synthase expression and NO release (Omura
et al., 2001). Several animal studies of myocardial infarction reported
beneficial effects of PPARa agonists by reducing infarct sizes and
improving cardiac function (Wagner and Wagner, 2020), suggesting a
role of PPAR-« agonists in the myocardial infarction. However, the ab-
solute treatment effects of fibrates in the primary prevention of car-
diovascular events appear to be modest and only in specific high-risk
populations, in patients with type 2 diabetes mellitus and dyslipidemia
(Keech et al., 2005; Rubins et al., 1999). In cardiac hypertrophy, PPARa
could negatively regulate the cardiomyocyte hypertrophy by
down-regulation of myocardial lipid and glucose metabolism (Zou et al.,
2013), inhibition of PI3K/Akt/mTOR signaling pathways (Balakumar
etal., 2019), regulation of nuclear HMGB1 expression (Jia et al., 2014a),
reduction of ADAM17 (a disintegrin and metalloproteinase-17) expres-
sion (Zeng et al., 2018) and inactivation of adiponectin (Jen et al.,
2017). However, other possible molecular mechanisms regulating the
inhibition of cardiomyocyte hypertrophy by activated PPAR«a remain to
be elucidated, in particular the prevention of mitochondrial impairment,
as suggested (Castiglioni et al., 2018a; Kar and Bandyopadhyay, 2018).
Relevantly, a study showed for the first time that cardiac-specific
over-expression of PPARa induces a substantial restoration of mito-
chondrial structural integrity and function in models of cardiac hyper-
trophy (Rana et al., 2019).

The two-kidney one-clip (2K1C) rat model, developed by Goldblatt
(Goldblatt et al., 1934), is commonly used as an experimental model for
the study of renovascular hypertension. In this model, the partial oc-
clusion of one renal artery induces an increased renin secretion and,
consequently, hyper-activation of renin-angiotensin-aldosterone system
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(RAAS), persistent increase in blood pressure and cardiac hypertrophy
(Martinez-Maldonado, 1991; Thone-Reineke et al., 2003). In this animal
model, the activation of PPARa by fenofibrate has been shown to
attenuate hypertension (Sporkova et al., 2017), while the increased
expression of myocardial PPAR« is one of the possible mechanisms by
which apigenin improves cardiac hypertrophy (Zhu et al., 2016).
However, to the best of our knowledge, no study has assessed the effects
of fenofibrate on cardiac tissue in 2K1C hypertensive rats.

This study tested the possibility that treatment with fenofibrate
blunts the development of 2K1C hypertension-associated left ventricular
remodeling. In particular, we evaluated, in these hypertensive rats, the
effect of fenofibrate on cardiac dysfunction, fibrotic processes, car-
diomyocyte size and protein expression of endogenous mediators
regulating cardiac hypertrophy In addition, we assessed the protein
expression of key regulators of mitochondrial dynamics and mitophagy/
autophagy, to identify possible novel mechanisms involved in the car-
dioprotection of fenofibrate and to provide the basis for potential targets
in the treatment of cardiac hypertrophy.

2. Materials and methods
2.1. Experimental protocol

The procedures concerning animal care, surgery and euthanasia
were carried out in accordance with Italian laws and with the current
European Union Council (2010/63/UE) guidelines for the use of labo-
ratory animals in chronic studies. The study was approved and autho-
rized by the National Ministry of Health and University of Milan
Committee (Approval number 778/2015-PR).

This study involved 7 weeks old male Wistar Kyoto rats (WKY, n =
36) (Charles River, Germany) (Fig. 1). Renovascular hypertension was
induced with the 2-Kidney 1-Clip method (Zhu et al., 2009) (2K1C, n =
27) (TO). Briefly, rats weighing 180-200 g were anaesthetized by
intraperitoneal injection of sodium pentobarbital (40 mg/kg). After a
retroperitoneal flank incision, the left renal artery was separated from
the renal vein by blunt dissection and then partly occluded by placing a
U-shaped silver clip with an internal diameter of 0.20 mm. The
normotensive sham-operated (n = 9) rats underwent the same proced-
ure, without application of the silver clip. Operation time per animal did
not exceed 15 min, during which the body temperature was continu-
ously monitored and maintained at 37 + 0.5 °C until awakening. Three
2K1C rats died within 1 week after surgery.

After four weeks (T1), blood was collected from tail vein and systolic
arterial blood pressure (SBP) was measured, in order to confirm the
onset of hypertensive condition (compared to sham-operated rats). In
line with literature(da Silva et al., 2021; Gutsol et al., 2022; Smith and
Bishop, 1986) and supported by our previous unpublished data, the
2K1C rats with SBP >140 mm Hg were included in the study. Nine 2K1C
rats were instead excluded because SBP did not meet our inclusion
criterion.

All the rats included into the study (2K1C, n = 15 and sham-
operated, n = 9) underwent a cardiac magnetic resonance imaging
(cMRI) analyses to determine cardiac parameters before starting treat-
ment, and then the 2K1C rats (n = 15) were randomly assigned to each
experimental group using the Microsoft excel RAND.BETWEEN function
and treated orally by gavage for 8 weeks with vehicle (1% carbox-
ymethyl cellulose) (2K1C-VEH, n = 8) or fenofibrate (FFB; Sigma-
Aldrich, Germany) 150 mg/kg/day (2K1C-FFB, n = 7).

At the end of experimental protocol (T2, 12 weeks after surgical
procedures, which also correspond to 8-week treatment), blood was
collected from tail vein and SBP measurement and ¢cMRI were per-
formed. Then, rats were euthanized after administration of mixture of
xylazine hydrochloride (10 mg/kg) and ketamine hydrochloride (90/
mg/kg), and hearts were quickly removed and divided in two axial slices
of about 2-mm-thickness at mild papillary level. One slice was frozen at
—80 °C for Western blot analysis, while the other one was fixed in 10%
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Fig. 1. Study protocol. After a period of acclimatization, thirty-six WKYs were assigned to two experimental groups (day 0). Twenty-seven (2K1C) rats were
subjected to a two-kidney, one-clip (2K1C) model, whereas nine rats were sham-operated.

At week 4 (T1), blood was collected and systolic arterial blood pressure (SBP) and cardiac MRI analysis were performed. Fifteen 2K1C untreated rats with systolic
blood pressure (SBP) > 140 mm Hg were included in the study, randomized into 2 subgroups treated orally by gavage for 8 weeks with vehicle (1% carboxymethyl
cellulose) (2K1C-VEH, n = 8) or fenofibrate (150 mg/kg/day, 2K1C-FFB, n = 7). At the end of the experiment (week 12, T2), rats were subject to cMRI and SBP

measurements, and blood and hearts were collected for ex-vivo analysis.
formalin (Merck, Germany) overnight at 4 °C for histological analysis.
2.2. Systolic blood pressure measurement

Systolic arterial blood pressure was measured in rats by means of
tail-cuff plethysmography (BP-2000, Visitech Systems, USA). In detail,
conscious rats were restrained on a heated plate at 37 °C. Cuffs were set
up at the base of the tails and connected to a data acquisition system.
The rats from all experimental groups were trained to the restraint at
least three times in one week before the baseline measurements. At least
three consecutive pressure determinations were made for each animal
and the average of these was recorded as the SBP for that animal.

2.3. Cardiac magnetic resonance imaging (MRI) experiments
Cardiac magnetic resonance imaging was performed using a 4.7T

vertical-bore MR magnet (Bruker spectrometer AMX3 with micro-
imaging accessory, Germany). Anesthesia was induced by exposing

rats to 3% isoflurane (Merial, France) in 0.4 ml/min of O5 and 2.0 ml/
min of Ny in an induction chamber. Rats were then fixed on a holder,
anaesthetized with inhaled 1% isoflurane, and placed into the vertical,
15-cm bore spectrometer equipped with a 6.4 cm diameter birdcage coil.
During the acquisitions, the respiration was monitored.

A series of scout images were first acquired to define landmark points
for the acquisition of the long-axis 4 chamber view and then, orthogo-
nally to it, the short-axis sections (Franzosi et al., 2011).

The images were acquired using a retrospective gated cine gradient
echo sequence with the following parameters: echo time (TE) 1.91 ms;
repetition time (TR) 10.75 ms, field of view 4 x 4 crnz; acquisition
matrix 128 x 128 pixels; slice thickness 2 mm; 6-8 axial slices spaced
1.8 mm to fully cover the left ventricle (LV). The MR data were acquired
in multiple contiguous short-axis slices, using 12 frames for every car-
diac cycle.

Then, the images were analyzed using custom software implemented
in Python, along the lines of Franzosi et al. (2011) in order to obtain LV
parameters as end-diastolic (LV EDV), end-systolic (LV ESV) and stroke
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volumes (LV SV), ejection fraction (LV EF), mean internal systolic and
diastolic diameters, mean diastolic and systolic wall thicknesses (LV
ThWd and LV ThWs) and derived MRI relative wall thickness (RWT) and
LV mass.

Briefly for each frame the short-axis images were cropped manually
selecting a region of interest (ROI) surrounding the LV on the end-
diastolic frame. In each images the endocardial border was manually
detect, then the area of the LV cavity was computed. For each short-axis
slice an Area max and Area min were detected as the frames with
maximum and minimum number of pixel, respectively. End diastolic
and end systolic volumes (LV EDV and LV ESV) were then computed as
sum of Area max and Area min for each short-axis slice multiplied by the
slice thickness. Stroke volume (LV SV) and ejection fraction (LV EF)
were derived.

On mid papillary diastolic and systolic frames, epicardial borders
were manually traced and 18 concentric rays were obtained starting
from a point manually placed at the junction between the right ven-
tricular free wall and the interventricular septum. Systolic and diastolic
internal diameters were computed as 2 * mean distance between
endocardial border and centroid; diastolic and systolic wall thickness
(LV ThWd and LV ThWs) as mean distance between the endocardial and
epicardial borders along the eighteen consecutive rays. Relative wall
thickness and LV mass were computed.

2.4. Plasma renin activity determination

Plasma renin activity (PRA) was determined by incubating plasma
samples at 37 °C for 1 h, and using a commercial radioimmunoassay kit
to measure the generated angiotensin I, which was expressed as ng/ml
per h. As plasma renin concentrations are extremely low, a sensitive and
reproducible plasma renin test can only be made by means of the PRA
radioimmunoassay (Sealey et al., 2005).

2.5. Western blot analysis for protein expression

Myocardial LV samples were pulverized in liquid nitrogen, and then
a portion (60-90 mg) was homogenized by dispenser (T 25 ULTRA-
TURRAX - IKA, Germany) on ice in 10 vol of RIPA lysis buffer (150
mM NaCl, 10 mM, Tris, pH 7.4, 5 mM EDTA, 0.1% SDS, 1% sodium
deoxycholate and 1% Triton X-100) added with protease inhibitors
(Roche Diagnostics, Germany) and phosphatase inhibitors (Sigma-
Aldrich, Germany) according to manufacturer’s instructions. The ho-
mogenates were spin (13.000 rpm for 15 min at 4 °C) and the super-
natants were collected and assayed for protein quantification by
Bradford method (Bradford, 1976). Aliquots of the protein extracts were

Table 1
List of primary antibodies used for Western blot analysis.
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separated into single-use samples and stored at —80 °C until use.

An aliquot of 70-90 pg of protein from each sample was separated on
8-15% SDS-polyacrylamide gel by electrophoresis and then transferred
to nitrocellulose membranes using iBlot 2 Dry Blotting System (Thermo
Fisher Scientific, USA). The membranes were reversibly stained with
Ponceau S and then blocked with 5% non-fat dry milk in TBS-TWEEN 20
0.1% at room temperature for 1 h. Subsequently, the membranes were
incubated with specific primary antibodies (Table 1) overnight at 4 °C
with gentle shaking. Next, the membranes were washed and incubated
with goat anti mouse HRP-labeled secondary antibody (Bio-Rad Labo-
ratories, USA) (1:2500 in 5% non-fat dry milk in TBS-TWEEN 20 0.1%)
or with goat anti rabbit HRP-labeled secondary antibody (Sigma
Aldrich, Germany) (1:2500 in 5% non-fat dry milk in TBS-TWEEN 20
0.1%) at room temperature for 2 h.

Membranes are horizontally cut to probe proteins with different
molecular weights. Images of the original membranes were provided as
supplementary data. When a single blot was analyzed sequentially with
multiple antibodies, the first primary and secondary antibodies were
removed by using stripping buffer (100 mM 2-mercaptoethanol, 2% (w/
v) SDS, 62.5 mM Tris-HCl, pH 6.7.) for 45 min at 50 °C, and subse-
quently incubated with additional primary and secondary antibodies.
The blots were visualized using ECL solution (Cyanagen, Italy).

Finally, the reaction products were densitometrically quantified
using an Odyssey imaging system (LI-COR Biosciences, USA) and Image
J software. The ratio of the protein of interest was subjected to GAPDH,
which acted as the internal control in the experiments.

2.6. Histological analysis

Axial sections of 4-pm-thickness were prepared from paraffin-
embedded cardiac tissue fixed in 10% formalin (Merck, Germany) and
mounted on glass slides.

After de-paraffinization and re-hydration, cardiac sections were
stained with standard hematoxylin-eosin and Sirius red F3BA (0.5% in
saturated aqueous picric acid) (Gelosa et al., 2011) to evaluate media:
lumen ratio of cardiac vessels and perivascular fibrosis, measured as
ratio of the media area to the lumen area and as ratio of the fibrosis area
surrounding the vessel to lumen area, respectively.

About 20 fields (648 pm x 864 pm), acquired using Axioskop (Zeiss,
Jena, Germany) and Canon digital camera (Eos 40D, Japan), were
randomly selected from three sections for each rat and recorded. Only
vessels that appeared circular on cross section and with lumen diameter
less than 100 pm were analyzed.

To assess cardiomyocyte cross sectional area, three sections for each
rat were incubated overnight at 4 °C with wheat germ agglutinin (WGA)

Antigen Host dilution polyacrylamide Company catalogue number
gel

Akt mouse 1:1000 10% Cell Signaling (MA, USA) 2920

p-Akt rabbit 1:500 10% Cell Signaling (MA, USA) 4060

GSK3-a/p rabbit 1:1000 10% Cell Signaling (MA, USA) 5676

p-GSK3-p mouse 1:500 10% Cell Signaling (MA, USA) 14630

ERK1/2 rabbit 1:1000 10% Cell Signaling (MA, USA) 9102

p-ERK1/2 mouse 1:500 10% Cell Signaling (MA, USA) 9106

AMPK mouse 1:1000 10% Cell Signaling (MA, USA) 2793

p-AMPK rabbit 1:500 10% Cell Signaling (MA, USA) 2535

Drpl rabbit 1:500 8% Novus biologicals (CO, USA) NB110-55237

Mfn2 rabbit 1:1000 9% Cell Signaling (MA, USA) 9482

Parkin rabbit 1:500 10% Cell Signaling (MA, USA) 2132

beclin-1 rabbit 1:1000 10% Cell Signaling (MA, USA) 3738

LC3A/B rabbit 1:1000 15% Cell Signaling (MA, USA) 4108

p62 rabbit 1:1000 10% Sigma-Aldrich (MO, USA) P0067

UCP2 rabbit 1:500 10% Proteintech (IL, USA) 11081-1-AP

mTOR mouse 1:1000 6.5% Cell Signaling (MA, USA) 4517

p-mTOR rabbit 1:500 6.5% Cell Signaling (MA, USA) 5536

GAPDH rabbit 1:500 10% Santa Cruz (CA, USA) sc-25778
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conjugated to Alexa Fluor 488 (1:100; Invitrogen Carlsbad, CA, USA).
Sections were then rinsed with PBS and nuclei were counterstained with
Hoechst 33258. Immunofluorescence images (324 pm x 432 pm) were
acquired at fixed exposure times using Axiovert 200M (Zeiss, Jena,
Germany). Lines were drawn to delineate the border of each cell ac-
cording to WGA staining that highlights the cell membrane, then the
area within the border of transversally sectioned cardiomyocytes with
circularity greater than 0.6 and round nuclei, were automatically
calculated (Castiglioni et al., 2018a). Mean area was evaluated by
measuring 150-200 cells per heart.

All quantitative analyses were performed using ImageJ, an open
source software, by an investigator blinded to the experimental groups
(n = 4 animals/group).

2.7. Culture of cardiomyocytes

In order to better elucidate the direct effect of fenofibrate treatment
on cardiomyocyte, in vitro experiments were performed on H9C2 cell
line, reported to be energetically similar to primary cardiomyocytes
(Kuznetsov et al., 2015). The embryonic rat cardiomyocyte cell line
H9C2 (H9¢2(2-1) (ATCC® CRL-1446™)) were grown in culture medium
(DMEM, Dulbecco’s Modified Eagle Medium, 4.5 g/l D-glucose, 4 mM
I-glutamine, 25 mM Hepes, plus penicillin 100U/ml and streptomycin
100 pg/ml) supplemented with 10% of fetal bovine serum (FBS) in a
humidified incubator with 5% CO; at 37 °C. Cells between passages
45-48 were used. For all the experiments, when the cells reached 70% of
confluence, the medium was substituted with DMEM (4.5 g/1 D-glucose,
4 mM l-glutamine, 25 mM Hepes, 1% of penicillin/streptomycin)
without FBS, to put the cells under starvation condition for overnight
period. Then, cardiomyocytes were stimulated with Ang II (1 pM)
(Sigma Aldrich, Germany) and treated with fenofibrate (0.1 uM) for 24
h. In detail, for 24 well plates, 7.5 pl of Ang II (100 pM in sterile water)
and/or 0.75 pl of fenofibrate (100 pM in DMSO/PBS 0.01M (50/50,
v/v)) were added to 750 pl of culture medium, whereas for 6 well plates
30 pl of Ang II (100 pM in sterile water) and/or 3 pl of fenofibrate (100
puM in DMSO/PBS 0.01M (50/50, v/v)) were added to 3 ml of culture
medium without FBS.

For control condition the same volume of vehicles was added. For
each analysis three independent experiments were performed.

2.8. Lactate dehydrogenase (LDH) leakage

Cytotoxicity was evaluated by detecting plasma membrane damage
using commercially available LDH-estimation (Cytotoxicity detection
Kit, Roche Diagnostic, GmbH, Mannheim, Germany). According to the
manufacturer’s instructions, cell-free culture supernatants were mixed
with lactate dehydrogenase (LDH) reaction mixture and incubated for
30 min at room temperature. The absorbance was measured at 490 nm.

2.9. Measurement of cell surface area and UCP2 expression

H9C2 cardiomyocytes grown on 13 mm cover slides in 24 well plates
were fixed with 4% paraformaldehyde for 10 min. Cells were per-
meabilized with Goat Serum Dilution Buffer (GSDB: 450 mM NaCl, 20
mM sodium phosphate buffer, pH 7.4, 15% goat serum, 0.3% Triton X-
100) for 15 min. For measurement of cardiomyocytes surface area,
labelling was performed incubating cells for 1 h at room temperature
with Phalloidin-iFluor 488 (1:500 in GSDB, Abcam, Cambridge, United
Kingdom). For UCP2, the staining for phalloidin was performed in
colocalization with rabbit anti UCP2 (1:40 in GSBD, Proteintech, Man-
chester, UK). Secondary antibody goat anti rabbit biotin labeled (1:500
in GSDB, PerkinElmer, Monza, Italy) was applied for 2 h at room tem-
perature.The signal intensity was enhanced using the High Sensitivity
Tyramide Signal Amplification kit (PerkinElmer, Monza, Italy)
following the manufacturer’s instructions.

Nuclei were labeled using Hoechst 33258 (1:20,000, Life
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Technologies, Carlsbad, CA, USA). Cover slides were finally mounted
with a fluorescent mounting medium (Dako, Glostrup, Denmark) and
analyzed under a fluorescence microscope.

Fluorescence was analyzed using a confocal microscope A1R; Nikon,
Tokyo, Japan). At least five randomly selected areas (883.88 pm x
883.88 pm for CSA, and 319.5 pm x 319.5 pm for UCP2) were chosen
per cover slip (n = 3 per each group), and 10-20 cells were randomly
selected in each area. Cell surface areas and positive area for UCP2 were
measured using ImageJ software. Data were expressed as % of UCP2
positive area/cell surface area.

2.10. Measurement of ROS production

The presence of intracellular ROS was detected using dihydroethi-
dium (DHE, Sigma Aldrich, Germany), a sensitive fluorescent dye. Ac-
cording to the manufacturer’s instructions, sub-confluent cells grown on
cover slides were incubated with 10 pM DHE at 37 °C for 30 min. Cover
slides were mounted with a fluorescent mounting medium (Dako,
Glostrup, Denmark) and fluorescence was captured with a confocal
microscope A1R; Nikon, Tokyo, Japan). At least five randomly selected
areas (880.65 pm x 880.65 pm) were chosen per cover slip (n = 3 per
each group). DHE positive area were measured using ImageJ software.
Data were expressed as % of DHE positive area/nuclear surface area.

2.11. Mitochondrial membrane potential assay

The mitochondria-specific cationic dye JC-1 (5, 5, 6, 6"-tetrachloro-
1, 1, 3, 3-tetraethylbenzi-midazol-carbocyanine iodide; Invitrogen
Carlsbad, CA, USA) was used to detect mitochondrial membrane po-
tential. As previously described (Castiglioni et al., 2018a), cells grown
on 13 mm cover slides in 24 well plates were incubated with medium
containing freshly prepared 5 pg/mL of JC-1 dye for 30 min at 37 °C.

The fluorescent signal was captured using a confocal microscopy
(A1R; Nikon, Tokyo, Japan). The fluorescence red (emission at 590 nm)
indicates membrane potential-dependent JC-1 aggregates in normal
mitochondria. Green fluorescence (emission at 527 nm) reflects the
monomeric form of JC-1 appearing in the cytoplasm after mitochondrial
membrane depolarization in damaged mitochondria. Mitochondrial
depolarization is indicated by a decrease in the red/green fluorescence
intensity ratio. Red and green ratios were obtained using the pixel in-
tensity tool within ImageJ software(Castiglioni et al., 2018a). At least
five randomly selected areas (880.65 pm x 880.65 pm) were chosen per
cover slide (n = 3 per each group).

2.12. RNA Isolation and quantitative RT-PCR

Total RNA from cells grown in 6 well plates was extracted with
Direct-zol RNA microprep (Zymo-Research, Irvine, CA) according to
manufacturer’s instructions. RNA samples were quantified with a GE
Healthcare NanoVue Plus UV-Vis Spectrophotometer and 1 pg of RNA
was reversely transcribed into cDNA by using SensiFAST™ cDNA Syn-
thesis Kit (Meridian Bioscience Cincinnati, Ohio). A quantitative PCR
was carried out by SsoAdvancedTM Universal SYBR Green Supermix
(Bio-Rad) using Bio-Rad CFX Connect real-time System (Bio-Rad). Each
experiment was run in triplicate and changes in mRNA levels were
expressed as 2-AACt values and presented relative to the mean of the
RPL13a reference gene. Sequences of the PCR primers are shown in
Table 1, and PCR conditions were set as follows: initial denaturation at
95 °C for 3 min, followed by 39 cycles at 95 °C for 10 s and 60 °C for 30 s.

2.13. Statistical analysis

Statistical analyses were performed using R (http://www.R-project.
org). For all analyses at T1, before drug administration, an Helmert “a
priori” orthogonal contrast was used to compare sham-operated group
vs 2K1C untreated group in order to assess the effect of 4 weeks of renal
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clip, and 2K1C-VEH vs 2K1C-FFB to check for correct group randomi-
zation. At T2, a Bartlett test was conducted to assess homogeneity of
variances. One-way ANOVA parametric tests followed by a Tukey “post
hoc” analysis or Kruskal-Wallis non-parametric tests followed by Dunn’s
“post hoc” analyses were used accordingly. For in vitro studies, One-way
ANOVA parametric tests followed by Sidak multiple comparison “post-
hoc” analysis were used.

The data were expressed as mean + SEM. Differences with P < 0.05
were considered statistically significant.

3. Results
3.1. Fenofibrate improves hypertension and cardiac remodeling

After 4 weeks from renal stenosis, 2K1C rats showed a significant
increase in SBP compared to sham-operated rats (P < 0.001; Table 2).
After that, 8 weeks of fenofibrate treatment counteracted the further
increase of SBP occurring in 2K1C-VEH (P < 0.001 vs sham-operated and
P < 0.01 vs 2K1C-FFB). Instead, plasma renin activity (PRA) was not
different among groups at 4 weeks (Table 2), but it dramatically
increased in 2K1C-VEH rats, reaching 14.3 + 3.0 ng/ml/h at 12 weeks
from renal stenosis (P < 0.05 vs sham-operated). Treatment with feno-
fibrate partially prevented this increase (11.4 &+ 1.7 ng/ml/h; P = 0.53).

Then, we characterized the pressure overload-induced cardiac
remodeling under the present experimental settings by cMRI analysis
(Table 3 and Fig. 2). We found that at 4 weeks after renal stenosis, there
was a slight increase of LV diastolic wall thickness (P = 0.36) and
relative wall thickness (RWT) (P = 0.23) in 2K1C rats. However, at 12
weeks, 2K1C-VEH rats developed a significant increase in LV mass (P <
0.01) and wall thickness (P < 0.05 for both end-diastolic and end-
systolic) compared to sham-operated rats. Fenofibrate was able to
decrease LV mass (P < 0.01), wall thickening (P < 0.05 and P < 0.01 for
end-diastolic and for end-systolic, respectively) and RWT (P < 0.05)
compared to 2K1C-VEH rats. Along the experiment, no differences were
observed in LV end-diastolic volume (EDV), LV end-systolic volume
(ESV), stroke volume (SV) and ejection fraction (EF) among groups.

The protective effect of fenofibrate on cardiac remodeling is also
confirmed by the results of the cardiac histology (Fig. 3). In the heart of
2K1C-VEH rats, perivascular fibrosis was markedly increased versus
sham-operated rats (P < 0.05), which was partially decreased in
fenofibrate-treated rats (P = 0.069 vs 2K1C-VEH rats) (Fig. 3A). Feno-
fibrate was instead able to counteract the enhancement of medial wall
thickness of cardiac arteries (P < 0.05) (Fig. 3B). Next, wheat germ
agglutinin staining showed that fenofibrate treatment significantly (P <

Table 2
Physiological parameters.
Rats Body Weight PRA (ng/ml/h) SBP (mm Hg)
(€3]
T1 = 4w surgery
Sham-operated 9 323 +£11 434+03Mm=4) 122 + 4
2K1C 15 311 £ 10 52+0.8(n=28) 146 £ 2***
untreated
2K1C-VEH 8 305 £ 15 50+1.1(m=4) 147 + 3
2K1C-FFB 7 317 + 14 54+1.4(m=4) 146 £+ 2
T2 = 12w surgery and 8w FFB treatment
Sham-operated 9 374 £ 16 47+08m=4) 123+ 3
2K1C-VEH 8 381 £ 15 143+3.0(n=4) 179 +
% 1 3Ewntt

2K1C-FFB 7 373+ 14 11.4+1.7(m=4) 141 £ 2

Values are presented as mean + SEM. At T1 Helmert “a priori” orthogonal
contrast was performed to compare sham-operated group vs 2K1C untreated
group and to compare 2K1C-VEH vs 2K1C-FFB checking for unbiased random-
ization.

At T2 parametric one-way ANOVA followed by a Dunnet “post hoc” analysis or
non-parametric Kruskal-Wallis followed by Holm - Bonferroni “post hoc” ana-
lyses were used. For Dunnet test 2K1C-VEH group used as comparator. *p <
0.05, ***p < 0.001 vs Sham-operated and #*#p < 0.01 vs 2K1C-FFB.
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0.01) prevented the increased cross-sectional area of cardiomyocytes
which was observed in 2K1C-VEH rats (P < 0.05 vs sham-operated)
(Fig. 3C).

To examine whether fenofibrate directly protects cardiomyocytes
against stress-induced hypertrophy independently from hypertension,
we used cultured H9C2 rat cardiomyocytes stimulated with Ang II for
24 h. Fenofibrate significantly diminished the Ang II-induced increase in
cardiomyocyte size (Fig. 3D) and the mRNA expression of the hyper-
trophy marker genes Nppa (encoding the atrial natriuretic peptide, ANP)
and Myh7 (encoding p-myosin heavy chain, -MHC) (Fig. 3E). In our
experimental condition Ang II treatment did not affect cytotoxicity
(Fig. 3F).

Thus, these data provide strong evidence that fenofibrate exerts
several beneficial ameliorative effects on hypertension-induced cardiac
hypertrophy, improving both functional properties and tissue features of
heart. These effects could be partially ascribed to a direct effect of
fenofibrate on cardiomyocytes.

3.2. Fenofibrate modulates signal-transduction hypertrophic pathways

Given the critical role of the mitogen-activated protein kinase
(MAPK) pathway, Akt and glycogen synthase kinase (GSK-3) in the
process of cardiac hypertrophy (Schirone et al., 2017), we evaluated the
expression level and activity of ERK1/2, Akt and GSK3-f in our exper-
imental model (Fig. 4A). The phosphorylated Akt was dramatically
up-regulated in 2K1C-VEH rats when compared with sham-operated rats
(P < 0.05), while fenofibrate treatment partially decreased the phos-
phorylation of Akt (P = 0.10) No changes were observed in phosphor-
ylation of GSK3-p and ERK1/2 and in the total protein expression of Akt,
ERK1/2, and GSK3-p among the groups.

In the last years, some studies have demonstrated the involvement of
AMPK/mTOR signaling pathway in the regulation of cardiac growth in
response to pressure overload (Sciarretta et al., 2014; Zhou et al., 2015).
We found that the phosphorylation level of AMPK was not affected in
2K1C-VEH rats (P = 0.95), but it was significantly increased by fenofi-
brate treatment (P < 0.001 vs 2K1C-VEH; Fig. 4B). 2K1C-VEH rats
showed instead a significant increase in phosphorylation of mTOR
compared to sham-operated rats (P < 0.01; Fig. 4B), which was slightly
counteracted by fenofibrate (P = 0.22).

Taken together, these results indicated that fenofibrate treatment
suppressed cardiac hypertrophy inducing AMPK activation and, at least
in part, attenuating Akt and mTOR.

3.3. Fenofibrate attenuates oxidative stress and instability of the
mitochondria membrane potential, and modulates mitochondrial quality
control signaling

To shed light on possible mechanisms of cardioprotective effects of
fenofibrate, we firstly investigated the ROS production in vitro. As evi-
denced by DHE staining, Ang II markedly increased the fluorescence
intensity in H92C cells (P < 0.05; Fig. 5A), indicating an increase of ROS
production, which was significantly attenuated by fenofibrate treatment
(P < 0.05; Fig. 5A).

As ROS are primarily generated in mitochondria, and mitochondrial
abnormalities induce ROS overproduction, we secondly focused on
mitochondria. Uncoupling protein 2 (UCP2) belongs to the family of
mitochondrial anion carrier proteins whose effectiveness in reducing
mitochondrial oxidative stress and modulation of mitochondrial func-
tion is well established (Tian et al., 2018). Its modulation is reported in
models of pulmonary hypertension (Haslip et al., 2015), cardiac hy-
pertrophy, ischemia, and aging (Akhmedov et al., 2015).

Our results showed that UCP2 protein expression was significantly
decreased in HOC2 cells treated with Ang II (P < 0.001; Fig. 5B) and that
fenofibrate was able to completely restore the UCP2 expression (p <
0.01; Fig. 5B). Moreover, the protein level of UCP2 was significantly
decreased in 2K1C-VEH rats compared to sham-operated rats (P < 0.05).
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Table 3
Left ventricular parameters.
Rats LV EDV (ul) LV ESV (ul) LV SV (uD) LV EF (%) LV Thwd (mm) LV ThWs (mm) LV mass (mg) RWT

T1 = 4w surgery
Sham-operated 9 356 + 12 85+ 8 271 +£9 76 + 2 1.59 + 0.06 2.98 £+ 0.07 555 + 12 0.46 + 0.02
2K1C untreated 15 317 £ 15 82+7 235 + 12 74+ 2 1.72 + 0.06 3.02 £ 0.07 572 + 17 0.53 £ 0.03
2K1C-VEH 8 318 + 14 78 £8 240 +£ 12 76 £2 1.74 + 0.07 3.11 £ 0.09 593 + 26 0.52 £ 0.02
2K1C-FFB 7 316 + 30 86 + 11 230 + 22 73+ 2 1.70 + 0.10 291 +£0.11 547 +£ 18 0.53 £+ 0.06
T2 = 12w surgery and 8w FFB treatment
Sham-operated 9 340 +17 88 +7 252 + 12 74 +£1 1.78 +0.03 3.06 £ 0.08 622 + 16 0.53 £ 0.02
2K1C-VEH 8 369 + 35 94 + 14 274 + 22 75+1 2.15 + 0.14* # 3.63 + 0.16* ## 789 + 47%x## 0.64 + 0.06"
2K1C-FFB 7 412 + 22 104 £ 11 307 + 14 75+ 2 1.71 + 0.09 2.93 £0.16 592 + 26 0.47 £ 0.04

Values are presented as mean + SEM. At T1 Helmert “a priori” orthogonal contrast was performed to compare sham-operated group vs 2K1C untreated group and to

compare 2K1C-VEH vs 2K1C-FFB checking for unbiased randomization.

At T2 parametric one-way ANOVA followed by a Dunnet “post hoc” analysis or non-parametric Kruskal-Wallis followed by Holm - Bonferroni “post hoc™ analyses were
used. For Dunnet test 2K1C-VEH group used as comparator. *p < 0.05, **p < 0.01 vs sham-operated and *p < 0.05, **p < 0.01, *##p < 0.001 vs 2K1C-FFB.
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end-systole sham-operated = 2K1C-VEH 2K1C-FFB

4 weeks
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Fig. 2. Fenofibrate improves left ventricular cardiac hypertrophy. Repre-
sentative axial cardiac MRI images of the end-diastolic (A) and of the end-
systolic (B) mid papillary frames, taken from sham-operated, 2K1C-VEH or
2K1C-FFB rats. Images were taken from the same animals at T1 (week 4) and T2
(week 12). In the images of the sham-operated rat, the dashed lines delimit the
left ventricle.

This effect was partially counteracted by fenofibrate, which increased
UCP2 protein by 50% (P = 0.63) (Fig. 5B).

JC-1 staining revealed that Ang II stimulation led to a decrease in the
red/green fluorescence ratio (P < 0.05; Fig. 5C), indicating a depression
of mitochondrial membrane potential (A¥m) which was reversed by
fenofibrate (P < 0.05; Fig. 5C).

Collectively, these results demonstrated that fenofibrate attenuated
ROS production possibly preventing mitochondrial injury.

Thus, to further explore the mitochondrial protection of fenofibrate
and to validate this effect in vivo, we analyzed the main mitochondrial

proteins involved in the mitochondrial homeostasis.

The protein expression of the key regulator of mitochondrial fusion
machinery, mitofusin 2 (Mfn2) and mitochondrial fission, dynamin-
related protein 1 (Drpl) in mammals (Marin-Garcia and Akhmedov,
2016) were analyzed. As seen in Fig. 5D, the expression of Mfn2 and
Drpl were dramatically up-regulated in 2K1C-VEH rats when compared
with sham-operated rats (P < 0.01 for both). Fenofibrate treatment was
able to preserve mitochondrial homeostasis (ns versus sham-operated),
significantly counteracting the effect of renovascular hypertension on
Mfn2 (P < 0.001) and Drpl (P < 0.01).

The mitochondrial heathy was also assessed analyzing the
biochemical markers of autophagy/mitophagy, as the autophagy initi-
ator beclin-1, Parkin, the microtubule-associated proteinl light chain
(LC) 3, as well as the LC3-1I/LC3-I ratio, and p62 (Fig. 5D). We found
that renovascular hypertension significantly increased the LC3-1I/LC3-I
ratio (P < 0.05), and enhanced the total protein expression of LC3 (LC3-I
plus LC3-1I) (P < 0.01) and beclin-1 (P < 0.05). It also decreased the
protein expression of Parkin, but it didn’t alter the protein expression of
p62. Fenofibrate prevented mitochondrial alterations (ns versus sham-
operated for all markers). Compared to 2K1C-VEH rats, 2K1C-FFB rats
showed a decreased expression of beclin-1 (P < 0.05), p62 (P < 0.01),
total protein expression of LC3 (P < 0.05), and similar change of LC3-1I/
LC3-I ratio (P = 0.25). A significant increase of Parkin in 2K1C-FFB rats
was also observed (P < 0.01).

4. Discussion

The results of the present study demonstrate that fenofibrate effec-
tively counteracts the progression of cardiac hypertrophy and suggest
that this protective effect could be exerted partly through a direct effect
on mitochondria of cardiomyocytes. Although several data have shown
the protective effects of fenofibrate in both in vivo and in vitro models of
cardiac hypertrophy (Jen et al., 2016, 2017; Jia et al., 2014b; Zeng et al.,
2018; Zou et al., 2013), to our knowledge, no ones have deeply inves-
tigated the mitochondrial protection as possible mechanism. However,
interesting data, have reported the relevant role of PPARa-mediated
mitochondrial protection in cardiac pathological conditions. Specific
cardiac PPAR« gene delivery improved cardiac dysfunction by reducing
mitochondria-dependent apoptosis and ROS generation in mice with
DOX-induced cardiotoxicity (Wang et al., 2020), while nanotized PPAR«x
overexpression improved pathological hypertrophy and cardiac func-
tion by ameliorating mitochondrial oxidative stress in 2K1C rats (Rana
et al., 2019).

In this work, we found that fenofibrate attenuated cardiac hyper-
trophic remodeling and reduced the cardiomyocytes size increased by
pressure overload. Although fenofibrate slightly lowered blood pressure,
our data indicated as these anti-hypertrophic effects could be at least
partially pressure independent. Indeed, fenofibrate effectively counter-
acted the cellular hypertrophy and inhibited the up-regulated mRNA
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Fig. 3. Fenofibrate reduces cardiac tissue remodeling in 2K1C rats and cellular hypertrophy in Ang II-stimulated H9c2 cells. (A) Representative images of
Sirius Red staining of cardiac sections at week 12 (left) and quantification of perivascular fibrosis, measured as ratio of the fibrosis area surrounding the vessel to
lumen area (right). Scale bar: 100 pm. (B) Representative images of standard hematoxylin-eosin staining of cardiac sections at week 12 (left) and quantification of
medial wall thickness of cardiac arteries, measured as vessel media-to-lumen ratio (right). Scale bar: 50 pm. (C) Representative images of wheat germ agglutinin
staining (green) of cardiac sections at week 12 (left) and quantification of cardiomyocyte cross-sectional area (CSA) (right). Scale bar: 50 pm. (D) Representative
images of phalloidin staining (green) of H9C2 (left) and quantification of cardiomyocyte cross-sectional area (CSA) (right). Scale bar: 100 pm. (E) In H9C2, the mRNA
expression levels of hypertrophy marker genes Nppa and Myh7 were normalized by Rplp13a. (F) Cytotoxicity (LDH) was measured in cell-free culture supernatants of
HoC2.

The bar graphs show the results of the quantitative analysis. Data are shown as means + SEM, (for ex vivo: n = 4/each group; for in vitro: n = 3 independent ex-
periments). For ex vivo, one-way ANOVA test and post hoc Dunnett’s multiple comparisons test (2K1C-VEH group as comparator) were used. For in vitro, one-way

ANOVA test followed by Sidak multiple comparison “post-hoc” analysis was used. *P < 0.05, **P < 0.01 and ***P < 0.001.

expression of hypertrophic marker genes ANP and p-MHC in Ang II-
stimulated HO9C2 cells.

Oxidative stress is a common feature of many vascular pathological
conditions, such as atherosclerosis, hypertension, and cardiac hyper-
trophy (Dubois-Deruy et al., 2020), and it is well known that mito-
chondria are the main organelles associated with ROS production
(Murphy, 2009). An elegant study showed that mitochondrial ROS
contribute to Ang II-induced myocardial hypertrophy, sustained
vascular dysfunction, ROS generation and development of hypertension
(Widder et al., 2009). Evidence suggests that fenofibrate may modulate
anti-oxidant pathways and improve mitochondrial healthy. Fenofibrate
inhibits the ROS production in lipopolysaccharide-treated human um-
bilical vein endothelial «cells (Liu et al, 2011) and in
streptozotocin-induced diabetic rats, reducing nephropathy develop-
ment (Kadian et al., 2013). This anti-oxidant effect is reported to be
related with mitochondrial protection in some models of pathological
conditions, as paraquat-stimulated retinal/choroidal endothelial cells

(Hsu et al., 2020), mice with local heart high dose irradiation (Azim-
zadeh et al., 2021), radiation-induced skin injury in a rat model and in
human keratinocyte HaCaT and skin fibroblast WS1 cells (Sun et al.,
2022) and cisplatin-induced ototoxicity in auditory HEI-OC1 cells, organ
of Corti with postnatal P3, and adult Balb/c mice (Kim et al., 2018).
Here, we found that fenofibrate attenuated the Ang II-induced ROS
generation and mitochondrial membrane potential instability. The
mitochondrial protection exerted by fenofibrate could be mediated by
up-regulation of the Uncoupling protein 2 (UCP2), whose expression is
directly modulated by AMPK activation (Hu et al., 2019; Wang et al.,
2010). In a previous study on renal damage in salt-loaded SHRSP, we
found the role of PPAR« in regulating UCP2 expression (Rubattu et al.,
2015). UCP2 is a proton transporter that partially dissipates the proton
concentration gradient of the inner mitochondria membrane, and plays
critical roles in controlling intracellular ROS homeostasis and prevent-
ing oxidative stress (Brand and Esteves, 2005). Furthermore, previous
studies indicated that UCP2 deficiency exacerbated oxidative stress in
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Fig. 4. Fenofibrate attenuates pressure overload-induced activation of ATK/mTOR, and enhances activation of AMPK. (A) Representative immunoblotting
analyses of p-AKT, AKT, p-ERK1/2, ERK1/2, p-GSK3-p and GSK3-f, and densitometric analysis of the respective levels, in the hearts at week 12. The expression of p-
AKT, p-ERK1/2 and p-GSK3-f was normalized to the level of AKT, ERK1/2, and GSK3-p, respectively, while the expression of AKT, ERK1/2 and GSK3-p was relative
to the loading control GAPDH. (B) Representative immunoblotting analyses of p-mTOR, mTOR, p-AMPK and AMPK, and densitometric analysis of the respective
levels, in the hearts at week 12. The expression of p-mTOR and p-AMPK was normalized to the level of mTOR and AMPK, respectively.

The bar graphs show the results of the quantitative analysis. Data are shown as means + SEM, (n = 4-6/each group). For statistical analysis one-way ANOVA and
post hoc Dunnett’s multiple comparisons test (2K1C-VEH group as comparator) or Kruskal-Wallis and post hoc Holm - Bonferroni multiple comparisons test were

used. *P < 0.05, **P < 0.01 and ***P < 0.001 vs 2K1C-VEH.

mice (Horimoto et al., 2004), whereas adenovirus-mediated UCP2
overexpression or activation inhibited ROS production and mitochon-
drial death pathway in neonatal cardiomyocytes (Teshima et al., 2003)
and in a mouse model of pulmonary ischemia/reperfusion injury (Chen
et al., 2017). Relevantly, the activation of the AMPK/UCP2 signaling
pathway improved the indoxyl sulfate-induced hypertrophy in neonatal
rat cardiomyocytes (Yang et al., 2015) and the doxorubicin-induced
cardiotoxicity in mice and in H9C2 cardiomyoblasts (Hu et al., 2019).
Here, we showed a strong decrease of UCP2 protein expression in Ang
II-stimulated HI9C2 cells and in heart of hypertensive renovascular rats.
Thus, besides the well-known anti-oxidant effect, we hypothesize that
the UCP2 up-regulation could be, partially, a mechanism through
fenofibrate improved the mitochondrial protection and, consequently,
cardiac hypertrophy.

We are conscious of some limitation of this study. First, we evaluated
the effect of fenofibrate on cardiac hypertrophy, in an experimental
condition in which ventricular function was preserved.

No change of ventricular volumes and ejection fraction in severe
hypertrophic condition we observed could be explained by the moderate
hypertensive condition of 2K1C rats (SBP 146 + 2 mm Hg, 4 weeks after
surgery). Similar results are reported previously in the same model
(Mendes et al., 2020), on the contrary, when hypertensive status is se-
vere (SBP >180 mm Hg, 4 weeks after surgery) the hypertrophic con-
dition is accompanied by ventricular dysfunction (Chaihongsa et al.,
2022).Thus, future studies are need to investigate the effect of fenofi-
brate on ventricular function in stronger hypertensive models of cardiac
hypertrophy.

Second, the anti-hypertrophic effect of fenofibrate could be partially
due an overall improvement in global health condition of treated ani-
mals, in particular of kidneys. Previous report suggests that fenofibrate
improves renal dysfunction and reduced glomerular and

tubulointerstitial damage in several models of renal injury (Castiglioni
etal., 2018b; Kim et al., 2016). Similarly, in 2K1C rats, fenofibrate could
reduce the injury of the clipped and nonclipped kidneys which are
responsible of the enhanced plasma renin activity and elevated circu-
lating levels of Ang II (Navar et al., 2002). We are entitled to think that
the reduced plasma renin activity, and possibly circulating level of Ang
11, contributed in some way to cardiac protection in fenofibrate treated
animals. We have already mentioned the possible role of hypertension
that has a strong neurogenic component, in particular of the hypotha-
lamic paraventricular nucleus (PVN) and rostral ventrolateral medulla
(RVLM) (H.-B. Li et al., 2014). In the 2K1C animal model, oxidative
stress and the presence of cytokines within these brain regions play a
pivotal role in the hypertensive responses and sympathoexcitation.
PPAR-«a activation has been reported to decrease neuroinflammation in
several brain regions (Chen et al., 2007; Collino et al., 2006), including
hypothalamus (Villavicencio-Tejo et al., 2021). Thus, the possible
contribution of hypertension in inducing cardiac hypertrophy could be
reduced by fenofibrate acting at the level of the central nervous system.
Finally, we found a marked alteration in the protein expression of factors
regulating autophagy and mitophagy but we didn’t investigate at all
their activity and mechanism. Therefore, we can’t exclude their
involvement in the cardioprotective effects of fenofibrate. Growing body
of evidence has reported changes in myocardial autophagy in animal
models of pressure overload (Li et 2016). In particular,
autophagosome-lysosome pathway insufficiency, due to reduced lyso-
somal removal of autophagosomes, was reported in chronic pressure
overload-induced cardiac hypertrophy and heart failure (Wang and Cui,
2017). Several studies showed that fenofibrate enhances autophagy
although in other research fields than cardiac hypertrophy. Of note,
fenofibrate treatment significantly prevented type 1 diabetes-induced
cardiac dysfunction and fibrosis improving autophagy (Zhang et al.,

al.,
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(A) Representative images of DHE staining of H9C2 (left) and quantification of fluorescent intensity to determine ROS generation (right). Scale bar: 100 pm. (B)
Effect of fenofibrate on UCP2 in H2C9 and in cardiac tissue. Representative images of UCP2 immunofluorescence of H9C2 and quantification of UCP2 positive area %
(left). Scale bar: 50 pm. Representative immunoblotting analyses of UCP2 in the hearts at week 12 (right). (C) Representative confocal micrograph showing JC-
1staining pattern of H2C9 after different treatment conditions (left). Scale bar: 100 pm. Bar graph shows the quantitative analysis of ratio of red/green fluores-
cent intensity. (D) Representative immunoblotting analyses of Mfn2, Drpl, LC3-I and -II, p62, beclin-1 and Parkin in the hearts at week 12 (left). Quantification of

the relative protein levels (right). GAPDH as an internal control.

The bar graphs show the results of the quantitative analysis. Data are shown as means + SEM, (for ex vivo: n = 3-7/each group; for in vitro: n = 3 independent
experiments). For ex vivo, one-way ANOVA test and post hoc Dunnett’s multiple comparisons test (2K1C-VEH group as comparator) were used. For in vitro, one-way
ANOVA test followed by Sidak multiple comparison “post-hoc” analysis was used. *P < 0.05, **P < 0.01 and ***P < 0.001.

2016).

Our ex-vivo data suggest that fenofibrate could lead to an improved
control of mitochondrial dynamics and enhanced autophagy/mitophagy
contributing to the reduction of cardiac hypertrophy and tissue
remodeling. Our hypothesis is supported by strong evidence showing

10

that AMP-activated protein kinase (AMPK) activators, as PPAR«a agonists
(Lee and Kim, 2010), inhibit cardiac hypertrophy by promoting auto-
phagy via mTORC1 (Y. Li et al, 2014; Matsumura et al., 2017).
Furthermore, in phenylephrine-incubated cardiomyocytes, fenofibrate
decreased cell size and mRNA levels of hypertrophic marker genes,
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while restored mitochondrial dynamics (Kar and Bandyopadhyay,
2018). In addition to mTORC1, fenofibrate could improve mitochondrial
dynamics by UCP2 (Shimasaki et al., 2013). Indeed, UCP2 over-
expression activated mitophagy in in-vivo and in-vitro models of
myocardial ischemia/reperfusion (Wu et al., 2019; Geng et al., 2024),
acute kidney injury (Qin et al., 2019) and cerebral ischemia (He et al.,
2020). A recent study showed that UCP2 silencing reduced autopha-
gy/mitophagy, whereas the opposite was true upon UCP2 over-
expression, in endothelial and renal tubular cells (Forte et al., 2021a).
UCP2 modulates mitophagy through the regulation of key regulators of
mitochondrial dynamics, as PARKIN, mitofusin 2 (Mfn2) and dynamin
related protein 1 (Drpl) (Forte et al., 2021a; Geng et al., 2024). All
together data suggest that the fenofibrate protective effect we observed
on mitochondria could be due to an improved mitochondrial quality
control. This one is sustained through synthesis of new mitochondria,
fusion and fission (mitochondrial dynamics), and elimination of the
damaged mitochondria. The key proteins mediating mitochondrial
fusion are Mfn2 (Santel and Fuller, 2001), Drpl mediates mitochondrial
fission (Smirnova et al., 2001). It is well documented that unbalance in
the mitochondrial dynamics contribute significantly to cardiac hyper-
trophy (Forte et al., 2021b).

In this study, we found a significant increase of Mfn2 and Drpl
protein levels in hypertrophic hearts. These results are partially in line
with published data. Indeed, the protein expression of Drpl was shown
to increase in hypertrophic hearts of mice with ascending aortic banding
(Givvimani et al., 2012) and of high salt-loaded Dahl salt sensitive rats
(Hasan et al., 2018). However, the increase of Drpl doesn’t necessary
mean an increase of fission preceding mitophagy, since it could repre-
sent an increase in the cytosolic fraction which was shown to be
up-regulated in the chronic phase of pressure-overloaded when
mitophagy is suppressed (Shirakabe et al., 2016). A concurrent increase
expression of markers of fusion and fission, including Mfn2 and Drpl,
was observed in the heart of subjects with coronary artery disease
(Ait-Aissa et al., 2019), suggesting consistent changes in mitochondrial
dynamics. On the contrary, Mfn2 expression was down regulated in
some models of cardiac hypertrophy and unaltered in hypertrophied
hearts with 15 weeks of TAC and in hypertrophied non-infarcted
myocardium following MI (Fang et al., 2007). These conflicting results
suggest that the expression of Mfn2 could depend on the etiology and
time course of hypertrophy. In our model, the increased expression of
Mfn2 could be explained by the reduced level of Parkin, an E3 ubiquitin
ligase that play a pivotal role in the activation of mitophagy (Dorn,
2016). Indeed, in germline Parkin null mouse hearts, the mRNA levels of
the upstream Parkin activator Mfn2 was increased (Bhandari et al.,
2014). Besides its role in fusion, Mfn2 appears also to function as a re-
ceptor for Parkin and is required for the translocation of Parkin to
damaged mitochondria (Chen and Dorn, 2013). Thus, we hypothesize
that the increase of Mfn2 could be an adaptive response to overcome the
decrease of Parkin or a result of an unbalanced mitochondrial dynamic
in which the physiological mitochondrial turnover is altered. Several
evidences showed that Parkin depletion, and so reduced mitophagy,
induced cardiac hypertrophy and contractile dysfunction in response to
pressure-overload (Han et al., 2017) or high-fat diet feeding (Shao et al.,
2020; Tong et al., 2019). Here, we found that fenofibrate rebalanced the
altered expression of Mfn2, Drpl and Parkin, suggesting an improved
control of mitochondrial dynamics.

The conversion of LC3-I in LC3-1I, expressed as LC3-1I/LC3-I ratio, is
largely use to measure autophagic flux. Here, we observed an increase of
LC3-I to LC3-II conversion in hearts of fenofibrate-treated rats, but also
in hypertrophic hearts in contrast with previous data (Xie et al., 2018,
2019). We assume that, in our experimental model, LC3-II accumulated
in hypertrophic hearts because turnover of LC3-II by autophagic pro-
cesses was blocked, as previously reported in an in vitro assay (Tanida
et al., 2005). In line with this aforementioned assumption, we observed
an enhanced accumulation of total amount of LC3-I and LC3-II and an
unreduced amount of p62 in hypertrophic hearts. Indeed, the level of
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p62, an indicator of ubiquitinated protein (Pankiv et al., 2007),
inversely correlates with autophagic activity (Mizushima et al., 2010),
since it is selectively incorporated into autophagosomes through direct
binding to LC3 and is efficiently degraded by autophagy (Bjorkgy et al.,
2005). The p62 protein expression is commonly increased both in in-vivo
and in-vitro models of cardiac hypertrophy (Liu et al., 2021). Taken
together, our data suggest that autophagy is decreased in
pressure-overloaded hypertrophic hearts. Instead, fenofibrate promoted
the conversion of LC3 I to LC3 II, while decreased the total amount of
LC3-I and LC3-II, and of p62, suggesting an enhanced autophagic
response. Interestingly, we found that fenofibrate also decreased the
protein expression of beclin-1, another protein playing as regulator of
autophagy. Indeed, beclin-1 abundance could suppress autophagosome
maturation  via  transcriptional =~ down-regulation of  the
autophagy-lysosome machinery (Ma et al., 2012). Thus, the increased
level of beclin-1 as well as LC3-II means that the autophagic flux was
blocked and the autophagic cargo waiting to be degraded as reported in
phenylephrine-mediated hypertrophic cardiomyocytes showing a
decreased autophagosome removal capacity (Jin et al., 2021). Our data
are in line with data obtained with drugs increasing autophagy (Li et al.,
2016). The mTORC1 inhibitors, (i.e., rapamycin, sirolimus and ever-
olimus), which are known to improve autophagic flux, have been shown
beneficial in various pro-hypertrophic conditions (McMullen et al.,
2004; Raichlin et al., 2008; Uchinaka et al., 2017).

5. Conclusion

In conclusion, our study demonstrates for the first time that fenofi-
brate counteracts cardiac remodeling caused by renovascular hyper-
tension. We have also proved that fenofibrate can sustain mitochondrial
function and reduce oxidative stress. We hypothesize that these car-
dioprotective effects are partially depend on the improvement of the
impaired mitochondrial fusion and fission, and on enhanced mitophagy
by activation of AMPK/mTORC1 pathway and by enhancing UCP2
expression. Further studies are required to confirm the mechanistic
relationship between PPARa, mitophagy and UCP2. Future research are
also need to investigate the effectiveness of fenofibrate and the role of
PPARa/AMPK/UCP2 axis in other models of cardiac hypertrophy
including those not dependent by hypertension. However, we believe
that our findings support the repurposing of fenofibrate for the treat-
ment of cardiac hypertrophy and provide new potential targets that
mediates its pharmacological function.
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