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Fenofibrate (FF), a peroxisome proliferator-activated receptor-alpha
(PPAR-a) agonist and a lipid-lowering agent, can decrease experimental pul-
monary fibrosis. However, the mechanisms underlying the antifibrotic effect
of FF remain unknown. Hence, this study was conducted to evaluate the
effects of FF on transforming growth factor-beta (TGF-B)-induced myofi-
broblast differentiation and activation in lung fibroblasts. The results showed
that FF inhibited alpha-smooth muscle actin (a-SMA) and connective tissue
growth factor expression, collagen production, cell motility, SMAD3 phos-
phorylation and nuclear translocation, and metabolic reprogramming in
TGF-B-exposed cells. The inhibitory effect of FF did not decrease with the
addition of a PPAR-a antagonist. Moreover, the inhibitory effect given by
FF could not be reproduced with the addition of an alternative PPAR-a ago-
nist. FF inhibited mitochondrial respiration. However, rotenone, a complex I
inhibitor, did not suppress TGF-B-induced myofibroblast differentiation.
Furthermore, the TGF-B-induced nuclear reduction of protein phosphatase,
Mg /Mn**-dependent 1A (PPM1A), a SMAD phosphatase, was inhibited
by FF. These results showed that FF suppressed TGF-B-induced myofibrob-
last differentiation and activation independent of PPAR-a activation and
impaired mitochondrial respiration. In conclusion, this study provides infor-
mation on the effects of FF on anti-TGF-3 mechanisms.

Myofibroblast differentiation and activation are the
key pathogenic events involved in many pulmonary dis-
eases, such as asthma, chronic obstructive pulmonary
disease, and idiopathic pulmonary fibrosis [1-4]. In
these diseases, airway or parenchymal fibrosis is mech-
anistically mediated by common and/or disease-specific
pathways, among which transforming growth factor-
beta (TGF-B) signaling plays a central role. TGF-f
induces the phosphorylation of SMAD proteins,

Abbreviations

stimulating signal transduction pathways that lead to
myofibroblast differentiation and transcription factor
activation and alpha-smooth muscle actin (a-SMA)
and collagen production [5-7].

Fenofibrate (FF) is a widely used antihyperlipidemic
agent exhibiting a lipid-lowering effect by activating per-
oxisome proliferator-activated receptor-alpha (PPAR-
o) [8]. In addition, FF exerts pleiotropic actions on mul-
tiple pathways to reduce inflammation, oxidative stress,

CTGF, connective tissue growth factor; DMEM, Dulbecco’'s modified Eagle’s medium; ECAR, extracellular acidification rate; FF, fenofibrate;
OCR, oxygen concentration rate; PPAR-a, peroxisome proliferator-activated receptor-alpha; PPM1A, protein phosphatase Mg?*/Mn2*-
dependent 1A; TGF-B, transforming growth factor-beta; a-SMA, a-smooth muscle actin.
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apoptosis, angiogenesis, and fibrosis [9,10]. Notably,
recent clinical studies on patients with diabetes have
revealed that FF has protective effects on retinopathy
and nephropathy [11,12]. Moreover, several animal
studies have shown that FF inhibits experimental
fibrosis in different organs, including the retina, heart,
liver, kidney, and lung [13-20]. For example, the oral
administration of FF in rats has been shown to atten-
uate the severity of bleomycin-induced pulmonary
fibrosis [20]. Since the overexpression of TGF-p is crit-
ical in fibrotic disease, we hypothesized that FF inhi-
bits the TGF-B signaling pathway. The molecular
mechanism of action of FF appears to be complex,
which includes not only PPAR-a-dependent but also
PPAR-a-independent mechanisms [21-31]. Thus, this
study was conducted to assess the effects of FF on
TGF-B-induced myofibroblast differentiation and acti-
vation in vitro and to determine whether the effects of
FF depend on PPAR-a.

Methods

Cell culture

Human fetal lung fibroblasts (IMR-90; American Type Cul-
ture Collection, Manassas, VA, USA) were cultured and
maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco®; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
containing 25 mwm glucose, 4 mm glutamine, and 10% FBS at
37 °C in a humidified incubator (CO, incubator 900EX; Wak-
enyaku Co., Ltd., Tokyo, Japan) saturated with a gas mixture
containing 5% CO,, ~ 20% O,, and 75% N,. Upon reaching
confluence, the cells were cultured in serum-free DMEM for
24 h, pretreated with FF (25 um unless otherwise indicated;
Sigma-Aldrich Japan, Tokyo, Japan) or vehicle alone for 1 h,
and then treated with 5 ng-mL~! TGF-B (PeproTech., Cran-
bury, NJ, USA) in the presence or absence of FF. In the rele-
vant experiments, WY 14643 (50 pm; Cayman Chemical, Ann
Arbor, MI, USA), GW6471 (20 pm; Cayman Chemical), or
rotenone (0.5 pMm; Sigma-Aldrich) was added to the culture
medium. The concentrations of FF, TGF-B, WY 14643, and
GW6471 used in this study were adopted from previous
studies [32-34].

Immunofluorescence staining

Cells in the Nunc® Lab-Tek® eight-well chamber slides
(Thermo Fisher Scientific K.K., Yokohama, Japan) were
fixed with 10% formalin and permeabilized with 0.3% Tri-
ton® X-100 in PBS for 5 min. After blocking the nonspecific
binding sites with 3% BSA, the slides were incubated with
mouse monoclonal anti-a-SMA antibody (Novus Biologicals
USA, Centennial, CO, USA) or rabbit monoclonal anti-
SMAD3 (Abcam Japan, Tokyo, Japan). Next, the primary
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antibody was allowed to react with a secondary anti-mouse
immunoglobulin G antibody conjugated with Alexa Fluor
488 (Invitrogen, Carlsbad, CA, USA). Then, the cell nuclei
were counterstained with 4’,6-diamidino-2-phenylindole. Flu-
orescence images were obtained using a microscope (Olym-
pus IX71; Olympus Optical Co., Ltd., Tokyo, Japan)
equipped with a digital camera.

Western blotting

Cell samples were lysed in a radioimmunoprecipitation
assay buffer (50 mm Tris hydrochloride, pH 7.4, 150 mm
sodium chloride, 0.4 mm ethylenediaminetetraacetic acid,
0.5% Nonidet P-40, and 0.1% SDS) containing a protease
inhibitor cocktail (Sigma-Aldrich Japan) and 1 mm sodium
orthovanadate. According to the manufacturer’s instruc-
tions, nuclear proteins were extracted using a nuclear
extraction kit (Active Motif, Carlsbad, CA, USA). The
samples were centrifuged at 10 000 g for 30 min, and the
total protein concentrations in the supernatants were
assessed using the DC protein assay kit (Bio-Rad Labora-
tories, Hercules, CA, USA). Then, the samples (20 pug pro-
tein-lane™') were then fractionated by SDS/PAGE,
transferred to a polyvinylidene difluoride membrane (EMD
Millipore Immobilon®-P; Millipore Co., Billerica, MA,
USA), and probed with the primary antibodies, such as
rabbit polyclonal anti-actin (Sigma-Aldrich Japan), rabbit
polyclonal anti-lamin Bl (ProteinTech Group Inc., Rose-
mont, IL, USA), mouse monoclonal anti-a-SMA (Novus
Biologicals USA), goat polyclonal anti-connective tissue
growth factor (CTGF; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, the USA), rabbit monoclonal anti-
SMAD3 (Abcam Japan), rabbit monoclonal anti-phospho-
SMAD?3 (Ser423/425) (Abcam Japan), and rabbit poly-
clonal anti-protein phosphatase, Mg>"/Mn?*-dependent 1A
(PPM1A; GeneTex, Inc., Irvine, CA, USA). The primary
antibodies were detected using a horseradish peroxidase-
conjugated antibody, which was, in turn, visualized on
enhanced chemiluminescence (SuperSignal West Pico;
Pierce, Rockford, IL, USA). The signal intensities were
quantified by densitometric scanning using IMAGEJ (version
1.49V; National Institutes of Health, Bethesda, MD, USA).

Collagen assay

The collagen content in the culture medium was assessed
using the Sircol® Soluble Collagen Assay Kit (Biocolor,
Carrickfergus, UK).

In vitro wound closure assay

The cells were cultured to reach confluence in 24-well
plates. After serum starvation for 24 h, they were scratched
in a straight line using a sterile 200-pL tip and were washed
twice with PBS. Thereafter, the cells were incubated in
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serum-free DMEM with or without TGF-B (5 ng-mL™") in
the presence or absence of FF (25 pum). After 24 h, the cells
were fixed with 10% formalin and were washed twice with
PBS. Wound healing was assessed under a phase-contrast
microscope (Olympus IX71; Olympus Optical Co., Ltd.)
equipped with a digital camera. The wound area was mea-
sured using image analysis software (Lumina Vision;
Mitani Corporation, Fukui, Japan) on a Microsoft XP
computer. Five measurements were taken from five fields of
each well obtained from six wells in each experiment.

Metabolic flux analysis

Cells were cultured in eight-well XF assay plates and then
treated with or without TGF-p (5 ng-mL™") in the presence
or absence of FF (25 um) or WY 14643 (50 um) for 48 h.
The oxygen concentration rate (OCR) and extracellular
acidification rate (ECAR) were measured using the Sea-
horse XFp Extracellular Flux Analyzer (Seahorse Bio-
science, North Billerica, MA, USA).

Assessment of glucose consumption

Glucose concentrations in the culture and original medium
(not cultured with cells) were assessed using an amperomet-
ric blood glucose sensor (Nipro Care Fast C; Nipro Co.,
Osaka, Japan).

Statistical analysis

Statistical analyses were performed using Microsoft Excel
X with Statcel 3 (OMS; Tokyo, Japan) as an add-in soft-
ware. Data were expressed as means + standard error of
the mean. Equality of variance was examined using Bar-
tlett’s test. Data with equality of variance rejected were log-
arithmically transformed and retested. When equality of
variance was recognized, statistical significance was ana-
lyzed using ANOVA. If significant results were obtained,
the Tukey—Kramer test was used as a post hoc test for mul-
tiple comparisons. P-values < 0.05 were used to denote sta-
tistically significant differences.

Results

First, we examined whether FF modulates the effects
of TGF-B on IMR-90 cells, a human lung fibroblast
cell line. The treatment of IMR-90 cells with TGF-3
(5 ngmL~") for 48 h enhanced the expression of
o-SMA, indicating myofibroblast differentiation
(Fig. 1A,B). However, cotreatment with FF (1-25 pum)
reduced the enhanced expression of a-SMA in TGF-p-
treated cells in a dose-dependent manner. This finding
showed that FF inhibits myofibroblast differentiation
induced by TGF-B. Moreover, treatment of IMR-90

R. Kikuchi et al.

cells with TGF-B increased the expression of CTGF
(Fig. 1C), an important mediator of myofibroblast
activation and extracellular matrix synthesis [35], and
the production of collagen (Fig. 1D). Similar to the
inhibition of a-SMA expression by FF, cotreatment
with FF also reduced the aforementioned enhanced
CTGF expression and collagen production induced by
exposure to TGF-B (Fig. 1C,D). Since the activation
of myofibroblasts is associated with increased cell
motility [36], the effects of FF on cell migration were
evaluated. The in vitro wound closure assay showed
that the mobility of TGF-B-treated IMR-90 cells was
significantly decreased in the presence of FF (Fig. 1E).
SMADs, including SMAD3, were found to play a crit-
ical role in TGF-B signaling pathways leading to
myofibroblast differentiation and extracellular matrix
protein  production [5]. Western Dblotting and
immunofluorescence revealed that pretreatment with
FF inhibited TGF-B-induced phosphorylation and
nuclear translocation of the SMAD3 (Fig. 1F,G).

Myofibroblast differentiation is associated with
metabolic reprogramming, which was proposed as a
molecular target of TGF-B action [37,38]. According
to previous reports [37,38], treatment with TGF-B
increased both OCR, as evidenced by augmented basal
respiration (Fig. 1H) and mitochondrial ATP produc-
tion (Fig. 11I), and glycolysis, as indicated by increased
ECAR (Fig. 1J) and glucose consumption (Fig. 1K).
Cotreatment with FF decreased TGF-B-induced mito-
chondrial respiration (Fig. 1H,I). However, interest-
ingly, it enhanced TGF-B-mediated stimulation of
glycolysis (Fig. 1J,K). Taken together, these results
showed that FF suppressed SMAD activation, myofi-
broblast differentiation, collagen production, cell
mobility, and mitochondrial respiration in human lung
fibroblasts treated with TGF-p.

The lipid-lowering effect of FF is mediated by the
activation of PPAR-a, a nuclear receptor to which FF
binds as a ligand [39]. Thus, we next examined whether
the inhibition of TGF-B-induced myofibroblast differen-
tiation by FF was attributed to the activation of PPAR-
o. The results showed that treatment with GW6471
(20 pum), a PPAR-a antagonist, did not change the inhi-
bitory effect of FF on TGF-B-induced a-SMA expres-
sion (Fig. 2A). Furthermore, treatment with WY 14643
(50 um), a PPAR-a agonist, did not inhibit TGF-p-
induced a-SMA expression (Fig. 2B,C). These findings
showed that the inhibition of TGF-B-induced myofi-
broblast differentiation by FF is mediated by a mecha-
nism independent of PPAR-a activation.

FF inhibits complex 1 of the mitochondrial electron
transfer chain [40]. In this study, in contrast to FF,
WY14643 did not suppress the high mitochondrial
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Fig. 1. FF inhibits TGF-B-induced myofibroblast differentiation, collagen production, cell migration, SMAD3 phosphorylation, and metabolic
reprogramming. IMR-90 cells were pretreated with FF (25 um unless otherwise indicated) or vehicle alone for 1 h and were treated with or
without TGF-B (5 ng-mL™") in the presence or absence of FF for 1 h (F, G), 24 h (E), or 48 h (A-D, H-K). (A) Representative images of anti-
a-SMA immunofluorescence (green, a-SMA; blue, nuclear staining; n = 3). Insets are magnified images. Scale bar: 100 um. (B, C) Detection
of a-SMA (B) and CTGF (C) using western blot analysis. The relative protein expression levels were evaluated using densitometry and were
normalized to the expression level of B-actin as the control (n = 4). (D) Extracellular collagen production assessed using the Sircol® Soluble
Collagen Assay (n = 4). (E) Wound closure assay. The migration of cells toward the wound was expressed as the percentage of wound
closure (n = 4). (F) Western blot detection of phosphorylated SMAD3 and total SMAD3 (n = 4, left) and nuclear SMADS3 (n = 4, right). The
relative protein expression levels were normalized to the expression level of B-actin or lamin as the control. (G) Representative images of
anti-SMAD3 immunofluorescence (green) and nuclear staining with 4',6-diamidino-2-phenylindole (DAPI, blue; n = 3). Scale bar: 50 um (H)
Basal OCR (n = 3). (I) Adenosine triphosphate (ATP)-linked OCR (n = 3). (J) ECAR (n = 3). (K) Glucose consumption rate (n = 4). Data were
expressed as means + standard error of the mean. *P < 0.05 and **P < 0.01 using the Tukey-Kramer test. Co, control; p-SMAD3,
phosphorylated SMADS.
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Fig. 2. Inhibition of TGF-B-induced myofibroblast differentiation by FF was not attributed to the activation of PPAR-a.. (A) IMR-90 cells were
pretreated with vehicle alone, FF (25 um), or FF plus GW6471 (20 pm) for 1 h and were treated with or without TGF-B (5 ng-mL~") for 48 h
in the presence or absence of FF or GW6471. The expression of a-SMA protein was evaluated using western blot analysis (n = 4). (B, C)
IMR-90 cells were pretreated with WY14643 (50 um) or vehicle alone for 1 h and were then treated with or without TGF- (5 ng-mL~") for
48 h in the presence or absence of WY14643. The expression of a-SMA protein was evaluated using western blot analysis (B, n = 4) or
immunofluorescence staining (C, n = 4). green, a-SMA; blue, nuclear staining. Insets are magnified images. Scale bar: 100 um. Data were
expressed as means =+ standard error of the mean. *P < 0.05 and **P < 0.01 using the Tukey—Kramer test. n.s., not significant. Co, control;
GW, GW6471; WY, WY14643.

respiration induced by TGF-B (Fig. 3A,B). Hence,
it was unlikely that the inhibition of mitochondrial res-
piration by FF was caused by PPAR-a activation.
Then, we addressed the possibility that the PPAR-a-
independent inhibition of mitochondrial complex I by
FF is mechanistically involved in inhibiting TGF-f-
induced myofibroblast differentiation. However, treat-
ment with rotenone, a complex I inhibitor, did not
inhibit either a-SMA expression (Fig. 3C) or SMAD3
phosphorylation (Fig. 3D) in TGF-B-treated cells. This
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result indicated that the inhibition of TGF-B-induced
myofibroblast differentiation by FF is not attributed
to the inhibition of mitochondrial respiration.

A time-course analysis of FF inhibition of TGF-p-
induced phosphorylation of SMAD?3 revealed that FF
reduced the cellular levels of phosphorylated SMAD3
after 1 h or thereafter but not as early as 30 min after
treatment with TGF-B. This result showed that FF
might have reduced TGF-B-induced SMAD3 phospho-
rylation at a later time by dephosphorylating SMAD?3
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Fig. 3. Inhibition of TGF-B-induced myofibroblast differentiation by FF was not attributed to the inhibition of mitochondrial respiration. (A, B)
The effects of WY14643 on the basal OCR (A, n = 3) and ATP-linked OCR (B, n = 3). IMR-90 cells were pretreated with WY 14643 (50 pw)
or vehicle alone for 1 h and were then treated with or without TGF-B (5 ng-mL~") for 48 h in the presence or absence of WY14643. (C, D)
Effects of rotenone on the expression of a-SMA (C) and phosphorylation of SMAD3 (D). IMR-90 cells were pretreated with rotenone
(0.5 pm) or vehicle alone for 1 h and were then treated with or without TGF-B (5 ng-mL™") in the presence or absence of rotenone for 1 h
(D) or 48 h (C). The a-SMA expression (C) and SMAD3 phosphorylation (D) levels were evaluated using western blot analysis (n = 4). Data
were expressed as means + standard error of the mean. *P < 0.05 and **P < 0.01 using the Tukey—Kramer test. n.s., not significant. Co,
control; WY, WY14643; Rot, rotenone; p-SMADS3, phosphorylated SMAD3.

(Fig. 4A). Studies have shown that PPM1A dephospho-
rylates and promotes the nuclear export of SMAD3 to
terminate TGF-P signaling [41]. Lastly, we found that
treatment with TGF-B decreased the nuclear levels but
not the total levels of PPMI1A, which was partially
recovered after cotreatment with FF (Fig. 4B). These
findings suggest that FF partially inhibited TGF-p-
induced reduction of nuclear PPM1A.

Discussion

This study showed that treatment with FF inhibits
TGF-B-induced myofibroblast differentiation and acti-
vation, as evidenced by the suppression of a-SMA and
CTGF expression, collagen production, cell mobility,
SMAD3 phosphorylation and nuclear translocation,
and mitochondrial respiration in human lung fibrob-
lasts treated with TGF-B. The lipid-lowering effect of
FF is reportedly mediated by activating PPAR-a [39].
However, this study revealed that the inhibition of
TGF-B-induced myofibroblast differentiation by FF is
not caused by PPAR-a activation because the PPAR-a
antagonist GW6471 did not suppress the inhibitory
effect of FF on TGF-B-induced myofibroblast differen-
tiation and treatment with the PPAR-o agonist

FEBS Open Bio 11 (2021) 2340-2349 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
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WY 14643 did not inhibit TGF-B-induced myofibrob-
last differentiation.

Accumulating evidence indicates that PPAR-o-
independent mechanisms are involved in the pleiotro-
pic effects of FF on various physiological and patho-
logical processes [21-31,42]. For example, FF has been
shown to inhibit tumor cell proliferation [21,23,28] and
diapedesis [25], angiogenesis [24], endothelin-1 expres-
sion by endothelial cells [26], renal organ cation trans-
porter [27], and insulin secretion [30], which are
reportedly mediated independently of PPAR-a. Con-
cerning the mechanism of the independent PPAR-a
action of FF, many molecular targets have been pro-
posed, such as nuclear factor-kappa B [23], Akt
[21,28], Stat3 [22], cytochrome P450 2C [24], glycogen
synthase kinase-3 [26], growth differentiation factor-15
[29], and ATP-sensitive potassium channel [30].

This study showed that FF inhibits mitochondrial
respiration via a PPAR-ao-independent mechanism.
However, the inhibition of TGF-B-induced myofibrob-
last differentiation by FF was not attributed to the
inhibition of mitochondrial respiration because rote-
none did not suppress TGF-B-induced myofibroblast
differentiation. This study also showed that FF par-
tially inhibits TGF-B-induced reduction of nuclear
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were expressed as means =+ standard error of the mean. *P < 0.05 and **P < 0.01 using the Tukey—Kramer test. n.s., not significant. Co,

control; p-SMAD3, phosphorylated SMAD3.

PPM1A, a SMAD phosphatase that terminates TGF-3
signaling [41]. Thus, the FF-mediated regulation of
PPMI1A may mechanistically be accounted at least in
part for the FF-mediated inhibition of TGF-f-induced
myofibroblast differentiation. Interestingly, Paw et al.
[32] have recently shown that FF inhibits TGF-p-
induced myofibroblast differentiation by disturbing the
organization of actin cytoskeleton architecture. They
have found that FF inhibits TGF-B-stimulated incor-
poration of a-SMA into stress fibers by reducing con-
nexin 43, a protein that constitutes gap junctional
channels. However, in contrast to this study, they have
found that FF does not suppress TGF-B-induced

2346

o-SMA expression despite the inhibition of SMAD2/3
signaling. The discrepancy between their study and this
study may be attributed to different sources of fibrob-
lasts: We used fibroblasts derived from normal fetal
lungs, whereas Paw et al. used bronchial fibroblasts
derived from patients with asthma. Although the
results of this study indicated PPAR-a-independent
mechanisms by which FF suppresses TGF-B-induced
myofibroblast differentiation, we still considered the
possibility that PPAR-a activation has some antifi-
brotic effects because PPAR-a-knockout mice treated
with bleomycin had more severe inflammation and
injury than wild-type mice [43].
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Recent animal studies have shown that treatment
with FF decreases experimental fibrosis in the retina,
lungs, liver, heart, and kidneys [13-20]. FF is a rela-
tively safe and inexpensive agent widely used in clinical
practice for treating hyperlipidemia. This study pro-
vided a better understanding of the antifibrotic effect
of FF, which can be used as a basis for its clinical
application for treating fibrotic disorders.

Acknowledgements

The authors are very grateful to Eriko Kurosawa at
Tokyo Medical University Ibaraki Medical Center for
providing excellent technical assistance and Enago
(www.enago.jp) for the English-language review. This
work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education and Science,
Japan (grant no. 18K08157).

Data accessibility

The analyzed datasets generated during this study are
available from the corresponding author on reasonable
request.

Author contributions

RK and KA conceived and designed the project. RK,
YM, and KA acquired, analyzed, and interpreted the
data. RK and KA wrote the original draft. TT. KY,
SA, and HN revised critically and edited the draft.

Conflict of interest

The authors declare no conflict of interest.

References

1 King TE Jr, Pardo A and Selman M (2011) Idiopathic
pulmonary fibrosis. Lancet 378, 1949-1961.

2 Hinz B, Phan SH, Thannickal VJ, Galli A, Bochaton-
Piallat ML and Gabbiani G (2007) The myofibroblast:
one function, multiple origins. Am J Pathol 170,
1807-1816.

3 Michalik M, Wojcik-Pszczota K, Paw M, Wnuk D,
Koczurkiewicz P, Sanak M, P¢kala E and Madeja Z
(2018) Fibroblast-to-myofibroblast transition in
bronchial asthma. Cell Mol Life Sci 75, 3943-3961.

4 Liu G, Philp AM, Corte T, Travis MA, Schilter H,
Hansbro NG, Burns CJ, Eapen MS, Sohal SS,
Burgess JK et al. (2021) Therapeutic targets in lung
tissue remodelling and fibrosis. Pharmacol Ther 225,
107839.

FEBS Open Bio 11 (2021) 2340-2349 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

12

13

14

15

Fenofibrate inhibits myofibroblast differentiation

Hu B, Wu Z and Phan SH (2003) Smad3 mediates
transforming growth factor-beta-induced alpha-smooth
muscle actin expression. Am J Respir Cell Mol Biol 29,
397-404.

Hinz B, Phan SH, Thannickal VJ, Prunotto M,
Desmouliere A, Varga J, De Wever O, Mareel M and
Gabbiani G (2012) Recent developments in
myofibroblast biology: paradigms for connective tissue
remodeling. Am J Pathol 180, 1340-1355.

Saito A, Horie M and Nagase T (2018) TGF-3
signaling in lung health and disease. Int J Mol Sci 19,
2460.

Saurav A, Kaushik M and Mohiuddin SM (2012)
Fenofibric acid for hyperlipidemia. Expert Opin
Pharmacother 13, 717-722.

Varet J, Vincent L, Mirshahi P, Pille JV, Legrand E,
Opolon P, Mishal Z, Soria J, Li H and Soria C (2003)
Fenofibrate inhibits angiogenesis in vitro and in vivo.
Cell Mol Life Sci 60, 810-819.

Simé R, Simé4-Servat O and Herndndez C (2015) Is
fenofibrate a reasonable treatment for diabetic
microvascular disease? Curr Diab Rep 15, 24.

Keech AC, Mitchell P, Summanen PA, O’Day J, Davis
TM, Moffitt MS, Taskinen MR, Simes RJ, Tse D,
Williamson E et al.(2007) Effect of fenofibrate on the
need for laser treatment for diabetic retinopathy
(FIELD study): a randomised controlled trial. Lancet
370, 1687-1697.

Kouroumichakis I, Papanas N, Zarogoulidis P,
Liakopoulos V, Maltezos E and Mikhailidis DP (2012)
Fibrates: therapeutic potential for diabetic
nephropathy? Eur J Intern Med 23, 309-316.

Chen Q, Zhu M, Xie J, Dong Z, Khushafah F, Yun D,
Fu W, Wang L, Wei T, Liu Z et al. (2020) Design and
synthesis of novel nordihydroguaiaretic acid (NDGA)
analogues as potential FGFR1 kinase inhibitors with
anti-gastric activity and chemosensitizing effect. Front
Pharmacol 11, 518068.

Wang Y, Pang L, Zhang Y, Lin J and Zhou H (2019)
Fenofibrate improved interstitial fibrosis of renal
allograft through inhibited epithelial-mesenchymal
transition induced by oxidative stress. Oxid Med Cell
Longev 2019, 8936856.

Toyama T, Nakamura H, Harano Y, Yamauchi N,
Morita A, Kirishima T, Minami M, Itoh Y and
Okanoue T (2004) PPARalpha ligands activate
antioxidant enzymes and suppress hepatic fibrosis
in rats. Biochem Biophys Res Commun 324,
697-704.

Hou X, Shen YH, Li C, Wang F, Zhang C, Bu P and
Zhang Y (2010) PPARalpha agonist fenofibrate
protects the kidney from hypertensive injury in
spontaneously hypertensive rats via inhibition of
oxidative stress and MAPK activity. Biochem Biophys
Res Commun 394, 653-659.

2347


http://www.enago.jp

Fenofibrate inhibits myofibroblast differentiation

17

18

19

20

21

22

23

24

25

26

27

2348

Remels AH, Gosker HR, Schrauwen P, Langen RC
and Schols AM (2008) Peroxisome proliferator-
activated receptors: a therapeutic target in COPD? Eur
Respir J 31, 502-508.

Lebrasseur NK, Duhaney TA, De Silva DS, Cui L, Ip
PC, Joseph L and Sam FN (2007) Effects of fenofibrate
on cardiac remodeling in aldosterone-induced
hypertension. Hypertension 50, 489-496.

Lakatos HF, Thatcher TH, Kottmann RM, Garcia
TM, Phipps RP and Sime PJ (2007) The role of PPARs
in lung fibrosis. PPAR Res 2007, 71323.

Samah M, El-Aidy A-R, Tawfik MK and Ewais MM
(2012) Evaluation of the antifibrotic effect of
fenofibrate and rosiglitazone on bleomycin-induced
pulmonary fibrosis in rats. Eur J Pharmacol 689,
186-193.

Majeed Y, Upadhyay R, Alhousseiny S, Taha T,
Musthak A, Shaheen Y, Jameel M, Triggle CR and
Ding H (2019) Potent and PPARa-independent anti-
proliferative action of the hypolipidemic drug
fenofibrate in VEGF-dependent angiosarcomas in vitro.
Sci Rep 9, 6316.

Hua H, Yang J, Lin H, Xi Y, Dai M, Xu G, Wang F,
Liu L, Zhao T, Huang J et al. (2018) PPARa-
independent action against metabolic syndrome
development by fibrates is mediated by inhibition of
STATS3 signalling. J Pharm Pharmacol 70, 1630-1642.
Li T, Zhang Q, Zhang J, Yang G, Shao Z, Luo J, Fan
M, Ni C, Wu Z and Hu X (2014) Fenofibrate induces
apoptosis of triple-negative breast cancer cells via
activation of NF-xB pathway. BMC Cancer 14, 96.
Gong Y, Shao Z, Fu Z, Edin ML, Sun Y, Liegl RG,
Wang Z, Liu CH, Burnim SB, Meng SS et al. (2016)
Fenofibrate inhibits cytochrome P450 epoxygenase 2C
activity to suppress pathological ocular angiogenesis.
EBioMedicine 13, 201-211.

Piwowarczyk K, Wybieralska E, Baran J, Borowczyk J,
Rybak P, Kosiiska M, Witodarczyk AJ, Michalik M,
Siedlar M, Madeja Z et al. (2015) Fenofibrate enhances
barrier function of endothelial continuum within the
metastatic niche of prostate cancer cells. Expert Opin
Ther Targets 19, 163-176.

Glineur C, Gross B, Neve B, Rommens C, Chew GT,
Martin-Nizard F, Rodriguez-Pascual F, Lamas S,
Watts GF and Staels B (2013) Fenofibrate inhibits
endothelin-1 expression by peroxisome proliferator-
activated receptor a-dependent and independent
mechanisms in human endothelial cells. Arterioscler
Thromb Vasc Biol 33, 621-628.

Asavapanumas N, Kittayaruksakul S, Meetam P,
Muanprasat C, Chatsudthipong V and Soodvilai S
(2012) Fenofibrate down-regulates renal OCT2-
mediated organic cation transport via PPARa-
independent pathways. Drug Metab Pharmacokinet 27,
513-519.

28

29

30

31

32

33

34

35

36

37

38

R. Kikuchi et al.

Yamasaki D, Kawabe N, Nakamura H, Tachibana K,
Ishimoto K, Tanaka T, Aburatani H, Sakai J,
Hamakubo T, Kodama T et al. (2011) Fenofibrate
suppresses growth of the human hepatocellular
carcinoma cell via PPARo-independent mechanisms.
Eur J Cell Biol 90, 657-664.

Araki H, Tamada Y, Imoto S, Dunmore B, Sanders D,
Humphrey S, Nagasaki M, Doi A, Nakanishi Y,
Yasuda K et al. (2009) Analysis of PPARalpha-
dependent and PPARalpha-independent transcript
regulation following fenofibrate treatment of human
endothelial cells. Angiogenesis 12, 221-229.

Shimomura K, Ikeda M, Ariyama Y, Proks P,
Shimomura Y, Mori M and Matsumoto S (2006) Effect
of peroxisome proliferator-activated receptor alpha
ligand fenofibrate on K(v) channels in the insulin-
secreting cell line HIT-T15. Gen Physiol Biophys 25,
455-460.

Duhaney TA, Cui L, Rude MK, Lebrasseur NK, Ngoy
S, De Silva DS, Siwik DA, Liao R and Sam F (2007)
Peroxisome proliferator-activated receptor alpha-
independent actions of fenofibrate exacerbates left
ventricular dilation and fibrosis in chronic pressure
overload. Hypertension 49, 1084-1094.

Paw M, Wnuk D, Kadziotka D, S¢k A, Lasota S, Czyz
J, Madeja Z and Michalik M (2018) Fenofibrate
reduces the asthma-related fibroblast-to-myofibroblast
transition by TGF-B/Smad2/3 signaling attenuation and
connexin 43-dependent phenotype destabilization. Int

J Mol Sci 19, 2571.

Oruqaj G, Karnati S, Vijayan V, Kotarkonda LK,
Boateng E, Zhang W, Ruppert C, Giinther A and
Baumgart-Vogt E (2015) Compromised peroxisomes in
idiopathic pulmonary fibrosis, a vicious cycle inducing a
higher fibrotic response via TGF-p signaling. Proc Natl
Acad Sci USA 112, E2048-E2057.

Wang G, Cao R, Wang Y, Qian G, Dan HC, Jiang W,
Ju L, Wu M, Xiao Y and Wang X (2016) Simvastatin
induces cell cycle arrest and inhibits proliferation of
bladder cancer cells via PPARY signaling pathway. Sci
Rep 6, 35783.

Grotendorst GR and Duncan MR (2005) Individual
domains of connective tissue growth factor regulate
fibroblast proliferation and myofibroblast
differentiation. FASEB J 19, 729-738.

Frangogiannis N (2020) Transforming growth factor-f
in tissue fibrosis. J Exp Med 217, €20190103.

Xie N, Tan Z, Banerjee S, Cui H, Ge J, Liu RM,
Bernard K, Thannickal VJ and Liu G (2015) Glycolytic
reprogramming in myofibroblast differentiation and
lung fibrosis. Am J Respir Crit Care Med 192, 1462—
1474.

Bernard K, Logsdon NJ, Ravi S, Xie N, Persons BP,
Rangarajan S, Zmijewski JW, Mitra K, Liu G,
Darley-Usmar VM et al. (2015) Metabolic reprogramming

FEBS Open Bio 11 (2021) 2340-2349 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



R. Kikuchi et al.

39

40

41

FEBS Open Bio 11 (2021) 2340-2349 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

is required for myofibroblast contractility and
differentiation. J Biol Chem 290, 25427-25438.

Issemann I and Green S (1990) Activation of a member
of the steroid hormone receptor superfamily by
peroxisome proliferators. Nature 347, 645-650.

Wilk A, Wyczechowska D, Zapata A, Dean M,
Mullinax J, Marrero L, Parsons C, Peruzzi F, Culicchia
F, Ochoa A et al. (2015) Molecular mechanisms of
fenofibrate-induced metabolic catastrophe and
glioblastoma cell death. Mol Cell Biol 35, 182—-198.

Lin X, Duan X, Liang YY, Su Y, Wrighton KH, Long
J, Hu M, Davis CM, Wang J, Brunicardi FC er al.

Federation of European Biochemical Societies

42

43

Fenofibrate inhibits myofibroblast differentiation

(2006) PPM1A functions as a Smad phosphatase to
terminate TGFbeta signaling. Cell 125, 915-928.

Ernst MC, Sinal CJ and Pollak PT (2010) Influence of
peroxisome proliferator-activated receptor-alpha
(PPARa) activity on adverse effects associated with
amiodarone exposure in mice. Pharmacol Res 62,
408-415.

Genovese T, Mazzon E, Di Paola R, Muia C, Crisafulli
C, Caputi AP and Cuzzocrea S (2005) Role of
endogenous and exogenous ligands for the peroxisome
proliferator-activated receptor alpha in the development
of bleomycin-induced lung injury. Shock 24, 547-555.

2349



	Outline placeholder
	feb413247-aff-0001
	feb413247-aff-0002
	feb413247-aff-0003

	 Meth�ods
	 Cell cul�ture
	 Immunoflu�o�res�cence stain�ing
	 Western blot�ting
	 Col�la�gen assay
	 In&thinsp;vitro wound clo�sure assay
	 Metabolic flux anal�y�sis
	 Assess�ment of glu�cose con�sump�tion
	 Sta�tis�ti�cal anal�y�sis

	 Results
	feb413247-fig-0001
	feb413247-fig-0002

	 Dis�cus�sion
	feb413247-fig-0003
	feb413247-fig-0004

	 Acknowl�edge�ments
	 Data acces�si�bil�ity
	 Author con�tri�bu�tions
	 Con�flict of inter�est
	feb413247-bib-0001
	feb413247-bib-0002
	feb413247-bib-0003
	feb413247-bib-0004
	feb413247-bib-0005
	feb413247-bib-0006
	feb413247-bib-0007
	feb413247-bib-0008
	feb413247-bib-0009
	feb413247-bib-0010
	feb413247-bib-0011
	feb413247-bib-0012
	feb413247-bib-0013
	feb413247-bib-0014
	feb413247-bib-0015
	feb413247-bib-0016
	feb413247-bib-0017
	feb413247-bib-0018
	feb413247-bib-0019
	feb413247-bib-0020
	feb413247-bib-0021
	feb413247-bib-0022
	feb413247-bib-0023
	feb413247-bib-0024
	feb413247-bib-0025
	feb413247-bib-0026
	feb413247-bib-0027
	feb413247-bib-0028
	feb413247-bib-0029
	feb413247-bib-0030
	feb413247-bib-0031
	feb413247-bib-0032
	feb413247-bib-0033
	feb413247-bib-0034
	feb413247-bib-0035
	feb413247-bib-0036
	feb413247-bib-0037
	feb413247-bib-0038
	feb413247-bib-0039
	feb413247-bib-0040
	feb413247-bib-0041
	feb413247-bib-0042
	feb413247-bib-0043


