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Zileuton has been demonstrated to be an anti-inflammatory agent due to its well-known ability to inhibit 5-lipoxygenase (5-LOX).
However, the effects of zileuton on cardiac remodeling are unclear. In this study, the effects of zileuton on pressure overload-
induced cardiac remodeling were investigated and the possible mechanisms were examined. Aortic banding was performed on
mice to induce a cardiac remodeling model, and the mice were then treated with zileuton 1 week after surgery. We also
stimulated neonatal rat cardiomyocytes with phenylephrine (PE) and then treated them with zileuton. Our data indicated that
zileuton protected mice from pressure overload-induced cardiac hypertrophy, fibrosis, and oxidative stress. Zileuton also
attenuated PE-induced cardiomyocyte hypertrophy in a time- and dose-dependent manner. Mechanistically, we found that
zileuton activated PPARα, but not PPARγ or PPARθ, thus inducing Keap and NRF2 activation. This was confirmed with the
PPARα inhibitor GW7647 and NRF2 siRNA, which abolished the protective effects of zileuton on cardiomyocytes. Moreover,
PPARα knockdown abolished the anticardiac remodeling effects of zileuton in vivo. Taken together, our data indicate that
zileuton protects against pressure overload-induced cardiac remodeling by activating PPARα/NRF2 signaling.

1. Introduction

Cardiac remodeling refers to changes in the shape, structure,
and function of the heart caused by pathophysiological
stimuli [1]. Cardiac hypertrophy is one of the major
responses to stress and/or myocardial damage and is char-
acterized by increased myocardial cell volume and
increased ventricular wall thickness [2]. Gradually, chronic
stress or disease will lead to ventricular dilation and con-
tractile function failure and eventually progress to heart
failure. The signaling involved in cardiac remodeling
includes mitogen-activated protein kinase (MAPK), AKT
(serine/threonine kinase), Ca2+-calcineurin, and peroxisome

proliferator-activated receptors (PPARs) [1, 3]. Among these
signaling molecules, PPARs are of great importance. PPARs
are significant in the regulation of carbohydrate and lipid
metabolism in cells. Currently, three PPAR isoforms have
been found, PPARα, PPARβ/δ, and PPARγ and they are
encoded by separate genes [4]. All of these isoforms partici-
pate in the transcriptional regulation of multiple processes
and are essential in the pathogenesis of cardiovascular
diseases [4]. Thus, targeting PPARmolecules may be a prom-
ising therapeutic method for treating HF.

Zileuton, a well-known inhibitor of 5-LOX (catalyzes the
conversion of arachidonic acid to leukotriene (LT)), has been
proven as an anti-inflammatory drug [5]. Zileuton is a
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clinical drug that is already used in patients with chronic
asthma [6] and chronic obstructive pulmonary disease [7].
Recently, a study reported the cardioprotective effects of
zileuton, namely, good protective effects against H2O2-
induced oxidative stress and cell damage in both cardiac
myogenic H9c2 cells, and neonatal rat cardiomyocytes
(NRCMs) were found [8]. Zileuton has been reported to
protect against myocardial infarction injury in a rat model
[9]. Zileuton was also found to inhibit the development of
pulmonary hypertension in rats [10]. All of these studies
indicate the protective effect of zileuton against cardiovascu-
lar disease, especially its direct effect on cardiomyocytes. A
previous study found a link between 5-LOX and PPARs in
neuroblastoma [11] and macrophages [12]. In this study,
we explored whether zileuton could protect against cardiac
remodeling upon pressure overload and the underlying
mechanism involved in cardiomyocyte signaling under
pathological conditions.

2. Materials and Methods

2.1. Animals. Animal operations were performed according
to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996) and were approved by
the Animal Care and Use Committee of Renmin Hospital
of Wuhan University. We purchased male C57/BL6 mice 8
to 10 weeks old from the Laboratory Animal Science Institute
(Beijing, China). The animals were assigned randomly to 4
groups: the vehicle-sham group (n = 12), zileuton-sham
group (n = 12), vehicle-AB group (n = 12), and zileuton-AB
group (n = 12). The administration of zileuton (MedChem-
Express, NJ 08852, USA, oral, once daily, 100mg/kg) was
started 1 week after AB surgery and maintained for 7 weeks.
Mice also received a myocardial injection of AAV9-shPPARα
to knockdown PPARα 2 weeks before surgery [13] in an asep-
tic surgery room (n = 12 in each group). Eight weeks after
surgery, the mice were sacrificed, and the hearts were
removed from all groups. Six hearts were fixed in formalin
for histological analysis, and the other 6 hearts were placed
in liquid nitrogen and then stored at -80°C until RNA and
protein extraction.

2.2. AAV9 Construction and Viral Delivery. Vigene Biosci-
ences (Shanghai, China) constructed AAV9-shPPARα and
negative shRNA (AAV9-shRNA). We purchased PPARα
siRNA from Santa Cruz (SC-422360). Two weeks prior
to AB surgery, randomly selected mice received an
AAV9-shPPARα or AAV9-shRNA myocardial injection
of 1 × 1011 vp (virion particles) per animal. Briefly, after the
mice were anesthetized with 3% sodium pentobarbital
(80mg/kg, ip), the hearts of the mice were exposed and the
pericardium was removed. We injected the following areas
with a #29 syringe: the anterior wall, the side walls, and the
apex of the left ventricle. A single needle (10μl) was inserted
at the apex of the heart, and the two needles were inserted at
the anterior wall and the side wall. The total amount of each
adenoviral vector injection (1 × 1011 vp) was 50μl, and the
injection interval was approximately 5mm.

2.3. Echocardiography and Hemodynamics. Echocardiogra-
phy was performed using a MyLab 30CV ultrasound (Bio-
sound Esaote) as previously described [14, 15].

Cardiac hemodynamics were determined using a microtip
catheter transducer (SPR-839; Millar Instruments, Houston,
TX) as previously described [14, 15].

2.4. Histological Analysis and Immunohistochemistry. As
described in a previous study [14, 15], the mice were sacri-
ficed 8 weeks after surgery and the hearts were removed from
all groups (n = 6), placed in 10% formalin, and then embed-
ded in paraffin. Hematoxylin and eosin (HE) staining was
used to detect the cell transverse area, which was visualized
by light microscopy. Image-Pro Plus (version 6.0) was used
to quantitate the digital images. A total of 100 to 200 myo-
cytes were counted in each heart section. For immunohisto-
chemistry, hearts from all groups (n = 6) were incubated
with anti-CD45 (ab25603, Abcam), anti-CD68 (ab125212,
Abcam), or 4-hydroxynonenal (4-HNE, ab46545, Abcam)
antibodies. The cells were then incubated with goat anti-
rabbit EnVision™+/horseradish peroxidase (HRP) reagent,
and a DAB detection kit was used for coloration.

2.5. RT-PCR and Western Blot Analyses. Eight weeks after
surgery, the mice were sacrificed and the hearts were
removed from all groups (n = 6), placed quickly in liquid
nitrogen, and then stored at -80°C. RNA from left ventricle
(LV) tissue and cells was isolated, purified, and then reverse
transcribed into cDNA using oligo (DT) primers and a Tran-
scriptor First-Strand cDNA Synthesis Kit. PCR amplification
was conducted with a LightCycler 480 and SYBR® Green
1 Master Mix. GAPDH was used as the reference gene.

For Western blotting, protein was isolated and quantified
from LV tissue (for all groups, n = 6) and cells. Then, the pro-
tein samples (50μg) were loaded onto 10% SDS-PAGE gels.
The following primary antibodies were used: SOD2, NADPH
P67, gp91, PPARγ, PPARα, PPARƍ, keap1, PPARγ coactiva-
tor 1α (PGC1α), nuclear respiratory factor 2 (NRF2), lamin B
(purchased from Abcam), and GAPDH (purchased from
Santa Cruz). After incubation with the appropriate secondary
antibody, the blots were scanned using a two-color infrared
imaging system (Odyssey, LI-COR, Lincoln, NE, USA).
GAPDH was used as the reference protein.

2.6. Cell Culture. H9c2 cells were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China).
Zileuton was dissolved in DMSO at a concentration of 1mM.
Phenylephrine (PE) (Sigma) (50μm) was added to the
medium in the presence or absence of different concentra-
tions of zileuton (1, 10, 50, and 100μm), and the cells were
cultured in this medium for 24 h. To knockdown Nrf2,
cells were treated with Nrf2 siRNA (Santa Cruz, SC-
156128). To inhibit PPARα, cells were treated with GW6471
(10μM,MedChemExpress). To knockdown 5-LOX, cells were
transfected with either 5-LOX siRNA (5′-GCAAGAGGACC
TCATGTTT-3′) (RiboBio, Shanghai, China) or control Sc-
RNA for 8h.

2.7. Oxidative Stress. SOD, glutathione peroxidase (Gpx), and
NADPH oxidase in cardiac tissue and cardiomyocyte lysates
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were detected by commercial kits (Beyotime Biotechnology,
China). ROS levels were detected by a DCFH-DA probe
and a fluorescence microplate reader.

2.8. Cell Viability and Cell Surface Area. Cell viability was
detected using a commercial MTT kit (Beyotime Biotechnol-
ogy, China) according to the manufacturer’s instructions. An
anti-actinin antibody (05-384, Millipore) was used to stain
the cells according to our previous study [16]. Image-Pro
Plus (version 6.0) was used to determine the surface areas
of single cells.

2.9. Statistical Analysis. The data are expressed as the
mean ± standard deviation. Comparisons between the two
groups were analyzed using two-way analysis of variance,
followed by a post hoc Tukey test. We used Student’s
unpaired t-test to compare the differences between two
groups. A P value of less than 0.05 (two tailed) was consid-
ered statistically significant.

3. Results

3.1. Zileuton Ameliorates Cardiac Hypertrophy and Improves
Cardiac Function in Response to Pressure Overload In Vivo.
To explore the protective role of zileuton against cardiac
hypertrophy, aortic banding was performed on mice to
induce a cardiac hypertrophy model. Zileuton was given
1 week after surgery and continued for 7 weeks. No difference
in cardiac function was found between the two AB experi-
mental groups (Table 1). A remarkable hypertrophic
response was observed in mice that were subjected to AB sur-
gery, as assessed by increased HW/BW, HW/TL, LT/BW,
and LW/TL ratios. The cross-section area and the transcrip-
tion levels of hypertrophic markers were increased in the
mouse hearts from the AB group. Zileuton dramatically
inhibited these hypertrophic responses, as all of these indexes
were reduced when compared to those in the vehicle-AB
group (Figures 1(a)–1(d)). Echocardiography and pressure-
volume loop analyses were used to detect cardiac function.
The heart rate was not significantly different between the
AB and sham groups. After 8 weeks of AB surgery, the mice
exhibited ventricular dilation and systolic and diastolic dys-
functions as evidenced by increased LVESd and LVEDd,
reduced LVEF and LVFS, elevated end-systolic pressure
(ESP) and end diastolic pressure (EDP), and decreased max-
imal rate of pressure development (dp/dt max) and maximal
rate of pressure decay (dp/dt min) (Figures 1(e) and 1(f)).
Zileuton ameliorated LV dilation and cardiac dysfunction
as evidenced by decreased LVEDd, LVESd, and EDP and
increased LVEF, LVFS, dp/dt max, and dp/dt min. There
were no differences in the ESP between the vehicle- and
zileuton-treated groups after AB (Figures 1(e) and 1(f)).

3.2. Zileuton Relieves Inflammation and Oxidative Stress In
Vivo. Cardiac inflammation is one of the characteristics of
heart failure. Thus, we detected the inflammatory response.
As shown in Figure 2(a), CD45-labeled leukocytes and
CD68-labeled macrophages were increased in the AB group.
The transcription of proinflammatory markers (TNF-α, IL-1,
and IL-6) was also increased in the AB group. Zileuton treat-

ment reduced the infiltration of CD45-labeled leukocytes and
CD68-labeled macrophages and decreased the transcription
of those inflammatory markers (Figures 2(a)–2(c)).

We next detected oxidative stress in failing mouse hearts.
As shown in Figure 2(d), the intermediate metabolites of lipid
peroxidation, including 4-HNE, were increased in the hearts
of AB surgery mice. The expression and activity of the antiox-
idase SOD were decreased, and the expression and activity of
the oxidase NADPH P67 and gp91 were increased in AB
mouse hearts. The activity of Gpx was also decreased in the
hearts of AB surgery mice. Zileuton treatment ameliorated
these conditions, as evidenced by reduced production of
4-HNE, increased expression and activities of SOD and
Gpx, and reduced expression and activity of NADPH oxi-
dase (Figures 2(d)–2(g)).

3.3. Zileuton Reduces Cardiomyocyte Hypertrophy in
Response to PE. To explore whether the effect of zileuton on
cardiac hypertrophy relied on cardiomyocytes, H9c2 cardio-
myocytes were cultured and treated with different concentra-
tions of zileuton. The results showed that zileuton (1, 10, 50,
and 100μM) did not affect cell viability (Figure 3(a)). Cells
were stimulated with PE for 24 h to establish a cardiomyocyte
hypertrophy model. Zileuton (10, 50, and 100μM) exerted an
antihypertrophy effect on H9c2 cells in a dose-dependent
manner, which was evidenced by the reduced transcription
level of hypertrophic markers (ANP, BNP, and β-MHC)
and the decreased cell surface area induced by PE stimuli
(Figures 3(b)–3(d)). Thus, we chose 100μM zileuton for
further study.

3.4. Zileuton Inhibits Oxidative Stress in Cardiomyocytes. The
antioxidative stress effects of zileuton on cardiomyocytes were
detected. As shown in Figure 4, the ROS level was increased in
PE-stimulated cardiomyocytes. The expression and activity of
the antioxidase SOD were decreased, and the expression and
activities of the oxidase NADPH P67 and gp91 were increased
in PE-stimulated cardiomyocytes. The activity of Gpx was also
decreased in PE-stimulated cardiomyocytes. Zileuton treat-
ment ameliorated the increased oxidative stress, as evidenced
by reduced ROS levels, increased expression and activities of
SOD and Gpx, and reduced expression and activity of
NADPH oxidase (Figures 4(a)–4(e)).

Table 1: Echocardiographic and hemodynamic data measured 1
week after AB before the start of zileuton treatment.

Vehicle-AB (n = 8) Zileuton-AB (n = 8)

LVEDD (mm) 3:3 ± 0:13 3:26 ± 0:10

LVESD (mm) 2:63 ± 0:17 2:64 ± 0:18

LVEF (%) 71:4 ± 6:36 70:6 ± 5:87

LVFS (%) 31:4 ± 2:20 32 ± 3:5

ESD (mmHg) 140:1 ± 4:8 139:3 ± 4:0

EDD (mmHg) 10:3 ± 1:2 9:6 ± 1:8

dp/dt max (mmHg/s) 9525 ± 554 9491 ± 1255

dp/dt min (mmHg/s) −9031 ± 557 −9191 ± 452
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Figure 1: Zileuton ameliorates cardiac hypertrophy and improves cardiac function in response to pressure overload in vivo. Mice were
administered zileuton orally (100mg/kg/d) from 1 week until 8 weeks after AB surgery. (a) Heart weight/body weight (HW/BW), heart
weight/tibia length (HW/TL), lung weight/body weight (LW/BW), and lung weight/tibia length ratios in mice (n = 12). (b, c) HE staining
(n = 6) and quantification results in mice (n > 50 cells). (d) Transcription levels of hypertrophic markers (n = 6). (e) Echocardiography in
mice (n = 10). (f) Hemodynamic measurements in mice (n = 10). ∗P < 0:05 vs. the vehicle-sham group; #P < 0:05 vs. the vehicle-AB group.
ZI: zileuton.
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Figure 2: Continued.
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3.5. 5-LOX Silencing Relieves Cardiomyocyte Hypertrophy.
The expression level of 5-LOX was detected in heart tissue
and cardiomyocytes under insult conditions. As shown in
Figures 5(a) and 5(b), the expression level of 5-LOX was
increased in the pressure overload heart tissue and PE-
stimulated cardiomyocytes. Thus, 5-LOX siRNA was used
to knockdown 5-LOX (Figure 5(c)) to exclude the effects of
zileuton that go beyond the inhibition of 5-LOX. As expected,
the cell hypertrophic response induced by PE stimulation was
relieved by 5-LOX siRNA, as shown by the reduced cell
surface area and reduced ANP and β-MHC mRNA levels
(Figures 5(d) and 5(e)). Additionally, the increase in oxida-
tive stress induced by PE was reduced by 5-LOX knockdown
(Figures 5(f) and 5(g)).

3.6. Zileuton Regulates PPARα/NRF2 Signaling. A study
reported that zileuton regulated PPARγ signaling in macro-
phages [12]; thus, we detected oxidative-related PPAR signal-
ing. As shown in Figure 5, PPARα and PPARƍ expression was
decreased and PPARγ expression was increased in AB sur-
gery mouse hearts; zileuton treatment increased only the
PPARα expression level and had no significant effects on
PPARγ and PPARƍ expression. Furthermore, the decreased
expression levels of the downstream targets keap1 and
PGC1α and the nuclear translocation of NRF2 in mouse
hearts induced by AB surgery were increased by zileuton
treatment (Figures 6(a)–6(d)). These phenomena were con-
firmed in an in vitro study where we found that PE reduced
the expression of PPARα and the downstream targets keap1,
PGC1α, and NRF2; PE also reduced the nuclear translocation
of NRF2 in cardiomyocytes, while zileuton treatment blunted
these changes (Figures 6(e) and 6(f)).

3.7. Blocking PPARα/NRF2 Signaling Counteracts Zileuton’s
Effect In Vitro. NRF2 siRNA was used to knockdown
NRF2 in cardiomyocytes (Figure 7(a)). The antihyper-
trophic effects of zileuton were counteracted by NRF2
knockdown as evidenced by increased PE-induced hypertro-
phic marker transcription, cell surface area, and oxidative
stress (Figures 7(a)–7(d)) when compared with those in the

PE group and PE+ zileuton group. Cells were also treated
with the PPARα inhibitor GW6471. The antihypertrophic
effects of zileuton were also counteracted by GW6471
as indicated by increased PE-induced hypertrophic marker
transcription, cell surface area, and oxidative stress
(Figures 7(e)–7(g)) when compared with those in the PE
group and PE+ zileuton group.

3.8. PPARα Knockdown Blunts Zileuton’s Antihypertrophic
Effect In Vivo. To confirm the central role of PPARα in
zileuton’s antihypertrophic effect, myocardial injection of
AAV9-shPPARα was performed in mice to knockdown
PPARα (Figure 8(a)). The knockdown of PPARα completely
blunted the antihypertrophic effect of zileuton because
the HW/BW, HW/TL, LW/BW, and LW/TL ratios and
cell surface area were not significantly different between
vehicle-treated mice and zileuton-treated mice subjected
to AB (Figures 8(b)–8(d)).

3.9. PPARα Knockdown Blunts Zileuton’s Antioxidative Effect
and Cardioprotection In Vivo. The oxidative effect was eval-
uated in PPARα knockdown mice in vivo. Excessive oxi-
dative stress was observed in failing mouse hearts as
evidenced by decreased antioxidase SOD and Gpx activi-
ties and increased oxidase NADPH activity. However,
upon PPARα knockdown, these alterations were not signifi-
cantly different between vehicle-treated and zileuton-treated
mouse hearts (Figure 9(a)). LV dilation and dysfunction
were also not significantly different between vehicle-treated
and zileuton-treated mouse hearts with PPARα knockdown
(Figures 9(b)–9(d)).

4. Discussion

In this study, zileuton’s inhibitory effect against 5-LOX pro-
tected mice against stress overload-induced cardiac remodel-
ing. Pharmacological inhibition of 5-LOX prevented cardiac
inflammation and excessive oxidative stress, thus improving
cardiac function. Mechanistically, 5-LOX inhibition in mice
induced the expression of PPARα, but not PPARγ or PPARƍ.
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Figure 2: Zileuton relieves inflammation and oxidative stress in vivo. Mice were administered zileuton orally (100mg/kg/d) from 1 week until
8 weeks after AB surgery. (a, b) Immunohistochemical staining and quantification results in mouse hearts (n = 6). (c) Transcription levels of
inflammation markers (n = 6). (d) Immunohistochemical staining of 4-HNE (n = 6). (e, f) Protein expression levels of SOD2, NADPH P67,
and gp91 (n = 6). (g) Activities of SOD, Gpx, and NADPH oxidase (n = 6). ∗P < 0:05 vs. the vehicle-sham group; #P < 0:05 vs. the vehicle-
AB group.
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This protective effect of 5-LOX inhibition occurred directly
in cardiomyocytes and was related to ROS production reduc-
tion. PPARα knockdown in mice counteracted the protective
effect of zileuton.

Stimulated by physiology, pharmacology, and pathology,
AA is one of the major fatty acids that is released from

membrane lipids. Three enzyme systems can metabolize free
AA: cyclooxygenase (COX), LOX, and cytochrome P-450
(CP450), which produce prostaglandins (PGS), LTS, epoxyei-
cosatrienoic acid (EETS), and hydroxyeicosatrienoic acid
(HETES) [17]. In the past two decades, studies have focused
on PGs and COX in determining the biological significance
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Figure 3: Zileuton reduces cardiomyocyte hypertrophy in response to PE. H9c2 cells were treated with PE (50 μM) and different
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Figure 5: Continued.
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of AA and its metabolites. The effects of LTs on the cardio-
vascular system are now established [18, 19]. Both LTs and
cysLTs are reported to be increased in failing hearts and con-
tribute to the progression of heart failure [20–22]. Thus, inhi-
bition of this LOX pathway may be beneficial. In this study,
we found that the 5-LOX inhibitor zileuton ameliorated
pressure overload-induced cardiac hypertrophy and inflam-
mation and improved cardiac function. These data indicate
the beneficial role of 5-LOX inhibition and are consistent
with a previous report that 5-lipoxygenase inhibition by
zileuton protects the heart against ischemia/reperfusion
injury [8]. Interestingly, we found that 5-lipoxygenase inhibi-
tion by zileuton could directly protect against cardiomyocyte
hypertrophy in response to PE in vitro. These results suggest
that the protective effect of 5-LOX inhibition may be inde-
pendent of exogenous LTs, which directly affect cardiomyo-
cytes responding to PE. These findings are also consistent
with Kwak HJ’s study that zileuton protected against
H2O2-induced cell death in cardiomyocytes [8].

It is believed that the production of ROS is a form of
pathological cellular stress but the synthesis and degrada-
tion of ROS are now considered to be physiological and
steady-state functions of many cells [23]. However, once
ROS levels cannot be balanced through appropriate pro-
duction and removal regulation, oxidative stress may occur
and excess ROS will cause protein, DNA, and lipid modifica-
tions [1]. Oxidative stress is increased in many pathological
processes, including HF, hypertension, cardiac fibrosis, and
hypertrophy, and is highly relevant to the development of
various cardiovascular diseases [24]. In addition to resulting
in cardiomyocyte death, ROS activate a variety of hypertro-
phic signaling kinases and transcription factors that contrib-
ute to cardiac remodeling and heart failure [1]. Interventional
studies using a variety of “antioxidant” approaches have been
shown to ameliorate LV remodeling [16]. A previous study
reported that 5-LOX inhibition could suppress the produc-
tion of ROS in many cell types [25, 26]. In this study, the
5-LOX inhibitor zileuton attenuated lipid peroxidation,

reduced NADPH oxidase expression and activity, and
increased SOD expression and activities both in vivo and
in vitro. These data indicate that zileuton not only reduced
ROS production but also regulated antioxidase and oxidase
expression levels.

PPARα is vital in the regulation of fatty acid oxidation,
which regulates adipogenesis, lipid and glucose metabolism,
and inflammation pathways [27]. PGC-1α can bind directly
to PPARs that regulate its transcriptional regulatory function
via downstream transcriptional regulatory factors, such as
NRF2 [4]. Many cytoprotective and detoxifying genes are
regulated by NRF2, which can bind to antioxidant response
elements (AREs) [28]. Due to decreased antioxidant capacity
in the heart, PPARα knockout mice showed increased
mitochondria abnormalities leading to increased oxidative
stress production, cardiac dysfunction, and cardiac structural
changes [29, 30]. A previous study reported that in apoptotic
macrophages, 5-LOX can activate PPARγ [12]. However,
Pu et al. found that PPARα was activated in 5-LOX-
deficient mice [31]. In our study, we found that 5-LOX
inhibition in cardiomyocytes causes the activation of PPARα,
but not PPARγ or PPARƍ. This activation by zileuton medi-
ated its cardioprotective effects, which was confirmed by
PPARα knockdown in vivo. The activation of PPARα in
zileuton-treated mice and cardiomyocytes is intriguing.
Various natural fatty acids and eicosanoids are also PPAR
ligands [4]. During AA metabolism, PPARα can be activated
by LTB4 and 8(S)-HETE and PPARγ can be activated by
12(S)-HETE and 15(S)-HETE [31]. Zileuton inhibition of
5-LO might reduce the endogenous ligands of PPARα,
and this hypothesis is supported by a recent study showing
that a 5-LOX inhibitor increased PPARα activation [32].

In our study, we used 1, 10, 50, and 100μM zileuton
in vitro and 100mg/kg/d zileuton (orally) in vivo. We found
a dose-dependent antihypertrophic effect of zileuton on the
in vitro study, and we chose 100μM for the other in vitro
experiments. Further study of whether the dosage used
in vitro (100μM) corresponds to the in vivo drug dosage
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Figure 5: 5-LOX silencing relieves cardiomyocyte hypertrophy. (a) Expression level of 5-LOX in heart tissue at 8 weeks after AB surgery
(n = 6, ∗P < 0:05 vs. the sham group). (b) Expression level of 5-LOX in cardiomyocytes 24 h after PE stimulation (n = 6, ∗P < 0:05 vs. the
control group). (c–g) Cells were transfected with 5-LOX siRNA for 8 h and then stimulated with PE for 24 h. (c) Expression level of 5-LOX
after transfection with 5-LOX siRNA (n = 6). (d) α-Actinin staining (n = 6) and quantification of cells. (e) Transcription levels of
hypertrophic markers in H9c2 cells (n = 6). (f) ROS levels (n = 6). (g) Activities of SOD, Gpx, and NADPH oxidase (n = 6). ∗P < 0:05 vs.
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(100mg/kg/d, 7 weeks, oral administration) and whether the
dose used in our in vivo experiment could facilitate a stable
concentration in the blood and heart tissue should be con-
ducted to find the most efficient drug delivery method and
dosage for the treatment of HF.

In summary, 5-LOX inhibition by zileuton protects
against cardiac hypertrophy, inflammation, and dysfunc-
tion in response to LV pressure overload by activating
PPARα/NRF2 signaling in cardiomyocytes, which mediates
oxidation balance.

5. Clinical Perspectives

(1) Zileuton protected mice against cardiac hypertrophy,
fibrosis, and oxidative stress in response to LV pres-
sure overload by activating PPARα/NRF2 signaling
in cardiomyocytes

(2) These results confirm the role of 5-LOX in cardiac
remodeling and the usage of a 5-LOX inhibitor
(zileuton) for treating heart failure
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Figure 7: Blocking PPARα/NRF2 signaling counteracts zileuton’s effect on vitro. (a–c) Cells were treated with NRF2 siRNA for 8 h and then
treated with PE (50 μM) and zileuton (100 μM) for 24 h. (d–g) Cells were treated with PE (50 μM), zileuton (100 μM), and GW6471 (10 μM)
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Figure 8: PPARα knockdown blunts zileuton’s antihypertrophic effect in vivo. Mice were subjected to AAV9-shPPARα injection. Two weeks
after injection, the mice were subjected to AB surgery. One week after AB, the mice were treated with zileuton (100mg/kg/d) for 7 weeks.
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Figure 9: PPARα knockdown blunts zileuton’s antioxidative effect and cardioprotection in vivo. Mice were subjected to AAV9-shPPARα
injection. Two weeks after injection, the mice were subjected to AB surgery. One week after AB, the mice were treated with zileuton
(100mg/kg/d) for 7 weeks. (a) Activities of SOD, Gpx, and NADPH oxidase in mouse hearts (n = 6). (b, c) Echocardiography results
(n = 10). (d) Hemodynamic measurements (n = 10). ∗P < 0:05 vs. the vehicle-sham group; #P < 0:05 vs. the vehicle-AB group.

15Oxidative Medicine and Cellular Longevity



Data Availability

Data will be available upon request from the corresponding
author.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

Qing-Qing Wu and Wei Deng contributed to the conception
and design of the experiments; Qing-Qing Wu, Yang Xiao,
Jiao-Jiao Chen, Mingxia Duan, Chen Liu, and Saiyang Xie
carried out the experiments; Zhulan Cai, Yankai Guo, and
Juan Wang analyzed the experimental results; Yuan and
Qizhu Tan wrote and revised the manuscript.

Acknowledgments

This work was supported by grants from the National
Natural Science Foundation of China (nos. 81860080,
81530012, and 81700353), Hubei Province’s Outstanding
Medical Academic Leader Program, and Fundamental
Research Funds of the Central Universities (2042017kf0060).

References

[1] Q. Q. Wu, Y. Xiao, Y. Yuan et al., “Mechanisms contributing
to cardiac remodelling,” Clinical Science, vol. 131, no. 18,
pp. 2319–2345, 2017.

[2] Z. K. Haque and D.-Z. Wang, “How cardiomyocytes sense
pathophysiological stresses for cardiac remodeling,” Cellular
and Molecular Life Sciences, vol. 74, no. 6, pp. 983–1000, 2017.

[3] H. H. Liao, X. H. Jia, H. J. Liu, Z. Yang, and Q. Z. Tang, “The
role of PPARs in pathological cardiac hypertrophy and heart
failure,” Current Pharmaceutical Design, vol. 23, no. 11,
pp. 1677–1686, 2017.

[4] Z. Khuchua, A. I. Glukhov, A. W. Strauss, and S. Javadov,
“Elucidating the beneficial role of PPAR agonists in cardiac
diseases,” International Journal of Molecular Sciences, vol. 19,
no. 11, p. 3464, 2018.

[5] M. M. Helmy, A. A. Hashim, and S. M. Mouneir, “Zileuton
alleviates acute cisplatin nephrotoxicity: inhibition of lipoxy-
genase pathway favorably modulates the renal oxidative/
inflammatory/caspase-3 axis,” Prostaglandins & Other Lipid
Mediators, vol. 135, pp. 1–10, 2018.

[6] A. H. Kubavat, N. Khippal, S. Tak et al., “A randomized, com-
parative, multicentric clinical trial to assess the efficacy and
safety of zileuton extended-release tablets with montelukast
sodium tablets in patients suffering from chronic persistent
asthma,” American Journal of Therapeutics, vol. 20, no. 2,
pp. 154–162, 2013.

[7] P. G. Woodruff, R. K. Albert, W. C. Bailey et al., “Randomized
trial of zileuton for treatment of COPD exacerbations requir-
ing hospitalization,” COPD, vol. 8, no. 1, pp. 21–29, 2011.

[8] H. J. Kwak, K. M. Park, H. E. Choi, H. J. Lim, J. H. Park, and
H. Y. Park, “The cardioprotective effects of zileuton, a 5-
lipoxygenase inhibitor, are mediated by COX-2 via activation
of PKCδ,” Cellular Signalling, vol. 22, no. 1, pp. 80–87, 2010.

[9] L. Abueid, Ü. Uslu, A. Cumbul, A. V. Öğünç, F. Ercan, and
İ. Alican, “Inhibition of 5-lipoxygenase by zileuton in a rat
model of myocardial infarction,” The Anatolian Journal of
Cardiology, vol. 17, no. 4, pp. 269–275, 2016.

[10] J. E. Jones, J. L. Walker, Y. Song et al., “Effect of 5-lipoxygenase
on the development of pulmonary hypertension in rats,”
American Journal of Physiology-Heart and Circulatory Physiol-
ogy, vol. 286, no. 5, pp. H1775–H1784, 2004.

[11] E. Bell, F. Ponthan, C.Whitworth, F.Westermann, H. Thomas,
and C. P. F. Redfern, “Cell survival signalling through PPARδ
and arachidonic acid metabolites in neuroblastoma,” PLoS
One, vol. 8, no. 7, article e68859, 2013.

[12] A. von Knethen, L. K. Sha, L. Kuchler et al., “5-Lipoxygenase
contributes to PPARγ activation in macrophages in response
to apoptotic cells,” Cellular Signalling, vol. 25, no. 12,
pp. 2762–2768, 2013.

[13] D. S. Jiang, X. Wei, X. F. Zhang et al., “IRF8 suppresses
pathological cardiac remodelling by inhibiting calcineurin
signalling,” Nature Communications, vol. 5, no. 1, 2014.

[14] Q. Q. Wu, Y. Yuan, X. H. Jiang et al., “OX40 regulates pressure
overload-induced cardiac hypertrophy and remodelling via
CD4+ T-cells,” Clinical Science, vol. 130, no. 22, pp. 2061–
2071, 2016.

[15] Y. Xiao, Z. Yang, Q. Q. Wu et al., “Cucurbitacin B protects
against pressure overload induced cardiac hypertrophy,”
Journal of Cellular Biochemistry, vol. 118, no. 11, pp. 3899–
3910, 2017.

[16] Q. Q.Wu, Y. Xiao,M. X. Duan et al., “Aucubin protects against
pressure overload-induced cardiac remodelling via the β3-
adrenoceptor-neuronal NOS cascades,” British Journal of
Pharmacology, vol. 175, no. 9, pp. 1548–1566, 2018.

[17] T. Sonnweber, A. Pizzini, M. Nairz, G.Weiss, and I. Tancevski,
“Arachidonic acid metabolites in cardiovascular and metabolic
diseases,” International Journal of Molecular Sciences, vol. 19,
no. 11, p. 3285, 2018.

[18] F. Colazzo, P. Gelosa, E. Tremoli, L. Sironi, and L. Castiglioni,
“Role of the cysteinyl leukotrienes in the pathogenesis and
progression of cardiovascular diseases,” Mediators of Inflam-
mation, vol. 2017, Article ID 2432958, 13 pages, 2017.

[19] M. Rubinstein and E. Dvash, “Leukotrienes and kidney dis-
eases,” Current Opinion in Nephrology and Hypertension,
vol. 27, no. 1, pp. 42–48, 2018.

[20] N. Ishizaka, A. Nakao, N. Ohishi et al., “Increased leukotriene
A4 hydrolase expression in the heart of angiotensin II-induced
hypertensive rat,” FEBS Letters, vol. 463, no. 1-2, pp. 155–
159, 1999.

[21] P. Liu, D. A. Misurski, and V. Gopalakrishnan, “Cysteinyl
leukotriene-dependent [Ca2+]iresponses to angiotensin II
in cardiomyocytes,” American Journal of Physiology-Heart
and Circulatory Physiology, vol. 284, no. 4, pp. H1269–
H1276, 2003.

[22] M. Kamohara, J. Takasaki, M. Matsumoto et al., “Functional
characterization of cysteinyl leukotriene CysLT2 receptor on
human coronary artery smooth muscle cells,” Biochemical
and Biophysical Research Communications, vol. 287, no. 5,
pp. 1088–1092, 2001.

[23] M. Zhang and A. M. Shah, “ROS signalling between endothe-
lial cells and cardiac cells,” Cardiovascular Research, vol. 102,
no. 2, pp. 249–257, 2014.

[24] Y. Purnomo, Y. Piccart, T. Coenen, J. Prihadi, and P. Lijnen,
“Oxidative stress and transforming growth factor-β1-induced

16 Oxidative Medicine and Cellular Longevity



cardiac fibrosis,” Cardiovascular & Hematological Disorders
Drug Targets, vol. 13, no. 2, pp. 165–172, 2013.

[25] W. Chen, Y. C. Lin, X. Y. Ma, Z. Y. Jiang, and S. P. Lan, “High
concentrations of genistein exhibit pro-oxidant effects in
primary muscle cells through mechanisms involving 5-
lipoxygenase-mediated production of reactive oxygen species,”
Food and Chemical Toxicology, vol. 67, pp. 72–79, 2014.

[26] G. A. Czapski, K. Czubowicz, and R. P. Strosznajder, “Evalua-
tion of the antioxidative properties of lipoxygenase inhibitors,”
Pharmacological Reports, vol. 64, no. 5, pp. 1179–1188, 2012.

[27] J. S. Warren, S. I. Oka, D. Zablocki, and J. Sadoshima,
“Metabolic reprogramming via PPARα signaling in cardiac
hypertrophy and failure: from metabolomics to epigenetics,”
American Journal of Physiology-Heart and Circulatory Physiol-
ogy, vol. 313, no. 3, pp. H584–H596, 2017.

[28] L. Gao, Y. Liu, S. Guo et al., “LAZ3 protects cardiac remodeling
in diabetic cardiomyopathy via regulating miR-21/PPARa
signaling,” Biochimica et Biophysica Acta (BBA) - Molecular
Basis of Disease, vol. 1864, no. 10, pp. 3322–3338, 2018.

[29] K. Watanabe, H. Fujii, T. Takahashi et al., “Constitutive
regulation of cardiac fatty acid metabolism through peroxi-
some proliferator-activated receptor alpha associated with
age-dependent cardiac toxicity,” The Journal of Biological
Chemistry, vol. 275, no. 29, pp. 22293–22299, 2000.

[30] A. Guellich, T. Damy, M. Conti et al., “Tempol prevents car-
diac oxidative damage and left ventricular dysfunction in the
PPAR-α KO mouse,” American Journal of Physiology-Heart
and Circulatory Physiology, vol. 304, no. 11, pp. H1505–
H1512, 2013.

[31] S. Pu, L. Ren, Q. Liu et al., “Loss of 5-lipoxygenase activity pro-
tects mice against paracetamol-induced liver toxicity,” British
Journal of Pharmacology, vol. 173, no. 1, pp. 66–76, 2016.

[32] A. D. Rodrigues and J. M. Machinist, “Hepatic peroxisomal
and drug metabolizing activity in CD-1 mice after oral treat-
ment with a novel 5-lipoxygenase inhibitor,” Toxicology and
Applied Pharmacology, vol. 137, no. 2, pp. 193–201, 1996.

17Oxidative Medicine and Cellular Longevity



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi

www.hindawi.com Volume 2018

MEDIATORS

INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at

www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

