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Fenofibrate attenuates
doxorubicin-induced cardiac
dysfunction in mice via activating
the eNOS/EPC pathway

Wen-Pin Huang®’, Wei-Hsian Yin'#, Jia-Shiong Chen’, Po-Hsun Huang?37%,
Jaw-Wen Chen?*%8 & Shing-Jong Lin%>8*

Endothelial progenitor cells (EPCs) improve endothelial impairment, which in turn restores endothelial
function in patients with heart failure (HF). In the present study, we tested whether fenofibrate, with
its anti-inflammatory and vasoprotective effects, could improve myocardial function by activating
EPCs through the eNOS pathway in a doxorubicin (DOX)-induced cardiomyopathy mouse model.
Wild-type mice were divided into 4 groups and treated with vehicle, DOX +saline, DOX +fenofibrate,
and DOX +fenofibrate + L-NAME (N(w)-nitro-L-arginine methyl ester). DOX-induced cardiac atrophy,
myocardial dysfunction, the number of circulating EPCs and tissue inflammation were analyzed. Mice
in the DOX +fenofibrate group had more circulating EPCs than those in the DOX + saline group (2%
versus 0.5% of total events, respectively) after 4 weeks of treatment with fenofibrate. In addition,
the inhibition of eNOS by L-NAME in vivo further abolished the fenofibrate-induced suppression of
DOX-induced cardiotoxic effects. Protein assays revealed that, after DOX treatment, the differential
expression of MMP-2 (matrix metalloproteinase-2), MMP-9 (matrix metalloproteinase-9), TNF-a
(tumor necrosis factor-a), and NT-pro-BNP (N-terminal pro-B-type natriuretic peptide) between
saline- and DOX-treated mice was involved in the progression of HF. Mechanistically, fenofibrate
promotes Akt/eNOS and VEGF (vascular endothelial growth factor), which results in the activation of
EPC pathways, thereby ameliorating DOX-induced cardiac toxicity.

The prevalence of chronic heart failure is approximately 1-2% of the adult population in developed countries
and rises to > 10% among people > 70 years of age'. Chronic heart failure is a consequence of cardiac remodeling
processes that are induced by various types of heart diseases, such as myocardial infarction, chronic hypertension,
or exposure to toxic agents”. The anthracycline doxorubicin (DOX) is widely used as an effective antitumor drug,
but its clinical use is limited by cardiotoxicity that leads to congestive heart failure (CHF)®. Although a variety
of small molecular compounds with antioxidant activity, such as resveratrol, isorhamnetin, diosgenin and acute
exercise have been used in an attempt to protect the heart against DOX-induced cardiotoxicity, treatment to
prevent short- and long-term DOX-induced cardiac damage remains limited*~’.

Endothelial progenitor cells (EPCs) have angiogenic capabilities and are the leading players in endogenous
repair mechanisms that counteract endothelial dysfunction®. HF patients with failing circulation are characterized
not only by depressed cardiac function but also by endothelial dysfunction®. Circulating EPCs and CD34 + cells
are negatively correlated with classification in the HF functional class by the New York Heart Association®'.
Clinical studies also reported a significant improvement in angina frequency and exercise tolerance with the
intramyocardial transplantation of autologous CD34 + cells in patients with refractory angina'!*. Peroxisome
proliferator-activated receptor a (PPARa), which was the first identified PPAR isoform, is a target for various
long-chain fatty acids and is predominantly expressed in tissues exhibiting high rates of fatty acid catabolism'*.
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PPARa deficiency may lead to the impaired functional capacity of the heart'. Recent studies demonstrated the
numerous pleiotropic effects of fenofibrate, a PPARa activator, on the heart that afford direct myocardial protec-
tion in addition to the lipid-lowering effects of fenofibrate!®!”. Short-term treatment with fenofibrate improved
vascular endothelial function in healthy, normal lipidemic, middle-aged/older adults by reducing oxidative stress
and increasing eNOS activation'®. Our study also showed that fenofibrate exerted beneficial effects in patients
with systolic HF and that activated PPARa attenuated ET-1-induced cardiomyocyte hypertrophy'>?. Although
fenofibrate exerted a protective effect against vascular dysfunction by its anti-inflammatory properties, we also
observed that fenofibrate, a PPARa agonist, stimulated angiogenesis by improving endothelial precursor cell
function, mobilization, and homing of endothelial progenitor cells**>. We suspect that fenofibrate could have
a protective mechanism in the cardiovascular system independent of its anti-inflammatory properties. CHF
is common in elderly individuals in developed countries, and the chemotherapy drug doxorubicin is used in
the treatment of breast cancer patients. The proposed principal mechanisms of doxorubicin cardiotoxicity are
significant myelosuppression, induced oxidative stress, and promote cellular apoptosis of cardiomyocytes*2.
Whether fenofibrate is involved in the pathogenesis of DOX-associated heart toxicity is unclear. Thus, we aimed
to investigate whether fenofibrate could have a protective effect against DOX-associated myocardial damage and
to clarify the role of EPCs in DOX-induced heart toxicity in vivo and in vitro.

Materials and methods

Animal experiments. All FVB/N]J mice were purchased from the (BioLASCO Taiwan Co., Ltd.), 8 weeks of
age and weighing approximately 24 g each. First part as Fig. 1A were administered groupl) saline, 2) fenofibrate
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) orally in feed for 4 weeks (20 mg kg-1 d-1), 3) fenofibrate
orally in feed for 4 weeks 100 mg kg™' d™'2%%”. Second part as Fig. 1A mice were administered 1) saline, 2) DOX
4 mg kg-1 week-1, (Sigma, USA) by intravenous tail injection for five cycles (single dose/week, cumulative
dose: 20 mg/kg) to establish cardiac dysfunction®. After 3 and 5 weeks, ventricular structure and function were
assessed by echocardiography before the animals were randomly divided into three groups that received Fol-
lowed by treatment 1) saline, 2) fenofibrate orally in feed for 4 weeks (100 mg kg-1 d-1), 3) fenofibrate + L-NAME
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dosage of 40 mg kg™ d™'%%°. (IACUC of Taipei Veterans
General Hospital: approval No. 2018-009). We provided a flow chart to show the number of animals in this study
(Supplemental Fig. 1).

Fenofibrate solution in DMSO (Sigma-Aldrich, St Louis, MO, US) was administered as a suspension in water,
which was used as a vehicle (5% MDSO). This vehicle was used as a negative control. One hundred microliters
of fenofibrate and vehicle were administered daily by oral feeding gavage for 4 weeks. After 4 weeks, ventricular
structure and function were assessed by echocardiography (Fig. 1A). All experimental animal procedures were
approved by the Animal Care and Use Committee of the National Medical University and performed in accord-
ance with the Guide for the Care and Use of Laboratory Animals (NIH publication No. 85-23, National Academy
Press, Washington, DC, USA, revised 1996). In correlation assay, only including doxorubicin treated mice.

At the end of the treatment period, the mice were anesthetized with an intraperitoneal injection of avertin
(250 pl/25 g, 240 mg/kg)). Then, blood samples were collected from the submandibular vein, centrifuged at
3000 rpm for 10 min to separate the serum, and stored at — 80 °C for biomarker analysis. The heart tissues were
isolated, weighed, washed with PBS, and separated into two samples. One was used for immunohistochemistry
(IHC) and fixed in 4% formalin. The other was stored at —80 °C for a Western blotting assay.

EPC isolation and identification. To investigate the effects of fenofibrate on EPC mobilization in the
circulating peripheral blood (PB) in response to DOX, a fluorescence-activated cell sorting (FACS) Caliber flow
cytometer (Becton Dickinson, San Jose, CA, USA) was used to assess EPC mobilization. First, 100 pL of periph-
eral blood (PB) was collected from the cheeks of the FVB/NJ mice. Then, the cells were lysed in red blood cells
(RBC) were lysed by using lysis buffer (BD Pharmingen, NJ, USA) to harvest mononuclear cells, which were
incubated with 2 pl of fluorescein isothiocyanate (FITC)-labeled anti-mouse Sca-1 (eBioscience, San Diego, CA,
USA) antibody and 2 ul of phycoerythrin (PE)-labeled anti-mouse Flk-1 (VEGFR-2, eBioscience) antibody. We
also identity other surface antigen co-expressed on scal +/flkl + cells including, 2 pl of peridinin chlorophyll
protein (PerCP) anti-mouse CD117 (c-Kit) antibody (BioLegend, San Diego, CA), 2 pl of PerCP anti-mouse
CD4 antibody (BioLegend), 2 ul of PerCP anti-mouse CD8 antibody (BioLegend), 2 ul of PerCP anti-mouse
Ly6C antibody (BioLegend), 2 pl of allophycocyanin (APC) anti-mouse CD135 antibody (BioLegend), 2 ul of
APC anti-mouse CD16/32 antibody (BioLegend), 2 pl of APC anti-mouse CD3 antibody (BioLegend), 2 ul of
APC anti-mouse CD11b antibody (BioLegend) in a final volume of 100 pl PBS at 4 °C for 30 min (Supplemental
data and S-Fig. 2). Isotype-identical antibodies served as controls (Becton Dickinson, Franklin Lakes, NJ, USA).
After incubation for 30 min, the cells were washed with phosphate-buffered saline (PBS) and analyzed. Each
analysis, we used the total events (n>50,000) as 100%, and determined the circulating EPC numbers as the
percentage of the double positive Sca-1/FIk-1 cells from the mononuclear fractions.

Western blot analysis. The hearts were lysed in lysis buffer (62.5 mM Tris-HCI, 2% SDS, 10% glycerol,
0.5 mM PMSE and 2 pg/mL aprotinin, pepstatin, and leupeptin) as previously described®'. Proteins in the cell
lysates were separated using 10% SDS-polyacrylamide gel electrophoresis followed by transfer to PVDF mem-
branes. Membranes were probed with monoclonal antibodies against p-eNOS, eNOS (Upstate Biotechnology,
Lake Placid, NY, USA), B-actin (Chemicon), p-Akt, Akt (Cell Signaling Technology, Beverly, MA, USA), MMP-
2, MMP-9 (Merck Millipore, Billerica, MA, USA), VEGE, and SDF-1 (Abbiotec, La Jolla, CA, USA). Bound
antibodies were visualized using chemiluminescence detection reagents (Merck Millipore, Billerica, MA, USA).
Protein band densitometry was conducted using ImageQuant software (Promega, Madison, W1, USA).
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Figure 1. DOX-induced cardiac dysfunction and decrease in the number of circulating EPCs in FBV mice. (A)
The DOX, fenofibrate, and L-NAME treatment protocols used in this animal study. (B) Quantitative analysis

of left ventricular short axis fractional shortening (LVFES) after DOX IV injection, which was determined by
echocardiography in FBV mice at 0, 3, and 5 weeks. (C) The number of circulating EPCs (defined as Sca-1+/
Flk-1+ cells) after DOX IV injection was determined by flow cytometry in FBV mice at 0, 3, and 5 weeks.
Doxorubicin n=33. (D) EPC (defined as Sca-1+/Flk-1 + cells) mobilization after the oral administration of
fenofibrate (20 and 100 mg/kg) was determined by flow cytometry in FBV mice at 4 weeks. *p <0.05 vs. saline.
Experiments was with n =4-5/group. One-way ANOVA.

Measurement of cardiac function. Transthoracic echocardiographic analysis was performed as previ-
ously described®>. M-mode images of the left ventricle were recorded after the animals were anesthetized with
avertin. The following parameters were measured to evaluate cardiac structure and function: left ventricular
end-diastolic diameter (LVIDd), left ventricular ejection fraction (LVEF), and left ventricular short axis frac-
tional shortening (LVFS). All parameters were assessed using an average of three heart beats.

Determination of plasma biomarker concentrations. Blood samples were collected from the hearts
after the animals were euthanized. The levels of MMP2, MMP-9, TNF-a, VEGE, adiponectin, BNP, and NT-pro-
BNP in circulation were determined by ELISA kits. Mouse MMP-9, VEGE, and adiponectin ELISA kits were
purchased from R&D Systems (Minneapolis, MN), mouse TNF-a ELISA kits were purchased from Invitrogen
(Carlsbad, CA), and mouse BNP and NT-pro-BNP ELISA kits were purchased from MyBioSource (San Diego,
CA, USA). The procedures were carried out according to the manufacturers’ instructions.

Hematoxylin and eosin (HE) staining. The left ventricle (LV) myocardium was fixed in 4% formalin,
cut transversely, embedded in paraffin, and stained with hematoxylin and eosin. Five randomly selected fields
per section were analyzed. Digital photographs were taken using a high-resolution digital image analysis system
(QwinV.3, Leica, Germany).
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Statistical analysis. Continuous variables are expressed as the means+ SDs, and categorical variables are
presented as frequencies and percentages. Comparisons of biochemical characteristics between two groups were
analyzed using a two-tailed Student’s t test. Comparisons of animal study characteristics differences between
multiple groups were analyzed using one way ANOVA followed by Dunnett’s test with SPSS (version 17.0; SPSS
Inc., Chicago, IL, USA), and a p value <0.05 indicated statistical significance.

Results
DOX-induced cardiac dysfunction in mice and reduced circulating EPC cell number. As
shown in Fig. 1A, DOX-induced cardiac dysfunction was induced in FBV mice injected five times with DOX
(4 mg mg kg-1 week-1), and cardiac function was evaluated by echocardiography. No deaths were observed in
the DOX-treated groups. Figure 1B shows the quantitative analysis of M-mode echocardiograms after DOX
administration in mice. DOX treatment caused a pronounced reduction in cardiac contractility compared to
that observed before DOX treatment, reflected by fractional shortening (FS %) in the mice (baseline at 0 week:
54.4+7.6, after 5 weeks of DOX treatment: 37.8 +3.3). To clarify whether suppressed EPC numbers were associ-
ated with DOX-induced cardiac dysfunction, circulating EPC numbers were evaluated by flow cytometry after
2 weeks of DOX injection. Figure 1C shows that fewer circulating EPCs were observed following DOX adminis-
tration in FBV mice than before DOX treatment (baseline at 0 weeks: 1.28 +0.28%, after 2 weeks of DOX treat-
ment: 0.66 +0.15%, after 5 weeks of DOX treatment: 0.11 +0.03 of total events). In addition, we determined the
effect of fenofibrate on the number of circulating EPCs. As depicted in Fig. 1D, there were significantly more
circulating EPCs in fenofibrate-treated mice than in vehicle-treated FBV mice after 4 weeks of fenofibrate treat-
ment (EPC at 4th week, Vehicle vs. Feno 100, 1.0% vs. 3.8%, p <0.05; Vehicle vs. Feno 20, 1.0% vs. 2.1%).
Furthermore, to evaluate the correlation between EPC number and cardiac function, as presented in Fig. 2B,
we examined LVIDs measurements and found that they were significantly inversely correlated with the number of
circulating EPC cells (r=0.38, P =0.002), whereas there was no significant correlation with LVIDd measurements
(r=0.08, P=0.6, Fig. 2A). There was a significant correlation between the number of circulating EPCs and LVFS
(r=0.59, P=0.0002, Fig. 2C), whereas there was significant correlation with LVEF measurements (r=0.4012,
P=0.0169 Fig. 2D).These findings indicated that treatment with fenofibrate ameliorated DOX-induced car-
diac dysfunction and that decreased numbers of circulating EPCs may be involved in DOX-induced cardiac
dysfunction.

DOX-induced reduction in circulating EPC cell numbers and cardiac dysfunction were recov-
ered by fenofibrate treatment in mice. As shown in Fig. 3A, the DOX-induced reduction in the num-
ber of circulating EPCs increased following 2 and 4 weeks of fenofibrate treatment, and this effect was inhibited
by L-NAME. In addition, DOX treatment caused a pronounced reduction in cardiac contractility reflected by
fractional shortening and left ventricular ejection fraction (LVEF), which increased following treatment with
fenofibrate, and this effect was blocked by L-NAME (Fig. 3B). As shown in Fig. 3C and Table 1, similar results
were observed for heart/body weight ratios (baseline in healthy controls: 100+6.6%; 5 weeks of DOX treat-
ment followed by 4 weeks of saline treatment, 122.4+13.3%; 5 weeks of DOX treatment followed by 4 weeks of
fenofibrate treatment: 111.4+9.3%; 5 weeks of DOX treatment followed by 4 weeks of fenofibrate + L-NAME:
148.2+15.9%). This fenofibrate-induced protective effect was virtually absent in the L-NAME treatment group.
To further elucidate the effect of fenofibrate on interstitial cardiac fibrosis and vascular fibrosis in DOX-treated
mice, Masson’s trichrome staining was performed on myocardial sections from each of the groups. Representa-
tive photomicrographs showing Masson’s trichrome staining of interstitial fibrosis are shown in Fig. 3D. These
results suggested that circulating EPC numbers were correlated with the protective effect of fenofibrate against
the progression of DOX-induced cardiac dysfunction.

Effect of fenofibrate on endothelial activation signaling in mice. To further determine whether
Akt/eNOS signaling pathways were involved in the mechanism of fenofibrate cardioprotection against DOX, we
measured the phosphorylation of eNOS and Akt and found that it was attenuated by DOX, as shown in Fig. 4A.
Additionally, the phosphorylation of both eNOS and Akt increased following treatment with fenofibrate, and
this effect was lessened by L-NAME treatment. Similar results were also observed for the accumulation of eNOS,
which demonstrated that fenofibrate reversed the DOX-induced suppression of eNOS activation, and this effect
of fenofibrate was attenuated by L-NAME treatment. Taken together, the findings above suggest that the protec-
tive effect of fenofibrate is attenuated by the DOX-induced blockage of the endothelial lineage activation path-
way, resulting in insufficient EPC recruitment to the heart and cardiac dysfunction.

We also evaluated inflammation and angiogenesis-associated protein expression. Figure 4B and Table 1 show
that the levels of both MMP-9 and MMP-2 were significantly increased in response to DOX compared to those in
control cells, and fenofibrate attenuated DOX-induced MMP-2 and MMP-9 accumulation in the heart. The pro-
tective effect of fenofibrate was suppressed by L-NAME treatment. Moreover, similar effects were also observed
for the levels of MMP-9 and TNF-a, as fenofibrate attenuated the DOX-induced increase in MMP-9 and TNF-a
accumulation, but this effect was lessened by L-NAME treatment. These results suggested that fenofibrate attenu-
ated DOX-induced heart inflammation in mice by eNOS activation. Finally, similar results were also seen for
both the VEGF and SDF-1 proteins in response to DOX. Fenofibrate reversed the DOX-induced suppression
of VEGF and SDF-1 accumulation in the heart, but this effect was reduced by L-NAME treatment. However,
L-NAME had no effect on the fenofibrate-induced reversal of SDF-1 suppression, which suggests that fenofi-
brate is a PPAR-a agonist that triggers SDF-1 expression independent of the NO pathway. These results suggest
that the activation of NO signaling was crucial for the protective effect of fenofibrate against the progression of
DOX-induced cardiac dysfunction.
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Figure 2. Correlations among circulating EPC cell numbers (%) and LVIDd levels (A); circulating EPC cell
numbers (%) and LVIDs levels (B); and circulating EPC cell numbers (%) and LVFS levels (C), and LVEF levels
(D) in FBV mice after DOX IV injection at 5 weeks (n=33).

Discussion

Here, we showed that treatment with fenofibrate led to cardioprotection against doxorubicin in mice. We showed
that a fenofibrate-mediated increase in the circulation of EPCs and the activation of cardiac NO and angiogenesis
factors, which were associated with an attenuated inflammatory response, contributed to improved LV function.
In agreement with previous studies and in line with findings derived from human studies, the use of doxorubicin
in our model led to severely reduced LV systolic and diastolic function, which consequently resulted in cardiac
dysfunction®*. Treatment with fenofibrate improved LV function under these conditions. These findings are in
agreement with a previous study that demonstrated that fenofibrate attenuated daunorubicin-induced cardiac
toxicity?”. Daunorubicin and doxorubicin show some differences in their clinically approved indications, espe-
cially the use of doxorubicin to treat solid tumors®*. Solid tumors are not easy to treat, so the treatment period is
longer, which increases the risk of myocardial toxicity, and there is currently no drug to treat this side effect. We
are interested in looking for a drug that can attenuate the risk of myocardial toxicity with the use of doxorubicin
for anticancer treatment.

DOX is one of the most important anticancer agents. However, the clinical use of DOX is limited by its
cardiotoxicity. Although the precise mechanisms whereby DOX induces myocardial injury have not been fully
elucidated, it is widely accepted that DOX induces cardiac injury via several mechanisms, including the induc-
tion of proinflammatory cytokines, the generation of free radicals, the promotion of apoptotic cell death, and
the suppression of EPC mobilization and function, which are typical changes observed in DOX-induced heart
failure**. In the present study, 5 weeks of DOX treatment induced heart hypertrophy, increased LVIDs meas-
urements, and reduced fractional shortening (FS) % in mice compared to those observed in mice without DOX
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Figure 3. Effect of fenofibrate on cardiac dysfunction in doxorubicin-treated wild-type FBV mice. (A) FBV
mice after the administration of saline, fenofibrate, or fenofibrate + L-NAME after DOX treatment. Fenofibrate
significantly improved EPC mobilization after DOX treatment, and fenofibrate reversed the decrease in EPC
cell numbers with L-NAME treatment. (B) M-mode echocardiographic images of mice treated with saline,
fenofibrate, and fenofibrate + L-NAME after DOX treatment. Quantitative analysis of LVFS in mice treated with
saline, fenofibrate, and fenofibrate + L-NAME after DOX treatment. (C) Heart weights and body weight ratios
of mice treated with saline, fenofibrate, and fenofibrate + L-NAME after DOX treatment. *p <0.05 versus saline;
#p <0.05 versus DOX alone; and p <0.05 versus DOX + fenofibrate. One-way ANOVA. (D) Massons trichrome
staining was performed on heart sections from each of the groups: fenofibrate and fenofibrate + L-NAME after
DOX treatment, N = 3-4/group. Experiments were n=6-13/group.

treatment. These results suggested that doxorubicin led to cardiac dysfunction in our model. Furthermore, we
also clarified that DOX attenuated the number of circulating EPCs in a time-dependent manner in mice and that
the number of circulating EPCs was negatively correlated with LVIDs measurements and positively correlated
with the recovery of EPC numbers, which may contribute to the reduction of LVIDs measurements, indicating
that the recovered EPC number may contribute to a reduction in the LVIDs. Similar results were also found for
the mobilization of EPCs by granulocyte colony-stimulating factor (G-CSF), which effectively improved cardiac
function and lessened ventricular remodeling, suggesting that EPC mobilization contributed to improvements
in cardiac function®. Treatment with fenofibrate significantly improved the suppression of cardiac function and
increased the mobilization of EPC numbers compared to those in mice without fenofibrate treatment, and this
effect was abolished when L-NAME treatment was included. These results suggested that circulating EPCs play
a crucial role in DOX-induced cardiotoxicity. Our results are in agreement with previous study demonstrating
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List Vehicle DOX DOX +Feno DOX +Feno + L-NAME
Body weight, (g) 33242 29.143.7 22.6+3.7° 205+2.1

Heart weight, (mg) 104+9 113+16* 83+16* 96+12

MMP-9, (ng/mL) 711 14+5.8* 10.9+5.9* 16.1+3.2%

TNF-a, (pg/mL) 10.3+6 1l6+7* 12.3+6.6 19.5+£4.1

VEGE, (pg/mL) 5+0.8 6.3+0.9 5.2+0.6" 6.4+1.3%

ADP, (ug/mL) 2.6+0.2 32+04 2.5+0.3% 3.4+0.6%

BNP, (pg/mL) 137+40 195+24* 156.+29* 175+5

NT-pro-BNP (pg/mL) 1107 +79 1527 +91* 1230+ 150% 1147 +£92%

Table 1. Serum parameters in wild-type FVB/NJ mice after 9 weeks of dietary treatment. Values are the
mean + standard deviation (SD). *P < 0.05, for DOX versus vehicle; “P < 0.05, for DOX + Feno versus DOX,
&P <0.05, for DOX + Feno + L-NAME versus DOX. DOX: doxorubicin, Feno: fenofibrate, L-NAME: N6-
nitro-L-arginine methyl ester, MMP-9: matrix metallopeptidase 9; TNF-a: tumor necrosis factor alpha,
VEGF: vascular endothelial growth factor, ADP: adiponectin, BNP: brain natriuretic peptide, NT Pro-BNP:
N-terminal pro-brain natriuretic peptide.

that erythropoietin (EPO)-induced enhancement in the number of EPC and their function against myocardial
dysfunction were induced by DOX*.

It is known that EPC numbers are insufficient in the progression of severe HF'’. In previous studies, increased
the number of EPCs by pharmacologically or through cell transplantation effectively improve the cardiac func-
tions in patients with heart failure in animal and human clinical trials*>*”. Therefore, the activation of EPCs may
be a therapeutic strategy to attenuate the progression of HE. In the present study, EPC activation signaling factors
were assayed in serum and heart tissue. The results showed that SDF-1 and VEGF protein levels were increased in
heart tissue by fenofibrate treatment compared to those observed without fenofibrate treatment. Similar results
were also found for the phosphorylation of eNOS/Akt signaling components in heart tissue. These results sug-
gested that the DOX-induced suppression of EPC activation was reversed by fenofibrate-mediated NO activation
signaling and angiogenesis factors. Our results agree with previous results demonstrated that PPARa regulated
mobilization and homing of EPCs through the HIF-1a/SDF-1 pathway and fenofibrate treatment restored EPC
function by increased NO production in EPCs of diabetic mice??2.

TNF-a, MMP-2, and MMP-9 act on inflammatory processes, are upregulated during heart failure (HF), and
influence ventricular remodeling. Our results showed that mice treated with DOX had higher serum levels of
TNF-a and MMP-9 than untreated mice. Similar results were also found in heart tissues. These findings agree
with a previous study showing that the elevated expression of MMP-9 was associated with collagen maturation
in heart failure, demonstrating the important role of these enzymes in fibrosis through collagen configuration,
activation, and deposition®. In addition, our results showed that the DOX-induced accumulation of TNF-a,
MMP-2, and MMP-9 was attenuated by fenofibrate in mice, and L-NAME abolished this effect (Table 1). These
results suggested that NO activation is involved in the fenofibrate-induced suppression of TNF-a, MMP-2, and
MMP-9 induction in mice. These findings agree with previous studies showing that fibrate increased the tran-
scriptional activities of PPARa and decreased the transactivation of nuclear transcription factor NF-kB and that
fenofibrate activated eNOS and increased NO bioavailability, which in turn suppressed MMP-23%%, MMP-9, a
well-recognized mediator of adverse ventricular fibrosis and subsequent remodeling, was evaluated to establish
the relationship between fenofibrate-activated EPCs and blunted fibrosis in DOX-induced cardiotoxicity.

The role of adiponectin in the progression of heart failure is controversial. Adiponectin deficiency resulted
in increased DOX-induced cardiotoxicity*!. Increased adiponectin levels were correlated with cardiac
performance*’. However, CHF patients with diastolic heart failure had decreased circulating adiponectin lev-
els compared with those in age-matched normal controls®’. It is possible that adiponectin adopts a two-faced
character in HE In the early stage of HE, the increase in adiponectin production may be part of a compensatory
mechanism to protect the heart. In our study, a DOX-induced increase in adiponectin was observed. Fenofibrate
attenuated this DOX-induced increase in adiponectin, which was abolished with L-NAME treatment. In DOX-
induced cardiotoxicity, increasing adiponectin was a compensatory mechanism to protect the heart. In this study,
L- NAME abolished the effect of fenofibrate on DOX-induced cardiotoxicity, which accompanied increased
adiponectin levels. These data suggested that fenofibrate had a minor effect on the increase in adiponectin in
DOX-triggered cardiotoxicity. In addition, a previous study reported that the level of pro-BNP was increased
by chemotherapy*. In our study, DOX-induced increases in circulating BNP and pro-BNP were also attenuated
by fenofibrate, and this effect was abolished by L-NAME. These data suggested that fenofibrate reversed DOX-
induced cardiotoxicity through the NO activation pathway.

Heart size is positively correlated with body weight. In the present study, we noted that the group treated with
fenofibrate for 4 weeks lost a significant amount of body weight. We were concerned about whether fenofibrate
suppressed heart size by reducing body weight. Therefore, we carefully analyzed heart M-mode echocardio-
grams, and we found that fenofibrate significantly reversed DOX-impaired fractional shortening (FS) %, and
L-NAME abolished this effect as well as changes in heart size despite for the mice exhibiting similar decreases
in body weight. Previous reports showed that alterations in myocardial energy metabolism induced by the anti-
cancer drug doxorubicin. It is primarily associated with the increased production of reactive oxygen species
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Figure 4. Effect of fenofibrate on endothelial activation marker expression in the hearts of FBV mice after
DOX treatment. (A) Protein expression of endothelial activation signaling pathways. The phosphorylation of
Akt/eNOS was measured by Western blot and normalized to the phosphorylation of the control group. (B) The
protein expression levels of the inflammation and angiogenesis proteins MMP-9, MMP-2, VEGE, and SDF-1
were tested and normalized to the expression levels in the control group (mean +SDs, n=3). *p <0.05 versus
saline; #p <0.05 versus DOX alone; and p <0.05 versus DOX + fenofibrate. One-way ANOVA.

Scientific Reports|  (2021) 11:1159 | https://doi.org/10.1038/s41598-021-80984-4 natureresearch



www.nature.com/scientificreports/

(ROS), apoptosis of cardiac cells, mitochondrial damage, and impairment of cardiac energy metabolism*. In
addition, it has been reported that fenofibrate reduced body weight by reducing serum triglyceride levels**’.
Therefore, we suggest that the energy production (especially in mitochondrial) of mice may be impaired after
DOX administration. When Fenofibrate is administered after DOX administration, the energy production may
be insufficient and the result of a significant weight loss will be observed. As this finding was reported with the
long-term treatment of mice with fenofibrate, it was possibly related to the reduced body weight and improved
heart function caused by treatment with fenofibrate and not due to the reduction in body weight. Taking all of
the above findings together, we suggest that fenofibrate attenuated DOX-induced cardiotoxicity and concomi-
tantly reduced body weight.

There were two limitations to this study. First, we could not rule out the involvement of the AMPK activation
pathway in the protective effects of fenofibrate. Although adiponectin levels did not change significantly under
fenofibrate treatment, fenofibrate activates eNOS by activating the AMPK pathway*®*. Therefore, a fenofibrate-
triggered increase in eNOS-mediated EPC function may be a possible mechanistic explanation for its protec-
tive effects in DOX-induced cardiotoxicity. A second limitation of this study was the lack of allogeneic EPCs
to serve as control samples. For clinical applications, small molecular drugs are easily available, and we used a
pharmacological strategy to activate EPC mobilization under DOX challenge. However, it is difficult to explain
the real mechanism through which the activation of EPCs reversed DOX-induced cardiotoxicity. Therefore, the
transplantation of EPCs to supplement the decreased EPC numbers in mice following treatment with DOX is a
direct strategy to prove this hypothesis.

Conclusion

This study demonstrated the potent relevant efficacy of fenofibrate therapy in mice with DOX-induced cardio-
toxicity. Fenofibrate restored the fractional shortening (FS)%, circulating EPCs, and VEGF levels altered follow-
ing DOX treatment to those observed in control mice. As abnormalities in the heart function of mice with CV
disease are highly related to MMPs, TNF-alpha, and pro-BNP, targeting EPC function is a significant therapeutic
strategy. Together, these findings offer a new mechanism of action underlying clinically relevant responses to
the use of fenofibrate in CV diseases.

Ethics approval and consent to participate. IACUC of Taipei Veterans General Hospital: approval No.
2018-009, and complied with the Guide for the Care and Use of Laboratory Animals.

Data availability

Supplementary materials can be found at https://jbiomedsci.biomedcentral.com/.
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