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Oleic Acid Attenuates Ang II (Angiotensin II)-Induced
Cardiac Remodeling by Inhibiting FGF23 (Fibroblast
Growth Factor 23) Expression in Mice
Tianlong Liu*, Hongyan Wen*, Hao Li*, Haochen Xu, Ning Xiao, Rui Liu, Luonan Chen,
Yingying Sun, Li Song, Congxia Bai, Jing Ge, Yinhui Zhang, Jingzhou Chen
Abstract—Plasma metabolic profiles were compared between patients with hypertension with and without left ventricular
hypertrophy and significantly decreased oleic acid (OA) levels were observed in the peripheral blood of patients with
hypertension with left ventricular hypertrophy. We sought to determine the effect and underlying mechanisms of OA
on cardiac remodeling. In vitro studies with isolated neonatal mouse cardiomyocytes and cardiac fibroblasts revealed
that OA significantly attenuated Ang II (angiotensin II)-induced cardiomyocyte growth and cardiac fibroblast collagen
expression. In vivo, cardiac function, hypertrophic growth of cardiomyocytes, and fibrosis were analyzed after an Ang
II (1000 ng/kg/minute) pump was implanted for 14 days. We found that OA could significantly prevent Ang II-induced
cardiac remodeling in mice. RNA sequencing served as a gene expression roadmap highlighting gene expression changes
in the hearts of Ang II-induced mice and OA-treated mice. The results revealed that FGF23 (fibroblast growth factor
23) expression was significantly upregulated in mouse hearts in response to Ang II infusion, which was significantly
suppressed in the hearts of OA-treated mice. Furthermore, overexpression of FGF23 in the heart by injection of an AAV9 vector aggravated Ang II-induced cardiac remodeling and impaired the protective effect of OA on cardiac remodeling.
Further study found that OA could suppress Ang II-induced FGF23 expression by inhibiting the translocation of Nurr1
(nuclear receptor–related 1 protein) from the cytoplasm to the nucleus. Our findings suggest a novel role of OA in
preventing Ang II-induced cardiac remodeling via suppression of FGF23 expression.  (Hypertension. 2020;75:00-00.
DOI: 10.1161/HYPERTENSIONAHA.119.14167.) Online Data Supplement
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ypertension can lead to damage of various target organs,
while the prevalence of left ventricular hypertrophy
(LVH) in mild-to-moderate hypertensive populations is estimated to be 20% to 50% in various studies.1–3 However, the
pathological mechanism of hypertensive cardiac remodeling
remains poorly understood. Previous studies indicated that
circulating molecules play a critical role in the pathological
process of hypertensive cardiac remodeling.4 On one hand,
circulating metabolites acting as ligands could activate signaling pathways related to cardiac remodeling.5,6 On the contrary, a specific pattern of plasma metabolites that reflected
changes in pathophysiologic mechanisms of hypertensive cardiac remodeling was reported in many studies.7,8 Therefore,
we detected the plasma metabolic profiles in patients with hypertension with and without LVH to evaluate the metabolic
characteristics of patients with hypertension with LVH and
discover critical metabolites that regulate the pathological
processes of cardiac remodeling.

Metabolomics is a novel technology for discovering intermediate and end metabolites of physiological processes
and is a powerful tool for uncovering metabolic pathways and
biomarkers associated with cardiovascular disease.9 Dynamic
changes in hundreds of low-molecular weight metabolites in
peripheral blood have been identified as the main characteristic for distinguishing physiological and disease states, such
as diabetes mellitus10 and systemic cardiovascular disorders,11
and predicting clinical outcomes.12 Fan et al13 used a nontargeted metabolomics method and found that differences in
small-molecule metabolites in peripheral blood may reflect
underlying coronary artery disease and serve as biomarkers
for coronary artery disease progression. Unlike other organs,
changes in the metabolic mode of the myocardium are closely
associated with pathological and physiological cardiac remodeling.14,15 Few metabolomics studies have been performed in
patients with cardiac hypertrophy or heart failure to screen
biomarkers and therapeutic targets. Moreover, the detailed
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mechanisms by which differential metabolites derived from
animal models influence the pathological processes of cardiovascular disease remain unclear. Therefore, analyzing metabolic profile characteristics can reveal systemic metabolic
alterations and significantly differential metabolites in patients
with cardiac hypertrophy, which can be used to identify novel
biomarkers and potential therapeutic targets.
OA plays a critical role as an important monounsaturated fatty acid in regulating fatty acid intake and oxidative
phosphorylation.16,17 Many randomized clinical trials have reported that an OA-rich Mediterranean diet decreases the incidence of breast cancer, age-related cognitive decline, and
type 2 diabetes mellitus18,19 and reduces the risk of cardiovascular events, including coronary heart disease, stroke, heart
failure, and myocardial infarction.20 Furthermore, OA alone
can regulate atrial electrophysiological characteristics in the
context of calcium and sodium dysregulation and induce the
release of glucagon-like peptide-1.21,22 However, the role and
mechanisms of OA in hypertensive cardiac remodeling remain unclear.
In the present study, we sought to test the hypothesis that
OA plays a protective role in cardiac remodeling. To examine
this, we observed cardiac remodeling and function in an Ang
II (angiotensin II)-infused mouse model. OA prevented pathological cardiac remodeling in mice by inhibiting FGF23 (fibroblast growth factor 23) expression in the heart.

Materials and Methods
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This article adheres to the American Heart Association Journals
implementation of the Transparency and Openness Promotion
Guidelines. The data that support the findings of this study are available from the corresponding author on reasonable request. Detailed
methods are available in the online-only Data Supplement.

Patients
The study protocol was reviewed and approved by the Human Ethics
Committee, Fuwai Hospital (Approval No.: 2016-732), and the study
was conducted in accordance with the principles of Good Clinical
Practice and the Declaration of Helsinki. All participants gave written
informed consent.
We enrolled 54 patients with hypertension without LVH and 38
patients with hypertension with LVH from the sample library produced under national basic research grant of China G2000056901.
Echocardiography was used to measure the structural parameters of
the patients’ hearts, including left ventricular internal dimension at
end diastole and end systole (LVIDD and LVISD), interventricular
septal thickness (IVST), and posterior wall thicknesses (PWTs).
LVM (left ventricular mass) was calculated according to the following formula: LVM (g)=0.8×[1.04×(LVIDD+IVST+PWT)3-(LVID(LVIDD)3]+0.6 LVM was indexed to BSA (body surface area) to
obtain LVM body surface area. LVH was defined as previously described.23 LVH was defined using the partition values of LVM body
surface area above 125 g/m2 for men and above 120 g/m2 for women.
Severe systemic diseases (collagenosis, endocrine and metabolic
diseases [except for diabetes mellitus], inflammation, and liver, neoplastic, or renal diseases) were criteria for exclusion. Medical histories, including prescriptions for medication use, blood biochemical
indicators, and lifestyle habits (smoking and drinking), were recorded
carefully, and the baseline characteristics of the patients with hypertension without LVH and patients with hypertension with LVH are
shown in the Table S1 in the online-only Data Supplement. Sample
preparation and LC-Q/TOF-MS-based nontargeted metabolomics
were performed according to a previous report.13
Other targeted metabolomics were performed to validate nontargeted metabolomics results in a second cohort as a validation set,

including 50 patients with hypertension with LVH and 50 patients
with hypertension without LVH. The baseline characteristics of the
validation set are shown in the Table S2.

Animals
Animal experiments were approved by the Committee of Fuwai
Hospital on Ethics of Animal Experiments (Approval No.:
0085-M-200-HX) and complied with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals, and the
manuscript adheres to the ARRIVE (Animal Research: Reporting of
In Vivo Experiments) guidelines for reporting animal experiments.
Male C57BL/6 mice (10 weeks) were purchased from the Model
Animal Research Center of Nanjing University (Nanjing, China). All
mice were housed in a specific-pathogen-free environment under a 12
hour/12 hour light-dark cycle and fed rodent diet ad libitum. No specific statistical tests were performed to predetermine the sample size.
Sample size was chosen according to relevant references and experiences. Animals were randomly assigned to experimental groups by
using the random number generator function in SPSS.24 Investigators
blinded to the treatment groups evaluated outcomes in all mice and
performed the analysis. For mouse euthanasia, 3.0% isoflurane mixed
with oxygen (100%, airflow velocity: 1 L/minute) was used as inhalable anesthesia in mouse and then anesthetized animals were sacrificed by cervical dislocation. Heart was rapidly excised and prepared
for histology, proteins, and RNA extraction.

Animal Model of Cardiac Remodeling
After mice orally received OA (160 mg/kg; body weight, 0.3 mL/
mouse) or saline for 14 days, cardiac remodeling was induced by
chronic infusion of Ang II (Sigma-Aldrich) at a dose of 1000 ng/kg
per minute for 2 weeks with Alzet 2004 pumps.25 In brief, according
to the manufacturer’s protocol, the prefilled pump was incubated in
sterile saline at 37°C for 48 hours. Mice were anesthetized with 3.0%
isoflurane mixed with oxygen (100%, airflow velocity: 1 L/minute)
was used to maintain anesthesia. An incision was made in the skin on
the back of the mouse, and the pump was implanted into the subcutaneous tissue. After being sutured and regaining consciousness, the
mice were returned to their original cages and fed individually until
the end of the experiment.

Statistical Analysis
The mean±SD was calculated for all of the data. Statistical comparisons for percentages were performed using χ2 analysis. Statistical
differences were calculated with the 2-tailed Student t test when
comparing 2 conditions, and ANOVA was used when comparing >2
conditions. For parametric data with equal variance, 1-way ANOVA
with Tukey post hoc test was used. For parametric data with unequal variance, 1-way ANOVA with the Games-Howell post hoc test
was used. A P value <0.05 was considered statistically significant.
All statistical analyses were carried out using GraphPad Prism software (Version 5.0, GraphPad Software, Inc, San Diego, CA) and IBM
SPSS Statistics 21.0 (IBM Corporation, Armonk, NY).

Results
OA Levels Were Significantly Decreased in the
Peripheral Blood of Patients with Hypertension
With LVH compared With Patients with
Hypertension Without LVH
To determine whether the serum metabolic profiles of patients
with hypertension with LVH were different from those of
patients with hypertension without LVH, LC-Q/TOF-MSbased nontargeted metabolomics was performed. A total
of 741 and 972 features were profiled in positive and negative modes, respectively (n=92). Then, multivariate statistical analysis using the principal component analysis model
was performed on the LC-Q/TOF-MS spectra results of the
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plasma samples. The principal component analysis score plots
revealed clear discrimination for patients with hypertension
with LVH versus patients with hypertension without LVH
and without overfitting (Figure 1A; Figure S1). The following criteria were satisfied to screen differential metabolites
between patients: (1) significant differences in the 2 comparisons, P<0.05 and a false discovery rate <0.05; (2) variable importance in the projection values >1. Ultimately, a total
of 14 metabolites were found in positive and negative modes
(Figure 1B; Table S4). Binary logistic regression analysis
and an optimized algorithm of the forward stepwise (Wald)

method were used to construct the best model using these 14
metabolites.26,27 Seven metabolites had close associations
with hypertensive LVH, including eicosapentaenoic acid, OA,
HOME (hydroxy-octadecenoic acid), linoleic acid, PC (22:6;
phosphatidylcholine 22:6), citric acid, and PC (20:3).
Metabolite importance was detected by multiple runs
of a random forest.28 The random forest importance measures mean decrease accuracy and mean decrease Gini were
calculated in 400 trees, and the results showed that eicosapentaenoic acid and OA ranked in front of the others (Figure
S2). A previous study showed a clear protective effect of
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Figure 1. Oleic acid (OA) levels were significantly decreased in the peripheral blood of patients with hypertension with left ventricular hypertrophy (LVH)
compared with patients with hypertension without LVH. A, The orthogonal projection to latent structures-discriminant analysis score plots between patients
with hypertension with and without cardiac hypertrophy (left: positive mode, right: negative mode). B, Fourteen metabolites with significant differences
between patients with hypertension with and without LVH were found by principal component analysis and Student t test. Fold change is greater, levels of
that metabolite are higher in patients with hypertension with LVH. C, OA levels in the peripheral blood of patients with hypertension with and without LVH in
the validation set, data are presented as the mean±SD, n=50, unpaired Student (2-tailed) t test, ***P<0.001.
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eicosapentaenoic acid on multiple causes–induced cardiac
remodeling, further validating the accuracy of our analytical
method.29,30 OA, as an important monounsaturated fatty acid,
plays a key role in regulating energy metabolism, especially
for fatty acid oxidation. However, the effect of OA on Ang
II-induced cardiac remodeling remains unclear. We therefore
decided to validate plasma OA levels in peripheral blood in the
validation set by targeted metabolomics technology. Indeed, a
significantly decreased OA level was found in the peripheral
blood of patients with hypertension with LVH compared with
those without LVH (Figure 1C). In addition, many large-scale,
multicenter clinical studies have suggested that an OA-rich
mediterranean diet is associated with better cardiovascular
health outcomes.31,32 Therefore, we decided to study the effect
of OA on hypertensive cardiac remodeling and to evaluate the
possible mechanism in vitro and in vivo.

OA Attenuated Ang II-Induced Cardiomyocyte
Growth and CF Collagen Expression In Vitro
We first examined the effect of OA on Ang II-induced cardiomyocyte growth and CF collagen expression in vitro.
Immunostaining of neonatal mouse cardiomyocytes for cytoskeleton with fluorescently labeled phalloidin indicated
that OA significantly inhibited the hypertrophic growth of

cardiomyocytes in response to Ang II (Figure 2A). In addition,
OA was able to significantly inhibit ANP (atrial natriuretic
peptide) and BNP (brain natriuretic peptide) mRNA levels
in cardiomyocytes following 24 hours of Ang II administration (Figure 2B). In cardiac fibroblasts (CFs), the increased
expression of the fibrotic markers α-SMA (α-smooth muscle
actin), Col1a1, and Col3a1 following Ang II administration
was prevented by OA treatment (Figure 2C). These data demonstrated that OA prevented Ang II-induced cardiomyocyte
growth and CF collagen expression in vitro.

OA Ameliorated Ang II-Induced Cardiac
Remodeling In Vivo
To determine whether in vivo OA can inhibit Ang II-induced
cardiac remodeling, we used mice to observe cardiac remodeling and OA function in an Ang II-infused model. Ang
II-induced mice had significantly higher systolic blood pressure than vehicle-treated mice after 2 weeks of Ang II infusion. There were no differences between Ang II-induced
mice and OA-treated mice in systolic blood pressure during the experimental period (Figure S3). Echocardiography
identified a decreased ejection fraction (EF%) and increased
E/E’ in the hearts of Ang II-induced mice, while OA treatment attenuated these alterations (Figure 3A and 3B; Table
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Figure 2. Oleic acid (OA) inhibited Ang II (Angiotensin II)-induced cardiomyocytes growth and cardiac fibroblasts collagen expression in vitro. A,
Representative images of primary cardiomyocytes induced with Ang II and treated with OA for 48 hours, staining of the cytoskeleton with fluorescently
labeled phalloidin to detect cell size, and quantification data of the cell area (Scale bar, 50 μm, n=5 independent experiments). B, ANP (atrial natriuretic
peptide, n=8 independent experiments) and BNP (brain natriuretic peptide, n=7 independent experiments) mRNA level in neonatal mouse cardiomyocytes
induced with Ang II and treated with OA for 24 hours. C, α-SMA (α-smooth muscle actin, n=5 independent experiments), Col1α1 (n=5 independent
experiments), and Col3α1 (n=5 independent experiments) mRNA levels in Ang II-induced and OA-treated primary cardiomyocytes. Data are presented as the
mean±SD, 1-way ANOVA with Tukey post hoc test or the Games-Howell post hoc test, *P<0.05, **P<0.01, ***P<0.001.
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Figure 3. Oleic acid (OA) protects against Ang II (Angiotensin II)-induced cardiac remodeling in vivo. A, Representative M-mode echocardiographic tracings of
different groups. B, Cardiac function was assessed by ejection fraction (EF%; n=10 per group) and E/E’ IVS (n=10 per group). C, Heart weight to body weight
ratio (n=10 per group) and heart weight to tibia length ratio (n=10 per group) of different groups. D, Representative images of the gross hearts (the first, scale bar,
0.5 cm), hematoxylin and eosin-stained (H&E, the second, scale bar, 2 mm), and wheat germ agglutinin-stained (the third, scale bar, 50 μm) transverse sections
of the left ventricles from the indicated groups (n=6 per group). E, Picrosirius red-stained transverse sections of the left ventricles from the indicated groups.
Scale bar, 200 μm (n=6 per group). F, ANP (atrial natriuretic peptide) and BNP (brain natriuretic peptide) mRNA levels in the hearts of the different groups (n=7
per group). Data are presented as the mean±SD, 1-way ANOVA with Tukey post hoc test or the Games-Howell post hoc test, *P<0.05, **P<0.01, ***P<0.001.

S5). After Ang II infusion for 2 weeks, the heart weight to
body weight (HW/BW) and heart weight to tibia length (HW/
TL) ratios were dramatically higher in Ang II-induced mice

than in vehicle mice, and these increases were attenuated
in OA-treated mice (Figure 3C). Consistently, both macroscopic and microscopic examinations of cardiac histology
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revealed compromised cardiomyocyte hypertrophy in Ang
II-induced mice, which was significantly attenuated in
OA-treated mice (Figure 3D). Quantification of individual
cardiomyocyte cross-sectional areas confirmed the prevention of hypertrophic growth in OA-treated mice (Figure 3D).
OA-treated mice also displayed less collagen deposition
than Ang II-induced mice, as visualized by picrosirius red
staining (Figure 3E). Consistently, the expression of cardiac
fetal genes (ANP and BNP was significantly augmented in
Ang II-induced mice, while their expression was inhibited in
OA-treated mice; Figure 3F). Besides, we found that treatment with OA starting first after 1 week of Ang II injection
can also inhibit cardiac remodeling in mice (Figure S4).

RNA Sequencing Highlights Biological Processes
and Target Molecules Modulated by OA
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To gain a greater understanding of the protective effect of OA
on Ang II-induced cardiac remodeling, we performed genomewide transcriptional profiling (Figure 4A). For RNA sequencing, fold changes >1.5 or <0.67 in gene expression among the
different groups and P values <0.05 were considered statistically significant. Compared with the vehicle mice, 983 and
481 differentially expressed genes were significantly up- and
down-regulated, respectively, in the hearts of Ang II-induced
mice (Figure 4B). Among the 983 upregulated genes, the expression changes in 388 genes were significantly reversed in
the hearts of the OA-treated mice (Table S6; Figure 4C). We
searched the promoter sequence of these 388 genes (defined
upstream by 3500 bases of exons as promoter sequence) in
UCSC website (http://genome.ucsc.edu), then those promoter
sequences were respectively uploaded to public databases
(http://gene-regulation.com/pub/databases.html) to enrich
transcription factor that could combine with promoter sequence. However, there is no enrichment of TCF23 in the promoter region of these 388 genes.
Gene ontology analysis of the 388 genes were performed
in DAVID database.33 The results revealed that many of the
associated biological processes, including fatty acid metabolic process, negative regulation of hormone secretion, positive regulation of ERK1 and ERK2 cascades, and cellular
response to leptin stimulus, were closely associated with
cardiac remodeling or cardiac hypertrophy (Figure 4D).
The gene or protein most often involved in the biological
processes enriched among the 388 differentially expressed
genes was FGF23. Moreover, we verified the altered expression of FGF23 by q-PCR and ELISA in vivo (Figure 4E).
Therefore, we considered that the protective effect of OA on
Ang II-induced cardiac remodeling was related to the inhibition of FGF23 expression.

Systemic FGF23 Overexpression Aggravated Ang
II-Induced Cardiac Remodeling and Weakened the
Protective Effect of OA
We then assessed in vivo whether exogenous FGF23 could
augment Ang II-induced cardiac remodeling and reverse the
protective effect of OA. AAV9-FGF23 and AAV9-GFP vectors were intravenously injected 3 weeks before OA treatment
and Ang II infusion in wild-type mice.34 Overexpression of
FGF23 in whole heart tissue was verified by fluorescence

microscopy and Western blotting (Figures S5 and S6). Ang
II-induced mice had a significantly higher systolic blood pressure than mice that did not receive Ang II infusion after the
pump was implanted for 1 week. AAV9 injection and OA
treatment had no effect on mouse systolic blood pressure during the experimental period (Figure S7).
We also assessed cardiac performance by echocardiography in Ad-GFP and Ad-FGF23 mice. No significant differences between the vehicle groups were observed. Both
Ad-GFP and Ad-FGF23 mice developed systolic and diastolic
dysfunction in response to Ang II, indicated by decreased EF
and increased E/E’, and these dysfunctions were attenuated
by OA treatment. EF was significantly decreased and E/E’
was significantly increased in Ang II-induced Ad-FGF23
mice compared with those in Ad-GFP mice, indicating a
greater severity of cardiac dysfunction in Ad-FGF23 mice in
response to pressure overload. Furthermore, overexpression
of FGF23 attenuated the protective role of OA on cardiac
remodeling, as evidenced by a significantly decreased ejection fraction and an increased E/E’ in the hearts of OA-treated
Ad-FGF23 mice compared with those of Ad-GFP mice
(Figure 5A; Figure S8; Table S7).
Both Ad-FGF23 and Ad-GFP mice treated with OA displayed reduced cardiac hypertrophy in response to Ang II,
whether in macroscopic or microscopic morphology, compared with Ang II-induced mice. However, overexpression
of FGF23 significantly attenuated the protective effect of OA
(Figure S9A), which was illustrated by a significant increase
in the heart weight to body weight ratio (Figure S9B), heart
weight to tibia length ratio, and individual cardiomyocyte
cross-sectional area in OA-treated Ad-FGF23 mice compared
with those in Ad-GFP mice (Figure 5B and 5C). Furthermore,
compared with Ang II-induced Ad-GFP mice, Ad-FGF23
mice exhibited more severe cardiac hypertrophy.
FGF23 overexpression aggravated cardiac fibrosis as visualized by picrosirius red staining in Ang II-induced Ad-FGF23
mice and significantly weakened the protective role of OA
compared with that observed in Ad-GFP mice. Greater collagen deposition was observed in the ventricular tissue of both
Ang II-induced Ad-FGF23 mice and OA-treated Ad-FGF23
mice than in Ad-GFP mice (Figure 5D). Similar results were
also observed for the cardiac ANP expression levels in mice in
the different treatment groups. However, no significant difference in BNP mRNA levels was observed between Ad-FGF23
mice and Ad-GFP mice (Figure 5E).
The hearts of both Ang II-induced Ad-FGF23 mice
and Ad-GFP mice exhibited substantially increased PLCγ
(phosphoinositide-specific phospholipase Cγ)-NFAT1
(Nuclear factor of activated T cells) and TGF (transforming growth factor)-β/β-Catenin pathway activation, while
this activation was attenuated in the hearts of the mice
in the OA treatment group. Significantly decreased protein levels of TGF-β, β-Catenin, NFAT1, and PLCγ were
observed in the hearts of OA-treated mice compared with
those in the hearts of Ang II-induced mice. However, the
PLCγ-NFAT1 pathway and TGF-β/β-Catenin pathway were
enhanced by overexpression of FGF23 in the hearts of Ang
II-induced Ad-FGF23 mice compared with those of Ang
II-induced Ad-GFP mice. Moreover, the inhibitory effect
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Figure 4. RNA sequencing highlights biological processes and target molecules modulated by oleic acid (OA). A, Total RNA of the ventricle was extracted
and sequenced after implantation of an Ang II (Angiotensin II) pump for 2 wk. B, Volcano plot visualizing differential expression of the genes of the heart
transcriptome. C, An overlap was performed between upregulated genes in the hearts of Ang II-induced mice and downregulated genes in the hearts of OAtreated mice. D, Gene ontology (GO) analysis results of 388 genes. E, RNA sequencing results were validated by q-PCR (n=10 per group) and ELISA (n=5 per
group). Data are presented as the mean±SD, 1-way ANOVA with Tukey post hoc test, or the Games-Howell post hoc test, **P<0.01.

of OA on the above pathways was weakened by overexpression of FGF23, as evidenced by significantly increased
protein levels of PLCγ, TGF-β, and β-Catenin in the hearts
of OA-treated Ad-FGF23 mice compared with those in
OA-treated Ad-GFP mice (Figure 5F).

OA Suppressed Ang II-Induced FGF23 Expression
by Inhibiting Translocation of Nurr1 From the
Cytoplasm to the Nucleus
To analyze the potential effects of OA on FGF23 expression,
we first performed q-PCR for FGF23 in Ang II-induced and
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Figure 5. Overexpression of FGF23 (Fibroblast Growth Factor 23) aggravated Ang II (Angiotensin II)-induced cardiac remodeling and attenuated the protective
effect of oleic acid (OA) on cardiac remodeling. A, Cardiac function was assessed by EF(%; n=10 per group) and E/E’ IVS (n=8–10 per group). B, Heart weight
to tibia length ratio (n=10 per group) in mice after Ang II pump implantation for 2 wks. C, wheat germ agglutinin staining to assess cardiomyocyte size and
quantification of the cardiomyocyte size in different groups (Scale bar, 50 μm, n=6 per group). D, Sirius red staining to assess cardiac fibrosis and quantify
cardiac fibrosis size in different groups (Scale bar, 50 μm, n=6 per group). E, ANP (atrial natriuretic peptide) and BNP (brain natriuretic peptide) mRNA levels in
the hearts of different groups (n=8 per group). F, TGF-β (transforming growth factor-β), β-Catenin, NFAT1, and PLCγ (Phosphoinositide-specific phospholipase
Cγ) expression levels in the heart detected by Western blotting and quantification of the expression levels in different groups (n=6 per group). Data are
presented as the mean±SD, 2-way ANOVA with Bonferroni post hoc test. *P<0.05, **P<0.01, ***P<0.001. NS indicates no significance.
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OA-treated cardiomyocytes and CFs. The results showed
that OA suppressed the Ang II-induced expression of
FGF23 in cardiomyocytes, which was not found in CFs
(Figure S10). A previous study showed that the transcription factor Nurr1 (nuclear receptor–related 1 protein) can
bind and transactivate FGF23 promoters by binding to cis
elements to increase FGF23 expression.35,36 Therefore, we
detected Nurr1 expression levels to illustrate whether the
protective effect of OA on Ang II-induced cardiac remodeling was associated with Nurr1 activity or expression in
vitro. Our results showed that Ang II stimulation and OA
treatment did not affect basal Nurr1 expression (Figure
S11). However, the distribution of Nurr1 in the cytoplasm
and nucleus differed significantly between Ang II-induced
cardiomyocytes and OA-treated cardiomyocytes. Ang II
could induce the translocation of Nurr1 from the cytoplasm
to the nucleus to promote an increase in endogenous FGF23
expression in cardiomyocytes, whereas translocation was
suppressed in OA-treated cardiomyocytes (Figure 6A and
6B). Identical results were obtained by immunofluorescence staining of cardiomyocytes (Figure 6C). Moreover,
a dose-dependent effect of OA on Ang II-induced Nurr1
nuclear translocation was performed in cardiac myocytes.
Our results showed that OA could dose-dependently inhibit
Ang II-induced translocation of Nurr1 from the cytoplasm
to the nucleus (Figure S12). Therefore, we concluded that
OA suppressed Ang II-induced FGF23 transcription by
inhibiting the translocation of Nurr1 from the cytoplasm
to the nucleus.

Discussion
In the present study, we found decreased levels of OA in
the peripheral blood of patients with hypertension with LVH
compared with patients with hypertension without LVH. We
speculated that OA plays a crucial role in the pathological
process from hypertension to hypertensive cardiac remodeling. We further discovered that OA supplementation was
able to prevent pathological cardiac remodeling by inhibiting FGF23 expression in the heart. Overexpression of FGF23
augmented cardiac hypertrophy and fibrosis and weakened
OA function in mice following Ang II administration and
OA treatment.
Changes in circulating and cardiac metabolites, which
are the substrates or products of metabolic pathways or
serve as regulatory signals with hormone-like functions,
affected the key features of pathological cardiac remodeling, including hypertrophy and fibrosis.37,38 We here demonstrate that the levels of 14 metabolites in the peripheral
blood of patients with cardiac remodeling showed statistically significant differences compared with those in patients
with hypertension, including OA. Similar to our results,
the OA level was significantly decreased in cardiac tissue
from 8-week-old double transgenic rats harboring human
renin and angiotensinogen genes.39 Those results suggested
downregulation of fatty acid synthesis in patients with cardiac remodeling.40 Indeed, a distinct pattern in the expression profile of genes encoding mitochondrial respiratory
chain and lipid metabolism was found in a rat model of
heart failure.41 Those findings could also partially provide a

basis for explaining the beneficial effects of OA supplementation in a mouse model of cardiac remodeling.
The pathological process of cardiac remodeling was associated with reduced contractile function in parallel with
a shift in energy metabolism from fatty acids to glucose
and a gradual decline of mitochondrial oxidative phosphorylation.42,43 OA, as a primary monounsaturated fatty acid,
exerts its biological effects primarily through activation of
nuclear receptor PPARα (peroxisome proliferator-activated
receptor-α), and then, activated PPARα binds to PPAR response elements to regulate the expression of a large number
of genes involved in lipid transport, oxidation, lipogenesis,
and lipoprotein uptake.16,44 In the transcriptional data of
mouse heart from our study, however, we did not find a significant difference in PPARα expression and PPARα target
genes related to triglyceride turnover between the hearts of
Ang II-induced mice and OA-treated mice, including carnitine palmitoyltransferase 1b (Cpt1b) and medium-chain
acyl-CoA dehydrogenase (Acadm). By contrast, pyruvate
dehydrogenase kinase 4 (Pdhk4) and other PPARα target
genes related to triglyceride turnover were significantly
decreased in the hearts of OA-treated mice compared with
Ang II-induced mice (Figure S13).45 In addition, Brian N.
F’s study showed that cardiac-restricted overexpression of
PPARα did not inhibit the development of diabetic ventricular hypertrophy by regulating energy metabolism; conversely, PPARα could activate extramitochondrial lipid
metabolic pathways, leading to the generation of reactive
oxygen species and exacerbation of cardiomyopathy.46
Therefore, we speculated that signaling pathways other than
the PPARα signaling pathway were involved in the protective effect of OA on Ang II-induced cardiac remodeling.
Here, an important finding of our study is that OA protected
the heart from hypertrophy and fibrosis in response to Ang
II through suppression of FGF23 expression.
FGF23 itself is known to induce cardiac remodeling in
patients with chronic kidney disease.47,48 Previous studies
showed that FGF23 binding to fibroblast growth factor receptor 4 in cardiomyocytes resulted in cardiac remodeling
through activation of α-klotho-independent PLCγ-NFAT1
signaling.49,50 We found an increased level of FGF23 in
murine cardiac tissue in response to Ang II infusion; moreover, the increased FGF23 was mainly from cardiomyocytes. FGF23 binding to its receptor led to phosphorylation
of PLCγ (phospholipase Cγ), which promoted expression
of numerous transcription factors via the Ca2+-dependent
pathway, including NFAT1, MEF2, and SRF, and those
factors have a close relationship with cardiac integrity,
pathological remodeling, and cardiac hypertrophy.51,52 We
found that OA was able to suppress FGF23 expression and
PLCγ-NFAT1 signaling activation in the heart in response
to Ang II infusion, although this was weakened by overexpression of FGF23.
TGF (transforming growth factor)-β is one of the most
common cytokines associated with Ang II or overloadinduced pathological cardiac fibrosis. Previous studies
have shown that Ang II and TGF-β could promote cardiac
fibrosis and fibrotic gene expression via activating Wnt/βCatenin signaling.53,54 In vitro, ECM (Extracellular matrix)
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Figure 6. Oleic acid (OA) suppressed Ang II (Angiotensin II)-induced FGF23 (Fibroblast Growth Factor 23) expression by inhibiting the translocation of
Nurr1 (nuclear receptor–related 1 protein) from the cytoplasm to the nucleus. A, The expression level of Nurr1 in the cytosolic fraction (n=5 independent
experiments). B, The expression level of Nurr1 in the nuclear fraction (n=5 independent experiments). C, Immunofluorescence was used to stain Nurr1 in CMs
(Scale bar, 20 μm). Data are presented as the mean±SD, 1-way ANOVA with Tukey post hoc test, or the Games-Howell post hoc test, *P<0.05, **P<0.01.

gene expression and ECM deposition were directly induced
by TGF-β in CFs, which was achieved by suppressing
matrix metalloproteinase expression and simultaneously
inducing tissue inhibitors of matrix metalloproteinase gene

expression.55 We also found that TGF-β regulated cardiac
fibrosis in response to Ang II or FGF23 in vivo and in vitro,
while those effects were suppressed by OA supplementation. Moreover, β-Catenin as a subunit of the cell surface
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cadherin protein complex was a critical downstream regulator of TGF-β signaling.53 Activated β-Catenin produced
by TGF-β signaling translocates into the nucleus and binds
to T cell factor/lymphoid enhancer-binding factor to stimulate the transcription of target genes associated with fibrosis.56 Indeed, increased protein levels of β-Catenin and
TGF-β were found in the heart in response to Ang II, although the increases were significantly inhibited by OA
supplementation.
The transcription factor Nurr1 is a member of a subfamily
of orphan nuclear receptors with no identified ligand.57 A
previous study showed that Nurr1 plays a prominent role in
regulating inflammation reactions,58 vascular cell function,59
stress, and addiction.60 Stephen A. Myers’s study showed
that Nurr1 mRNA levels were significantly upregulated by
β-adrenergic-induced cardiac remodeling in mouse heart.61
However, the mechanism of action of Nurr1 in cardiac hypertrophy and heart failure remains unclear. Our study is the first
to show that Ang II-induced cardiac remodeling is associated
with increased translocation of Nurr1 from the cytoplasm to
the nucleus to facilitate FGF23 transcription, this process was
blunted by OA treatment.

Perspectives
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In the present study, a significantly decreased oleic acid levels
were observed in the peripheral blood of patients with hypertension with LVH by comparing plasma metabolic character
between patients with hypertension with and without LVH,
and then the protective effect of OA supplementation on pathological cardiac remodeling was validated in vivo and in vitro.
Our study demonstrates for the first time that OA supplementation prevented hypertensive cardiac remodeling by inhibiting Nurr1-FGF23 signaling. Therefore, OA supplementation
may be considered as potential prevention strategy for hypertensive cardiac remodeling.
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Novelty and Significance
What Is New?

•

Plasma metabolic profiles were compared between patients with hypertension with and without left ventricular hypertrophy, and significantly
decreased oleic acid levels were observed in the peripheral blood of
patients with hypertension with left ventricular hypertrophy. Oleic acid
supplementation prevented hypertensive cardiac remodeling by inhibiting Nurr1 (nuclear receptor–related 1 protein)-FGF23 (Fibroblast Growth
Factor 23) signaling in the heart in vivo and in vitro.

What Is Relevant?

•

Cardiac remodeling as a common hypertensive target organ damage is
associated with arrhythmogenesis, heart failure, and mortality. However,
few pharmacological therapies are currently available for the treatment

of cardiac hypertrophy. Our data demonstrate that oleic acid can prevent AngII (Angiotensin II)-induced hypertensive cardiac remodeling by
inhibiting Nurr1-FGF23 signaling. Therefore, oleic acid supplementation
may be suggested as potential prevention strategy for hypertensive cardiac remodeling.

Summary
Oleic acid can prevent Ang II-induced cardiac remodeling via suppression of FGF23 expression, while this process is associated
with the inhibitive effect of oleic acid on AngII-induced translocation of Nurr1 from the cytoplasm to the nucleus to facilitate FGF23
transcription.

Downloaded from http://ahajournals.org by on January 14, 2020

