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Background: Pressure overload can result in dilated cardiomyopathy. The beneficial

effects of n-3 polyunsaturated fatty acids (n-3 PUFAs) on heart disorders have been

widely recognized. However, the molecular mechanisms underlying their protective

effects against cardiomyopathy remain unclear.

Methods: Pressure overload in mice induced by 8 weeks of transverse aortic

constriction was used to induce dilated cardiomyopathy. A transgenic fat-1 mouse model

carrying the n-3 fatty acid desaturase gene fat-1 gene from Caenorhabditis elegans

was used to evaluate the mechanism of n-3 PUFAs in this disease. Echocardiography,

transmission electron microscopy, and histopathological analyses were used to evaluate

the structural integrity and function in pressure overloaded fat-1 hearts. mRNA

sequencing, label-free phosphoprotein quantification, lipidomics, Western blotting,

RT-qPCR, and ATP detection were performed to examine the effects of n-3 PUFAs in

the heart.

Results: Compared with wild-type hearts, left ventricular ejection fraction was

significantly improved (C57BL/6J [32%] vs. fat-1 [53%]), while the internal diameters

of the left ventricle at systole and diastole were reduced in the fat-1 pressure overload

hearts. mRNA expression, protein phosphorylation and lipid metabolism were remodeled

by pressure overload in wild-type and fat-1 hearts. Specifically, elevation of endogenous

n-3 PUFAs maintained the phosphorylation states of proteins in the subcellular

compartments of sarcomeres, cytoplasm, membranes, sarcoplasmic reticulum, and

mitochondria. Moreover, transcriptomic analysis predicted that endogenous n-3 PUFAs

restored mitochondrial respiratory chain function that was lost in the dilated hearts, and
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FIGURE 1 | Endogenous n-3 PUFAs and echocardiographic measurements in WT and fat-1 mice with or without pressure overload. Fat-1 transgene increased

endogenous n-3 PUFAs in normal and pressure overload hearts and lowered the ratio of n-6 to n-3 PUFAs in pressure overload hearts (A). N = 4 for each group. EPA,

eicosapentaenoic acid; DHA, docosahexaenoic acid; PUFA, poly unsaturated fatty acid. The M-mode recordings of the four groups are shown in (B). Transverse

aortic constriction (TAC)-induced pressure overload significantly increased the internal diameters at diastole (C) and systole (D) in WT mice, whereas these two indices

were lower in fat-1 mice than in WT mice. Cardiac contractile function indices, including EF (E) and FS (F), showed that the function was preserved in the fat-1 TAC

group. Pressure overload significantly increased the size of cardiomyocytes and fibrosis, which was significantly reduced in the Fat1-TAC group (G,H). N = 8 for each

group, subjected to echocardiographic analysis, and N = 4 for each group subjected to histological observation. LV, left ventricle. All data are presented as the means

± SEM. *P < 0.05 between groups.

whereas lower concentrations of n-3 PUFA oxylipins (12-HEPE,
and 7-, 10-, 11-, 13-, and 17-HDoHE) were observed under
pressure overload conditions (Figure 5F). In the n-6 PUFA
metabolic pathway, pressure overload increased the levels of n-6
PUFA oxylipins, including 15-HETrE, 12-keto-LTB4, 9-HETE,
12-HHT, and 6-keto-PGE1α and decreased the levels of the

oxylipin 11-beta-PGF2α (Figure 5E). Compared to WT hearts,
fat-1 hearts exhibited increased levels of n-6 PUFA oxylipins,
including 9-HpODE and 15-deoxy-delta-12,14-PGJ2 and
decreased levels of oxylipins in the LA-LOX pathway (9-HODE,
9-KODE, and 13-HODE), dihomo-γ-linolenic acid (DGLA)-
LOX pathways (15-HETrE), AA-LOX pathways (12-keto-LTB4,
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TABLE 1 | Echocardiographic measurements.

Parameters WT-Sham WT-TAC Fat1-Sham Fat1-TAC

Heart rate (beats/min) 455 ± 6 440 ± 7 467 ± 10 450 ± 11

LV Mass (corrected), mg 102.43 ± 4.11 179.68 ± 16.43* 102.35 ± 4.44# 118.71 ± 5.42#

Interventricular ventricular septum thickness, end-systolic, IVS;s (mm) 1.36 ± 0.01 1.23 ± 0.02 1.34 ± 0.03 1.24 ± 0.03

Interventricular ventricular septum thickness, end-diastolic, IVS;d (mm) 0.89 ± 0.01 0.87 ± 0.02 0.87 ± 0.03 0.89 ± 0.04

Left ventricular posterior wall thickness, end-systolic, LVPW;s (mm) 1.12 ± 0.03 1.05 ± 0.02 1.18 ± 0.02# 1.17 ± 0.02&

Left ventricular posterior wall thickness, end-diastolic, LVPW;d (mm) 0.77 ± 0.02 0.88 ± 0.04* 0.77 ± 0.01# 0.86 ± 0.02

Left ventricular internal dimension, end-systolic, LVID;s (mm) 2.22 ± 0.07 4.08 ± 0.21* 2.24 ± 0.05# 2.74 ± 0.10#

Left ventricular internal dimension, end-diastolic, LVID;d (mm) 3.55 ± 0.08 4.78 ± 0.20* 3.58 ± 0.07# 3.71 ± 0.09#

Ventricular volume at systole (µL) 16.85 ± 1.28 74.91 ± 0.48* 17.53 ± 0.94# 27.99 ± 2.37#

Ventricular volume at diastole (µL) 53.36 ± 3.19 109.26.23 ± 10.37* 54.26.31 ± 0.20# 58.74 ± 3.53#

Ejection fraction, EF (%) 68.58 ± 1.04 32.35 ± 1.66* 67.71 ± 0.76# 52.73 ± 1.67*#&

Short axis fractional shortening, FS (%) 37.57 ± 0.82 15.33 ± 0.83* 36.89 ± 0.59# 26.58 ± 1.01*#&

All data are presented as the means± SEM. N= 8. *P< 0.05 vs. WT-Sham, #P< 0.05 vs. WT-TAC, and&P< 0.05 vs. Fat1-Sham (two-way ANOVA, Tukey’s multiple comparisons test).

FIGURE 2 | mRNA and phosphoprotein profiles. RNA-sequencing analysis of (A) overall mRNA expression profiles (B) and differentially expressed genes (DEGs) in

pressure overload hearts (C). Quantitative phosphoproteomic analysis (A) showed the overall expression profiles of phosphoproteins (D) and differentially expressed

phosphoproteins (DEPs) in pressure overload hearts (E). N = 2 and 3 for RNA-sequencing and phosphoproteomic analysis, respectively.

5-HETE, 5-KETE, 12-HETE, 12-KETE, 8-,9-,11-,15-HETE),
AA-CYP pathway (16-HETE), and AA-COX pathway (12-

HHT, 6-keto-PGE1α, PGF2α, and 8-iso-15-keto-PGF2α)

(Figure 5G).
Furthermore, after analyzing differences in oxylipin

production within the myocardia (Figure 6A), we found
that four oxylipins, namely, 12-HHT, 9-HETE, 12-keto-LTB4,

and 6-keto-PGF1α were significantly reduced in the pressure

overload myocardium protected by n-3 PUFAs (Figures 6B–E).
The oxylipin profiles in the Fat1-TAC hearts revealed that

protective effects of endogenous n-3 PUFAs in pressure overload
hearts were attributed to their oxylipins.

Endogenous n-3 PUFAs Protect
Mitochondrial Structure and Function
Under Pressure Overload Conditions
The results of RNA-sequencing, phosphoprotein quantification,
and oxylipin profiling were integrated and analyzed (Figure 7A).
The top 10 enriched pathways were involved in metabolism
(arachidonic acid metabolism, apelin signaling pathway,
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FIGURE 3 | Effects of endogenous N-3 PUFAs on the expression of genes

under pressure overload. Gene set enrichment analysis revealed that pressure

overload significantly up-/down regulated the biological processes enriched in

DEGs, which can be suppressed/restored by fat-1 transgene (A,B). Under

pressure overload conditions, elevated endogenous PUFAs downregulated

these 49 genes enriched in six biological processes (C). Fat1-Sham vs.

WT-Sham all, genes upregulated and downregulated by fat-1 transgene;

WT-TAC vs. WT-Sham up, genes upregulated by TAC-induced pressure

overload; WT-TAC vs. WT-Sham down, genes downregulated by TAC-induced

pressure overload; Fat1-TAC vs. WT-TAC up, genes downregulated by fat-1

transgene under pressure overload conditions; Fat1-TAC vs. WT-TAC down,

genes downregulated by fat-1 transgene under pressure overload conditions.

N = 2 for RNA-sequencing.

peroxisome proliferator-activated receptors (PPAR) signaling
pathway, and cGMP-PKG signaling pathway), contractile
function (cardiac muscle contraction, adrenergic signaling in
cardiomyocytes, cAMP signaling pathway, and calcium signaling
pathway), cardiac remodeling (dilated cardiomyopathy and
hypertrophic cardiomyopathy). Furthermore, we found that fat-
1 transgene altered PPAR signaling pathway, ametabolic pathway
links the genes-phosphoproteins-metabolite regulatory network.
We compared the profiles of genes, proteins and metalates with
PPAR signaling pathway–Mus musculus (mmu03320) of the
KEGG database (https://www.genome.jp/kegg-bin), and found
that three genes (Fabp3, Pck1, and Angptl4), one phosphoprotein
(Plin5 encoding PDZ and LIM domain protein 5), and two
oxylipins (8-HETE, and 13-HODE) matched the pathway
(Figure 7B). Gene expression verification showed that Fabp3 was

upregulated, but Pck1 and Angptl4 were downregulated by fat-1
transgene under pressure overload conditions (Figures 7C–E).
The KEGG pathway analysis further supported that endogenous
n-3 PUFAs protect hearts through regulating gene expression,
protein phosphorylation and lipid metabolism.

Mitochondrial function associated RNA-sequencing datasets
was examined. Expression of 47 genes encoding oxidative
phosphorylation markers, specifically mitochondrial respiratory
chain complexes, were significantly downregulated by pressure
overload (fold-change > 1.5 and P < 0.05). Among them,
23, 1, 7, 8, and 8 genes belonged to complexes I, -II, -III,
-IV, and -V, respectively. However, elevation of endogenous n-
3 PUFAs restored their expression (Figure 8A). Under TEM,
the mitochondria were reduced in size and more abundant
per square µm in WT-TAC hearts, whereas the mitochondria
of Fat1-TAC hearts were normal in terms of shape and size
(Figures 8B–D). Western blotting analysis further revealed that
expression of the fission marker Drp1 was significantly reduced
in fat-1 TAC hearts but not in the dilated WT-TAC heart
(Figures 8E,F). These results confirm that endogenous n-3
PUFAs protected hearts from mitochondrial injury under the
pressure overload condition.

Consistent with the protection of mitochondrial structure
in fat-1 TAC hearts, the ATP generation was also restored
by endogenous n-3 PUFAs under pressure overload conditions
(Figure 8G). Furthermore, by examining the protein expression
of complexes I, -II, -III, and -V, we found that all complexes
were downregulated in the dilated WT-TAC hearts. Compared
to in the sham hearts, TAC did not suppress the expression
of mitochondrial complexes. In contrast, the expression of
complex V was significantly upregulated in fat-1 TAC hearts
(Figures 8H,I). These results demonstrate that endogenous
n-3 PUFAs regulate mitochondrial oxidative phosphorylation
and ameliorate mitochondrial dysfunction under pressure
overload conditions.

DISCUSSION

In the present study, we explored the protective mechanisms
of n-3 PUFAs in DCM. This is the first study to employ
quantitative phosphoproteomics and multi-omics data
analysis to reveal the protective mechanisms provided by
endogenous n-3 PUFAs in DCM. Our results reveal that
elevated endogenous n-3 PUFAs reduce cardiac remodeling
and improve cardiac function. Under pressure overload
conditions, n-3 PUFAs target phosphorylation signaling and
restore the phosphorylation states of intracellular proteins
in the subcellular compartments of sarcomeres, cytoplasm,
membranes, sarcoplasmic reticulum, and mitochondria. Further
mechanistic studies revealed that endogenous n-3 PUFAs
suppress the production of detrimental n-3/n-6 oxylipins
and regulate a metabolic associated gene-protein-metabolite
pathway. Specifically, the mitochondrial structure, dynamics,
oxidative phosphorylation, and function were protected by
endogenous n-3 PUFAs in pressure overload hearts. Collectively
the results provide insights into the protective mechanisms
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FIGURE 4 | Protein phosphorylation affected by fat-1 transgene in pressure overload hearts. (A) Venn diagram analysis; (B) DEPs affected by fat-1 transgene under

pressure overload conditions. (C) Elevated endogenous N-3 PUFAs suppressed phosphorylation signaling pathways that induce cardiac remodeling and alterations of

ion hemostasis. (D) The location of each phosphoprotein is identified in the schematic illustration of the cardiomyocyte and its surrounding tissues, showing that

endogenous n-3 PUFAs can function to plasma membrane, sarcomere reticulum (SR), cytoplasm, sarcomeres, and mitochondria of the cardiomyocytes, as well as

the nerves and vessels. N = 3 per group.

of n-3 PUFAs in DCM, which involve multiple cellular
processes (transcription, post-translational modification, cellular
metabolism, mitochondrial oxidative phosphorylation, and
mitochondrial dynamics and function) in various cellular
compartments. Specifically, our findings demonstrate that
mitochondria play a critical role in n-3 PUFA-dependent
cardioprotection in DCM.

N-3 PUFAs Maintain Phosphorylation
States of Proteins and Prevent Cardiac
Remodeling
We employed a transgenic mouse model expressing the C.
elegans gene fat-1 to explore the protective mechanisms of n-3
PUFAs. Previous studies have employed this transgenic model
to reveal that n-3 PUFAs exert anti-inflammatory and anti-
apoptotic roles under various conditions (28–30). In addition,
n-3 PUFAs reportedly increase phospholipids under hypertensive
conditions in postnatal rats (31). Although supplementation

with n-3 PUFAs is widely performed by individuals, evidence
of the effects of n-3 PUFA treatment from clinical trials is
inconsistent, and the molecular mechanisms underlying their
effects remain unclear (32). Consistent with the evidence
reported by Endo et al. (28), we found that elevated endogenous
n-3 PUFAs prevents cardiac remodeling induced by pressure

overload. In addition, the structural protection, genes and
phosphoproteins enriched in cardiac remodeling were reduced

by elevation of endogenous n-3 PUFAs. Activation of multiple

phosphorylation signaling pathway is associated with cardiac
hypertrophy or dilation. Several kinases such as AMP-activated

protein kinase and protein kinase C have been recognized

as valuable targets for drug discovery (33, 34). Here, we
observed that endogenous n-3 PUFAs induced phosphorylation
of proteins in the cardiomyocytes, nerves, and vessels of the heart.
Modification of these proteins was centered in the regulation
of contractile function. Among the 16 differentially abundant
phosphoproteins in the cardiomyocytes, nine interacts with
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TABLE 2 | Expression of phosphoproteins regulated by endogenous n-3 PUFAs.

Location Gene ID Phosphoprotein PO Fat-1

Cardiomyocyte

Mitochondrion Eci1 Enoyl-CoA delta isomerase 1, mitochondrial ↑ ↓

Sarcomere Tnni3 Cardiac troponin I ↓ ↑

Myom2 Myomesin 2 ↓ ↑

Ttn Titin ↑ ↓

Capzb Actin capping protein, beta ↑ ↓

Actn2 Alpha actinin 2 ↑ ↓

Pdlim5 PDZ and LIM domain protein 5 ↑ ↓

Sorbs2 Sorbin and SH3 domain containing protein 2 ↑ ↓

Cytoplasm Ppp1r14c Protein phosphatase 1, regulatory inhibitor subunit 14C ↑ ↓

Ppp1r7 Protein phosphatase 1, regulatory subunit 7 ↑ ↓

Mapk14 Mitogen-activated protein kinase, p38 ↑ ↓

Inpp1 Inositol polyphosphate 1-phosphatase ↑ ↓

Uhrf1bp1l UHRF1 binding protein 1-like ↑ ↓

Intercalated disk Xirp2 Xin actin-binding repeat containing protein 2 ↑ ↓

Sarcoplasmic reticulum Stim1 Stromal interaction molecule 1 ↑ ↓

Plasma membrane Tmem245 Transmembrane protein 245 ↓ ↑

Nerve

Palm Paralemmin ↓ ↑

Map1a Microtubule-associated protein 1A ↓ ↑

Shank3 SH3 and multiple ankyrin repeat domains 3 ↑ ↓

Vessel

Rasip1 Ras interacting protein 1 ↑ ↓

Tagln2 Transgelin 2 ↑ ↓

The phosphoproteins, which had been upregulated (downregulated) by pressure overload, were downregulated (upregulated) by endogenous n-3 PUFAs in pressure overload hearts.

N = 3. ↑, upregulated; ↓, downregulated. PO, pressure overload, indicating protein expression affected by pressure overload; Fat-1, fat-1 transgene, indicating protein expression

affected by fat-1 transgene under pressure overload condition.

the myofilaments, phospholamban complex, and sarcomeric
proteins at the intercalated disks (22, 35, 36), while four cytosolic
proteins target either sarcomere or excitation-contraction
coupling (37). Previous phosphoproteomic studies have provided
insights regarding the roles of myofilament phosphorylation in
cardiac contractile function. For instance, cTnI phosphorylated
at Ser23/Ser24 regulates the myofilament response to Ca2+

(38) and is significantly increased in heart failure. Herein, we
found that fat-1 transgene suppresses cTnI S23 phosphorylation
in pressure overload hearts (Supplementary Table S1). Another
phosphorylation site of cTnI, involving the serine 6 (S6)
residue may also play a key role in mediating the beneficial
effects of n-3 PUFA in fat-1 hearts during DCM. The
phosphorylation level of cTnI S6 was downregulated in dilated
hearts, and upregulated in fat-1 hearts under pressure overload
conditions. Zhang et al. (39) further demonstrated that pseudo-
phosphorylation (S6D) in myofilaments depresses the maximum
tension of skinned muscle fibers (39). Taken together, elevation
of myocardial n-3 PUFA can be a valuable strategy to
maintain phosphorylation-dependent regulation of contractile
function under pressure overload conditions. However, further
studies are needed to clarify the roles of phosphorylation of
sarcomeric or cytosolic proteins that are regulated by n-3 PUFAs
in DCM.

Post-translational modification of cytosolic proteins involving
p38, protein phosphatase type 1, and phosphatidylinositol
signaling pathways, contribute to the protective myocardial effect
provided by endogenous n-3 PUFAs. These protein kinases
and phosphatases influence multiple cardiac activities and are
essential for maintaining the hemostasis of cardiomyocytes.
For instance, phosphorylation of p38 a key regulator in
cardiac development and regeneration (40, 41), while its
phosphorylation is decreased in failing human cardiomyocytes
(42). Here, we observed an increase in the phosphorylation
p38 T185 by pressure overload in WT hearts, and upregulated
phosphorylation of p38 T185 in the dilated hearts was restored
in fat-1 hearts, suggesting that this residue of p38 can be crucial
to functional adaptation for the stressed hearts. In summary,
alterations in post-translational modifications of the signaling
or structural proteins in the myocardium contribute to the
cardioprotective effect of n-3 PUFAs in DCM.

N-3 PUFAs Protect Mitochondrial
Structure, Dynamics, and Function
The protection of mitochondria in pressure overload-induced
DCM has been observed to involve several processes,
including restoration of the expression of mRNAs encoding
mitochondrial proteins, preservation of mitochondrial oxidative
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FIGURE 5 | Signature of myocardial n-3/n-6 PUFA oxylipins in WT and fat-1 transgenic hearts under pressure overload conditions. Profile shifts of n-3 and n-6

oxylipins (A) were observed in the myocardium. The principal component analysis plot (B) showed that the altered profiles were distinct between groups, and the

counts of altered oxylipins are shown in (C). In the n-3 metabolic pathway, pressure overload reduced DHA levels but increased the levels of its oxylipins 8- and

11-HDoHE in the hearts of WT mice (D). In the n-6 PUFA metabolic pathway, pressure overload increased the levels of 5 oxylipins, and decreased 1 oxylipin in the n-6

PUFA pathway (E). Compared with WT hearts, the n-3 PUFA-protected hearts showed higher concentrations of EPA, DHA, and two oxylipins, whereas lower

concentrations of 6 oxylipins were observed under pressure overload conditions (F). Compared to WT hearts, fat-1 hearts increased the levels of 2 of oxylipins but

decreased 18 oxylipins in the n-6 PUFA pathway (G). N = 4 for each group.

phosphorylation, maintenance of the mitochondrial structure,
control of the phosphorylation levels of mitochondrial proteins,
and regulation of mitochondrial dynamics and function. N-3
PUFAs are involved in both enzymatic and non-enzymatic n-3
oxidation pathways (32). In the enzymatic oxidation pathway,
phospholipase A2 activates PLA2 and releases EPA or DHA.
Next, they are catalyzed by COX, LOX, and CYP enzymes to

form a series of oxylipins, including PGs and TXAs. In the non-
enzymatic oxidation pathway, reactive oxygen species oxidize
EPA and DHA and form lipid peroxides of EPA and DHA, which
further metabolize into isoprostanes, isoflurane, alkenes, etc. In
this study, we identified several n-3 and n-6 oxylipins that were
upregulated in dilated WT hearts. Some of these metabolites
are associated with cardiovascular dysfunction. For example,
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FIGURE 6 | Fat-1 Oxylipin production in pressure overload hearts. (A) Venn diagram displaying the oxylipins that were decreased (increased) by pressure overload,

were increased (decreased) by fat-1 transgene under pressure overload conditions. Four oxylipins including 12-HHT (B), 9-HETE (C), 12-keto-LTB4 (D), and

6-keto-PGF1a (E) were identified via Venn diagram analysis. 12-HHT, 12(S)-hydroxyheptadeca-5Z,8E,10E-trienoic acid; 9-HETE,

9S-hydroxy-5Z,7E,11Z,14Z-eicosatetraenoic acid; 12-keto-LTB4, 12-keto-leukotriene B4; 6-keto-PGF1a, 6-keto-prostaglandin F1alpha. N = 4 for each group. * P <

0.05 between groups.

plasma HDoHEs, which are oxidative stress indicators, are
elevated in hypertensive patients (43). Moreover, plasma HETEs,
including 5-, 8-,9-, 11-, 12-, 15-, are upregulated in patients with
acute coronary syndrome (44). Meanwhile, mechanistic studies
have revealed that 8-HETE and 15-HETE induce hypertrophy
in a cardiomyocyte cell line and pulmonary hypertension in
rats, respectively (45, 46). Consistent with these findings, we
found that the myocardia protected by endogenous n-3 PUFAs
exhibited reduced levels of most n-3 (6 in 8 oxylipins) and n-6
oxylipins (18 in 20 oxylipins). Thus, shifts in the metabolic
profiles of oxylipins may protect cardiac function by assisting the
fat-1 myocardia to resist pressure overload stress.

Furthermore, our integrated multi-omics data revealed that
endogenous n-3 PUFAs regulated the expression of various
genes and phosphoproteins, as well as the metabolism of
oxylipins through the PPAR pathway in pressure overload
myocardia. The effectors of oxylipins included PPAR-regulated
genes Fabp3 (upregulated), Angptl4 (downregulated), and Pck1
(downregulated) and phosphoprotein perilipin 5. In healthy
hearts, PPAR isoforms are activated by fatty acids and act
as a master switch in controlling cardiomyocyte metabolism
(47). Meanwhile, PPAR agonists are used for treating diabetes
and hyperlipidemia, which are risk factors for incident heart
failure (48). In this study, we found that fat-1 transgene
targeted 8-HETE and 13-HODE and in turn suppressed Angptl4
and Pck1 to fine tune lipid and glucose metabolism in the
pressure overload hearts. Angptl4 encodes angiopoietin-like 4
protein, which is a key regulator of lipoprotein lipase, and
Pck1 encodes phosphoenolpyruvate carboxykinase 1, which
catalyzes gluconeogenesis. However, the roles of these molecular
signals in the stressed heart remain unclear. For example,
upregulation of Angptl4 has been reported in patients with,

and an experimental model of, metabolic syndrome (49, 50),
whereas activation of cardiac Angptl4 via PPARβ/δ is associated
with cardioprotection under lipid overload conditions (51).
In addition, We found that phosphorylation of perilipin 5
is associated with the cardiac protective effect in pressure
overload fat-1 hearts. Super-resolution microscopy has shown
that perilipin 5 is localized at lipid droplet-mitochondria
tethering sites (52), suggesting that perilipin 5 is crucial to
mitochondrial function. Moreover, activation of perilipin 5
has been shown to protect hearts against oxidative stress and
ischemia (53, 54). However, the regulation and function of
this gene-metabolite-phosphoprotein signaling network requires
further investigation.

Myocardium ATP contents were restored by fat-1 transgene
in pressure overload hearts, confirming that n-3 PUFAs protect
cardiac metabolic and contractile machinery. Furthermore,
we found that mitochondrial oxidative phosphorylation was
maintained by fat-1 transgene in pressure overload myocardia.
More than 95% of the energy used by cardiomyocytes is produced
by oxidative phosphorylation (55) with ∼60–70% of the total
ATP produced used to fuel cardiomyocyte contraction, while the
remainder is used for various ion pumps including CaATPase
in the sarcoplasmic reticulum (56). Reportedly, in heart failure,
oxidative phosphorylation levels are reduced (57). Consistent
with this finding, we found that pressure overload-induced
dilation significantly reduced expression of respiratory chain
complexes I–V, whereas myocardia with elevated endogenous
n-3 PUFAs resisted the pressure overload and retained the
expression of respiratory chain complex I, -II, and -IV. However,
in contrast to the above findings, the mRNA profiling of the
respiratory chain complex was preserved in the pressure overload
fat-1 hearts.
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FIGURE 7 | Multi-omics data analysis. The results of RNA-sequencing, phosphoprotein quantification, and oxylipin profiling were integrated and analyzed (A). Top 10

pathways affected by endogenous n-3 PUFAs were selected for analysis, and KEGG pathway analysis was applied to illustrate protective mechanism of n-3 PUFAs in

pressure overload hearts (B). Expression of genes identified from multi-omics data analysis has been determined by RT-qPCR (C–E). * P < 0.05 between groups.

In conclusion, endogenous n-3 PUFAs prevent dilated
cardiomyopathy via orchestrating gene expression, protein
phosphorylation, and metabolism. The functional protection
of n-3 PUFAs in pressure overload hearts was attributed to
preservation of mitochondrial structure, dynamics, and function.

Limitations of the Study
Illustration of the molecular signatures allows us to explore the
mechanisms and evaluate therapeutic effects in an unbiased way.

However, due to the limitations of research tools, molecular
changes detected in unbiased screening of small populations may
be difficult to verify in large-scale populations. For example, no

commercially available antibodies exist for cTnI T6. In addition,

quantitative proteomics indicated that 21 phosphoproteins were

mediated by n-3 PUFAs in pressure overload hearts; However,

whether these molecules represent specific determinants has not

yet been verified, and warrants further investigation to fully
elucidate the associated molecular mechanisms.
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FIGURE 8 | Preservation of mitochondria function by fat-1 transgene in pressure overload hearts. In the RNA-sequencing datasets of experimental groups, 47 genes

encoding oxidative phosphorylation markers, mitochondrial respiratory chain complexes were showed (A). Under transmission electron microscopy, the mitochondria

display a reduction in size and increase in counts per square µm in WT-TAC hearts, whereas those of Fat1-TAC hearts were not altered by pressure overload (B–D), N

= 300 mitochondria in the measurement area. The fission marker Drp1 was significantly reduced in Fat-1 TAC hearts but not in the dilated WT-TAC heart (E,F). ATP

generation was restored by endogenous n-3 PUFAs under pressure overload conditions (G). The protein expression of respiratory chain complexes was

downregulated in the dilated WT-TAC hearts. Compared to the sham hearts, pressure overload did not suppress the expression levels of mitochondrial complexes I, II,

V in fat-1 transgenic hearts (H,I). N = 4 for each group. *P < 0.05.
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