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A B S T R A C T

We previously reported that plasmalogens, a class of phospholipids, were decreased in a setting of dilated car-
diomyopathy (DCM). Plasmalogen levels can be modulated via a dietary supplement called alkylglycerols (AG) 
which has demonstrated benefits in some disease settings. However, its therapeutic potential in DCM remained 
unknown. To determine whether an optimized AG supplement could restore plasmalogen levels and attenuate 
cardiac dysfunction/pathology, we placed a cardiac-specific transgenic DCM mouse model of both sexes on chow 
+/− 1.5 % AG supplementation at ~10 weeks of age for 16 weeks. Cardiac function was assessed by echocar-
diography, tissues were collected for histological and molecular analyses including lipidomics and proteomics via 
liquid chromatography-mass spectrometry. AG supplementation increased total plasmalogens in DCM hearts and 
attenuated lung congestion of both sexes, but only prevented cardiac dysfunction in males. This was associated 
with attenuated cardiac and renal enlargement, a more favorable pro-cardiac gene expression profile, and a trend 
for lower cardiac fibrosis. By lipidomics, specific d18:1 ceramide species associated with cardiac pathology were 
lower in the DCM hearts from mice on the AG diet, and tetralinoleoyl cardiolipins, a lipid crucial for mito-
chondrial function was restored with AG supplementation. Proteomic analysis of hearts from male DCM mice 
receiving AG supplementation revealed enrichment in mitochondrial protein network, as well as upregulation of 
extracellular matrix binding proteins including agrin, a protein associated with cardiac regeneration. In sum-
mary, AG supplementation restored plasmalogens in DCM hearts but showed greater therapeutic potential in 
males than females.

1. Introduction

Pathological cardiac remodeling occurs in response to a chronic 

cardiac stress or genetic mutations and can be associated with inflam-
mation, fibrosis, autophagy, and cellular dysfunction involving oxida-
tive stress, metabolic and signaling pathway impairments, 
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mitochondrial dysfunction, and left ventricular enlargement. This is 
often a precursor for the development and progression of heart failure 
(HF) [1]. Recent developments in the field of lipidomics have allowed 
for a more in-depth characterization of the lipidome in experimental 
models of pathological remodeling and HF. As cardiac myocytes change 
shape during pathological remodeling, there is significant remodeling of 
the cardiac myocyte membranes including lipids within the membranes 
[3]. Lipid metabolism is an intricate physiological process essential for 
maintaining homeostasis, hormone control, and nutrient regulation [4]. 
Lipids are essential biomolecules that play a significant role in providing 
structural support for cell membranes but also have diverse cellular 
functions such as energy storage and signaling [5]. However, when the 
composition of lipid species becomes disrupted within an organelle or 
the cell itself, lipid metabolism dysfunction can occur. This can result in 
serious lipid-related diseases such as obesity, type 2 diabetes, and car-
diovascular disease (CVD) [6]. A subclass of phospholipids, known as 
plasmalogens, are highly abundant in the heart, brain, and skeletal 
muscle, making up >15 % of total phospholipids [1,2]. Previous studies 
have shown that plasmalogens can be beneficial in settings of pathology 
including CVD and diabetes [9]. However, the therapeutic potential for 
the failing heart was unclear.

In a previous study undertaken in our laboratory, we showed that 
plasmalogens were decreased in the heart of a mouse model with dilated 
cardiomyopathy (DCM). Alkylglycerols (AGs) represent lipid in-
termediates that have the ability to modulate plasmalogen subspecies 
via supplementation in the diet. Thus, to restore a major plasmalogen 
species in the heart (p18:0), we previously used a dietary AG called batyl 
alcohol (BA). The DCM mouse model presents with cardiac dysfunction, 
left ventricular enlargement, pulmonary edema, and cardiac fibrosis 
[10]. When administered BA for a period of 16 weeks, the DCM mouse 
model showed a significant increase in p18:0 plasmalogen levels 
compared to the chow mice. However, there was no significant attenu-
ation of cardiac pathology or dysfunction. Upon further lipidomic 
analysis, an unanticipated feedback loop associated with BA supple-
mentation revealed a concurrent decrease in p16:0 and p18:1 plasmal-
ogen subspecies compared to chow fed DCM mice [11]. The decrease in 
these other plasmalogens may explain why we observed no cardiac 
protection. The main goals of the current study were to examine whether 
an optimized AG supplementation comprising of batyl alcohol (BA, 
p18:0), selachyl alcohol (SA, p18:1), and chimyl alcohol (CA, p16:0) 
could, 1) restore p18:0, p18:1, and p16:0 plasmalogen levels in a mouse 
model of DCM and, 2) attenuate/reverse cardiac pathology and markers 
of HF.

2. Methods

2.1. Experimental animals

The Alfred Health and Education Precinct Animal Ethics Committee 
granted approval for the care and experimental use of mice. The Alfred 
Medical Research and Education Precinct Animal Centre housed mice in 
a temperature controlled, 12-hour light-dark cycle environment (6 
am–6 pm). Mice were euthanized at the end of the study with 300-400 
mg/kg of sodium pentobarbital intraperitoneally. Tissues and plasma 
were collected for histological, molecular, lipidomic, and proteomic 
analyses.

2.2. Tg mouse model with dilated cardiomyopathy (DCM)

The transgenic (Tg) mouse model develops DCM due to the over-
expression of mammalian sterile 20-like kinase 1 (Mst1). The expression 
of the transgene in cardiomyocytes is driven by the α-myosin heavy 
chain (αMHC) promoter, resulting in specific expression in Tg mice 
shortly after birth [3]. The DCM phenotype is distinguished by dilation 
of the atria and ventricles, accompanied by wall thinning of the left 
ventricle, interstitial fibrosis, pulmonary edema, and severe systolic 

ventricular dysfunction [3]. Endogenous Mst1 is known to be increased 
or activated in both patients with dilated cardiomyopathy and mouse 
models of myocardial infarction [4,5]. While no mouse model will 
completely replicate what occurs in humans, it has features consistent 
with human DCM including thinning of the ventricular walls, apoptosis, 
fibrosis and activation of p38. Tg and non-transgenic (Ntg) mice were 
generated by crossing heterozygous Tg mice with Ntg mice.

2.3. BA, SA, and CA dietary supplementation

BA, SA, and CA supplemented, and chow diets were produced by 
Speciality Feeds (WA, Australia). The diet contained 1.5 % BA, SA, and 
CA per 100 g of chow.

2.4. Echocardiography-assessment of cardiac function and dimensions

Echocardiography (echo) was performed using the Vevo 2100 Fuji-
film Visual Sonics Ultrasound machine with a MS 550D probe on 
anaesthetized mice (1.8 % isoflurane) to assess the longitudinal changes 
in heart size and function. Systolic function was assessed by parasternal 
long-axis (pLAX) B-mode.

2.5. Lipidomic analyses

Ventricles were homogenized in 120 μL PBS using the Branson digital 
probe-sonicator. Homogenates underwent a 1:20 dilution and protein 
concentration (absorbance of 562 nm) was determined by using the 
Pierce™ BCA protein assay kit. Homogenates were diluted with 1× PBS 
(5 mg/mL of ventricle). 10 μL of internal standard was added to each 
sample. 200 μL of Chloroform: Methanol (ChCl3/MeOH) was added, and 
samples were placed in the bath sonicator (room temperature (RT), 30 
min). Samples were spun in the Beckman Coulter Microfuge 18 centri-
fuge (16,060g, 10 min). ~200 μL of supernatant was transferred to a 0.5 
mL polypropylene 96-well plate and samples were dried using the 
Speedivac and pump (one hour and a half). Extracted lipid samples were 
reconstituted with 50 μL of water saturated butanol and sonicated (10 
min). 50 μL of MeOH with Ammonium Formate was added to each 
sample and centrifuged in the Heraeus multifuge 1S-R (4,000g, 5 min). 
100 μL of sample was aliquoted into glass vials. Lipidomic analyses of 
lipid extracts were performed by liquid chromatography using the Agi-
lent 1290 liquid chromatography system combined with the Agilent 
6495 triple quadruple mass spectrometer as previously described [6].

2.6. RNA extraction

Ventricles were homogenized in 500 μL Trizol reagent and incubated 
(RT, 5 min). Samples were centrifuged (4 ◦C, 10 min, 18,720 g). The 
supernatant was transferred to new 1.5 mL tubes and 0.1 mL of chlo-
roform was added. Samples were vortexed and incubated on ice. Sam-
ples were centrifuged (4 ◦C, 15 min, 18,720 g) and the aqueous phase 
was transferred into new 1.5 mL tubes. 0.5 mL of isopropanol was added 
and samples were incubated at − 20 ◦C overnight. The supernatant was 
removed and 1 mL of 75 % Diethyl pyrocarbonate (DEPC) treated 
ethanol (EtOH) was added. Samples were spun (4 ◦C, 2 min, 21,380 g). 
The supernatant was removed and an additional 1 mL of 75 % DEPC 
EtOH was added. Samples were centrifuged (4 ◦C, 5 min, 21,380 g) and 
the supernatant was removed. Samples were air dried, and the pellet was 
resuspended in 50 μL Nuclease Free water (NF-H2O) and stored at 
− 80 ◦C.

2.7. Synthesis of cDNA and the assessment of gene expression via real 
time-quantitative PCR

25 ng/μL of complementary DNA (cDNA) was generated from 
extracted RNA from ventricles. 20 μL aliquots were added to the 96-well 
plate and placed in the Applied Biosystems Veriti Thermal Cycler for 
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PCR using the pre-programmed cycling conditions: cDNA High Capac-
ity. Expression was normalized against Hypoxanthine phosphoribosyl 
transferase 1 (Hprt1).

2.8. Masson’s trichrome staining for fibrosis quantification

Ntg and DCM ventricles were processed and embedded in paraffin 
wax. Ventricular tissues were sectioned (4 μm) and placed on Superfrost 
Plus Adhesion microscope slides. Slides were placed in the oven (60 ◦C, 
10 min) for deparaffinization. Slides were then placed in histolene (5 
min, ×2), 100 % ethanol (3 min, ×2) and then 70 % ethanol (3 min). 
Slides were then introduced into dH2O and transferred into Weigert’s 
Iron Haematoxylin (5 min) to stain nuclei black. Slides were stained with 
Biebrichscarlet-Acid Fuchsin (5 min) before being rinsed in dH2O (3 
min). By agitating the slides, the sections were washed in Phospho-
tungstic acid solution (10 min) and then placed in Aniline Blue (10 min). 
Slides were rinsed in dH2O, dehydrated in 95 % ethanol and 100 % 
ethanol, and cleared in histolene (5 min, ×2) before being coverslipped. 
Fibrosis was quantified using Aperio ImageScope [v12.4.6.5003] soft-
ware. The area of fibrosis/collagen was expressed relative to area of the 
LV.

2.9. Proteomics

2.9.1. Proteomic sample preparation
Ventricles from female and male mice (Ntg chow, Ntg diet, DCM 

chow, DCM diet (n = 4 per group)) were lysed on ice in lysis buffer (8 M 
urea in 50 mM HEPES pH 8.0 with Halt™ Protease/Phosphatase In-
hibitor Cocktail (#78442, Thermo Fisher Scientific) and extracted by 
pulse tip-probe sonication on ice and quantified by microBCA (#23235, 
Thermo Fisher Scientific) as previously described [6]. All samples were 
normalized (10 μg) then subjected to reduction and alkylation, followed 
by solid-phase interaction proteomic sample preparation, as previously 
described [7]. Briefly, protein samples were mixed with Sera-Mag Speed 
Beads (GE LifeScience) at a 10:1 beads-to-protein ratio, with protein- 
bound-beads reconstituted and exposed to trypsin (V5113, Promega) 
and Lys-C (121-05063, FUJIFILM Wako Pure Chemical Corporation) at 
1:50 and 1:100 enzyme-to-substrate ratio respectively, followed by 
overnight digestion at 37 ◦C with shaking. Peptide digests were collected 
from the supernatant and acidified with formic acid to a final 2 % (v/v) 
concentration before vacuum lyophilization and reconstitution in 0.07 
% (v/v) trifluoroacetic acid in MS-grade water.

2.9.2. LC-MS/MS
Spectra were acquired in data independent acquisition on an Q 

Exactive HF-X benchtop Orbitrap mass spectrometer coupled to an Ul-
tiMate™ NCS-3500RS nano-HPLC (Thermo Fisher Scientific) as previ-
ously described [6]. Full scan MS were performed in the m/z range of 
350 to 1100 with a 60,000 resolution, using an automatic gain control 
(AGC) of 3 × 10 [6], maximum injection time of 50 ms and 1 microscan. 
MS2 was set to 15,000 resolution, 1e6 AGC target and the first fixed 
mass set to 120 m/z. Default charge state set to 2 and recorded in 
centroid mode. For optimized acquisition, we performed a total of 38 
scan windows with staggered 20 m/z isolation window applied with 28 
% normalized collision energy as described [65]. Data were acquired 
using Xcalibur software v4.5 (Thermo Fisher Scientific).

2.9.3. Data processing and analysis
Identification and quantification of peptides and proteins was per-

formed using DIA-NN neural network and interference correction (v1.8) 
with mass spectra searched against Mus musculus (mouse) reference 
proteome (55,398) supplemented with common contaminants as pre-
viously described [6]. Spectral libraries were predicted using the deep 
learning algorithm employed in DIA-NN with Trypsin/P, allowing up to 
1 missed cleavage as described [6,8]. The precursor change range was 
set to 1–4, and the m/z precursor range was set to 300–1800 for peptides 

consisting of 7–30 amino acids with N-term methionine excision and 
cysteine carbamidomethylation enabled as a fixed modification with 
0 maximum number of variable modifications. The mass spectra were 
analyzed using default settings with a false discovery rate (FDR) of 1 % 
for precursor identifications and match between runs (MBR) enabled for 
replicates. Venn diagrams were created using www.interactivenn.net. 
Perseus (v2.0.7.0) was applied for downstream data processing and 
analysis. Stringent data quality inclusion was applied with 70 % protein 
group quantification for proteins within each group. Protein intensities 
were log2 transformed and normalized using quantile normalization. 
Hierarchical clustering was performed in Perseus using Euclidean dis-
tance and average linkage clustering. Proteins were subjected to Prin-
ciple Component Analysis (PCA) with missing values imputed from 
normal distribution (width 0.3, downshift 1.8) and unpaired student’s t- 
test. g:Profiler database were utilized for Gene Ontology functional 
enrichment and network/pathway analysis, significance p < 0.05. 
Multi-parameter (non-parametric) differential expression analysis 
(ANOVA, p < 0.05) was performed in Perseus, with increased (positive) 
and decreased (negative) expression profiles (FC) for individual proteins 
relative to chow groups baseline (average, log2 intensity values). All 
proteomics data and analyses are provided in a Supplementary Data Set 
(labelled Supplementary Tables 5–30 within the results).

2.10. Statistical analyses

Results are presented as mean ± SEM. Two-way ANOVA followed by 
Tukey’s post-hoc test was used unless stated otherwise. Lipidomic 
datasets were assessed via R Studio (4.3.1) using two-way ANOVA fol-
lowed by Šidăk’s multiple comparisons test and t-test comparisons. 
Graphs were produced using GraphPad Prism 9.3.0 (GraphPad Software, 
Inc). p < 0.05 was considered statistically significant.

3. Results

Male and female Ntg and DCM mice (~10-weeks-old) were fed a diet 
consisting of chow or AG supplementation comprised of BA, SA + CA for 
16 weeks (Fig. 1A). Dietary supplementation with the AG (BA, SA + CA) 
lipid intermediates in mice bypasses the rate limiting step of plasmal-
ogen biosynthesis within the peroxisome, allowing for increased pro-
duction of ether lipids, including ones with phosphatidylethanolamine 
(PE) and phosphatidylcholine (PC) head groups: [PE(O), PC(O), PE(P) 
and PC(P)] (Fig. 1B). As we previously reported [9], plasmalogen levels 
were lower in the ventricles and plasma of the DCM model vs. Ntg 
(Fig. 1C). In this study, the goal was to restore plasmalogen levels in the 
DCM model and examine whether this had a favorable impact on cardiac 
function and remodeling.

3.1. Restoration and increased plasmalogen levels via AG 
supplementation in male DCM mice attenuated pathological features 
associated with DCM and heart failure

PCA was conducted on the lipidome of male ventricles and plasma to 
analyze the distribution of lipids between genotypes (Ntg and DCM) and 
diets (chow and AG diet) (Fig. 1D). PCA plots demonstrate a clear sep-
aration between AG supplemented and chow fed cohorts for both the 
ventricular and plasma lipidome, in addition to separation between the 
diseased DCM vs. Ntg lipidomes. Given that the AG diet consists of the 
BA, SA, and CA lipid intermediates that target the ether lipids with 18:0, 
18:1, and 16:0 fatty alcohol chains, we sought to evaluate changes to the 
aforementioned plasmalogen species [PC(P), PE(P)] and their pre-
cursors [PC(O), PE(O)]. Total plasmalogen precursors: PC(O) and PE(O)- 
(O16:0, O18:0, and O18:1) were significantly increased in the ventricles 
and plasma of the AG supplemented male Ntg and DCM mice vs. controls 
(Fig. 1E & F). This was also true for the majority of the plasmalogen 
subspecies (Fig. 1E & F).

Heart size and heart weight normalized to tibia length (HW/TL) ratio 
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of male DCM chow mice was greater than male Ntg chow mice (Fig. 1G 
& H). When supplemented with the AG diet, HW/TL of male DCM mice 
was significantly lower than DCM chow mice, and not significantly 
different from Ntg mice (Fig. 1G & H, Supp Table 1; AG diet had no 
significant effect in Ntg mice). Atria weight normalized to tibia length 
(AW/TL) ratio was significantly increased in the DCM model vs. Ntg, and 
the AG diet had no impact on this parameter (Fig. 1H). Lung weight 
normalized to tibia length (LW/TL) was assessed as a measure of lung 
congestion due to cardiac dysfunction. The LW/TL ratio was signifi-
cantly increased in the male DCM chow mice vs. Ntg chow mice, and AG 
supplementation in DCM mice was associated with a lower LW/TL vs. 
DCM chow (Fig. 1H). Kidney weight normalized to tibia length (KidW/ 
TL) ratio was elevated in male DCM chow mice vs. Ntg chow mice (by 
unpaired t-test). KidW/TL ratio was significantly lower in male DCM 
mice supplemented with the AG diet vs. male DCM chow mice (Fig. 1H). 
There was a significant increase in cardiac fibrosis in the male DCM 
chow vs. Ntg mice (Fig. 1I, J), and this tended to be lower in the DCM 
diet mice. Cardiac function, assessed non-invasively by echocardiogra-
phy before and after the intervention, demonstrated that ejection frac-
tion (EF) was significantly decreased in the male DCM chow mice over 
the time course of the study i.e. between baseline and endpoint (~16 
weeks) (Fig. 1K). In contrast, a significant fall in EF was not observed in 
the male DCM AG mice, where EF between baseline and endpoint was 
maintained (Fig. 1K, Supp Table 2). Raw and normalized end-diastolic 
LV mass over time also reflected the positive impact of the AG diet on 
ventricular weight in the DCM model (Supp Table 2).

Previous work has shown that cardiac stress markers such as BNP 
and fibrotic markers (e.g. collagen genes) are elevated in the hearts of 
the DCM model [9–11]. In the current study, Nppb (BNP) and Col3a1 
(collagen III) showed a trend or significant increase in hearts of male 
DCM mice vs. Ntg chow (Fig. 1L). There were no significant differences 
between DCM diet mice vs. Ntg diet (p > 0.1), but there were also no 
significant differences between the male DCM diet mice vs. DCM chow 
(Fig. 1L). The metabolic marker for fatty acid oxidation, PGC-1α, and the 
contractility marker, SERCA-2a, were significantly decreased in the 
hearts of DCM chow mice vs. Ntg, but not the DCM diet mice. Though, 
there were no significant differences between the male AG supple-
mented DCM mice vs. DCM chow (Fig. 1L).

3.2. AG supplementation increased plasmalogens in female DCM mice but 
had no effect on cardiac pathology and function

In male DCM mice, plasmalogen levels were lower in the ventricles as 
observed in our previous and current studies (Fig. 1C) [9]. We observed 
a trend for decreased PC(P) levels (p = 0.07) in the ventricles of female 
DCM chow, but no decrease in PE(P) levels. Similar to the males, PC(P) 
and PE(P) lipids were significantly lower in the plasma of female DCM 

vs. Ntg (Fig. 2A). PCA plots revealed distinct separation between AG 
supplemented and chow cohorts in conjunction with separation between 
the diseased DCM vs. Ntg lipidomes (Fig. 2B). Total plasmalogen pre-
cursors (O16:0, O18:0, and O18:1) were significantly increased in the 
ventricles and plasma of the female AG supplemented mice vs. their 
respective cohorts (Fig. 2C & D). The increase in plasmalogen levels 
following AG supplementation was also observed in the majority of 
plasmalogen subspecies (p16:0, p18:0, and p18:1) in the ventricles and 
plasma (Fig. 2C & D).

HW/TL tended to be elevated in the female DCM chow mice vs. Ntg 
chow but this was not significant (p = 0.068). The AG diet had no sig-
nificant impact on HW/TL in the DCM mice but was not different from 
Ntg (Fig. 2E, Supp Table 3). AW/TL was increased in both chow and AG 
supplemented DCM mice vs. Ntg, with no effect of the AG supplement 
(Fig. 2E). LW/TL was significantly higher in the female DCM chow vs. 
Ntg chow, and AG supplementation was associated with a lower LW/TL 
ratio (Fig. 2E). KidW/TL remained unchanged across groups (Fig. 2E). 
Cardiac fibrosis was increased in female DCM chow mice vs. Ntg chow 
mice, and AG supplementation had no effect (Fig. 2F). Echocardiogra-
phy demonstrated no significant changes in EF of the female DCM mice 
over the course of the study (~16 weeks), regardless of dietary assign-
ments (Fig. 2G).

Nppb expression was increased in the hearts of chow and AG sup-
plemented DCM vs. Ntg mice, with no significant differences in the DCM 
AG supplemented vs. chow hearts. Col3a1 levels remained unchanged 
when comparing between genotype and diet cohorts (Fig. 2H). PGC-1α 
and SERCA-2a were decreased in the hearts of DCM chow mice vs. Ntg 
but AG supplementation had no effect (Fig. 2H).

3.3. AG supplementation differentially remodeled the cardiac lipidome in 
male and female DCM mice

Forest plots were generated to visualize changes across individual 
lipid species between different genotypes (Ntg and DCM) and diets 
(chow and AG) (Fig. 3A). The DCM cardiac lipidome compared to Ntg 
demonstrated key changes that occurred in the setting of HF. This 
included increased ceramide (Cer) levels, a lipid associated with 
inflammation in various settings of pathology, including cardiovascular 
disease [12]. Specific PE species were significantly increased, and this 
was also in line with a previous study that subjected mice to transverse 
aortic constriction [13]. Remodeling of specific cardiolipin (CL) species, 
reduction in ubiquinone and cardiac triacylglyceride (TG) species 
observed in our DCM model has also previously been demonstrated in a 
setting of DCM and HF [9,14]. While specific plasmalogen species were 
significantly increased (as noted in red; Top 10 p < 0.05 lipids), overall 
plasmalogen levels, in particular PC(P)s were significantly decreased.

AG supplementation in both Ntg and DCM mice were associated with 

Fig. 1. AG supplementation attenuates cardiac pathology in male DCM hearts. A) Experimental timeline over the 16-weeks of chow or AG supplementation. B) BA +
SA + CA used as lipid intermediates to enter the plasmalogen biosynthesis pathway. C) Scatter bar graphs showing phosphatidylcholine (PC) and phosphatidyl-
ethanolamine (PE) plasmalogens in male DCM hearts and plasma as a % vs. Ntg mice. Ntg chow = 7, DCM chow = 8. *p < 0.05. D) PCA plots of total lipids in hearts 
and plasma of male Ntg and DCM mice given chow or AG supplementation. E) Boxplots showing total plasmalogens and total plasmalogen precursors in ventricles in 
male Ntg and DCM chow fed or AG supplemented mice. Data analyzed using two-way ANOVA followed by Šidăk’s multiple comparison’s test. Ntg chow = 7, Ntg diet 
= 7, DCM chow = 8, DCM diet = 12. *p < 0.05. F) Boxplots showing total plasmalogens and total plasmalogen precursors in plasma in male Ntg and DCM chow fed or 
AG supplemented mice. Data analyzed using two-way ANOVA followed by Šidăk’s multiple comparison’s test. Ntg chow = 7, Ntg diet = 7, DCM chow = 8, DCM diet 
= 12. *p < 0.05. G) Representative heart images of male Ntg and DCM chow or AG supplemented mice. H) Scatterplots showing male heart weight/tibia length (HW/ 
TL), atria weight/tibia length (AW/TL), lung weight/tibia length (LW/TL), kidney weight/tibia length (KidW/TL) of Ntg and DCM mice fed chow or AG supple-
mentation. Data evaluated by two-way ANOVA followed by Tukey’s post-hoc analysis test. Ntg chow = 7, Ntg diet = 7, DCM chow = 8, DCM diet = 12. *p < 0.05. I) 
Representative images of male Ntg and DCM chow or AG supplemented mouse ventricle tissue stained with Masson’s Trichrome. J) Scatterplot showing Masson’s 
Trichrome staining of ventricle tissue of male Ntg and DCM chow or AG supplemented mice. Data evaluated by two-way ANOVA followed by Tukey’s post-hoc 
analysis test. Ntg chow = 4, Ntg diet = 6, DCM chow = 7, DCM diet = 12. *p < 0.05. K) Pairwise graphs showing ejection fraction of chow and AG supple-
mented male DCM mice from baseline to endpoint. Data analysed by paired t-test. DCM chow = 8, DCM diet = 12. *p < 0.05. L) Scatterplots showing qPCR analysis 
of cardiac, fibrotic, and metabolic markers. B-type natriuretic peptide/Hypoxanthine-guanine phosphoribosyl transferase (Nppb/Hrpt), Collagen III (Col3a1/Hrpt), 
Peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1α/Hrpt), Sarcoplasmic/endoplasmic reticulum Ca2-ATPase 2a (Atp2a2/Hrpt) of male 
Ntg and DCM mice fed chow or AG supplementation. Data analyzed by two-way ANOVA followed by Tukey’s post-hoc analysis. Ntg chow = 7, Ntg diet = 7, DCM 
chow = 8, DCM diet = 12. *p < 0.05.
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significant increases in plasmalogen lipids and their precursors (Figs. 1E, 
3A). Consistent with previous studies, assessment of the entire cardiac 
lipidome also demonstrated significant increases in ether lipid species 
[LPC(O), LPC(P), LPE(P) and TG(O)s] [15,16]. This represents the first 
comprehensive report of ether lipid modulation following AG supple-
mentation in the cardiac lipidome.

In the DCM heart, changes to the CL and Cer lipids were visualized 
via volcano plots to observe the changes with AG supplementation. 
Studies have shown that decreases in CL (72:8) [PI 36:4], also known as 
tetralineoylcardiolipins, result in dysfunction of mitochondrial oxida-
tive phosphorylation [14,15]. CL (72:8) [PI 36:4] levels in DCM chow 
hearts were significantly reduced compared to Ntg hearts (Fig. 3B). 
Notably, CL (72:8) [PI 36:4] levels were associated with an increase in 
the DCM AG vs. DCM chow hearts (Fig. 3C). Cer, in particular Cer with a 
d18:1 sphingolipid backbone, has previously been linked to the devel-
opment and progression of HF [16]. In the male DCM chow hearts, Cer 
(d18:1/16:0), Cer(d18:1/23:0), Cer(d18:1/24:0) and Cer(d18:1/24:1) 
were increased (Fig. 3B). Following AG supplementation, Cer(d18:1/ 
19:0), Cer(d18:1/20:0), Cer(d18:1/21:0), Cer(d18:1/22:0), and Cer 
(d18:1/24:1) levels were lower (Fig. 3C).

The DCM cardiac lipidome indicates sexual dimorphism between 
female and male mice. The key alterations observed in male DCM hearts 
(increased Cer, PE and decreased TGs, ubiquinone) appeared to shift in 
an opposing fashion in female DCM hearts (Fig. 4A), and may partially 
explain the differential impact of the AG supplementation on heart 
function (Fig. 2G). Sex differences in cardiac metabolism are recognized 
[17], however, to our knowledge no comprehensive lipidomic profiling 
has previously been conducted on female murine HF models.

As with males, AG supplementation in female Ntg and DCM hearts 
were associated with significant increases in ether lipid species (Fig. 4A). 
In visualizing the CL species in the female DCM heart via volcano plot, it 
is further noted that there was no significant remodeling of CL (72:8) [PI 
36:4] with AG supplementation (Fig. 4B). Additionally, there was no 
significant increase in total Cer levels [although two Cer species, Cer 
(d18:1/20:0) and Cer(d18:1/22:0) were elevated] in the female DCM 
heart, with no alterations observed following AG supplementation 
outside of a significant decrease in Cer(d18:1/20:0) and Cer(d18:1/ 
21:0) (Fig. 4C).

3.4. Differential regulation of the proteome with AG supplementation in 
males and females

To further delineate potential mechanisms by which AG supple-
mentation was associated with an attenuation of cardiac pathology in 
the setting of DCM, we performed proteomics on a subset of ventricular 
tissues from the existing cohort of mice (Fig. 5A). The PCA plot revealed 
a more distinct distribution of proteins between genotypes as opposed to 
dietary intake (Fig. 5B). Gene Ontology (GO) analyses of the DCM male 
heart proteome highlighted positive enrichment of specific GO terms 

associated with stress response, autophagic and apoptotic processes 
previously implicated with cardiac Mst1 overexpression [4,18] (Supp 
Table 5). Additionally, negative enrichment of GO terms related to the 
mitochondria, energy metabolism and cardiac contractility is further 
reflective of the DCM phenotype that develops with Mst1 overexpression 
[3,14] (Fig. 5C, Supp Table 6).

AG supplementation of DCM mice resulted in differential regulation 
of 430 proteins in the heart. Many of these upregulated proteins (AGRN, 
DAG1, NID1, ITGA5) were associated with GO terms that suggest sig-
nificant extracellular matrix remodeling/reorganization and cell adhe-
sion – notably, loss of or overexpression of these proteins in murine 
models of cardiac pathology have shown to be detrimental/protective 
respectively [19–21] (Fig. 5D, Supp Table 8). Furthermore, proteins 
associated with the mitochondrial electron transport chain/respiratory 
process were also enriched with AG supplementation. Negative enrich-
ment of GO terms associated with immune response/processes may 
further point to less inflammation typically associated with the DCM 
phenotype (Supp Table 9).

Proteomic profiling of female hearts demonstrated a similar distri-
bution to males (Fig. 5E, F). While female DCM hearts exhibited similar 
positive and negative enrichment of specific GO terms as the male DCM 
hearts (Supp Tables 12, 13), AG supplementation in female DCM hearts 
did not show similar positive enrichment of GO terms or the upregula-
tion of many proteins observed in male DCM AG supplemented hearts 
(Fig. 5G, H). Instead, AG supplemented female DCM hearts showed 
positive enrichment in terms associated with proteosomes and pepti-
dases (Supp Table 15). However, similar to AG supplemented male DCM 
hearts, there was also negative enrichment in GO terms related to im-
mune responses (Supp Table 16).

4. Discussion

The therapeutic potential of enhancing plasmalogen levels in pre-
clinical models of atherosclerosis, microglia-mediated neuro-
inflammation, and hepatic steatosis has previously been reported 
[16,22–24], but the potential of this approach in the failing heart was 
not clear [9,25]. In previous work undertaken in our laboratory, BA 
dietary supplementation was used to restore plasmalogen levels in the 
hearts of DCM mice. Supplementation increased a major subset of 
plasmalogen species (p18:0) but was not associated with improved 
cardiac outcomes. In-depth analyses revealed that while BA supple-
mentation increased the p18:0 plasmalogen species, there was a con-
current reduction in the p16:0 and p18:1 subspecies; most likely due to a 
negative feedback mechanism within the endogenous plasmalogen 
biosynthesis pathway [9,26]. This unexpected feedback alteration to the 
cardiac plasmalogen profile of DCM BA supplemented mice may have 
contributed to the absence of a positive outcome [9]. Therefore, the 
main objective of this study was to determine whether an optimized AG 
dietary supplement comprised of BA, SA, and CA, could restore p18:0/ 

Fig. 2. AG supplementation has no effect on cardiac pathology in female DCM mice. A) Scatter bar graphs showing phosphatidylcholine (PC) and phosphatidyl-
ethanolamine (PE) plasmalogens in female DCM hearts and plasma as a % vs. Ntg mice. Ntg chow = 11, DCM chow = 8. *p < 0.05. B) PCA plots of total lipids in 
hearts and plasma of female Ntg and DCM mice given chow or AG supplementation. C) Boxplots showing changes in total plasmalogens and total plasmalogen 
precursors in ventricles in female Ntg and DCM chow fed or AG supplemented mice. Data analyzed using two-way ANOVA followed by Šidăk’s multiple comparison’s 
test. Ntg chow = 11, Ntg diet = 11, DCM chow = 8, DCM diet = 7. *p < 0.05. D) Boxplots showing total plasmalogens and total plasmalogen precursors in plasma in 
female Ntg and DCM chow fed or AG supplemented mice. Data analyzed using two-way ANOVA followed by Šidăk’s multiple comparison’s test. Ntg chow = 11, Ntg 
diet = 11, DCM chow = 8, DCM diet = 7. *p < 0.05. E) Scatterplots showing female heart weight/tibia length (HW/TL), atria weight/tibia length (AW/TL), lung 
weight/tibia length (LW/TL), kidney weight/tibia length (KidW/TL) of Ntg and DCM mice fed chow or AG supplementation. Data evaluated by two-way ANOVA 
followed by Tukey’s post-hoc analysis test. Ntg chow = 11, Ntg diet = 11, DCM chow = 8, DCM diet = 7. *p < 0.05. F) Scatterplot showing Masson’s Trichrome 
staining of ventricle tissue of female Ntg and DCM chow or AG supplemented mice. Data evaluated by two-way ANOVA followed by Tukey’s post-hoc analysis test. 
Ntg chow = 10, Ntg diet = 11, DCM chow = 8, DCM diet = 6. *p < 0.05. G) Pairwise graphs showing ejection fraction of chow and AG supplemented female DCM 
mice from baseline to endpoint. Data analysed by paired t-test. DCM chow = 8, DCM diet = 7. H) Scatterplots showing qPCR analysis of cardiac, fibrotic, and 
metabolic markers. B-type natriuretic peptide/Hypoxanthine-guanine phosphoribosyl transferase (Nppb/Hrpt), Collagen III (Col3a1/Hrpt), Peroxisome proliferator- 
activated receptor gamma co-activator 1-alpha (PGC-1α/Hrpt), Sarcoplasmic/endoplasmic reticulum Ca2-ATPase 2a (Atp2a2/Hrpt) of female Ntg and DCM mice fed 
chow or AG supplementation. Data analyzed by two-way ANOVA followed by Tukey’s post-hoc analysis. Ntg chow = 11, Ntg diet = 11, DCM chow = 8, DCM diet =
7. *p < 0.05.
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p18:1/p16:0 plasmalogen levels in the heart and circulation of a mouse 
model of DCM, and subsequently restore cardiac function and attenuate 
cardiac pathology. The major findings of the current study were that 1) 
the optimized AG diet increased the majority of the plasmalogen sub-
species (p18:1, p18:0, and p16:0) in Ntg and DCM mice, 2) AG supple-
mentation protected against cardiac pathology in male but not female 
DCM mice, and 3) mechanistically AG supplementation in male DCM 
heart was associated with a cardiac proteome and lipidome reflective of 
sustained mitochondrial health, and less inflammation (Fig. 6).

The DCM model presents with ventricular dilatation and atrial 
enlargement, often with an elevation in normalized heart weight. In our 
prior study, BA supplementation in the DCM model did not significantly 
attenuate heart weight, fibrosis, or molecular markers of cardiac stress 
[9]. By contrast, in the present study, normalized heart size was lower in 

male DCM AG supplemented mice, which was associated with main-
tained systolic function, and a more favorable molecular cardiac 
phenotype. In contrast, normalized heart size remained unchanged in 
female DCM AG supplemented mice and the diet had no impact on 
systolic function or cardiac gene expression. The cardiac-specific DCM 
model is also associated with lung and kidney pathology and increased 
mass due to organ cross-talk [3,27–29]. Lung weight was elevated in 
both male and female DCM chow mice compared with Ntg, and the AG 
supplement was associated with lower normalized lung weight in both 
sexes. When the heart cannot pump blood effectively, this causes fluid to 
build up in the lungs where it impairs lung function and gas exchange, 
leading to hypoxia and dyspnea [30]. Previous studies have suggested 
that plasmalogens may play an important role in maintaining normal 
lung physiology [31,32]. In the current study, lung weight may be lower 

Fig. 3. AG supplementation remodels the cardiac lipidome in male DCM mice. A) Forest plots showing individual lipids in the ventricles of male Ntg and DCM mice 
subjected to chow or AG supplementation. Ntg chow = 7, Ntg diet = 7, DCM chow = 8, DCM diet = 12. B) Volcano plots showing changes in key lipids in the 
ventricles of male DCM chow mice. Left to right: Cardiolipins, Ceramides(d18:1). Solid circles highlight lipids that are significantly different. C) Volcano plots 
showing changes in key lipids in the ventricles of male DCM AG supplemented mice. Forest plots have each individual lipid species displayed along the y axis, 
grouped according to lipid class (with some across multiple lines e.g. CL), with log2(fold change) on the x axis. Left to right: Cardiolipins, Ceramides(d18:1). Solid 
circles highlight lipids that are significantly different.
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in male DCM AG mice vs. DCM chow mice, in part, because cardiac 
function did not fall over time in DCM AG mice. An additional factor in 
male and female DCM AG mice, may be a direct impact of plasmalogens 
in the lungs. Of note, lower lung weight was also observed in our prior 
BA supplementation study, in which there was no impact on heart 
function [9].

The DCM model has previously been used as a preclinical model of 
cardiorenal syndrome due to defects in the kidney including renal 
fibrosis, inflammation, and loss of glomerular filtration rate [27–29]. 
Given this is a cardiac-specific Tg model, pathology or enlargement in 
the kidney is considered to be due to chronic dysfunction of the heart 
negatively affecting the kidneys [28,29,33]. In the current study, 
normalized kidney weight was elevated in male DCM chow mice vs. Ntg, 
and AG supplementation was associated with reduced kidney weight. 
Consistent with a non-significant increase in heart weight in female 
DCM chow mice, female DCM mice did not present with higher 

normalized kidney weights.
Mechanistically, AG supplementation is likely to have provided 

benefit in the male DCM model, at least in part, by the increase in 
plasmalogen lipid species in the heart and remodeling of the cardiac 
lipidome. In the male DCM model, Cer species were elevated in the heart 
but attenuated with AG supplementation. Elevated Cers, in particular, 
those with d18:1 sphingoid backbone, have been linked with the 
development and progression of HF [12,34,35], via the regulation of 
cytokine production resulting in inflammation, apoptosis and fibrosis 
[35–37]. Cer accumulation can also impact mitochondrial health and 
function, resulting in mitophagy [38]. To our knowledge, there is no 
evidence of AG supplementation having a direct effect on Cer levels. The 
lower Cer levels are probably a reflection of less cardiac pathology. 
Extensive phenotyping on the same DCM model used in this study 
demonstrated mitochondrial dysfunction and structural abnormalities 
[14]. The predominant CL in mitochondrial membranes [39], 

Fig. 4. The cardiac lipidome is mildly altered with AG supplementation in female DCM mice. A) Forest plots showing individual lipids in the ventricles of female Ntg 
and DCM mice subjected to chow or AG supplementation. Ntg chow = 11, Ntg diet = 11, DCM chow = 8, DCM diet = 7. B) Volcano plots showing changes in key 
lipids in the ventricles of female DCM chow mice. Left to right: Cardiolipins, Ceramides(d18:1). Solid circles highlight lipids that are significantly different. C) 
Volcano plots showing changes in key lipids in the ventricles of female DCM AG supplemented mice. Forest plots have each individual lipid species displayed along 
the y axis, grouped according to lipid class (with some across multiple lines), with log2(fold change) on the x axis. Left to right: Cardiolipins, Ceramides(d18:1). Solid 
circles highlight lipids that are significantly different.
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tetralineoylcardiolipins, was decreased in male chow DCM hearts, and 
higher in AG supplemented DCM hearts. Loss of tetralineoylcardiolipins 
in the heart is associated with HF, and conversely, restoration of its 
levels attenuated mitochondrial dysfunction [40,41]. Collectively, 

changes to these lipids would suggest that AG supplementation in male 
DCM mice is associated with reduced inflammation and improved 
mitochondrial health, thereby contributing to attenuation of cardiac 
pathology and sustained cardiac function in male DCM mice. These same 

Fig. 5. AG supplementation differentially regulates the male and female proteome. A) Venn diagram of the number of proteins identified in male Ntg chow, Ntg diet, 
DCM chow and DCM diet mice. B) PCA plot of valid values 70 % cut off in at least one group. Based on the log2 intensity (LFQ) transformed value of male Ntg chow, 
Ntg diet, DCM chow and DCM diet mice. C) Volcano plot of differential analysis of male DCM chow vs. Ntg chow Student t-test analysis (p-value < 0.05 (− log10), Log2 
Fold Change <0.5 (blue) or >0.5 (red) i: Top 8 Gene Ontology enrichment of significant and unique proteins in male DCM chow using gProfiler. Term size 2–5000 
–log10 p-value. ii: Top 8 Gene Ontology enrichment of significant and unique proteins in male Ntg chow using gProfiler. Term size 2–5000 –log10 p-value. D) Volcano 
plot of differential analysis of male DCM diet vs. DCM chow Student t-test analysis (p < 0.05 (− log10), Log2 Fold Change <0.5 (blue) or >0.5 (red) i: Top 8 Gene 
Ontology enrichment of significant and unique proteins in male DCM diet using gProfiler. Term size 2–5000 –log10 p-value. ii: Top 8 Gene Ontology enrichment of 
significant and unique proteins in male DCM chow using gProfiler. Term size 2–5000 –log10 p-value. E) Venn diagram of the number of proteins identified in female 
Ntg chow, Ntg diet, DCM chow and DCM diet mice. F) PCA plot of valid values 70 % cut off in at least one group. Based on the log2 intensity (LFQ) transformed value 
of female Ntg chow, Ntg diet, DCM chow and DCM diet mice. G) Volcano plot of differential analysis of female DCM chow vs. Ntg chow Student t-test analysis (p <
0.05 (− log10), Log2 Fold Change < 0.5 (blue) or >0.5 (red). i: Top 8 Gene Ontology enrichment of significant and unique proteins in female DCM chow using 
gProfiler. Term size 2–5000 –log10 p-value. ii: Top 8 Gene Ontology enrichment of significant and unique proteins in female Ntg chow using gProfiler. H) Volcano 
plot of differential analysis of female DCM diet vs. DCM chow Student t-test analysis (p < 0.05 (− log10), Log2 Fold Change < 0.5 (blue) or >0.5 (red). i: Top 8 Gene 
Ontology enrichment of significant and unique proteins in female DCM diet using gProfiler. Term size 2–5000. –log10 p-value. ii: Top 8 Gene Ontology enrichment of 
significant and unique proteins in female DCM chow using gProfiler. Term size 2–5000 –log10 p-value. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 6. AG supplementation restored plasmalogens in the DCM hearts but shows greater therapeutic potential in males than females. Top image shows the male DCM 
heart subjected to chow for 16 weeks. The male DCM chow model is associated with significant increases in HW/TL, LW/TL, and KidW/TL ratios vs. male Ntg chow. 
EF, a measure of systolic function, is significantly decreased in the DCM model and fell over the 16-week period in male DCM chow mice. Dysfunctional myocytes and 
mitochondria are associated with significant increases in ceramides and significant decreases in cardiolipins. Furthermore, extracellular matrix proteins and integrin/ 
laminin associated proteins are significantly decreased and immune responses are significantly increased. However, when subjected to the AG diet, this supple-
mentation was able to attenuate HW/TL, LW/TL, and KidW/TL, as well as remodel the cardiac lipidome with a significant decrease in ceramides and a significant 
increase in cardiolipins. The AG diet was also able to remodel the proteome by significantly increasing extracellular matrix proteins and integrin/laminin associated 
proteins and significantly decrease immune responses. Therefore, contributing to healthier myocytes and mitochondria. The bottom image shows the female DCM 
heart subjected to the same conditions. In female DCM chow mice, there was no significant increase in HW/TL or Kid/TL vs. female Ntg chow, and the AG supplement 
had no effect. LW/TL was increased in female DCM chow mice vs. Ntg, and this was attenuated with the AG diet. EF was lower in female DCM chow mice vs. Ntg, but 
EF did not fall significantly over the 16-week study. Extracellular matrix proteins and integrin/laminin associated proteins remained unchanged with AG supple-
mentation, however, there was a significant decrease in immune response. LW may be lower with the AG supplement in the male and female DCM model due to a 
direct impact of plasmalogens on the lungs. In the male DCM model, there could be a further indirect impact due to the AG supplement attenuating cardiac 
dysfunction. There was no change to the cardiac lipidome in the female DCM mice, therefore contributing to dysfunctional myocytes and mitochondria. Collectively, 
this would contribute to a greater therapeutic impact in DCM males than DCM females. Abbreviations: AG-Alkylglycerol supplementation, DCM-dilated cardio-
myopathy, EF-ejection fraction, HW-heart weight, KidW-kidney weight, LW-lung weight, TL-tibia length.
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changes in Cer and CL lipids did not occur in hearts of female DCM mice.
To gain additional mechanistic insight into how increased plasmal-

ogens in the DCM male heart may confer benefits, proteomic profiling of 
cardiac tissues was undertaken. AG supplementation in DCM mice was 
associated with a significant increase or trend for an increase in many 
key proteins in all five mitochondrial electron transport chain (ETC) 
complexes compared to chow fed DCM mice (Fig. 7). Notably, expres-
sion of these proteins was also significantly decreased in chow fed DCM 
vs. Ntg hearts. Lipidomic profiling had highlighted the increase in tet-
ralineoylcardiolipins in AG supplemented DCM hearts. The ETC is sit-
uated in the inner mitochondria membrane [42], which has a tubular 
structure with highly curved membrane surfaces that are enriched with 
CL and PE(P) lipids [43,44]. Notably, both CL and PE(P)s are crucial for 
the stability and function of the ETC, with loss of PE(P) resulting in 
decreased expression and activity of the ETC complexes, as well as its 
disassembly [45]. An overall increase in plasmalogen levels following 
AG supplementation may therefore contribute to maintaining mito-
chondrial morphology, specifically the inner mitochondrial membrane 
which may further lead to maintaining ETC function in generating ATP.

Gene Ontology enrichment analyses in male DCM AG vs. chow hearts 
further revealed upregulation of proteins involved in extracellular ma-
trix binding (PXDN, TINAGL1, AGRN, DAG1, ADAMTSL5, NID1), 
integrin mediated signaling (LAMB1, NID1, ITGA5, FN1, RCC2, ITGA1) 
and laminin-1 complex formation (LAMB1, LAMC1). Differential anal-
ysis of the male DCM AG vs. chow proteins also showed that the proteins 
AGRN, DAG1, ACTN1, LAMA4, Col18a1 and NID1 identified in these 
enrichment analyses were within the top 10 most significantly upregu-
lated proteins (Supp Table 10). Agrin (AGRN) expression decreases with 
age in the human heart [46] and is associated with cardiac regeneration 
[47,48]. α-Dystroglycan (DAG1) is an agrin receptor situated on the 
plasma membrane, and also serves to attach other ECM proteins like 

agrin and laminin (LAMB1, LAMC1) to the cytoskeleton. Additionally, 
α-Dystroglycan is also attached to the dystrophin-glycoprotein complex, 
which includes dystrophin, sarcospan, the sarcoglycan complex, laminin 
and syntrophin. The dystrophin-glycoprotein complex forms the crucial 
connection between the internal cytoskeleton to extracellular laminin, 
enabling the transmission of mechanical force to the extracellular matrix 
[19]. Absence or mutations to component proteins within the 
dystrophin-glycoprotein complex and its associated proteins, such as 
integrins, have been linked with cardiac pathologies and HF [49]. 
Further, a recent study that subjected Tg mice lacking plasmalogens in 
the heart to myocardial infarction implicated plasmalogens providing 
protection following AG supplementation via a mechanism involving 
plasma membrane localization of the integrin ITGB3 [50]. In the current 
study, the integrin proteins and proteins up/downstream of them were 
significantly upregulated with AG supplementation in the DCM vs. chow 
DCM hearts, and may contribute to the reduced pathology (Fig. 7).

Agrin is better known for its involvement in neuromuscular function, 
where it can initiate aggregation of acetylcholine receptors (AChR) via 
the muscle-specific kinase (MuSK) and low-density lipoprotein receptor- 
related protein 4 (Lrp4) receptor complex. Plasmalogen deficient mice 
demonstrated significantly impaired structure and function of the 
neuromuscular junction, with smaller and fewer clustering of AChR per 
myotube area vs. wildtype tubes [51]. While Lrp4, MuSK or AchR were 
not detected within our proteomics screen, studies have shown that the 
amount and type of plasmalogens present could have a significant effect 
on neurotransmitter release and vesicular fusion [51–53]. In the context 
of the DCM heart, this could contribute to the sustained cardiac 
contractility and function.

Plasmalogens have the capacity to affect multiple signaling pathways 
because they form a significant part of the cellular membrane, where its 
presence can affect membrane bilayer thickness, fluidity and lateral 

Fig. 7. Potential pathways by which AG supplementation attenuates pathology in the DCM heart. 1. AG supplementation provides metabolic precursors that bypass 
the rate limiting step of the plasmalogen biosynthesis pathway in the peroxisome. 2. Increased synthesis of plasmalogens [PC(P) and PE(P)] from the endoplasmic 
reticulum, and its subsequent incorporation into cellular and organelle membranes. 3. Plasmalogen enrichment associated with increased agrin expression that may 
improve neurotransmitter release between motor neuron and cardiac muscle. 4. Increased plasmalogen levels are further associated with increases in proteins 
involved in the agrin-dystrophin-glycoprotein and integrin complexes, potentially contributing to positive ECM remodeling and preserving mechanical force 
transmission to the ECM. 5. Enrichment of plasmalogens in the inner mitochondrial membrane maintains membrane integrity, allowing for sustained electron 
transport chain functionality for ATP generation to further sustain cardiac muscle contraction. Proteomic results displayed as z-score. All highlighted proteins were 
statistically significant (p < 0.05 vs DCM chow via unpaired t-test). Proteins highlighted with * were statistically between p < 0.1 and p > 0.05.
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pressure [54]. Studies have also indicated their propensity to accumu-
late in lipid raft microdomains and are required for lipid raft stability 
[55,56]. These changes contribute to modulation of function, recruit-
ment, oligomerization and interaction of plasma membrane and 
signaling proteins [57–59].

The DCM heart is characterized by increased apoptosis and inflam-
mation, the latter resulting in recruitment of immune cells and activa-
tion of the innate and adaptive immune response [3,60]. Enhanced 
plasmalogen levels following AG supplementation in DCM mice of both 
sexes resulted in negative enrichment of many Gene Ontology pathways 
associated with the immune response (Supp Tables 9, 16). While this 
may usually be associated with a therapeutic benefit, it would appear 
that this is not the case in the current DCM model given the lack of 
therapeutic effect in female DCM mice.

There are a number of reasons why the AG diet may have provided 
more protection in the male DCM model than the female DCM model. 
Proteomic and lipidomic analyses point to sustained morphology and 
function in male DCM hearts from AG supplemented mice based on 
increased mitochondrial ETC protein expression and tetralino-
leoylcardiolipin levels which were not observed in females. Addition-
ally, the integrin, dystrophin-glycoprotein complexes and downstream 
proteins that were significantly increased with AG supplementation in 
male DCM hearts largely remained unchanged in the female DCM heart 
following supplementation. These differences could be due to 1) sex 
specific response to AG supplementation in this DCM model, and/or 2) 
sex differences in underlying cardiac pathology that are well described 
in animals and humans. Transcriptomic profiling has shown clear sexual 
dimorphism in the hearts of the current DCM model, including in 
response to a therapeutic intervention [6,61–63]. Thus, the mechanisms 
underlying cardiac pathology in this model will differ based on biolog-
ical sex, and subsequently, the effects of therapeutic interventions will 
also differ. It is also noteworthy that in contrast to the male chow DCM 
mice, in which systolic function fell over the time course of the study, 
this was not observed in female chow DCM mice. Unexpectedly, systolic 
function was low in female DCM mice prior to the AG supplement, and 
function did not deteriorate over time, limiting an ability to observe a 
change in heart function. Further, the female DCM mice appeared to 
have less cardiac and renal pathology at endpoint vs. male DCM mice 
based on an absence of a significant increase in normalized heart weight 
or kidney weight.

The development of novel therapeutics for individuals with an 
increased cardiac risk profile using a dietary supplement offers a cost- 
effective and minimally invasive treatment, ensuring accessibility 
across diverse socioeconomic domains. Elevating plasmalogen levels 
was successful and safely achieved in overweight/obese individuals 
using a shark liver oil supplement, and this was associated with 
improvement in circulating markers of dyslipidemia and inflammation 
[16].

5. Conclusion

In summary, to our knowledge, this study describes the first plas-
malogen modulating diet to show therapeutic potential for the heart, 
lungs, and kidneys in a preclinical model of DCM. Here, we show that 
elevating circulating and cardiac plasmalogens with an optimized AG 
supplement in DCM mice remodels the cardiac lipidome and proteome, 
and attenuates pathological features associated with DCM, including 
cardiac, lung, and kidney enlargement. However, this approach pro-
vided greater protection in males than females and highlights the 
importance of including both sexes in preclinical and clinical research.
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