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Abstract

Background Long-term consumption of Western Diet (WD) is a well-established risk factor for the development
of cardiovascular disease (CVD); however, there is a paucity of studies on the long-term effects of WD on the
pathophysiology of CVD and sex-specific responses.

Methods Our study aimed to investigate the sex-specific pathophysiological changes in left ventricular (LV) function
using transthoracic echocardiography (ECHO) and LV tissue transcriptomics in WD-fed C57BL/6 J mice for 125 days,
starting at the age of 300 through 425 days.

Results In female mice, consumption of the WD diet showed long-term effects on LV structure and possible
development of HFpEF-like phenotype with compensatory cardiac structural changes later in life. In male mice,
ECHO revealed the development of an HFrEF-like phenotype later in life without detectable structural alterations.
The transcriptomic profile revealed a sex-associated dichotomy in LV structure and function. Specifically, at 530-
day, WD-fed male mice exhibited differentially expressed genes (DEGs), which were overrepresented in pathways
associated with endocrine function, signal transduction, and cardiomyopathies. At 750 days, WD-fed male mice
exhibited dysregulation of several genes involved in various lipid, glucagon, and glutathione metabolic pathways.
At 530 days, WD-fed female mice exhibited the most distinctive set of DEGs with an abundance of genes related to
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circadian rhythms. At 640 days, altered DEGs in WD-fed female mice were associated with cardiac energy metabolism
and remodeling.

Conclusions Our study demonstrated distinct sex-specific and age-associated differences in cardiac structure,
function, and transcriptome signature between WD-fed male and female mice.

Keywords Western Diet, Sex, Heart, Cardiovascular, RNA sequencing
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Background

Cardiovascular diseases (CVDs) are one of the leading
causes of morbidity and mortality worldwide [1, 2]. CVD
develop because of the intricate interplay among genetic,
environmental, and lifestyle factors [3, 4]. The local food
environment, including factors such as dietary habits, the
length of the food supply chain, and food contamination,
significantly impacts health outcomes and cardiovascular
risk. There is growing evidence suggesting that Western
Diet (WD), defined by a high-fat and refined sugar (e.g.,
fructose and sucrose) content, is a significant risk fac-
tor for the development of CVDs, metabolic syndrome,
neurodegenerative disorders, cognitive performance, and
cancer [5-10].

To date, numerous epidemiological and animal stud-
ies have been conducted to elucidate the possible con-
sequences of WD on pathophysiological and functional
changes in the heart tissues, as well as the possible molec-
ular mechanisms underlying these alterations [11-13].
Previous studies have demonstrated that, among other
processes, WD affects inflammation, lipid metabolism,
antioxidant status, and mitochondrial fitness through
changes in gene expression and epigenetics that can

influence cardiovascular health [6, 13, 14]. Eight-week-
old C57BL/6 male WD-fed mice have been shown to
develop alterations in cardiac triglyceride dynamics and
glucose tolerance, which initially presents with diastolic
dysfunction that later in life shifts to the development of
combined systolic (defined by reduced left ventricular
ejection fraction; LVEF) and diastolic dysfunction [11].
This was paired with progressive metabolic remodeling,
including the up-regulation of the key enzyme for ketone
oxidation (BDH1), and alterations in the cardiac utiliza-
tion of glucose due to reduced Glucose Transporter Type
4 (GLUT4) expression [11]. Long-term WD feeding also
causes metabolic syndrome and in mice, that can con-
tribute to the development of cardiac dysfunction and
remodeling via dysregulation of caveolae and caveolin
1 (CAV-1) expression, lipotoxicity, and mitochondria-
associated endoplasmic reticulum membrane disrup-
tion-associated cardiomyocyte apoptosis and endothelial
dysfunction [12]. Furthermore, a study looking into the
interplay of the gut-cardiovascular axis showed that
WD-induced distinct changes in the expression of genes
related to lipid metabolism (SCD, FADSI, and SQLE),
interferon signaling, and inflammation in the jejunum of



Stepanyan et al. Cardiovascular Diabetology (2024) 23:454

Ossabaw pigs was associated with the severity of athero-
sclerotic lesions and serum cholesterol levels, though the
authors noted these observations might have been due to
collinearity [15]. The'inflammatory power' of diet is well-
documented in several studies, and the calculation of the
dietary inflammatory index is recommended to integrate
diet and inflammation for assessing cardiovascular risk
[16, 17].

The studies on sex-specific responses to WD in wild-
type mice (i.e,, C57Bl6/] strain) are relatively scarce.
However, it has been reported that male and female mice
exhibit differences in their blood and urine metabolomes,
resistance in arteries under acute oxidative stress, cas-
pase-1 activation patterns, inflammatory phenotypes,
lipid profiles, and susceptibility to non-alcoholic fatty
liver disease when fed WD [18-20]. It was demonstrated
that male metabolic syndrome rats exhibited significantly
greater impairment in cardiac function compared to
females. However, the WD diet abolished the female-spe-
cific protective effect, with the observed cardiac impair-
ment being linked to oxidative stress [21]. Lower cardiac
mitochondria numbers in female rats are associated with
reduced free radical production and decreased oxida-
tive damage [22]. Cardiovascular sexual dimorphism has
been observed in both human and rodent studies under
diet-induced conditions. In Nile rats, males demonstrate
a higher susceptibility to diastolic dysfunction when fed
a Western-style diet, even without systemic evidence of
type 2 diabetes or metabolic syndrome, while females
show resilience to these changes [23]. Similarly, human
population studies reveal that although men and women
have comparable lifetime risks of cardiovascular disease,
men are more likely to develop coronary heart disease
earlier, whereas women are more prone to cerebrovascu-
lar disease or heart failure later in life [24]. These find-
ings highlight the importance of sex-specific responses to
diet and metabolic stressors in understanding cardiovas-
cular disease risk and progression which underscore the
importance of tailoring lifestyle interventions to account
for sex-specific differences. Men may benefit more from
strategies focused on metabolic control and weight
management, whereas women may achieve greater risk
reduction through lifestyle changes targeting increased
physical activity, blood pressure regulation, and choles-
terol management. Recognizing these differences is cru-
cial for optimizing lifestyle-based approaches to reduce
cardiovascular risk. Age-related increases in arterial stiff-
ness, blood pressure, and prevalence of CVD are gener-
ally considered unavoidable consequences of aging [25].
Furthermore, research has shown that aortic lesions
caused by aging could be aggravated by WD [26].

Although several investigations have explored the car-
diovascular complications triggered by the consumption
of a WD, additional research is essential to understand
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the long-term effects of WD on cardiac structure and
function and the underlying molecular pathways con-
tributing to these alterations. In this study, we aimed
to investigate the long-term (i.e., murine lifetime) sex-
specific gene expression patterns in LV tissue using a
transcriptomic approach in male versus female WD-fed
C57BL/6 ] mice (continuously for 125 days) at a relatively
young age, from 300 through 425 days old.

Methods

Mice groups

We used C57BL6/] mice to evaluate the long-term
effects of WD on CVD development in wild-type (WT)
mice (notwithstanding that WT mice are more resistant
than genetically modified murine atherosclerosis mod-
els, Apolipoprotein E (ApoE) or low-density lipoprotein
receptor (LDLR) knockout mice for development of ath-
erosclerosis). For RNA sequencing studies, the WD-fed
group (n=20, male/female:10/10, randomly selected) was
fed a custom Teklad diet containing 42% fat (TD.88137,
https://insights.envigo.com/hubfs/resources/data-shee
ts/88137.pdf) (Envigo, Madison, WI) for 125 days from
ages 300 to 425 days (mice were 90 days old when pur-
chased from Jackson Labs and arrived to our vivarium).
Our selection was based on a life phase equivalence of
300-420 days for mice, corresponding to 38—47 years for
humans [27]. Likewise, for RNA sequencing, the Nor-
mal diet (ND)-fed (n=20, male/female:10/10, randomly
selected) mice served as negative controls and were fed
a standard chow diet ad libitum (Fig. 1). Please note that
experiment was started with a larger number of mice
for both sexes and diets, but 10 mice per sex/treatment
group were used for longitudinal echocardiography stud-
ies, and a different set of 5 mice per sex/treatment group
was used for RNA sequencing studies at each timepoint.
The absolute number of mice at the start of experiments
as well as the number of mice at the collection times, are
presented in Supplemental Table S1.

Echocardiography

Transthoracic echocardiography to assess cardiac struc-
ture and function was performed using a GE Vivid E9
with XDclear Cardiac Ultrasound (General Electric Com-
pany, Boston, MA, USA) with a GE model i13L pediatric
cardiac probe (General Electric Company). ECHO was
conducted on all groups at 455, 530, and 750/640 days
(male/female, 10/10 for each sex and time point). Mice
were anesthetized with isoflurane (Baxter Healthcare
Corporation, Deerfield, IL, USA)—induced at 3% and
maintained with 1-2%. Hair was removed from the neck-
line to the mid-chest (using Nair). Mice were then placed
supine on a heated table to maintain a core temperature
of 37 °C. B- and M-mode images were acquired from a
parasternal short-axis view to evaluate the left ventricular
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Study design
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Fig. 1 Study design overview: timeline and methodology. Wild Type C57BL6/J male and female mice were fed normal (ND) or a western diet (WD) for
150 days (n=10 mice in each group). Transthoracic echocardiography was performed on all mice at 455, 530, and 750/640 days. Bulk mRNA sequencing
was performed on left ventricular cardiac tissue samples collected at 530 and 750 days for male mice (n=5 mice in each group), and 530 and 640 days

for female mice (n=5 mice in each group)

(LV) ejection fraction (EF), LV fractional shortening (FS),
end-systolic (ESV), and end-diastolic volumes (EDV), LV
end-diastolic diameter (LVEDd), LV end-systolic diam-
eter (LVESD), posterior wall thickness at end-diastole
(LVPWd) and systole (LVPWs), intraventricular septal
thickness (IVSd), LV internal diameter at end diastole
(LVIDd), and LVID at end systole (LVIDs), LV mass (1.
053x ((LVIDd+PWthd+1VSd)3—-LVIDd3)), radial wall
strain (DWS; [IVSd+LVPWd]/LVIDd), and relative wall
thickness (RWT; ((2xLVPWd)/LVIDd)). Of note, each
ECHO parameter is reported as an average of three indi-
vidual measurements (not repeated measures).

qRT-PCR
Total RNA was extracted from the LV tissues of both
male and female mice at 530, 750- and 640-days of age
fed either a normal diet (ND) or a Western diet (WD)
using TRIzol reagent (Invitrogen, #15596018, Thermo
Fisher Scientific, Waltham, MA, USA). The cDNA was
then synthesized using qScript cDNA SuperMix (Quant-
abio, #95048) according to the manufacturer's protocol.
Quantitative PCR (qPCR) was conducted using Pow-
erTrack™ SYBR Green Master Mix (Applied Biosystems,

#A46109) as per the manufacturer’s instructions. mRNA
expression levels were normalized against GAPDH.
Primer sequences are detailed in the Supplemental Table
S2.

RNA extraction, library preparation, and sequencing

Total RNA was extracted from LV tissues using the
RNeasy Mini Kit (Qiagen, USA) according to the manu-
facturer’s instructions and stored at— 80 °C until further
use. A Poly-A selected mRNA library was prepared with
NEBNextUltra™II RNA Library Prep Kit. RNA sample
quality check (RNA integrity number (RIN), concentra-
tion) and validation of the libraries were performed using
an Agilent Bioanalyzer and qPCR. The Bioanalyzer was
used to assess the size and quality of the library, while
qPCR was used to quantify the library concentration
and verify the presence of Illumina anchor sequences.
The sequencing was performed on the Illumina Nova-
Seq-6000 platform with an average of 23-52 million
2x150 bp paired-end raw reads per sample, with>93% of
QC30 and>46% GC count (Supplemental Table S3).
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Data processing

FastQC (version 0.11.9) was used for the quality assess-
ment of raw sequencing reads (https://www.bioinforma
tics.babraham.ac.uk/projects/fastqc/). Next, we aligned
the reads to the mouse reference genome (mm39) with
STAR aligner (version 2.7.8a) [28] with gene count quan-
tification mode and obtained raw gene counts. On aver-
age 90.48% of the reads were mapped to the reference
genome. The adapter sequence was not trimmed. Raw
gene count data was filtered to exclude genes with lower
than 10 counts present in more than 10 samples.

Statistics

Echocardiography parameters were analyzed using an
unpaired t-test with data-passing assumptions required
for normality (Shapiro—Wilk) and heteroscedastic-
ity (Brown-Forsythe). All analyses were performed
using GraphPad Prism 8, version 8.4.3 (GraphPad Soft-
ware, Inc, La Jolla, CA, USA). Data are expressed as
meantSEM, except in box plots where whiskers extend
from minimum to maximum. Differences were consid-
ered statistically significant at p<0.05. Differential gene
expression analysis was performed from raw gene counts
using the DESeq2 R package (version 1.42.1) (https://bi
oconductor.org/packages/release/bioc/html/DESeq2.ht
ml) [29]. After normalization, scaling, and estimation of
global variance, the differential gene expression was ana-
lyzed as follows: 530 days ND vs WD males; 750 days ND
vs WD males; 530 days ND vs WD females; 640 days ND
vs WD females. Genes with FDR<0.05 were considered
as differentially expressed. The overrepresentation analy-
sis of KEGG pathways was performed using the entichr R
package [30].

Results

Pathological assessment of longitudinal mortality in
treatment groups

Compared to male mice, female mice exhibited higher
mortality between 360 and 530 days of age, with a large
proportion of mice found spontaneously dead. Autop-
sies of animals found dead or euthanized between 360
and 530 days timepoints showed a larger distribution of
pathological diagnoses with a somewhat higher incidence
of cancer (metastatic lymphoma, hemangiosarcoma, and
hepatocellular carcinoma) in male and female WD-fed
mice than normal diet (ND)-fed controls (Supplemen-
tal Table S4). However, no specific unifying diagnosis
for cause of death was identified to explain higher rates
of mortality in the female cohort. Therefore, the final
timepoint collection for female ECHO data and heart LV
samples was limited to 640 days to ensure that we had a
significant number of animals in each group for adequate
interpretation of the results.
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Effect of western diet on LV structure and function

To assess the long-term degenerative effects of WD on
LV function, we performed echocardiography at 455, 530,
and 640/750 days of age in both male and female murine
cohorts. Throughout image acquisition, compared to
ND-fed male mice, there was no significant difference in
heart rate or other physical parameters such as total body
weight or heart weight in WD-fed mice (Fig. 2A-C). At
both 455 and 530 days of age, there was no significant dif-
ference in LV function in male WD-fed mice compared to
controls (Fig. 2E-H). However, LV interventricular septal
thickness (IVSD) was significantly increased at 530 days
in WD-fed mice, suggesting possible cardiac remodeling
at this time (p<0.02) (Fig. 2J). In male mice, the effects
of WD were observed only at 750 days of age, where
WD-fed mice exhibited significantly reduced global LV
systolic function (LVEF: 42%+14 WD vs. ND 60%=*7,
p=0.0005; LVES: 18%%7 WD vs. ND 27%+5, p=0.0106)
(Fig. 2E and F) with no detectable structural alterations
(Fig. 2H-M).

Across all groups in the female cohort, no signifi-
cant differences were observed in physiologic param-
eters, including heart rate, body weight, or heart weight,
which could contribute to variation in echocardiography
interpretation (Fig. 20-R). Across all stages of life (i.e.,
at 455, 530 or 640 days of age), there was no significant
difference in global systolic function, defined by LVEF or
LVES, between female mice fed a ND or WD (Fig. 2S and
T). While no structural changes were observed between
both female cohorts at 455 days of age, alterations in
LV size, including LV total and internal cavity diameter,
as well as LV mass were significantly increased in WD-
fed female mice at 530 days of age compared to controls
(LVEDd: 6.2+£0.8 mm vs. ND 5.4+0.6 mm, p=0.0237;
LVIDd: 4.1£0.6 mm vs ND 3.4+0.3 mm, p=0.0098;
LV mass: 184175 mg vs. ND 124+38 mg, p=0.0365)
(Fig. 2W, Z, AB). This was paired with a significant 1.5-
fold increase in SV, which may have been a compensa-
tory increase considering enlargement in LV cavity size
and preservation in LVEF (p=0.0139) (Fig. 2S, T, U, Z);
however, further direct hemodynamic assessment is war-
ranted to verify alterations in preload and afterload. This
change in LV size; however, was not paired with changes
in septal or posterior wall thickening, likely reflecting
dilatory rather than hypertrophic remodeling (p<0.05)
(Fig. 2W, X, Y). By 640 days of age, there is a significant
decrease in DWS along with decreased RWT in WD-fed
mice, suggesting possible development of myocardial
stiffness and dilated LV remodeling (p=0.0125) (Fig. 2V,
AA), though further assessment of diastolic function
would be required using Doppler to further assess this.
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Fig. 2 Longitudinal echocardiography results in C57BL/6 J male and female mice fed with ND and WD. We assessed left ventricle (LV) function by
transthoracic echocardiography (ECHO) at 455, 530, and 640/750 days. Normal diet (ND)-fed mice served as negative control. LV function and structure
in male mice: (A) Heart rates were obtained during ECHO while mice were anesthetized using isoflurane (3% induction, 1-2% maintenance), (B) Mice
body weights. (C) Heart weight (D) Heart weights/Body weight ratio. Left Ventricular (LV) function is represented by (E) ejection fraction, (F) fractional
shortening, (G) stroke volume (SV), and (H) radial wall strain (DWS). Parameters of LV dimensions and remodeling are represented by (I) LV end diastolic
diameter, (J) intraventricular septal thickness, (K) LV posterior wall thickness, (L) LV internal cavity diameter, (M) relative wall thickness, and (N) LV mass.
N=7-10 animals; p-values were calculated using unpaired t test. *p < 0.05. LV function and structure in female mice: (O) Heart rates, (P) Mice body weights.
(Q) Heart weight (R) Heart weights/Body weight ratio. Left Ventricular (LV) function is represented by (S) ejection fraction, (T) fractional shortening, (U)
stroke volume (SV), and (V) radial wall strain (DWS). Parameters of LV dimensions and remodeling are represented by (W) LV end diastolic diameter, (X)
intraventricular septal thickness, (Y) LV posterior wall thickness, (Z) LV internal cavity diameter, (AA) relative wall thickness, and (BB) LV mass. N=7-10

animals; p-values were calculated using unpaired t test. *p <0.05

Cardiac remodeling, calcium signaling, inflammation and
hemodynamic stress gene expression in female and male
heart tissue

Quantitative PCR analysis of LV tissues from male and
female mice at 640 or 750 days fed either a normal or
western diet revealed distinct gene expression patterns.
In males, markers for cardiac fibrosis, calcium handling,
and inflammation did not significantly change despite a
modest upward trend following a western diet (Fig. 34,
B, C). Similarly, markers of cardiac remodeling, such as
Mmp9, Galectin 3, and B-Mhc, along with hemodynamic
stress markers Anp and Bpn, were slightly up-regulated,
but not to a statistically significant extent (Fig. 3D, E). In
contrast, female mice displayed a significant response to
the Western Diet. The expression of Tgf and Col3al,
critical fibrotic markers, was significantly elevated in
females, indicating increased cardiac fibrosis signal-
ing compared to that in males (Fig. 3F). There was also
a notable increase in calcium-handling genes Ncx and
Serca2a and the inflammatory marker McplI (Fig. 3G,
H). Genes associated with cardiac remodeling, including

Mmp9 and 5-Mhc, were also elevated, suggesting active
cardiac structural changes (Fig. 3I). Importantly, the
hemodynamic stress markers Anp and Bup were sig-
nificantly higher in females (Fig. 3]), consistent with the
pronounced structural changes observed by echocar-
diography in female mice (Fig. 2V, W, Z, AA, AB). Over-
all, the differential gene expression between males and
females suggests sex-specific cardiac responses to dietary
challenges. Indeed, the significant upregulation of genes
related to fibrosis, calcium handling, inflammation, and
remodeling in females underscores their increased sus-
ceptibility to diet-induced cardiac stress. This sex dis-
parity aligns with our echocardiographic findings, which
indicated more pronounced structural changes in the left
ventricles of females. Taken together, our data emphasize
the importance of considering sex as a critical variable in
studies of diet-induced cardiac pathologies.

Principal component analysis of mRNA sequencing data
Principal component analysis (PCA) identified the first
15 principal components (PCs) to explain 50% of the
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variance in the expression data. Notably, the second PC
was associated with sample collection time and RIN,
while PC5 was associated with sex and PC39 with diet
(Fig. 4A). Further, high-dimensional clustering and visu-
alization on uniform manifold approximation and pro-
jection (UMAP) revealed distinct expression patterns
based on sex, diet, and sample collection time (Fig. 4B-
D, respectively). Based on this, we conducted differential
expression analysis with adjustment for RIN and stratifi-
cation by sex and sample collection time. Thus, mRNA
expression levels in the LV tissue of WD groups col-
lected at 530 and 750 days for males and females at 530

and 640 days were compared with those of the ND age-
matched male and female mice groups.

Genes with distinct expression patterns in the LV of the
heart among the study groups

Differential expression analysis across the four compari-
sons in our study revealed the highest number of DEGs
(1,408) in the 530 days WD-fed male group compared to
the 530 days male ND-fed mice (Fig. 5A, Table 1, Supple-
mental file 2: spreadsheet 1). In total, 753 up-regulated
and 618 downregulated transcripts were identified com-
prising protein-coding (594 up- and 692 downregulated)
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and long non-coding RNA (IncRNAs) (24 up- and 61
downregulated) genes (Table 1, Supplemental file 2:
spreadsheet 1). The DEGs identified in the 530 days WD-
fed male group have been previously associated with vari-
ous cardiac structural abnormalities (Myh6, Myh7, Prkgl,
Dhcr7, Ttn, Actgl, Dmd, Itgal, Itga3, Itga4, Itga7, Itgav,
Pkp2), abnormal LV morphology (Eftud2, 1l17rd), and
enlarged heart (Amigo3). Additionally, we observed sig-
nificant upregulation of genes associated with decreased
heart rate (1133, Zbtb37, Zbed6, Adrala) and downregu-
lation of transcripts involved in increased heart rate
(Fhodl, Hnrnpm). We found underexpression of genes
associated with disrupted calcium homeostasis (Cac-
nalh, Cacnb2, Slc39a2, Fam222a), potentially impact-
ing cardiac function. Additionally, five genes related to
DNA repair (Ercc2, Hnrnpa3, Vepipl, Rifl, Erccl) and
two IncRNAs (Airn, Kenglotl) associated with abnor-
mal DNA methylation showed differential expression in

the 530 days WD-fed male group, suggesting possible
epigenetic and DNA repair dysregulation in heart tissue.
Moreover, among the transcripts in this group exhibiting
altered expression levels, 85 were annotated as IncRNA
genes (24 up- and 61 downregulated) (Supplemental file
2: spreadsheet 1). The analysis of target genes revealed
in total 74 DEGs regulated by 23 IncRNAs (10 up- and
13 downregulated) (Supplemental file 3: spreadsheet 1).
All these IncRNAs were reported to target the Upf1 gene,
which is involved in mRNA cytoplasmic degradation and
maintenance of genome stability [31]. Furthermore, we
found significant upregulation of Malatl IncRNA, which,
according to our analysis, is interacting with the 24 pro-
tein-coding DEGs (Supplemental file 3: spreadsheet 1).
Interestingly, these transcripts are reported to be dys-
regulated in various types of cancers, and in regulation of
RNA expression and epigenetics [32, 33]. However, fur-
ther studies focusing on the non-coding transcriptome
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are needed to elucidate the epigenetic mechanisms
underlying these observed changes.

As for the other three comparisons, the number of
DEGs identified in these analyses was significantly lower
and did not reveal IncRNA (Fig. 5B-D, Table 1). The
DEGs observed in 750 days male ND-fed group compared
to the 750 days male WD-fed group (12 up- and 2 down-
regulated) are mainly involved in abnormal heart (Timp4)
and blood vessel morphology (Sema5a), ethanol metabo-
lism (Adhl), and coagulation (Itga2b) (Fig. 5B, Table 1,
Supplemental file 2: spreadsheet 2). Only eight DEGs (4
down- and 4 up-regulated) were observed in LV tissue
of 530 days WD-fed female mice compared to those in

the ND-fed female group (Fig. 5C, Table 1, Supplemen-
tal file 2: spreadsheet 3). Interestingly, three of the genes
are associated with the circadian clock and immune cell
differentiation (Arntl—up-regulated, Bhlhe41 and Dbp—
downregulated), and one up-regulated gene (Mthfr) is
related to abnormal blood homeostasis. As for the 640-
day WD-fed female group, there were 13 protein-coding
DEGs (8 up- and 5 downregulated) in this group when
compared with 640 days ND-fed female mice. These
genes are reported to be associated with the alterations
in B cell differentiation (Arntl), kidney, thyroid gland, and
lymph nodes morphology (Agp7, Rhobtbl, and Arrdc4,
respectively), formation of blood vessels (Angptl2) as
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Table 1 The top up- and downregulated differentially expressed genes in all comparison groups

Gene type Gene symbol Gene description Log2FC padj

530 days male mice ND vs. WD

Protein coding  Zbed6 zinc finger, BED type containing 6 243 21E-02
Slfn3 schlafen 3 235 13E-04
Zbtb37 zinc finger and BTB domain containing 37 1.83 40E-03
Hipk2 homeodomain interacting protein kinase 2 178 3.7E-02
Lcor ligand dependent nuclear receptor corepressor 177 1.0E-02
Rgs9 regulator of G-protein signaling 9 -2.68 53E-05
Lars2 leucyl-tRNA synthetase, mitochondrial -2.51 26E-05
Hbb-bt hemoglobin, beta adult t chain -2.24 14E-02
Arntl aryl hydrocarbon receptor nuclear translocator-like -2.13 70E-07
Spon2 spondin 2, extracellular matrix protein -2.11 2.1E-03

INCRNA Gm15564 predicted gene 1.79 32E-03
4632427E13Rik RIKEN cDNA 4632427E13 gene 1.63 86E-03
Kcnglotl KCNQ?1 overlapping transcript 1 155 7.0E-04
Lncpint Trp53 induced transcript 145 1.18-03
5930430L01Rik RIKEN cDNA 5930430L01 gene 144 30E-04
Gm27028 predicted gene -2.38 43E-04
Gm14286 predicted gene -2.13 29E-05
Mir17hg Mir17 host gene (non-protein coding) -2.07 15E-04
Gm56503 predicted gene -1.91 13804
Gm31619 predicted gene -1.89 49E-04

750 days male mice ND vs. WD

Protein coding  Fam107a family with sequence similarity 107, member A 1.86 63E-03
ltga2b integrin alpha 2b 1.86 6.1E-03
Timp4 tissue inhibitor of metalloproteinase 4 1.06 39E-03
Adh1 alcohol dehydrogenase 1 (class 1) 1.00 39E-03
Spock2 sparc/osteonectin, cwcv and kazal-like domains proteoglycan 2 0.96 1.3E-02
Semaba sema domain, seven thrombospondin repeats trans-membrane domain (TM) and -0.95 39E-03

short cytoplasmic domain, (semaphorin) 5A

Efr3b EFR3 homolog B -0.66 36E-02

530 days female mice ND vs. WD

Protein coding ~ Arntl D site albumin promoter binding protein 147 20E-02
Adam19 aryl hydrocarbon receptor nuclear translocator-like 0.85 33E-02
Ypel2 a disintegrin and metallopeptidase domain 19

(meltrin beta) ~ 0.75 1.7E-03
Mthfr yippee like 2 0.52 20E-02
Dbp D site albumin promoter binding protein -1.16 1.3E-02
Bhlhe41 basic helix-loop-helix family, member e41 -0.61 27802
Slc45a4 solute carrier family 45, member 4 -0.45 35E-02
Ifrd2 interferon-related developmental regulator 2 -043 27802

640 days female mice ND vs. WD

Protein coding  Arntl aryl hydrocarbon receptor nuclear translocator-like 222 25E-07
Vwa3a von Willebrand factor A domain containing 3A 0.93 6.2E-03
Slc41a3 solute carrier family 41, member 3 0.79 34E-02
Slc7a6 solute carrier family 7 (cationic amino acid transporter, y + system), member 6 0.58 40E-02
Arrdc4 arrestin domain containing 4 0.56 4.0E-02
Rhobtb1 Rho-related BTB domain containing 1 -0.86 1.76-02
Adh1 alcohol dehydrogenase 1 (class 1) -0.86 3.0E-02
Tspan4 tetraspanin 4 -0.76 33E05
Lrrn4cl LRRN4 C-terminal like -0.66 30E-02

Angptl2 angiopoietin-like 2 -0.48 6.2E-03
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well as ethanol metabolism (Adhl). Circadian clock
gene Arntl, also known as BMALI, was up-regulated at
both 530 and 640 days in WD-fed female mice (Fig. 5D,
Table 1, Supplemental file 2: spreadsheet 4).

Several DEGs were found to overlap across four com-
parisons (Fig. 6A). The UpSet plot shows an overlap in
four different comparisons (Fig. 6B). In male mice, three
genes (Cys1, Fmo2, Pik3ipI) showed significant upregula-
tion in response to the WD, while the expression of two
other genes (Tspan4, Adhl) was significantly different in
all WD mice except for 530 days WD females (Fig. 6B).
Finally, three protein-coding DEGs (Vwa3a, Slc4la3,
Agp7) were identified as common between 530 days male
and 640 days female WD-fed mice, and Arntl was com-
mon in all comparison groups except for the 750 days
WD-fed males (Fig. 6B). Interestingly, seven intersect-
ing DEGs (Tspan4, Adhl, Vwa3a, Slc41a3, Aqp7, Arntl,
Gm45819) showed opposite expression patterns between

A

%

I:l 530DAYS FEMALE MICE NDvsWD
|:| 750DAYS MALE MICE NDvsWD
I:l 640DAYS FEMALE MICE NDvsWD
I:l 530DAYS MALE MICE NDvsWD
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males and females. Taken together, these DEG patterns
suggest potential differences in the molecular response to
the WD between sexes.

Pathways dysregulated in the LV of 530 days WD male
group

We performed pathway overrepresentation analysis of
DEGs in all comparison groups. The only significant
enrichment results were obtained in 530-day ND vs.
WD-fed male groups. The overrepresentation analy-
sis of protein-coding DEGs identified 12 dysregulated
KEGG pathways (Fig. 7, Supplemental file 3: spread-
sheet 2). Among them, we noted a considerable num-
ber of genes enriched in spliccosome KEGG pathway
and signal transduction pathways such as ¢cGMP-PKG,
Notch, and phospholipase D. These pathways play cru-
cial roles in endocrine system alterations (glucagon,
insulin resistance, AGE-RAGE signaling pathway in
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Fig. 6 Number of overlapping and unique differentially expressed genes (DEGs) between comparison groups. A The number of DEGs for each compari-
son, as well as overlapping DEGs between groups. B UpSet plot summarizes differentially expressed gene overlaps in four different comparisons (normal
diet (ND) vs western diet (WD) for 530 days females; ND vs. WD for 750 days males; ND vs. WD 640 days females; ND vs. WD 530 days males). The horizontal
bar graph at the bottom left, labeled 'Set Size| illustrates the total number of DEGs on the X-axis, categorized by each comparison on the Y-axis. The top
vertical graph represents the intersection of gene sets. Each column corresponds to a specific comparison (first four columns), and instances where more
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diabetic complications). Additionally, there was signifi-
cant enrichment of pathways related to CVDs, including
dilated and hypertrophic cardiomyopathies (Fig. 7, Sup-
plemental file 3: spreadsheet 2).

Discussion

The effect of high-fat and high-sugar diets on cardiac
function has been documented in several animal stud-
ies [34, 35]. Most animal studies investigating the life-
long effects of a WD have primarily involved male mice.
However, differences in hormonal levels, fat distribution,
and mitochondrial bioenergetics due to sex dimorphism
can contribute to variations in the metabolic response

to the WD between sexes [20, 36, 37]. In this study, we
examined the long-term effect of WD on the functional
and structural alterations of the LV and its transcriptome
in male and female C57BL/6 ] mice. We found that WD
consumption had a long-lasting effect on LV in male
mice manifested by systolic dysfunction. In contrast, WD
female mice showed more prominent structural changes,
including dilatation, hypertrophy, and an increased DWS,
suggesting possible development of diastolic dysfunction.
Additionally, we found that sex-specific alterations in LV
structure and function are reflected in the transcriptomic
profile (Fig. 7). For example, the changes in LV transcrip-
tome observed at 530 days in WD-fed male mice may
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suggest an adaptive/compensatory response to the devel-
opment of systolic dysfunction.

Transcriptomic changes in metabolic and cardiac
remodeling mediators in male WD-fed mice

Metabolic syndrome plays a critical role in the develop-
ment of CVD. Our study observed a notable enrichment
of genes associated with insulin resistance and glucagon
signaling in 530-day WD-fed male mice. Evidence of
insulin resistance is indicated by the increased expres-
sion of key genes, such as Insr, Akt3, and Pik3ca, which
have previously been shown to be associated with car-
diac dysfunction and dilated cardiomyopathy [38-40].
Interestingly, insulin resistance has been linked to mito-
chondrial dysfunction, which is associated with endo-
thelial function and cardiovascular diseases [41]. Insulin
resistance is a well-documented contributor to various
metabolic disorders, including type 2 diabetes and car-
diovascular diseases. Mitochondria play a key role in
energy production and exhibit impaired functional-
ity in the presence of insulin resistance, characterized
by alterations in mitochondrial oxidative capacity and
decreased efficiency in ATP production. Furthermore,
insulin resistance has been associated with changes in
the expression of genes involved in mitochondrial func-
tion. Decreased expression of the Agt and Cptlb genes
observed in our study may contribute to mitochondrial
dysfunction by impairing oxidative metabolism and fatty
acid p-oxidation, resulting in an energy deficit in the
heart [42, 43]. These changes can result in altered mito-
chondrial dynamics, including decreased biogenesis and
increased degradation, which contribute significantly to
the metabolic complications observed in insulin-resistant
conditions. Glucagon has been shown to induce gluco-
neogenesis by activating the cAMP response element-
binding protein (CREB) transcription factor and the
cAMP — EPAC2 — p38a — FoxO1 signaling pathways
in the murine heart [44]. In our study, we observed a
notable enrichment of genes associated with the gluca-
gon signaling pathway in 530-day WD-fed male mice.
Specifically, there was a decrease in the expression of
genes encoding adenylate cyclase (Adcy3, Adcy4), p38a
(Mapki4), key enzymes involved in glycogen metabolism
(Gysl and Pygm), and gluconeogenesis (Pkm and Pfki).
Enrichment of genes involved in the glucagon signaling
and insulin resistance pathways in our study could be
linked to decreased availability in energy to fuel myo-
cyte structural and functional capacitance. Adenylate
cyclases serve as a link between glucagon signaling and
fatty acid (FA) metabolism. Interestingly, cardiac-specific
deletion of glucagon receptor was associated with inhi-
bition of fatty acid oxidation in wild-type mouse hearts
[45]. Moreover, under conditions of high insulin levels
and low glucagon levels, the production of ketones from
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fatty acids is reduced [46]. Ketone bodies are an efficient
energy source for the failing heart to alleviate energy
starvation in cardiomyocytes. Beyond their role as fuel,
ketone bodies have been shown to mitigate key patho-
logical processes in heart failure, including inflammation,
oxidative stress, and cardiac remodeling [47]. Increasing
evidence suggests that ketone bodies may play a protec-
tive role in heart failure [47]. These findings support the
exploration of ketone-based therapies as a novel strategy
to refuel and repair the failing heart.

FA is utilized for energy by transport across the car-
diomyocyte mitochondrial membrane via carnitine pal-
mitoyltransferase 1 (Cptlb), which acts as the primary
bottleneck in FA oxidation [38, 48]. Additionally, FAs
can be esterified into triglycerides, with intermediate
production of lysophosphatidic acid (LPA), phosphatidic
acid (PA), and diacylglycerol (DAG) [49]. The decreased
expression levels of Cptlb, as well as genes encod-
ing enzymes involved in the conversion of LPA to DAG
(Agpat3, Plppl, Plpp3, Dgkq) observed in our study may
be associated with altered FA metabolism in LV tissue as
a consequence of the WD in 530 days male mice group.
We also observed that the majority of deregulated path-
ways in LV of 530 days WD-fed male mice are linked to
an upregulation of Pik3ca, Akt3, Ampk, and Prkgl,which
are hub genes known to play an important role in insu-
lin resistance, cGMP-PKG, glucagon signaling pathways
[50]. Overall, these results provide evidence that WT
diet primarily may induce metabolic dysregulation in car-
diac tissue of male mice by 530 days of age which may
have long-term functional consequences. Targeting these
pathways presents significant clinical implications for
treating heart failure [51-53]. By addressing the dysregu-
lation of these pathways, therapeutic strategies could be
developed to improve insulin sensitivity and metabolic
function in patients with heart failure, particularly those
with a history of high-fat diets. Our observations provide
additional knowledge on the interplay between dietary
habits and cardiovascular health, emphasizing the impor-
tance of dietary modifications as a potential therapeutic
avenue.

Transcriptomic changes of genes involved in
cardiomyopathies in male WD-fed mice

Our analysis showed an enrichment of DEGs in KEGG
pathways associated with dilated cardiomyopathy (DCM)
and hypertrophic cardiomyopathy in 530-day-old WD-
fed male mice. Enriched DEGs are primarily involved in
calcium homeostasis (Cacnalh, Cacnb2, Vdac2, Dhpr),
cardiac muscle structure and contraction (Ttn, Myho,
Myh7b, Actgl, Dmd), alterations in cell-cell (Pkp2) and
cell-extracellular matrix (ltgal, Itga3, Itga4, Itga7, Itgav)
adhesion. Calcium homeostasis is vital in maintaining
cardiac function [54, 55]. Our transcriptomic analysis
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revealed decreased expression of mRNAs encoding T-
and L-type voltage-gated calcium channels (Cacnalh and
Cacnb?2, respectively) and mitochondrial voltage-depen-
dent anion channels (Vdac2). The downregulation of cal-
cium channels observed in our study suggests a potential
mechanism leading to impaired calcium homeostasis in
cardiomyocytes, thereby affecting contractility and over-
all cardiac performance [54—56]. Moreover, our study
revealed the altered expression of the Ca2+/calmodu-
lin-dependent protein kinase (CaMKII) encoding gene
(Camk2b), which is a regulator of cardiac excitation—con-
traction coupling and calcium homeostasis in cardio-
myocytes [57]. CaMKII phosphorylates the epigenetic
regulator protein histone deacetylase 4 (HDAC4), which
interacts with MEF2 transcription factor (Mef2c) and
14-3-3 chaperone protein (Ywhae) [58, 59] found down-
regulated in the LV tissue of 530 days WD-fed male
mice. Mef2 is involved in various hypertrophic pathways
and contributes to cardiac remodeling during heart fail-
ure [59]. As for the 14-3-3 chaperone protein, it orches-
trates cardiac metabolic homeostasis and proteostasis
by coordinating protein synthesis and quality control in
ribosomes and mitochondria in the LV of mouse hearts
[60]. Dysregulation of these proteins identified in our
study at 540 days of age could elevate the risk of develop-
ing contractile dysfunction or inappropriate remodeling
in WD-fed male mice later in life. Furthermore, changes
in downstream effector genes were also observed, includ-
ing decreased levels of transcription factor GATA-4 and
its associated targets myosin heavy chain genes (Myh6,
Mpyh?7), which are involved in ventricular hypertrophic
remodeling and whose dysfunction is often linked to the
development of cardiomyopathies [61-66]. Interestingly,
there was also a significant upregulation of titin in LV of
WD 530 days male mice. Alterations in titin levels and
phosphorylation of titin by CaMKII have been shown
to be involved in myocardial passive stiffness and stress-
sensitive signaling [67], and changes in transcript levels
of these proteins found in our study may have contrib-
uted to impaired systolic function observed in our study
by 750 days of age.

We also found dysregulation of genes encoding cyto-
skeleton proteins (downregulated: y-actin; up-regulated:
Dmd, Pkp2) and signaling component integrin o subunit
(ltgal, Itga3, Itga4, Itga7, Itgav). Integrin o plays a pivotal
role in initiating both inside-out and outside-in signal-
ing pathways [68, 69], and has been implicated in several
CVDs such as atherosclerosis, cardiac fibrosis, hyperten-
sion, and arrhythmias [70-73]. Additionally, studies have
demonstrated the significant involvement of aV integrins
in the progression of cardiac fibrosis [74, 75].

At a later time point (750 days), WD-fed male mice
exhibit continued upregulation of the PI3K key regula-
tor gene (Pik3ipI) expression in LV tissue. Several genes
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involved in various lipid, xenobiotic, amino acid, and glu-
tathione metabolic pathways display increased mRNA
levels (Adhl1, Cysl, Fmo2, Glul, Mtmrl4, Gstt2, Efr3b).
Myotubularin-related protein 14 (MTMR14) functions as
a phosphoinositide phosphatase and has been shown to
suppress cardiac hypertrophy by inhibiting the Akt path-
way [76]. Glutamine synthetase (or glutamate-ammonia
ligase, GLUL) and glutathione S-transferase theta 2 are
enzymes crucial for cellular redox homeostasis [77, 78].
While the GLUL gene was recently proposed as a poten-
tial biomarker for atrial fibrillation and heart failure in
humans [79], the role of Gs¢t2 remains widely unknown.
The altered expression of genes related to metabolic
activity observed in LV tissue of 750 days WD-fed male
mice may substantiate significant decreases in cardiac
function manifested as a significant reduction in LVEF
and LVES at 750 days.

Transcriptomic changes in circadian rhythm and cell
transport genes in female WD-fed mice
WD-fed female mice at 530 days exhibited the most
distinctive set of DEGs. Notably, this group displays an
abundance of DEGs related to the regulation of circadian
rhythm (Dbp, Arntl, Bhlhe4I). Studies on mouse mod-
els lacking clock genes have revealed that the circadian
rhythm genes influence the regulation of up to 10% of
the cardiac transcriptome [80] associated with preload,
contractility, and rate [81]. The involvement of circa-
dian rhythm regulators in the pathogenesis of cardiac
arrhythmias, myocardial infarction, cardiomyopathy, and
heart failure has been extensively documented [82-84].
Circadian genes play a key role in regulating inflamma-
tory processes and lipid metabolism, and their dysregula-
tion can lead to the development of atherosclerosis and
thrombosis [85]. Recent studies have emphasized the sig-
nificance of peripheral circadian clock dysregulation in
controlling local tissue function [86]. In this context, our
findings highlight the interplay between the dysregula-
tion of metabolic and hormonal pathways and changes in
circadian gene expression in heart tissue, suggesting that
circadian genes may serve as promising therapeutic tar-
gets for preventing and treating cardiovascular diseases.
We also observed significant dysregulation of the
metalloproteinase 19 (adamalysin 19) gene (Adaml9)
transcripts. This gene is pivotal in cardiovascular mor-
phogenesis, and its expression may be influenced by cell
density or cell-cell interactions [87, 88]. At 530 days of
age, transcripts of genes involved in metabolism were
also found to be differentially regulated, including
Mthfr, which encodes methylenetetrahydrofolate reduc-
tase, which was significantly up regulated. This enzyme
regulates cellular homeostasis and the balance between
methionine and homocysteine to prevent cellular dys-
function [89]. Several genetic variants in the Mthfr gene
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have been reported to be associated with an increased
risk of CVDs and cardiovascular complications [90].

At 640 days, WD-fed female mice exhibit changes
in the expression of genes known to be associated with
cardiac function and energy metabolism. Notably, more
than one-fourth of the DEGs encode membrane chan-
nels responsible for transporting amino acids (Slc7a6),
calcium (Cacnala) and magnesium (Slc41a3), water, and
glycerol molecules (Agp7). The Slc7a6 gene belongs to
the Slc7 family of heterodimeric amino acid transport-
ers, which play a crucial role in vascular function, their
association with CVD risk, and their involvement in
inflammation and autoimmunity [91-93]. The Cacnala
and Slc41a3 genes participate in Ca** and Mg?** homeo-
stasis, which can have an impact on cardiac function and
have diverse effects on vascular tone, peripheral vascu-
lar resistance, and myocardial metabolism [94, 95]. Yet
another channel-encoding gene identified in our study
as up-regulated in LV tissue is aquaglyceroporin Agp7,
which is involved in cardiac energy production [96]. The
upregulation of Agp”7 gene in skeletal muscle tissue has
been reported to be involved in increased lipid accumu-
lation in obese mice and contributes to insulin resistance
in skeletal muscle and cardiac tissue [97]. Interestingly,
we also saw altered expression of angiopoietin-like pro-
tein 2 transcript (Angptl2) in LV tissue of WD-fed female
mice, which is a proinflammatory mediator involved in
the acceleration of the development of insulin resistance,
endothelial dysfunction, atherosclerosis, and remodeling
in murine models [98-101]. Angpti2 has also been sug-
gested to be a novel risk factor for the development of
CVD that may be mediated by metabolic disorders and
chronic inflammation [102]. Decreased expression of
Angptl2 observed in the LV tissue of WD-fed female mice
might have a protective effect. In contrast, male mice
exhibit increased expression of another angiopoietin-like
protein, Angptl7, which is a known regulator of extra-
cellular matrix remodeling and inflammatory responses
[103]. Notably, elevated levels of ANGPTL7 have been
associated with increased mortality in patients with
acute heart failure [103]. Angiopoietin-like (ANGPTL)
proteins, particularly ANGPTL3, ANGPTL4, and ANG-
PTL8, have emerged as critical regulators of lipid metab-
olism and potential therapeutic targets for cardiovascular
diseases [104]. These results highlight the potential of
targeting angiopoietin-like proteins as a novel strategy
for developing treatments for cardiovascular diseases.
Our findings may suggest that WD-fed female mice may
be more prone to develop insulin resistance and meta-
bolic dysfunction through alternate pathways involving
altered channels, junctional proteins, and inflammation
rather than more traditional pathways observed in WD-
fed male mice.
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In female mice at 640 days of age, we also saw the
downregulation of transcripts of structural and hemo-
static proteins, including tetraspanin 4 (Tspan4), a mem-
ber of membrane proteins, whose abnormal expression
has been implicated in the progression of atherosclerosis
in an inducible myocardial infarction mouse model [105].
Additionally, we observed the decreased expression of
the Rho-related BTB domain-containing 1 (Rhobtbl)
gene, which was shown to be involved in the regulation
of cardiomyocyte proliferation through the modulation
of miR-31a-5p in mice [106]. It has also been shown to be
involved in the regulation of blood pressure in genome-
wide complex trait analysis and was demonstrated to
reverse arterial stiffness in angiotensin II-induced hyper-
tension by promoting actin depolymerization [107].
Finally, we found upregulation of the gene encoding von
Willebrand factor A domain containing 3A (Vwa3a),
which is involved in blood clotting, platelet plug forma-
tion, hemostasis, and thrombosis [108] and is reported
to be associated with the risk of CVD [109]. Overall, the
significant structural alterations observed in the hearts
of WD-fed female mice at 640 days were reflected in the
transcriptome landscape of the LV tissue. This was evi-
dent by the dysregulation of several key regulatory genes
involved in cardiac energy metabolism and remodeling.

Despite these insights, our study encountered limita-
tions. We were unable to collect tissue from female mice
at 750 days of age, as they began to die earlier than the
males. Additionally, direct correlations between echo-
cardiography and transcriptomics data could not be
made, as the data for both studies may not have been
paired from the same animal. Furthermore, we used the
C57BL/6 ] strain in our study, which has a deletion in
Nnt gene, potentially affecting the heart’s oxidative stress
response and overall metabolic profile under high-fat
dietary conditions. This strain is widely used in the field
of obesity and diabetes research [110]. However, future
research should expand to include other mouse strains
and experimental animals, and investigations are needed
to explore how the transcriptomic changes observed
in our study translate to the proteomic level in cardiac
tissue.

Conclusions

In summary, our study demonstrated that WD causes
long-term echocardiographic functional and structural
changes in the heart and induces transcriptome pertur-
bations. Specifically, our results show that—(i) WD led
to the development of HFrEF-like phenotype (systolic
dysfunction) in male mice at later life stages, evidenced
by decreased LVEF and LVFS, however, without detect-
able structural changes; (ii) in contrast, female mice
WD led to the heart failure resembling HFpEF-like phe-
notype with detectable structural changes evidenced
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by increases in LVEDd, LVIDd, LV mass and significant
decrease in DWS and RWT, suggesting possible devel-
opment of diastolic stiffness and dilated LV remodeling.
These sex-associated pathophysiological changes were
reflected in the LV tissue transcriptomic profiles of male
and female mice, specifically—(i) transcriptome analy-
sis of WD-fed male mice at 530 days of age revealed the
highest number of DEGs enriched for pathways related
to endocrine regulation (glucagon signaling and insulin
resistance), signal transduction (cGMP-PKG), and car-
diomyopathies; (if) At 750 days in WD-fed male mice,
there was continued upregulation of Pik3ip1 and dysreg-
ulation of genes involved in lipid, glucagon, and glutathi-
one metabolism; (iii) transcriptome analysis of LV tissue
in WD-fed female mice at 530 days of age identified a dis-
tinct set of DEGs, prominently featuring genes associated
with circadian rhythm regulation; (iv) at 640 days in WD-
fed female mice dysregulation of genes involved in car-
diac energy metabolism and remodeling was observed.

It is worth noting that the changes observed in our
study persisted even after a significant amount of time
following the switch to a normal diet, suggesting that
early exposure to WD may have persistent effects on
cardiac physiology irrespective of switching back to a
“healthy diet” While this highlights the importance of
discussing the impact of diet and risk reduction at the
early stages of life, this does not mitigate the importance
of adopting a “heart healthy” diet as it continues to be a
critical factor in mitigating disease morbidity and mor-
tality. Another important finding is the observed sex-
associated long-term effects in cardiac tissue responses.
In males, it is linked to metabolic dysregulation (insulin
resistance, glucagon signaling), while in females, car-
diac structural changes are associated with WD-induced
alterations in circadian cycle genes. This highlights the
importance of considering sex-dependent factors driv-
ing cardiac disease pathophysiology, as this may provide
more targeted approaches to preventing and treating
CVD.
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