Austin Journal of Clinical Cardiology

Research Article

Open Access

mUSt n pUbllShing Group

Effects of High-Fat Feeding on Expression of Genes
Regulating Fatty-1 Acid Metabolism in Hearts of Pregnant

C57BL/6 Mice

Dudick K, Chen C, Shoemaker R*

Department of Dietetics and Human Nutrition, University of
Kentucky, USA.

*Corresponding author: Robin Shoemaker

Assistant Professor, Department of Dietetics and Human
Nutrition, University of Kentucky, Kentucky.

Received: December 06, 2022; Accepted: February 13,
2023; Published: February 20, 2023

Abbreviations: Acaa2: acetyl-CoA acyltransferase 2;
Acadl: long-chain acyl-CoA dehydrogenase; Acox1: acyl-CoA
oxidase 1; ANOVA: Analysis of Variance; ATP: adenosine tri-
phosphate; CoA: coenzyme A; cd36: fatty acid transport pro-
tein; Cptlb: carnitine palmitoyltransferase 1b; Ehhadh 59:
enoyl-CoA, hydratase/3-hydroxyacyl CoA dehydrogenase;
Fabp3: fatty acid binding protein 3; Glul: glutamate-ammo-
nia ligase; HF: high fat; LdIr-/-: low density lipoprotein re-
ceptor null; LF: low fat; LV: left ventricle; Mat2a: methionine
adenosyltransferase 2a; Mlcyd: malonyl CoA decarboxylase;
MRNA: messenger ribonucleic acid); Ogdhl: oxoglutarage
dehydrogenase L; PPAR: Peroxisome proliferator-activated
receptor; qRT-PCR: Quantitative reverse transcription poly-
merase chain reaction); RWT: relative wall thickness; SEM:
standard error of the mean; Slc27a1l: solute carrier family 27
member 1.

Abstract

Cardiovascular complications in pregnancy increase risk
for subsequent heart disease, suggesting adverse events
during pregnancy may permanently alter maternal heart
health. The heart undergoes physiologic hypertrophy with
pregnancy, which is distinct from pathological remodeling
associated with obesity. We previously demonstrated that
C57BL/6 mice fed a high-fat diet, a model of diet-induced
obesity, had attenuated cardiac hypertrophy with preg-
nancy compared to low-fat controls, associated concentric
remodeling. Dual effects of pregnancy and obesity on car-
diac metabolism during hypertrophy have not been studied.
We investigated whether expression of genes regulating
fatty acid metabolism in the heart were altered in pregnant
mice fed a high-fat diet. The Nanostring Metabolic Pathways
Panel and nCounter analysis system was used to quantify
individual mRNA transcripts of genes regulating fatty acid
metabolism from the left ventricles of pregnant and non-
pregnant female C57BL/6 mice fed a high-fat or control low-
fat diet. Pregnancy increased expression of genes regulating
fatty acid transport (Cd36, Slc27a1, Cptlb) and B-oxidation
(Acaa2, Acadl, Acox1, Ehhadh, Mlycd), but the effect was
observed in low-fat mice only. Increases in gene expression
with high-fat feeding were pronounced in non-pregnant
mice, but effects not additive with pregnancy. Further, three
genes with functions related to energy metabolism (Glul,
Mat2a, Ogdhl,) were increased in low fat—fed pregnant mice
only. Obesity during pregnancy may “max out” cardiac fatty
acid utilization through upregulation of transporters and
oxidation of long-chain fatty acids, and also downregulate
metabolic pathways essential to cardiac adaptation. These
48 results suggest pre-existing obesity could disrupt cardiac
physiologic remodeling during pregnancy.
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Introduction

Pregnancy requires profound adaptation of the cardiovascu-
lar system. Left Ventricular (LV) mass is increased by 25% dur-
ing pregnancy to accommodate the increased blood volume
necessary for the growing fetoplacental unit and to meet the
increased metabolic demands of the mother [1]. Cardiac re-
modeling occurring during pregnancy (physiological remodel-
ing) is assumed to be transient, and is reversed in healthy preg-
nancy [2]. Physiological remodeling is distinct from remodeling
that occurs due to pathologic stressors, such as elevated blood
pressure and obesity [3,4]. Cardiovascular complications are
the leading cause of maternal death in the United States [5],
suggesting that pathologic stressors during pregnancy may ad-
versely affect normal physiologic remodeling.

Obesity is an independent risk factor for cardiovascular dis-
ease [6]. Obesity in humans is associated with increased LV
mass [7] and concentric remodeling [8]; both of these factors
are associated with poor cardiovascular prognosis. Obesity also
strongly increases risk for pregnancy complications [9], and sev-
eral studies in humans demonstrate that cardiac function dur-
ing pregnancy is impaired in women with obesity [10,11]. We
previously demonstrated that HF-feeding of mice during preg-
nancy promoted concentric remodeling of the left ventricle,
compared to LF-fed mice where pregnancy was associated with
eccentric remodeling [12]. Moreover, after 10 weeks postpar-
tum, mice fed a HF-diet during pregnancy had augmented car-
diac hypertrophy compared to LF-fed controls, suggesting that
alterations of cardiac geometry during pregnancy mediated by
HF-feeding had a lasting effect [13].

Mechanisms linking obesity during pregnancy with adverse
cardiac remodeling are not well understood. A recent study in
Ldlr-/- mice fed a Western diet (a mouse model of metabolic
syndrome) demonstrated that pregnant mice exhibited cardiac
hypertrophy and fibrosis, compared to pregnant mice fed a con-
trol diet, associated with crosstalk between cardiac fibrosis and
lipid metabolism pathways [14]. Aberrant cardiac metabolism
is a hallmark of disease in patients with heart failure and dia-
betes mellitus. Normally quite flexible, the heart can adapt to
an altered metabolic state by selecting available substrates for
the most effective generation of ATP. This flexibility is lost with
impaired heart function resulting from diabetes or obesity; fatty
acid utilization is increased and glucose oxidation rates are de-
creased compared to a healthy heart [15]. Since cardiac metab-
olism is also altered during pregnancy, similarly shifting to rely
primarily on utilization of fatty acids [16], we hypothesized that
HF-feeding during pregnancy may adversely impact changes
in cardiac metabolism normally occurring in pregnancy. In the
current study, we investigated the effect of HF-feeding during
pregnancy on expression of genes regulating cardiac fatty acid
metabolism.

Methods
Experimental animals

Animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Kentucky
and were conducted in accordance with the National Institutes
of Health (NIH) Guide for the Care and Use of Laboratory Ani-
mals. Female C57BL/6J mice (8 weeks of age; Jackson Labora-
tory, Bar Harbor, ME, stock # 000664) were randomly assigned
to receive, ad libitum, either a high fat (HF; 60% kcal from fat;
D12492, Research Diets, New Brunswick, NJ) or a control low fat

(LF, 10% kcal from fat; D12450B, Research Diets Inc) diet for 8
weeks. The control LF diet was purified and ingredient-matched
to the HF diet, and the fat source for both diets was soybean oil
and lard (where lard comprises the excess fat in the HF diet).
The energy densities of the LF and HF diet are 3.82 and 5.21
kcal/g, respectively.

At 8 weeks of diet feeding, all female mice were placed in a
cage with male mice of the same strain and diet. After 2 days,
females were removed from the males, and placed in single
housing for the duration of the study. On gestational day 18,
heart function was assessed via echocardiography and results
were published separately [12]. The following day, mice were
anesthetized with ketamine/xylazine (100/10 112 mg/kg, i.p.)
for exsanguination, saline perfusion, and excision of hearts.
Hearts were snap frozen in liquid nitrogen and stored at -80°C
until analysis.

Extraction of RNA and gene expression analysis of cardiac
tissue

Total RNA was extracted from approximately 20 mg of left
ventricle of n= 8 LF non-pregnant, n=9 LF pregnant, n=9 HF
non-pregnant, and n=10 HF pregnant mice using the Maxwell
RSC (Promega, Madison, WI). The concentration of RNA and
the purity was assessed using a Nanodrop 2000. All samples
had a 260/280 and 260/230 ratio that was greater than 2.0.
The abundance of mRNA of genes regulating metabolism was
determined via the Nanostring nCounter Metabolic Pathways
Panel and nCounter Analysis System (NanoString Technologies,
Seattle, WA). The nCounter Analysis system was available at the
University of Kentucky Genomics Core Laboratory. Described
previously [13], the Nanostring nCounter gene expression sys-
tem is a multiplexed assay that uses a combination of unique
capture probes and color-coded reporter probes to capture
and count individual mRNA transcripts with high sensitivity and
tight correlation to gRT-PCR [17]. Fifty nanograms of RNA of
each sample was hybridized to the target-specific capture and
reporter probes in the CodeSet according to the manufacturer’s
instructions. Samples were cooled to 4°C, loaded into nCounter
SPRINT cartridges, and then analyzed using the nCounter Gene
Expression Assay. Raw data were normalized by creating scaling
factors for the sum of the positive controls and the geometric
mean of the four housekeeping genes. Data represent the mean
of normalized counts.

Statistical analysis

Data are presented as mean = SEM. Statistical analyses were
performed using SigmaPlot version 12.3. All data passed nor-
mality or equal variance tests or logarithmic transformation was
used to achieve normality. Two-tailed Student’s t-tests were
used for analysis of data between two groups. For two-factor
analysis, a two-way ANOVA was used to analyze end-point mea-
surements with between-group factors of pregnancy and diet,
followed by Holm-Sidak for post hoc pairwise analyses. Values
of P<0.05 were considered to be statistically significant.

Results
Heart weights of LF-and HF-fed pregnant and non-pregnant
mice

We previously reported that body weight was increased by
both pregnancy and HF-feeding, with body weight of HF-fed
pregnant mice approximately 5 grams (12%) greater than LF-
fed pregnant mice [12]. Here, we report an overall effect of
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HF-feeding to increase wet heart weight in both pregnant and
non-pregnant mice (P<0.05), but no effect of pregnancy (Figure
1A). When considering the ratio of wet heart weight to body
weight (Figure 1B), there was a similar effect of HF-feeding in
non-pregnant mice (P<0.0001), and also an effect of pregnancy
in both diet groups (P<0.0001).

Expression of cardiac genes regulating fatty acid metabo-
lism

To determine the effects of pregnancy and HF-feeding on ex-
pression of genes involved in cardiac metabolism, mRNA abun-
dance of genes in the Nanostring nCounter Metabolic Pathways
Panel was quantified from left ventricles of LF- and HF-fed preg-
nant and non-pregnant mice. Using two-way ANOVA with pair-
wise comparisons, we identified forty seven genes with a signif-
icant effect (P<0.01) of either diet or pregnancy. Of these, nine
were involved in fatty acid regulation. Genes involved in fatty
acid transport were: fatty acid binding protein 3 (Fabp3), fatty
acid transport protein (Cd36), carnitine palmitoyltransferase
1b (Cptlb), and solute carrier family 27 member 1 (S/c27a1).
Genes involved in B-oxidation were acetyl-CoA acyltransfer-
ase 2 (Acaa2), acyl-CoA oxidase 1 (Acox1), long-chain acyl-CoA
dehydrogenase (Acadl), enoyl-CoA, hydratase/3-hydroxyacyl
CoA dehydrogenase (Ehhadh), and malonyl CoA decarboxylase
(Mlycd).

Figure 2A-H demonstrates that all of these genes, with the
exception of Fabp3, were increased with pregnancy, but the ef-
fect was only significant in LF-fed mice. The genes Acaa2, Acadl,
and Cptb1 were significantly increased with HF-feeding in both
pregnant and non-pregnant mice (Figure 2A, 2B, 161 2C). In
contrast, the genes Acox1, Cd36, Slc27al, and Mlcyd were in-
creased with HF-feeding only in non-pregnant mice (Figure 2D,
2E, 2F, 2G), and pairwise analysis revealed no effect of HF-feed-
ing in pregnant mice on gene expression of Acox1 (p=0.108),
Cd36 (p=0.328), Slc27a1 (p=0.999), or Mlycd (p=0.971). The
expression of the gene Ehhadh increased with pregnancy in
LF-fed mice, but not HF-fed mice (p=0.180), and further, was

significantly decreased by HF-feeding in pregnant mice (Figure
2H, 166 p<0.045). For Fabp3, there was an overall effect of HF
diet to increase the abundance of cardiac Mrna (P<0.01), but
no effect of pregnancy (LF, NP: 36,189 + 1420; LF, P: 40,191 +
1983, HF NP: 50,511 + 168 4087, HF P: 51,460 + 3696 normal-
ized mRNA counts).
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Figure 1: Heart weight of pregnant and non-pregnant mice
fed a LF- or HF-diet. (A) Wet heart weight. (B) Heart/body
weight. Data are mean + SEM from n=8 LF non-pregnant,
n=9 LP Pregnant, n=18 HF non-pregnant, and n=12 HF preg-
nant. %, P<0.01 effect of diet; ™", P<0.001 effect of preg-
nancy analyzed by two-way ANOVA followed by Holm-Sidak
pairwise analysis.
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Figure 3: mRNA abundance of fatty acid utilization genes in pregnant and non-pregnant mice fed a LF or HF diet. Genes were measured using
Nanostring nCounter from 20 mg of left ventricles: A) Acaa2, B) Acadl, C) Cptlb, D) Acox1, E) Cd36, F) Slc27a1, G) Mlycd H) Ehhadh. Data are
expressed as counts of mRNA transcripts, normalized to the geometric mean of counts of four housekeeping genes. Data are mean + SEM
from n=8 (LF NP), n=9 (LF P), n=9 (HF NP), and n=10 (HF, P). ", P<0.05 effect of diet; ", P<0.01 effect of diet; ™", P<0.001 effect of diet; #, P<0.05
effect of pregnancy, #, P<0.01 effect of pregnancy; ##, P<0.001 by two-way ANOVA followed by Holm-Sidak pairwise analysis.
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Figure 2: Expression of cardiacméenes incheased in LF-fed but not
HF-fed mice. Genes were measured using Nanostring nCounter
from 20 mg of left ventricles: A) Glul, B) Mat2a, C) Ogdhl. Data are
expressed as counts of mRNA transcripts, normalized to the geo-
metric mean of counts of four housekeeping genes. Data are mean
+ SEM from n= 8 (LF NP), n=9 (LF P), n=9 (HF NP), and n=10 (HF, P).
*, P<0.05 effect of diet; ", P<0.01 effect of diet; #*, P<0.001 effect
of pregnancy; ## P<0.0001 by two-way ANOVA followed by Holm-
Sidak pairwise analysis.

In addition to genes regulating fatty acid utilization, we iden-
tified four genes for which there was a significant interaction
(P<0.01) among diet and pregnancy, and where expression in
pregnancy was significantly reduced in HF-fed compared to LF-
fed pregnant mice (Figure 3A-D): glutamate-ammonia ligase
(Glul), methionine adenosyltransferase 2a (Mat2a), and oxoglu-
tarage dehydrogenase L (Ogdhl).

Discussion

Obesity significantly increases risk for cardiovascular dis-
ease. Over half of reproductive-age women in the United States
have obesity [18]. Since cardiovascular health during pregnancy
may have a lifetime impact on maternal cardiovascular risk [19],
knowledge about the impacts of obesity on heart function dur-
ing pregnancy is urgently needed. The present study examined
the effects of HF-feeding on expression of genes regulating
fatty acid metabolism in the heart during pregnancy. The ma-
jor findings from this study are 1) Expression of cardiac genes
regulating fatty acid uptake and transport (Fabp3, Cptlb, Cd36,
Slc27a1, and Mlycd) were increased with HF-feeding and (ex-
cept for Fabp3) with pregnancy; however effects were not ad-
ditive, where generally, HF-fed pregnant did not exhibit marked
increase in gene expression compared to LF-fed pregnant mice.
2) Some genes involved in B-oxidation of long-chain fatty ac-
ids (Acaa2 and Acadl) were increased by both pregnancy and
HF-feeding, but Ehhadh (involved in the production of medium-
chain dicarboxylic acids) was increased only in LF-fed pregnant
mice. 3) HF-fed pregnant mice had reduced expression of three
non-fatty acid —related genes with roles in metabolism: Glul,
Mat2a, and Ogdhl. Results indicate that both pregnancy and
HF-feeding increased expression of genes regulating fatty acid
utilization in left ventricles, but the effects were not additive in
HF-fed pregnant mice.

Obesity and dyslipidemia are risk factors for cardiac hyper-

trophy, a predictor of adverse outcomes [20]. Pregnancy, a con-
dition of rapid weight gain and elevated serum lipid status, also
induces cardiac hypertrophy, but this is not associated with car-
diovascular disease. We previously demonstrated that mice fed
a LF diet during pregnancy exhibited cardiac hypertrophy [12].
Similar to existing literature in humans [21] and rodents [2],
this was associated with a change in cardiac geometry, where
the ventricle chamber was larger and the cardiac wall thinner
compared to LF non-pregnant mice. This reduction in Relative
Wall Thickness (RWT) is termed “eccentric” remodeling. In con-
trast, HF-fed pregnant mice did not exhibit an increase in LV
mass compared to HF-fed non-pregnant mice. Further, HF-fed
pregnant mice exhibited increased RWT (termed “concentric”
remodeling) compared to LF-fed pregnant mice. Increased RWT
and concentric remodeling, is an indicator of impaired cardiac
function. These data suggest that HF-feeding during pregnancy
promotes adverse cardiac remodeling. In the current study, we
demonstrate increased expression of genes regulating fatty acid
utilization in left ventricles of LF-fed pregnant compared to non-
pregnant mice, suggesting that increased energy metabolism
pathways could promote physiological cardiac hypertrophy of
pregnancy. Fatty acid utilization genes were generally increased
with HF-feeding in non-pregnant mice, but not further aug-
mented with pregnancy. Given previous findings of impaired
cardiac hypertrophy and adverse remodeling in HF-fed preg-
nant mice [12], we propose that HF-feeding during pregnancy
may impair cardiac energy metabolism pathways involved in
promoting physiological cardiac hypertrophy of pregnancy.

Consistent with studies in ob/ob mice [22], a mouse model
of genetic obesity, and a recent paper of HF-feeding in C57BL/6
mice [23] we report that HF-feeding increased expression of
genes regulating fatty acid transport into the mitochondria
(Cd36, Fabp3, Sic27a1, Cptlb, Mlycd) and fatty acid B-oxidation
(Acaa2, Acadl, Acox1). With the exception of Fabp3, these genes
were increased with pregnancy in LF-fed mice. These data indi-
cate that both pregnancy and obesity promote increased fatty
acid utilization as a substrate in the heart, with obesity having
the larger influence. However, in general these effects were
not additive in the HF-fed pregnant mice; the mRNA count of
these genes in HF-fed pregnant mice were roughly equivalent
to those in the HF-fed non-pregnant mice. This suggests that
obesity may “max out” fatty acid utilization through upregula-
tion of transporters and oxidation of long- and very long-chain
fatty acids.

Ehhadh encodes a protein that is part of the classical per-
oxisomal fatty acid B-oxidation pathway, with an essential role
in the production of medium-chain dicarboxylic acids [24]. The
purpose of medium chain dicarboxylic acid production in car-
diac metabolism is not known, but changes in the expression of
this gene have been reported in hearts of patients with mitral
regurgitation and aortic valve disease [25]. In the current study,
the expression level in the HF- pregnant mice was significantly
reduced compared to that of the LF-pregnant mice, suggesting
arole for this gene in cardiac metabolism of pregnancy that was
impaired with obesity. Dicarboxylic acids can be broken down
to yield acetyl-CoA and succinyl-CoA as products, important in-
termediates for the tricarboxylic acid cycle [26]. Exogenous me-
dium chain fatty acids serve as a rapid energy source because
they are metabolized quickly, and might be an important sub-
strate for the heart during pregnancy, when the heart’s energy
needs are dramatically increased. Supplementation of medium-
chain fatty acids improved cardiac function in rats under condi-
tions where oxidation of fatty acids was impaired [27]. Further,
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medium-chain fatty acid supplementation in the diets of rats
with left ventricular hypertrophy reduced hypertrophy and car-
diac oxidative stress [28,29]. Findings from our current study
extend those of published literature by suggesting increased
Ehhadh cardiac expression in pregnancy may be a mechanism
contributing the increased metabolic flexibility of the heart dur-
ing pregnancy, where utilization of medium chain dicarboxylic
acids as fuel during pregnancy may be impaired by HF-feeding.

Ogdhl encodes an enzyme of the 2-oxoglutarate dehydroge-
nase multienzyme complex, which decarboxylates alpha-keto-
glutarate in the tricarboxylic acid cycle. A recent study investi-
gating genes involved in fetal heart maturation in mice identi-
fied changes in cardiac fatty acid metabolism to be characteris-
tic of cardiomyocyte progression to the adult phenotype [30].
Changes in Ogdhl expression was found to be the most dramatic
change between neonatal and adult heart, indicating Ogdhl to
be a critical regulator of energy metabolism maturation in car-
diomyocytes. Published literature demonstrates upregulation
of genes predominately expressed during fetal cardiac devel-
opment occurs during cardiac hypertrophy [31]. In the current
study, Ogdhl expression was dramatically increased in hearts of
pregnant LF-fed, but not HF-fed mice, suggesting Ogdhl is a criti-
cal mediator of physiologic hypertrophy of pregnancy.

In the current study, expression of Glul was increased in LF-
fed, but not HF-fed hearts during pregnancy. Glul catalyzes the
synthesis of glutamine from glutamate and ammonia, impor-
tant for cellular detoxification, and playing an important role in
biosynthesis of amino acids. Genetic studies revealed that the
polymorphism rs10911021, located upstream of the noncoding
sequence of Glul, to be strongly linked to morbidity and mortal-
ity of cardiovascular disease in patients with type 2 diabetes.
In a study including 1,517 cases of coronary heart disease and
2,671 non-coronary heart disease controls, rs10911021 risk al-
lele homozygotes exhibited a 32% decrease in the expression
of the Glul gene in human endothelial cells [32]. In a recent
study examined genes involved in metabolism in hearts from
humans with or without acute myocardial infarction, and Glul
was one of three genes identified to be significantly increased
in with myocardial infarction [33], which might be increased in a
compensatory manner. Findings from the current study extend
previous literature by demonstrating that Glul expression in the
heart contributes to physiological hypertrophy in pregnancy.

Mat2a encodes the gene S-adenosylmethionine (a key meth-
yl donor in cellular processes) from methionine and ATP. Results
from our study indicate gene expression of Mat2a increases
during pregnancy, but not in mice fed a HF-diet. Accumulation
of cellular ammonia can cause cardiac injury, and a recent study
demonstrated administration of ammonia to pigs resulted in
changes in genes regulating cardiac metabolism, such as Cpt1b
[34]. Administration of L-selenomethione improved ammonia-
mediated cardiac damage, indicating a role for methionine in
maintaining cardiac function. In a cohort of hypertensive pa-
tients, hyperhomocysteinemia was increased in patients with
cardiac hypertrophy, and the same study demonstrated that
mice with induced hyperhomocysteinemia via methionine
feeding in the diet had augmented cardiac hypertrophy after
angiotensin Il infusion [35]. Taken together with findings from
the current study, dysregulated methionine metabolism in the
heart may contribute to adverse cardiac remodeling.
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