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Cardiac hypertrophy is a risk factor for heart failure and is usually less common in young women than in
men. Cytochrome P450 (CYP) enzymes in the heart metabolize arachidonic acid into hydroxyeicosate-
traenoic acids (HETEs), which generally have hypertrophic effects, and epoxyeicosatrienoic acids, which
have cardioprotective effects. In this study, we aimed to investigate sex-specific differences in cardiac
hypertrophy and cardiac CYP, HETE, and epoxyeicosatrienoic acid levels in response to pressure overload.
Adult male and female SpragueeDawley rats were subject to sham or abdominal aortic constriction
(AAC) surgeries. Five weeks postsurgery, cardiac function was assessed by echocardiography. The mRNA
and protein levels of hypertrophic markers and CYP enzymes were measured by real-time polymerase
chain reaction and Western blot. Heart tissue HETE levels and microsomal formation of HETEs and
epoxyeicosatrienoic acids were measured by liquid chromatography-tandem mass spectrometry. Our
results show significant sex-specific differences in AAC-induced cardiac hypertrophy. Echocardiography
and ventricular wall measurements showed more hypertrophy in male rats. Some hypertrophic markers
were significantly upregulated only in male AAC rats and were significantly higher in the hearts of male
rats compared to female AAC rats. Different CYP hydroxylases such as CYP1B1, CYP4A, and CYP4F and
epoxygenases such as CYP2C and CYP2J10 were significantly upregulated in the hearts of male AAC rats
only. The heart level of 12(R)-HETE and the microsomal formation of several HETEs were also signifi-
cantly increased only in male rats. In conclusion, male rats developed stronger AAC-induced cardiac
hypertrophy compared to female rats, which was accompanied by a significant increase in cardiac CYP
enzymes and HETEs.

Significance statement: Previous studies demonstrated that male rats experience more severe cardiac
hypertrophy compared to female rats. To our knowledge, this research is the first to investigate and
compare the expression of cytochrome P450 enzymes and arachidonic acid metabolites in male and
female rat hearts following pressure overloadeinduced hypertrophy. This study highlights significant
sex-specific differences in cytochrome P450-mediated metabolism during hypertrophy, providing
valuable insights into the molecular mechanisms underlying these responses and identifying potential
targets for sex-specific therapies in cardiac diseases.
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1. Introduction

Cardiac hypertrophy is an enlargement of the heart muscle in
response to different stimuli. Pathological hypertrophy occurs in
response to insults such as hemodynamic overload and myocardial
injury and could lead to serious conditions such as heart failure and
potentially death (Shimizu and Minamino, 2016). The early stage of
pathological hypertrophy is known as compensated hypertrophy
because the heart is capable of compensating for the elevated stress
by increasing in size while maintaining normal cardiac function.
However, persistent hypertrophy could eventually lead to fibrosis
and decompensation, characterized by a decrease in the systolic
function and progression to heart failure (Nakamura and
Sadoshima, 2018). Heart failure affects nearly 64 million people
worldwide (Shahim et al, 2023). Approximately 750,000 Canadians
are currently living with heart failure, and it is estimated to cost
more than $2.8 billion per year by 2030 (Tran et al, 2016).

Cytochrome P450 (CYP) is a superfamily of enzymes that
mediate the oxidative metabolism of exogenous and endogenous
molecules. Several CYP enzymes are expressed in the human heart
(Chaudhary et al, 2009; Jenkins et al, 2009). Cardiac CYP enzymes
metabolize arachidonic acid (AA) into different metabolites that
play an important role in cardiovascular health (Elbekai and El-
Kadi, 2006; Zordoky et al, 2008; El-Sherbeni and El-Kadi, 2014;
Althurwi et al, 2015; Gerges and El-Kadi, 2022). CYP hydroxylases
such as CYP1A1, CYP1B1, CYP2E1, CYP4A, and CYP4F produce
hydroxyeicosatetraenoic acids (HETEs); and CYP epoxygenases
such as CYP2B, CYP2C, and CYP2J produce epoxyeicosatrienoic
acids (EETs). HETEs are classified into midchain (5-, 8-, 9-, 11-, 12-,
15-HETE), subterminal (16-, 17-, 18-, 19-HETE), and terminal (20-
HETE) HETEs, all of which, except for 20-HETE, exist as R and S
enantiomers. In addition, there are 4 regioisomeric EETs (5,6-EET;
8,9-EET; 11,12-EET; and 14,15-EET), which exist as S/R and R/S
enantiomers (Elbekai and El-Kadi, 2006; El-Sherbeni and El-Kadi,
2017). EETs are metabolized by soluble epoxide hydrolase (sEH)
into less active metabolites (Spector, 2009). CYP hydroxylases,
especially CYP1B1 and its associated midchain HETEs, were found
to be significantly elevated in different cardiac hypertrophy
models, and their inhibition was associated with the amelioration
of hypertrophy (El-Sherbeni and El-Kadi, 2014; Maayah et al, 2016,
2017, 2018; Maayah and El-Kadi, 2016b; Elkhatali et al, 2017;
Shoieb and El-Kadi, 2018,2020; Pascale et al, 2021; Shoieb et al,
2022). In contrast, EETs have cardioprotective and anti-
hypertrophic effects (Lai and Chen, 2021; Zhang et al, 2022).
Treatment for cardiomyocytes with HETEs resulted in the induc-
tion of hypertrophy (Maayah et al, 2015; Maayah and El-Kadi,
2016a; Hidayat et al, 2023; Isse et al, 2023b; Helal et al, 2024),
whereas 14,15-EET demonstrated antihypertrophic effects (Tse
et al, 2013).

Evidence from experimental and clinical studies indicates sig-
nificant sex-specific differences in the pathogenesis of different
cardiovascular diseases (CVDs) (Mosca et al, 2011; Regitz-Zagrosek
and Kararigas, 2017; Kessler et al, 2019; Gerges and El-Kadi, 2022).
Themechanisms underlying the apparent female sex protection are
not yet fully elucidated, but they are largely attributed to the car-
dioprotective effects of estrogen (dos Santos et al, 2014). Differ-
ences in the eicosanoid formation and metabolism pathways
between males and females could also be an important player in
the sexual dimorphism observed in CVDs (Gerges and El-Kadi,
2022, 2023). We have previously found significant differences be-
tween male and female rats in the cardiac levels of CYP enzymes
and HETEs (Gerges and El-Kadi, 2023). In this study, we aimed to
investigate sex-specific differences in pressure overloadeinduced
cardiac hypertrophy in rats and the associated changes in cardiac
CYP enzymes, HETEs, and EETs.
2

2. Material and methods

2.1. Chemicals

The TRIzol reagent used for mRNA extraction was Invitrogen
brand (Thermo Fisher Scientific). High-Capacity cDNA Reverse
Transcription Kit and SYBR Green polymerase chain reaction (po-
lymerase chain reaction [PCR]) Master Mix were purchased from
Applied Biosystems. Real-time PCR primers were formulated by
and purchased from Integrated DNATechnologies. Trans-Blot Turbo
RTA Transfer Kit and 2X Laemmli Sample Buffer were purchased
from Bio-Rad Laboratories. CYP1A2 (sc-53241) and CYP4A1 (sc-
53248) mouse monoclonal primary antibodies were purchased
from Santa Cruz Biotechnology; CY4F2 rabbit polyclonal primary
antibody (ab230709) and glyceraldehyde-3-phosphate dehydro-
genase mousemonoclonal antibody (ab8245) were purchased from
Abcam; CYP1B1 rabbit polyclonal primary antibody (PA5-28040)
was purchased from Invitrogen (Thermo Fisher Scientific); and
CYP2J rabbit polyclonal primary antibody (ABS1605) was pur-
chased from MilliporeSigma. Enhanced chemiluminescence West-
ern blotting detection reagents were obtained from Cytiva.

The standard (±) 5-, 8-, 9-, 11-, 12-, 15-, 16-, 17-, 18-, 19-, and 20-
HETE, as well as 5,6-; 8,9-; 11,12-; and 14,15-EET, and the internal
standards 20-HETE-D6 and 11,12-EET-D11 were obtained from
Cayman Chemical. Isopropyl alcohol, ethyl acetate, and glacial
acetic acid were purchased from Sigma Aldrich. Acetonitrile,
methanol, magnesium chloride hexahydrate, potassium phosphate
dibasic, and potassium phosphate monobasic were purchased from
MilliporeSigma. High-performance liquid chromatography water
was obtained from Fisher Scientific Co. All other chemicals used
were obtained from Sigma Aldrich.

2.2. Animals

All procedures involving experimental animals were performed
in accordance with the Animal Research: Reporting of In Vivo Ex-
periments guidelines and the Guide for the Care and Use of Labo-
ratory Animals published by the US National Institutes of Health
and were approved by the Alberta Health Sciences Animal Policy
and Welfare Committee. Adult (8 weeks old) male and female
Sprague-Dawley rats (n ¼ 32, 16 of each sex) were purchased from
Charles River Canada. All animals were allowed access to food and
water ad libitum throughout the experiment period and were
maintained on a 12-h light/dark cycle.

2.3. Experimental design and abdominal aortic constriction surgery

Rats were kept in the animal facility for an acclimatization
period of 1 week, after which both male and female rats were
randomized into sham and abdominal aortic constriction (AAC)
surgeries giving 4 groups: male sham (n ¼ 8), male AAC (n ¼ 8),
female sham (n ¼ 8), and female AAC (n ¼ 6). Rats underwent
baseline echocardiography before the surgeries.

For the surgeries, all rats were anesthetized with isoflurane (2%
for induction and 1%e1.5% for maintenance). Preoperatively,
meloxicam (Metacam) was injected subcutaneously at a dose of 2
mg/kg. The surgery was performed as described previously (Shoieb
et al, 2022). The abdominal aortawas ligated using a double blunted
needle sized 21 G for males and 23 G for females because of their
different body weights, by 6/0 silk suture. Postoperatively, melox-
icamwas injected at a dose of 2 mg/kg every 24 hours for 72 hours.

Five weeks after the surgery, rats underwent echocardiography
and then were euthanized using isoflurane anesthesia (3% induc-
tion and 1%e1.5% maintenance). Then, hearts were swiftly excised,
washed with saline, and blotted with filter paper. After that, the left
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ventricle was cut and homogenized using the Branson homoge-
nizer (VWR Scientific).

2.4. Echocardiographic evaluation of cardiac function

All rats were anesthetized with isoflurane (2% for induction and
1%e1.5% for maintenance). Then, transthoracic m-mode echocar-
diography (Vevo 3100, VisualSonics) was performed using a small
animal imaging ultrasound system to evaluate cardiac function and
wall thickness. Images were taken and analyzed using VisualSonics
Vevo LAB software. Systolic and wall measurements (left ventric-
ular [LV] internal diameter, LV posterior wall thickness, and intra-
ventricular septum [IVS]), LV mass, ejection fraction, fractional
shortening, diastolic function, heart rate, and mitral tissue Doppler
parameters were measured using m-mode measurements taken
from parasternal long-axis and short-axis views at the mid-
papillary level. LV dimensions were measured at systole and dias-
tole. Pressure gradient (mmHg) was measured from the abdominal
aortic flow at the level of the constriction using the velocityetime
integral measurement. Measurements were averaged from 3 to 6
cardiac cycles according to the American Society of Echocardiog-
raphy (Byrd et al, 2015), digitally transferred online to a computer,
and analyzed by an analyst blinded to the study groups.

2.5. RNA extraction and cDNA synthesis

TRIzol reagent (Invitrogen) was used to extract total RNA from
the frozen tissue according to the manufacturer’s instructions. RNA
extraction, quantification, and cDNA synthesis were performed as
described previously (Elshenawy and El-Kadi, 2015).

2.6. Real-time polymerase chain reaction

The resulting cDNAwas subject to PCR amplification using 384-
well optical reaction plates in the QuantStudio 5 (Applied
Table 1
Rat primer sequences used for real-time PCR

Gene Forward Primer

CYP1A1 CCAAACGAGTTCCGGCCT
CYP1A2 CGCCCAGAGCGGTTTCTTA
CYP1B1 GCTTTACTGTGCAAGGGAGACA
CYP2B1 AACCCTTGATGACCGCAGTAAA
CYP2B2 CCATCCCTTGATGATCGTACCA
CYP2C11 CACCAGCTATCAGTGGATTTGG
CYP2C13 CTGGCAATCATGGTGACTGA
CYP2E1 AAAGCGTGTGTGTGTTGGAGAA
CYP2J3 CATTGAGCTCACAAGTGGCTTT
CYP2J4 GCTCGGACCTTCATTCCACA
CYP2J10 TTGAACTTAGCAGAGGGGCTG
CYP3A2 GCTCTTGATGCATGGTTAAAGATTT
CYP4A1 TTGAGCTACTGCCAGATCCCAC
CYP4A2 CTCGCCATAGCCATGCTTATC
CYP4A3 CTCGCCATAGCCATGCTTATC
CYP4F1 CCCCCAAGGCTTTTTGATG
CYP4F4 CAGGTCTGAAGCAGGTAACTAAGC
CYP4F5 AGGATGCCGTGGCTAACTG
CYP4F6 TCACTTGACCTTGATGAAGAACAAC
ANP GGAGCCTGCGAAGGTCAA
BNP CAGAAGCTGCTGGAGCTGATAAG
ACTA1 AGAGTCAGAGCAGCAGAAACTAGA
a-MHC ACAGAGTGCTTCGTGCCTGAT
b-MHC AGCTCCTAAGTAATCTGTTTGCCAA
TNF-a CAAGGTCATCCATGACAACTTTG
IL-1b GAAGTCAAGACCAAAGTGG
IL-6 ATATGTTCTCAGGGAGATCTTGGAA
sEH CACATCCAAGCCACCAAGCC
GAPDH CAAGGTCATCCATGACAACTTTG

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; GAPDH, glyceraldehyde-3

3

Biosystems). The 20-mL reaction mix composition and thermocy-
cling conditions were as described in previous reports (Shoieb et al,
2022). Rat primer sequences are listed in Table 1. Analysis of the
real-time PCR data was performed using the relative gene expres-
sion (DDCT)method (Livak and Schmittgen, 2001). In short, the fold
change in the level of target genes between the groups, corrected
for the level of the housekeeping gene, was determined using the
following equation: Fold change ¼ 2�D(DCt), where DCt ¼ Ct(target
gene) � Ct(housekeeping gene) and D(DCt) ¼ DCt(AAC) e mean
DCt(sham).
2.7. Microsomal isolation

Microsomal fractions were prepared by differential centrifuga-
tion as described previously (Gerges and El-Kadi, 2023). The Lowry
method was used to determine microsomal protein concentrations
using bovine serum albumin as a standard (Lowry et al, 1951).
2.8. Western blot

We determined the protein expression of important CYP hy-
droxylases (CYP1A2, CYP1B1, CYP4A1, and CYP4F) and epox-
ygenases (CYP2J) in the heart microsomal fraction. Equal protein
amounts (60 mg) from the different groups were diluted with an
equal amount of 2X Laemmli Sample Buffer, boiled for 5 minutes,
and separated by 10% SDS-PAGE as described previously (Shoieb
et al, 2022). Then, the blots were incubated with the primary
antibody: mouse anti-CYP1A2, rabbit anti-rat CYP1B1, mouse anti-
rat CYP4A1, rabbit antihuman CYP4F2, and rabbit anti-rat CYP2J
overnight at 4 �C. Then, blots were incubated with a horseradish
peroxidaseeconjugated horse antimouse or goat anti-rabbit IgG
secondary antibody for 45 minutes at room temperature. Bands
were visualized using the ChemiDoc Imaging System (Bio-Rad
Laboratories) using the enhanced chemiluminescence method.
Reverse Primer

TGCCCAAACCAAAGAGAATGA
TCCCAAGCCGAAGAGCATC
GGAAGGAGGATTCAAGTCAGGA
TGTGGTACTCCAATAGGGACAAGATC
AATTGGGGCAAGATCTGCAAA
GTCTGCCCTTTGCACAGGAA
GAAACTCCTTGCTGTCATGC
AGAGACTTCAGGTTAAAATGCTGCA
CAATTCCTAGGCTGTGATGTCG
GATCGTGGCTACCAGAGAGC
TCATACTCAAAGCGCTCCCC

G ATCACAGACCTTGCCAACTCCTT
CCCATTTTTGGACTTCAGCACA
CCTTCAGCTCATTCATGGCAATT
CCTTCAGCTCATTCATGGCAATC
GAGCGCAACGGCAGCT
CCGTCAGGGTGGCACAGAGT
GGCTCCAAGCAGCAGAAGA
AAGAGAGGTGGATATCACGGAAG
TATCTTCGGTACCGGAAGGTGT
TGTAGGGCCTTGGTCCTTTG
CACGATGGATGGGAACACAGC
CGAATTTCGGAGGGTTCTGC
AAAGGATGAGCCTTTCTTTGCT
GGGCCATCCACAGTCTTCTG
TGAAGTCAACTATGTCCCG
GTGCATCATCGCTGTTCATACA
CAGGCCTCCATCCTCCAG
GGGCCATCCACAGTCTTCTG

-phosphate dehydrogenase.
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2.9. Microsomal incubation with AA

Isolated microsomes were incubated with AA as described pre-
viously (Gerges et al, 2023). The reaction started by adding 1-mM
NADPH and incubating at 37 �C in a shaking water bath for
20 minutes. The reaction was then terminated by adding 600 mL of
ice-cold acetonitrile containing the internal standards (20-HETE-
D6 for the HETEs assay and 11,12-EET-D11 for the EETs assay).
HETE and EET metabolites were extracted with ethyl acetate and
speed vacuum-dried (Savant SpeedVac SPD130DLX). Thereafter,
samples were reconstituted with 100 mL of acetonitrile and sub-
jected to analysis.
2.10. Extraction of AA metabolites from the heart tissue

Two hundred milligrams of heart tissue were homogenized on
ice with 2 mL methanol þ 1% formic acid. The homogenates were
centrifuged at 10,000g for 20 minutes at 4 �C. The supernatant was
separated, and the internal standards 20-HETE-D6 and 11,12-
EETD11 were added (1 mL/mL). Metabolites were extracted from
the supernatant by double extraction with 1 mL ethyl acetate and
speed vacuum-dried (Savant SpeedVac SPD130DLX). Thereafter,
samples were reconstituted with 100 mL of acetonitrile and sub-
jected to analysis.
2.11. Liquid chromatography-tandem mass spectrometry

The extracted AA metabolites (HETEs and EETs) were
reconstituted in acetonitrile and then separated and quantified
by a chiral liquid chromatography-tandem mass spectrometry
assay that was optimized and validated for the separation of
different HETE enantiomers (Isse et al, 2023a). Briefly, liquid
chromatography was operated using a chiral stationary phase
column (Reflect C-Amylose A column) and mobile phases con-
sisting of an organic phase of acetonitrile, methanol, and iso-
propyl alcohol (88:6:6, v/v) þ 0.1% acetic acid, and an aqueous
phase of high-performance liquid chromatography water þ 0.1%
acetic acid. Metabolites were separated by gradient elution.
Autosampler and column temperatures were set to 4 and 30 �C,
respectively. The column was conditioned with 40% of the
organic phase at a flow rate of 0.5 mL/min. The concentrations
of metabolites were determined using calibration curves. The
tandem mass spectrometry ionization mode was negative
electrospray ionization, and each HETE had a specific product
ion. The intrarun percent error and CV were both � ± 12%, and
the interrun percent error and CV were � ± 13% and � 15%,
respectively.
2.12. Statistical analysis

All data are represented as mean ± SD. Heart weight:tibial
length (HW:TL), echocardiographic data, and Western blot
data were analyzed by unpaired Student’s t test to compare
each AAC group to the same-sex sham group. All other com-
parisons were conducted among different sex and surgery
groups by two-way ANOVA, followed by Tukey’s multiple
comparison as a post hoc analysis. Correlation analyses were
performed using Pearson or Spearman correlation, depending
on data distribution. The normality of the data was assessed
using the Shapiro-Wilk test. Differences were considered sig-
nificant at P < .05. All statistical analyses and graphs plotting
were performed using GraphPad Prism software, version 8.4.3.
(GraphPad Software, Inc).
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3. Results

3.1. Male rats develop a stronger hypertrophic response to AAC
compared to female rats

Male and female rats were randomized to sham and AAC sur-
geries. Five weeks later, hypertrophy was assessed in vivo by ul-
trasound echocardiography and ex vivo by calculation of HW:TL
ratio and measuring the mRNA expression of several fetal program
genes that are reinduced in cardiomyocytes hypertrophy. Our re-
sults show that male rats develop more severe cardiac hypertrophy
in response to AAC compared to female rats.

The HW:TL calculation and echocardiographic wall measure-
ments demonstrate that male rats developed significant hyper-
trophy in response to AAC, as evidenced by the significant increase
in the HW:TL, the LV posterior wall thickness systolic, intraven-
tricular septum thickness systolic and diastolic (IVS;s and IVS;d),
and the corrected LV mass by 13%, 13.5%, 18%, 10%, and 15%
compared to male sham rats, respectively. On the other hand, fe-
male AAC rats demonstrated a significant increase only in IVS;s and
IVS;d by 9% and 12%, respectively, compared to female sham rats,
whereas they showed a nonsignificant increase in corrected LV
mass and HW:TL. Only male rats demonstrated a significant
decrease in the E’/A’ by 26%, which indicates impaired relaxation of
the ventricles and the beginning of diastolic dysfunction. In addi-
tion, only male rats developed a significant increase in the Tei in-
dex, which is also known as the myocardial performance index, by
13% due to AAC (Table 2). Figure 1 shows representative LVm-mode
images from 2D-ultrasonic echocardiography taken 5 weeks post-
AAC (A) and HW:TL ratio (B) in male and female rats.

In addition, the mRNA expression of the hypertrophic markers
skeletal muscle alpha-actin (ACTA1) and the ratio of b- to a-myosin
heavy chain (b/a-MHC) were significantly increased in the hearts of
male AAC rats by 1.8- and 2-fold, respectively, compared to male
sham rats, whereas they were not significantly increased in female
rats. Moreover, mRNA levels of ACTA1, b/a-MHC, and brain natri-
uretic peptide were found to be significantly higher in the hearts of
male AAC rats compared to female AAC rats by 2.1-, 2.2-, and 2.4-
fold, respectively (Fig. 1C).

3.2. AAC-induced hypertrophy results in sexually dimorphic
changes in the cardiac mRNA expression of CYP hydroxylases

AAC-induced cardiac hypertrophy was associated with a sig-
nificant increase in the cardiac mRNA expression of CYP1A2 and
CYP3A2 in male AAC rats by 12.5- and 9-fold, respectively,
compared to male sham rats, but not in female rats. Moreover, the
CYP1A2 mRNA level in male AAC hearts was significantly higher
than in female AAC rats by 7.3-fold. In contrast, CYP2E1 mRNA level
was found to be 2.8-fold higher in the hearts of female AAC rats
compared to male AAC rats. In agreement with previous results
(Gerges and El-Kadi, 2023), CYP1A1 heart level was found to be
significantly higher in female rats than in male rats of the sham
group. The cardiac mRNA expression of CYP hydroxylases in male
and female rats is shown in Fig. 2.

3.3. AAC-induced hypertrophy results in sexually dimorphic
changes in the cardiac mRNA expression of CYP u-hydroxylases

CYP4A and CYP4F enzymes mainly catalyze the u-hydroxylation
of AA into 20-HETE. Interestingly, CYP4A1, 4A2, 4A3, and 4F4mRNA
levels were significantly elevated in the hearts of male AAC
compared to male sham rats (1.8-, 33.8-, 25.2-, and 14.1-fold,
respectively). Of those 4 enzymes, CYP4A2, 4A3, and 4F4 also
showed significantly higher expression levels in male AAC



Table 2
Ultrasonic echocardiography data representing ventricular wall dimensions, cardiac function, and hemodynamic parameters

Echo parameter Baseline 5 weeks post-AAC

Male sham Male AAC Female sham Female AAC Male sham Male AAC Female sham Female AAC

Body weight (g) 328.7 ± 13.4 321.5 ± 9.5 207.8 ± 15.4 211.2 ± 18.6 487.3 ± 34.9 474.6 ± 29.6 253.6 ± 12.8 251.4 ± 18.7
Heart rate (bpm) 384.7 ± 25.9 361.5 ± 22.2 378.2 ± 28.2 374.5 ± 37.8 343.6 ± 34.8 332.5 ± 28.5 374 ± 34.3 367.9 ± 35.3

Wall measurements

IVS;s (mm) 2.7 ± 0.2 2.7 ± 0.3 2.3 ± 0.2 2.2 ± 0.3 2.4 ± 0.1 2.8 ± 0.2* 2 ± 0.1 2.2 ± 0.1*
IVS;d (mm) 1.6 ± 0.1 1.7 ± 0.2 1.5 ± 0.1 1.5 ± 0.2 1.8 ± 0.1 2 ± 0.2* 1.4 ± 0.1 1.6 ± 0.2*
LVID;s (mm) 4.7 ± 0.6 4.6 ± 0.5 3.8 ± 0.5 3.9 ± 0.6 5 ± 0.6 5 ± 0.5 3.7 ± 0.3 3.9 ± 0.4
LVID;d (mm) 8 ± 0.5 8.1 ± 0.4 6.9 ± 0.3 6.9 ± 0.6 8.4 ± 0.6 8.6 ± 0.4 6.8 ± 0.2 7 ± 0.3
LVPW;s (mm) 2.6 ± 0.2 2.6 ± 0.1 2.3 ± 0.2 2.2 ± 0.2 2.5 ± 0.1 2.8 ± 0.2* 2.1 ± 0.1 2.2 ± 0.2
LVPW;d (mm) 1.6 ± 0.2 1.7 ± 0.2 1.5 ± 0.1 1.5 ± 0.2 1.7 ± 0.1 1.8 ± 0.1 1.4 ± 0.1 1.5 ± 0.2
Corrected LV mass (mg) 765.2 ± 89.5 805.2 ± 76.7 546.8 ± 33.7 557.7 ± 73.1 896.4 ± 90.9 1033 ± 71.9* 435.3 ± 23 571.4 ± 94.7 (P ¼ .056)

Systolic function

LVV;s (mL) 102.2 ± 27.5 96.9 ± 27.4 64.1 ± 20.4 69.2 ± 24.3 109.7 ± 16.1 118.4 ± 27.1 59.1 ± 10 67.1 ± 16
LVV;d (mL) 352.8 ± 52.6 357.1 ± 46.1 244.7 ± 22.7 252 ± 43.8 387.5 ± 58.3 403.6 ± 34.6 241.3 ± 22.1 255.4 ± 29.9
SV (mL) 256.6 ± 34.9 260.2 ± 51.3 179.2 ± 23.3 180.6 ± 16.1 276.6 ± 25.3 285.3 ± 26.6 175.9 ± 11.6 188.3 ± 17.6
CO (mL/min) 96 ± 12.9 93.8 ± 17.5 68.3 ± 7.5 68.8 ± 14 91 ± 12.1 94.9 ± 12.8 67.8 ± 6.3 69.5 ± 10.9
%EF 71.3 ± 5.4 72.5 ± 7.8 74.1 ± 6.4 73.2 ± 5.4 68.9 ± 5.9 70.8 ± 5.4 75.5 ± 3.8 74 ± 3.8
%FS 42.3 ± 4.5 43.7 ± 6.9 44.4 ± 5.7 43.5 ± 4.5 40.5 ± 4.9 42.1 ± 4.6 45.5 ± 3.5 44.2 ± 3.3

Diastolic function

Mitral E/A 1.4 ± 0.3 1.7 ± 0.5 1.2 ± 0.1 1.3 ± 0.2 1.4 ± 0.3 1.3 ± 0.3 1.5 ± 0.3 1.3 ± 0.2
E’/A’ 1 ± 0.3 1 ± 0.3 0.85 ± 0.3 0.8 ± 0.2 1 ± 0.2 0.75 ± 0.2* 1 ± 0.3 0.8 ± 0.1
E/E’ 16.5 ± 2.2 16.9 ± 2.3 15.3 ± 3.2 17.25 ± 1.9 13 ± 2.8 15.9 ± 1.6* 15.3 ± 3.6 17.5 ± 1.4
S wave 51.9 ± 6 51.4 ± 6.1 46.3 ± 4.2 49 ± 3.1 53.6 ± 9.7 54.9 ± 10.3 46.3 ± 8 45.9 ± 3.5

Doppler imaging

Tei index 0.5 ± 0.06 0.48 ± 0.1 0.5 ± 0.08 0.51 ± 0.09 0.49 ± 0.07 0.55 ± 0.06* 0.53 ± 0.1 0.51 ± 0.09

Abdominal aorta

Peak pressure gradient (mm Hg) 0.58 ± 0.12 0.66 ± 0.22 0.7 ± 0.17 0.68 ± 0.15 0.77 ± 0.12 2.17 ± 0.54* 0.64 ± 0.09 2.21 ± 0.64*
Peak velocity (mm/s) 408 ± 79.8 380.1 ± 40.5 427.5 ± 50.7 435.4 ± 66.1 434.6 ± 28.4 757.5 ± 67.1* 407.9 ± 28.1 731.3 ± 111.9*

CO, cardiac output; EF, ejection fraction; E/A, wave velocity; E’/A’, tissue Doppler wave; FS, fractional shortening; IVS;d, intraventricular septum diastolic; IVS;s, IVS systolic;
LVID;d, left ventricular internal diameter diastolic; LVID;s, LVID systolic; LVPW;d, left ventricular posterior wall diastolic; LVPW;s, LVPW systolic; LVV, left ventricular volume;
S, systolic tissue movement; SV, stroke volume; Tei index ¼ (isovolumic relaxation time þ isovolumic contraction time)/ejection time. Results are represented as mean ± SD,
n ¼ 6-8. Data were analyzed using unpaired Student’s t test.

*P < .05 compared to the same-sex sham post-AAC.s

Fig. 1. Effect of abdominal aortic constriction (AAC)-induced hypertrophy on echocardiography, HW:TL ratio, and the mRNA expression of hypertrophic markers. Adult male and female
SpragueeDawley rats were subject to sham or AAC surgeries. Five weeks after the surgery, 2D ultrasonic echocardiography was conducted (A), the heart was isolated and HW:TL ratio was
calculated (B), and the mRNA expression of the hypertrophic markers ACTA1, b/a-MHC, ANP, and BNP (C) was determined by real-time PCR. M-mode slices were taken in parasternal long axis
mode. The results of all groupswere normalized to theGAPDHhousekeeping gene. Results are represented asmean± SD,n¼ 4e7. HW:TL datawere analyzed using unpaired Student’s t test, *P<
.05 compared to same-sex sham, whereas hypertrophic markers data were analyzed using two-way ANOVA followed by Tukey’s multiple comparison post hoc analysis, *P < .05 compared to
same-sex sham; #P < .05 compared to male rats of the same surgical group. ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 2. Effect of abdominal aortic constriction (AAC)-induced hypertrophy on the mRNA expression of CYP hydroxylases and CYP u-hydroxylases. Adult male and female
SpragueeDawley rats were subject to sham or AAC surgeries. Five weeks after the surgery, the heart was isolated, and the mRNA expression of CYP1A1 (A), CYP1A2 (B), CYP1B1 (C),
CYP2E1 (D), CYP3A2 (E), CYP4A1 (F), CYP4A2 (G), CYP4A3 (H), CYP4F1 (I), CYP4F4 (J), CYP4F5 (K), and CYP4F6 (L) was determined by real-time PCR. The results of all groups were
normalized to the GAPDH housekeeping gene. Results are represented as mean ± SD, n ¼ 4e8. Data were analyzed using two-way ANOVA followed by Tukey’s multiple comparison
post hoc analysis, *P < .05 compared to the same-sex sham; #P < .05 compared to male rats of the same surgical group. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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compared to female AAC rat hearts (102.2-, 21.6-, and 5.4-fold,
respectively). On the other hand, none of the enzymes was signif-
icantly changed in the female rats due to AAC surgery. However, in
agreement with previous results, CYP4A1, 4F1, and 4F6 were found
to be significantly higher in female sham rats compared to male
sham ones. The cardiac mRNA expression of CYP u-hydroxylases in
male and female rats is shown in Fig. 2.

3.4. AAC-induced hypertrophy results in sexually dimorphic
changes in the cardiac mRNA expression of CYP epoxygenases

Interestingly, AAC-induced hypertrophy was accompanied by a
significant 10.3-, 3.7-, 7.2-, and 1.8-fold increase in the mRNA
expression of the epoxygenases CYP2B2, 2C11, 2C13, and 2J10,
respectively, in the hearts of male but not female rats compared to
their sham counterparts. In addition, CYP2B2, 2C13, and 2J10 levels
were significantly higher in male rats compared to female AAC rats
by 3.5-, 3.2-, and 1.9-fold, respectively. In contrast, CYP2B1 was
significantly higher in female rat hearts compared to male AAC rat
hearts, by 3-fold. CYP2J3 was found to be significantly higher in the
hearts of female rats compared to male rats in both sham and AAC
surgical groups. The cardiac mRNA expression of CYP epoxygenases
in male and female rats is shown in Fig. 3.

3.5. AAC-induced hypertrophy results in sexually dimorphic
changes in the cardiac protein expression of CYP enzymes

CYP1B1 plays a specifically important role in the production of
midchain HETEs and the pathogenesis of cardiac hypertrophy.
6

Although the increase in CYP1B1 mRNA in both male and female
AAC rats was not statistically significant compared to their
respective sham groups, Western blot analysis of its protein
expression showed a significant 2.4-fold increase in male AAC
compared to male sham rats, while it was not significantly changed
in female rats. In addition, cardiac CYP4A and CYP4F levels were
significantly increased in male AAC rats by 1.5- and 1.3-fold,
respectively, compared to male sham rats. In female rats, CYP4A
shows a slight increase that was not statistically significant.
Western blot analysis of CYP1A2 and CYP2J protein expression
revealed no significant change due to AAC surgery in male or fe-
male rats. The cardiac protein expression of CYP enzymes in male
and female rats is shown in Fig. 4.

3.6. AAC-induced hypertrophy results in sexually dimorphic
changes in the cardiac microsomal formation of HETEs but has no
effect on EETs

Interestingly, our results demonstrated sexual dimorphism in
the effect of AAC on the HETE formation rate. The microsomal
formation rate of both the R and S enantiomers of 9-, 11-, and 12-
HETE were significantly increased in male AAC rats by 15% and
17.5%, 7% and 5%, and 15% and 14%, respectively, compared to male
sham rats. The S enantiomer of 8-HETE and the R enantiomer of 15-
HETE were significantly elevated in male AAC rats compared to
sham rats by 15% and 12%, respectively. None of the midchain
HETEs was significantly altered in female rats by AAC surgery.

HETEs that are formed by u and u-1 hydroxylation of AA are
termed subterminal (16-, 17-, 18-, and 19-HETE) and terminal



Fig. 3. Effect of abdominal aortic constriction (AAC)-induced hypertrophy on the mRNA expression of CYP epoxygenases. Adult male and female SpragueeDawley rats were subject
to sham or AAC surgeries. Five weeks after the surgery, the heart was isolated, and the mRNA expression of CYP2B1 (A), CYP2B2 (B), CYP2C11 (C), CYP2C13 (D), CYP2J3 (E), CYP2J4
(F), and CYP2J10 (G) was determined by real-time PCR. The results of all groups were normalized to the GAPDH housekeeping gene. Results are represented as mean ± SD, n ¼ 5e7.
Data were analyzed using two-way ANOVA followed by Tukey’s multiple comparison post hoc analysis, *P < .05 compared to the same-sex sham; #P < .05 compared to male rats of
the same surgical group. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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(20-HETE) HETEs. We were able to detect 16-, 19-, and 20-HETE
formation rates in the heart microsomes. We found no signifi-
cant change in 16(R) or 16(S)-HETE formation rate in male or
female rats due to AAC; however, we found a significant sex-
specific difference as the formation of both R and S enantio-
mers of 16-HETE was significantly higher in male AAC rats than in
female AAC rats by 129% and 162%, respectively. As for 20-HETE,
there was a significant increase in its formation rate in AAC
compared to sham groups, by 10% in males and 12% in females,
but there was no sex-specific difference. The cardiac microsomal
formation of all HETEs in male and female rats is shown in Fig. 5.

Microsomal formation rates of the different enantiomers of EETs
were also investigated by liquid chromatography-tandem mass
spectrometry. As shown in Fig. 6, we found no significant change in
any of them attributed to either AAC-induced hypertrophy or sex.

3.7. AAC-induced hypertrophy results in sexually dimorphic
changes in the cardiac tissue levels of HETEs

HETE metabolites were directly extracted from the heart tissue
using a liquideliquid extraction method and subject to analysis by
7

liquid chromatography-tandem mass spectrometry. We were able
to detect both enantiomers of 5-, 11-, and 15-HETE and the R
enantiomer of 12-HETE. As shown in Fig. 7, the basal heart level of
12(R)-HETE was significantly increased in male AAC rats by 90%
compared to male sham rats. In addition, we found a significant
sex-specific effect in 12(R)-HETE level because it was significantly
6.1- and 5.4-fold higher in male sham and AAC rats compared to
female sham and AAC rats, respectively.

3.8. AAC-induced hypertrophy results in sexually dimorphic
changes in the cardiac levels of IL-1b

Multiple studies have demonstrated that pressure overload can
stimulate an inflammatory response in the heart characterized by
increased expression of inflammatory cytokines. In order to inves-
tigate whether AAC-induced cardiac hypertrophy was associated
with inflammation in male and female rats, we investigated the
mRNA expression of tumor necrosis factor-a (TNF-a), interleukin
(IL)-1b, and IL-6 in the hearts of male and female rats. We found a
significant 1.9-fold increase in IL-1b in male AAC compared to male
sham rats, whereas TNF-a and IL-6 were not significantly affected,



Fig. 4. Effect of abdominal aortic constriction (AAC)-induced hypertrophy on the protein expression of CYP enzymes. Adult male and female SpragueeDawley rats were subject to
sham or AAC surgeries. Five weeks after the surgery, heart microsomes were isolated, and the protein expression of CYP1A2, CYP1B1, CYP4A1, CYP4F, and CYP2J was determined in
male (A) and female (B) rats by Western blot. The results of all groups were normalized to the GAPDH housekeeping protein. Results are represented as mean ± SD, n ¼ 5e6. Data
were analyzed using unpaired Student’s t test, *P < .05 compared to the same-sex sham. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

S.H. Gerges, S.A. Helal, H.L. Silver et al. Drug Metabolism and Disposition 53 (2025) 100077
and none of them was significantly changed in female rats. Inter-
estingly, we found that cardiac mRNA levels of IL-6 are significantly
higher in female than in male rats by 2.6- and 2.7-fold for sham and
AAC groups, respectively. The enzyme sEH breaks down EETs into
less active metabolites. We found no significant change in sEH
attributed either to AAC or to the rats’ sex. The mRNA expression of
TNF-a, IL-1b, IL-6, and sEH in the heart is shown in Fig. 8.
3.9. Correlation between cardiac CYP enzyme expression and the
degree of hypertrophy

CYP hydroxylases such as CYP1B1, CYP4A1, and CYP4F1 enzymes
are known to be largely implicated in the pathogenesis of cardiac
hypertrophy, and their inhibition or the antagonism of their
products was found to ameliorate hypertrophy in several studies
(El-Sherbeni and El-Kadi, 2014). Therefore, we conducted correla-
tion analyses between the mRNA expression of CYP1B1, CYP4A1,
and CYP4F1 and the mRNA expression of ACTA1, b/a-MHC, atrial
natriuretic peptide, and brain natriuretic peptide. We found sig-
nificant correlations between CYP4A1 and b/a-MHC in both male
and female rats and between CYP4F1 and b/a-MHC only in male
rats (Supplemental Fig. 1).
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3.10. Correlation between cardiac CYP enzyme expression and the
formation of HETEs

In order to further investigate the link between CYP hydroxylase
protein expression and their metabolic activity expressed as HETE
formation rate, we performed a correlation analysis between
CYP1B1 protein expression and the formation of individual mid-
chain HETEs in the hearts of male and female rats. Interestingly, we
found a significant correlation between CYP1B1 protein level and
the formation rates of both enantiomers of 5-, 8-, 12-, and 15-HETE,
as well as the formation rates of 9(S)- and 11(S)-HETEs in male rats
(Supplemental Fig. 2), while whereas in female rat hearts, no sig-
nificant correlation was found (Supplemental Fig. 3). Moreover, we
found a significant correlation between the protein levels of
CYP4A1 and CYP4F enzymes in the hearts of male rats and the
formation of 20-HETE, whereas in female rat hearts, the correlation
was nonsignificant (Supplemental Fig. 4).
4. Discussion

Evidence from both experimental and clinical studies indicates
significant sex-specific differences in the incidence and



Fig. 5. Effect of abdominal aortic constriction (AAC)-induced hypertrophy on the formation of HETEs in the heart microsomes. Adult male and female SpragueeDawley rats were
subject to sham or AAC surgeries. Five weeks after the surgery, heart microsomes were isolated and incubated with arachidonic acid, and the formation of 5(R)-HETE (A), 5(S)-
HETE (B), 8(R)-HETE (C), 8(S)-HETE (D), 9(R)-HETE (E), 9(S)-HETE (F), 11(R)-HETE (G), 11(S)-HETE (H), 12(R)-HETE (I), 12(S)-HETE (J), 15(R)-HETE (K), 15(S)-HETE (L), 16(R)-HETE
(M), 16(S)-HETE (N), 19(S)-HETE (O), and 20-HETE (P) was determined by LC-MS/MS. Results are represented as mean ± SD, n ¼ 4e6. Data were analyzed using two-way ANOVA
followed by Tukey’s multiple comparison post hoc analysis, *P < .05 compared to the same-sex sham; #P < .05 compared to male rats of the same surgical group.

Fig. 6. Effect of abdominal aortic constriction (AAC)-induced hypertrophy on the formation of EETs in the heart microsomes. Adult male and female SpragueeDawley rats were subject
to sham or AAC surgeries. Five weeks after the surgery, heart microsomes were isolated and incubated with arachidonic acid, and the formation of 5,6(R/S)-EET (A), 5,6(S/R)-EET (B),
8,9(R/S)-EET (C), 8,9(S/R)-EET (D), 11,12(R/S)-EET (E), 11,12(S/R)-EET (F), 14,15(R/S)-EET (G), and 14,15(S/R)-EET (H) was determined by LC-MS/MS. Results are represented as mean ± SD,
n ¼ 4-6. Data were analyzed using two-way ANOVA followed by Tukey’s multiple comparison post hoc analysis. LC-MS/MS, liquid chromatography-tandem mass spectrometry.
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Fig. 7. Effect of abdominal aortic constriction (AAC)-induced hypertrophy on the basal heart levels of HETEs. Adult male and female SpragueeDawley rats were subject to sham or
AAC surgeries. Five weeks after the surgery, HETEs were extracted from the hearts by liquideliquid extraction, and the levels of 5(R)-HETE (A), 5(S)-HETE (B), 11(R)-HETE (C), 11(S)-
HETE (D), 12(R)-HETE (E), 15(R)-HETE (F), and 15(S)-HETE (G) were determined by LC-MS/MS. Results are represented as mean ± SD, n ¼ 4-6. Data were analyzed using two-way
ANOVA followed by Tukey’s multiple comparison post hoc analysis, *P < .05 compared to the same-sex sham; #P < .05 compared to male rats of the same surgical group. LC-MS/MS,
liquid chromatography-tandem mass spectrometry.
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pathogenesis of different CVDs. Generally, several CVDs including
cardiac hypertrophy and heart failure are less common and have a
better prognosis in young women than in age-matched men
(Regitz-Zagrosek and Kararigas, 2017); however, this advantage is
lost after menopause (Rosano et al, 2007; El Khoudary et al, 2020).
The exact mechanisms underlying these sex-specific differences are
not yet fully elucidated, but they are largely attributed to the pro-
tective effects of estrogen on cardiovascular health (Regitz-
Zagrosek and Kararigas, 2017).

In this study, cardiac hypertrophy was induced in male and
female rats by AAC. In this model, the abdominal aorta is con-
stricted between the right and the left renal arteries, leading to a
state of pressure overload. This model leads to the gradual
development of cardiac hypertrophy over several weeks, which
mimics the clinical situation in humans with hypertensive heart
disease or aortic stenosis. Compensated hypertrophy was suc-
cessfully induced 5-weeks post-AAC specifically in male rats, as
evidenced by the significant increase in the HW:TL ratio as well as
several ventricular wall measurements and some hypertrophic
markers, whereas female rats demonstrated strong protection.
10
Our results are in agreement with previous studies, which have
also shown that females demonstrate stronger protection against
pressure overloadeinduced hypertrophy than males (Ruppert et al,
2018; Kov�acs et al, 2024; Salehiyeh et al, 2024). The female sex
protection can be attributed to higher estrogen levels and its effect
through estrogen receptors such as estrogen receptor-b, which was
found to mediate antihypertrophic effects (Skavdahl et al, 2005;
Pedram et al, 2008; Fliegner et al, 2010). Clinically, women develop
a more favorable form of hypertrophy that has a better prognosis
compared to men (Regitz-Zagrosek and Kararigas, 2017). In addi-
tion, men more than women showed a persistent increase in LV
diameter 1 week after aortic valve replacement surgery, whereas
women demonstrated a reversal in their hypertrophy (Petrov et al,
2010).

AA metabolism by CYP enzymes produces eicosanoid metabo-
lites including HETEs and EETs, which play important roles in the
pathogenesis of cardiac hypertrophy (Elbekai and El-Kadi, 2006;
Jenkins et al, 2009). For example, several HETEs promote the
development of cardiac hypertrophy both directly through acti-
vating hypertrophic cellular signaling pathways and indirectly



Fig. 8. Effect of abdominal aortic constriction (AAC)-induced hypertrophy on the mRNA expression of inflammatory cytokines and sEH. Adult male and female SpragueeDawley rats
were subject to sham or AAC surgeries. Five weeks after the surgery, the heart was isolated, and the mRNA expression of TNF-a (A), IL-1b (B), IL-6 (C), and sEH (D) was determined
by real-time PCR. The results of all groups were normalized to the GAPDH housekeeping gene. Results are represented as mean ± SD, n ¼ 6e8. Data were analyzed using two-way
ANOVA followed by Tukey’s multiple comparison post hoc analysis, *P < .05 compared to the same-sex sham; #P < .05 compared to male rats of the same surgical group. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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through promotion of underlying diseases such as hypertension
and vascular diseases (Maayah and El-Kadi, 2016b). Several studies
from our laboratory have found significant changes in CYP-
mediated AA metabolism in different models of cardiac hypertro-
phy (Zordoky et al, 2008; Zordoky and El-Kadi, 2008; El-Sherbeni
and El-Kadi, 2014; Maayah et al, 2017). Importantly, sex differ-
ences in CVDs can be attributed to differences between males and
females in underlying molecular mechanisms such as enzyme
expression and activity as well as metabolite levels (Gerges and El-
Kadi, 2022). Notably, our previous studies have shown significant
differences between male and female rats in the cardiac levels of
CYP enzymes and HETEs (Gerges et al, 2023; Gerges and El-Kadi,
2023). Thus, in this study, we aimed to investigate sex-dependent
changes in the cardiac levels of CYP enzymes and their AA me-
tabolites in response to AAC-induced cardiac hypertrophy.

We found that AAC-induced hypertrophy was associated with a
significant increase in the expression of the CYP hydroxylases
CYP1B1, CYP1A2, and CYP3A2 only in male rats. CYP hydroxylases
play an important role in the production of different midchain
HETEs (Westphal et al, 2015; El-Sherbeni and El-Kadi, 2017).
Interestingly, we found a significant correlation between the car-
diac protein expression of CYP1B1 and the formation of several
midchain HETEs in the hearts of male rats. CYP1B1 and its asso-
ciated midchain HETEs are significantly elevated in pressure
overload, isoproterenol, and angiotensin models of cardiac hy-
pertrophy (Zordoky et al, 2008; El-Sherbeni and El-Kadi, 2014;
Maayah et al, 2017). Moreover, CYP1B1 inhibition was associated
with a reduction in midchain HETEs levels and amelioration of
hypertrophy in several in vitro and in vivo models, indicating their
crucial role in the development and progression of cardiac
11
hypertrophy (Elkhatali et al, 2017; Maayah et al, 2017, 2018; Shoieb
and El-Kadi, 2018,2020; Shoieb et al, 2022). Interestingly, multiple
midchain HETEs were found to directly induce cellular hypertro-
phy in human fetal ventricular cardiomyocytes such as 5-, 8-, 11-,
12-, and 15-HETEs (Maayah et al, 2015;Maayah and El-Kadi, 2016a;
Hidayat et al, 2023). In the current study, the increase in CYP hy-
droxylases in male AAC rats was associated with a significant in-
crease in several midchain HETEs only in male rats. In addition, we
found 12(R)-HETE level in the heart to be significantly higher in
male rats than in female rats. Moreover, its level was significantly
increased in males due to AAC hypertrophy. Interestingly, 12-HETE
levels were found to be significantly elevated in cardiac hyper-
trophy and heart failure models, and it is known to activate hy-
pertrophic signaling pathways and drive heart failure
development (El-Sherbeni and El-Kadi, 2014; Matsumura et al,
2018; Berkowicz et al, 2019; Pascale et al, 2021).

AAC-induced hypertrophy was also associated with a significant
increase in the expression of CYP4A and CYP4F enzymes in the
hearts of male rats only but not female rats. Previous hypertrophy
models have given conflicting results regarding CYP4A and 4F
levels (Zordoky et al, 2008; El-Sherbeni and El-Kadi, 2014). CYP4A
and CYP4F enzymes catalyze the u-hydroxylation of AA-producing
20-HETE (Kroetz and Zeldin, 2002), which is known to exhibit
cardiotoxic effects. Notably, 20-HETE promotes hypertension and
cardiac injury by enhancing vasoconstriction, endothelial cell
dysfunction, and inflammation. Moreover, 20-HETE is largely
implicated in the pathophysiology of cardiac hypertrophy
(Waldman et al, 2016; Rocic and Schwartzman, 2018). The 20-HETE
levels were significantly elevated in multiple models of cardiac
hypertrophy (El-Sherbeni and El-Kadi, 2014; Elkhatali et al, 2015),
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and inhibition of its synthesis offered partial protection against the
development of benzo(a)pyrene-induced cardiac hypertrophy
(Aboutabl et al, 2009). In addition, a 20-HETE antagonist success-
fully attenuated cardiac hypertrophy in angiotensin-dependent
hypertension (Sedl�akov�a et al, 2018). We found a significant in-
crease in 20-HETE microsomal formation rate in both male and
female rats. Interestingly, the formation of 20-HETE in male rats
was found to be significantly correlated with the protein levels of
both CYP4A1 and CYP4F enzymes. Moreover, the mRNA expression
of these enzymes was significantly correlated to the degree of hy-
pertrophy expressed as b/a-MHC ratio, which highlights their
involvement in the development of hypertrophy and the potential
implication of 20-HETE in this process. The increase in 20-HETE in
female heart microsomes can be attributed to increased CYP4A or
4F enzyme activity, regardless of the expression level.

Similar to the increase in CYP hydroxylases, we found a signif-
icant increase in the mRNA level of several CYP epoxygenases such
as CYP2B2, 2C11, 2C13, and 2J10 only in male rats, whereas none of
them significantly changed in female rats due to AAC. This is in
agreement with a previous study on DAC-induced hypertrophy (El-
Sherbeni and El-Kadi, 2014). This result can be considered para-
doxical because CYP epoxygenases mainly catalyze the production
of EETs, which exhibit cardioprotective effects through their anti-
inflammatory, antiapoptotic, antifibrotic, and antihypertrophic
effects (Tse et al, 2013; Yang et al, 2015; Zhang et al, 2022). How-
ever, the classification of CYP enzymes into epoxygenases and hy-
droxylases is not a strict classification because each enzyme can
produce eicosanoids from both classes of metabolites. In addition,
the elevation in epoxygenases in males could have emerged as a
compensatory mechanism to counteract the hypertrophic injury by
attempting to increase EET production.

Despite the changes we found in CYP epoxygenases in AAC
males, we found no significant change in EET microsomal forma-
tion in either sex. EETs are rapidly metabolized by sEH, which could
potentially explain why we could not see any changes in their
levels. Administration of a sEH inhibitor significantly ameliorated
angiotensin-induced hypertrophy as shown by echocardiography,
smaller cardiomyocyte size, and lower expression of hypertrophic
markers (Ai et al, 2009). Previous studies have shown conflicting
results regarding the changes in the heart levels of sEH in response
to hypertrophy (Zordoky et al, 2008; Ai et al, 2009; El-Sherbeni and
El-Kadi, 2014), and our study showed no significant change. These
discrepancies could be attributed to the different models used (El-
Sherbeni and El-Kadi, 2014). Generally, the AAC model can be
considered less aggressive than other hypertrophy models,
including other pressure overload models such as transverse aortic
constriction and DAC, in which the constriction is closer to the
heart, leading to a greater degree of pressure overload.

It is well known that the biological properties of different en-
antiomers of the same chiral drug or molecule can be different
(Campo et al, 2009). Notably, enantiospecific properties and effects
of different HETEs were demonstrated in several previous studies
from our laboratory (Shoieb and El-Kadi, 2018; Hidayat et al, 2023;
Isse et al, 2023b; Helal et al, 2024; Hidayat et al, 2024). Thus, we
consider it important to investigate the effect of AAC on the for-
mation of both enantiomers of each AAmetabolite, and we did find
some enantiospecific changes. More studies are needed to further
investigate the different receptors and downstream signaling
mechanisms of different enantiomers.

Inflammation is a hallmark of pathological cardiac hypertrophy
and heart failure (Liu et al, 2021; ElKhatib et al, 2023). Several
studies have shown elevated myocardial and circulating levels of
TNF-a, IL-6, and IL-1b in heart failure patients (Amin et al, 2020).
Furthermore, inflammatory cytokines can exert prohypertrophic
effects by activating signaling pathways that could drive
12
hypertrophy and heart failure (ElKhatib et al, 2024). Previous
studies found an increase in heart or serum inflammatory cytokine
levels in AAC-induced hypertrophy (Li et al, 2014; Tang et al, 2016;
Meng et al, 2020). However, we only found a significant increase in
IL-1b in male AAC rats. Notably, testosterone was found to increase
IL-1b expression on macrophages and mast cells in male mice with
myocarditis, together with other genes associated with cardiac
remodeling (Frisancho-Kiss et al, 2007; Diaconu et al, 2021).
Although we found no sex-specific difference in the cardiac mRNA
levels of TNF-a, male rats may be more sensitive to its effects
because of potentially higher levels of its receptors. A previous
study found higher mRNA expression of TNF receptors (both type I
and type II) in the hearts of male compared to female mice and
concluded that its sex-specific differential expression may
contribute to sex differences in heart failure severity (Kadokami
et al, 2000). Despite the higher levels of IL-6 in the hearts of fe-
male rats, the presence of higher estrogen levels and its signaling
through receptors such as estrogen receptor-b may overcome the
inflammatory effects of IL-6 and may even bias its signaling toward
protective anti-inflammatory signaling (Kararigas et al, 2011;
Kessler et al, 2019).

5. Conclusion

In conclusion, in this study, pressure overload induced by AAC
surgery resulted in cardiac hypertrophy that was significantly
different between male and female rats. Male rats developed a
much stronger hypertrophic response, whereas female rats
exhibited significant protection against AAC-induced hypertrophy.
Cardiac hypertrophy also resulted in sexually dimorphic changes in
the cardiac CYP-mediated AA metabolism. We found a significant
increase in several CYP hydroxylases, CYP epoxygenases, and
different HETEs only in the hearts of male rats. Understanding some
of the molecular mechanisms that underlie sexual dimorphism in
cardiac hypertrophy and heart failure is a great step toward the
development of personalized and more effective diagnostic and
treatment strategies for both men and women.

There are several limitations to our work that should be
acknowledged. First, although we investigated sex-specific differ-
ences between male and female rats, we did not investigate the
effects of sex hormones on cardiac hypertrophy through gonadec-
tomy and infusion. Another limitation of the current study is the
lack of histological analysis to evaluate cardiac fibrosis, particularly
using picrosirius red staining.
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