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Abstract

The contribution of microRNAs remains poorly understood in the context of hypertensive cardiac pathology. The role of miR-
146a-5p, miR-155-5p, and miR-29b-5p in cardiac hypertrophy and dysfunction was investigated in spontaneously hypertensive
rats (SHRs). Seven-month-old SHR (n ¼ 7 male, n ¼ 9 female) and normotensive Wistar Kyoto rats (WKY; n ¼ 7 male, n ¼ 9
female) underwent echocardiography. Plasma concentrations of inflammatory markers were measured by ELISA. Interstitial and
perivascular fibrosis and percentage macrophage infiltration were determined by histology. Left ventricular (LV) mRNA expres-
sions of cardiac remodeling markers and miRNA expressions were determined by RT-PCR. Circulating vascular cell adhesion
molecule-1 (VCAM-1), macrophage infiltration, interstitial and perivascular fibrosis, relative wall thickness (RWT), early diastolic
mitral inflow to tissue lengthening velocity at lateral mitral annulus (E/e 0), and LV mRNA expression of NFKBIA and SOD2 were
greater in SHRs. MidFS, e 0, and a 0 were lower in SHRs. Expression of LOX1, Col1a/Col3a ratio, circulating c-reactive protein
(CRP), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-a), and RWT were greater in females. No difference in miR-29b-
5p expression was noted. MiR-155-5p expression was lower in female and associated with stroke volume and absolute heart
and LV masses. MiR-146a-5p expression was greater in SHRs and associated with systolic blood pressure (SBP), circulating
VCAM-1, macrophage infiltration, interstitial fibrosis, normalized heart and LV masses, RWT, and a’. MiR-146a-5p was also associ-
ated with circulating VCAM-1 after adjustments for SBP. In addition, greater expression of miRNA-146a-5p reversed the relation-
ship between circulating VCAM-1 and macrophage infiltration. Changes in the expression of miR-155-5p may be involved with a
cardiac phenotype related to sexual dimorphism. Conversely, upregulation of miR-146a-5p expression may act as a counterme-
chanism induced by myocardial inflammation in the setting of reactive fibrosis, established LV hypertrophy, and impaired dia-
stolic function.

NEW & NOTEWORTHY We investigated roles of microRNAs-146a-5p, -155-5p, and -29b-5p in development of cardiac hypertro-
phy and dysfunction in SHRs. We showed that miR-146a-5p expression was upregulated in SHRs and positively associated with
indices of concentric LVH and diastolic dysfunction, potentially as countermechanism in response to myocardial inflammation,
whereas miR-155-5p was expressed in a manner consistent with sexual dimorphism. Our data may offer novel insights on
involvement of miRNAs in myocardial inflammation in hypertension-induced cardiac hypertrophy and dysfunction.

cardiac dysfunction; fibrosis; hypertension; inflammation; microRNAs

INTRODUCTION

The mechanisms involved in hypertension-induced car-
diac remodeling and the associated dysfunctions remain an
important area of research (1). The progression from hyper-
tension to heart failure is driven by multiple pathological
mechanisms, resulting in marked phenotypic heterogeneity
(2). Nevertheless, it is well accepted that an increased

afterload results in left ventricular hypertrophy (LVH),
which is independently associated with the development of
heart failure (3). In light with phenotypic heterogeneity, sex
differences have been observed in the development, progres-
sion, and manifestation of hypertension-induced heart fail-
ure (4–6). In this regard, heart failure with preserved ejection
fraction is more prevalent in women (2, 7, 8), whereas heart
failure with reduced ejection fraction is more common in
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men (7). This sexual dimorphism extends beyond anatomical
variances and encompasses diverse physiological, hormonal,
and genetic factors that influence cardiac function and
pathology (9–11). Although the underlyingmechanisms have
been described in the literature, less is known about the
upstream translational regulation of genes involved in the
molecular pathways that govern the phenotypic expression
of cardiac remodeling and dysfunction.

Recent work points to the unique contribution of noncod-
ing RNAs (ncRNAs) (12–14). Of the ncRNAs, microRNAs
(miRNAs) have received particular attention, due to their
involvement in various pathophysiological conditions. In
fact, the 2024 Nobel Prize in Physiology or Medicine,
awarded jointly to Victor Ambros and Gary Ruvkun, high-
lights the critical role of miRNAs in posttranscriptional
gene regulation. MiRNAs are small ncRNAs, �22 nucleo-
tides long, that posttranscriptionally regulate gene and
protein expression by binding to the 3 0 untranslated region
of target mRNA, thereby modulating its translation (15). In
this regard, dysregulated miRNA expression patterns have
been associated with various pathophysiological mecha-
nisms in cardiac remodeling and dysfunction (16), includ-
ing myocardial fibrosis (17), inflammation (18), and oxidative
stress (18–22).

In rodentmodels of pressure overload, miRNAs have been
shown to regulate genes that modulate the development of
concentric LVH and myocardial dysfunction (12). The aber-
rant expression of miRNAs has been linked to the develop-
ment of concentric LVH (23–26). In particular, miR-146a-5p
(26), miR-29b-5p (23), and miR-155-5p (27) may play a role in
regulating gene expression, influencing the development of
concentric LVH and myocardial dysfunction. Specifically,
miR-146a-5p was upregulated after transverse aortic con-
striction (TAC) or angiotensin-II administration in combina-
tion with isoproterenol (18). In patients with aortic stenosis,
miR-146a-5p was significantly upregulated and positively
associated with increased LV wall thickness, an index of
LVH (18). In male mice subjected to TAC, miR-29b-5p was
downregulated (17) but upregulated in female mice. In strep-
tozotocin-induced diabetic cardiomyopathy, miR-146a-5p
was also downregulated (28), with no indications of sexually
dimorphic features. Conversely, miR-29b-5p was upregu-
lated in female rats after pressure overload, suggesting that
miRNAs may have sex-specific effects on cardiac function
(17). Studies have indicated that miR-155-5p may be upregu-
lated in females with inflammatory conditions (29), whereas
miR-146a-5p, which plays a role in inflammation and immune
response, could also exhibit sex differences in its regulation
(30). However, these findings are context-dependent and
seem to vary across tissues and disease states.

Taken together, these findings indicate that miR-146a-5p,
miR-29b-5p, and miR-155-5p may be key regulators in car-
diac remodeling and dysfunction. Yet, to the best of our
knowledge, their contribution to hypertensive cardiac
pathology remains poorly described. The spontaneously
hypertensive rat (SHR) is a well-established genetic model
that closely recapitulates the milieu associated with the
development and consequences of human essential hyper-
tension (5). The SHR model may therefore be the most
appropriate model to study the relative contribution of
ncRNAs in adverse cardiac remodeling and dysfunction.

We, therefore, investigated the patterns of expression and
involvement of miR-146a-5p, -155-5p, and -29b-5p in male
and female SHRs with established concentric LVH.

METHODS

Animals and Housing

We obtained approval from the Animal Ethics Screening
Committee of the University of the Witwatersrand,
Johannesburg, South Africa (Clearance number: 2021/03/03 C),
and adhered to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, as well as the Animal
Research: Reporting of In vivo Experiments (ARRIVE) guide-
lines (31). Animals were housed individually in controlled
ambient temperature conditions with a 12-h light-dark cycle
and provided ad libitum access to drinking water, and stand-
ard laboratory animal chow (Labchef, Johannesburg, South
Africa). Colored balls and tunnels were provided for environ-
mental enrichment.

Study Design

Seven-month-old spontaneously hypertensive rats (SHRs,
n ¼ 7 male, n ¼ 9 female, RRID: RGD_10043828) and normo-
tensiveWistar Kyoto rats (WKY, n¼ 7 male and n¼ 9 female,
RRID: RGD_61119) were obtained from and housed at theWits
Research Animal Facility (WRAF). Both sexes were used in
the present study because evidence of a sexual dimorphism in
arterial blood pressure and adverse cardiovascular outcomes
have been shown in SHRs (6, 9–11, 32); however, we did not
evaluate the estrous cycle in female rats. For a period of 2 wk,
the rats were acclimatized to handling the housing environ-
ment. Sample size estimation was determined based on the
previous studies (6, 9–11, 32). In brief, an a priori sample size
calculation using a two-way analysis of variance (ANOVA)
test, with an a of 0.05 and 80% power, indicated that a total of
32 rats (n¼ 7–9 per group) would be adequate to detect statis-
tical differences in this model (G�Power, v. 3.1.9.2).

Noninvasive Blood Pressure Measurement

Before termination, blood pressure (BP) was measured in
all rats. In brief, the tail-cuff technique was employed using
noninvasive BP (NIBP) amplifiers (Biopac Systems Inc.,
Santa Barbara, RRID:SCR_014829). To obtain BP readings,
conscious rats were placed in a restrainer with the tail lass-
oed with a BP cuff and placed on a thermostatic blanket
(adjusted to 37�C) according to a previously described proto-
col (33). Rats were habituated before the first measurement
to enable them to adapt to the restrainer and BP measure-
ment protocol. Measurements were taken at midday to avoid
diurnal variations in BP.

Transthoracic Echocardiography

Rats were anesthetized with isoflurane (5% for induction,
and thereafter maintained at 1%–2.5% concentration via
100% O2 mask inhalation). Under anesthesia, echocardiogra-
phy was performed using a noninvasive high-resolution
(paediatric-10 MHz) ultrasound probe connected to an echo-
cardiogram (Siemens, Acuson SC2000, Diagnostic ultrasound
system; Siemens Medical Solutions, Inc.). In the parasternal
long-axis view of the LV, LV dimensions, including LV
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internal diameter in systole (LVIDs), left ventricular internal
diameter in diastole (LVIDd), interventricular septal thickness
in systole (IVSTs), interventricular septal thickness in diastole
(IVSTd), LV posterior wall thickness in systole (LVPWTs), and
LV posterior wall thickness in diastole (LVPWTd), were meas-
ured from M-mode echocardiography. Indices of LV systolic
function were derived from the LV dimensions. Stroke vol-
umewas calculated using the Teichholz method (7). The ejec-
tion fraction was computed as EF ¼ [(LVEDV – LVESV)/
LVEDV]� 100, where LVEDV and LVESV are the LV end-dia-
stolic volume and LV end-systolic volume, respectively.
Endocardial fractional shortening (endFS) was computed as
endFS ¼ (LVIDd – LVIDs)/LVIDd � 100. Midwall fractional
shortening (midFS) was determined as midFS ¼ [(LVIDd þ
PWTd) – (LVIDs þ PWTs)]/[(LVIDd þ PWTd)]� 100. LV rela-
tive wall thickness (RWT) was calculated as RWT ¼ (2 �
PWTd)/LVIDd (7).

LV diastolic function was evaluated via pulsed Doppler
imaging to ascertain mitral valve inflow patterns. In brief, in
the apical four-chamber view, early (E) and late (A) diastolic
inflow velocities were recordedwith the sample volume posi-
tioned at the tip of the mitral valve leaflet, and the E, A, and
E/A ratio were calculated as indices of relaxation. Tissue
Doppler imaging (TDI) was used to assess peak myocardial
tissue lengthening velocities during early (e 0) and late (a0)
diastole recorded at the level of the lateral mitral annulus in
the apical four-chamber view. Data are expressed as e 0, an
index of myocardial relaxation, e0/a0, an index of myocardial
stiffness, and E/e0 representing LV filling pressure (33).

Echocardiographic assessment was conducted by a trained
sonographer who was blinded to the experimental groups. All
assessments were conducted in accordance with the American
Society of Echocardiography guidelines (34).

Blood and Tissue Sampling

After echocardiography, a thoracotomy was performed
and rats were exsanguinated via cardiac puncture. Blood
was collected into sterile EDTA tubes for plasma, centri-
fuged, and stored at �80�C for subsequent analysis. The
organs were excised and weighed. LV tissue was divided and
either preserved in 10% buffered formalin for histological
analysis or in RNAlater (Ambion; Sigma-Aldrich, Germany),
an RNA stabilizing reagent, to ensure RNA integrity in post-
mortem tissue samples for reliable gene expression analysis.

Circulating Levels of Inflammatory Markers

A cassette of plasma concentrations of the inflammatory
markers including c-reactive protein (CRP), tumor necrosis fac-
tor-alpha (TNF-a), interleukin-6 (IL-6), and vascular cell adhe-
sionmolecule-1 (VCAM-1) were determined using commercially
available solid-phase sandwich enzyme-linked immunosorbent
assay (ELISA) kits (Elabscience Biotechnology, Co Ltd, Wuhan,
PR China). Each sample was run in duplicate, with TNF-a, IL-6,
CRP, and VCAM-1 exhibiting lower detection limits of 78.13 pg/
mL, 62.50 pg/mL, 0.31 ng/mL, and 12.5 pg/ml, respectively. All
measurements had coefficients of variation<10%.

Myocardial Macrophage Infiltration

LV tissue samples that were preserved in 10% buffered for-
malin underwent standard procedures for embedding in

paraffin. Thin (5-lm) sections were prepared from the
embedded tissues using a microtome and then subjected to
deparaffinization and rehydration (33). Thereafter, the tissue
sections were stained with hematoxylin and eosin (H&E) to
visualize nuclei and cytoplasm, respectively. Following
staining, the slides were rinsed in acidified water, dehy-
drated, andmounted using a digital picture exchange (DPX)
mounting medium. Examination of the tissue sections was
performed using a Zeiss Axioscope 2 Plus microscope
equipped with a Zeiss AxioCam (Zeiss, Peabody, MA, RRID:
SCR_023747). Macrophages were identified based on their
distinct morphology, including round to oval shapes, abun-
dant eosinophilic cytoplasm, and large, eccentrically placed
nuclei.

Perivascular and Myocardial Collagen Content

LV tissue sections were stained using a 0.1% Sirius red
solution dissolved in a saturated picric acid solution for
60 min at ambient temperature. Following staining, the
slides were rinsed in acidified water, dehydrated, and
mounted using a digital picture exchange (DPX) mounting
medium. Examination of the tissue sections was performed
using a Zeiss Axioscope 2 Plus microscope equipped with a
Zeiss AxioCam (Zeiss, Peabody, MA, RRID:SCR_023747). The
sections were visualized under bright-field using a�10 objec-
tive lens. Utilizing ImageJ software (RRID:SCR_003070), the
myocardial collagen fraction area was determined for each
tissue section by dividing the area occupied by collagen by
the total tissue area (33). Perivascular collagen content of the
coronary vessels was quantified as the total area stained with
Sirius red and expressed as a percentage of the total tissue
section.

Total RNA Isolation

Total RNA was extracted from LV tissue using an Illustra
RNAspinMini Isolation kit (GEHealthcare, Buckinghamshire)
according to the manufacturer’s instructions. The quality and
quantity of RNAwere confirmed using a Nanodrop OneC spec-
trophotometer (Thermo Fisher Scientific, Waltham). The RNA
was then reverse-transcribed using SuperScript IV VILO cDNA
Synthesis Master Mix (Thermo Fisher Scientific, Waltham).
The quality and quantity (>1,000 ng/μL) of cDNA were
again confirmed using a Nanodrop OneC spectrophotome-
ter (Thermo Fisher Scientific, Waltham). The cDNA prod-
ucts were stored at �20�C for further analyses.

Expression of Target Genes

Comparative gene expression RT-PCR was performed using
the cDNA (�2 lg), predesigned TaqMan probe mixes for the
reference gene hypoxanthine guanine phosphoribosyl transfer-
ase (HPRT1, 0.25 lL, TaqMan assay ID: Rn01527838_g1; Thermo
Fisher Scientific, Life Technologies, Carlsbad), the gene of
interest (0.5 lL, TaqMan gene expression assay), and TaqMan
Fast Advanced PCR master mix (5 lL) in a final volume of 10
lL. Comparative gene expression of Col1amRNA, which codes
for Collagen type-I (TaqMan assay ID: Rn01463848_m1), Col3a
mRNA, which codes for Collagen type-III (TaqMan assay ID:
Rn01437681_m1), LOX1mRNA, which codes for lysyl oxidase 1
(TaqMan assay ID: Rn01463024_g1), NFKBIA mRNA, which
codes for the nuclear factor of kappa light polypeptide gene
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enhancer in B-cells inhibitor alpha (commonly abbreviated as
IκBa, TaqMan assay ID: Rn01473657_g1), IL-1b mRNA, which
codes for inteleukin-1b (TaqMan assay ID: Rn00676333_g1),
PTX-3mRNA, which codes for pentraxin-3 (TaqMan assay ID:
Rn01769850_m1),RUNX-1mRNA, which codes for runt-related
transcription factor 1 (TaqMan assay ID: Rn01645281_m1), and
SOD2 mRNA, which codes for superoxide dismutase 2
(TaqMan assay ID: Rn00690588_g1) were all determined in
duplex reactions with the endogenous control probeHPRT1, in
duplicated plates. The relative expression of each gene of inter-
est was calculated using the 2�DDCt method (35).

MicroRNA Expression

The cDNA templates were used for microRNA expres-
sion analyses by comparative expression RT-PCR. Here,
three (3) candidate endogenous control probes, including
small nuclear RNA (SnU6, TaqMan assay ID: 002299),
miR-16-5p (TaqMan assay ID: rno481312_miR), and miR-
191-5p (TaqMan assay ID: rno480971_miR), were tested
across a subset of samples that represented all experimen-
tal groups (7 per group, n ¼ 28 in total). The most suitable
endogenous control was selected using RefFinder (RRID:
SCR_000472). MiR-191-5p proved to be expressed with the
least variability across all samples and between experi-
mental groups, with a distinguishably low standard devia-
tion in cycle threshold values, and was therefore considered
as the most reliable reference gene for the remaining
microRNA analyses.

Thereafter, commercially available microRNA TaqMan
probes were used to analyze microRNA expression, includ-
ing miR-29b-5p (TaqMan assay ID: rno481033_miR), -146a-5p
(TaqMan assay ID: rno481451), and -155-5p (TaqMan Assay
ID: rno480953_miR). Each well of a 96-well plate comprised
a total volume of 20 lL consisting of 5 μL of cDNA template,
10 μL of TaqMan Fast Advanced Master Mix (2�), 1 μL
TaqMan Advanced microRNA Assay (20�) (Thermo Fisher
Scientific, Waltham), and 4 μL of RNase-free water. Each
sample was assayed in duplicate reactions. The reaction
plate was loaded into the StepONE Plus real-time PCR instru-
ment (Thermo Fisher Scientific, Waltham). The 2�DDCt

method was used to calculate the microRNA expression rela-
tive to the expression of the endogenous reference control,
miR-191-5p (TaqMan assay ID: rno480971_miR) (35). The
miRNAs selected for our study were based on the literature,
where we identified candidates that were previously impli-
cated in cardiovascular processes relevant to our research.
Thereafter, in silico analysis using TargetScan (http://www.
targetscan.org/vert_80/) andMiRDB (http://www.mirdb.org/)
were conducted to identify their putative targets. TargetScan
and miRDB are computational tools that predict putative
miRNA targets by identifying conserved 8mer, 7mer, and
6mer sites matching the seed regions of miRNAs.

Statistical Analyses

Statistical analyses were performed using the STATA soft-
ware, version 16.1 (STATA Institute Inc., College Station, TX).
Visualizations were performed using GraphPad Prism version
10.3.1 for Windows (GraphPad Prism, MA, RRID:SCR_002798).
Data are expressed as arithmetic means ± standard deviation
(SD). Group differences were determined by two-way analysis

of variance (2-way ANOVA) test with strain (WKY vs. SHR)
and sex (male vs. female) as the main effects. Following the 2-
way ANOVA, Tukey’s post hoc tests were conducted to correct
for multiple comparisons. Bivariate correlations were deter-
mined using Pearson’s correlation analyses and presented as
a volcano plot. For dimensionality reduction, a principal com-
ponent analysis (PCA) was conducted using the FactoMineR
and factoextra packages in RStudio using the R programming
language [R Core Team (2021)] accessed via the R Foundation
for Statistical Computing, Vienna, Austria (https://www.
R-project.org/). First, the data were standardized (mean ¼ 0,
SD¼ 1) to ensure comparability across variables. The PCA pro-
duced eigenvalues and proportions of variance for 35 compo-
nents. A scree plot was generated to visualize the eigenvalues,
and the contribution of variables to the principal components
was assessed. As a visual heuristic, the scree plot determined
that the first two principal components captured most of the
variance in the dataset using the elbowmethod. A biplot was
constructed to ascertain whether there was significant cluster-
ing in the PCA scores when disaggregated by sex. A permuta-
tional multivariate analysis of variance (PERMANOVA) test
utilizing the Euclidean method was performed to categori-
cally examine whether there were significant sex-specific dif-
ferences in the PCA scores using the vegan package.

In multivariable analyses, interaction terms were created
to assess whether the relationship between VCAM-1 and
macrophage infiltration was moderated by miR-146a-5p or
systolic blood pressure (SBP). Before the analysis, data were
filtered to include only rows with nonmissing and finite val-
ues for VCAM-1, miR-146a-5p, and SBP. Thereafter, a multi-
variable linear regression model with three-way interaction
terms was run. The final model included the main effects of
VCAM-1, miR-146a-5p, and SBP, along with their two-way
interaction terms, and a Wald chi-squared test was per-
formed to compare the coefficients of the slopes. To visualize
the interaction effects, a prediction dataset was generated
using a grid of VCAM-1 values ranging from its observed
minimum to maximum. MiR-146a-5p and SBP were each set
at their mean, as well as one standard deviation above and
below the mean, capturing low, medium, and high levels of
these variables. Predicted macrophage infiltration values
were obtained using the fitted model, and results visualized
using an interaction plot. Statistical significance was consid-
ered at P< 0.05.

RESULTS

Systolic and Diastolic Blood Pressure

Systolic BP (Table 1) was significantly higher in SHR com-
pared with WKY (P < 0.0001). A significant interaction (P <
0.0003) was noted for diastolic BP (Table 1). Diastolic BP was
significantly higher in female SHR compared with the other
three experimental groups (all P< 0.0001).

Body and Organ Masses

WKY were significantly heavier than SHRs (P < 0.0001,
Table 1). Male rats were significantly heavier compared with
their female counterparts (P < 0.0001). The heart and LV
mass of SHRs were significantly greater than that of normo-
tensive WKY rats (P ¼ 0.008 and P ¼ 0.001, respectively). In
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addition, the heart and LV mass of male rats were signifi-
cantly greater compared with those of female rats (P <
0.0001 for both). Similarly, the kidney and liver mass of
WKY rats were significantly greater than those of SHRs (P ¼
0.016 and P ¼ 0.034, respectively). The kidney and liver
mass of male rats were significantly greater than those of
female rats (P < 0.0001 for both). When normalized to body
mass, the heart and LVmass of female rats were significantly
greater than those of male rats (P < 0.0001 for both). The
liver mass normalized to bodymass was significantly greater
in female compared with that inmale rats (P¼ 0.003) and in
SHR compared with WKY (P < 0.0001). The kidney mass
normalized to body mass was not different between the dif-
ferent experimental groups (P> 0.05).

Left Ventricular Geometry, Diastolic, and Systolic
Function

The LVIDs and LVPWTs were similar among all the groups
(all P > 0.05, Table 2). The LVIDd of SHR was significantly
reduced compared with that ofWKY (P¼ 0.010). In addition,
female rats had smaller LVIDd compared withmale rats (P ¼
0.013). Female rats had smaller IVSTs and IVSTd compared
with male rats (P ¼ 0.007 and P ¼ 0.027, respectively). The
RWT of SHR was significantly greater compared with WKY
(P¼ 0.0002) and exhibited that female rats had greater RWT
compared with male rats (P ¼ 0.043). Finally, the LVPWTd
of SHR was significantly greater compared with that of WKY
(P ¼ 0.0003) but tended to be greater in female compared
withmale rats (P¼ 0.078). The e0/a0 and E/A ratios were sim-
ilar among the groups (all P > 0.05, Table 2). The e 0 and a 0

were significantly lower in SHR compared with WKY (P ¼
0.003 and P¼ 0.0002, respectively). The E, A, and E/e0 ratios
were significantly greater in SHR compared with WKY (P ¼
0.045, P ¼ 0.034, and P ¼ 0.011, respectively). No significant
sex effect was noted for all indices of LV diastolic function
(all P > 0.05). The endFS was similar among all the groups
(all P > 0.05, Table 2). The midFS was greater in WKY com-
pared with SHR (P ¼ 0.011). Female rats exhibited lower
midFS compared with male rats (P ¼ 0.004). Ejection frac-
tion was similar between the groups (P > 0.05). Stroke vol-
ume was decreased in SHR compared with WKY (P ¼ 0.003)

and also decreased in female rats compared with their male
counterparts (P¼ 0.033).

LV Tissue-Specific Expression of MicroRNAs

LV tissue miR-146a-5p expression was greater in SHR
compared with WKY (P < 0.0001) but similar between male
and female rats (P ¼ 0.805, Fig. 1A). Conversely, LV tissue
miR-155-5p expression was lower in female rats compared
with male rats (P ¼ 0.012) but similar between WKY com-
pared with SHR (P ¼ 0.899, Fig. 1B). Finally, LV tissue miR-
29b-5p expression was not different between all the experi-
mental groups (all P> 0.05, Fig. 1C).

Circulating Concentrations of Inflammatory Markers

The circulating concentration of CRP did not differ
betweenWKY and SHR (P ¼ 0.559) but was greater in female
compared with male rats (P¼ 0.022, Fig. 2A). The circulating
concentrations of IL-6 (Fig. 2B) and TNF-a (Fig. 2C) were sim-
ilar betweenWKY and SHR (P¼ 0.599 and P¼ 0.684, respec-
tively) but were also greater in female compared with male
rats (P ¼ 0.011 and P < 0.0001, respectively). The circulating
concentration of VCAM-1 was similar between male and
female rats (P ¼ 0.082) but was greater in SHR compared
withWKY (P< 0.0001, Fig. 2D).

Macrophage Infiltration, Perivascular, and Myocardial
Fibrosis in Left Ventricular Tissue

Myocardial macrophage infiltration was greater in SHR
compared with WKY (P < 0.0001) but similar between male
and female rats (P ¼ 0.159) (Fig. 3A). Perivascular collagen
deposition was also greater in SHR compared with WKY (P<

0.05) but similar between male and female rats (P ¼ 0.280)
(Fig. 3B). Myocardial collagen content expressed as a per-
centage of the total section was significantly greater in SHR
compared with WKY (P ¼ 0.016) but similar between male
and female rats (P¼ 0.659) (Fig. 3C).

Gene Expression in Left Ventricular Tissue

In the left ventricular tissue, gene expression levels were
analyzed across male and female WKY and SHR (Table 3). For

Table 1. Body and organ masses of male and female WKY and SHRs

Male Female P Value

WKY (n 5 7) SHR (n 5 7) WKY (n 5 9) SHR (n 5 9) Strain Sex Interaction

Hemodynamic
SBP, mmHg 130 ± 4 171 ± 11 126 ± 6 171 ± 5 <0.0001 0.401 0.331
DBP, mmHg 89 ± 3 95 ± 4 89 ± 3 107 ± 6###†⁋ <0.0001 0.001 0.0003

Gravimetric
Body mass, g 389 ± 15 355 ±28 240 ±23 202± 11 <0.0001 <0.0001 0.788
Heart mass, g 1.28 ±0.08 1.48 ±0.15$¥ 0.94 ±0.10��� 0.95 ±0.09###$ 0.008 <0.0001 0.022
Heart mass, g/100 g 0.33 ±0.02 0.41 ± 0.03 0.39 ±0.03 0.47 ± 0.04 <0.0001 <0.0001 0.794
LV mass, g 0.85 ±0.10 1.11 ± 0.17$¥ 0.67 ±0.08� 0.68 ±0.07###$ 0.001 <0.0001 0.003
LV mass g/100 g 0.22 ±0.02 0.31 ± 0.03 0.28 ±0.03 0.34 ±0.03 <0.0001 0.0002 0.119
Kidney mass, g 1.39 ±0.09 1.32 ±0.15 0.87 ± 0.08 0.78 ±0.04 0.016 <0.0001 0.698
Kidney mass, g/100 g 0.36 ±0.01 0.37 ± 0.04 0.36 ±0.02 0.38 ±0.03 0.071 0.323 0.777
Liver mass, g 9.97 ± 0.52 11.2 ± 1.33 6.94 ±0.56 7.29 ± 1.12 0.034 <0.0001 0.232
Liver mass, g/100 g 2.56 ±0.17 3.15 ± 0.35 2.89 ±0.19 3.60 ±0.49 <0.0001 0.003 0.646

Data expressed as means ± SD. Organ masses are normalized to body mass and expressed as g/100 g. Two-way ANOVA with Tukey’s post hoc
test. Boldface indicates statistically significant effects. DBP, diastolic blood pressure; LV, left ventricular; SBP, systolic blood pressure; SHR, sponta-
neously hypertensive rats; WKY, Wistar Kyoto rats. ���P < 0.0001 in WKY (male vs. female), ###P < 0.0001 in SHR (male vs. female), $P < 0.05
vs. WKYmale, ¥P< 0.05 vs. WKY female, �P< 0.05 vs. WKYmale, †P< 0.0001 vs. WKYmale, and ⁋P< 0.0001 vs. WKY female.
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NFKBIA, expression was higher in SHRs than WKYs (P ¼
0.024), but no significant differences were observed for sex
(P¼ 0.634) or interaction effects (P¼ 0.504). IL-1b showed no
significant differences in strain (P¼ 0.301), sex (P¼ 0.849), or
interaction (P ¼ 0.240). PTX-3 expression was significantly
higher in females compared with males (P ¼ 0.037) but
showed no strain and interaction effects (P ¼ 0.484 and P ¼
0.501, respectively). For fibrosis-related genes, Col3a showed
no significant differences in strain (P¼ 0.655), sex (P¼ 0.941),
or interaction (P ¼ 0.428). Col1a expression was significantly
higher in females compared withmales (P< 0.0001), with no
significant strain (P¼ 0.235) or interaction (P¼ 0.631) effects.
Similarly, Col1a/Col3a ratio and LOX1 were significantly

higher in females than males (P ¼ 0.0094 and P ¼ 0.0006,
respectively). RUNX1, related to apoptosis, was also signifi-
cantly elevated in females (P ¼ 0.0002), with no significant
strain (P ¼ 0.520) or interaction (P ¼ 0.893) effects. Finally,
SOD2, related to oxidative stress, showed higher expression in
SHRs compared withWKYs (P¼ 0.001) but no significant dif-
ferences by sex (P¼ 0.628) or interaction (P¼ 0.645).

Associations between microRNAs and Hemodynamic,
Gravimetric, Echocardiographic, and Molecular
Parameters

Figure 4 shows a volcano plot depicting associations
between the three microRNAs (miR-146a-5p, miR-155-5p,

Table 2. Echocardiographic parameters showing left ventricular geometry, diastolic, and systolic function in male
and female normotensive WKY and SHR

Male Female P Value

WKY (n 5 7) SHR (n 5 7) WKY (n 5 9) SHR (n 5 9) Strain Sex Interaction

LV geometry
LVIDs, cm 0.35 ±0.09 0.35 ±0.14 0.29 ±0.06 0.31 ± 0.07 0.787 0.225 0.922
LVIDd, cm 0.68 ±0.06 0.62 ±0.08 0.61 ± 0.05 0.53 ±0.09 0.010 0.013 0.930
IVSTs, cm 0.38 ±0.09 0.37 ± 0.07 0.29 ±0.04 0.30 ±0.06 0.961 0.007 0.708
IVSTd, cm 0.27 ±0.08 0.31 ± 0.11 0.21 ± 0.01 0.24 ±0.06 0.210 0.027 0.867
LVPWTs, cm 0.28 ±0.09 0.34 ±0.06 0.31 ± 0.03 0.35 ±0.06 0.056 0.381 0.566
LVPWTd, cm 0.19 ± 0.04 0.31 ± 0.09 0.24 ±0.07 0.35 ±0.06 0.0003 0.078 0.727
RWT 0.55 ±0.16 1.03 ±0.26 0.83 ±0.26 1.14 ± 0.23 0.0002 0.043 0.375

LV diastolic function
e 0, cm/s 4.33 ± 1.03 3.29 ±0.76 4.50 ± 1.64 3.00 ±0.67 0.003 0.879 0.566
a 0, cm/s 8.33 ± 2.58 3.57 ± 1.13 6.00 ± 3.52 3.60 ± 1.17 0.0002 0.170 0.160
e 0/a 0 0.54 ±0.11 0.97 ± 0.28 1.15 ± 0.99 0.90 ±0.31 0.636 0.177 0.088
E, cm/s 60 ± 19 155 ± 142 56 ±26 107 ± 89 0.045 0.462 0.530
A, cm/s 26 ±9 64 ± 45 27 ± 24 53 ± 48 0.034 0.740 0.706
E/A 2.43 ±0.80 2.48 ±0.98 2.79 ± 1.16 2.15 ± 1.07 0.458 0.970 0.387
E/e 0 14 ± 5 46 ± 36 13 ± 5 35 ±29 0.011 0.524 0.599

LV systolic function
Stroke volume, mL 0.57 ±0.19 0.36 ±0.15 0.42 ±0.12 0.26 ±0.13 0.003 0.033 0.663
Ejection fraction, % 78 ± 11 82 ± 4 79 ± 8 69 ± 11 0.396 0.101 0.071
endFS, % 43 ± 12 45 ± 4 43 ±9 34 ± 8 0.311 0.112 0.143
midFS, % 29 ±5 23 ± 3 22 ±8 17 ± 3 0.011 0.04 0.743

Data expressed as means ± SD. Two-way ANOVA with Tukey’s post hoc test. Boldface indicates statistically significant effects. A, maxi-
mum late mitral inflow velocity; a 0, late peak tissue lengthening velocity at lateral mitral annulus; E, maximum early mitral inflow veloc-
ity; E/A, early to late diastolic filling velocity ratio; E/e 0, early diastolic mitral inflow to tissue lengthening velocity at lateral mitral
annulus; e 0, early peak tissue lengthening velocity at lateral mitral annulus; e 0/a 0, early to late peak tissue lengthening velocity ratio;
endFS, endocardial fractional shortening; IVSTd, interventricular septal thickness in diastole; IVSTs, interventricular septal thickness in
systole; LV, left ventricular; LVIDd, left ventricular internal diameter in diastole; LVIDs, left ventricular internal diameter in systole;
LVPWTd, left ventricular posterior wall thickness in diastole; LVPWTs, left ventricular posterior wall thickness in systole; midFS, mid-
wall fractional shortening; RWT, relative wall thickness; SHR, spontaneously hypertensive rats; WKY, Wistar Kyoto rats.

Figure 1. A–C: a violin plot illustrating heart tissue-specific expression of microRNAs relative to miR-191-5p as endogenous control including miR-146a-5p
(A), miR-155-5p (B), and miR-29b-5p (C). Two-way ANOVA with Tukey’s post hoc test. �P< 0.05, and ####P< 0.0001. SHR, spontaneously hypertensive
rat; WKY, Wistar Kyoto rat.
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and miR-29b-5p) and cardiovascular parameters, gene
expression in left ventricular tissue, and circulating con-
centrations of inflammatory markers. The x-axis displays
Pearson’s correlation coefficients (r), whereas the y-axis
shows the �log10(P value). Points above the horizontal
dashed line [�log10(P-value) ¼ 1.30, equivalent to P ¼
0.05] indicate statistically significant correlations. Red
markers highlight significant positive correlations, par-
ticularly involving miR-146a-5p (e.g., SBP, RWT, LVIDd,
LVPWTd, VCAM-1, myocardial fibrosis, macrophage infil-
tration, and normalized liver mass, LV mass, and heart
mass). Parameters associated with miR-155-5p (e.g., abso-
lute LV mass, kidney mass, heart mass, and stroke vol-
ume) are also highlighted in red. The turquoise marker
represents a significant negative correlation between
miR-146a-5p and e 0 (cm/s). Although the expression of
NFKBIA and SOD2 was greater in SHR, their association
with miR-146a-5p did not reach statistical significance
(both P > 0.05). In multivariable analyses, miR-146a-5p
was persistently associated with circulating concentra-
tions of VCAM-1 independent of the confounding effect
of SBP; b [95% CI]: 0.468 [0.033 to 0.902], P ¼ 0.040.
Table 4 presents the full suite of relationships between
microRNAs and the various parameters.

Sexually Dimorphic Features

Figure 5A depicts the eigenvalue scree plot exhibiting
principal component analysis (PCA). The first principal com-
ponent (PC1) explains 25.7% of the total variance, indicating
that it is the most important axis of variation in the dataset.
The second principal component (PC2) explains 15.7% of the
total variance. As such, including more components adds
diminishing amounts of explained variance. For PC1, the
most contributing variables include absolute kidney mass
(4.67%), normalized heart mass (3.98%), and normalized left
ventricular mass (3.24%). For PC2, important contributors

include absolute heart (6.50%) and liver masses (7.12%).
When disaggregated by sex, sample clustering was observed
in the biplot (Fig. 5B) and a PERMANOVA test revealed
highly significant sex-specific differences in PCA scores
(Pillai’s Trace¼ 0.71596, P< 0.001).

Moderation Effects of miR-146a-5p and Systolic Blood
Pressure

The interaction plot (Fig. 6) illustrates the relationship
between circulating concentrations of VCAM-1 and myocar-
dial macrophage infiltration while considering the moderat-
ing effects of miR-146a-5p levels (colored lines) and SBP
levels (line types: solid, dashed, and dotted). The two-way
interaction term between VCAM-1 and miR-146a-5p was
highly significant (b ¼ �0.0038, SE ¼ 0.0002, P < 0.001),
indicating a strong negative association with myocardial
macrophage infiltration. In contrast, the two-way interaction
term between VCAM-1 and SBP did not reach statistical sig-
nificant (b ¼ 0.00001769, SE ¼ 0.0000204, P ¼ 0.386), indi-
cating that the combined effect of VCAM-1 and SBP does not
significantly influence macrophage infiltration. The Wald
chi-squared test result with two degrees of freedom (v2 ¼
299.8, P < 0.001) showed that the slopes of the interaction
effects differ significantly from each other.

DISCUSSION

In this study, we uncovered distinct patterns of miRNA reg-
ulation associated with hypertensive cardiac pathology in
male and female SHRs compared with normotensive WKY.
Hypertensive rats had established concentric LVH, and
impaired systolic and diastolic functions as well as increased
perivascular and interstitial cardiac fibrosis. In addition,
hypertensive rats showed endothelial activation and vascular
permeability indexed by the increased circulating concentra-
tions of VCAM-1, transendothelial macrophage infiltration

Figure 2. A–D: circulating concentrations of the proinflam-
matory markers C-reactive protein (CRP, A), interleukin-6
(IL-6, B), tumor necrosis factor-a (TNF-a, C), and vascular cell
adhesion molecule-1 (VCAM-1,D) in male and female normo-
tensive WKY and SHRs. Two-way ANOVA with Tukey’s post
hoc test. �P < 0.05, ���P < 0.0001, and ####P < 0.0001.
SHR, spontaneously hypertensive rat; WKY, Wistar Kyoto
rat.
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into cardiac tissue, and increased gene expression of the nega-
tive regulator of NF-κB signaling (NFKBIA) and oxidative
stress (SOD2). Female rats exhibited increased LV growth,
increased relative mRNA expression of profibrotic genes, and
a heightened proinflammatory state. We showed that cardio-
myocyte expression of miR-146a-5p was upregulated in
the hypertensive heart, whereas miR-155-5p expression was
downregulated in female rats. Cardiomyocyte expression of
miR-155-5p was positively associated with absolute heart, LV,
kidney masses, as well as stroke volume. MiR-146a-5p was
positively associated with circulating concentrations of
VCAM-1 independently of increases in systolic blood pressure
and associatedwith indices of concentric LVH, diastolic func-
tion, and reactive fibrosis. In moderation analyses, increasing
expression of miR-146a-5p reversed the relationship between

VCAM-1 andmacrophage infiltration and the lack of a signifi-
cant interaction effect between VCAM-1 and SBP suggests
that VCAM-1 and SBP may not have a combined effect on
macrophage infiltration. Our data may offer novel mechanis-
tic insights into the role of ncRNAs in the development of
physiological and pathophysiological cardiac remodeling.

LVH is an adaptive response to chronic hypertension, trig-
gered by pressure overload to counteract increased wall
stress (5, 36). The present study is consistent with previous
reports (1, 37), showing that 7-mo-old SHR had established
concentric LVH, as evidenced by the increased LVPWTd,
RWT, and normalized heart and LV masses. Although there
is a paucity of literature, miRNAs have gained attention as
potential mediators of LVH in pressure overload conditions,
regulating cardiac remodeling and hypertrophic signaling

Figure 3. A: representative micrographs
illustrating myocardial macrophage infil-
tration in H&E-stained left ventricular tis-
sue sections from male and female WKYs
and SHRs (scale bar ¼ 50 μm). Two-way
ANOVA with Tukey’s post hoc test.
####P < 0.0001. B: representative micro-
graphs illustrating coronary perivascular
fibrosis in Sirius red-stained left ventricular
tissue sections from male and female
WKYs and SHRs (scale bar ¼ 50 μm).
Two-way ANOVA with Tukey’s post hoc
test. #P < 0.05. C: representative micro-
graphs illustrating myocardial interstitial
fibrosis in Sirius red-stained left ventricular
tissue sections from male and female
WKYs and SHRs (scale bar ¼ 50 μm).
Two-way ANOVA with Tukey’s post hoc
test. #P < 0.05. H&E, hematoxylin and
eosin; SHR, spontaneously hypertensive
rat; WKY, Wistar Kyoto rat.

MicroRNAs IN HYPERTENSIVE CARDIAC DYSFUNCTION

H892 AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00696.2024 � www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart (041.133.241.248) on March 28, 2025.

http://www.ajpheart.org


pathways. One previous study reported that miR-155-5p and
miR-29b-5p expression are reduced in the pressure overload-
induced hypertrophic heart and silencing of these miRNAs
may induce cardioprotective effects (27). In the present
study, the cardiomyocyte expression of miR-29b-5p and
miR-155-5p did not differ between SHR and WKY. However,
consistent with a study in a rodent model of pressure over-
load-induced LVH (18), the present study showed upregula-
tion of miR-146a-5p in the LV of SHR. In addition, miR-146a-

5p exhibits the most robust and diverse associations with
several key parameters related to LVH (RWT, LVPWTd, and
normalized heart and LV masses) and diastolic function (e0)
as well as an index of endothelial activation and vascular
permeability (circulating VCAM-1 concentration), markers of
cardiac inflammation (macrophage infiltration, SOD2, and
IkBa), and histological assessment of myocardial fibrosis.
The diverse and significant correlations of miR-146a-5p with
these parameters suggest that miR-146a-5p may be involved
in inflammatory signaling and oxidative stress related to
structural remodeling.

One mechanism whereby miR-146a-5p has been suggested
to be involved in the hypertrophic response is through inflam-
mation-induced fibrosis of the myocardium (28, 38). In high-
grade inflammatory conditions, miR-146a-5p directly targets
key adaptor molecules IRAK1 and TRAF6 involved in the
TLR/NF-κB signaling (20). However, in the present study, the
concentrations of proinflammatory markers were similar
between SHR and WKY. Limited evidence exists to suggest
that SHR is a model of low-grade systemic inflammation (39).
This suggests that the hypertension-induced cardiac remodel-
ing and dysfunction in SHR may depend on localized rather
than systemic inflammation. Indeed, recent evidence indi-
cates that localized inflammation may contribute to the
development of concentric LVH in SHR (40), likely due to
immune cell infiltration intomyocardial tissue. In the present
study, the elevated circulating concentrations of VCAM-1 in
SHR suggest increased endothelial activation (41, 42), which
is permissive to extravasation of monocytes into the myocar-
dium (43). In this respect, VCAM-1 mediates monocyte adhe-
sion to the endothelium and subsequent transendothelial
migration into cardiac tissue (44), which may contribute to
the observed increase in myocardial macrophage infiltration
in SHRs. Interestingly, miR-146a-5p was still associated with
VCAM-1 even when adjusted for SBP, suggesting that endo-
thelial activation and vascular permeabilizationmay result in
miRNA-146a-5p activation. Indeed, increasing expression lev-
els of miR-146a-5p, but not SBP, reversed the relationship
between VCAM-1 andmacrophage infiltration.

The infiltratingmacrophages have been shown to predomi-
nantly polarize toward the proinflammatory M1 phenotype

Table 3. Gene expression in the left ventricular tissue of male and female WKYs and SHRs

Male Female P Value

WKY (n 5 7) SHR (n 5 7) WKY (n 5 9) SHR (n 5 9) Strain Sex Interaction

Inflammation
NFKBIA 1.04 ±0.48 1.49 ±0.49 1.07 ± 0.25 1.32 ±0.41 0.024 0.634 0.504
IL-1b 1.37 ± 0.65 1.30 ±0.29 0.88 ±0.39 1.99 ± 2.31 0.301 0.849 0.240
PTX-3 1.43 ± 2.04 1.45 ± 1.52 2.39 ± 1.50 3.28 ± 1.94 0.484 0.037 0.501

Fibrosis
Col1a 0.61 ± 0.69 0.91 ± 0.56 2.40 ± 1.68 3.10 ± 1.20 0.235 <0.0001 0.631
Col3a 1.04 ±0.58 1.11 ± 0.43 1.18 ± 0.47 0.94 ±0.40 0.655 0.941 0.428
Col1a/Col3a 1.04 ± 1.33 0.83 ±0.62 2.07 ± 1.97 3.48 ± 2.12 0.365 0.0094 0.226
LOX1 0.63 ±0.80 1.12 ± 0.90 2.62 ± 1.91 3.90 ± 2.21 0.159 0.0006 0.522

Apoptosis
RUNX-1 0.59 ±0.55 0.94 ±0.64 3.48 ± 1.57 4.00 ±2.64 0.520 0.0002 0.893

Oxidative stress
SOD2 0.98 ±0.09 1.16 ± 0.17 1.02 ±0.06 1.16 ± 0.12 0.001 0.628 0.645

Data expressed as means ± SD; 2-way ANOVA with Tukey’s post hoc test. Boldface indicates statistically significant effects. Col1a, col-
lagen type-I; Col3a, collagen type-III; IL-1b, interleukin-1b; LOX1, lysyl oxidase 1; NFKBIA, nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor alpha; PTX-3, pentaxin-3; RUNX1, runt related transcription factor 1; SHR, spontaneously hypertensive rats;
SOD2, superoxide dismutase 2; WKY, Wistar Kyoto rats.

Figure 4. A volcano plot depicting associations between the three
microRNAs (miR-146a-5p, miR-155-5p, and miR-29b-5p) and cardiovascu-
lar parameters, gene expression in left ventricular tissue, and circulating
concentrations of inflammatory markers. The x-axis displays Pearson’s
correlation coefficient (r), whereas the y-axis shows the �log10(P value).
Points above the horizontal dashed line [�log10(P value) ¼ 1.30, equiva-
lent to P ¼ 0.05] indicate statistically significant correlations. Red markers
highlight significant positive correlations, particularly involving miR-146a-
5p (e.g., SBP, RWT, LVPWTd, and normalized liver mass, LV mass, and
heart mass). Parameters associated with miR-155-5p (e.g., absolute LV
mass, kidney mass, heart mass, and SV) are also highlighted in red. The
turquoise marker represents a significant negative correlation between
miR-146a-5p and e 0 (cm/s). LV, left ventricular; LVPWTd, LV posterior wall
thickness in diastole; RWT, relative wall thickness; SBP, systolic blood
pressure.
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(45), a process likelymodulated bymiR-146a-5p via regulation
of the NF-κB pathway (46). MiR-146a-5p has been shown to
target key components of the NF-κB pathway, including
NFKBIA, which encodes the negative regulator IκBa (47). In
the present study, elevated NFKBIA expression in SHRs sug-
gests a compensatorymechanism to counterbalance hyperac-
tivated NF-κB signaling (48). In line with the involvement of
miR-146a-5p as a countermechanism, we observed similar IL-
1b expression in SHR compared with WKY. This may suggest

a dampened macrophage-derived myocardial inflammation.
Oxidative stress is another key contributor to hypertensive
cardiac remodeling (49). The increased mRNA expression of
SOD2, which encodes a key antioxidant enzyme, in the myo-
cardium of SHRs reflects a compensatory response to height-
ened oxidative stress (50). In this regard, miR-146a-5p may
modulate redox homeostasis (51). ThemiR-146a-5p-mediated
regulatory network on SOD2 expression links it to redox
imbalance (52), as dysregulationmay compromise antioxidant

Table 4. Associations between microRNAs and hemodynamic, gravimetric, echocardiographic parameters showing
left ventricular geometry, diastolic, and systolic function, inflammatory, and fibrotic markers in male and female
normotensive WKY and SHR

miR-146a-5p miR-155-5p miR-29b-5p

r (P) r (P) r (P)

Hemodynamic
SBP 0.7 (0.0004) 0.1 (0.575) 0.1 (0.759)
DBP 0.5 (0.029) �0.1 (0.721) 0.2 (0.373)

Gravimetric
Heart mass, g 0.2 (0.333) 0.4 (0.029) �0.02 (0.908)
Heart mass, g/100 g 0.5 (0.017) �0.3 (0.061) �0.0001 (0.999)
LV mass, g 0.3 (0.124) 0.4 (0.023) 0.04 (0.831)
LV mass, g/100 g 0.5 (0.011) �0.2 (0.339) 0.1 (0.745)
Kidney mass, g �0.1 (0.751) 0.4 (0.023) �0.1 (0.623)
Kidney mass, g/100 g 0.04 (0.837) �0.2 (0.218) �0.2 (0.354)
Liver mass, g 0.3 (0.205) 0.3 (0.064) �0.02 (0.939)
Liver mass, g/100 g 0.5 (0.009) �0.3 (0.061) 0.05 (0.816)

LV geometry
LVIDs, cm �0.01 (0.962) 0.01 (0.948) �0.2 (0.292)
LVIDd, cm 20.4 (0.059) 0.3 (0.089) �0.2 (0.465)
IVSTs, cm 0.02 (0.918) 0.3 (0.159) 0.1 (0.821)
IVSTd, cm 0.2 (0.462) �0.1 (0.707) �0.1 (0.575)
LVPWTs, cm 0.4 (0.126) �0.1 (0.550) 0.1 (0.660)
LVPWTd, cm 0.5 (0.038) �0.2 (0.410) �0.04 (0.880)
RWT 0.5 (0.029) �0.2 (0.389) 0.1 (0.625)

LV systolic function
Stroke volume, mL �0.4 (0.085) 0.4 (0.039) 0.03 (0.882)
endFS, % �0.2 (0.500) 0.2 (0.461) �0.01 (0.970)
midFS, % �0.5 (0.078) 0.3 (0.189) �0.2 (0.449)

LV diastolic function
e 0, cm/s 20.5 (0.027) �0.1 (0.633) �0.1 (0.512)
a 0, cm/s �0.4 (0.063) 0.1 (0.772) 0.1 (0.729)
e 0/a 0 0.02 (0.935) �0.1 (0.522) �0.3 (0.231)
E, cm/s 0.4 (0.136) �0.1 (0.741) �0.2 (0.294)
A, cm/s 0.4 (0.069) �0.01 (0.975) �0.3 (0.185)
E/A �0.1 (0.689) �0.03 (0.882) 0.3 (0.191)
E/e 0 0.4 (0.056) �0.03 (0.906) �0.2 (0.419)

Inflammation
CRP, ng/mL �0.1 (0.526) �0.2 (0.251) �0.1 (0.766)
IL-6, ng/mL 0.1 (0.601) �0.2 (0.277) 0.1 (0.581)
TNF-a, pg/mL �0.1 (0.766) �0.3 (0.192) 0.2 (0.296)

Fibrosis
Col1a mRNA 0.1 (0.759) �0.3 (0.099) �0.1 (0.752)
Col3a mRNA 0.1 (0.825) �0.2 (0.504) �0.01 (0.956)
Col1a/Col3a ratio 0.01 (0.959) �0.2 (0.428) �0.2 (0.483)
LOX1 mRNA 0.1 (0.536) �0.3 (0.117) �0.003 (0.988)
Collagen fraction area, % 0.4 (0.027) �0.1 (0.629) 0.2 (0.372)

Organ masses were normalized to body mass and expressed as g/100 g. Pearson’s correlation analyses. Data expressed as correlation
coefficients with corresponding P values; r (P). Significant associations are indicated in bold. A, maximum late mitral inflow velocity;
a 0, late peak tissue lengthening velocity at lateral mitral annulus; Col1a, collagen type 1; Col3a, collagen type 3; CRP, C-reactive protein;
E, maximum early mitral inflow velocity; E/A, E/e 0, early diastolic mitral inflow to tissue lengthening velocity at lateral mitral annulus;
E/A, early to late diastolic filling velocity ratio; e 0, early peak tissue lengthening velocity at lateral mitral annulus; e 0/a 0, early to late
peak tissue lengthening velocity ratio; endFS, endocardial fractional shortening; IL-6, interleukin-6; IVSTd, interventricular septal
thickness in diastole; IVSTs, interventricular septal thickness in systole; LOX1, lysyl oxidase 1; LV, left ventricular; LVIDd, left ventric-
ular internal diameter in diastole; LVIDs, left ventricular internal diameter in systole; LVPWTd, left ventricular posterior wall thick-
ness in diastole; LVPWTs, left ventricular posterior wall thickness in systole; midFS, midwall fractional shortening; RWT, relative wall
thickness; SBP, systolic blood pressure; SHR, spontaneously hypertensive rats; SV, stroke volume; TNF-a, tumor necrosis factor-a;
WKY, Wistar Kyoto rats.
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defenses (53), which drives the apoptotic cascade. Apoptosis
further contributes tomyocardial remodeling by reducing car-
diomyocyte density, promoting cardiomyocyte slippage, and
enhancing extracellular matrix deposition to compensate for
structural deficits (54). This cascade ultimately drives the tran-
sition from compensated hypertrophy tomaladaptive remod-
eling characterized by ventricular dilation and fibrosis.

Given the pleiotropic nature of miRNAs, it is not incon-
ceivable that miR-146a-5p may influence many other patho-
logical processes. We postulate that posttranscriptional
regulationmay potentially impact mRNA stability (55), RNA
binding proteins (56), collagen processing, or translational
efficiency in SHRs (57), leading to higher protein levels in the
LV without changes in mRNA expression. However, these
mechanistic insights could not be gleaned from the present
investigation. Elevated blood pressure may drive both peri-
vascular and interstitial fibrosis in SHRs, with the fibrosis
following the myocardial wall stress gradient from perivas-
cular regions encroaching into the interstitium (58). This
gradient reflects higher wall stress adjacent to the vascula-
ture due to increased pressure load, which perpetuates
inflammation, and fibroblast activation (59). The interplay
between miR-146a-5p-mediated inflammation and the

mechanical stress environment underscores its critical
role in hypertensive cardiac remodeling.

In addition to strain-specific expression, miRNAs may
have broad effects on downstream signaling pathways in a
sex-specific manner (60, 61). The observed clustering by sex
in the PCA biplot indicates that males and females can be
differentiated based on their physiological profiles, as cap-
tured by the contributing variables, reinforcing the idea that
biological sex is a key determinant of variability in themeas-
ured parameters. In the present study, miR-146a-5p and
miR-29b-5p expression did not differ between the sexes.
However, we showed a downregulation of miR-155-5p in
female rats compared with their male counterparts. The sex-
ual dimorphism in the regulation of miR-155-5p expression
may be explained by its relative abundance on the 21q21 X
chromosome (62) and the estrogen-mediated regulation of
its transcription and processing (63). Taken together, the
available evidence on the sex-specific differences in miRNA
expression is discordant and warrants further exploration.

The relationship between differential cardiomyocyte
expression ofmiRNAs and echocardiographically derived LV
dimensions and function was investigated. We observed
phenotypic differences indicative of sexual dimorphism,

Figure 5. A and B: an eigenvalue scree plot
(A) depicting PCA. When disaggregated by
sex, sample clustering was observed in the
biplot (B), and a PERMANOVA test revealed
highly significant sex-specific differences in
PCA scores (Pillai’s Trace ¼ 0.71596, P <
0.001). The ellipses (95% CI) represent the
Euclidean space within which the data
points from each sex are expected to fall.
Within each of the ellipses, the centroid
reflects the mean location of sex in the
Euclidean space. PCA, principal component
analysis; PERMANOVA, permutational multi-
variate analysis of variance.

Figure 6. An interaction plot illustrating
the relationship between circulating con-
centrations of VCAM-1 and percent myo-
cardial macrophages, while considering
the moderating effects of miR-146a-5p lev-
els (colored lines) and SBP levels (line
types: solid, dashed, and dotted). SBP,
systolic blood pressure; VCAM-1, vascular
cell adhesion molecule-1.
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with female rats exhibiting greater normalized heart and LV
masses and higher RWT, suggesting that they may have
relatively larger hearts and other organs for their body size
compared with male rats. One possible reason for the sex-
ual dimorphism may be an adaptation to different physio-
logical demands between male and female rats (64). For
this reason, these phenotypic changes may be indicative
of increased physiological growth in female rats attribut-
able, in part, to the estrogen-mediated trophic effects on
the myocardium (65).

Moreover, sex-specific differences in LV systolic func-
tion were observed, with female rats exhibiting lower
stroke volume and midFS compared with male rats. We
attributed these differences to the Frank–Starling effect,
which describes the relationship between end-diastolic
volume and stroke volume as a major effect on decreased
myocardial contractility (midFS) and cardiac output in
female rats (66). Moreover, the lower midFS in female rats
contrasts with clinical findings, suggesting that women
may have slightly higher midFS (67). These differences
may stem from sex-based structural and hemodynamic
factors, such as smaller heart size and the influence of
estrogen on myocardial function. In addition, variations
in myocardial stiffness, chamber compliance, and after-
load could affect heart function and disease susceptibility,
particularly in conditions like hypertension or heart fail-
ure, independent of the microRNAs tested in our study.

In addition, sex as a biological variable may influence the
pathogenesis of heart-related conditions at the molecular
and cellular levels. In the present study, collagen deposition
was greater in female rats that also showed increased expres-
sion of circulating levels of proinflammatory markers (CRP,
IL-6, and TNF-a), profibrotic genes (LOX1 mRNA and Col1a/
Col3a ratio), RUNX-1, and PTX-3. Numerous lines of evi-
dence have found that females exhibit higher circulating lev-
els of proinflammatory cytokines, such as IL-6 and TNF-a,
compared with males (68, 69). Another study investigated
the impact of sex hormones on inflammation in SHR, reveal-
ing higher expression of proinflammatory markers in the
kidneys of female rats (5). However, further research is war-
ranted to establish the direction of causality between sex
hormones, systemic inflammation, and fibrotic remodeling
in the context of hypertension.

In line with the sexual dimorphism related to the pheno-
type, the present study shows decreased relative expression of
miR-155-5p in female rats that was associated with decreased
stroke volume. The observed sexual dimorphismmay, at least
in part, be attributable to the translational regulation bymiR-
155-5p of genes involved in these pathways. In this regard,
alongside Mann et al. (70), the decreased expression of miR-
155-5p may explain the increased circulating levels of proin-
flammatorymarkers in female rats. Proinflammatorymarkers
and immune cell infiltration into the myocardium may lead
to the activation of cardiac fibroblasts, and excessive deposi-
tion of extracellularmatrix components (Col1a), and increased
collagen cross-linking (LOX1) (71). MiR-155-5pmay clarify the
cross talk between inflammation, myocardial fibrosis, and
impairment of cardiac function.

Our study focused onmiR-146a-5p, miR-155-5p, and miR-
29b-5p, potentially overlooking other microRNAs that
could contribute to cardiac dysfunction. The mechanisms

underlying the observed alterations in miRNA expression
profiles and their downstream effects remain incompletely
understood, necessitating further mechanistic studies.
Notably, miR-146a-5pmay be expressed by various cell types,
including cardiac fibroblasts and infiltrating macrophages;
therefore, our measurement of global LV miRNA levels does
not allow us to attribute its expression specifically to cardio-
myocytes. As such, although the observed changes in miR-
146a-5p levels are associated with the pathology, the specific
cellular source of this miRNA remains unclear. Moreover,
although our study highlights sex-specific differences in
miRNA regulation and cardiac outcomes, the estrous cycle
was not evaluated in female rats. Potentially, evaluating the
estrous cyclemay add granularity when investigating sex-spe-
cific differences between the two strains. Also, because of the
pleiotropic nature of miRNAs, our study may benefit from
assays confirming base complementarity with our target
genes. Whether the overexpression of miR-146a-5p in the
present study is a cause or a consequence could not be deter-
mined. In this regard, rescue experiments involving cardiac-
specific silencing or overexpression of miR-146a-5p in SHR
may provide crucial information about the upstream regula-
tion of the expression of genes related to the hypertensive and
hypertrophic phenotype in SHR. Finally, the relevance of our
preclinical findings requires validation in human cohorts to
translate these observations into meaningful mechanistic
insights in patients with hypertension.

Conclusions

The current study sheds light on the intricate role of
miRNAs, particularlymiR-146a-5p, miR-155-5p, in the patho-
genesis of hypertensive cardiac dysfunction. The relative
expression of miR-146a-5p was upregulated in response to
pressure overload and was associated with markers of LVH,
diastolic dysfunction, and reactive fibrosis. Specifically,
miR-146a-5p emerged as a key countermechanism, mitigat-
ing VCAM-1-mediated transendothelial macrophage infiltra-
tion into the myocardium, inflammation, and oxidative
stress by enhancing IκBa and SOD2 expression. Conversely,
miR-155-5-p was under-expressed in female rats, consistent
with a cardiac phenotype characteristic of sexual dimor-
phism. By elucidating sex-specific differences in miRNA
expression profiles and their associations with cardiac phe-
notypes in SHR, our data may offer novel insights into the
molecular mechanisms underlying hypertensive heart dis-
ease. However, further research is warranted to fully eluci-
date the mechanistic pathways involved and validate our
findings in human populations. Ultimately, a deeper under-
standing of these miRNA-mediated regulatory networks
may pave the way for the development of targeted therapeu-
tic strategies to mitigate cardiovascular complications asso-
ciated with hypertension.
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