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Objective: Sex disparities in the association between psychosocial
stress and cardiovascular risk have been reported, yet the extent
to which social stress impacts cardiovascular function in a sex-
specific manner remains unclear. The objectives of this study
were to investigate sex differences in the electromechanical re-
modeling of the heart of socially stressed rats, and to explore
potential epigenetic mechanisms (cardiac microRNAs).
Methods: Adult wild-type Groningen rats of both sexes vicar-
iously experienced the social defeat bout between 2 males for 9
consecutive days [“witness stress” (WS) paradigm] or were ex-
posed to a control condition (n= 8/sex/group). After repeated
WS exposure, arrhythmic vulnerability was evaluated via beta-
adrenergic stimulation with isoproterenol in conscious rats, while
cardiac contractile properties were assessed via hemodynamic
analyses under anesthesia. Cardiac tissue was collected to mea-
sure expression levels of several miRNAs (including miR-22 and
miR-34a) and their molecular targets (eg, SIRT1) involved in the
regulation of cardiac electromechanical function.
Results: An increased vulnerability to isoproterenol-induced ar-
rhythmias was found in male, but not female, rats with a history
of WS. Signs of contractile dysfunction were found in both sexes
after WS, but to a greater extent in males. In addition, only male

WS rats exhibited a significantly higher cardiac expression of
miR-34a and miR-22, which were associated with a reduced
expression of their common molecular target (SIRT-1).
Conclusion: These findings suggest an epigenetic mechanism
underlying the larger vulnerability to adverse cardiac electro-
mechanical remodeling in socially stressed male rats, informing
our understanding of the sex-specific impact of social stress on
cardiac function.
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stress, heart

Abbreviations: ANOVA = analysis of variance, APB = atrial
premature beats, AV = atrioventricular, BP = blood pressure,
CTR = control, CVD = cardiovascular disease, Cx-43 =
connexin-43, ECG = electrocardiogram, IVCT = isovolumic
contraction time, LVEDP = left ventricular end diastolic pres-
sure, LVRT = left ventricular relaxation time, LVSP = left
ventricular systolic pressure, miRNAs = microRNAs, MPI =
myocardial performance index, WS = witness stress, SEM =
standard error of the mean, SIRT-1 = sirtuin-1

(Biopsychosoc Sci Med 2026;88:37–47)

INTRODUCTION
Research suggests the existence of potential sex dis-

parities in the association between psychosocial stress ex-
posure and cardiovascular disease (CVD) risk, yet the
importance of sex in this link remains understudied, and the
limited clinical findings available so far have been
inconsistent.1 For instance, challenging the traditional view of
CVD as a men’s disease, some studies indicate a larger
prevalence of stress-induced cardiomyopathy and a higher
risk of developing myocardial ischemia following mental
stress in women compared with men.2–4 Conversely, other
studies indicate that chronicmental stress has a stronger effect
on endothelial dysfunction, a major predictor of athero-
sclerosis, in young healthy men compared with age-matched
women,5 and that the lifetime risk of stress-related coronary
heart disease is higher in men compared with women.6

While clinical studies offer a more epidemiological
perspective, preclinical research is essential for exploringDOI: 10.1097/PSY.0000000000001406
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sex-specific cardiovascular vulnerabilities to psychosocial
stress and the underlying pathophysiology. For example,
the negative cardiovascular impact of social stress exposure
has been well-documented in male rodents, primarily using
the social defeat model.7 Male rodents repeatedly exposed
to aggressive male conspecifics develop adverse remodeling
of the electromechanical and structural properties of the
heart,8–13 which may represent a predisposition to CVD. In
contrast, the association between social stress and car-
diovascular alterations has been less explored in female
rodents. This gap likely reflects 2 key factors: (i) driven by
the higher prevalence of stress-related psychopathologies in
women,14 rodent research in females has predominantly
focused on the neurobiological effects of social stress by
employing stress paradigms like social isolation15–17 or so-
cial instability18,19; (ii) social defeat is challenging to im-
plement in females,20,21 hindering direct comparisons
between male and female rodents.

To overcome the latter, rodent research has in-
troduced a “witness stress” or “vicarious social defeat”
model,22,23 in which the physical agonistic interaction
between 2 male rodents serves as a source of stress for
another rodent (of either sex, the “witness”) placed safely
behind a clear perforated partition. Notably, both male
and female rats show potent cardiovascular responses to
witness stress,24,25 as well as several sex disparities in the
behavioral and neuroendocrine changes induced by re-
peated exposure.26 Based on these considerations, the
primary objective of the current study was to investigate
the extent to which the same social stressor (witness stress)
impacts the electrical and mechanical properties of the
heart of adult rats of both sexes.

Furthermore, we attempted to elucidate potential
epigenetic mediators of these sex disparities, namely car-
diac microRNAs (miRNAs). miRNAs are small non-
coding RNAs, acting as post-transcriptional regulators
of gene expression and playing critical roles in both
stress responses27 and pathological outcomes, including
CVDs.28 Specifically, we have recently shown that the
negative cardiac effects of social defeat stress in male rats
are associated with increased cardiac levels of miR-34a,12
a key player in the pathophysiological consequences of
stress exposure.29–32 On the contrary, no changes in car-
diac miR-34a levels were found in female rats exposed to
repeated witness stress,33 suggesting that miR-34a may
represent an epigenetic mediator of sex-specific cardiac
vulnerability to social stress. However, direct comparisons
between these studies are limited by the use of different
social stress paradigms (social defeat in males and witness
stress in females). Therefore, the second objective of the
current study was to investigate whether cardiac alter-
ations induced by repeated witness stress are associated
with changes in the expression of candidate miRNAs in a
sex-specific manner. We did not limit our investigation to
miR-34a but also explored other miRNAs which have
been shown to play a crucial role in cardiac electrical
and contractile functions, and several pathological
cardiac conditions, namely mir-1, mir-22, mir-25, mir-133,
mir-208, and mir-328.34–38

METHODS

Animals
Three-month-old male and female wild-type Gro-

ningen rats (Rattus norvegicus) were used for this study.
This rat strain, originally derived from the University of
Groningen (the Netherlands) and now bred at the Uni-
versity of Parma (Italy), is characterized by a higher car-
diovascular stress reactivity compared with other rat
strains (eg, Wistar rats).39 Relatedly, female and male
wild-type Groningen rats show similar heart rate and
heart rate variability changes during witness stress
exposure.26 Rats of both sexes were randomly assigned to
witness stress (WS, n= 8/sex) or control (CTR, n= 8/sex)
groups and were housed individually. Older (8-mo-old)
male wild-type Groningen rats were housed in a separate
room with an oviduct-ligated female partner and served as
residents in the WS paradigm (see below for details). In
the same room, an additional 3-month-old male wild-type
Groningen rats were used as intruders in the WS para-
digm. These animals were housed individually to avoid
stress buffering phenomena that occur when conspecific
animals are together, which could have altered the WS
experience of experimental animals.40 All rats were kept in
climate-controlled rooms (22 ± 2 °C), with a 12-hour light
cycle (lights on at 7 PM), and had free access to food and
water. Experimental procedures were performed in ac-
cordance with the European Community Council Direc-
tive 2010/63/UE and approved by the Italian legislation on
animal experimentation (D.L. 04/04/2014, n. 26, author-
ization no. 473/2022). We referred to the ARRIVE
checklist when writing our report.41

General Experimental Protocol
WS and CTR rats of both sexes were implanted under

isoflurane anesthesia (2% in 100% oxygen) (Zoetis, Italy)
with radio-telemetric transmitters (TA11CTA-F40, Data
Sciences International, St. Paul, MN) for electrocardiogram
(ECG) recordings (sampling frequency 1000 Hz), according
to a previously described procedure.42 After surgery, animals
were housed individually and received injections of an anti-
inflammatory and analgesic drug (Megluflen, Izo, Italy,
0.2 mL/kg, s.c.) for 2 days. After 2 weeks of recovery from
surgery, experimental animals were exposed on consecutive
days to 9 episodes of WS or CTR procedure. Twenty-four
hours after the last WS/CTR episode, animals underwent a
proarrhythmic pharmacological challenge, which was fol-
lowed 2 days later by hemodynamic assessment. Immedi-
ately after, hearts were quickly excised and perfused with a
0.9% NaCl solution to flush the residual blood from the
tissue, flash frozen in liquid nitrogen, and stored at −80 °C
until molecular analyses. Specific experimental procedures
are outlined in the next paragraphs.

Witness Stress and Control Procedures
In the WS paradigm, originally described in rats by,22

experimental rats of both sexes (“witnesses”) vicariously
experience the social defeat of a male conspecific (the “in-
truder”) by an older aggressive male rat (the “resident”)
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behind a clear partition placed in a safe compartment
within the resident cage. In this study, resident rats were
screened for aggressiveness towards male unfamiliar in-
truders, and only those showing an attack latency < 120
seconds were selected and used for the WS paradigm. On
the day of the experiment, the resident’s female partner was
temporarily removed from the cage, which was then divided
into two compartments of equal size, with the resident rat
confined in one of them. Subsequently, the witness rat was
introduced to the opposite side, while the intruder rat was
placed in the resident’s compartment, where it was physi-
cally attacked and socially defeated. The witness rat was
exposed to the social defeat of the intruder through sensory
(visual, olfactory, and auditory) cues via the clear perfo-
rated partition. After 15 minutes, both the intruder and
witness rats were returned to their home cages. This pro-
cedure was repeated daily for 9 consecutive days, between
10:00 and 11:00 AM, under red light. Each time, WS rats
witnessed the social defeat of the same intruder but in the
cage of a different resident, following a rotational design.
On the same day, CTR rats were placed for 15 minutes
behind a perforated Plexiglas partition in a novel empty
cage (similar to that employed for the WS procedure) with
clean bedding. Importantly, the average number of attacks
toward the intruder did not differ when the witness was a
male or a female (male witness: 5.2 ± 0.6 and 5.4± 0.3
during the first and last episode, respectively; female wit-
ness: 5.6 ± 0.9 and 5.5± 1.1 during the first and last episode,
respectively).

Arrhythmic Vulnerability
Twenty-four hours after the last WS/CTR episode,

conscious rats were injected with the drug isoproterenol (β-
adrenoceptor agonist, Sigma, St. Louis, MO) at a dose
(0.2 mg/kg, i.p.) known to induce arrhythmias in rats.43
ECG signals were recorded during the hour that preceded
and the hour that followed drug administration. Ar-
rhythmic events were identified via visual inspection of
ECG signals using ChartPro 5.0 software by a trained ex-
perimenter, who was blinded to the animal’s sex and
group.44 Specifically, arrhythmic events were assigned point
values based on45: (a) 1 point for isolated supraventricular
events (atrial premature beats or atrioventricular block) or
an isolated premature ventricular complex; (b) 2 points for
supraventricular tachycardia or 2 or 3 consecutive pre-
mature ventricular complexes (SALVO); (c) 3 points for
premature ventricular beats in a trigeminal (trigeminy) or
bigeminal (bigeminy) pattern or nonsustained ventricular
tachycardia (defined as ≥ 3 and ≤ 10 consecutive pre-
mature ventricular contractions); (d) 4 points for sustained
ventricular tachycardia (defined as > 10 consecutive pre-
mature ventricular contractions) or asystole (absence of
electrical activity during the loss of 2 or more consecutive
cardiac cycles as defined by the length of the 2 preceding
cardiac cycles). Using these categories, an arrhythmic bur-
den was calculated for each rat, defined as the sum of the
scored arrhythmic events during the hour that followed
isoproterenol injection. In addition, we separately analyzed
the total number of arrhythmias for each category.

Hemodynamic Assessment
Three days after the last WS/CTR episode, rats un-

derwent hemodynamic assessment under ketamine chloride
(Imalgene, Merial, Milan, Italy; 40 mg/kg i.p.) plus mede-
tomidine hydrochloride (Domitor, Pfizer Italia S.r.l., Lat-
ina, Italy; 0.15 mg/kg i.p.) anesthesia. A microtip pressure
transducer catheter (Millar SPC-320, Millar Instruments,
Houston, TX) connected to a recording system (Power
Laboratory ML 845/4 channels, 2Biological Instruments,
Besozzo, Italy) was inserted into the right carotid artery to
collect arterial systolic and diastolic blood pressures. The
transducer was then advanced into the left ventricle to
measure: left ventricular systolic pressure (LVSP) and
end-diastolic pressure (LVEDP), the peak rate of rise
(+dP/dtmax) and decline (−dP/dtmax) of left ventricular
pressure (indexes of myocardial efficiency), isovolumic
contraction time (IVCT), ejection time (approximated as
the time interval between aortic valve opening and time of
−dP/dtmax), and left ventricular relaxation time (LVRT,
computed from −dP/dtmax to 5 mm Hg above LVEDP and
taken as index of isovolumic relaxation) using the software
package AcqKnowledge 3.9 (Biopac Systems, Goleta, CA).
In addition, we calculated the myocardial performance in-
dex (MPI) as the ratio between total time spent in iso-
volumic activity (IVCT+ LVRT) and ejection time.46 MPI
is considered to reflect global cardiac function and provide
prognostic information regarding the risk associated with
several pathologic conditions, such as myocardial hyper-
trophy and infarction.46 MPI has an inverse relation with
global cardiac function, with higher values indicating
poorer global ventricular function.

RNA Purification and Measurement of miRNA
Levels

From frozen hearts, punches of the left ventricles
were dissected from the midventricular area using stain-
less-steel tubes of 1 mm inside diameter. Total RNA was
extracted from the tissue punches using the total RNA
purification Kit (NorgenBiotek, Thorold, Canada) ac-
cording to the manufacturer’s protocols. RNA quantity
was determined by absorbance at 260 nm using a Nano-
Drop UV-Vis spectrophotometer. The relative expression
of miRNAs was measured through quantitative real-time
RT-PCR (qPCR), using the Quant Studio 3 thermal cycler
apparatus equipped with the SDS software (Applied Bio-
systems, Waltham, MA) for data collection. Specifically,
miRNAs were reverse transcribed using the TaqMan
MicroRNA Reverse Transcription kit (#4366596, Applied
Biosystems) and then amplified according to the manu-
facturer instructions, through the correspondent specific
TaqMan MicroRNA assays (#4427975, Applied Bio-
systems): rno-mir1-5p (ID: 001351); hsa-miR-22-5p (ID:
002301); rno-miR-25-5p (ID: 002080); Hsa-miR34a (ID:
000426); rno-miR-133a-5p (ID: 464986_mat); mmu-miR-
208a-5p (ID: 462036_mat); hsa-miR-328-3p (ID: 000543);
snoRNA (ID: 001718). Ct values were normalized to the
averaged measures of sno135. All data were run in tripli-
cate and were expressed as fold changes versus the male
control group, according to the 2−ΔΔC(t) method.47
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Protein Extraction and Western Blot Analysis
To further investigate the molecular basis of sex

differences in the cardiac outcomes of WS, we determined
cardiac levels of connexin-43 (Cx43), which plays a key
role in the propagation of electrical activity through
cardiomyocytes,48 and sirtuin-1 (SIRT-1), which has been
implicated in the pathogenesis of cardiovascular disease49
and represents a common target for both miR-34a50 and
miR-22.51 For protein extraction, frozen pellets of LV
cardiomyocytes were homogenized in 400 μL of ice-cold
modified RIPA buffer (50 mM Tris HCl pH 7.4, 100 mM
NaCl, 1% Triton X-100), supplemented with 1 µL of
protease and phosphatase inhibitor cocktails (Merck
KGaA, Darmstadt, Germany) every 100 µL of RIPA
buffer. Protein concentration was estimated by the DC
Protein assay kit (Bio-Rad, Hercules, CA) using bovine
serum albumin (Merck KGaA) as a standard. For each
animal (n= 4/5 per group), the equivalent of 50 μg of total
protein lysate was loaded and resolved by 15% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. For
Western blot analysis, proteins were electrophoretically
transferred onto a polyvinylidene fluoride membrane
(EMD Millipore, Merck KGaA). Transfer occurred
overnight at 4 °C and its efficiency was routinely moni-
tored by 0.1% Ponceau S staining (Merck KGaA). After
blocking in a solution of 5% milk for 2 hours at room
temperature, blotted membranes were probed overnight at
4 °C with the primary antibodies diluted in TBS-T
(50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween 20)
containing 5% (w/v) nonfat dry milk. The following anti-
bodies were used: rabbit polyclonal anti-Connexin 43
(Abcam, Cambridge, UK, code ab11370), dilution 1:8000
and rabbit monoclonal anti-SIRT-1 (Abcam, code
ab189494), dilution 1:5000. As a loading control, β-actin
(GeneTex, Irvine, CA, code GXGTX109639) was used.
Following incubation, the membranes were washed 3
times with TBS-T and incubated with horseradish perox-
idase-conjugated anti-rabbit (dilution 1:5000) secondary
antibodies (Merck KGaA) for 1 hour at room temper-
ature. Immunoreactive bands were detected using the BM
Chemiluminescence Western Blotting Substrate (Hoff-
mann-La Roche, Basel, Switzerland). The optical densities
(data were acquired as arbitrary area values) were nor-
malized to those of β-actin and calculated as target protein
expression/β-actin expression ratios using ImageJ software
version 1.53 (NIH, Bethesda, MD).

Statistical Analyses
Statistical analyses were performed using the IBM

SPSS statistical package (International Business Machines
Corporation, Armonk, NY, version 29.0.1.0). Normal
distribution of variables was checked by means of the
Kolmogorov–Smirnov test. Mean heart rate values during
isoproterenol challenge were analyzed using a repeated
measures ANOVA test, with “time” (2 levels: before and
after injection) as the within-subject factor and “group” (2
levels: WS or CTR) and “sex” (2 levels: males or females) as
the between-subject factors. Arrhythmic, hemodynamic,
and miRNA data were analyzed using 2-way ANOVAwith

“group” (2 levels: WS or CTR) and “sex” (2 levels: males or
females) as the between-subject factors. Follow-up analyses
were conducted using the Student t tests with a Bonferroni
correction for multiple comparisons. Independent t tests
were used to compare SIRT-1 and Cx-43 cardiac levels
between WS and CTR rats for both sexes. The statistical
significance was set at P< 0.05. Data are reported as
means± standard error of the mean (SEM).

RESULTS

Sex-specific Effects of WS on Arrhythmic
Vulnerability After Isoproterenol Challenge

Vulnerability to cardiac arrhythmias following iso-
proterenol challenge in WS and CTR rats of both sexes is
depicted in Figure 1. Two-way ANOVA yielded a sig-
nificant “group×sex” interaction (F(1,28) = 5.49, p= .026)
for the total arrhythmic burden, withWSmale rats showing
a significantly higher burden compared with CTR males
(p= .014) and WS females (p= .012). There was no differ-
ence in the arrhythmic burden between WS and CTR fe-
males. As shown in Figure 1B, in males the difference was
mainly due to an effect of WS on the incidence of atrial
premature beats (group: F(1,28)= 18.79, p< .001; sex:
F(1,28)= 6.76, p= .015; group×sex: F(1,28)= 19.35, p< .001)
and atrioventricular blocks (group: F(1,28)= 11.93, p= .002;
sex: F(1,28)= 11.11, p= .002; group×sex: F(1,28)= 10.85,
p= .003). Specifically, WS male rats displayed a sig-
nificantly higher number of atrial premature beats and at-
rioventricular blocks compared with their respective CTRs
and WS females (p< .050 for both). No significant sex and/
or group differences were found for the other arrhythmic
categories (Table S1, Supplemental Digital Content, http://
links.lww.com/PSYMED/B99). In addition, the mean HR
recorded for the hour that preceded and the one that
followed isoproterenol injection is reported in Table S2,

FIGURE 1. Arrhythmic vulnerability after WS stress. (A) Ar-
rhythmic burden and (B) total number of atrial premature
beats (ABP) and atrioventricular (AV) blocks during the hour
that followed isoproterenol injection in rats of both sexes (♂:
males; ♀: females) exposed to repeated episodes of witness
stress (WS) or control (CTR) procedure (n=8 per group). Data
are reported as means± SEM. Only within-sex effects are re-
ported (*p< .05; ***p< .001). Color image is available only in
online version.
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Supplemental Digital Content, http://links.lww.com/
PSYMED/B99. Two-way repeated measures ANOVA in-
dicated a significant effect of time, with all animals showing
significantly higher mean HR after isoproterenol injection
compared with baseline (p< .001), independently from sex
or group.

Sex-specific Effects of WS on Hemodynamic
Parameters

Hemodynamic parameters are shown in Figure 2,
while main effects of 2-way ANOVAs are reported in
Table S3, Supplemental Digital Content, http://links.lww.
com/PSYMED/B99.

WS male rats had a significantly lower arterial sys-
tolic (p= .002, Figure 2A) and diastolic (p= .050,
Figure 2B) blood pressure compared with their same-sex
CTRs, while no differences were found between WS and

CTR females. Similarly, WS male rats displayed a sig-
nificantly lower LVSP (p= .003, Figure 2C) and LVEDP
(p= .049, Figure 2D) compared with CTR males, while no
significant differences were detected between WS and
CTR females. Importantly, WS exposure significantly af-
fected several parameters of contractile function in rats of
both sexes compared with their same-sex CTRs, but the
magnitude of such effects (reported as Cohen’s d) was
greater in males in all instances. Specifically, WS rats
showed significantly (P< 0.010) lower maximal rates of
left ventricular pressure rise (+dP/dtmax, Figure 2E; Co-
hen’s d females, d= 1.99 vs. Cohen’s dmales, d= 4.42) and
decline (−dP/dtmax, Figure 2F, Cohen’s d females, d= 1.45
vs. Cohen’s d males, d= 2.82) during isovolumic con-
traction, and a significant (p< .001) prolongation of IVCT
(Figure 2G; Cohen’s d females, d= 1.53 vs. Cohen’s d
males, d= 4.24) compared with their respective CTRs.

FIGURE 2. Hemodynamic parameters. (A) Systolic arterial blood pressure (BP), (B) diastolic arterial BP, (C) left ventricular systolic
pressure (LVSP), (D) left ventricular end-diastolic pressure (LVEDP), (E) maximal rate of ventricular pressure rise (+dP/dtmax), (F)
maximal rate of ventricular pressure decline (−dP/dtmax), (G) isovolumic contraction time (IVCT), (H) left ventricular relaxation time
(LVRT), and (I) myocardial performance index (MPI) in rats of both sexes (♂: males; ♀: females) exposed to repeated episodes of
witness stress (WS) or control procedure (CTR) (n=8 per group). Data are reported as means± SEM. Only within-sex effects are
reported (*p< .05; **p< .01; ***p< .001). Color image is available only in online version.
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Male WS rats also showed a significantly longer LVRT
(Figure 2H) compared with male CTRs (p= .038), while
no significant differences were found between WS and
CTR females. No significant differences between groups
and sexes were found for ejection time (male CTR:
0.1 ± 0.002 s; male WS: 0.09 ± 0.003 s; female CTR:
0.1 ± 0.002 s; female WS: 0.1 ± 0.001 s). Lastly, the MPI
was calculated as an index of global contractile perfor-
mance, where higher values of the ratio mean worse per-
formance. As shown in Figure 2I, the MPI ratio was
significantly higher in WS males compared with CTR
males (+28%, p< .001), whereas no significant changes
were found between WS and CTR females.

Sex-specific Effects of WS on miRNA Cardiac
Levels

Figure 3 represents relative cardiac expression levels
of candidate miRNAs that have been previously im-
plicated in cardiac electromechanical dysfunction. AN-
OVA yielded a significant effect of “group” (F(1,25)= 3.96,
p= .050) and “sex” (F(1,25)= 5.59, p= .026) for cardiac
miR-34a expression level (Figure 3A). Specifically, WS
male rats showed significantly higher miR34a expression
compared with both male CTRs (p= .011) and WS female
rats (p= .023). Two-way ANOVAs indicated a significant
effect of “sex” for miR-22 (F(1,25)= 17.31, p< .001) and
miR-133 (F(1,25)= 5.63, p= .026), with WS male rats dis-
playing higher levels of these 2 miRNAs compared with
WS female rats (miR-22: p< .001, Figure 3B; miR-133:
p= .014, Figure 3C). The relative expression of miR-22 in
WS male rats was also higher than in male CTRs,
although this difference did not reach full statistical sig-
nificance (p= .06, Figure 3B). No significant group or sex
differences were found for miR-1, miR-25, miR-208, and
miR-328.

Sex-specific Effects of WS on Sirtuin-1 and
Connexin-43 Cardiac Levels

Western blot analyses revealed significantly lower
SIRT-1 levels in WS males compared with their same-sex
CTRs (t= 9.466, p< .001), while no significant differences
were found among females (Figure 4A). In contrast, Cx-43
protein content did not differ betweenWS and CTR groups
in both sexes (Figure 4B). No significant differences in β-
actin levels were found between groups (Figure S1, Sup-
plemental Digital Content, http://links.lww.com/
PSYMED/B99).

DISCUSSION
In this study, we demonstrated the emergence of sex-

specific adverse effects of repeated WS exposure on car-
diac electrical and contractile function, which were asso-
ciated with sex-specific cardiac molecular changes in adult
rats. Specifically, male rats, but not females, showed an
increased vulnerability to pharmacologically induced ar-
rhythmias after repeated WS. Also, signs of cardiac con-
tractile impairment were found in both sexes after WS, but
to a greater extent in male rats. Notably, our results
suggest a role for miR-34a and miR-22 in the epigenetic

control of SIRT-1 in the male rat heart upon WS
exposure, which may represent a pathophysiological
mechanism underlying greater electromechanical vulner-
ability in stressed males.

In a recent study, we demonstrated that repeated WS
exposure induces behavioral and neuroendocrine (ie,
corticosterone) stress responses in wild-type Groningen
rats of both sexes.26 Here, male rats exposed to repeated
WS exhibited a significantly higher arrhythmic burden
following β-adrenergic stimulation with isoproterenol
compared with their female counterparts. Interestingly,
WS did not affect the electrical stability of the hearts of
female rats. The increased arrhythmic vulnerability found
in male rats was primarily ascribable to a significantly
larger incidence of premature atrial beats and atrioven-
tricular blocks, which typically derive from impairments in
the conduction of the electrical impulse. Intriguingly, at-
rioventricular blocks have been demonstrated to be
spontaneously more frequent in male rats than females,52
suggesting inherent sex differences in the cardiac con-
duction system. For example, females generally exhibit
greater sinoatrial node automaticity and enhanced atrio-
ventricular node function,53,54 which may confer pro-
tection against conduction abnormalities under stress
conditions. Furthermore, social stress could induce elec-
trophysiological changes that may favor arrhythmogenesis
in a sex-specific manner: for example, reduced myocardial
refractoriness and decreased conduction velocity, which
are major determinants of arrhythmogenesis, were pre-
viously found in male rats exposed to repeated episodes of
social defeat.13 A larger expression of connexins, which
form gap-junctions to facilitate the propagation of elec-
trical activity through cardiomyocytes, may explain the
resistance of the female heart to arrhythmias. Specifically,
in a previous study, male rats have been reported to ex-
hibit lower levels of connexin-43 under both basal and
pathological conditions compared with females.55 How-
ever, in this study, we did not detect any sex difference in
the expression of connexin-43, both in CTR and WS rats,
suggesting that other mechanisms may be involved.

In addition to electrical abnormalities, WS exposure
was also associated with alterations of several hemody-
namic parameters, indicating an impairment of cardiac
contractile performance in both sexes, but to a greater
extent in males. Indeed, male WS rats exhibited lower
systolic and diastolic pressures at both aortic and ven-
tricular levels compared with their respective CTRs,
whereas no significant effects of WS were found in fe-
males. Moreover, we detected a significantly longer left-
ventricular relaxation time only in male witnesses, which
were also characterized by a higher myocardial perfor-
mance index, indicating a worsening of the global my-
ocardial contractile performance.46 Although repeated
episodes of WS impacted the contractile properties of the
female heart, as evidenced by a significantly lower max-
imal rate of left ventricular pressure rise and decline dur-
ing isovolumic contraction and an increased isovolumetric
contraction time compared with controls, these alterations
appeared to be milder than those observed in males.
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FIGURE 3. Cardiac miRNA (miR) levels. Relative expression (fold changes) of miR-34a (A), miR-22 (B), miR-133 (C), miR-1 (D), miR-
25 (E), miR-208 (F), miR-328, (G) in the hearts of rats of both sexes (♂: males; ♀: females; exposed to repeated episodes of witness
stress (WS) or control procedure (CTR) (n = 8 per group). The male CTR group served as a reference group for the other groups.
Data are reported as means± SEM. Only within-sex effects are reported (*p< .05 ). Color image is available only in online version.
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However, it should be noted that female CTR rats
exhibited lower arterial and left ventricular pressures than
their male counterparts, in line with the well-documented
sex differences in the control of blood pressure in both
rodents and humans.56–58 At the same time, we cannot
rule out the possibility that female animals were more
sensitive to the control condition adopted in this study (ie,
empty cage exposure), therefore masking potential effects
of WS on arterial and left ventricular pressures. Never-
theless, the results of the hemodynamic analyses suggest
that repeated WS exposure results in a more pronounced
decline of the mechanical performance of the male heart.

The second objective of the current study was to ex-
plore whether cardiac electrical and contractile impair-
ments after WS were associated with changes in the cardiac
expression of candidate miRNAs previously implicated in
cardiac (patho)physiology: mir-1, mir-22, miR-25, miR34a,
miR-133, miR-208, and miR-328.12,34–38 Our results re-
vealed that the adverse remodeling of the male heart after
WS was associated with a larger cardiac expression of miR-
22 and miR-34a. Conversely, no changes were found in the
hearts of female rats exposed to WS. miR-22, which is
highly expressed in the heart, has been suggested to play a
key role in cardiac remodeling after stress exposure, par-
ticularly in contractile dysfunction and hypertrophy.36,59
miR-34a has already been implicated in both cardiac
pathology and psychosocial stress responses, representing a
putative link between stress and CVD risk. In our previous
work, we reported an association between psychosocial
stress and elevated cardiac miR-34a levels in male rats ex-
posed to chronic social defeat,12 but no changes in miR-34a
levels in female rats subjected to repeated WS exposure.33
The current study in rats exposed to the same social stressor

(WS) reinforces this sex-specific pattern, as miR-34a levels
were significantly elevated only in males. Intriguingly, miR-
34a and miR-22 share a common molecular target: SIRT1.
This protein, through its NAD+-dependent deacetylase
activity, regulates a wide range of cellular processes and is
involved in multiple signaling pathways.60 Growing
evidence suggests that SIRT-1 plays a crucial role in car-
diovascular physiology. While primarily targeting histones,
SIRT-1 also acts on other proteins, including p53, NF-κB,
FoxO, and eNOS.61 Through these interactions, SIRT-1
exerts many cardiovascular functions, including mitigation
of inflammation and oxidative stress, inhibition of car-
diomyocytes apoptosis and myocardial energy balance
maintenance,62 playing an essential protective activity in
the heart. Therefore, given the increased cardiac expression
of miR-22 and miR-34a in male WS rats, we investigated
whether cardiac levels of their common molecular target
SIRT1 were reduced. Confirming our hypothesis, male WS
rats exhibited decreased cardiac SIRT1 levels compared
with their CTRs, while WS females did not show any sig-
nificant alterations. These results suggest that increased
expression of miR-22 and miR-34a may play a role in the
epigenetic regulation of SIRT1 expression in male rats with
a history of WS. This may represent a potential mechanism
by which repeated WS exposure induces greater adverse
electromechanical remodeling in male rats. However, fur-
ther studies are needed to confirm the causal relationship
between reduced SIRT1 expression and cardiac vulner-
ability to stress in male rats. Lastly, a higher expression of
cardiac miR-133, which has been linked to electrical re-
modeling in heart failure,34 was found in male WS rats
compared with WS females, but without a significant effect
of stress exposure in either sex.

FIGURE 4. Cardiac sirtuin-1 (SIRT-1) and connexin-43 (Cx-43) levels. Protein expression levels (expressed as densitometric units) of
SIRT-1 (A) and Cx-43 (B) in the heart tissue of rats of both sexes (♂: males; ♀: females) exposed to repeated episodes of witness
stress (WS) or control procedure (CTR) (n=4/5 per group). Densitometric analyses, normalized to β-actin, measured protein
expression levels. (C) Example of electrophoretic separation and immunodetection bands of SIRT-1, Cx-43 and β-actin in male rats.
Data are reported as means± SEM. ***p< .001. Color image is available only in online version.
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CONCLUSIONS
Despite the growing interest in exploring sex dif-

ferences across various fields of biomedical research, the
extent to which social stress impacts cardiac function in a
sex-specific manner remains unclear. The results of the
current study offer valuable translational insights into
sex differences in the negative cardiac consequences of
social stress exposure and the underlying molecular un-
derpinnings. Male adult rats demonstrated a higher
susceptibility to cardiac electrical and mechanical im-
pairments following repeated WS compared with age-
matched females. To explain these sex differences, 2
main hypotheses can be put forward. First, sex hormones
may have played a protective role against the develop-
ment of adverse cardiac remodeling in adult female rats,
as reported in humans.63 For example, epidemiological
studies have demonstrated that the incidence and severity
of CVD increase in postmenopausal women, coinciding
with declines in ovarian progesterone and estrogens.64
However, it must be noted that a previous study in fe-
male rats demonstrated that while behavioral and car-
diovascular responses to WS are independent from the
specific estrous cycle stage, the presence of ovarian hor-
mones is essential for behavioral, inflammatory and
cardiovascular susceptibility to WS.25 In our study, the
estrous cycle phase was not assessed, which may be seen
as a limitation. Another hypothesis involves protective
mechanisms related to sex differences in cardiac vagal
tone. In fact, previous studies in the same rat strain of
the current investigation have shown that (i) resting
measures of heart rate variability, a surrogate measure of
cardiac vagal modulation, predict vulnerability to car-
diac arrhythmias in males, and that (ii) female rats show
higher heart rate variability than males, which replicates
human findings.43,65 Future studies also in other rat
strains (eg, Wistar or Sprague Dawley rats) are required
to confirm our findings and determine the influence of
ovarian hormones and/or heart rate variability on in-
dividual and sex differences in WS-induced cardiac re-
modeling.

Importantly, the present findings suggest specific
molecular pathways, involving miRNA-mediated control
of SIRT-1, which may drive electromechanical changes in
the heart of socially stressed male rats. Therefore, ther-
apeutic approaches aimed at modulating specific miRNAs
(ie, miR-34a/miR-22) and/or restoring SIRT-1 expression
could mitigate stress-induced cardiac damage particularly
in males. Future investigations should continue to unravel
sex-specific molecular pathways underlying cardiovascular
abnormalities after psychosocial stress exposure. This
knowledge will refine sex-specific preventive and ther-
apeutic strategies, ultimately improving stress-related
cardiovascular health outcomes for both sexes.
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