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A B S T R A C T

Social adversity, such as that which occurs during subjugation to a lower social status, has profound psycho
logical and cardiometabolic consequences that are conserved across species. Clinically, such adversity often 
arises from being of a lower socioeconomic status and may contribute to health disparities in cardiometabolic 
and affective disorders. To develop a better understanding of the cardiometabolic consequences of social 
adversity, we employ chronic social defeat stress (CSDS) in adult male mice. CSDS results in increases in body 
mass, that are accompanied by elevated lean and fluid mass, as well as several somatic indices of chronic stress. 
Moreover, mice exposed to CSDS exhibit increased anxiety-like behavior, spending more time in the closed arms 
of the elevated plus maze and less time in the center of an open field arena. Regarding cardiovascular parameters, 
initial social defeat sessions result in increases in blood pressure, activity, and temperature in comparison with 
control mice. Interestingly, while blood pressure returns to basal levels by the start of the light cycle for the first 
few days of defeat, 14 days of CSDS results in sustained elevations in blood pressure, lower activity and lower 
body temperature. Finally, the results of heart rate variability, spontaneous baroreflex sensitivity and adrenal 
transcriptome analyses were consistent with CSDS-induced autonomic dysfunction, effects that may contribute to 
the hypertension observed. Collectively, these data suggest that CSDS may be useful for modeling hypertension 
induced by chronic social stress, thereby enabling us to better understand the mechanisms that contribute to 
stress-induced cardiometabolic disease.

1. Introduction

Health disparities are perpetually afflicting our society such that 
disadvantaged societal groups are at an increased risk for car
diometabolic disease-associated morbidity and mortality relative to 
more privileged communities (Din-Dzietham et al., 2004; Grotto et al., 
2008; Sims et al., 2012; Leng et al., 2015; de Mestral and Stringhini, 
2017; Anstey et al., 2019; Chin-Hong et al., 2020; Forde et al., 2020; 
Snyder-Mackler et al., 2020; Neufcourt et al., 2021; Powell-Wiley et al., 
2022). For example, those who are subjected to social adversities like 
discrimination (Din-Dzietham et al., 2004; Sims et al., 2012; 

Everson-Rose et al., 2015; Hill and Thayer, 2019; Forde et al., 2020; 
Teshale et al., 2023) or lower socioeconomic status (Grotto et al., 2008; 
Leng et al., 2015; de Mestral and Stringhini, 2017; Anstey et al., 2019; 
Neufcourt et al., 2021) are also at an increased risk for obesity, hyper
tension, and cardiovascular disease. Further exacerbating the impact, is 
the realization that the prevalence of these hardships and associated 
cardiometabolic impairments have increased over recent years, during 
the COVID-19 pandemic (Chin-Hong et al., 2020; Wadhera et al., 2021; 
Martin et al., 2024). While cardiometabolic pathology associated with 
social adversity is frequently attributed to external factors that are 
commonly coupled to stress, like poor diet and lack of health care, it is 
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important to emphasize that the psychosocial stress component, in and 
of itself, contributes to pathology (Costoli et al., 2004; Golden et al., 
2011; Razzoli et al. 2014, 2015, 2018; Razzoli et al., 2014; Sny
der-Mackler et al., 2020). Consistent with this, the cardiometabolic 
consequences of chronic social stress are conserved across social species 
and several animal models have been used to discern the associated 
pathophysiology (Snyder-Mackler et al., 2020).

Here, we employ an experimental paradigm in adult male mice, 
referred to as chronic social defeat stress (CSDS), to develop a better 
understanding of the cardiometabolic consequences of social adversity. 
This paradigm exploits the naturalistic behavior of mice where domi
nant and subordinate dyads live chronically in sensory contact and 
physically interact on a daily basis (Costoli et al., 2004; Golden et al., 
2011; Razzoli et al. 2014, 2015). Social subordination induced in mice 
and other rodents by way of CSDS (or comparable paradigms) is asso
ciated with profound behavioral and immune consequences and, of 
particular relevance here, leads to altered adiposity and cardiovascular 
dysfunction (Sgoifo et al. 1999, 2005; Bartolomucci et al., 2003; Costoli 
et al., 2004; Sévoz-Couche et al., 2013; Razzoli et al., 2015; Brouillard 
et al., 2019; Morais-Silva et al., 2019). For example, rats exposed to 
social defeat stress exhibit autonomic disruptions that contribute to 
hypertension (Sgoifo et al., 1999; Sévoz-Couche et al., 2013; Brouillard 
et al., 2019; Morais-Silva et al., 2019). Then, in mice, per se, a protocol 
similar to the CSDS, namely Chronic Subordination Stress has been 
found to elevate blood pressure and heart rate, and reduce heart rate 
variability (Costoli et al., 2004; Razzoli et al., 2020; Grant et al., 2022); 
however, in-depth examinations of the cardiometabolic consequences of 
CSDS in mice are lacking, particularly, regarding the progression of 
hypertension and complementary autonomic disturbances.

Thus, the primary goal of the present studies is to evaluate the impact 
of CSDS in mice on the development and progression of cardiometabolic 
perturbations, with a particular emphasis being placed on understand
ing the pronounced and intensifying hypertension observed. Secondary 
goals involve the exploration of potential mechanism(s) that underlie 
the high blood pressure observed by evaluating indices of autonomic 
function and endocrine status, partially accomplished by way of analysis 
of telemetrically recorded cardiovascular parameters, as well as by 
conducting transcriptome analyses on the adrenal glands of mice 
exposed to CSDS and controls. Collectively, these studies provide a 
framework for future experiments that will examine the neural, endo
crine and behavioral mechanism(s) underlying social adversity-induced 
precipitation of cardiometabolic diseases.

2. Materials and methods

2.1. Animals

All procedures were performed at the University of Florida (Gain
esville, FL) or Georgia State University (GSU, Atlanta, GA) and were 
approved by their Institutional Animal Care and Use Committees. 
Experimental mice were C57BL/6J males (Jackson Laboratories) and 
were 8–10 weeks old at the initiation of the studies. Resident aggressor 
mice were CD-1 males and were obtained from Charles River. These 
mice were at least 10–12 weeks at the time of arrival and were retired 
from use before 24 months of age. All mice were maintained on a 12:12 h 
light/dark cycle (lights on between 06:00h and 18:00h) in temperature- 
controlled and humidity-controlled rooms with free access to food and 
water unless stated otherwise.

2.2. Chronic social defeat stress (CSDS)

To determine the impact of social stress on cardiovascular, metabolic 
and behavioral parameters, male C57BL6/J mice were divided into two 
groups: (1) those that were subjected to CSDS and (2) those that were 
designated as “Pair-housed controls”. Briefly, the CSDS paradigm used 
here is based on that which is described by Golden et al., (2011) and 

involves brief (≤10min) daily ‘defeat’ sessions, in which resident 
‘aggressor’ (CD-1) mice are used to defeat the experimental C57BL/6J 
mice. In order to minimize circadian disruptions, the defeat sessions and 
daily maintenance of both controls and CSDS mice directly preceded the 
onset of the dark phase (i.e., 17:00–18:00). Immediately following 
submission, the defeated mouse was housed in the same cage as the 
aggressor, physically separated by a perforated divider that allows for 
continuous visual, auditory, and olfactory contact. Submission was 
defined as when the mouse was either pinned in a supine position, or sat 
upright or reclined, with head up in the air with neck and belly exposed 
(Frischknecht et al., 1982). Importantly, the C57BL/6J mouse was 
defeated and housed with a different CD-1 mouse each day, to reduce the 
likelihood of habituation, and this procedure continued for a period of 
~14 days. A total of 35 control and 32 CSDS mice were used in these 
studies.

2.3. Surgery

A subset of mice (n = 14 [8 CSDS and 6 pair-housed control]) were 
used for cardiovascular experiments which required the implantation of 
radiotelemetry devices. The surgical procedure has been described 
previously (de Kloet et al., 2013; Mohammed et al., 2022; Bau
mer-Harrison et al., 2024). In brief, mice were anesthetized under iso
flurane, administered analgesic (buprenorphine SR-LAB; 0.1 mg/kg), 
and body temperature was maintained on a heating pad throughout the 
surgery. Radiotelemetry transmitters (HD-X10; Data Sciences Interna
tional, St. Paul, MN) were placed intraperitoneally and secured to the 
abdominal wall using 5-0 silk suture. The abdominal muscles were then 
closed with absorbable monofilament suture (size: 5-0). To implant the 
fluid-filled catheter, an incision was made on the midline of the ventral 
neck to expose the left carotid artery. The catheter was guided from the 
abdominal incision toward the neck incision, using a trocar. Subse
quently, a segment (~1 cm) of the carotid artery was separated from the 
vagus nerve. Using two silk sutures (size: 5-0), the cranial end of the 
segment was permanently ligated, and the caudal end of the segment 
was temporarily occluded. Next, the carotid artery was punctured, and 
the catheter was inserted into the artery lumen and then secured using 
the silk suture. Finally, the skin was closed with non-absorbable 
monofilament suture (size: 5-0).

2.4. Recording and analysis of blood pressure, heart rate, activity, and 
core body temperature

During cardiovascular recordings, mice were housed in cages placed 
on PhysioTel® receivers (Data Sciences International, St. Paul, MN). To 
initiate data collection, devices were turned on by touching the animal 
with a magnet, immediately transmitting the signal. Data was continu
ously acquired using Ponemah Software (Data Sciences International, St. 
Paul, MN) for the duration of the experiment. Cardiovascular data were 
analyzed using Ponemah software. In order to evaluate heart rate, blood 
pressure, activity and core body temperature responses to CSDS 
throughout the 24-h course of the day, data were consolidated into 
hourly bins. These hourly bins were then averaged across three 
consecutive days to generate average daily baseline traces, as well as 24- 
h traces collected during Days 1–3 and Days 12–14 of the CSDS. Data 
were also evaluated throughout the entire time course of the study by 
determining the mean daily values for each of the parameters.

2.5. Analysis of heart rate variability

Ponemah Software was also used for Time Domain analysis of heart 
rate variability (HRV) as described (Thireau et al., 2008). Analysis was 
performed between 7 and 9 a.m. (for AM values) and 7 and 9 p.m. (for 
PM values). Average AM and PM values were obtained across multiple 
days (i.e., Days 1–3 of CSDS and Days 12–14 of CSDS).
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2.6. Spontaneous baroreflex analysis

Spontaneous baroreflex analysis was performed using HemoLab Ver. 
27.3 Software (http://haraldstauss.com/HaraldStaussScientific/hemola 
b/default.html) (Stauss, 2008). The software identifies sequences of four 
or more heartbeats where blood pressure and pulse intervals change in 
the same direction. These sequences are identified from raw pulsatile 
arterial blood pressure recordings extracted from the Ponemah files. For 
all sequences, a linear regression is calculated, and the average of the 
slopes of all linear regression lines are used as an index of 
baroreceptor-heart rate reflex sensitivity (Spontaneous Cardiac Barore
ceptor Reflex Gain – sBRG) (Bertinieri et al., 1985; Di Rienzo et al., 
1985). In addition, the ratio between the number of arterial blood 
pressure ramps followed by respective pulse interval reflex ramps, and 
the total number of arterial blood pressure ramps at a given period is 
calculated (Baroreflex Efficiency Index – BEI) (Bertinieri et al., 1985; Di 
Rienzo et al., 1985). Analysis was performed for all pair-housed controls 
and CSDS groups between 7 and 9 a.m. (for AM values) and 7 and 9 p.m. 
(for PM values). Average AM and PM values were obtained across 
multiple days (i.e., Days 1–3 of CSDS and Days 12–14 of CSDS).

2.7. Body weight and composition analysis

Throughout the course of the study, body weight was evaluated in 
subjects daily (between 17:00h and 18:00h). These measurements were 
obtained manually using a scale located in the animal housing room. In a 
subset of mice (n = 6/group), body composition was also analyzed at the 
end of the study. These measurements were obtained using a MiniSpec 
tdNMR (LF50, Bruker).

2.8. Behavioral assays

In subsets of CSDS and pair-housed control mice, anxiety-like 
behavior was assessed in Elevated Plus Maze (EPM) and Open Field 
Arena (OFA). These assays were performed during the light-phase 
(08:00 a.m.-12:00 p.m.) after Day 14 of CSDS. Briefly, the EPM test is 
5 min and is performed in an arena that has two opposing open arms and 
two opposing closed arms. The arms are all raised 61 cm above the floor 
and are all 35 × 5 cm (l x w) with white floors. In addition, the walls of 
the closed arms are made of black polycarbonate and are 20 cm tall. To 
initiate the test, each mouse was placed in the center of the EPM, facing 
an open arm. Results, including the percentage of time spent in the 
closed arms and the distance traveled, were recorded and analyzed by 
Ethovision XT 13 (Noldus Information Technology, Netherlands). 
Finally, fecal boli were manually counted and recorded at the end of the 
test.

The OFA test is also a 5 min and is conducted in a 45 x 45 × 30 cm (l x 
w x h) square arena constructed of white plastic floor and walls. To 
initiate the test, the mouse was placed in the center of the open field 
arena and the mouse’s movement is recorded. Similar to the EPM test, 
the results, including total distance traveled and entries into center 
(located in the center of arena with 50 % of total area) or edge were 
recorded and analyzed using Ethovision XT 13 software (Noldus Infor
mation Technology, Netherlands).

2.9. Humoral assays

Plasma was collected from subsets of mice (n = 20–21/group) at 
specific time points throughout the studies. Briefly, to measure basal 
plasma corticosterone levels, mice were brought from their housing 
room into the procedure room and blood was collected via tail snip into 
EDTA coated tubes within 3 min of removing the cage from the housing 
room. This procedure was performed (after 10 days of CSDS) at their 
predicted circadian nadir (0800h; AM basal) and peak (1700h; PM 
basal) of corticosterone secretion. Other plasma measurements (n =
5–6/group) were performed using samples that were collected at the 

time of euthanasia. Blood was centrifuged at 4 ◦C, 2500 x G, for 20 min. 
Plasma was aliquoted and stored at − 80 ◦C until assays were run.

The following assays were used, and, in all cases, the manufacturer’s 
instructions were followed: Plasma corticosterone was assessed by 
radioimmunoassay (MP Biomedicals, Orangeburg, NY, catalog 
#0712010). Plasma leptin, glucose and C-reactive protein assessed by 
ELISA (Crystal Chem, Elk Grove Village, IL, catalog #s 90030, 81692, 
and 90080, respectively).

2.10. Euthanasia and tissue collection

Mice were euthanized between 0800h and 1200h. Mice were deeply 
anesthetized using sodium pentobarbital (50 mg/kg i.p.) and blood was 
collected by way of cardiac puncture. Subsequently, mice were either (1) 
transcardially perfused with saline followed by 4 % paraformaldehyde 
to collect tissues for histology or (2) decapitated to collect tissues for 
weighing. Additionally, adrenals from a subset of mice (6 controls and 6 
CSDS) were used for gene expression analysis via bulk RNA sequencing. 
These adrenals were rapidly weighed, then frozen on dry ice, and stored 
at − 80 ◦C until further processing.

2.11. Adrenal RNA sequencing

RNA extraction and DNase treatment were performed on adrenals 
using RNeasy columns (Qiagen) according to the manufacturer’s in
structions. The remaining procedures were completed by the UF ICBR, 
as follows. RNA was checked for integrity using an Agilent Bioanalyzer 
and all samples that were evaluated had an RNA integrity number above 
8.0 and were used for library construction with the NEBNext Poly(A) 
mRNA Magnetic Isolation Module (New England Biolabs, catalog 
#E7490). This was followed by RNA library construction with the 
NEBNext Ultra II Directional RNA Library Prep Kit (New England Bio
labs, catalog #E7760) according to the manufacturer’s user guide after 
which they were adjusted to equal molarity and sequenced on an Illu
mina NovaSeq (2 × 100bp) to achieve a minimum of 40M reads per 
sample. RNA-seq library preparation was performed at UF ICBR Gene 
Expression Core (https://biotech.ufl.edu/gene-expression-genotyping/, 
RRID:SCR_019145). Sequencing was performed at the ICBR NextGen 
Sequencing (https://biotech.ufl.edu/next-gen-dna/, RRID:
SCR_019152).

2.12. Data analysis and statistics

Multiple statistical analyses were performed on the data collected 
here. In most cases, these analyses were performed using GraphPad, and 
results were considered statistically significant at p < 0.05. For blood 
pressure, heart rate, activity and core body temperature, binned data 
were analyzed using a two-way repeated measures ANOVA. Heart rate 
variability and baroreflex sensitivity were calculated as described above 
and then similarly analyzed using a two-way repeated measures 
ANOVA. When significant interactions were revealed, post hoc analyses 
(Šídák’s multiple comparisons tests) were performed for the between 
and within subjects’ comparisons as appropriate. Body composition, 
organ weights, humoral assays and behavioral tests were analyzed by 
way of unpaired t-tests.

Analysis of RNA sequencing data was performed by UF ICBR (RRID:
SCR_01912) and first entailed the evaluation of differential gene 
expression between the CSDS and pair-housed control groups using the 
Ingenuity Knowledge Base (Genes only) and p < 0.05 and a fold change 
of 1.5 were selected as the cutoffs for expression changes. These results 
then underwent further ingenuity pathway analysis (IPA), and z-scores 
greater than or equal to 2 were taken to represent significant predictions 
of activation, while predictions of inhibition were made for z-scores less 
than or equal to − 2.
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3. Results

3.1. Chronic social defeat stress influences body weight, body 
composition, and other somatic indices of chronic stress in male mice

Chronic exposure to psychological stress has diverse effects on body 
weight, composition and other somatic indices of stress exposure and 
adaptation that often differ based on the nature of the stressor, as well as 
environmental and genetic factors (Dallman et al., 2003; Dallman, 2010; 
Dinsa et al., 2012; Razzoli et al., 2017; Kivimäki et al., 2023). Here, we 
initially sought to ascertain the somatic effects of chronic social defeat in 
adult male C57BL6/J mice using a CSDS paradigm (based on Golden 
et al. (2011)). As highlighted in Fig. 1, 14 days of CSDS significantly 
increases body weight over time (Fig. 1B; CSDS by time interaction; F 
(14, 434) = 4.49; p < 0.0001, two-way ANOVA). Analysis of body 
composition revealed increased lean [Fig. 1C; t (10) = 2.43; p = 0.04], 

decreased fat [Fig. 1D; t (10) = 3.03; p = 0.01] and elevated fluid mass 
[Fig. 1E; t (10) = 6.60; p < 0.0001] in CSDS mice relative to the 
pair-housed controls. Upon termination of the study, adipose tissue pads 
and other stress-sensitive tissues were dissected and weighed 
(Fig. 1F–J). In accordance with the body composition measurements, 14 
days of CSDS resulted in reductions in the weights of all the white adi
pose tissue depots evaluated (Fig. 1F). On the other hand, brown adipose 
tissue mass was not altered (Fig. 1F). Furthermore, the CSDS paradigm 
induced thymic involution (Fig. 1G), while simultaneously causing 
enlargement of the spleen (Fig. 1H), adrenal glands (Fig. 1I) and heart 
(Fig. 1J–K), effects that are collectively consistent with immune 
dysfunction, chronic hypothalamic-pituitary-adrenal (HPA) axis acti
vation, and cardiac hypertrophy.

Plasma samples from socially defeated and control subjects were 
used to evaluate the impact of CSDS on endocrine and other humoral 
endpoints (see Table 1). Notably, corticosterone levels were elevated in 

Fig. 1. Chronic social defeat stress influences body weight, body composition and other physiological indices of stress exposure. (A) Schematics depicting 
the pair-housed control and CSDS mice. (B) Trajectory of body weight changes during 14 days of CSDS or pair-housing conditions, expressed as percentage of baseline 
body weight; n = 15–18/group (2-way ANOVA; Šídák’s post hoc multiple comparisons test, *, p < 0.05, relative to time = 0). (C-E) Body composition analysis 
performed via TD-NMR at the end of CSDS, highlighting percent (C) lean, (D) adipose and (E) fluid mass in CSDS mice and pair-housed controls; n = 6/group (un- 
paired t-test). (F-J) Individual organ weights assessed after 14 days of CSDS and plotted relative to body weight, highlighting differences in (F) mesenteric (MWAT), 
retroperitoneal (RPWAT), epididymal (EWAT), inguinal white adipose tissue (IWAT) and intrascapular brown adipose tissue (BAT), (G) Thymus, (H) Spleen, (I) 
Adrenals and (J) Heart; n = 11–16/group (un-paired t-tests). (K) Representative images of hearts collected from pair-housed control (left) and CSDS (right) mice. Bars 
represent SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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the AM (0800–0900h), but lowered in the PM (1700–1800), high
lighting a potential disruption in the circadian rhythm of secretion. 
Additionally, while glucose levels (assessed in the AM only) were un
altered, leptin levels (assessed in the AM only) were reduced, results that 
are consistent with their reduced level of adiposity (Maffei et al., 1995). 
Last, the levels of acute-phase reactant C-reactive protein (CRP; assessed 
in the AM only) were elevated in CSDS mice relative to controls, results 
that are suggestive of a state of bodily inflammation and with previous 
studies that have revealed positive links among CRP levels, exposure to 
social stressors and cardiometabolic diseases (Johnson et al., 2013; 
Muscatell et al., 2020).

Overall, these findings highlight that chronic social stress using the 
CSDS model leads to an elevation in body mass that is the consequence 
of increases in lean and fluid mass, rather than adiposity. They further 
reveal that CSDS leads to bodily and humoral changes that are consistent 
with exposure to chronic stress and also with the observed reductions in 
adiposity.

3.2. Chronic social defeat stress induces anxiety-like behavior in male 
mice

Experience of social adversity is an established predictor of affective 

disorders, including generalized anxiety (Scott et al., 2014). To provide 
an index of anxiety-like behavior subsequent to CSDS, mice were again 
subjected to CSDS or pair-housed control conditions for 14 days. Af
terwards, they underwent testing in either an EPM (Fig. 2A–D) or an 
OFA (Fig. 2E–F) test. As highlighted in Fig. 2A–D, CSDS mice spent 
significantly more time in the closed arms [t (16) = 2.89; p = 0.0106; 
Fig. 2B], deposited a higher quantity of fecal boli [p = 0.005; Man
n-Whitney U test; Fig. 2C] and traveled a shorter distance [t (16) = 3.88; 
p = 0.0013; Fig. 2D] in the EPM than their pair-housed control coun
terparts. While CSDS mice did not exhibit a significant reduction in the 
time spent in the center of the OFA [t (10) = 1.89; p = 0.0874; Fig. 2F], 
they did enter the center fewer times [t (10) = 3.41; p = 0.0067; Fig. 2G] 
and exhibited decreased locomotion [t (10) = 4.96; p = 0.0006; 
Fig. 2H], which was similar to that observed with the EPM. Overall, 
these results suggest that CSDS induces anxiety-like behavior and re
duces locomotor activity, findings that are consistent with previous re
ports (Bartolomucci et al., 2003; Araki et al., 2024; Harada et al., 2024).

3.3. Chronic social defeat stress in male mice causes robust and sustained 
increases in blood pressure that are exacerbated over time

Exposure to social adversity is also a predictor of hypertension and 
cardiovascular disease (Yan et al., 2003; Everson-Rose et al., 2015; Leng 
et al., 2015; Demakakos et al., 2018; Powell-Wiley et al., 2022). In order 
to determine the impact of CSDS on cardiovascular parameters, a subset 
of experimental subjects was implanted with telemetry devices that 
monitor systolic and diastolic blood pressure (SBP and DBP, respec
tively), mean arterial pressure (MAP), and heart rate (HR), as well as 
core body temperature and activity. Initial analyses involved assessing 
mean daily BP and HR for three days prior to the onset, and throughout 
the first 14 days, of CSDS (i.e., prior to behavioral assays Fig. 3A). In 
brief, two-way ANOVA revealed a significant Group by Day interaction 
for all cardiovascular parameters assessed [SBP, F (16, 192) = 3.25, p <
0.0001; DBP, F (16, 192) = 2.81, p < 0.0001; MAP, F (16, 192) = 3.03, p 
= 0.0002; HR, F (16, 192) = 5.090; p < 0.0001], with post hoc analyses 
revealing several specific time points at which these parameters were 
significantly elevated in the CSDS group relative to pair-housed controls. 

Table 1 
Chronic social defeat stress influences humoral parameters. n = 5–21/ 
group; *, p < 0.05 (un-paired t-tests).

CON CSDS Statistics

AM Corticosterone (ng/ 
mL)

26.59 ± 3.03 43.06 ± 6.62 N = 20, 21; p =
0.0160

PM Corticosterone (ng/ 
mL)

132.3 ± 13.8 102.8 ± 7.2 N = 21, 20; p =
0.0337

Glucose (mg/dL) 117.5 ± 7.16 105.4 ± 8.02 N = 6, 6; p =
0.1434

Leptin (ng/mL) 5.89 ± 0.689 3.12 ± 0.089 N = 6, 6; p =
0.0013

C-reactive Protein (ng/ 
mL)

7.93 ± 0.272 10.1 ± 0.990 N = 5, 6; p =
0.0429

Fig. 2. Chronic social defeat stress increases anxiety-like behavior and reduces locomotor activity. (A, E) Schematics of Elevated Plus Maze (EPM) and Open 
Field Arena (OFA), respectively. Anxiety-like behavior and locomotor activity were assessed in the EPM (A-D) and OFA ( E-H). EPM: n = 8 (CSDS), n = 10 (control); 
OFA: n = 6/group. Unpaired t-tests; bars represent SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Schematics made using Biorender.com.
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In addition, analysis of mean daily activity revealed a significant CSDS 
by ‘Day of Defeat’ interaction [F (16, 192) = 2.136; p = 0.008]; how
ever, mean daily core body temperature was not significantly altered by 
CSDS (Supplemental Fig. 1A).

To determine the impact of the CSDS or pair-housed control condi
tions on cardiovascular parameters throughout the 24-h light-dark 
cycle, hourly bins of SBP, DBP, MAP and HR data were averaged 
across three different 3-day intervals (i.e., Baseline (Days -2-0), Days 1–3 
and Days 12–14). Two-way repeated measures ANOVAs revealed a 
significant impact of ‘Time of Day’ on SBP, DBP, MAP or HR during the 
baseline recording period; however, there were no differences between 
the groups (Fig. 3B). On the other hand, on Days 1–3 and the Day 12–14, 
CSDS caused robust and sustained increases in SBP, DBP, MAP and HR 
that were considered statistically significant at several time points 
throughout the 24-h trace (Fig. 3C–D). That is, on Days 1–3, the ANOVA 
revealed a CSDS by ‘Time of Day’ interaction for SBP [F (23, 276) =
10.9; p < 0.0001], DBP [F (23, 276) = 7.22; p < 0.0001], MAP [F (23, 
276) = 9.28; p < 0.0001] and HR [F (23, 276) = 3.38; p < 0.0001]. Post 
hoc analyses of BP during Day 1–3 indicated that the significant in
creases in these parameters occurred primarily during the dark-phase 
and lasted for approximately 6 h after the defeat session. Heart rates, 
on the other hand, were elevated at several time points during the light- 
phase. The ANOVA conducted on the data obtained during Days 12–14 
similarly revealed CSDS by ‘Time of Day’ interactions for SBP [F (23, 
276) = 8.68; p < 0.0001], DBP [F (23, 276) = 7.38; p < 0.0001], MAP [F 
(23, 276) = 7.90; p < 0.0001] and HR [F (23, 276) = 4.52; p < 0.0001]. 
In general, however, post hoc analyses of data collected during Days 
12–14 indicated that BP was significantly elevated throughout the ma
jority of the dark-phase and that these increases extended into the light- 
phase. Like what was observed during the Day 1–3, heart rates were 
higher in CSDS mice throughout the majority of the light-phase during 

Day 12–14.
Finally, telemetry was also used to monitor core body temperature 

and activity throughout the course of the study. Activity and core body 
temperature were then also analyzed in hourly bins to determine the 
impact of CSDS throughout the light-dark cycle during the baseline 
period, Days 1–3 and Days 12–14 of CSDS (Supp. Fig. 1B–C). During the 
baseline period (Supp. Fig. 1B), there were main effects of ‘Time of Day’, 
but no effects of CSDS on these parameters. During Days 1–3 (Supp. 
Fig. 1C), ANOVA revealed significant CSDS by ‘Time of Day’ interactions 
for activity [F (23, 276) = 2.11; p = 0.0027] and core body temperature 
[F (23, 276) = 2.25; p = 0.0012]; however, post hoc analyses did not 
reveal significant differences in individual timepoints for these param
eters. During Days 12–14 (Supp. Fig. 1D), there were again CSDS by 
‘Time of Day’ interactions for activity [F (23, 276) = 3.53; p < 0.0001] 
and core body temperature [F (23, 276) = 3.51; p < 0.0001]; however 
post hoc analyses did reveal individual time points of significant re
ductions in these parameters during the dark-phase (i.e., Activity 2300h; 
Temperature 1900h and 2300h).

Collectively, these telemetry data indicate that while CSDS causes 
minor reductions in activity and core body temperature, it causes robust 
and sustained elevations in BP and HR that are enhanced over time.

3.4. Chronic social defeat stress promotes indices of autonomic 
dysfunction in male mice

There are numerous mechanisms involved in blood pressure regu
lation (Dampney, 2016), and many of these same processes are impacted 
by chronic stress (Ulrich-Lai and Herman, 2009), thus potentially 
contributing to the cardiovascular perturbations that are observed 
during CSDS. Among the systems involved in blood pressure regulation 
is the autonomic nervous system, which, during stress, undergoes a 

Fig. 3. Chronic social defeat stress elicits elevations in blood pressure and heart rate that are enhanced over time. (A) From top to bottom, mean daily systolic blood 
pressure (SBP), diastolic blood pressure (DBP), mean arterial blood pressure (MAP) and heart rate (HR) throughout the 14-day course of CSDS. (B-D) From top to 
bottom, mean hourly SBP, DBP MAP, and HR traces throughout the (B) baseline period, (C) Days 1–3, and (D) Days 12–14 of CSDS (n = 8) or pair-housing (n = 6). 
Bars represent + SEM. 2-way ANOVA; *, p < 0.05 (between-subjects, post hoc).
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dramatic shift towards enhanced sympathetic and dampened para
sympathetic outflow (Guyenet, 2006; Ulrich-Lai and Herman, 2009). 
These effects ultimately lead to increases in cardiac output and vascular 
resistance that elevate blood pressure. To begin evaluating the status of 
the autonomic control of the cardiovascular system in CSDS mice vs. 
pair-housed controls, telemetry data were analyzed to examine HRV in 
Time Domain using Ponemah software. The parameters assessed were 
NN-interval (the average time interval between successive heart beats, 
indicative of HR), SDNN (the standard deviation of all regular intervals, 
which reflects total autonomic variability), RMSSD (the square root of 
mean squared differences between adjacent regular intervals, which 
reflects short-term variations in HR) and pNN6 (the percentage of suc
cessive NN intervals that differ by more than 6 ms, which is correlated 
with parasympathetic activity (Thireau et al., 2008; Shaffer and Gins
berg, 2017).

As highlighted in Table 2, there were significant CSDS by ‘Time of 
Day’ interactions for all parameters during Days 1–3 of the experiment 
[Table 2; NN-interval, F (1, 12) = 7.4, p = 0.02; SDNN, F(1, 12) = 5.7, p 
= 0.03; RMSDD, F(1, 12) = 14.2, p = 0.003; pNN6, F (1, 12) = 20.79, p 
= 0.02], and also for NN-interval, RMSDD and pNN6 during Days 12–14 
of the experiment [Table 2; NN-interval, F (1, 12) = 5.1, p = 0.04; 
RMSDD, F (1, 12) = 17.1, p = 0.001; pNN6, F (1, 12) = 15.09, p =
0.0022]. For SDNN (Day 12–14), there were significant main effects of 
Time of Day [F (1, 12) = 28.80, p = 0.0002] and CSDS condition [F (1, 
12) = 22.41, p = 0.0005]. Intriguingly, while post hoc analyses revealed 
a significant impact of CSDS on all parameters during only the inactive 
phase (AM) for Days 1–3, significant decreases in the SDNN, RMSDD- 
and pNN6 (%) parameters were observed during both the AM and PM 
for Days 12–14. The implication is that CSDS results in autonomic 
dysfunction and that, while these effects are limited to the inactive phase 
early on in the paradigm (Days 1–3), they are prevalent during both the 
active and inactive phases after longer exposure to the CSDS (Days 
12–14).

3.5. Chronic social defeat stress attenuates spontaneous baroreflex 
sensitivity in male mice

The autonomic control of cardiovascular function relies heavily on 
the baroreflex, which involves the sensation of vascular stretch and 
consequent initiation of appropriate compensatory responses to main
tain blood pressure within a set range (Guyenet, 2006). In order to 
provide an index of baroreflex function in CSDS and control mice, 
telemetry data underwent analyses of spontaneous baroreflex gain 
(sBRG) and baroreflex effectiveness index (BEI) using Hemolab software 
(Stauss, 2008). Briefly, sBRG compares spontaneous changes in arterial 
pressure to cardiac intervals, with lower values being indicative of an 
impairment in the baroreflex buffering of sudden changes in blood 
pressure by altering cardiac intervals. Similarly, BEI measures the time 
that the arterial baroreflex is actively engaged to control heart rate by 
comparing the number of systolic ramps to pulse intervals at a given 
period. In both cases, lower values for the parameters are indicative of 
reduced baroreflex sensitivity. As can be visualized in Fig. 4A, there 
were significant reductions in sBRG during the dark-phase (PM; 
treatment-effect, F (1,13) = 19.72, p = 0.0007) and BEI during the 
light-phase (AM; interaction-effect, F (1,13) = 12.34) early on (i.e., Days 
1–3) in the CSDS paradigm. Later in the CSDS paradigm (i.e., Days 
12–14; Fig. 4B), both sBRG and BEI were significantly reduced during 
the AM and PM periods (sBRG, treatment-effect, F (1,13) = 18.72, p =
0.0008; BEI, treatment-effect, F (1,13) = 17.76, p = 0010), data that 
collectively support a robust dampening in baroreflex sensitivity during 
CSDS.

3.6. Chronic social defeat stress alters the adrenal gland transcriptome in 
male mice

Another important component/effector of the autonomic nervous 
system, and of the HPA axis, is the adrenal gland. Hypertrophy and 

Table 2 
Impact of CSDS on HRV as Assessed in the Time Domain. * indicates a sig
nificant main effect for CSDS, # indicates a significant main effect for time of day 
and $ indicates a significant interaction. The letters indicate between group 
differences determined by way of Šídák’s multiple comparisons test (i.e., non- 
shared letters indicating a statistically significant difference between groups), 
p < 0.05. n = 8 CSDS and n = 6 controls.

AM PM

CON CSDS CON CSDS

Days 1–3
NN Interval 
(ms)# * $

142.4 ± 4.3 a 120.7 ± 3.2 b 105.5 ± 3.3 c 98.6 ± 2.0 c

SDNN (ms) $ 10.0 ± 0.9 a 6.9 ± 0.8b 7.7 ± 0.4 7.8 ± 1.0
RMSSD (ms) 
$

8.2 ± 0.5 a 4.8 ± 0.6 b 5.1 ± 0.4 b 6.7 ± 1.0 b

pNN6 (%)# * 
$

30.1 ± 2.9 a 12.3 ± 2.7 b 13.2 ± 2.2 b 15.9 ± 3.3b

Days 12–14
NN Interval 
(ms)# * $

137.9 ± 3.9 a 119.2 ± 2.7b 105.5 ± 3.3 c 98.6 ± 2.0 c

SDNN (ms)# 

*
9.8 ± 1.1 6.3 ± 0.3 7.0 ± 0.3 4.4 ± 0.4

RMSSD 
(ms)# * $

7.5 ± 0.6 a 4.2 ± 0.2 b 4.3 ± 0.3 c 3.0 ± 0.3 d

pNN6 (%)# * 
$

26.4 ± 2.7 a 9.7 ± 1.0 b 9.4 ± 1.7 c 3.7 ± 1.0d

Fig. 4. Exposure to CSDS is associated with reduced baroreflex sensitivity. 
From top to bottom, spontaneous baroreflex gain (sBRG) and baroreflex effec
tiveness index (BEI) during (A) Days 1–3 and (B) Days 12–14. Note that AM 
values were obtained between 0700 and 0900 (i.e., during a 2-h window that 
started 1 h after lights ON), while PM values were obtained between 1900 and 
2100 (i.e., during a 2-h window that started 1 h after lights OFF). 2-way 
ANOVA; *p < 0.05 (between-subjects, post hoc).
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hyperplasia of the adrenal gland are frequent consequences of chronic 
stress exposure (Ulrich-Lai et al., 2006) and, as highlighted above 
(Fig. 1), CSDS mice have enlarged adrenals. Here, we sought to deter
mine whether the transcriptome of the adrenals of mice subjected to 
CSDS was altered in a manner that is consistent with adrenal enlarge
ment, with enhanced glucocorticoid synthesis, and with increased 
sympathetic activation, as indicated by raised catecholamine synthesis 
and secretion. To accomplish this, bulk RNA sequencing was conducted 
on the adrenals of CSDS mice and pair-housed controls, and the data was 
analyzed using the Ingenuity Knowledge Base (Genes only). The com
parison made was CSDS genes vs. Control genes, and P < 0.05 was 
selected as the cutoff for expression changes. This criterion resulted in 
2517 genes from a total of 15221 in the entire database showing sig
nificant changes (increase or decrease) in expression in the CSDS adre
nals vs. control adrenals.

Ingenuity Analysis of Canonical Pathways (IPA) was performed on 
the genes that not only reached the P < 0.05 threshold but also displayed 
an at least 1.5-Fold Change (increase or decrease) in expression. These 
genes are displayed in the Volcano Plot, as shown in Fig. 5. From the 
IPA, Z-scores greater than or equal to 2 were taken to represent signif
icant predictions of activation, while predictions of inhibition were 
made for Z-scores less than or equal to − 2. The IPA revealed changes in 
gene expression in the CSDS group that were consistent with adrenal 
enlargement in these mice, and this was most apparent in the “Collagen 
Biosynthesis and Modifying Enzymes” pathway, which exhibited the 
highest -log(P-value) and positive Z-Score at 3.96 and 2.828427 
respectively. Within this pathway, the expression of several collagen 
genes that are components of the adrenal cortex extracellular matrix 
(Otis et al., 2007; Kremer et al., 2024) was elevated, consistent with 
increased tissue growth. These genes included: Col1a1 (Collagen, type I, 
alpha 1), Col1a2 (Collagen, type 1, alpha 2), Col4a1 (Collagen, type IV, 
alpha 1) and Col5a3 (Collagen, type V, alpha 3). Respective Fold 
Changes in expression and Expr P-values for these genes are shown in 
Table 3.

The IPA Canonical Pathways associated with either enhanced 
glucocorticoid synthesis (“Cholesterol Biosynthesis”) or with catechol
amine synthesis and secretion (“Catecholamine Biosynthesis”) did not 
exhibit Z-scores that were ≥2.0 or ≤ − 2.0. Nonetheless, within the 
Cholesterol Biosynthesis pathway several genes exhibited increased 
expression, consistent with elevated steroid synthesis. These included 
two genes that are important for cholesterol biosynthesis: Dhcr7 (7- 
dehydrocholesterol reductase) and Dhcr24 (24-dehydrocholesterol 
reductase) (Table 3). Likewise, the expression levels of two genes that 
are critical for catecholamine synthesis within the adrenal medulla, Th 
(tyrosine hydroxylase) and Dbh (dopamine-b-hydroxylase), were 
significantly elevated (Table 3).

While the increased expression of the above genes in CSDS mice 

adrenals was consistent with the pathophysiological changes observed 
in these animals (adrenal enlargement, elevated plasma corticosterone, 
increased sympathetic activity – and consequent hypertension), the In
genuity data also revealed very significant alterations in the expression 
levels of several other adrenal genes that are of interest in the CSDS 
model. To begin with, the largest change in expression of any gene in the 
CSDS mice was observed with Pdyn (Prodynorphin), which exhibited a 
154.5-Fold increase [Expr P-value 1.23 x 10− 14] (Table 3). Prodynor
phin is the precursor peptide for various dynorphins that exert actions 
via Kappa opioid receptors (KOR), and KOR agonists have been 
demonstrated to elicit anxiety, fear and depression in animal models 
(Chartoff and Mavrikaki, 2015). Furthermore, it has been demonstrated 
that deletion of the Pdyn gene in mice resulted in an anxiolytic pheno
type that was reversed by administration of a KOR agonist (Wittmann 
et al., 2009). Therefore, the large increase in expression of Pdyn may 
contribute to the anxiety-like behavior observed in CSDS (Fig. 2).

Other changes in adrenal gene expression in CSDS mice might be 
regarded as more “protective” or compensatory mechanisms. To begin 
with, the expression of Nppb (natriuretic peptide type B) exhibited a 
highly significant 11.72-Fold increase (Table 3). There is evidence that 
BNP stimulates norepinephrine (NE) neuronal re-uptake and decreased 
NE release in the adrenal medulla (Vatta et al., 1997). Both actions are 
consistent with a blunting of the hormonal component of the sympa
thetic nervous system in the CSDS mice. Another gene whose adrenal 
expression was significantly increased in CSDS mice was the Oxtr 
(Oxytocin receptor), (Table 3). This is interesting as several studies have 
demonstrated that oxytocin can exert direct effects at the adrenal cortex 
to decrease glucocorticoid synthesis and secretion (Legros et al., 1988; 
Nussdorfer, 1996; Gimpl and Fahrenholz, 2001; Uvnas-Moberg et al., 
2024); thus, the elevation of adrenal Oxtr expression in CSDS mice may 
reflect a compensatory mechanism for keeping elevated circulating 
corticosterone levels in check.

4. Discussion

The worldwide prevalence of hypertension, cardiovascular diseases, 
obesity, and mental illnesses continues to rise with the aging of the 
population (Chobanian et al., 2003; Virani et al., 2021; Martin et al., 

Fig. 5. Chronic social defeat stress (CSDS) alters the adrenal gland tran
scriptome. Volcano plot of gene expression alterations in the adrenal glands 
collected from CSDS mice relative to controls. (n = 6/group).

Table 3 
Selected gene expression changes in the adrenal gland after CSDS.
Col1a1 (Collagen, type I, alpha 1); Col1a2 (Collagen, type 1, alpha 2); Col4a1 
(Collagen, type IV, alpha 1); Col5a3 (Collagen, type V, alpha 3); Dhcr7 (7- 
dehydrocholesterol reductase); Dhcr24 (24-dehydrocholesterol reductase); Th 
(tyrosine hydroxylase); Dbh (dopamine-b-hydroxylase); Pdyn (Prodynorphin); 
Nppb (natriuretic peptide type B); Oxtr (Oxytocin receptor).

Process Gene Expr P-Value Fold Change

Adrenal Enlargement Col1a1 0.000462 1.958
Col1a2 0.00444 1.51
Col4a1 0.000233 1.6
Col5a3 2.637 x 10− 24 2.82

Glucocorticoid Synthesis Dhcr7 3.206 x 10− 12 1.54
Dhcr24 4.479 x 10− 6 1.65

Catecholamine Synthesis Th 5.8 x 10− 5 2.12
Dbh 1.577 x 10− 6 1.78

Anxiety Pdyn 1.23 x 10− 14 154.5

Compensatory Mechanisms Nppb 0.00043 11.72
Oxtr 3.7 x 10− 18 3.42
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2024). Although there are numerous causative factors, social adversity is 
a contributor that, at least in part, accounts for disparities in the rates 
and associated treatment outcomes among individuals of differing eth
nicities and socioeconomic classes (Din-Dzietham et al., 2004; Grotto 
et al., 2008; Sims et al., 2012; Leng et al., 2015; de Mestral and 
Stringhini, 2017; Razzoli et al. 2018, 2023; Anstey et al., 2019; Forde 
et al., 2020; Snyder-Mackler et al., 2020; Neufcourt et al., 2021; Lyons 
et al., 2025). The present studies use a CSDS paradigm in adult male 
wildtype C57BL6/J mice to model some of these societal problems, and 
to further elucidate their impact on cardiometabolic function. Key 
findings are that the stress of social subordination leads to severe hy
pertension that is associated with metabolic and behavioral abnormal
ities. These disruptions are accompanied by indices of autonomic 
imbalance, baroreflex dysfunction, fluid retention and endocrine dis
ruptions. We further highlight alterations in the size and gene expression 
profile of the adrenal gland, as well as cardiac hypertrophy, spleno
megaly and thymic involution. Intriguingly, many of these characteris
tics (e.g., enhanced autonomic outflow and fluid retention) are 
reminiscent of what occurs in hypertensive patients with low socio
economic status (Lindhorst et al., 2007; Kim et al., 2018); the implica
tion is that the CSDS paradigm is a clinically relevant model of social 
stress-induced hypertension.

The finding that cardiovascular responses to CSDS are heightened 
over time is novel and intriguing. While there are previous studies that 
have uncovered deleterious effects of social adversity on car
diometabolic parameters across species (Razzoli et al., 2020; Sny
der-Mackler et al., 2020; Grant et al., 2022), this is the first CSDS study, 
to our knowledge, that provides detailed insight into the impact of 
earlier defeat sessions (i.e., Days 1–3) vs. later defeat sessions (i.e., Days 
11–14) on blood pressure and heart rate over the entirety of the 
light-dark cycle. These findings highlight that, at least in terms of these 
cardiovascular perturbations, the subordinate subjects do not habituate 
to the CSDS that is imposed upon them.

The autonomic nervous system is an important mediator of hyper
tension and consequent cardiovascular dysfunction and plays an 
important role in regulating the body’s responses to external and in
ternal stressors. The present studies point to autonomic nervous system 
involvement in the observed hypertension in CSDS-exposed mice in two 
ways. First, HRV and indices of spontaneous baroreflex sensitivity are 
reduced. These findings are generally consistent with previous studies in 
rodents (Sgoifo et al., 1999; Costoli et al., 2004; Sévoz-Couche et al., 
2013; Brouillard et al., 2019; Morais-Silva et al., 2019). An intriguing 
and novel finding here is that, like with the pressor responses to the 
CSDS, these alterations seem to be enhanced over time. The second set of 
results that infer autonomic nervous system involvement in the hyper
tension is the gene expression profile within the adrenal gland, which is 
suggestive of enhanced catecholamine synthesis within the adrenal 
medulla. Thus, the hypertension that arises during CSDS is likely the 
consequence of progressive autonomic perturbations; a finding that is 
highly relevant to human health, as hypertension during psychosocial 
stress is often also linked to comparable autonomic disturbances such as 
reduced baroreflex sensitivity (Lindhorst et al., 2007; Kim et al., 2018). 
Baroreflex sensitivity is impaired in otherwise healthy individuals 
reporting chronic psychosocial stress (Lucini et al., 2005), and is also 
associated with mood disorders and post-traumatic stress disorder 
(Davydov et al., 2007; Park et al., 2017). Interestingly, we found that 
cardiovascular responses to social defeat were similar across mice, 
whereas much of the literature using chronic social defeat identifies 
subsets of mice that are resilient. Such stratification is performed using a 
social interaction test (SIT), where the duration of time spent investi
gating a novel aggressor strain mouse is compared to time spent inves
tigating an empty cup (Golden et al., 2011; Murra et al., 2022). We did 
not assess this in our mice, and perhaps we would have observed dif
ferences in the SIT despite similar cardiovascular responses. We did 
perform the open field test and did not observe a bimodal distribution in 
responses, and this fits with existing literature reporting no differences 

in open field behavior between resilient and susceptible mice (Murra 
et al., 2022).

The present studies also revealed that CSDS elevates body mass in 
mice, and an intriguing aspect of this elevated body mass is that it is a 
consequence of increases in lean and fluid mass, rather than adiposity. In 
fact, adipose tissue weights and, correspondingly, circulating leptin are 
reduced after CSDS. When considering the present results, in relation to 
the existing literature on stress and metabolism, it is important to 
recognize that chronic exposure to psychological stress has been re
ported to have diverse effects on body weight and composition that 
differ based on the nature of the stressor imposed, and on environmental 
and genetic factors (Dallman et al., 2003; Dallman, 2010; Dinsa et al., 
2012; Razzoli and Bartolomucci, 2016). Even studies considering 
metabolic impacts of the specific subset of chronic stressors that arise 
from exposure to social adversity, per se, have produced mixed results 
(Dijkstra et al., 1992; Bartolomucci et al., 2004; Krishnan et al., 2007; 
Razzoli et al., 2009; Koch et al., 2016; Eudave et al., 2018). Here, CSDS 
augments body weight, at least in part by elevating fluid mass. Based on 
this finding, and the known interrelationship between fluid balance and 
hypertension, it is reasonable to speculate that the elevated fluid mass in 
CSDS mice may have a deleterious influence over blood pressure regu
lation and cardiovascular function, further contributing to pathology.

Mice subjected to CSDS also exhibit increased anxiety-like behavior 
and alterations in corticosterone levels, with elevations in this gluco
corticoid occurring at the expected circadian nadir, and reductions 
occurring at the anticipated circadian peak of HPA axis activity. 
Regarding anxiety-like behavior, the increased levels observed in CSDS 
mice are generally consistent with previous studies (Krishnan et al., 
2007; Venzala et al., 2012; Razzoli et al., 2014; Araki et al., 2024), and it 
is reasonable to speculate that perhaps one contributor to this behavior 
is the increased adrenal expression of prodynorphin, the product of the 
Pdyn gene (Table 1). Prodynorphin is known to exert anxiogenic 
behavior, through generation of dynorphin A metabolites. When 
generated systemically, certain of the smaller metabolites may traverse 
the blood brain barrier and exert anxiogenic activity via actions at KOR 
in the amygdala (Wittmann et al., 2009; Knoll et al., 2011; Sloan et al., 
2012; Chartoff and Mavrikaki, 2015). The increases in circulating 
corticosterone levels were associated with adrenal hyperplasia and with 
increased expression of adrenal genes involved in Collagen Synthesis 
and Cholesterol Biosynthesis (Table 1). These findings are also not sur
prising, considering the known impact of social stress on the HPA axis 
(Krishnan et al., 2007). That is, the elevated nadir corticosterone level is 
in line with previous studies using similar social stress paradigms 
(Krishnan et al., 2007; Razzoli et al., 2014), as is the altered rhythmicity 
of the HPA axis that was observed (Sterlemann et al., 2008; Razzoli 
et al., 2014). It is also interesting to consider these corticosterone results 
in the light of other bodily measurements. For example, as mentioned 
above, we also observed reductions in adiposity and corresponding 
levels of leptin. As both adipose tissue and leptin levels have previously 
been found to modulate HPA axis stress responses (de Kloet et al., 2015; 
Douglass et al., 2023), it is possible that these metabolic alterations are 
further precipitating maladaptive effects of CSDS. In addition, CSDS 
mice also exhibit thymic involution and splenomegaly, which are simi
larly consistent with the body’s adaptation to stress and are suggestive of 
impaired immune function response to CSDS (possibly due to elevated 
corticosterone).

Finally, an intriguing aspect of the adrenal transcriptome data is not 
only that the elevations in gene expression are consistent with the 
observed increases in sympathetic activity, circulating corticosterone 
and anxiety, but also that there are significant elevations in the 
expression of genes that may serve as endogenous regulators that 
attempt to offset or temper the deleterious actions of CSDS. Most 
notably, the significant elevations in Oxtr and Nppb might exert 
respective effects to suppress corticosterone production and the hor
monal component of sympathetic nervous system activation in CSDS 
mice (Legros et al., 1988; Nussdorfer, 1996; Vatta et al., 1997; Gimpl 
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and Fahrenholz, 2001; Uvnas-Moberg et al., 2024). While these ideas are 
at present speculative, further investigation is warranted.

There are some limitations that should be acknowledged. First, sex as 
a biological variable is not addressed here. The rationale is that the 
paradigms that are used to instigate comparable social subordination 
stress in female mice differ profoundly from that which is used here. 
Consequently, direct comparisons are difficult to make between the 
sexes. Thus, we view the corresponding female study to be more 
appropriately included in a separate publication. Nonetheless, the 
completion of corresponding studies in female models of social subor
dination is immensely important, as social stress and cardiometabolic 
disease are just as important for women’s health as for males. Second, 
while behavioral tests of anxiety are suggestive of enhanced anxiety-like 
behavior, they also revealed reductions in distance traveled in the EPM 
and OFA. Such reductions complicate the interpretation, as the tests rely 
on locomotor activity to effectively explore the arenas. Thus, while these 
data are consistent with several studies that also revealed increased 
anxiety-like behavior after CSDS exposure (Krishnan et al., 2007; Ven
zala et al., 2012; Razzoli et al., 2014; Araki et al., 2024), they also 
indicate that the socially subordinate mice are likely in a state of energy 
conservation. This is an intriguing finding in and of itself, which is 
further supported by telemetry data revealing that CSDS mice exhibit 
reduced activity and core body temperature over time. It is reasonable to 
predict that such a phenotype may ultimately exacerbate cardiovascular 
and metabolic disease progression.

Collectively, these studies support the use of CSDS in male mice as a 
model for social adversity-induced cardiometabolic and affective dis
orders. They further highlight autonomic imbalances, endocrine dis
ruptions and fluid retention, that are likely contributors to the 
cardiometabolic disruptions. Overall, many of these characteristics are 
reminiscent of what occurs in hypertensive patients who are victims to 
comparable social adversities (e.g., of being of a lower social status) 
(Lindhorst et al., 2007; Kim et al., 2018). Thus, we propose that CSDS 
may serve as a clinically relevant model to uncover mechanisms un
derlying health disparities in cardiometabolic outcomes of individuals 
subjected to such social adversities.
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