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Introduction: Obesity and psychosocial stress (PS) co-exist in individuals of Western society. Nevertheless, how
PS impacts cardiac and hippocampal phenotype in obese subjects is still unknown. Nor is it clear whether
changes in local brain-derived neurotrophic factor (BDNF) account, at least in part, formyocardial and behavioral
abnormalities in obese experiencing PS.
Methods: In adult maleWTmice, obesity was induced via a high-fat diet (HFD). The resident-intruder paradigm
was superimposed to trigger PS. In vivo left ventricular (LV) performance was evaluated by echocardiography
and pressure-volume loops. Behaviourwas indagated by elevated plusmaze (EPM) and Y-maze. LVmyocardium
was assayed for apoptosis, fibrosis, vessel density and oxidative stress. Hippocampus was analyzed for volume,
neurogenesis, GABAergic markers and astrogliosis. Cardiac and hippocampal BDNF and TrkB levels were mea-
sured by ELISA and WB. We investigated the pathogenetic role played by BDNF signaling in additional cardiac-
selective TrkB (cTrkB) KO mice.
Findings:When combined, obesity and PS jeopardized LVperformance, causing prominent apoptosis,fibrosis, ox-
idative stress and remodeling of the larger coronary branches, along with lower BDNF and TrkB levels. HFD/PS
weakened LV function similarly inWT and cTrkB KOmice. The latter exhibited elevated LV ROS emission already
at baseline. Obesity/PS augmented anxiety-like behaviour and impaired spatial memory. These changes were
coupled to reduced hippocampal volume, neurogenesis, local BDNF and TrkB content and augmented
astrogliosis.
Interpretation: PS and obesity synergistically deteriorate myocardial structure and function by depleting cardiac
BDNF/TrkB content, leading to augmented oxidative stress. This comorbidity triggers behavioral deficits and in-
duces hippocampal remodeling, potentially via lower BDNF and TrkB levels.
Fund: J.A. was in part supported by Rotary Foundation Global Study Scholarship. G.K. was supported by T32 Na-
tional Institute of Health (NIH) training grant under award number 1T32AG058527. S.C. was funded by American
Heart Association Career Development Award (19CDA34760185). G.A.R.C. was funded by NIH (K01HL133368-
01). APB was funded by a Grant from the Friuli Venezia Giulia Region entitled: “Heart failure as the Alzheimer
disease of the heart; therapeutic and diagnostic opportunities”. M.C. was supported by PRONAT project (CNR).
N.P. was funded by NIH (R01 HL136918) and by the Magic-That-Matters fund (JHU). V.L. was in part supported
by institutional funds from Scuola Superiore Sant'Anna (Pisa, Italy), by the TIM-Telecom Italia (WHITE Lab, Pisa,
Italy), by a research grant from Pastificio Attilio Mastromauro Granoro s.r.l. (Corato, Italy) and in part by
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1. Introduction

Obesity is becoming so epidemic that theWorldHealthOrganization
(WHO) has coined the term “globesity” to design its relentless rise

worldwide [1]. Psychosocial stress (PS), i.e., the aversive social and psy-
chological conditions that tax or exceed the physiological resources of
the organism to cope with them [2,3], is another fast and pandemically
growing issue of the industrialized societies [4,5]. Burn-out caused by
chronic stress at work (an example of widespread psychosocial stress
condition) has been recognized as an official medical diagnosis by the
WHO in 2019 (WHO. 28 May 2019. Retrieved 2019-06-01). Obesity and
PS often inhabit the same individual, owing to theWestern society life-
style [5,6]. Yet, very often, they aremodeled separately, precluding a full
grasp of their potentially adverse synergy on organ or system function,
as well as of a deeper understanding of the disease mechanisms trig-
gered by these concomitant stressors.

Obesity and PS have widespread targets in the body. However, the
cardio- and neural systems are especially vulnerable to their acute or
chronic adverse effects [7–11]. What is more, affecting one compart-
ment may have negative reverberation on the other, resulting in an al-
tered brain-heart communication. Models have been harnessed to
study the interactive effects triggered by these two risk factors. How-
ever, priority has always been assigned to the central nervous system
(CNS), or lipid metabolism [12,13]. To the best of our knowledge, no in-
vestigation so far has focused onwhether and how obesity and stress of
social and psychological nature influence myocardial contractility and
structure, in principle. Only one study, in fact, evaluated how high-fat
diet and stress induced by the alternation of damp sawdust, cold,
swim, and restraint alter the autonomic control of heart rate [14].

Brain-derived neurotrophic factor (BDNF), with its associated sig-
naling, acts as a proxy for optimal brain health and neuroplasticity
[15], helping neuronal cells to cope with stress conditions, including
the metabolic ones [16]. Obesity and PS both exact a heavy toll on
BDNF bioavailability [17–19]. Of relevance, BDNF and its associated re-
ceptor Tropomyosin receptor kinase B (TrkB) are required for normal
myocardial function in adulthood [20,21]. In light of these facts, BDNF
and TrkB are potential primary targets of the adverse influence of obe-
sity and PS, particularly when combined. Moreover, BDNF could shuttle
beneficial effects between the brain and the heart, both ways.

Here, we report that obesity (via high-fat diet, HFD) or psychosocial
stress (triggered by the resident-intruder paradigm, RIP) does not sig-
nificantly alterin vivo myocardial performance of adult mice. Con-
versely, when obese mice are PS-challenged, cardiac contractility and
relaxation are markedly impaired, and considerably more than the
sumof the effects produced by obesity andPS, each taken alone. This ev-
idence is consistentwith the histological findings showing thatmyocyte
cell death, fibrotic tissue deposition, oxidative stress are increased,
while cardiac BDNF and TrkB levels are impoverished in obese/PS-
treated mice, in a synergistic manner. In a similar, consistent manner,
this comorbidity deteriorates the hippocampal structure, reducing its
volume and in situ neurogenesis, while increasing astrogliosis. Again,
these phenotypes are coupled to a marked depletion in local BDNF
and TrkB pool.

2. Materials and methods

2.1. Animals and experimental protocol

Forthy healthy male C57BL/6 J mice (12 weeks old; 23–26 g body
weight) were housed under controlled 12/12 h light/dark cycle, tem-
perature (21 ± 0·5 °C) and relative humidity (55% ± 2%) in animal

Research in context
Evidence before this study

Obesity and PS often inhabit the same individual, owing to the
Western society lifestyle. Yet these stressors are often modeled
separately, precluding a full grasp of their potentially adverse syn-
ergy on organ or system function, and of the pathogenic mecha-
nisms triggered by their combination. Of note, when models
have been harnessed to study obesity and PS, the priority has
been always given to the central nervous system (CNS), or lipid
metabolism, with little attention to heart function. Studies, for in-
stance, have evaluated how high-fat diet and stress induced by
the alternation of damp sawdust, cold, swim, and restraint alters
the autonomic control of heart rate. However, no investigation
has portrayed yet how obesity and stress (of social or psychologi-
cal nature) affect myocardial structure and function. Moreover,
the hippocampus is often targeted by cardiac diseases, and yet
no studies have evaluated to what extent PS in obese subjects af-
fects this brain region.

Added value of this study

Our study demonstrates that psychological and social stress im-
pinging on an obese pathological substrate alters myocardial and
hippocampal phenotype more than each condition alone. Accord-
ingly, two diffuse and often coexisting environmental risk factors,
such as diet-induced obesity and PS act synergistically to deterio-
rate heart structure and function, triggering a marked decline in
both systolic and diastolic function. These phenotypes, at least
in part, stem from the loss of viable cardiomyocytes, cardiac ma-
trix and vascular remodeling, increased oxidative stress, and de-
pletion of cardiac BDNF and TrkB pool. Alterations of the cardiac
phenotype are associated with a substantial hippocampal remod-
eling due to lower levels of local BDNF and TrkB, thus accounting
formajor behavioral disorders, such as extreme anxiety and loss of
spatial memory. Therefore, BDNF signaling impairment is a com-
mon feature of the brain-heart axis dysfunction following obesity
and exposure to environmental stressors.

Implications of all the available evidence

The present study shows, for the first time, that psychosocial
stress makes systo-diastolic and hippocampal dysfunction mani-
fest in obese mice. Notably, both cardiac and hippocampal
BDNF/TrkB levels are markedly reduced in PS-challenged obese
mice. These findings suggest that measures apt to rescue BDNF
signaling at both levels, i.e., hippocampus and myocardium,
should improve the brain-heart communication, attenuating the
behavioral and cardiac abnormalities found in PS-challenged
obese mice.
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rooms and fed with standard diet and water ad libitum until the begin-
ning of the experimental protocol, which lasted 18 weeks (Fig. 1a). The
animalswere randomly assigned to one of the following groups: Control
(n=10),mice fed a standard diet (2700 kCal/kg; Table 1) for 18weeks;
Ob (n = 10) mice fed a high-fat diet (HFD; 5000 kCal/kg; Table 1, pro-
vided by Mucedola S.R.L., Settimo Milanese, MI, Italy) for 18 weeks; PS
(n = 10) mice fed a standard diet for 18 weeks and subjected to the
resident-intruder paradigm for the last two weeks of the protocol; Ob
+ PS (n = 10) mice fed HFD for 18 weeks and submitted to the
resident-intruder model for the last two weeks of the protocol. Addi-
tional experiments were performed in cardiac-selective TrkB−/−
malemice (cTrkB KO), (12 weeks old; 24–26 g body weight) previously
characterized by us [20]. Our cTrkB KO mice were generated deleting
the exon 14, which leads to complete ablation of the ectodomain of all
TrkB isoforms. The animals were randomly assigned to Control (n =
4), Ob (n= 5), PS (n= 5) and Ob + PS (n= 5) groups. Thirty healthy
male CD1 mice (retired breeders) were employed for the resident-
intruder model. All animal procedures were approved by the Italian
Ministry of Health and by the Johns Hopkins University Animal Care
and Use Committee, and conducted in conformity with the guidelines
from Legislative Decree n°26/2014 of Italian Ministry of Health and Di-
rective 2010/63/EU of the European Parliament, andwith the guidelines
for the Care and Use of Laboratory Animals (NIH publication No. 85–23)
on the protection of animals used for scientific purposes.

2.2. Resident–intruder paradigm

We employed amodified version of the previously validatedmodels
of the resident-intruder paradigm (RIP) [22–24].The Resident-Intruder
test is a behavioral translational model of psychosocial stress able to in-
duce offensive behavior (aggression of the resident mouse) and defen-
sive/submissive behavior (avoidance and the social defeat of the
intruder mouse). Male CD1 mice, higher by weight and previously se-
lected for their aggression, were placed individually in a single cage
for seven days, allowing for the creation of an individual territory (Sup-
plementary Fig. 1a). Each resident CD1mouse received an intruder in its
cage (a C57BL/6 Jmouse from the experimental groups PS andOb+PS)
and the two animalswere allowed to interact freely for 10min (Supple-
mentary Fig. 1b). After the interaction, themicewere separated through
a perforated plexiglass partition halving the cage, which maintained
them in continuous sensory contact (visual, auditory and olfactory)
for 24 h (Supplementary Fig. 1c). The entire procedure has been re-
peated for 14 consecutive days without changing the resident mice
each day in order to maintain social hierarchy throughout the experi-
ment in accord with previous studies [25,26]. During the 10 min of in-
teraction the main behavioral parameters linked to aggression and
social defeat were recorded (i.e. the frequencies, durations, latencies
of the attacks). To prevent physical injury the procedure was
interrupted in case of physical damages.

2.3. Cardiac function assessment

2.3.1. Echocardiography
The cardiac morphology and function were assessed by transtho-

racic echocardiography using a high-frequency and high-resolution
echocardiography system (Vevo 2100, FUJIFILM VisualSonics Inc.,
Toronto, Canada) equipped with a 40- MHz ultrasound probe
(MS550, FUJIFILM VisualSonics Inc., Toronto, Canada) in conscious
mice as described previously [27]. In stressed animals, the echocardio-
gramwas performed the day after the last day of the entire stress period
in a different room/context. An experienced cardiologist and an
echocardiography expert blinded to experimental groups performed
all measurements. More details are described in Supplemental
information.

2.3.2. Pressure-volume loops
In vivo, the left ventricular (LV) load-independent contractile func-

tion and general hemodynamics were assessed by analysis of
pressure-volume (PV) loops, as described previously [27]. PV loops
were analyzed by a blinded investigator using dedicated software [20].
More details are provided in Supplemental information.

2.4. Electron paramagnetic resonance

Fresh LV tissue was collected to detect superoxide levels by electron
paramagnetic resonance spectroscopy (EPR) as previously described
[28]. More details are described in Supplemental information.

2.5. Behavioral tests

Previously validated methods were used to assess hippocampus-
dependent behavior. An expert in behavioral test, blinded to experi-
mental groups performed all measurements.

2.5.1. Elevated plus maze
Elevated plusmaze (EPM) is an established test to study anxiety-like

behavior in rodents as described previously [29]. More details are de-
scribed in Supplemental information. The analysis of the behavioral pa-
rameters has been performed by means of ANY-maze software.

2.5.2. Y-maze
Y-Maze is a well-recognized behavioral test used to study spatial

memory in rodents [30]. More details are described in Supplemental in-
formation. The analysis of the behavioral parameters has been per-
formed by means of ANY-maze software.

2.6. Enzyme-linked immune assay

Tissues from the hippocampus and LV were dissected and frozen in
isopentane. Whole hippocampus and ~10 mg of LV tissue were homog-
enized in 2–3ml of lysis buffer (100mM PIPES (pH 7), 500mM NaCl,
0·2% Triton X-100, 2mM EDTA, 200μM PMSF, and protease inhibitor
cocktail (Sigma-Aldrich), followed by centrifugation for 30min at
16000g at 4°C. BDNF protein levels were determined by Enzyme-
Linked Immune Assay (ELISA) (BDNF Immuno Assay System, Promega,
Madison, WI). Lysates, after dilution, were loaded into 96-well plates.
BDNF concentration (pg/ml) was normalized to total soluble protein
previously measured trough BCA Protein Assay Kit (Pierce) for each
sample and data were expressed as percent change of WT (pg BDNF/
mg total protein) [30].

2.7. Western blotting

Proteinswere extracted from snap-frozen left ventricular and hippo-
campal samples.We loaded fourtymicrogramof total protein lysate per
lane on 4–20%precast polyacrylamide gel (Mini-PROTEAN®TGX™, Bio-
Rad Laboratories, Inc., Hercules, CA, USA) and blotted electrophoreti-
cally. The membrane including LV samples was probed with a specific
rabbit polyclonal antibody raised against all TrKB isoforms (#07–225;
dilution 1:1000; EMDMillipore), and then re-probed for glyceraldehyde
3-phosphate dehydrogenase (GAPDH) with rabbit polyclonal antibody
(#ABS16; dilution1:1000; EMD Millipore). Moreover, the membrane
including hippocampal sampleswas probed with a anti-TrKB rabbit
polyclonal antibody (#18987; dilution 1:1000; Abcam), and then re-
probed for beta-tubulin with rabbit polyclonal antibody (#6046; dilu-
tion 1:500; Abcam). Anti-GAPDH and beta-tubulin antibodies were
used to verify the uniformity of protein loading. The protein bands
were developed in a chemiluminescence substrate solution (Pierce
SuperSignal Chemiluminescents Substrate). Analysis of protein bands
was performed using ImageJ software (National Institute of Healt,
USA). We checked the predicted molecular weight trough the use of
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Precision Plus Protein™ Dual Colour Standards (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

2.8. Histological analyses

2.8.1. Heart
Myocardium was formalin-fixed and paraffin-embedded (FFPE). 5

μmthick tissue sectionswere stained as described in the Supplementary
material and methods, employing the antibody concentrations indi-
cated in the Supplementary Table 1. TUNEL staining was used to detect
myocardial apoptosis. Apoptotic cardiac cells were detected after stain-
ingwith anti-cardiac troponin T antibody,whichmay evenmark cardiac
interstitial cells [31]. Moreover, apoptotic cardiomyocytes, were identi-
fied by anti-alpha-Sarcomeric Actin (alpha-SA) antibody, a well-
established staining of cardiomyocytes [32–34]. Percent apoptotic
cardiac cells and cardiomyocytes (% ×10−1) were calculated via the
number of TUNEL positive nuclei over the total number of cardiac or car-
diomyocyte nuclei per field (at a magnification of 100×), respectively
[34]. Additionally, interstitial collagen was determined via Masson
Trichrome and H&E-stained sections (HT15 Trichrome Stain kit;
Sigma). To assess cardiomyocyte hypertrophy, we employed a cross-
sectional area–CSA, a surrogate parameter [35]. To evaluate arterymor-
phology, we counted the number of vessels positive to smooth muscle
actin antibody on an entire transverse section of the mid-myocardium
and measured both their thickness and relative caliber. Artery dimen-
sions and cardiomyocyte cross-sectional areas were computed
employing ImageJ software [36]. Vessel morphology was evaluated on
≈15 images of Isolectin B4 stained sections of mid-myocardium, taken
at 400× magnification, employing the AngioTool free software [37].

2.8.2. Hippocampus
Animals were anesthetized with an overdose of chloral hydrate

(10·5%, in saline) and transcardially perfused with PBS, followed by
paraformaldehyde (PFA) 4% solution. To evaluate adult hippocampal
neurogenesis, BrdU (Sigma-Aldrich) was administered intraperitone-
ally at 50 mg/kg body weight 2 h before the perfusion. Brains were
post-fixed for 2 h and then cryoprotected in sucrose (30% in phosphate
buffer). Brain coronal sections (50 μm) were cut and stained as de-
scribed in supplementary methods. The number of Parvalbumin and
BrdU positive cells was estimated in serial coronal sections covering
the complete rostrocaudal extension of the dentate gyrus (DG), CA1
and CA2/3 as previously described [38]. To quantify the DG volume sec-
tions were stained with Hoechst 33258 (Sigma-Aldrich, USA). The hip-
pocampal region of interest was contoured using Stereo Investigator
software (MBF Bioscience, USA) with a 10× objective and its area mea-
sured. The volume for each animalwas calculated by summingup all the
areas traced and multiplying the number by section thickness and by 6

(the spacing factor). The quantification of GFAP expression was per-
formed offline using Fiji (ImageJ software). Images were first converted
to 8 bit and 3 ROIs of DG, CA1 or CA2/3 per section (200 μmwide) were
selected. For the 3 ROIs themean grey valuewas calculated and normal-
ized using the value taken from the same ROI in a control image ac-
quired in the thalamus of the same slice were only background
labeling was present. Normalized values of the 3 ROIs of the single ani-
mal were then averaged to obtain the mean GFAP expression value of
the single animal. The total amount of GFAP staining was then given
as the mean ± standard error for each experimental group.

2.9. Statistics

Results are presented as box-and-whisker plots (The box extends
from the 25th to 75th percentiles, the line in the middle of the box is
plotted at the median, the whiskers go down to the 1thpercentile and
up to the 99th) with the only exception of Figs. 2, 8c (data presented
asmean± SEM). All datawere analyzed by two-way ANOVA to identify
a possible synergistic effect (source of variation due to interaction) be-
tween the variables obesity and PS. Post hoc multiple comparisons be-
tween the groups were performed trough Sidak's test. 95% CIs were
calculated for each comparison. Correlations between groups of values
were evaluated calculating the best fit, based on least-squares regres-
sion analysis. P value b0·05 was considered statistically significant.

3. Results

3.1. High-fat diet combined to resident-intruder test efficiently model obe-
sity and psychosocial stress in mice

First, we confirmed that sixteenweeks of HFD are sufficient tomark-
edly increase the body weight (Fig. 1b) of healthy mice, data in accord
with an increased caloric intake (Fig. 1c), which is maintained up to
18 weeks of diet (Fig. 1c). These features are all compatible with a con-
dition of diet-induced obesity [39]. Conversely, Control and PS mice did
not gain any weight (Fig. 1b, c), consistent with lower caloric intake.
However, superimposing RIP in obese mice promoted a significant re-
duction of body weight related to reduced caloric intake (Fig. 1b, c) in
accordance with a previous study [40]. We also checked that, during
the fourteen days of RIP, irrespective of the experimental cohort, all
the intruders (C57BL6/J) mice were immediately subdued to the resi-
dent (CD1)mice. As shown in Fig. 1d for the entire test duration, the in-
truders suffered from an average of 10 attacks per day perpetrated by
the resident CD1 mice. Of note, they ceased to react to these physical
challenges almost immediately (latency to the first attack shown in
Fig. 1e). Thus, administering RIP for fourteen days instigates a condition
compatible with social defeat and chronic psychological stress, as previ-
ously documented [41,42]. Interestingly, the number of attacks was sig-
nificantly higher in obese rather than leanmice during the entire stress
period (Supplementary Fig. 2). The number of attacks occurring during
the second week of stress was significantly reduced compared to first
week in both lean and obese mice by−60% and−49.38%, respectively.

3.2. PS primarily jeopardizes myocardial function in already obese mice

PS is a significant fomite or cofactor for cardiovascular diseases [43],
with or without concomitant obesity. Although previous studies have
almost exclusively focused on heart rate and autonomic control as the

Fig. 1. PS in obese mice induces hypophagia and body weight loss. (a) Simplified cartoon of experimental design. The experimental groups are represented from top to bottom as follow:
Control (n=10),mice fedwith a standarddiet (SD) for 18weeks; Ob (n=10)mice fedwith a high fat diet (HFD) for 18weeks; PS (n=10)mice fedwith a standarddiet for 18weeks and
subjected to the resident-intruder paradigm fromweek 16th to week 18th of the protocol; Ob+ PS (n= 10) mice fed a high fat diet for 18weeks and subjected to the resident-intruder
paradigm fromweek 16th to week 18th. At the end of the protocol the analysis indicated on the right panel was performed. (b) Time-dependent effects of standard diet (control, n= 10;
PS, n= 10) or high fat diet (Ob, n=10; Ob+Ps, n=10) onmurine bodyweight and (c) caloric (kcal) intake. (d) Number attacks and (e) latency to thefirst attack ofmice exposed to the
resident-intruder paradigm. One-way ANOVAwas performed for each temporal point of the curves represented in the panels b and c (*p b 0·05, **p b 0·01, and ***p b 0·001 Vs Controls;
#p b 0·05, ### p b 0·001 Vs Ob; $p b 0·05, $$$p b 0·001 Vs PS). Two-tailed Student's t-test was performed for each temporal point of the curves represented in d and e (***p b 0·001). All
measurements are shown as mean ± SEM.

Table 1
Composition of High-fat diet and Standard diet.

Component High-fat diet Standard diet

Metabolizable energy, kcal/kg 5000 2700
Metabolizable energy from fat, % 60 10
Total protein, % 20 18.5
Total fat, % 34 3
Total ash, % 5.5 7
Total fiber, % 1 6
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primary endpoint to evaluate how PS influences the cardiovascular
function [44], so far no study was performed to assess its direct effect
on cardiac phenotype. On the other hand, when obesity is concerned,
HFD alone may not be incisive enough to alter myocardial function, at
least in a relatively short/medium timeframe [45,46]. Therefore, this ev-
idence is particularly valuable to determine whether PS synergizes with
pre-existing obesity to deteriorate myocardial and/or vascular

performance, as intended here. We observed that both obesity and PS
slightly but significantly reduced echo-derived ejection fraction (EF %)
and fractional shortening (FS %) (Fig. 2b, c), yet heart rate was signifi-
cantly increased only in awake PS mice (Fig. 2d). However, subjecting
obese mice to PS led to a much more marked decline in both EF% and
FS% (Fig. 2b, c) without increasing heart rate. Of note, the outcome of
the Ob + PS group was significantly different vs. controls (p b 0·001)

Fig. 2. Subjecting obese mice to PS jeopardizes cardiac function. (a) Representative left ventricular (LV) M-Mode echocardiograms of each experimental group. Global LV function (b-d)
and structure (e-i) of conscious mice. EF, ejection fraction; FS, fractional shortening; HR, heart rate; LVID;d, LV end-diastolic internal diameter; LVID;s, LV end-systolic internal diameter;
IVS;d, end-diastolic interventricular septum thickness; LVPW;d, end-diastolic LV posteriorwall thickness; RWT, relativewall thickness. All values are represented trough box-and-whisker
plots (n = 10, two-way ANOVA, *p b 0·05, **p b 0·01, and ***p b 0·001 Vs Controls; #p b 0·05, ## p b 0·01,### p b 0·001 Vs Ob; $p b 0·05,$$p b 0·01, $$$p b 0·001 Vs PS; &p b 0·05
interaction between Ob and PS).
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but also vs. PS or Ob group (p b 0·01), each taken alone. Besides, when
considering both LV end-diastolic and systolic diameter (LVID;d and
LVID;s) only in theOb+PS group is present significant deterioration re-
spect to all the other groups and this difference arises from a synergistic
effect (Fig. 2e, f). Even though, Ob and Ob + PS hearts displayed an in-
creased thickness of both septa (IVS;d) (Fig. 2g) and LV posterior wall
(LVPW;d) (Fig. 2h). Of relevance, RWT (ratio between LVPW;d + IVS;
d and LVID;d), an established index of cardiac hypertrophy, was signif-
icantly higher only in theOb animals (Fig. 2i). This finding is not surpris-
ing considering that LV hypertrophy is a well-documented feature of
HFD-induced obesity [47,48].

3.3. PS reducesmyocardial inotropy in obesemicewithout affecting periph-
eral vascular loading conditions

Theoretically, PS and obesity can affect cardiac function by directly
targeting the myocardium, or indirectly, i.e. by modifying pre-or
afterload conditions, or both. However, no studies have posed these
questions yet. Here, we used a pressure-volume approach that allows
discerning the impact of HFD or PS, alone or in combination, on intrinsic
myocardial performance, from changes in cardiac function secondary to
peripheral load [49]. Preload recruitable stroke work (PRSW) is a
highly-linear, pre- and afterload insensitive index of myocardial con-
tractility [49]. This parameter was not different between Control, Ob,
and PS group (Fig. 3c). In stark contrast, PRSW dropped by 44%in the
Ob + PS group (p b 0·05 vs. Control group, P b 0·01 vs. Ob group).
The synergistic nature of the obesity/PSinteraction is proved by the
interaction between the two independent variables (two-way ANOVA
p b 0·05). Consistently, another load-independent index of myocardial
contractility, i.e. LV elastance, declined by ~50% in the Ob + PS group
compared the Control group, while no effect was present in the Ob or
PS group(Fig. 3d). Finally, neither HFD nor PS per se were incisive
enough to prolong tau, an index of isovolumic LV relaxation (Fig. 3e).
However, their combination resulted in a marked prolongation of tau,
attesting that Ob and PS act synergistically to induce diastolic dysfunc-
tion (two-way ANOVA, interaction between the two independent vari-
ables p b 0·05). Finally, arterial elastance (EA), a valid measure of
arterial load [50] was unchanged across all experimental groups
(Fig. 3f), thus showing that present experimental conditions and timing
were not intense or prolonged enough to alter peripheral vascular load.
In essence, this set of data demonstrates that HFD per se (for 18weeks)
have a little-to-null impact on LV systolic and diastolic function, mea-
sured in a load-independent manner. Likewise, PS triggered by RIP
may not be enough to affect LV performance primarily. In stark contrast,
superimposing PS to existing obesity primarily and severely affects
myocardial performance, i.e., independently or in addition to altered
vascular loading conditions that, however, did not manifest under the
experimental conditions adopted herein.

3.4. PS in obese mice triggers myocardial apoptosis, fibrosis and vascular
remodeling

Even very low levels of cardiomyocyte apoptosis are sufficient to en-
danger LV structure and function [51]. Accordingly, here we sought to
determine whether, and to what extent increased myocyte cell death
accounts for myocardial dysfunction after obesity, PS, or their combina-
tion. HFD slightly augmented interstitial fibrosis, without increasing
levels of total apoptotic cardiac cells (Supplementary Fig. 3) and, in par-
ticular, cardiomyocyte apoptosis (Fig. 4a, c). Conversely, PS did not trig-
ger any rise in these parameters. However, subjecting obese mice to PS
resulted in a marked increment in both, reaching values that were four
and two times higher than those found in the control group and signif-
icantly different from all groups (Fig. 4a, c). Again, when testing for the
nature of obesity/PS interaction, a synergistic effect on both apoptosis
and fibrosis emerged (two-way ANOVA, interaction between the two
independent variables p b .05). Since coronary microvascular

remodeling contributes to cardiomyocyte death [52], we assessed the
status of the coronary vessels at histology level. Morphometric analysis
of coronary tree revealed that vessel density, branching index (branch
points/unit area), a measure of angiogenic sprouting activity [37] and
average vessel length, an important determinant ofmyocardialflowdis-
tribution [53], did not change among groups (Fig. 5b, c, d), but total
number of endpoints, a measureof open-ended segments of arterioles
causing coronary redistribution among different myocardial regions
[37], was significantly reduced in PS and Ob + PS animals (Fig. 5e).
Moreover, the number of large size andmedium-small size of arterioles
was similar among groups (Fig. 5f, g). Otherwise, wall thickness and the
wall-to-lumen ratio of large arterioles were significantly increased only
in Ob + PS group (Fig. 5h, j), yet these parameters were similar in
medium-small arterioles of both groups (Fig. 5I, k). Finally, as shown
in Fig. 5l, m, cross-sectional area of cardiomyocyte, an index of cardiac
hypertrophy, was significantly increased only in Obmice, in accordance
with RWT values.

3.5. Cardiac BDNF and TrkB depletion accounts for myocardial dysfunction
induced by PS in obese mice

Cardiac BDNF-TrkB signaling is central for heart growth/develop-
ment [54], myocardial function in adulthood [20], and protection
against myocardial apoptosis [55]. Accordingly, we asked the original
question that is whether either obesity, PS, or their combination alter
cardiac BDNF and TrkB content. Of note, neither HFD-induced obesity
nor PS via RIP significantly affected the cardiac content of this
neurotrophin and its receptor (Fig. 6a–c). However, PS on the top of
obesity halved cardiac BDNF and TrkB.T1 content with a significant
interaction between the two independent variables (two-way ANOVA,
p b 0·01). TrkB.T1 is the most important BDNF receptor in adult
cardiomyocytes [21]. Thus, impairing cardiac BDNF signaling accounts,
at least in part, for the cardiac mechanical dysfunction and myocardial
remodeled structure prompted by PS in obese mice.

3.6. Obesity/PS combination mimics the cardiac phenotype of cTrkB KO
mice

An intact BDNF/TrkB signaling is required formaintaining normal LV
function, as previously shown by us [20] and others [21]. In accord with
previous evidence, marked drop in cardiac BDNF and TrkB content in
ourWT obese/PSmice (Fig. 6) hints at the intriguing possibility that car-
diac BDNF/TrkB is altered during obesity/PS. Here, testing this new hy-
pothesis directly, we found that the extent of LV function decline due
to Ob + PS (and expressed in terms of EF% and FS%) was superimpos-
able in WT and TrkB KO mice (Fig. 7a, b). This fact suggests that in WT
mice the synergy enacted by obesity and PS disrupts TrkB-dependent
myocardial function in a manner reminiscent of that seen after genetic
deletion of cardiac TrkB itself. Consistent with this interpretation are
the additional, current data attesting that both WT Ob and WT PS
mice have preserved cardiac BDNF and TrkB level and better-
maintainedLVfunctioncomparedtounstressedTrkBKOmice(Fig.7a,b).

3.7. PS in obese mice increases cardiac ROS emission

Oxidative stress is a hallmark of both obesity [56] and psychosocial
stress [57]. Notwithstanding, to the best of our knowledge, no attempts
have beenmade so far to measuremyocardial ROS emission (more spe-
cifically from the LV) during stress such as chronic HFD or RIP using a
quantitative, real-time ROS assessment via EPR. Using the latter ap-
proach we found that neither HFD nor RIP increased LV ROS emission
above control levels (Fig. 8b). However, their combination synergisti-
cally augmented LV ROS emission (two-way ANOVA, p b 0·05).
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3.8. TrkB-dependent signaling contributes tomaintaining a propermyocar-
dial redox balance

Whether cardiac TrkB signaling plays a role in maintaining myocar-
dial redox balance is currently unclear. To fill this gap in our knowledge,
we measured ROS emission from freshly isolated LVs of unstressed
cTrkB KO via electron paramagnetic resonance (EPR). As shown
Fig. 8c,overall ROS emission was more elevated in cTrkB KO than in
theirWT littermates already at baseline, i.e., under non-stress condition.
This finding advances the new concept that an intact cardiac TrkB-
dependent signaling contributes to limit basal ROS emission from the
heart, more specifically from the LV. Consistent with this is the present
data showing that average LV ROS emission is similar in unstressed
cTrkB KO mice and in the WT Ob + PS group that harbors severely re-
duced TrkB receptor density (Fig. 6c). Thus, at least to some extent, an
intact TrkB signaling maintains LV function by limiting excessive ROS
production/emission, among other possible salutary actions. In agree-
ment with this possibility is the fact that a strong negative correlation
exists between LV ROS expressionmeasured by EPR and LV BDNF levels
measured by ELISA in each Ob/PS mouse (Fig. 8d, r = 0.88, p b .05).

3.9. PS in obese mice prompts severe anxiety and spatial memory impair-
ment in otherwise healthy mice

Both obesity and PS can separately generate anxiety [58,59]. There-
fore, using the elevated plus maze (EPM) test specifically designed for

this purpose [60], we next determined how effective obesity and PS
are in triggering anxiety, when administered alone or in combination.
Both HFD and PS made mice manifestly anxious. Accordingly, obese
mice displayed a significant reduction in both the % entries (Fig. 9b)
and % time spent in the open arms of the EPM (Fig. 9c). A similar pheno-
type was observed in the PS-challenged mice. Notably, superimposing
PS in obese mice exacerbated anxiety-like behavior. Indeed, % entries
in open arms was four times lower in HFD/PS mice with respect to the
control group, and more than two-time lower respect to Ob and PS
groups (Ob + PS Vs Control p b 0·001; Ob + PS Vs PS p b 0·01; Ob
+ PS Vs Ob p b 0·05) (Fig. 9b). A similar outcome emerged from the %
time spent in open arms (Fig. 9c). When HFD and PS were combined,
the behavioral parameters verged on zero, thus denoting maximal
levels of anxiety and almost complete lack of open arms entries. More
specifically, 44% of Ob + PS mice never egressed from the closed into
the open arms (thus reaching the minimum score attainable in the
test). This phenomenon was absent in all other groups. Of relevance,
these drastic changes in behavior were not due to a physical impedi-
ment. In fact, locomotor activity was similar across all experimental
groups (Fig. 9d).

Next, we analyzed the spatial memory domain and found that nei-
ther obesity nor PS altered the mouse performance (% spontaneous al-
ternations) in the one-trial Y-maze test. In stark contrast, their
combination manifestly impaired spatial memory as witnessed by the
20% decrement in spontaneous alternation parameter (p b 0·05,
Fig. 9f). Hence, challenging otherwise healthy mice with HFD/RIP is a

Fig. 3. Superimposing PS to obesity primarily affects myocardial performance. (a) Representative left ventricular Pressure-Volume loops of each experimental group. (b)HR, heart rate;
(c) PRSW, preload recruitable stroke work; (d) ESPVR, end-systolic pressure-volume relationship; (e) Tau, LV relaxation time constant; (f) Ea, arterial elastance. All values are represented
trough box-and-whisker plots (n = 6–8, two-way ANOVA, *p b 0·05, Vs Controls; #p b 0·05, ## p b 0·01 Vs Ob; $p b 0·05, $$p b 0·01Vs PS; &p b 0·05 interaction between Ob and PS).
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reliable and affordableway to start dissecting themechanisms bywhich
obesity and PS conjure up to alter behavioral patterns in mice.

3.10. PS in obese mice alters hippocampal morphology

In mammals, the hippocampal formation is a critical structure for
mood balance andmemory consolidation [61]. Furthermore, the hippo-
campus is a crucial hub for the brain-heart communication, both under
normal and pathological conditions. Accordingly, studies have attested
that the hippocampal formation is exquisitely sensitive to cardiac dis-
ease conditions [62–64]. What is more, the hippocampus is very sensi-
tive to exogenous risk factors, such as unhealthy diets and social stress
[65,66]. In the wake of this evidence and of the above myocardial-
related data, we next sought to determinewhat, and towhat extent hip-
pocampal morpho-functional traits are compromised by obesity, PS, or
their combination. In particular, we focused on the DG, the main gate-
way of the hippocampal formation [67]. Neither obesity nor PSmodified
the volume of the DG. Conversely, their co-presence reduced overall DG
size by 27% (p b .05 vs. both Control and Ob group; p b 0·01 vs. PS
group), and in a synergisticmanner as revealed by the analysis of the in-
teraction between the two factors (two-way ANOVA, p b 0·01)
(Fig. 10b). Moreover, the DG shrinkage visible in the Ob + PS group
was paralleled by increased astrogliosis as shown by the augmented ex-
pression of the glial fibrillary acidic protein, GFAP (Fig. 10d). This struc-
tural alterationwas evident only in the Ob+ PS group. Since the DG is a
site of adult neurogenesis, we next examined cell proliferation in
the subgranular zone. We found a significant decrease in newborn,
BrdU-labeled cells only in Ob + PS mice (Fig. 11c). Consistent with
the possibility that the hippocampus is severely affected during Ob
+PS, the expression of one of themainmarkers of GABAergic interneu-
rons, i.e.,Parvalbumin(PV)wasmarkedlylessenedintheOb+PSvs.Con-
trol(pb0·05,Fig.11d).Finally,wehaveperformedtheanalysisofvolume,
number of PV-interneurons and GFAP expression in CA1 and CA2/3 re-
gions of the hippocampus. As shown in Supplementary Fig. 4e,f, we did
notfindanydifference in the number of PV cells of abovementioned hip-
pocampal regions amongeach experimental group, yet GFAP expression
was significantly increased in CA1 (Supplementary Fig. 4c) and CA2/3
(Supplementary Fig. 4d) regions even if the corresponding volumewas
unchanged in both regions (Supplementary Fig. 4 a,b).

3.11. PS in obese mice reduces hippocampal BDNF and TrKB levels

BDNF plays a crucial role in the hippocampus physiology, promoting
neuronal survival, synaptic plasticity, and neurogenesis linked to differ-
ent behavioral domains, such as mood, and memory [68,69]. Accord-
ingly, we measured hippocampal BDNF levels through ELISA assay. As
reported in Fig. 11e, the hippocampal content of BDNFwas dramatically
reduced (−52%) in the Ob + PS mice with respect to the Control
group (p b 0·001). BDNF content was slightly lower in the Ob and PS
groups (p b 0·05 and PS p b 0·01 vs. Control, respectively). Altogether,
the present data set reveals that when PS is imposed onto obese sub-
jects, the DG structure is primarily targeted and local pools of BDNF
are severely depleted, likely accounting for hippocampal functional per-
turbations. Alterations of murine hippocampal BDNF/TrkB signaling re-
sult in a remarkably increased anxiety-like behavior [70] similarly to our
Ob+ PSmice. In ourmodel of brain-heart axis dysfunction, TrkB hippo-
campal levels were significantly reduced compared to Control group
(Fig. 11f).

4. Discussion

Despite their proximity and increasingly evident clinical association,
how superimposing psychological or social stress condition on an obese
phenotype alters myocardial and hippocampal phenotype remains
poorly understood. Our study adds new evidence in order to dissect
the effects of a single causal factor or their combinationon both organs
in the same animal. Obesity has been long associatedwith a broad spec-
trum of cardiovascular alterations, spanning from a hyperdynamic cir-
culation –via subclinical cardiac structural changes - to overt heart
failure (HF) [71]. Although its comorbid conditions, such as hyperten-
sion, dyslipidemia, diabetes, or insulin resistance may lead to systolic
and/or diastolic dysfunction overt, no clinical systolic failure is usually
noticed in the context of isolated obesity [72]. Our present findings
that regular intake of HFD increases body weight without inducing se-
vere decay of ejection fraction of left ventricle with mild hypertrophy
dovetails nicely in with this existing clinical evidence. On the other
hand, PS per se, a recognized independent risk factor for CVD [73], con-
tributes to the onset of adverse pathophysiological events such as
thrombosis/plaque rupture, lethal arrhythmias, atherosclerosis or myo-
cardial ischemia [9,74]. Studying how isolated PS alters human cardio-
vascular homeostasis is hampered by the minimal forms of stress that
can be ethically delivered to human beings, and by the difficulty in con-
trolling multiple external variables [44]. Therefore, modeling PS via the
resident-intruder paradigm (RIP) is extremely helpful to explore how
eventually PS jeopardizes heart function.

So far, previous studies have mostly focused on the autonomic re-
sponse to PS, without characterizing myocardial phenotype [75,76]
that is, instead, the main aim of our investigation. Our study reveals,
for the first time, that only superimposing PS to obesity precipitates a
condition of overt systolic-diastolic dysfunction, while triggering apo-
ptosis of cardiomyocytes, interstitial deposits of collagen, remodeling
of large coronary arterioles in normotrophic LV tissue, and oxidative
stress in the LV. Our data suggest that obesity/PS synergy primarily con-
cerns themyocardium itself since arterial elastance (Ea), an index of pe-
ripheral arterial load, is similar to the control group. Of note, it is
conceivable that additional cardiomyocyte apoptosis is the critical de-
terminant of most functionally relevant damage of mildly hypertrophic
myocardium in our stressed obesemice. Indeed, the increased apoptosis
is a critical mechanism mediating the transition from compensated hy-
pertrophy to heart failure during inflammation [77]. Long-term HFD
alone, however, causes interstitial fibrosis andmild cardiac hypertrophy
without leading both cardiomyocyte apoptosis and remodeling of coro-
nary arterioles in the presence of a slight reduction of LV ejection frac-
tion in conscious mice. Consistent with our present data, a previous
study showed that sustained HFD induces myocardial hypertrophy
and fibrosis without promoting cardiomyocytes apoptosis [78]. Finally,
hearts explanted from lean mice exposed to PS do not display any
abovementioned features of cardiac remodeling even if heart rate and
global systolic function measured by echocardiography are slightly al-
tered in conscious mice. Since alterations of cardiac functionin both
Ob and PS mice disappear under anesthesia, we cannot exclude that
chronic sub-clinical inflammation linked to HFD [79] or PS [76] may in-
duce mild alterations of cardiovascular parameters due to autonomic
imbalance, which is counteracted by anesthetics [80]. Conversely, addi-
tional hit by PS exerted on inflamedmyocardium of obesemice recapit-
ulates ischemic microenvironment through rising myocardial ROS
levels andwould lead over the long-term to a self-fostering gradual pro-
cess of cardiomyocyte apoptosis that is functionally detrimental. Indeed,

Fig. 4. PS in obesemice increasesmyocardial apoptosis and interstitial collagen deposition. (a) Representative images of the detection of left ventricular apoptotic cardiomyocytes in each
experimental group (awhite arrow indicates an example of an apoptotic interstitial cell, a yellow arrow an example of an apoptotic cardiomyocyte). DAPI, 4′,6-diamidino-2-phenylindole;
TUNEL,terminal deoxynucleotidyl transferase dUTP nick end labeling. (b) Representative images of histological Masson's trichrome-stained sections to detect left ventricle interstitial
collagen in each experimental group. (c) LV fraction of alpha-sarcomeric actin positive cells that are TUNEL positive (%). (d) LV % Interstitial collagen amount(n = 4–5 per group). All
values are represented trough box-and-whisker plots (n = 4–5 per group, two-way ANOVA, **p b 0·01 Vs Controls; ## p b 0·01 Vs Ob; $$p b 0·01, $$$p b 0·001 Vs PS; &p b 0·05
interaction between Ob and PS).
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large coronary arterioles with increased wall-to-lumen ratio, a typical
vascular hallmark of the ischemic heart [81], are detected only in
obese mice exposed to PS. Interestingly, the heart of PS-challenged
obese mice does not show the histological hallmark of myocardial hy-
pertrophy in accordance with echocardiographic RWT values, even if
the end-diastolic thickness of LV walls is higher than that in control
mice and similar to that in unstressed obese mice. In stressed obese
mice, we speculate that the more prominent wall thickness without
compensatory ventricularmyocyte hypertrophymay depend on the in-
creased interstitial myocardial fibrosis, whereas LV enlargement is due
to side-to-side slippage of cardiac myocytes [82].

From a mechanistic point of view previous evidence attests that
BDNF/TrkB signaling is required tomaintain normal cardiac contraction
and relaxation in adult mice [20,21]. Moreover, local depletion of this
neurotrophin renders the heart more prone to apoptosis during
ischemia-reperfusion injury [83]. Since increased oxidative stress is a
significant driver of apoptosis [84], it is very plausible that reduced
levels of cardiac BDNF and/or TrkB increase the vulnerability of
cardiomyocytes to oxidative stress, thus exacerbating myocardial cell
loss and LV dysfunction in PS-challenged obese mice. This eventuality
is supported by present and previous evidence. In fact, our study reveals
that lack of cardiac TrkB receptors per se leads to a marked rise in ROS

Fig. 5. PS in obesemice induces arteriolar remodeling without affecting vascular density. (a) Representative images of large andmedium-small coronary arteries. DAPI, 4′,6-diamidino-2-
phenylindole; ILEB4, isolectin B4; SMA, alpha-smoothmuscle actin. (b) Vascular density. (c) Branching index. (d) Average vessel length. (e) Total number of endpoints. (f) Total number of
large coronary arteries. (g) Total number of medium-small arteries. (h) Wall thickness of large arteries. (i) Wall thickness of medium-small arteries. (j) Wall-to-lumen ratio of large
arteries. (k) Wall-to-lumen ration of medium-small arteries. (l) Representative images of the cross-sectional area of left ventricular cardiomyocytes in each experimental group.
Control, mice fed with standard diet; Ob, high-fat diet-induced obese mice; PS, mice fed with standard diet and exposed to psychosocial stress; Ob + PS, high-fat diet-induced obese
mice exposed to psychosocial stress. ASA, alpha-sarcomeric actin. (m) Cardiomyocyte cross-sectional area. All values are represented trough box-and-whisker plots (n = 4–5per
group, two-way ANOVA, *p b 0·05 Vs Controls, ***p b 0·001 Vs Controls; ## p b 0·01 Vs Ob; $p b 0·05, $$p b 0·01 Vs PS; ~~p b 0·01 Vs Ob + PS).
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production/emission in the LV, even in the absence of any stress condi-
tion. Moreover, it shows, for the first time, that obesity/PS tackle TrkB
receptors, curtailing their cardiac density. Although the mechanisms
underlying the latter effect remain to be investigated in-depth, our
study provides a mechanistic bridge, i.e., reduced TrkB bioavailability,
explaining previous evidence showing that a mutual influence exists
between BDNF and magnitude of oxidative stress in the heart [85,86]
and other organs/tissues [87,88] as well. In essence, our data suggest a
scenario in which PS/Obesity alters both cardiac BDNF and TrkB levels,
prompting cardiac cells apoptosis that is, at least in part, due to the
highly oxidizing conditions emanating from the lack of functioning
TrkB, as in the case of obese/PS-treated mice. This pro-oxidizing

conditions may, in turn, affect receptors and other structures within
the myocyte, including TrkB receptors, in a vicious loop.

This conceptual framework could be also applied to the central ner-
vous system. The Hippocampal formation plays a pivotal role in the reg-
ulation of the so-called brain-heart axis (i.e. the bidirectional crosstalk
between the nervous system and the cardiovascular system) [89]. The
dentatus gyrus (DG), in particular, is the structure centrally involved
in memory consolidation and mood homeostasis, representing the
first station in the hippocampal trisynaptic system, one of the few neu-
rogenic sites in the adult brain, thus a primary regulator of memory for-
mation. Therefore, it is not so surprising that psychiatric and neurologic
disorders are associated with DG injury, and, given the bidirectionality
of the brain-heart axis, in cardiovascular diseases as well [62–64].
When examining the hippocampus, we found that HFD per se does
not modify the morphology of the hippocampal formation, and of the
DG in particular whose volume, extent of adult neurogenesis and
parvalbumin-+ interneurons remain uncompromised, while in pres-
ence of normal GFAP levels. These findings are consistent with the fact
that HFD per se augments anxiety-like behavior, as previously reported
[58], yet it does not impair spatial memory. Similarly, PS per se, another
stressing factor implicated in the pathogenesis of psychological/psychi-
atric disorders [90,91], induces anxiety-like behavior without altering
spatialmemory andDGmorphology. Thus, at least under present exper-
imental conditions, HFD and PS, when administered alone, induce anx-
iety without causing structural damages but - unlike the heart – lead to
slight reduction of hippocampal BDNF levels. In both groups, it is con-
ceivable thatmild hippocampal BDNF downregulation [92] leads to per-
turbations at the level of the synthesis and/or release/reuptake of

Fig. 6. HFD/PS combination depletes myocardial BDNF levels while decreasing left
ventricular (LV) TrkB.T1 expression. (a) LV brain-derived neurotrophic factor (BDNF)
levels of each experimental group. (b) representative densitometric bands of LV TrkB.T1
expression in each experimental group. (c) LV TrkB.T1 levels of each experimentl group.
All values are represented trough box-and-whisker plots (n = 6–8per group, two-way
ANOVA,*p b 0·05, **p b 0·01 Vs Controls; ## p b 0·01 Vs Ob; $p b 0·05, $$p b 0·01 Vs
PS; &&p b 0·01 interaction between Ob and PS).

Fig. 7. The reduction of left ventricular (LV)ejection fraction (EF,%) and fractional
shortening (FS,%) is similar in wild type (WT) and cTrkB knockout (KO) obese mice
experiencing psychosocial stress. (a) Changes of LVEF in each experimental group of WT
and KO mice. (b) Changes of LV FS in each experimental group of WT and KO mice.All
values are represented trough box-and-whisker plots (n = 4–8, **p b .01 Vs
corresponding WT standard diet (SD) mice; # p b .05 Vs corresponding WT obese (Ob)
mice; $p b 0·05 Vs corresponding WT mice experiencing psychosocial stress (PS); NS,
not signifcant).
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neurotransmitters controlling emotional states, and this hypothetical
explanation fits very well with the long-known modulating effects
that BDNF exerts, for example, on the release of crucial neurotransmit-
ters such as serotonin [93]. When considering the obesity/PS scenario,
it is very plausible that these stressors generate an intense vicious circle
fueled by a common psychosocial background that is characteristic of
the Western society lifestyles [94]. More specifically, here we reveal
that obesity/PS aggravates anxiety well beyond the effects evoked by
each abovementioned single hit. Nearly half of the PS-challenged
obese mice never egressed from the closed arms (phenomenon utterly
absent in the other groups), totalizing theminimum score obtainable in
the EPM test. This floor effect prevented the appreciation of any poten-
tially worse condition of this cohort of mice, thus blinding a possible
synergy between the two risk factors. Furthermore, obese/PS animals

displayed and impairment in spatial memory. These alterations can be
explained, at least in part, by themarked reduction in both hippocampal
BDNF and TrkB levels, and the DG volume with a concomitant increase
of astrogliosis (as indexed by higher GFAP expression). Interestingly,
hippocampal CA1 and CA2/3 regions showed increased GFAP expres-
sion as consequence of inflammatory responsewithout changing in vol-
ume and number of PV cells. Therefore, we can assume an hippocampal
damage at level of DG region in our murine model of brain-heart dys-
function. Although previous studies have already established the causal
relationship between reduced BDNF pathway, increased oxidative
stress and impairment of hippocampal function inmice [95,96], the pre-
cise molecular mechanisms underlying such alterations remain to
be defined in more detail, particularly with respect to the status/
contributionofhippocampalBDNFsignaling.Altogether,ourdatasuggest

Fig. 8. HFD/PS combination enhances cardiac oxidative stress. (a) Representative images of electron paramagnetic resonance spectra at room temperature of left ventricular (LV)
myocardium of each experimental group. (b) Measure of LV reactive oxygen species (ROS) emission (n = 6–10 per group). (c) LV ROS emission in Control wild type and cTrkB
knockout (KO) murine left ventricle (n = 4–5per group). (d) Relationship between LV ROS emission and myocardial BDNF content. All values are represented trough box-and-
whisker plots (n = 4–8, two-way ANOVA, *p b 0·05, **p b 0·01 Vs Controls; ## p b 0·01 Vs Ob; $p b 0·05, $$p b 0·01 Vs PS; &&p b 0·01 interaction between Ob and PS).
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hippocampal damage accompanied by reactive astrogliosis [97]. In the
same vein, both neurogenesis and parvalbumin expression in fast-
spiking interneurons decreased significantly in Ob+PSmice compared
to controlmice. Ourmurinemodel recapitulatesmorphological and bio-
chemical hippocampal alterationswithin the DG already observed in pa-
tients with mood disorders [98]. Thus, obesity/PS triggers major
behavioraldisordersandseveredecayofhippocampalBDNF/TrkBsignal-
ing that account, at least in part, for this structural and functional aberra-
tions.Accordingly, theoppositecondition, i.e.,environmentalenrichment
can counteract the outcome of adverse experiences by promoting BDNF
expression and synaptophysin in the hippocampus [99].

4.1. Limitations and studies in perspective

One limitation of the present study is the lack of a measure of circu-
lating BDNF levels in order to assess the neurotrophic cross-talk among
heart and brain since there is some evidence that exogenous BDNF
crosses the blood-brain barrier in mice [100]. Unfortunately, murine
blood BDNF was undetectable in accord with other studies [101]. An-
other limitation of our study is the lack of a measure of BDNF in other
cardiac chambers besides the left ventricle as a parallel analysis of ROS
emission in different heart compartments revealed no significant differ-
ences in ROS production at baseline, and we were worried about
delaying the harvesting and processing of the freshly isolated tissue.
The present study opens several appealing perspectives around murine

model of obese experiencing PS. However, further investigations fo-
cused on the direct mechanicistic link between cardiac and hippocam-
pal TrkB/BDNF signaling are mandatory. It has already been reported
that lack of TrkB signaling in the adult hippocampal newborn cells af-
fects anxiety behavior ofmice [70]. Thesefindings, togetherwith our re-
sults, could suggest that obesity/PS can trigger vicious loop of reduced
TrkB, oxidative stress and cell loss also in the hippocampal formation.

Different preventative or therapeuticmeasures can bolster BDNF ex-
pression in specific brain areas, such as the hippocampus, thus improv-
ing cognitive and/or other functions. Among them, intermitted fasting/
dietary restriction [102] or endurance exercise [103,104] appear quite
useful. Future, in-depth studies should testwhether any of these - phar-
macological, dietary, or exercise-centered - interventions improve both
cardiac and cognitive function in obese subjects exposed to PS, and
whether, and to what extent these presidia bolster both hippocampal
and cardiac BDNF/TrkB signaling. At the same time, the reason
(s) (genetic, posttranslational, or both) accounting for local BDNF
decay deserve dedicated additional studies investigating underlying
regulatory mechanisms.

5. Conclusions

Our study reveals that two highly diffused and often coexisting envi-
ronmental stress factors, such as HFD-induced obesity and PS act syner-
gistically to deteriorate heart function and structure, marking a

Fig. 9. PS in obese mice triggers severe anxiety while impairing spatial memory. (a) Representative examples of mice exploratory activity in the elevated plus maze apparatus. (b) % of
entries of mice into open arms (n = 10 per group). (c) % of time spent in open arms (n = 10 per group). (d) The average distance traveled in elevated plus maze apparatus (n = 10 per
group). (e) Representative images show typical examples of mice trajectories in the Y-maze apparatus. (f) % of spontaneous alternation in the Y-maze. All values are represented
trough box-and-whisker plots (n = 10, two-way ANOVA, *p b 0·05, **p b 0·01, and ***p b 0·001 Vs Controls; #p b 0·05 Vs Ob; $$p b 0·01, $$$p b 0·001 Vs PS).
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profound decline in both systolic and diastolic feature that originates
from loss of viable cardiomyocytes, depletion of cardiac BDNF pool, ma-
trix and vascular remodeling under oxidative burst. At the central level,
PS impinging on an obesity condition leads to a substantial hippocampal
remodeling, accounting formajor behavioral disorders, such as extreme
anxiety and loss of cognitive capacity. Hippocampal depletion of BDNF

can explain both themood alterations and spatial memory impairment.
Thus, the present study suggests that BDNF-centered enriching thera-
pies may benefit peripheral (myocardium) and central (hippocampus)
structures, at the same time, improving the brain-heart axis function,
thus improving thewell-being of subjects at risk of cerebral-cardiac dis-
orders such as obese individuals affected by psychosocial stress.

Fig. 10. PS in obese mice decreases DG volume, while inducing astrogliosis. (a) Representative images of measurement of dentate gyrus (DG) volume in each experimental group. The
white bar denotes normal thickness of the DG in controls. (b) Average measure of DG volume. (c) Representative images of detection of glial fibrillary acidic protein (GFAP)-positive
cells in the DG for each experimental group. (d) Relative expression of GFAP. All values are represented trough box-and-whisker plots (n = 5, two-way ANOVA, *p b 0·05 Vs Controls;
## p b 0·05 Vs Ob; $$p b 0·01 Vs PS; &&p b 0·01 interaction between Ob and PS).
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Fig. 11.HFD/PSmice display impaired hippocampal neurogenesis, reduced number of parvalbumin−+ interneurons,and halved BDNF levels. (a) Representative images of BrdU-positive
cells (red) in the DG per each group. Green, NeuN counterstaining. (b) Representative images of detection of parvalbumin (PV)-positive cells resident in the DG per each experimental
group. (c) Number (#) of BrdU-positive cells per DG. (d) Number (#) of PV-positive cells per DG. (e) Hippocampal brain-derived neurotrophic factor (BDNF) protein levels.
(f) Hippocampal TrkB protein levels. (g) Representative images of cropped densitometric bands of hippocampal TrkB expression in Control and Ob + PS mice. The full-length blots/
gels are presented in Supplementary Fig. 5. All values are represented trough box-and-whisker plots (n = 5, two-way ANOVA, *p b .05, **p b .01, ***p b .001 Vs Controls; #p b .05 Vs
Ob; $$p b 0·01, Vs PS).
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