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The concept of resilience has changed over time and nowadays it refers to the positive adaptation to life adversities, rather than to
the absence of a pathological response normally occurring in susceptible people. Based on our previous data showing that the
exposure to the chronic mild stress (CMS) paradigm differently affected bioenergetics in the ventral hippocampus of vulnerable and
resilient animals, here we investigated whether resilience is a stable trait or if the energetic strategy set in motion to sustain
resilience unveils a vulnerability feature in a more dynamic situation. To this aim, vulnerable and resilient rats after 6 weeks of CMS
were subjected to a further acute, unfamiliar restraint stress (ARS) and metabolomic studies were conducted in the ventral
hippocampus. We observed that exposure to a single novel challenge negatively affects the fuel utilization of resilient animals.
Indeed, while they increase glycolysis to sustain the non-hedonic phenotype when exposed to CMS, they shift to fatty acid
[-oxidation after ARS, as vulnerable animals following CMS, suggesting that the energy strategy that guarantees resilience is fragile
and can be negatively modified by a different environmental condition. These results suggest that strengthening resilience to foster
individuals to bounce back from stressful life events may represent a strategy to decrease vulnerability or prevent the risk of

relapsing to a pathological state.

Translational Psychiatry (2024)14:366; https://doi.org/10.1038/541398-024-03080-x

INTRODUCTION

While for years resilience has referred to the ability of an individual
to avoid the negative consequences of adversity [1], more recently
it has been defined as an active and adaptive process and not
merely the absence of a pathological response that usually occurs
in vulnerable persons. Accordingly, it is not a fixed trait, but it may
be considered as a dynamic process in which people progress
through [2].

Stressful life events precipitate symptoms of depressive
disorders [3]. Accordingly, several animal models of depression
have been based on stress exposure, such as the chronic mild
stress (CMS) model, to capture the neural substrates associated
with vulnerability or resilience to develop such pathologies.
Interestingly, it has been demonstrated that chronic stress alters
the responses to subsequent novel stressors at behavioural and
molecular levels by opening a window of plasticity in vulnerable
rats [4].

So far most of the studies focused on the systems involved in
the vulnerability while recently a growing attention has been paid
to the molecular mechanisms underlying resilience.

Recently, we observed that resilience to develop the
anhedonic-like behavior following chronic stress exposure in
adult male rats was associated with the activation of the
Gr-Rack1-Bdnf pathway [5], with the trigger of mitochondrial

fission [6], and with the utilization of specific substrates
to sustain the energy cost of resilience in the ventral
hippocampus [6, 71.

Moreover, considering the concept of the trajectory of resilience
[2] and based on the finding that a previous history of chronic
stress determines the response to a subsequent challenge [4], we
demonstrated that resilient rats exposed to an unfamiliar stressor
following a short period of CMS preserved the ability to face the
novel challenge in term of neuroplastic mechanisms, capacity that
was impaired in rats vulnerable to CMS [8].

Here, our goal was to clarify whether the energetic strategy set
in motion to sustain resilience is a stable trait or it veils a feature of
vulnerability when challenged by an unexpected event. We
focused on the ventral hippocampus (vHip), because all the data
mentioned above support a crucial role for this brain region,
which is indeed a critical hub for the processing of emotion, in the
different response to stress.

To this aim, after 6 weeks of CMS, half of vulnerable and resilient
animals were exposed to one hour of acute restraint stress (ARS), a
stressor that was not included in the CMS protocol and therefore
we can define as unfamiliar and sacrificed one hour later for the
metabolomic study. For the first time we demonstrated that,
although resilience is an energy-demanding active process, the
exposure to a single novel challenge is able to affect the fuel
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Fig. 1 Behavioral characterization of rats exposed to 6 weeks of chronic mild stress (CMS). Panel A: experimental design; panel B: sucrose
intake measured through the sucrose consumption test that was performed at weekly intervals during the whole experiment. The cut off to
discriminate CMS vul and CMS res was set at mean of sucrose intake at the last week of CMS minus 2sd. The data are the mean + SEM of 15
independent determinations. ***p < 0.001 vs No stress. (Two-way ANOVA with repeated measures, Tukey multiple comparison test).

utilization of resilient animals, by switching the utilization of
glucose to fatty acids, as previously observed in vulnerable
animals [7], suggesting that the energetic strategy that sustained
resilience may precipitate, by changing the environmental factor,
to a metabolic condition resembling that observed in anhedonic
rats. It follows that fostering the mechanisms activated to sustain
resilience may play a vital role in avoiding the recurrence of a
molecular pathological state at least in the ventral hippocampus.

MATERIAL AND METHODS

Animals

Adult male Wistar rats (5 weeks old) (Charles River, Germany) were brought
into the animal facility one month before the start of the experiment and
were housed in standard laboratory conditions: food and water were freely
available on a 12-h light/dark, constant temperature (22+2°C) and
humidity (50 = 5%). All procedures used in this study have conformed to
the rules and principles of the 2010/63 European Communities Council
Directive and have been approved by the Local Bioethical Committee at
the Maj Institute of Pharmacology, Polish Academy of Sciences, Krakow,
Poland. All efforts were made to minimize animal suffering and to reduce
the number of animals used. The design and procedure of the animal
study are conformed to the ARRIVE guidelines. All the procedures were
done blindly by experimenters unaware of the experimental group of
animals.

Chronic mild stress (CMS) protocol and acute restraint

stress (ARS)

Animals were trained to consume 1% sucrose solution, following 14 h food
and water deprivation, once a week for 1h before the starting of the
experiment. Throughout the whole experiment, sucrose consumption was
similarly monitored at weekly intervals by weighing pre-weighed bottles
containing the sucrose solution at the end of the 1-h test.

After this period of training, rats (9 weeks old) were randomly divided
into two groups. One group of animals was subjected for 6 consecutive
weeks to the CMS protocol that consisted of a random combination of
periods of stress of the duration of 10-14h, including food or water
deprivation, 45° cage tilt, intermittent illumination every 2 h, soiled cage
with 250 ml water in sawdust bedding, paired housing, low intensity
stroboscopic illumination-150 flashes/min, and periods of no stress. The
other group (No stress) was housed in separate rooms and had no contact
with the chronically stressed animals (Fig. 1A).

Based on the results of the sucrose consumption test obtained at the
last week of CMS, we identified animals showing the anhedonic-like
behaviour (sucrose intake minor of the mean of the control group at the
6th week of CMS—2 standard deviation (sd)), named CMS vulnerable (CMS
vul), and animals showing a similar hedonic phenotype to non-stressed
animals (sucrose intake major than the mean of the control group at the
6th week of CMS—2sd), named CMS resilient (CMS res). At the end of the
6th weeks of CMS, each experimental group was randomly divided into
two subgroups and was subjected to 1h of acute restraint stress (ARS), a
kind of stressor to which animals were not presented before. Furthermore,
ARS was the last stressor to which CMS vul, and CMS res were subjected.

The No stress/ARS (n = 8), CMS vul/ARS (n =7) and CMS res/ARS (n = 8)
were sacrificed one hour after the ARS whereas the naive counterparts (No
stress/Naive (n = 8), CMS vul/Naive (n = 8) and CMS res/Naive (n = 7)) were
sacrificed 24 h after the last CMS stressor (Fig. 1A) for the collection of
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ventral hippocampus (vHip) (plates 34-43 according to the atlas of Paxinos
and Watson [9]) that was stored at —80 °C.

Metabolomic analysis

Metabolomic data were acquired with a liquid chromatography coupled to
tandem mass spectrometry to obtain metabolomic data by using an API-
3500 triple quadrupole mass spectrometer (AB Sciex, Framingham, MA,
USA) coupled with an ExionLC™ AC System (AB Sciex, Framingham, MA,
USA). 10 mg of ventral hippocampus were used for the analysis. Half tissue
was smashed in 250 pl of ice-cold methanol/acetonitrile 50:50, while the
second half was lysed in 250pul of ice-cold water/methanol 20:80,
respectively. Both solutions contained [U—13C6]—glucose (Merck Life Science
S.rl, Milano, Italy) 1 ng/ul and [U-"3Cs]-glutamine (Merck Life Science S.r.,
Milano, Italy) 1 ng/ul as internal standards. Lysates were spun at 2000 g for
5min at 4°C and supernatants were then passed through a regenerated
cellulose filter (4 mm @). Samples were then dried under N, flow at 40 °C
and resuspended in 100 pl of methanol for subsequent analysis.

A cyano-phase LUNA column (50x4.6mm, 5pm; Phenomenex,
Torrance, CA, USA) by a 5min run in negative ion mode with two
separated runs was used to quantify energy metabolites. The protocols
employed for both detection and quantification are reported in detail in
[6]. All metabolites analysed were previously validated by pure standards
and the instrument sensitivity was checked with internal standards.

MultiQuant™ software (version 3.0.3, AB Sciex, Framingham, MA, USA)
was used for data analysis and peak review of chromatograms. For data
processing, raw areas were normalized by the median of all metabolite
areas in the same sample. The data were then transformed by generalized
log-transformation and Pareto scaled to correct for heteroscedasticity,
reduce the skewness of the data, and reduce mask effects [10]. In detail,
obtained values were transformed by generalized log (glog) as follows:

X +Vx2 + a?

glog, (x) = log, 5

where a is a constant with a default value of 1 and x is the sample area for
a given metabolites [11]. Then, obtained values underwent Pareto scaling
as follows:

where x; is the transformed value in the data matrix (i (metabolites), j
(samples)) and s; is the standard deviation of transformed metabolite
values [12]. Obtained values were considered as relative metabolite levels.
Data processing and analysis were performed by MetaboAnalyst 5.0 web
tool (https://www.metaboanalyst.ca [13]).

Statistical analysis

The analyses of the behavioural and molecular data were performed with
the two way analysis of variance (ANOVA), followed by Tukey multiple
comparison test. Each experimental group consists of 7-8 rats. A priori
sample size estimation was done with the software G*power 3.1.9.2 (effect
size = 0.4, a error probability = 0.05, power = 0.8, degree of freedom = 1),
considering the between-subjects factor of stress.

Partial least squares discriminant analysis (PLS-DA) identified differential
metabolites between experimental groups and the ranking of metabolites
was performed by variable importance in projection (VIP), according to
metabolite importance in discriminating groups. A false discovery rate

Translational Psychiatry (2024)14:366
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Fig. 2 Metabolomic differences in the vHip between No stress/Naive (n = 8), No stress/ARS (n = 8) CMS vul/Naive (n = 8), CMS vul/ARS
(n=7), CMS res/Naive (n=7) and CMS res/ARS (n = 8). Panel A: Partial least squares discriminant analysis; panel B: permutation test to
analyze group distribution based on single metabolite; panel C: variable importance in projection (VIP) scores of indicated metabolites listed

in model number 5 (highest Q?).

(FDR) < 0.05 was considered in the VIP score analysis to determine the
feature selection.

The permutation test was used with a maximum of 1000 permutations,
with a separation distance test to assess the significance of class
discrimination determined by PLS-DA. Classification and cross-validation
were performed with a maximum of 5 components using the leave-one-
out method.

Significance for all tests was assumed for p < 0.05. Data are presented as
means =+ standard error (SEM).

RESULTS

Hedonic-like status in response to the chronic mild stress
defined vulnerable and resilient animals

Two-way ANOVA with repeated measures showed a significant
effect of stress on sucrose intake (F,.44 =629, p<0.001). Tukey
multiple comparison test revealed that a subgroup of stressed
rats, named CMS vulnerable (CMS vul), consumed significantly less
sucrose during the test in comparison to non-stressed animals
starting from the first week of CMS to the last week of stress
protocol (weekl: —4.48g, p<0.001; week2: —7.37g, p<0.001;
week3: —6.53g, p<0.001; week4d: —8.62g, p<0.001; week5:
—7.829, p<0.001; week6: —7.49¢g, p<0.001 vs No stress/same
week), whereas another subgroup, named CMS resilient (CMS res),
showed a sucrose intake similar to control animals (Fig. 1B).

Exposure to an acute restraint stressor induced specific
changes in the metabolomic profile of vulnerable and resilient
animals

To assess the effect of the exposure to an acute stressor on the
metabolic asset in vulnerable and resilient rats, we performed a
metabolomic analysis in the ventral hippocampus.

As shown in Fig. 2, we observed a different metabolic profile in
response to the acute challenge in the subgroups of rats exposed
to CMS. Indeed, in the partial least squares discriminant analysis
(PLS-DA) plot we observed that No stress/Naive, No stress/ARS,
CMS vul/Naive, CMS vul/ARS, CMS res/Naive and CMS res/ARS
were grouped into separated clusters (Fig. 2A), with the results
being statistically significant (p =0.026) (Fig. 2B). Moreover, as
depicted in Fig. 2C, PLS-DA and ANOVA (FDR < 0.05) identified the
most important 25 metabolites.

Further, with the one-way ANOVA and an FDR<0.05, we
identified significant variations of several metabolites (represented
as Z-score) reported in the heat map (Fig. 3), which showed the
ARS-induced changes of the several metabolites in control,
vulnerable and resilient animals.

Considering the major classes of metabolites investigated (Fig.
4—list of metabolites in the Supplementary Table 1), two way
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ANOVA of the metabolic classes revealed a significant effect of
CMS (F,44,=3.59, p<0.05) and of CMS X ARS interaction
(Fy-244 = 3.15, p < 0.05) on the class of amino acids (AA), with these
latter molecules levels being increased specifically in naive
resilient animals (+36%, p <0.05 vs No stress/Naive) but not in
the group subjected to the ARS. Similarly, glycolysis intermediates
were significantly modulated by the CMS (F,44,=5.96, p <0.01)
with a significant CMS X ARS interaction (F,.44 = 3.28, p <0.05),
supporting an increase in resilient naive rats in comparison to the
non stressed counterpart (+116%, p <0.01 vs No stress/Naive),
which is no longer observed after exposure to ARS. Considering
the acylcarnitines class, we found a borderline effect of CMS
(Fy.44=3.01, p=0.06) and a significant CMS X ARS interaction
(Fy.44 =9.83, p<0.001). Indeed, we observed a significant reduc-
tion of acylcarnitines specifically in resilient animals (—33%,
p<0.05 vs No stress/Naive) while ARS leads to an increase in
the same group (+68%, p<0.05 vs CMS res/Naive). On the
contrary, two-way ANOVA analysis did not reveal any statistically
significant change for dNTPs, NTPs and TCA cycle class of
metabolites.

In detail (Fig. 5—Supplementary Table 1), considering the
effect of ARS on metabolite levels, Tukey multiple comparison
test revealed that aspartate (Asp), methionine (Met), tryptophan
(Trp) and free-carnitine were modulated by ARS specifically in
the No stress group whereas IMP, cAMP, succinate, glucuronate-
6P and NAD™ were differently expressed in vulnerable animal
subjected to ARS with respect to their naive counterpart.
Moreover, ARS led to decreased levels of the glycolysis
intermediates fructose 1,6-bisphospate (Fructose Bis-P) and
dihydroxyacetone-P/glyceraldehyde-3P (DHAP/GAP), and to
increased levels of spermidine and of many acylcarnitines (C2-
Carnitine, C12-Carnitine, C14-Carnitine, C16-Carnitine, C16:1-
Carnitine, C18:1-Carnitine) specifically in resilient rats. Accord-
ingly, resilient animals subjected to the ARS showed increased
C2-Carnitine/C0-Carnitine and (C2-Carnitine+ C3-Carnitine/CO-
Carnitine) ratio, indirect marker of boosted fatty acid beta-
oxidation (Fig. 5), as well as a trend to increase in the (C16:0-
Carnitine+ C18:0-Carnitine/C0-Carnitine), indicator of the activity
of the Carnitine palmitoyl-transferase (Cptl).

DISCUSSION

In this study we found that despite resilient animals did not
develop the anhedonic phenotype after 6 weeks of CMS, they
were not able to deal with an acute challenge in terms of ventral
hippocampus bioenergetics. Indeed, they activated the fatty acid
[B-oxidation, as vulnerable animals did under basal conditions [7],
suggesting that a novel stressful experience can falter the

SPRINGER NATURE
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Fig. 3 Metabolites levels in the vHip. Heatmap representing the metabolites analyzed by targeted LC-MS/MS metabolomics in rats exposed
1

to the chronic mild stress (CMS) and subjected to

metabolic status of resilient animals, which seem to favor
glycolysis, in this brain region, to counteract chronic stress
exposure.

These results indicate that resilience is an active process that
protects the animal but, apparently, at a high (energy) cost since
subsequent exposure to a novel acute stress is sufficient to switch
fuel utilization.

At behavioural level, as previously demonstrated [6-8, 14, 15],
using the sucrose consumption test, we differentiated between
animals manifesting the anhedonic-like behavior and animals
being resilient thus showing a similar profile to control rats.

Analyzing the whole metabolomic data set, we observed that
amino acid levels are increased in unstressed animals after ARS as
well as in resilient animals.

SPRINGER NATURE

h of acute restraint stress (ARS).

Interestingly, it seems that the phenotypic differences observed in
the behavioral responses to stress were associated also with sustained
anaplerosis at the amino acid level, an enzymatic reaction that
replenishes the pools of metabolic intermediates in the TCA cycle, a
reaction fundamental to maintaining a balanced neuronal state and
conferring metabolic resilience [16]. Accordingly, stress resilience is
promoted by branched-chain amino acid supplementation in mice
through the activation of the brain derived neurotrophic factor
(BDNF) signaling within the hippocampus [17], which we showed
increased in rats resilient to 2 weeks of CMS [5].

Moreover, amino acids are used in the brain for the synthesis of
neurotransmitters and neuromodulators [18] and, in line, the
increase in tryptophan levels in the resilient group was paralleled
by a trend toward an increase of serotonin level suggesting a

Translational Psychiatry (2024)14:366
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beneficial effect on stress response. Additionally, methionine
influences the cellular response to oxidative stress through the
production of the antioxidant glutathione [19]. Taken together,
these results suggest that these amino acids contribute to coping
with stress, as a positive reaction to the acute challenge and as a
positive strategy set in motion to sustain resilience.

Shifting to the vulnerable group, we found a more hetero-
genous scenario since metabolites belonging to different classes
were modulated by ARS, such as IMP, cAMP, succinate,
glucuronate 6P and NAD™.

Translational Psychiatry (2024)14:366

When we considered the effect of the acute challenge on animals
resilient to chronic stress, we observed that they decreased the levels
of the glycolysis in favor to an enhancement of fatty acid 3-oxidation
as a reaction to the novel stressor. In line with our recent finding
demonstrating that resilient animals increased ventral hippocampus
glycolysis to produce energy probably to sustain the non-pathological
behavioral phenotype [7], while vulnerability is characterized by a shift
to fatty acid B-oxidation, the present results suggest that, despite the
normal hedonic phenotype, resilient animals show impaired meta-
bolic plasticity when they are requested to face with a new challenge.
Actually, even if resilience is known as an active process necessary to
maintain and achieve healthy functioning despite adverse events, our
metabolic data suggest that the ventral hippocampus seems to shift
the substrate utilization to react with the acute stress, similarly to
vulnerable animals after a chronic stress exposure [7, 20]. Indeed, it
seems that the utilization of lipids to produce energy is set in motion
as an emergency mode when the system is no longer able to respond
in term of glycolysis. Indeed, although resilience seems to be, from a
behavioral point of view, a stable trait maintained by specific
molecular mechanisms of adaptation to chronic stress exposure, the
presentation of a different event (i.e, exposure to an unfamiliar
challenge) may precipitate the “non pathological” phenotype and
unmask the frailty, suggesting the possibility that the previous history
of chronic stress left some scars of vulnerability.

The choice of a single time-point of sacrifice following acute stress
may represent a limitation of our study and we cannot exclude that
vulnerable and resilient animals engaged distinct metabolic strategies
with different kinetics that may point to a shift, a prolonged response
or a lack of termination in substrates utilization. However, such choice
is based on our previous studies demonstrating a positive effect on
cognitive function associated with several molecular changes,
including neuroplastic and antioxidant markers, not only in the
ventral subregion of the hippocampus but also in the dorsal
counterpart and within the prefrontal cortex [8, 21, 22]. In addition,
since we are aware that vulnerability and resilience to stress are
dependent on the response domain being studied, we will go beyond

SPRINGER NATURE



P. Brivio et al.

the limitation of having considered only the hedonic like behavior by
stratifying, in our future studies, vulnerable and resilient animals
based on other behavioral readouts. Moreover, although it is well-
established that the development of stress-related disorders is
influenced by sex, studies on females are lacking; thus, we will plan
our future studies including females.

Our findings further emphasize that resilience to chronic mild
stress is indeed demanding, at least in terms of energy cost. The
system, therefore, implements a series of adaptive mechanisms to
preserve the condition of resilience, the main of which is the increase
in glycolysis, but the subsequent exposure to further, unexpected
stress, evidently exhausts the energy reservoir of the cell shifting the
energy balance towards fatty acid catabolism as it occurs in
vulnerable animals. All in all, these data confirm previous findings
[7] and further point out the involvement of fatty acid (-oxidation
not only as a mechanism of vulnerability but also as a process that
may underlie relapse. The concept of different fuel utilization as
mechanism supporting vulnerability and resilience but also as
strategy to react to a novel situation has to be more extensively
explored and extended to other brain regions and especially to the
blood. The idea is to identify potential biomarkers that are easily
measurable in patients with stress-related disorders, to assess the
usefulness of the biomarkers’ signature for predictive diagnosis and
for improving the monitoring and treatment of MDD.

These results allow us to hypothesize that strengthening
resilience to foster individuals to bounce back from stressful life
events may represent a strategy to decrease or prevent the risk of
stress-related disorders.
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