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Enhanced beta oxidation underlies vulnerability to CMS

Abstract

Brain metabolism is a fundamental process involved in the proper development of the central
nervous system and in the maintenance of the main higher functions in humans.

As consequence, energy metabolism imbalance has been commonly associated to several
mental disorders, including depression.

Here, by employing a metabolomic approach, we aimed to establish if differences in energy
metabolite concentration may underlie the vulnerability and resilience in an animal model of
mood disorder named chronic mild stress (CMS) paradigm. In addition, we have investigated
the possibility that modulation of metabolite concentration may represent a pharmacological
target for depression by testing whether repeated treatment with the antidepressant
venlafaxine may normalize the pathological phenotype by acting at metabolic level. The
analyses were conducted in the ventral hippocampus (vHip) for its key role in the modulation
of anhedonia, a core symptom of patients affected by depression.

Interestingly, we showed that a shift from glycolysis to beta oxidation seems to be
responsible for the vulnerability to chronic stress and that vHip metabolism contributes to
the ability of the antidepressant venlafaxine to normalize the pathological phenotype, as
shown by the reversal of the changes observed in specific metabolites.

These findings may provide novel perspectives on metabolic changes that could serve as
diagnostic markers and preventive strategies for the early detection and treatment of

depression as well as for the identification of potential drug targets.
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1
Introduction

Brain metabolism is a fundamental process involved in the proper development of the central
nervous system (CNS) and in the maintenance of the main higher functions in humans.
Accordingly, energy metabolism imbalance has been commonly observed in several
diseases of the CNS, such as mood disorders [1,2]. In particular, major depressive disorder
(MDD) in humans has been associated with alterations in mitochondrial activity and energy
imbalance in the brain [3-7]. However, considering the inherent limitations of studying
depression in humans several issues remain to be addressed and the preclinical approach
can lay the foundation for further in-depth and targeted studies in patients.

Since stress events are key players both in the etiology and progression of MDD and other
psychiatric disorders [8], several studies have investigated metabolite alterations in animal
models of depression based on stress exposure and two recent comprehensive analyses of
the available literature reveal the inadequate reproducibility of metabolomic studies [9,10].
Actually, this conclusion is not surprising considering that the type of stressor, the time and
the length of exposure, as well as the stress prediction, can recreate in rodents only an
aspect of stress exposure (ie: social isolation, restraint stress) and consequently each model
can reproduce specific symptoms that are paralleled by characteristic and diverse pattern
of changes making it difficult to draw a clear conclusion.

Importantly, this view fully parallels the clinical nature of mood disorders that are
characterized by high heterogeneity, as confirmed by the evidence that, often, subjects with
the same diagnosis are profoundly different in the manifestation of symptoms and in the
response to treatment.

Consequently, since years, our group decide to employ the chronic mild stress (CMS) model

of depression because it has an high transdiagnostic value, it meets all the three validity
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criteria (face-construct and predictive validity) [11] and it affects both emotional state and
cognitive functions [12-16].

Accordingly, it is also useful to associate specific symptoms (behavioral phenotype) with
specific molecular alterations, thus representing a powerful tool to identify diagnostic and
predictive biomarkers and results into a better patient stratification and a more effective
pharmacological approach.

On these bases, we and other groups have thoroughly characterized this model,
demonstrating its validity in exploring either the mechanisms (neuroplasticity, HPA axis,
inflammation, circadian rhythms) the development of several depressive-like behaviour
(from the anhedonic phenotype to cognitive dysfunctions) or to test pharmacological
strategies [12-20]. In addition, we have recently shown that mitochondrial dynamics in
resilient versus vulnerable animals is a potential mechanism underlying the different
response to stress exposure in the CMS animal model [21].

Here, we aimed to make a further step by employing a metabolomic approach to investigate
potential differences in energy metabolite concentration that may help explain vulnerability
and resilience to CMS exposure. Moreover, we explored the role of brain bioenergetic in the
development of the pathological phenotype by testing whether repeated treatment with
venlafaxine, a drug that is widely used in MDD [22] and that also has been demonstrated to
be very effective on the anhedonic phenotype at preclinical levels [23,24], would be able to
normalize the depressive-like behaviour by modulating brain metabolism.

Based on our previous results showing that metabolic mechanisms involved in the stress
response are differentially modulated in the ventral hippocampus (vHip) of vulnerable
compared with resilient rats, we focused on this brain area that plays a key role in the

modulation of anhedonia [16,18,21].
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Our results suggest that vHip energy metabolism is implicated in the response to CMS
exposure in terms of anhedonic phenotype and it may represent both an underestimated

trait of depression and a novel target of chronic antidepressant action.
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Material and methods

Animals

Adult male Wistar rats (5 weeks old) (Charles River, Germany) were brought into the
laboratory one month before the start of the experiment. Animals 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 (approval code:
4/2019; approval date 03/01/2019) at the Maj Institute of Pharmacology, Polish Academy of
Sciences, Krakow, Poland. All efforts were made to minimize animal suffering, to reduce the

number of animals used and the animal studies comply with the ARRIVE 2.0 guidelines.

Chronic mild stress protocol and pharmacological treatment

Before the starting of the experiment, the animals were trained to consume 1% sucrose
solution; training consisted of nine 1h baseline tests, conducted once weekly, in which
sucrose was presented, in the home cage, following 14h food and water deprivation.
Subsequently, sucrose consumption was monitored, under similar conditions, at weekly
intervals throughout the whole experiment by weighing pre-weighed bottles containing the
sucrose solution, at the end of the test.

After the sucrose training, rats were randomly divided into two groups. One group of animals
was single housed and subjected to a random combination of periods of stress of the
duration of 10 - 14 h (food or water deprivation, 45-degree cage tilt, intermittent illumination
every 2h, soiled cage with 250 ml water in sawdust bedding, paired housing, low intensity
stroboscopic illumination-150 flashes/min, and periods of no stress), the chronic mild stress
procedure, for a period of 6 consecutive weeks. Animals of the No stress group were housed

in separate rooms and had no contact with the stressed animals (Fig 1A).
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A subgroup of rats subjected to the CMS procedure demonstrated a gradual decrease in
sucrose solution consumption to approximately 40% of pre-stress values, indicator of the
development of the anhedonic phenotype, that was then named CMS vulnerable (CMS vul)
group, whereas animals showing a similar hedonic phenotype to non-stressed animals
(named CMS resilient) were defined CMS res group.

Rats of both the CMS vul and CMS res groups were subjected to the CMS protocol for 3
subsequent weeks (Fig.1 A- experimental groups: No stress n=16, CMS vul n=16, CMS res
n=8).

Moreover, both non-stressed and CMS vul groups were further divided into two subgroups,
and for the following 3 weeks they received, once a day, the administration of vehicle (VEH)
(0,9% sterile saline, IP) or venlafaxine HCI (VLX) (10 mg/kg, per IP dissolved in 0,9% sterile
saline) (Carbosynth Ltd., Compton, UK), while continuing the CMS procedure (Fig. 1B
experimental groups: No stress/VEH n=8, No stress/VLX n=8, CMS vul/VEH n=8, CMS
vul/VLX n=8,). The daily injections were of 1 ml/kg of body weight.

The dose of VLX was chosen on the bases of our previous findings demonstrating its ability,
with this regimen, to normalized the reduction of sucrose intake due to CMS exposure
[23,25]. VEH or VLX were administered at 10.00 am and the weekly sucrose tests were
carried out 24h following the last drug injections. 24 hours after the last injection, the animals
were decapitated and ventral hippocampus (plates 34-43 according to the atlas of Paxinos

and Watson [26]) was collected and stored at -80°C.
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Figure 1: Experimental design of rats exposed to 6 weeks of chronic mild stress (CMS)

(panel A) and treated with venlafaxine (VLX) for 3 weeks (panel B).

Metabolomic analysis

We employed 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). 10mg of ventral hippocampus were used for the analysis. Half tissue was
smashed in 250yl of ice-cold methanol/acetonitrile 50:50, while the second half was lysed
in 250yl of ice-cold water/methanol 20:80, respectively. Both solutions contained [U-"3Cg]-
glucose (Merck Life Science S.r.l, Milano, Italy) 1ng/ul and [U-'3Cs]-glutamine (Merck Life
Science S.r.l, Milano, Italy) 1ng/ul as internal standards. Lysates were spun at 2000g for 5
min at 4°C and supernatants were then passed through a regenerated cellulose filter (4mm
). Samples were then dried under N2 flow at 40°C and resuspended in 100ul of methanol
for subsequent analysis.

A cyano-phase LUNA column (50mm x 4.6mm, 5um; Phenomenex, Torrance, CA, USA) by
a 5 min run in negative ion mode with two separated runs was used to quantify energy
metabolites. Protocol A: Samples lysed in acetonitrile/methanol were used to analyze
lactate, malate, aKetoglutarate, phosphoenolpyruvate (PEP), dihydroxyacetone-

P/glyceraldehyde-3P (DHAP/GAP), erytrose-4P (E4P), dTMP, dAMP, dIMP, dCTP, ITP and
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GTP. The mobile phase A was: water and phase B was: 5mM ammonium acetate in MeOH
and the gradient was 10% A and 90% B for all the analysis with a flow rate of 500ul/min.
Protocol B: samples lysed in water/methanol solution were used to analyse 3', 5'-Cyclic
GMP, Acetyl-CoA, ADP, AMP, ATP, cAMP, Citrate, CMP , CoA, CTP, dADP, dATP, dCDP,
dCMP, dGDP, dGMP, dGTP, dITP, dTTP, dUMP, dUTP, FAD, Fructose bis-P, Fumarate,
GDP, Glucose, Glucose-6P/Fructose-6P, GMP, IMP, lIso-citrate, malonyl-CoA, NAD*,
NADH, NADP*, NADPH, oxaloacetate, pyruvate, ribose-xylulose-ribulose-5P (R-X-Ru-5P),
succinate, succinyl-CoA, UDP, UMP and UTP. The mobile phase A was water and phase B
was 5SmM ammonium acetate in MeOH and the gradient was 50% A and 50% B for all the
analysis with a flow rate of 500ul/min.

Carnitine quantification was performed on acetonitrile/methanol extracts by using a Varian
Pursuit XRs Ultra 2.8 Diphenyl column. Samples were analysed by a 3 min run in positive
ion mode and the mobile phase was 0.1% formic acid in MeOH.

The quantification of amino acids (AA) and biogenic amines (BA) was performed through
previous derivatization. Briefly, 20ul out of 100ul of acetonitriie/methanol samples were
collected and dried under N2 flow at 40°C. Dried samples were resuspended in 50ul of
phenyl-isothiocyanate (PITC), EtOH, pyridine and water 5%:31.5%:31.5%:31.5% and then
incubated for 20 min at RT, dried under N2 flow at 40°C for 90 min and finally resuspended
in 100pl of 5mM ammonium acetate in MeOH/H20 50:50. Quantification of different amino
acids was performed by using a C18 column (Biocrates, Innsbruck, Austria) maintained at
50°C. The mobile phases for positive ion mode analysis were phase A: 0.2% formic acid in
water and phase B: 0.2% formic acid in acetonitrile. The gradient was TO: 100%A, T5.5:
5%A, T7: 100%A with a flow rate of 500ul/min. All metabolites analysed in the described
protocols were previously validated by pure standards and internal standards were used to
check instrument sensitivity.

MultiQuant™ software (version 3.0.3, AB Sciex, Framingham, MA, USA) was used for data
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analysis and peak review of chromatograms. 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 [27]. 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 [28]. Then, obtained values underwent Pareto scaling as follows:
xij — fi
Jsi

where xj is the transformed value in the data matrix (i (metabolites), j (samples)) and s; is

)_(ij =

the standard deviation of transformed metabolite values [29]. Obtained values were
considered as relative metabolite levels. Data processing and analysis were performed by

MetaboAnalyst 5.0 web tool (https://www.metaboanalyst.ca [30]).

Metabolic pathway analysis

Metabolites were further analyzed by MetaboAnalyst 5.0 using the metabolic pathway
analysis tool. The pathways provided had an impact factor >0, which was calculated by the
relative importance of the metabolites. The p value was calculated from the enrichment

analysis and the pathway was considered significantly related if it had a p value <0.05.

Statistical analysis

The analyses of the sucrose consumption were performed with the two/three-way ANOVA
with repeated measures, followed by Fisher’s Protected Least Significant Difference (PLSD).
The results of the metabolomic analysis were analyzed with the one-way /two-way ANOVA

and when appropriate, further differences were analyzed by the Fisher's PLSD. A Priori
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sample size estimation was done considering the between-subjects factor of stress or stress
and treatment, and each experimental group consists of at least 8 rats.

Partial least squares discriminant analysis (PLS-DA) identified differential metabolites
between experimental groups. At the same time, the ranking of metabolites was performed
by variable importance in projection (VIP), according to metabolite importance in
discriminating groups. 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).
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Results
6 weeks of CMS induced the development of vulnerable and resilient

phenotype.

As shown in figure 2, two-way ANOVA with repeated measures indicated a significant effect
of stress on sucrose intake (F2-38=56.7).

Indeed, in line with our previous evidence [13,21], already after one week of CMS, we
observed a clear separation between resilient animals (grey line) showing an hedonic
phenotype similar to the No stress group (black dashed line), and vulnerable rats (black line)
showing a significant reduction of sucrose intake, proxy of the development of the

anhedonic-like behavior. This difference was stable for the duration of the whole CMS

procedure.
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Figure 2: Behavioral characterization of rats exposed to 6 weeks of chronic mild stress
(CMS). Sucrose consumption test was performed at weekly intervals during the whole
experiment. The data are the mean + SEM of 8 independent determinations. “'p<0.001 vs

No stress. (Two-way ANOVA with repeated measures, Fisher's PLSD).
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Metabolomic profile in the vHip of animals vulnerable and resilient to six weeks
of CMS.

We next studied the metabolomic profile of non-stressed, vulnerable and resilient rats
following six weeks of CMS.

As shown in figure 3, we observed a different metabolomic profile that depicts vulnerability
and resilience to CMS. The PLS-DA plot showed that No stress, CMS vul and CMS res were
grouped into separated clusters (Fig. 3A). Results were statistically significant (p=0.016)
(Figure S1A), with the R? and Q? (Q? represents an estimation of the predictive ability of the
model) of all tested combinations of components closest to 1 (Figure S1B). PLS-DA and
ANOVA (FDR< 0.05) identified the most important features which are the 25 metabolites
represented in Figure S1C.

The heat map represented in Figure S2 showed the changes of several metabolites in No
stress, CMS vul and CMS res groups, identified by the one-way ANOVA with Fisher's PLSD
with an FDR< 0.1.

Accordingly, as shown in figure 3B, stress exposure has significantly altered the
concentration of 42 metabolites (Table S1). In particular, 22 were similarly changed in CMS
vul and CMS res rats (black and white line-pattern), while 15 were selectively altered in CMS
res (grey) and 6 in CMS vul (black).

The further metabolomic pathway analyses (Fig. 3C) revealed that CMS influences the
function of 11 pathways (orange and blue line-pattern) independently from the hedonic
phenotype, while 9 more pathways were specifically affected in resilient animals (orange).
This means that 20 different intracellular mechanisms are needed to sustain resilience while
only 12 underlie the vulnerability (Fig. 3D).

Going even deeper, as shown in Fig. 3E-F-G-H, we observed that the vulnerability and
resilience to CMS were differently associated with alterations of metabolites of the classes

of nucleotides-deoxynucleotides (NTPs-dNTPs) (UTP, ITP, dAMP, dIMP), glycolysis



Enhanced beta oxidation underlies vulnerability to CMS

(fructose Bis-P, DHAP/GAP, PEP), acylcarnitines (C2-Carnitine, C14-Carnitine, C16-
Carnitine, C16:1-Carnitine, C18:0-Carnitine ,C18:1-Carnitine) and amino acids (AA) (thr,
phe), as well as with the levels of succinate and sedoheptulose (Table S1).

Furthermore, we observed increased energy charge and a trend of reduction of NAD*/NADH
ratio in all stressed animals independently from the behavioral phenotype (Fig. 31), whereas
fatty acid p-oxidation was differently activated in vulnerable or resilient rats. Indeed, while in
resilient rats we observed a decrease of C2-Carnitine, C14-Carnitine, C16-Carnitine, C16:1-
Carnitine, C18:1-Carnitine that suggests a reduction in fatty acid degradation, vulnerable
vHip showed increased C2-Carnitine/C0-Carnitine and (C2-Carnitine+C3-Carnitine)/C0-
Carnitine ratio that are indirect hallmarks of boosted fatty acid p-oxidation (Fig. 3G). These
data are further sustained by the activity of Carnitine palmitoyltransferase | (Cptl), the key
enzyme committing fatty acids towards mitochondrial catabolism, as evidenced by a trend

to increase in the (C16:0-Carnitine+C18:0-Carnitine)/C0O-Carnitine ratio (Fig. 3G).
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Figure 3: Metabolite levels in the vHip of rats vulnerable and resilient to 6 weeks of chronic
mild stress. Panel A: Partial least squares discriminant analysis; Panel B: Venn diagram
illustrates the number of metabolomic features common and unique in CMS vulnerable and
resilient rats; Panel C: Venn diagram illustrates the number of metabolic pathways common
and unique in CMS vulnerable and resilient rats; Panel D: Metabolomic pathways analysis
(MetaboAnalyst). The p value was calculated from the enrichment analysis; Panel E: relative
levels of nucleotides (NTPs) and deoxy nucleotides (dNTPs); Panel F: relative levels of
glycolysis metabolites; Panel G: relative levels of acylcarnitines and ratio of C2-Carnitine,
C2-Carnitine + C3-Carnitine, C16-Carnitine + C18-Carnitine and C0O-Carnitine fold change
levels; Panel H: relative levels of amino acids; Panel I: fold change of ATP energy change
and of NAD*/NADH; Data in panel E-l are represented as violin plot with horizontal lines
representing the mean and the quartiles. 'p<0.05, “p<0.01, “'p<0.001 vs No stress; #p<0.05,

#p<0.01 vs CMS vul (One-way ANOVA, Fisher's PLSD).
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Chronic treatment with venlafaxine normalized the anhedonic-like behavior
observed in rats exposed to 6 weeks of chronic mild stress.

Next, after 3 weeks of CMS, half of the CMS vul rats were treated with the antidepressant
VLX for 3 subsequent weeks while continuing the CMS procedure (Fig. 1B).

As we previously observed [23,24], CMS exposure and VLX treatment modulated the
hedonic phenotype, as highlighted by the significant effect observed in the three-way
ANOVA with repeated measures (F1.31=7.70) (Fig. 4).

In detail, CMS induced a significant reduction of sucrose intake starting from the first week
of stress vs No stress/VEH, effect that was maintained for the subsequent 5 weeks of CMS
(black line). Chronic VLX treatment, starting from the first week of treatment (corresponding
to the fourth week of CMS), significantly increased the levels of sucrose intake in CMS
animals (green line), leading to a complete normalization of the anhedonic-like behavior

induced by the CMS paradigm.
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Figure 4: Behavioral characterization of rats exposed to 6 weeks of chronic mild stress
(CMS) and treated with venlafaxine (VLX) for 3 weeks. Sucrose consumption test was
performed at weekly intervals in animals exposed to CMS and treated with VLX. The data
are the mean +* SEM of 8 independent determinations. “p<0.001 vs No stress/VEH;

#p<0.01, #¥p<0.001 vs CMS vul/VEH (three-way ANOVA with repeated measures, Fisher’s
PLSD).
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Chronic venlafaxine treatment reverted the alterations of several metabolites
induced by 6 weeks of CMS.

We next characterized the metabolomic profile of non-stressed and vulnerable rats treated
for three weeks with vehicle or venlafaxine.

Figure 5 shows the metabolomic differences between stressed and non-stressed animals
treated with vehicle or venlafaxine. The PLS-DA plot displayed that No stress/VEH and CMS
vul/VEH were grouped into separated clusters, whereas CMS animals treated with VLX
(CMS vul/VLX) showed an intermediate metabolic asset among No stress/VEH and CMS
vul/VEH. Moreover, as expected, the No stress/VLX animals were similar to non-stressed
untreated counterpart (Fig. 5A). As shown in the Figure S1D-E, results were statistically
significant, with the R? and Q? of all tested combinations of components closest to 1. PLS-
DA and ANOVA (FDR < 0.1) identified the highly discriminant metabolites and the 25
metabolites represented in Figure S1F are the most important features identified by PLS-
DA.

As a further step of the analysis, we investigated the metabolites affected by CMS exposure
and chronic VLX treatment. Two-way ANOVA with Fisher's PLSD with an FDR< 0.1
determined variation of several metabolite levels (Fig. 5, Figure S3 and Table S2).

As shown in the Venn diagram (Fig. 5B) 17 (green and grey line-pattern) out of the 30
metabolites changed in CMS-vul rats were also modified by venlafaxine treatment, while 13
(grey) were still altered after 3 weeks of treatment and 7 were influenced by venlafaxine per
se (green). Analyzing the pathways normalized by VLX and then potentially involved in the
efficacy of this drug on the anhedonic phenotype we identified the pyrimidine metabolism,
tyrosine metabolism, phenylalanine metabolism, phenylalanine, tyrosine and tryptophan
biosynthesis, tricarboxylic acid cycle, tryptophan metabolism, pyruvate metabolism, fatty
acid biosynthesis and elongation, propanoate metabolism and pentose phosphatase

pathway (Fig. 5C).
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In particular several metabolites of the classes of NTPs-dNTPs (AMP, GDP, UDP, UTP,
CTP, dUMP, dIMP) (Fig. 5D), biogenic amines (histamine, spermidine) (Fig. 5E), (C16:0-
Carnitine+C18:0-Carnitine)/C0O-Carnitine ratio (Fig. 5H) and intermediates of the glycolysis
(glucose, lactate) (Fig. 5F) were modulated in rats vulnerable to the CMS and these levels
were reverted by the chronic treatment with venlafaxine. In line, also cAMP, histidine,
fumarate, S-adenosylmethionine (SAME) were affected by stress and normalized by the
pharmacological treatment (Table S2).

Similarly, the increased energy boost induced by CMS exposure, revealed by the increase
of ATP energy charge, was normalized by the VLX administration (Fig. 5J).

On the contrary, other metabolites of the classes of NTPs-dNTPs (CMP, UMP, dAMP) (Fig.
4D), acylcarnitines (CO-Carnitine and C4-Carnitine) (Fig. 5H), intermediates of pentose
phosphate pathway (GSSG, gluconate 6P) (Fig. 5G), amino acids (ser, trp, tyr) (Fig. 5l), as
well as succinate, dopa, erythrose-4P (E4P) and NAD* (Table S2) were modulated by
chronic stress and were not reverted by VLX treatment.

Finally, when considering the 7 metabolites affected by VLX treatment, but not by CMS
exposure, we found that only long-chain acylcarnitines (C16:0-Carnitine, C18:0-Carnitine,
C18:1-Carnitine) (Fig. 5H), amino acids (Met, Lys, alpha-AAA) (Fig. 51) and putrescine

(Table S2) were significantly modulated by the drug administration.
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Figure 5. Metabolite levels in vHip modulated by chronic mild stress and normalized by
venlafaxine (VLX) administration. Panel A: Partial least squares discriminant analysis Panel
B: Venn diagram illustrates the number of metabolomic features common and unique in
stressed animals treated with VLX. Panel C: Metabolomic pathways analysis
(MetaboAnalyst). The p value was calculated from the enrichment analysis. Panel D: relative
levels of mono-, di, and triphosphate nucleotides (NTPs) and of deoxy monophosphate
nucleotides (dNTPs); Panel E: relative levels of biogenic amines; Panel F: relative levels of
glycolysis metabolites; Panel G: relative levels of metabolites of the pentose phosphate
pathway; Panel H: relative levels of acylcarnitines; Panel I: relative levels of amino acids;
Panel J: fold change of ATP energy change and of NAD*/NADH. Data in panel D-J are
represented as violin plot with horizontal lines representing the mean and the quartiles.
p<0.05, " p<0.01, " p<0.001 vs No stress/VEH; #p<0.05 vs CMS vul/VEH (Two-way ANOVA,

Fisher's PLSD).
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Discussion

In this study, we showed that vHip metabolism alterations are involved in the behavioral
response to chronic stress exposure and contribute to the ability of the antidepressant
venlafaxine to revert the pathological phenotype, as shown by the normalization of the
changes observed in specific metabolites.

Specifically, our data suggest a different utilization of energy metabolites in vHip by resilient
and vulnerable rats, with the latter preferring fatty acid utilization over glycolysis to produce
ketone bodies and ultimately Acetyl-CoA as main energy source [31].

According to our previous studies [12-16,18,21], by exposing the animals to the sucrose
consumption test, we were able to divide the population of stressed animals in two distinct
subgroups, with vulnerable animals developing the anhedonic-like behavior while the
resilient subgroup enduring resistance to the negative effects of stress that persisted
throughout the entire 6 weeks procedure. Moreover, and in line with the literature [23,32],
we observed that venlafaxine treatment leads to a complete normalization of anhedonic-like
behaviour.

By investigating the metabolic profile after 6 weeks of CMS in vulnerable versus resilient
rats and based on the PLS-DA data, we demonstrated that the two groups are clearly
different from each other and from non-stressed rats. Notably, resilient rats differ even more
from non-stressed rats than vulnerable ones. This trend is different from that we observed
previously in animals exposed to 2 weeks of CMS [21], suggesting that, although the
behavioral phenotype is already established after 1 week of stress and remains quite stable,
the underlying molecular processes, instead, change over time both in rats vulnerable and
resilient, thus determining a scenario different from a shorter period of stress [21].
Interestingly, it appears that the modulation of 21 intracellular biochemical mechanisms and

36 metabolites is required to sustain resilience while a lower number of intracellular
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metabolic pathways and metabolites (12 and 27 respectively) underlie vulnerability. These
outcomes confirm that resilience is an active coping response to stress and suggest that it
is a more challenging condition to be achieved and be maintained than vulnerability. In fact,
resilience is a positive adaptation after stressful situation that allows to maintain or restore
normal functioning over time by successfully adapting to change, resisting the negative
impact of stressors and avoiding occurrence of significant dysfunctions over time [33]. On
the contrary, vulnerable subjects seem to reach a plateau, losing the ability to implement
changes in response to unfavorable stimuli, which is reflected in the anhedonic phenotype.
In agreement with this notion, several alterations detected in vulnerable rats after 2 weeks
of CMS [21] returned to baseline at 6 weeks, while they either stayed the same or showed
an opposite profile in the resilient rats, such as in the NAD*/NADH ratio and in the
acylcarnitine family.

When investigating the energetic status, both vulnerable and resilient rats show an
increased ATP energy charge and a trend of reduction of NAD*/NADH ratio, revealing the
energetic susceptibility of vHip to external stressors [34]. However, differences that might
support the diverse response to stress emerge when we break down the energetic status
into the major classes of metabolites, such as glycolysis. In fact, fructose Bis-P, DHAP/GAP
and PEP are all increased in the resilient but not in the vulnerable animals, indicating that a
different metabolism of glucose between the two distinct phenotypes may represent a
strategy to deal with stress. Indeed, these changes result in a significant activation of
glycolysis pathway specifically in resilient animals. Moreover, the modulations of DHAP/GAP
and sedoheptulose in resilient animals may suggest a possible increase of the pentose
phosphate pathway to generate more NADPH to protect against oxidative stress [35].
Another significant alteration that emerged from our study concerns the class of
acylcarnitines, known to be indirect indicators of fatty acid catabolism occurring in

mitochondria and known to be altered in depression [36]. Recent studies have shown that
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lipid metabolism, and more specifically fatty acids B-oxidation, plays a significant role in
several adult brain functions [37—40]. Here, we observed that many carnitines, both short-
and long chain-acylcarnitines, are downregulated in the vHip of resilient animals, while the
ratio C2-Carnitine/C0O-Carnitine and (C2-Carnitine + C3-Carnitine)/ CO0-Carnitine are
increased in vulnerable animals. These data indicate that the vulnerability to 6 weeks of
CMS seems to be associated with a boosted fatty acid B-oxidation, an effect that contributes
to the increase in the ATP energy charge in this specific subgroup of stressed animals. On
the opposite, the augmentation of the ATP energy that was observed also in resilient rats
seems to originate from an increase of glycolysis.

Interestingly, the shift from using glucose to fatty acid as energy source has been already
observed under several brain pathological conditions [41-45]. Indeed, production of acyl-
CoA through upregulated B-oxidation results in negative feedback to pyruvate, which results
in decreased glucose metabolism, leading to a vicious cycle disrupting the homeostasis [46].
In support to our hypothesis, the modulation of Cptl activity is involved in the progression of
ALS [47] and in the development of the anhedonic phenotype in the CMS model [48].
Among the amino acids analyzed, Phe and Thr were significantly increased in resilient
animals, indicating a possible need of these amino acids to produce more neurotransmitters
and neuromodulators [49], whereas with respect to nucleotides-deoxynucleotides, the
changes we observed may be related to alteration in neurogenesis mechanisms, as
observed in the ventral hippocampus of stressed rats [50-52]. Further, we found that
succinate was decreased specifically in vulnerable rats indicating a reduced production of
the intermediates of the Krebs cycle and in line it has been found that antidepressants were
able to modulate succinate dehydrogenase activity thus increasing energetic metabolism in
different rat brain regions [53].

Considering the pharmacological treatment, non-stressed animals and CMS vulnerable

animals treated with vehicle show a different metabolic pattern, while CMS vulnerable
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animals treated with VLX show an intermediate metabolic pattern compared with the two
previous groups, as showed by the PLS-DA plot and confirmed by heatmap analysis.
Moreover, as expected, the No stress/VLX animals were similar to the non-stressed
untreated counterpart, highlighting that venlafaxine has a selective effect on the metabolic
profile under pathological, but not physiological, conditions.

Interestingly, 17 out of the 30 metabolites changed in CMS vulnerable animals were also
modified by venlafaxine treatment. In particular several metabolites of the classes of NTPs-
dNTPs, biogenic amines and intermediates of the glycolysis were reverted by the chronic
treatment with the venlafaxine. Interestingly, the antidepressant drug has normalized
(C16:0-Carnitine+C18:0-Carnitine)/C0O-Carnitine ratio, index of Cptl activity, and glucose
and lactate levels. Glucose is the primary source of energy for the mammalian brain [54]
and it is tightly coupled with the regulation of cell death [55-57]. Moreover, even if lactate
has long been associated with ischemia [58], more recent evidence demonstrates its
importance for maintaining brain health [59]. These findings suggest that the efficacy of
venlafaxine as antidepressant may in part depend on restoring normal levels of these
metabolites crucial for healthy brain function.

Our study holds some potential limitations.

First, although it is well-established that stress-related disorders occur with different
frequency depending on sex, our studies were conducted only in male rats; thus, we do not
know if our findings can be extended to female rats. However, given the present findings
showing that energy metabolism does play a role in stress response, we will plan our future
studies including females.

We are aware that we have used only one drug and further studies investigating the effect
of other antidepressants may provide useful information and increase the impact of the
potential role of brain metabolism in the treatment of psychiatric disorders. However, as

mentioned in the introduction, VLX was chosen because of its ability to normalize the
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anhedonic phenotype [23,24,32] and also as one of the most effective approaches for the
treatment of major depression [22].

Third, we have conducted the metabolomic approach only in one brain region. However, the
rationale for this choice derives from our previous studies that indicated the ventral
hippocampus as the main area to discriminate between resilient and vulnerable animals in
molecular terms. Moreover, in attempt to find biomarkers of vulnerability or resilience we will
next focus on the analysis of blood in stressed animals. Another limitation from a metabolic
point of view is to unequivocally prove that vulnerability imposes the switch from glucose to
fatty acids as main fuel source in the ventral hippocampus while the resilient condition
continues to support the glucose utilization. To achieve this goal, in vivo, metabolic tracing
experiments represent the gold standard. These are technically difficult experiments to
achieve in vivo and nowadays they can only be performed in isolated brain-derived cell s by
losing the contribution of key cellular interaction occurring in the hippocampus (i.e. neurons
with astrocytes).

Fourth, we focused on only one specific behavioral phenotype. Indeed, despite the
heterogeneity of symptom manifestation in psychiatric disorders, we believe that the best
approach is to focus on one deficit at a time. Therefore, the identification of anomalies
associated, in this case, with anhedonia could be indicative for patients presenting such
alterations and could be used to better stratify the population.

To summarize, we found that both resilient and vulnerable rats are characterized by higher
ATP energy charge and Acetyl-CoA compared to No stressed rats. However, while in the
vulnerable animals the energy support is obtained from the utilization of fatty acids,
highlighting a possible deregulation of the mechanisms that regulate the utilization of
glucose as primary source to produce energy within the brain, resilience, instead, seems to

be achieved by an increase of glycolysis.
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Finally, the normalization of ATP load following venlafaxine administration seems to be
associated with normalization of Cptl activity and of both glucose and lactate levels.
Accordingly, the concomitant treatment with a specific inhibitor of Cpt1 during stress
exposure is efficient in ameliorating the development of the anhedonic phenotype [48].
These findings may provide novel perspectives on metabolic changes that could serve as
diagnostic markers and preventive strategies for the early detection and treatment of MDD
as well as the identification of potential drug targets.

Moreover, we also provide new insights on the metabolic mechanism of action of venlafaxine
in the context of stress-related disorders, suggesting that it may promote adaptive
mechanisms that are essential for the ability to modulate different pathological domains

linked with psychiatric disorders.
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Figure legends

Figure 1: Experimental design of rats exposed to 6 weeks of chronic mild stress (CMS)

(panel A) and treated with venlafaxine (VLX) for 3 weeks (panel B).

Figure 2: Behavioral characterization of rats exposed to 6 weeks of chronic mild stress
(CMS). Sucrose consumption test was performed at weekly intervals during the whole
experiment. The data are the mean + SEM of 8 independent determinations. “'p<0.001 vs

No stress. (Two-way ANOVA with repeated measures, Fisher's PLSD).

Figure 3: Metabolite levels in the vHip of rats vulnerable and resilient to 6 weeks of chronic
mild stress. Panel A: Partial least squares discriminant analysis; Panel B: Venn diagram
illustrates the number of metabolomic features common and unique in CMS vulnerable and
resilient rats; Panel C: Venn diagram illustrates the number of metabolic pathways common
and unique in CMS vulnerable and resilient rats; Panel D: Metabolomic pathways analysis
(MetaboAnalyst). The p value was calculated from the enrichment analysis; Panel E: relative
levels of nucleotides (NTPs) and deoxy nucleotides (dNTPs); Panel F: relative levels of
glycolysis metabolites; Panel G: relative levels of acylcarnitines and ratio of C2-Carnitine,
C2-Carnitine + C3-Carnitine, C16-Carnitine + C18-Carnitine and C0O-Carnitine fold change
levels; Panel H: relative levels of amino acids; Panel I: fold change of ATP energy change
and of NAD*/NADH. Data in panel E-l are represented as violin plot with horizontal lines
representing the mean and the quartiles. 'p<0.05, "p<0.01, “'p<0.001 vs No stress; #p<0.05,

#p<0.01 vs CMS vul (One-way ANOVA, Fisher's PLSD).

Figure 4: Behavioral characterization of rats exposed to 6 weeks of chronic mild stress
(CMS) and treated with venlafaxine (VLX) for 3 weeks. Sucrose consumption test was

performed at weekly intervals in animals exposed to CMS and treated with VLX. The data
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are the mean +* SEM of 8 independent determinations. “'p<0.001 vs No stress/VEH;
#p<0.01, #¥p<0.001 vs CMS vul/VEH (three-way ANOVA with repeated measures, Fisher’s

PLSD).

Figure 5: Metabolite levels in vHip modulated by chronic mild stress and normalized by
venlafaxine (VLX) administration. Panel A: Partial least squares discriminant analysis Panel
B: Venn diagram illustrates the number of metabolomic features common and unique in
stressed animals treated with VLX. Panel C: Metabolomic pathways analysis
(MetaboAnalyst). The p value was calculated from the enrichment analysis. Panel D: relative
levels of mono-, di, and triphosphate nucleotides (NTPs) and of deoxy monophosphate
nucleotides (dNTPs); Panel E: relative levels of biogenic amines; Panel F: relative levels of
glycolysis metabolites; Panel G: relative levels of metabolites of the pentose phosphate
pathway; Panel H: relative levels of acylcarnitines; Panel I: relative levels of amino acids;
Panel J: fold change of ATP energy change and of NAD*/NADH. Data in panel D-J are
represented as violin plot with horizontal lines representing the mean and the quartiles.
p<0.05, © p<0.01, ™ p<0.001 vs No stress/VEH; #p<0.05 vs CMS vul/VEH (Two-way

ANOVA, Fisher's PLSD).



