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Abstract

Background. Major depression is associated with changes in plasma L-carnitine and
acetyl-L-carnitine. But its association with acylcarnitines remains unclear. The aim of this
study was to assess metabolomic profiles of 38 acylcarnitines in patients with major depres-
sion before and after treatment compared to healthy controls (HCs).

Methods. Metabolomic profiles of 38 plasma short-, medium-, and long-chain acylcarnitines
were performed by liquid chromatography-mass spectrometry in 893 HCs from the VARIETE
cohort and 460 depressed patients from the METADAP cohort before and after 6 months of
antidepressant treatment.

Results. As compared to HCs, depressed patients had lower levels of medium- and long-chain
acylcarnitines. After 6 months of treatment, increased levels of medium- and long-chain acyl-
carnitines were observed that no longer differed from those of controls. Accordingly, several
medium- and long-chain acylcarnitines were negatively correlated with depression severity.
Conclusions. These medium- and long-chain acylcarnitine dysregulations argue for mito-
chondrial dysfunction through fatty acid S-oxidation impairment during major depression.

Introduction

Major depressive disorder (MDD) is the first leading cause of disability worldwide. By affect-
ing over 350 million individuals, MDD is a public health priority inducing a high cost for soci-
ety (Malhi & Mann, 2018). However, its clinical outcome after treatment remains poor and its
physiopathology is poorly understood (Malhi & Mann, 2018; Trivedi et al., 2006).

Recent data suggest impairments of energy availability and mitochondrial metabolites in
MDD (Giménez-Palomo et al., 2021). Moreover, changes in plasma L-carnitine (C0) and
acetyl-L-carnitine (C2) have been shown during a major depressive episode (MDE) before
and after antidepressant treatment (Ait Tayeb et al., 2023; Nasca et al, 2018). However,
there are only few data regarding the metabolomic profiles of short-, medium-, and long-chain
acylcarnitines in MDE (from C3 to C18) whereas in other brain-related diseases, such as men-
tal disorders (e.g. schizophrenia, autism) or Alzheimer’s disease, studies identified associations
with acylcarnitines (Frye, Melnyk, & MacFabe, 2013; Horgusluoglu et al., 2021; Kriisa et al.,
2017). In daily clinical practice, metabolomic profiles of acylcarnitines allow for the assessment
of fatty acid S-oxidation (FAO), a main mitochondrial pathway leading to energy production,
and for the diagnosis of inborn errors of metabolism related to it (Houten & Wanders, 2010;
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Merritt, Norris, & Kanungo, 2018). Of note, short-, medium-, and
long-chain acylcarnitines are specific to mitochondrial FAO
(online Supplementary Fig. S1).

Decreased plasma levels of acylcarnitines are observed in
patients with a MDE (Liu et al, 2015) and individuals with
depressive symptoms (Cassol et al.,, 2015; Mukerji et al., 2021;
Zacharias et al., 2021). Besides, changes of acylcarnitine metabolic
profiles have been shown after antidepressant treatment in 3 clin-
ical cohorts of depressed patients. Indeed, increased levels of
short-chain acylcarnitines and decreased levels of medium- and
long-chain acylcarnitines were observed after an 8-week treatment
with escitalopram/citalopram in 2 samples of 92 and 136 patients
(Ahmed et al., 2020; MahmoudianDehkordi et al., 2021). Moreover,
a decrease of short-chain acylcarnitines and an increase of medium-
and long-chain acylcarnitines were observed 2 h after a ketamine/
esketamine treatment in a sample of 53 depressed patients (Rotroff
etal., 2016).

Nonetheless, to the best of our knowledge, there are no data
comparing healthy subjects with depressed patients before and
after 6 months of antidepressant treatment.

Hence, the first goal of this study was to assess plasma meta-
bolomic profiles of acylcarnitines in depressed patients before and
after antidepressant treatment as compared to healthy controls
(HCs). The second goal was to assess the association between
acylcarnitines and clinical outcomes of depressed patients.

Material and methods
Patients with major depression

This study was conducted in the METADAP cohort (Corruble
et al,, 2015), a 6-month prospective, multicenter (6 French univer-
sity hospitals), naturalistic, treatment study, including patients
suffering from a current MDE in the context of MDD
(DSM-IV-TR criteria), and requiring a new antidepressant treat-
ment. The antidepressant treatment had to be a monotherapy.
The choice of drug and its dose were left to the treating psych-
iatrist using ‘real-world’ treatment options. Written informed
consent was obtained from all patients participating in this
study, which was approved by the Ethics Committee and regis-
tered by the French National Agency for Medicine and Health
Products Safety (ANSM) and the Commission Nationale de
I'Informatique et des Libertés (CNIL) (ClinicalTrials.gov
Identifier: NCT00526383).

Patients were included based on the following criteria: aged
18-65 years, with a minimum score of 18 on the Hamilton
Depression Rating Scale-17 items (HDRS-17) (Hamilton, 1960).
Patients with psychotic symptoms, bipolar disorders, psychotic
disorders, eating disorders, current substance abuse or depend-
ence, organic brain syndromes, severe unstable medical condi-
tions, or pregnancy were excluded from this study. Patients
receiving antipsychotics or mood stabilizers before inclusion
and/or for 4 months or more during the last year were not
included. Of the 624 patients of the METADAP cohort, blood
samples for metabolomic analyses from 164 patients of a single
center were not available. Thus, 460 patients were analyzed.
Patients were assessed at inclusion before treatment (MO), and
three (M3) and six months (M6) after beginning treatment.
Among depressed patients, 175 (38.5%) were treated with a select-
ive serotonin reuptake inhibitor (SSRI), mainly escitalopram and
citalopram, 177 (38.5%) were treated with a serotonin-
norepinephrine reuptake inhibitor (SNRI), mainly venlafaxine,
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38 (8.3%) were treated by tricyclic antidepressant (TCA), and
70 (15.2%) with another one (Table 1). The specific antidepres-
sant treatments received by patients are reported in online
Supplementary Table S1 (online Supplementary Table S1). 282
patients dropped out from the study. The main reasons were anti-
depressant drug changes for insufficient effectiveness /tolerance
and loss to follow-up.

Clinical assessments were performed by the same senior psych-
iatrist for each visit. The HDRS-17, and the Quick Inventory of
Depressive Symptomatology - Self-Report (QIDS-SR) (Rush
et al,, 2003), a self-questionnaire, were used to assess severity of
MDE symptoms. Response and remission were defined as recom-
mended by the American College of Neuropsychopharmacology
Task Force (Rush et al., 2006). Response was based on a decrease
of at least 50% from baseline in the HDRS score. Remission was
based on a HDRS score lower or equal to 7. After 3 months of treat-
ment, 132 patients (54.1%) were responders and 69 (28.3%) were
remitters, while after 6 months, 119 patients (66.9%) were respon-
ders and 77 (43.3%) were remitters. There were no missing values
at baseline, 8 at M3, and none at M6 for the HDRS-17. For the
QIDS-SR, there were 14 missing values at baseline, 13 at M3,
and none at M6.

Healthy controls

HCs were part of VARIETE, a cross-sectional study in the general
population (Chanson et al., 2016; Trabado et al., 2017). This study
was approved by the French National Agency for Medicine and
Health Products Safety (ANSM) and the Ethics Committee
(ClinicalTrials.gov Identifier: NCT01831648). To be included in
the study, adult subjects (aged between 18 and 89 years) had to
be healthy according to medical and psychiatric history, without
any current diseases or disorders, including psychiatric disorders,
assessed during a medical examination, and standard biological
tests performed after an overnight fast. The exclusion criteria
were history of a medical condition or psychiatric disorder, sub-
stance use, pregnancy or breastfeeding, and a history of blood
transfusion or donation within the 3 months prior to inclusion.
The VARIETE cohort included 895 subjects, but 2 blood samples
were not available. Thus, 893 subjects were analyzed.

Metabolomic profiles of plasma acylcarnitines

EDTA blood samples were obtained from each subject in fasting
standardized conditions for both depressed patients and HCs.
Blood samples were obtained before any drug intake between
8:00 and 10:00 a.m. after an overnight fast and were prepared
and analyzed as previously described (Ait Tayeb et al., 2023).
Briefly, blood was centrifuged immediately (10 min, 2000 g at
4°C) and plasma was aliquoted into separate polypropylene
tubes that were immediately stored at —80°C. Each aliquot
was further divided into the volumes required for different
analytical methods. One 10-uL aliquot was analyzed with the
Biocrates AbsoluteIDQ p180 kit (Biocrates Life Science AG®,
Innsbruck, Austria). The plasma samples were processed as
recommended by the manufacturer and analyzed on an API
4000 Q-TRAP mass spectrometer (AB Sciex®, Darmstadt,
Germany) coupled to an ACQUITY UPLC I Class system
(Waters Corporation®, Milford, MA, USA) equipped with an
Agilent C;g HPLC column.

The identification and the quantification of metabolites were
performed as previously published (Trabado et al, 2017).
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Table 1. Sociodemographic and clinical characteristics of healthy controls and depressed patients at baseline
Healthy controls Depressed patients p
Subject characteristics
Number of subjects (n) 893 460 <0.00001
Age (years) (m(s.p.) 39.8 (18.6) 46.0 (13.0) <0.00001
Women (n (%)) 436 (48.8) 315 (68.6) <0.00001
BMI (kg/m?) (m(s.p.) 23.1 (2.4) 24.1 (5.0) <0.00001
Lipidic and glycemic profiles
Total cholesterol (mmol/l (s.0.)) 4,94 (1.12) 5.17 (1.14) <0.00001
Glycemia (mmol/l (s.p.)) 4.68 (0.60) 5.00 (1.07) <0.00001
MDD characteristics
MDD onset (years (m(s.p.)) - 35.4 (14.4)
Recurrent MDD (n (%)) - 362 (74.0)
HDRS-17 at baseline (m(s.p.)) - 24.0 (4.5)
MDD treatment (n (%))
SSRI = 175 (38.0)
SNRI = 177 (38.5)
TCA = 38 (8.3)
Others - 70 (15.2)

Student’s t tests were performed to compared healthy controls and depressed patients - BMI, Body mass index; MDD, Major depressive disorder; HDRS-17, 17-item Hamilton Depression
Rating Scale; n, number of subjects; SD, Standard deviation; SSRI, Selective serotonin reuptake inhibitors; SNRI, Serotonin-norepinephrine reuptake inhibitors; TCA, Tricyclic antidepressant.

Briefly, the Biocrates AbsoluteIDQ p180 kit allows for the identi-
fication and measurement of more than 180 metabolites, includ-
ing acylcarnitines. Acylcarnitines were analyzed using flow
injection analysis (FIA) coupled to tandem mass spectrometry.
Identification and quantification were performed based on
internal standards and multiple reactions monitoring detection.
After a pre-processing step (peak integration and concentration
determination from calibration curves) with Multiquant software
(AB Sciex, Darmstadt, Germany), data were uploaded into
Biocrates MetIDQ software (included in the kit). Then, metabolite
concentrations were directly calculated in MetIDQ.

EDTA sample management, plasma metabolomic analyses
with Biocrates AbsolutIDQ p180 kit, and plasma sample process-
ing were performed for HCs and depressed patients at each study
time point (M0, M3, and M6) (Ait Tayeb et al., 2023). There were
no missing biological data in HCs and in depressed patients at
baseline, and 14 and 5 missing data at M3 and M6, respectively,
in depressed patients. To prevent potential storage and batch
effects, biological samples were assayed at the same time (ran-
domly mixing both cohorts (METADAP and VARIETE) inde-
pendently of the evaluation time for depressed patients) in the
same laboratory using the same techniques for all subjects.

Thirty-eight acylcarnitines were measured, of which 12 were
short chain acylcarnitines (from C3 to C5), 11 were medium
chain (from C6 to C12) and 15 were long chain (from C14 to
C18) (Table 2). Metabolites with less than 40% of values below
the lower limit of quantification (LLOQ) at each time point in
depressed patients and in HCs were analyzed as quantitative vari-
ables (MahmoudianDehkordi et al., 2021) and were described as
‘acylcarnitines with continuous values’. Metabolites with 40% or
more values below the LLOQ at any time point in depressed
patients or in HCs were analyzed as qualitative variables (above
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or under the LLOQ) and were described as ‘acylcarnitines with
discretized dichotomized values’. Thus, among the 38 acylcarni-
tines, 12 were analyzed as quantitative variables and 26 as qualita-
tive variables. For quantitative variables, values of acylcarnitines
below the LLOQ were imputed as LLOQ/ \/ 2 (Colle et al., 2020).
The plasma concentrations of acylcarnitines with continuous
values in depressed patients during follow-up and in HCs are
reported in online Supplementary Table S2 (online
Supplementary Table S2). Concentrations of acylcarnitines with
continuous values were log, transformed for statistical analyses
(MahmoudianDehkordi et al., 2021).

Statistical analyses

The statistical analyses were performed using R 4.0.3.

Bivariate analyses were performed to compare depressed
patients and HCs for socio-demographical (chi” tests for qualita-
tive variables and Student’s ¢ tests or Wilcoxon tests for quantita-
tive variables).

Linear regressions (for quantitative variables) and logistic
regressions (for qualitative variables) adjusted for age, gender,
body mass index (BMI), blood total cholesterol, and
glycemia were performed to compare plasma acylcarnitine levels
between depressed patients and HCs and between depressed
patients at each time point. In the event of a significant difference
in linear regressions between HCs and depressed patients at base-
line, receiver operating characteristic (ROC) curves were per-
formed to explore the potential diagnostic relevance of the
acylcarnitine.

Then, changes of acylcarnitines with continuous values after
treatment were assessed with mixed-effect models for repeated
measures adjusted for age, gender, BMI at baseline, HDRS at
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Table 2. The 38 acylcarnitines studied
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Type of analyses

Metabolites Abbreviations Quantitative Qualitative
Short-chain acylcarnitines

Propionylcarnitine c3 +

Hydroxypropionylcarnitine C3-OH +
Propenoylcarnitine C3:1 +
Butyrylcarnitine C4 +

Hydroxybutyrylcarnitine /Malonylcarnitine C4-OH (C3-DC) +

Butenylcarnitine C4:1 +
Valerylcarnitine c5 +

Glutarylcarnitine /Hydroxyhexanoylcarnitine C5-DC (C6-OH) +
Methylglutarylcarnitine C5-M-DC +
Hydroxyvalerylcarnitine /Methylmalonylcarnitine C5-OH (C3-DC-M) +
Tiglylcarnitine C5:1 +
Glutaconylcarnitine C5:1-DC +
Medium-chain acylcarnitines

Hexanoylcarnitine C6 (C4:1-DC) +

Hexenoylcarnitine Cé:1 +
Pimeloylcarnitine C7-DC +
Octanoylcarnitine c8 +
Nonaylcarnitine Cc9 +

Decanoylcarnitine C10 +

Decenoylcarnitine C10:1 +
Decadienylcarnitine C10:2 +
Laurylcarnitine /Dodecanoylcarnitine C12 +
Dodecanedioylcarnitine C12-DC +
Dodecenoylcarnitine C12:1 +
Long-chain acylcarnitines

Tetradecanoylcarnitine Cl4 +
Tetradecenoylcarnitine Cl4:1 +

Hydroxytetradecenoylcarnitine C14:1-0OH +
Tetradecadienylcarnitine Cl4:2 +
Hydroxytetradecadienylcarnitine C14:2-OH +
Palmitoylcarnitine /Hexadecanoylcarnitine Cl6 +

Hydroxyhexadecanoylcarnitine C16-OH +
Hexadecenoylcarnitine Cl6:1 +
Hydroxyhexadecenoylcarnitine C16:1-OH +
Hexadecadienylcarnitine C16:2 +
Hydroxyhexadecadienylcarnitine C16:2-OH +
Stearoylcarnitine / Octadecanoylcarnitine C18 +

Oleoylcarnitine/ Octadecenoylcarnitine C18:1 +

Hydroxyoctadecenoylcarnitine C18:1-OH +
Octadecadienylcarnitine C18:2 +

Abbreviations were the name of acylcarnitines in the form ‘C(n)’ - Quantitative analyses were performed for metabolites with <40% of measurements under the lower limit of quantification in
healthy controls and depressed patients at baseline, 3 months, and 6 months - Qualitative analyses were performed for other metabolites
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Figure 1. Plasma levels of acylcarnitines in healthy controls and in depressed patients during follow-up. Logistic regression adjusted for age, gender, BMI, HDRS
score, total blood cholesterol, glycemia, and antidepressant class were performed for qualitative variables - Linear regression adjusted for age, gender, BMI, HDRS
scores, total blood cholesterol, glycemia, and antidepressant class were performed for quantitative variables - MDE: Major depressive episode - M3: at 3 months -
M6: at 6 months - Metabolite abbreviations and quantitative/qualitative variables are defined in Table 2 - =: Statistically lower/decreased - =: Statistically higher/

increased - == No statistical difference - *: Significance after Bonferroni corrections

baseline, blood total cholesterol, glycemia, and antidepressant
class. Using mixed-effect models, a patient with missing data on
a specific visit/time-point will not result in a complete loss of
information for that patient and an average estimation can still
be calculated based on the remaining non-missing data points
(Mallinckrodt et al., 2003). Covariables of the multivariate models
were selected based on differences in bivariate analyses, with a sig-
nificance threshold of p <0.05. Spearman’s correlation tests and
linear regressions adjusted for age, gender, BMI, blood total chol-
esterol, and glycemia were used to test associations between levels
of acylcarnitines with continuous values and MDE severity
(according to HDRS total scores and QIDS-SR total scores).
Finally, logistic regressions adjusted for age, gender, BMI, blood
total cholesterol, glycemia, and antidepressant class were per-
formed to compare acylcarnitine levels according to response/
remission after 3 and 6 months of antidepressant treatment. All
tests were two-tailed. Bonferroni corrections were applied. Based
on the 38 metabolites measured, the significance threshold
retained was p < 0.00131, except for analyses of acylcarnitine levels
according to clinical outcomes and MDE severity, based on the 12
acylcarnitines with continuous values, for which the significance
threshold retained was p <0.00417.

Results
Socio-demographic and clinical characteristics

Socio-demographic and clinical characteristics of the 460
depressed patients and 893 HCs are shown in Table 1. At baseline,
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p<0.00131) - **: p<0.0001 - ***: p<0.00001.

depressed patients and HCs differed with respect to age, gender,
BM]I, blood total cholesterol, and glycemia (Table 1).

Metabolomic profiles of acylcarnitines in MDE patients at
baseline and HCs

Among the 12 short-chain acylcarnitines, 6 were increased (C3:1,
C4-OH, C4:1, C5-DC, C5-OH and C5:1-DC) and one was
decreased (C5) in depressed patients compared to HCs. There
was no significant difference for 5 of them (C3, C3-OH, C4,
C5:1, C5-M-DC). Among the 11 medium-chain acylcarnitines, 6
were decreased (C6, C7-DC, C8, C10, C12 and C12:1) and 2
were increased (C6:1 and C10:2) in depressed patients compared
to HCs. There was no significant difference for 3 of them (C9,
C10:1, C12-DC). Among the 15 long-chain acylcarnitines, 13
were decreased (C14, Cl14:1, C14:1-OH, C14:2, C14:2-OH, C16,
C16-OH, Cl6:1, Cl16:1-OH, Cl16:2, C18, C18:1 and C18:2) in
depressed patients compared to HCs. There was no significant dif-
ference for 2 of them (C16:2-OH, C18:1-OH) (Fig. 1 and online
Supplementary Tables S3 and S4). The performed ROC curves
were associated with the diagnosis of MDE for C4-OH
(area under the curve (AUC): 0.644; p<0.0001), C5 (AUC:
0.654; p <0.0001), C6 (AUC:0.604; p < 0.0001), C10 (AUC: 0.740;
p<0.0001), C14:1 (AUC: 0.732; p<0.0001), C16 (AUC: 0.667;
p<0.0001), C18 (AUC: 0.632; p < 0.0001), C18:1 (AUC: 0.584; p <
0.0001), and C18:2 (AUC: 0.657; p < 0.0001). The performed ROC
curves were described in the online Supplementary Figure S2
(online Supplementary Fig. S2).
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Figure 2. Correlation plot of acylcarnitines and depression severity in depressed patients. Blue represents positive correlations and red represents negative corre-
lations - Acylcarnitine concentrations were log, transformed - The first cluster (C3, C4, C4-OH, C5) was short-chain acylcarnitines - The second cluster (C6, C9, C10,
C14:1, C16, C18, C18:1, C18:2) was medium- and long-chain acylcarnitines - The third cluster (HDRS-17, QIDS-SR) was scales of depression severity - Metabolite
abbreviations are defined in Table 2 - MDE, Major depressive episode; HDRS-17, 17-item Hamilton Depression Rating Scale; QIDS-SR, Quick Inventory of Depressive

Symptomatology-Self-Report.

Metabolomic profiles of acylcarnitines and severity of MDE

In correlation plots, two clusters of acylcarnitines were identified in
depressed patients. The first comprised short-chain acylcarnitines,
while the second comprised medium- and long-chain acylcarni-
tines (Fig. 2). Of note, similar clusters were identified in HCs
(online Supplementary Fig. S3). In depressed patients at baseline,
M3, and M6, correlation plots show that HDRS total scores were
negatively correlated with medium- and long-chain acylcarnitines,
but not with short- ones (Fig. 2). Accordingly, negative correlations
were observed between HDRS total scores and C6, C9, C10, C14:1,
C16, and C18 (respectively rho = —0.105; p = 0.002 - rho = —0.141;
p=3.1E-5 - rho=—-0.201; p = 2.3E-9 - rho = —0.247; p=1.9E-13 -
rho=-0.116; p=0.0006 - rho=-0.129; p=0.0001) (online
Supplementary Table S5). In multivariate analyses adjusted for
age, gender, BMI, blood total cholesterol, and glycemia, these
associations remained statistically significant for C9, C10, and
Cl14:1. Similar correlations were identified with the QIDS-SR
total scores. Moreover, in bivariate analyses, negative correlations
were observed between HDRS total scores and C6, C9, C10,
C14:1, C16, and C18 (respectively rho=—0.099; p =0.004 - rho
=-0.169; p=7.2E-7 - tho=-0.206; p=1.5E-9 - rho=-0.215;
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p=24E-10 - tho=—0.133; p= 1.0E-4 - tho =—0.150; p = 1.5E-6).
In multivariate analyses adjusted for age, gender, BMI, blood total
cholesterol, and glycemia, these associations remained statistically
significant, except for C6 (online Supplementary Table S5).

Metabolomic profiles of acylcarnitines after treatment in
depressed patients

In mixed models for repeated measures adjusted for age, gender,
BMI at baseline, HDRS at baseline, blood total cholesterol, gly-
cemia, and antidepressant class, only one short-chain acylcarni-
tine with continuous values (C4) among the 4 analyzed
increased over time after 3 and 6 months of treatment. Among
the 8 medium- and long-chain acylcarnitines with continuous
values, 6 increased (C6, C9, C10, C14:1, C16 and C18) over the
6 months of treatment, while there was no significant change
for the other 2 (Table 3).

Moreover, the differences in acylcarnitine levels between HCs
and depressed patients decreased progressively until a normaliza-
tion after 6 months of treatment (Fig. 1 and online
Supplementary Tables S3 and S4). In analyses at each time
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Table 3. Mixed model analyses for repeated measures for plasma levels of acylcarnitines in depressed patients over time
Coefficient (change/months) 95CI p
Short-chain acylcarnitines
c3 0.006 [-0.003 to 0.015] 0.22
Cc4 0.019 [0.008-0.029] 0.0006
C4-OH —0.026 [—0.043 to —0.010] 0.002
C5 0.007 [-0.004 to 0.018] 0.19
Medium-chain acylcarnitines
c6 0.031 [0.017-0.045] 1.3x107°
c9 0.030 [0.017-0.043] 8.0x10°°
c10 0.063 [0.046-0.081] 1.6x107 12
Long-chain acylcarnitines
c14:1 0.050 [0.038-0.061] <2x107¢
C16 0.020 [0.011-0.030] 1.7x10°°
C18 0.022 [0.012-0.032] 1.8x10°°
C18:1 0.006 [-0.005 to 0.017] 0.29
C18:2 0.004 [—0.007 to 0.014] 0.50

Mixed model analyses were adjusted for age, gender, BMI at baseline, HDRS at baseline, blood total cholesterol at baseline, glycemia at baseline, and antidepressant class - Metabolite
concentrations were log2 transformed - Cl: Confidence interval - Metabolite abbreviations are defined in Table 2 - Bold p-value: Significance after Bonferroni corrections

point during follow-up, there was an increase in the levels of sev-
eral medium- and long-chain acylcarnitines, but not in the levels
of short-chain acylcarnitines compared to baseline (Fig. 1 and
online Supplementary Tables S4 and S6).

Acylcarnitines and clinical outcomes after treatment in
depressed patients

Plasma acylcarnitine values did not differ between responders and
non-responders or remitters and non-remitters at baseline or dur-
ing follow-up (online Supplementary Tables S7 and S8).

Discussion

This study compared the plasma metabolomic profiles of 38 acyl-
carnitines in depressed patients and HCs and described their
changes after treatment in depressed patients. Depressed patients
had lower levels of medium- and long-chain acylcarnitines.
Globally, these acylcarnitine levels were normalized after 6
months of treatment. Nonetheless, these changes were not asso-
ciated with clinical outcomes.

First, we showed that plasma levels of medium- and long-chain
acylcarnitine were lower in MDE patients as compared to con-
trols. This result is consistent with previous clinical data.
Indeed, in a sample of 135 depressed patients and 111 controls,
medium- and long-chain acylcarnitine levels were lower in
MDE patients (Liu et al., 2015). Cassol et al., showed that the
levels of all acylcarnitines decreased, though it did not specifically
focus on MDE in the context of MDD, but rather on depressive
symptoms in a specific sample of 104 HIV-positive and
HIV-negative patients compared to controls (Cassol et al,
2015). In another specific sample of 99 HIV-positive patients,
plasma acylcarnitine levels decreased while depressive symptoms
increased (Mukerji et al., 2021). Accordingly, in 2 large samples
of 1411 and 968 participants, subjects with depressive symptoms
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had lower levels of medium-chain acylcarnitines (Zacharias et al.,
2021).

Our result suggests an increase of FAO in depressed patients
(Warren et al., 2014). Indeed, medium- and long-chain fatty
acids enter mitochondria through the carnitine shuttle in the
form of acylcarnitines to be converted into acyl-CoA, which is
essential for FAO (Houten & Wanders, 2010). Consequently,
reduced levels of acylcarnitines reveal an upregulation of FAO.
Interestingly, in schizophrenia, enhanced FAO has also been
reported among 110 patients and 190 healthy subjects (Yang
et al,, 2017). In line with our results, a meta-analysis of peripheral
metabolites showed an alteration of fatty acid metabolism in MDE
patients (Pu et al,, 2021).

Second, we showed that plasma medium- and long-chain acyl-
carnitine levels significantly increased over time after antidepres-
sant treatment in depressed patients until a normalization after 6
months of treatment. In preclinical studies using various rodent
models of depression, the antidepressant fluoxetine normalized
plasma acylcarnitine alterations (Chen et al, 2014; Hamilton
et al,, 2020; Xue et al,, 2020). However, previous clinical data are
still contentious. In two samples of depressed patients treated
with escitalopram or citalopram for 8 weeks, there were changes
in acylcarnitine levels after treatment (Ahmed et al, 2020;
Rotroff et al., 2016; MahmoudianDehkordi et al., 2021). Recently,
decreased levels of medium- and long-chain acylcarnitines and
increased levels of short-chain acylcarnitines have been shown in
a small sample of 136 depressed patients (Ahmed et al.,, 2020;
MahmoudianDehkordi et al., 2021). Another study exploring acyl-
carnitines in 53 MDE patients treated with ketamine or esketamine
showed increased plasma long chain acylcarnitine levels after treat-
ment (Rotroff et al., 2016). Of note, none of these studies had a
control group of healthy subjects.

Third, we showed a negative correlation between medium- and
long-chain acylcarnitines and depression severity. Consistent
results have been described previously for 11 acylcarnitines,
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whereas we show a complete metabolomic profile (Liu et al.,
2015). Nevertheless, a previous study showed increased levels of
acylcarnitines in MDE patients in remission compared to HCs,
whereas we show no difference in acylcarnitine levels according
to remission in MDE patients after antidepressant treatment,
nor between MDE patients after treatment and HCs (Mocking
et al., 2021).

Finally, we found different changes according to the size of
acylcarnitines, with short-chain acylcarnitines on one hand and
medium- and long-chain acylcarnitines on the other. Similar dif-
ferences were observed in previous studies that explored anti-
depressant effects on acylcarnitines levels (Ahmed et al., 2020;
MahmoudianDehkordi et al., 2021), antipsychotic treatment in
psychotic disorders (Kriisa et al., 2017), autism (Frye et al,
2013) and neurological disorders such as Parkinson’s disease
(Saiki et al.,, 2017) and Alzheimer’s disease (Horgusluoglu et al,
2021). Unlike medium- and long-chain fatty acids, short-chain
fatty acids do not need the carnitine shuttle to enter mitochon-
dria. Moreover, short-chain acylcarnitines reflect the metabolism
of some amino acids, such as leucine, valine, or isoleucine
(MahmoudianDehkordi et al., 2021). Consequently, they are less
in line with FAO and should be further explored. Effects on
medium- and long-chain acylcarnitines were stronger among
medium-chain acylcarnitines. This result was consistent with
those of previous studies showing that even medium-chain acyl-
carnitines are the main biomarkers of FAO activity (Lehmann
et al,, 2010).

Relations between plasma acylcarnitine concentrations on the
one hand and brain metabolism and cerebral acylcarnitine con-
centrations on the other hand are still unclear (Dambrova et al.,
2022). Nevertheless, hypotheses can be raised and several
mechanisms could underly our results. Recent evidence suggests
the implication of mitochondrial and energy metabolic distur-
bances and a reduced metabolic flexibility in psychiatric disorders
including MDD (Lin & Beal, 2006; Moore, Christensen, Lafer,
Fava, & Renshaw, 1997). In preclinical models, depression-like
behavior is related to a decreased level of acetyl-CoA (the final
product of FAO, which is important for ATP production via
the citric acid cycle) (Kubota, Goto, Hagiya, Chohnan, &
Toyoda, 2016; Xie et al., 2020) and consequently decreased energy
availability. In line with this hypothesis, decreased FAO could be
expected during MDE. Nevertheless, we observed an upregulation
of FAO (Houten & Wanders, 2010). This upregulation might be
an attempt to restore acetyl-CoA levels. In the brain, the FAO is
largely based in astrocytes to support neurons, probably by regu-
lating the concentrations of cerebral neurotransmitters and should
be further explored (Bartlett & Eaton, 2004; Souza, Almeida,
Souza, & Zimmer, 2019; White et al., 2020). Equally, the FAO
is based in the hypothalamus (Lam, Schwartz, & Rossetti,
2005). Of note, MDD is known to be related with hypothalamic
and astroglial abnormalities (Malhi & Mann, 2018). Therefore,
MDE could be related to FAO dysregulation in the brain.
Moreover, during stress or cerebral diseases, there is an increased
hepatic production of ketone bodies by FAO upregulation to sup-
port brain metabolism (Jensen, Wodschow, Nilsson, & Rungby,
2020; McGarry, Robles-Valdes, & Foster, 1975). Hence, the
observed FAO upregulation in MDD could be systemic, as sug-
gested by plasma modifications of medium- and long-chain acyl-
carnitines (online Supplementary Fig. S1) (Saiki et al., 2017).
However, FAO upregulation leads to increased oxidative stress
and inflammation characterized by a production of reactive
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oxygen species (Jensen et al,, 2020; White et al., 2020), which
could maintain the MDD.

The present study has some limitations. First, there were dif-
ferences with respect to socio-demographic characteristics and
biological parameters between MDE patients and HCs.
Furthermore, patients were treated with different antidepressant
classes. Thus, the models used were adjusted on these potentially
cofounding factors. Second, data regarding food intake were not
evaluated, though it could influence acylcarnitine concentrations.
However, we showed in a previous analysis of the same cohorts an
increase in plasma L-carnitine (CO) levels in depressed patients
compared to HCs (Ait Tayeb et al, 2023). This result does not
suggest a deficiency in total carnitine levels (L-carnitine and acyl-
carnitines) in depressed patients, but rather a change in metabo-
lomic profiles. Even if a decreased appetite is observed in MDE,
the constant levels of total carnitines argue against acylcarnitine
deficiency in the food intake of depressed patients, and observed
abnormalities were in line with FAO disturbances (Reuter &
Evans, 2012). Third, some metabolite levels were below the
LLOQ and were either imputed for analysis or were analyzed as
qualitative variables. Fourth, targeted metabolomic profiles of
acylcarnitines were performed instead of a large-scale metabolo-
mic profile. However, this allowed for the study of a specific path-
way with a clear rationale, the FAO. Moreover, acylcarnitines are
currently used in daily practice and could have earlier clinical
implications after replication and determination of specific patho-
logic thresholds adapter for MDD. Finally, the attrition rate was
high and could limit the power of the study. However, it is
close to those of other similar cohorts, like the STAR*D cohort
(Trivedi et al., 2006).

This study has several strengths. First, the number of MDE
patients compared to controls is the largest to assess the whole
metabolomic profile of plasma acylcarnitines. This sample confers
a reasonable confidence and generalizability of the results.
Second, it is also a naturalistic study of ‘real-life’ patients, which
reduces the gap between research and practice. Third, it offers
the first extensive quantification of plasma acylcarnitine metabo-
lomic profiles in depressed patients assessed in a central labora-
tory with controlled sampling and pre-analytical procedures.
Hence, it provides a reliable picture of FAO in depressed patients.
Finally, to the best of our knowledge, it is the first case-control
study exploring the whole plasma metabolomic profiles of acyl-
carnitines in MDE in the context of MDD before and after anti-
depressant treatment.

To conclude, this study is the largest to explore the association
between acylcarnitine metabolomic profiles, major depression,
and long-term outcome after treatment. It provides new insights
into the biological mechanisms of major depression. MDE in
the context of MDD is associated with lower levels of plasma
medium- and long-chain acylcarnitines, which are normalized
after treatment. These results suggest an implication of FAO in
MDD and should be further investigated.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S003329172300140X.
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