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A B S T R A C T

Background: Acylcarnitines have important functions in mitochondrial energetics and β-oxidation, and have
been implicated to play a significant role in metabolic functions of the brain. This retrospective study examined
whether plasma acylcarnitine profiles can help biochemically distinguish the three phenotypic subtypes of major
depressive disorder (MDD): core depression (CD+), anxious depression (ANX+), and neurovegetative symp-
toms of melancholia (NVSM+).
Methods: Depressed outpatients (n = 240) from the Mayo Clinic Pharmacogenomics Research Network were
treated with citalopram or escitalopram for eight weeks. Plasma samples collected at baseline and after eight
weeks of treatment with citalopram or escitalopram were profiled for short-, medium- and long-chain acylcar-
nitine levels using AbsoluteIDQ®p180-Kit and LC-MS. Linear mixed effects models were used to examine whether
acylcarnitine levels discriminated the clinical phenotypes at baseline or eight weeks post-treatment, and whether
temporal changes in acylcarnitine profiles differed between groups.
Results: Compared to ANX+, CD+ and NVSM+ had significantly lower concentrations of short- and long-chain
acylcarnitines at both baseline and week 8. In NVSM+, the medium- and long-chain acylcarnitines were also

https://doi.org/10.1016/j.jad.2019.11.122
Received 21 May 2019; Received in revised form 17 October 2019; Accepted 29 November 2019

⁎ Corresponding author at: Duke University Medical Center, Box 3903 Department of Psychiatry, Room 3552 Blue Zone, Duke South Clinics, Durham, North
Carolina 27710.

E-mail addresses: ahmed.ahmed1@mayo.edu (A.T. Ahmed), siamak.mahmoudiandehkordi@duke.edu (S. MahmoudianDehkordi),
SBhattacharyya2@uams.edu (S. Bhattacharyya), matthias.arnold@helmholtz-muenchen.de (M. Arnold), Liu.Duan@mayo.edu (D. Liu),
Neavin.Drew@mayo.edu (D. Neavin), arthur.moseley@duke.edu (M.A. Moseley), will.thompson@duke.edu (J.W. Thompson),
lisa.stjohn-williams@duke.edu (L.S.J. Williams), gregory.louie@duke.edu (G. Louie), skime.Michelle@mayo.edu (M.K. Skime), Wang.Liewei@mayo.edu (L. Wang),
privapo@emory.edu (P. Riva-Posse), wmcdona@emory.edu (W.M. McDonald), Bobo.William@mayo.edu (W.V. Bobo), ecraigh@emory.edu (W.E. Craighead),
Ranga_Krishnan@rush.edu (R. Krishnan), Weinshilboum.Richard@mayo.edu (R.M. Weinshilboum), bdunlop@emory.edu (B.W. Dunlop),
milli014@duke.edu (D.S. Millington), mfrye@mayo.edu (M.A. Frye), rima.kaddurahdaouk@duke.edu (R. Kaddurah-Daouk).

1 Authors contributed equally to this manuscript

Journal of Affective Disorders 264 (2020) 90–97

Available online 30 November 2019
0165-0327/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

T

http://www.sciencedirect.com/science/journal/01650327
https://www.elsevier.com/locate/jad
https://doi.org/10.1016/j.jad.2019.11.122
https://doi.org/10.1016/j.jad.2019.11.122
mailto:ahmed.ahmed1@mayo.edu
mailto:siamak.mahmoudiandehkordi@duke.edu
mailto:SBhattacharyya2@uams.edu
mailto:matthias.arnold@helmholtz-muenchen.de
mailto:Liu.Duan@mayo.edu
mailto:Neavin.Drew@mayo.edu
mailto:arthur.moseley@duke.edu
mailto:will.thompson@duke.edu
mailto:lisa.stjohn-williams@duke.edu
mailto:gregory.louie@duke.edu
mailto:skime.Michelle@mayo.edu
mailto:Wang.Liewei@mayo.edu
mailto:privapo@emory.edu
mailto:wmcdona@emory.edu
mailto:Bobo.William@mayo.edu
mailto:ecraigh@emory.edu
mailto:Ranga_Krishnan@rush.edu
mailto:Weinshilboum.Richard@mayo.edu
mailto:bdunlop@emory.edu
mailto:milli014@duke.edu
mailto:mfrye@mayo.edu
mailto:rima.kaddurahdaouk@duke.edu
https://doi.org/10.1016/j.jad.2019.11.122
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jad.2019.11.122&domain=pdf


significantly lower in NVSM+ compared to ANX+. Short-chain acylcarnitine levels increased significantly from
baseline to week 8 in CD+ and ANX+, whereas medium- and long-chain acylcarnitines significantly decreased
in CD+ and NVSM+.
Conclusions: In depressed patients treated with SSRIs, β-oxidation and mitochondrial energetics as evaluated by
levels and changes in acylcarnitines may provide the biochemical basis of the clinical heterogeneity of MDD,
especially when combined with clinical characteristics.

1. Introduction

Treatment response in patients with major depressive disorder
(MDD) is only partially predicted by clinical symptom profiles, and
depressive symptoms alone fail to account for the majority of biological
heterogeneity in treatment response (Carragher et al., 2009;
Cassano et al., 2009; Charney and Drevets, 2002; Harald and
Gordon, 2012). Recent efforts to better parse this heterogeneity have
included molecular, physiological, imaging, and neuropsychological
measures combined with clinical data, with the aim of facilitating more
personalized patient care (Rush and Ibrahim, 2018). To support bio-
marker identification in MDD, we recently proposed three depressive
phenotypes based summed scores on items from the 17-item Hamilton
Rating Scale for Depression (HRSD17) (Hamilton, 1960; Ahmed et al.,
2018) that may reflect distinct neural processes aligned with the Re-
search Domain Criteria (RDoC) proposed by the National Institute of
Mental Health (Insel et al., 2010). These phenotypes, with corre-
sponding question numbers on the HRSD17, were categorized as: (1)
core depression (CD+: depressed mood #1, work and activities #7); (2)
neurovegetative symptoms of melancholia (NVSM+: late insomnia #6,
somatic symptoms gastrointestinal #12); and (3) anxious features (ANX
+: agitation #9, psychological anxiety #10, somatic anxiety #11, and
hypochondriasis #15).

This report focuses on acylcarnitines due to their emerging role in
the central nervous system and relevance to MDD (Chen et al., 2014).
Acylcarnitines are involved in mitochondrial function and energy me-
tabolism, anti-oxidative functions and membrane stability, gene ex-
pression, neurotransmission, and neuroprotection (Calabrese et al.,
2006; Nałęcz et al., 2004; Pettegrew et al., 2000; Virmani and
Binienda, 2004; Zanelli et al., 2005). Carnitine is present in the brain
(Bresolin et al., 1982; Shug et al., 1982), where it transfers acetyl
groups formed during β-oxidation to the cytosol, and it assists with the
transfer of fatty acids from cytosol to mitochondria for energy pro-
duction (Fritz and Mcewen, 1959; Jones et al., 2010).

Elevated medium- and long-chain acylcarnitine concentrations in
blood have been associated with incomplete β-oxidation of fatty acids
in a rat model of depression (Chen et al., 2014). In clinical studies,
patients with a lifetime diagnosis of MDD demonstrated altered mi-
tochondrial function or reduced ATP production (Beasley et al., 2006;
Gardner et al., 2003; Suomalainen et al., 1992). Further, patients with
mitochondrial disorders frequently have depressive symptoms or a
history of MDD (Fattal et al., 2007; Kato, 2001; Manji et al., 2012).
Acetyl-L-carnitine levels appear to be lower in treatment-resistent MDD
patients (n = 71) compared to healthy controls (n = 45) (Nasca et al.,
2018). Moreover, patients undergoing hemodialysis who were ad-
ministered L-carnitine have increased total, free, and acylcarnitine le-
vels in plasma and an associated decrease in depression rating scales
scores (Tashiro et al., 2017). To date, we are unaware of any studies
that link acylcarnitine levels or their changes under antidepressant
treatment with clinical phenotypes in patients with MDD.

The present study was undertaken to determine whether peripheral
levels of acylcarnitines at could discriminate between three clinical
phenotypes of MDD. The following specific questions were addressed:

1 Are there unique patterns of acylcarnitines that differentiate each
pure MDD phenotype (CD+; NVSM+; ANX+) from the others at
baseline?

2 Are there unique acylcarnitine patterns that differentiate each pure
phenotype after eight weeks of treatment with an SSRI?

3 Are there unique changes in acylcarnitine profiles over eight weeks
of SSRI treatment that differentiate the three phenotypes?

2. Materials and methods

2.1. Study design and participants

The sample comprised 240 MDD participants from the Mayo Clinic
NIH-Pharmacogenomics Research Network - Antidepressant Medication
Pharmacogenomics Study (PGRN-AMPS) (Mrazek et al., 2014). Parti-
cipant selection, symptomatic evaluation, and blood sample collection
for the PGRN-AMPS clinical trial have been described in our previous
work (Gupta et al., 2016; Ji et al., 2014; Mrazek et al., 2014;
Schiepers et al., 2005). MDD symptoms were assessed using the HRSD17

at baseline and after eight weeks of treatment with citalopram or es-
citalopram. Blood samples for metabolomics were collected at these
same time points. The data extraction protocol followed the STROBE
guidelines (von Elm et al., 2007).

The study was approved and monitored by the Institutional Review
Boards of Mayo Clinic and conformed to the standards of the
Declaration of Helsinki. All participants provided written informed
consent prior to participation in this study.

2.2. Identifying subtypes of major depression

We previously defined three clinical phenotypes that aligned with
RDoC conceptual models (Insel et al., 2010) using the individual
HRSD17 item scores from participants with MDD (Ahmed et al., 2018).
The CD+ phenotype represents the RDoC domain of negative valence
systems, and the constructs of loss and reward learning. We defined it
based on the summed scores of items #1 (depressed mood) and #7
(work and activities) on the HRSD17 (Hieronymus et al., 2016). The
NVSM+ phenotype represents the RDoC domain of arousal and reg-
ulatory systems, and the construct of sleep-wakefulness. We defined it
based on the summed scores severity of items #6 (late insomnia) and
#12 (somatic symptoms gastrointestinal) on the HRSD17. The ANX+
phenotype reflects the RDoC domain of negative valence systems, and
the construct of potential threat (“Anxiety”). We defined it based on the
summed scores of items #9 (agitation), #10 (psychological anxiety),
#11(somatic anxiety), and #15 (hypochondriasis) on the HRSD17

(Shafer, 2006) (Cleary and Guy, 1977). Supplemental Table 1, Fig. 1).

2.3. Metabolomic profiling

Metabolites were measured with a targeted metabolomics approach
using the AbsoluteIDQ® p180 Kit (BIOCRATES Life Science AG,
Innsbruck, Austria), with an ultra-performance liquid chromatography
with tandem mass spectrometry (UPLC)/MS/MS system [Acquity UPLC
(Waters), TQ-S triple quadrupole MS/MS (Waters)], which provides
semi-quantitative measurements of up to 23 endogenous acylcarnitines
as well as multiple analytes from various other classes including amino
acids, biogenic amines, phophatidylcholines, and sphingomyelins. It
should be noted that the acylcarnitines and lipids were analyzed by
flow-injection MS/MS (i.e. without UPLC separation).

In this report, we focused solely on acylcarnitines. The
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AbsoluteIDQ® p180 kit has been fully validated according to European
Medicine Agency guidelines. Additionally, the kit plates include an
automated technical validation protocol to approve the validity of the
run and provide verification of the actual performance of the applied
quantitative procedure including instrumental analysis. The technical
validation of each analyzed kit plate was performed using MetIDQ®
software based on results obtained, and defined acceptance criteria for
blank, zero samples, calibration standards and curves, low/medium/
high-level quality control (QC) samples, and measured signal intensity
of internal standards over the plate. This platform has been used in
numerous publications, including several studies of MDD
(Moaddel et al., 2018; Baranyi et al., 2018). De-identified samples were
analyzed following the manufacturer's protocol, with the metabolomics
labs blinded to diagnosis and clinical data. The list of acylcarnitines
reported in the present study, which does not include several in the
p180 kit deemed to be irrelevant to mitochondrial metabolism, is
shown in Supplemental Table 2.

2.4. Data analyses

Preprocessing All metabolite data were first checked for missing
values (< limit of detection [<LOD]), and metabolites with >40%
missing values were excluded from subsequent analysis. Each assay
plate included a set of duplicates obtained by combining approximately
10 μl from the first 76 samples in the study (QC pool duplicates) to
enable appropriate inter-plate abundance scaling based specifically on
this cohort of samples. To adjust for batch effects, a correction factor for
each metabolite in a specific plate was obtained by dividing the me-
tabolite's statistical process quality control (SPQC) global average by

the SPQC average within the plate. <LOD values were imputed using
each metabolite's LOD/2 value followed by log2 transformation. We
checked for the presence of multivariate outlier samples by evaluating
the squared Mahalanobis distance of samples in each platform. Samples
with Mahalanobis distances that exceeded the upper 0.05/n (with n:
number of samples to adjust for multiple comparisons by Bonferroni
correction) critical value of the Chi-squared distribution with m degrees
of freedom, in which m is the number of metabolites in each platform,
were flagged as outliers. An additional 15 samples were removed after
they were determined to be multivariate outliers. This resulted in an
analysis data set containing 240 participants, 537 samples (each par-
ticipant had one or more sample up to 3 samples) and 23 metabolites.

2.5. Statistical analysis

Differences in demographic and clinical characteristics, and in
HRSD17 scores, across the phenotypes were evaluated using Analysis of
variance (ANOVA) (for continuous variables) and Pearson Chi-squared
test (for categorical variables). All analyses were performed in a me-
tabolite-wise (univariate analysis) manner. The presence of each pure
phenotype (i.e., CD+, NVSM+, and ANX+, excluding subjects who
met criteria for more than one phenotype) for each participant at
baseline was stored as three binary variables. Baseline and week eight
metabolite concentrations, and changes in metabolite concentrations
after SSRI treatment, were tested. To examine the statistical sig-
nificance of differences in metabolite levels between phenotypes, at
baseline and at eight weeks, we fitted linear mixed effect models with
participants as the random variable. Log2 metabolite levels were used
as the dependent variable. Phenotype (8-level categorical variable: all
possible combinations of [CD+|CD−][NVSM+|NVSM−][ANX
+|ANX−]) and time of visit (2-level categorical variable: baseline;
week eight) were used as independent variables while adjusting for age,
sex, HRSD17 scores at time of visit, and specific antidepressant (esci-
talopram or citalopram). The “emmeans” R package was employed to
compute the least squared means of the contrasts of interest and their
corresponding p-values at baseline and at eight weeks (i.e., 1: CD+ vs.
NVSM+; 2: CD+ vs. ANX+; 3: NVSM+ vs. ANX+). To examine the
statistical significance of the temporal changes in metabolite con-
centration over eight weeks across phenotypes, linear mixed effect
models (participant as random) were fitted with log2-fold metabolite
levels as the dependent variable and time of visit (2-level categorical
variable: baseline; week eight) as the independent variable; the models
were adjusted for age, sex, baseline HRSD17 score,and specific anti-
depressant (escitalopram or citalopram).

3. Results

3.1. Participant characteristics

Plasma metabolite data were available from 240 MDD participants.
At baseline, age, gender, and baseline HRSD17 scores did not sig-
nificantly differ across the three groups. The demographic and clinical
characteristics of the study sample are detailed in Table 1.

Fig. 1. Venn Diagram of the Overlap between Positive MDD Phenotype [Core
Depression (CD+), Neurovegetative Symptoms of Melancholia (NVSM+), and
Anxiety (ANX+)].
Circles represent the group in each phenotype (CD+, NVSM+, and ANX+).
The numbers inside overlapping circles represent participants who met criteria
for two, or all three, of the phenotypes. The total number of participants with
each pure phenotype was CD+ (n = 31), NVSM+ (n = 17) and ANX+
(n = 44).

Table 1
Baseline Demographics.

Feature All Subjects (N = 92) CD+* (N = 31) NVSM+* (N = 17) ANX+* (N = 44) Test Statistic

AGE Mean (SD) 39.8 (13.6) 43.1 (13.9) 36.6 (14.8) 36.8 (12.3) F = 1.7 df.=3167 P = 0.17
Gender Male% (N) 33% (56) 32% (10) 12% (2) 34% (15) Chi-square=4 df.=3 P = 0.26
Baseline HRSD17* Mean (SD) 20.3 (3.7) 21.5 (3.9) 21.5 (3.10) 22.3 (3.36) F = 16 df.=3167 P<0.001

Abbreviations: *HRSD17: 17-item Hamilton Rating Scale for Depression; CD: Core Depression phenotype, ANX: Anxious Depression phenotype, NVSM:
Neurovegetative Symptoms of Melancholia phenotype.
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Fig. 2. Short-, Medium- & Long-Chain Acylcarnitines e Baseline and 8 Weeks Stratified by Phenotype (+).
These plots show the baseline and week-eight acylcarnitine metabolite concentrations for each of the three phenotypes (CD+: Core Depression, ANX+: Anxiety,
NVSM+: Neurovegetative Symptom of Melancholia). Asterisks indicate statistical significance of mean differences between the two groups (unadjusted p<0.05) at
each visit. Error bars represent standard error of the means. P-values were obtained from linear mixed effect models corrected for age, sex, drug and 17-item
Hamilton Rating Scale for Depression scores.
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3.1.1. At baseline, acylcarnitine metabolomic patterns that differentiate
each pure phenotype (CD+; NVSM+; ANX+) from the others

CD+ participants demonstrated significantly lower levels of C0, C3,
C5:1, C5-DC/C6-OH, C16-OH, and C18 acylcarnitines compared to ANX
+ participants. Moreover, C5-DC/C6-OH and C16-OH acylcarnitines
levels were significantly lower, and C10 significantly higher, in the
NVSM+ participants compared to the ANX+ participants. Fig. 2 shows
the baseline and week eight acylcarnitine metabolite concentrations for
each of the three phenotypes. Supplemental Table 3 details the
baseline and week eight differences between each phenotype and sig-
nificant p-values.

3.1.2. At eight weeks, acylcarnitine metabolomic patterns that differentiate
each pure phenotype (CD+; NVSM+; ANX+) from the others

At eight weeks, CD+ participants had significantly higher levels of
C5-DC/C6-OH, C5-M-DC, C6, C14:1, C16, C16-OH, C16:1, and C18:1-
OH acylcarnitines compared to NVSM+ participants. CD+ participants
had significantly lower levels of C2, C3 and C6 acylcarnitines compared
to ANX+ participants. NVSM+ participants had significantly lower
levels of C0, C2, C3, C5-DC/C6-OH, C5-M-DC, C6, C10, C14:1, C16,
C16-OH, C16:1 and C18:1-OH acylcarnitines compared to ANX+ par-
ticipants. (Fig. 2, Supplemental Table 3).

3.1.3. Baseline to week eight changes in acylcarnitine metabolomic patterns
that differentiate each pure phenotype (CD+; NVSM+; ANX+) from the
others

In all subjects, over the eight-week course of SSRI treatment, there
were significant increases in the levels of several short-chain acy-
lacrnitines and significant decreases in the levels of several medium-
and long- chain acylacrnitines (Fig. 3). Different patterns in acylcarni-
tine changes were noted across the three phenotypes. Patients char-
acterized by the greatest levels of sadness and anhedonis (CD+), de-
monstreated the significant increases in five short-chain acylcarnitines
(C0, C3, C4, C5-M-DC and C5:1). The free (C0) and short-chain acyl-
carnitines C3, and C4 significantly increased in both CD+ and ANX+.
The medium-chain acylcarnitines C8, C10, and C12 significantly de-
creased in CD+ and NVSM+. Finally, nearly all the long-chain acyl-
carnitines demonstrated highly significant decreases in the NVSM+
group, but not in the CD+ or ANX+. There were four acylcarnitines,
C5-OH, C16:1, C18:1, and C18:2, that significantly decreased in all
three phenotypes, perhaps reflecting the effects of exposure to SSRI.
Significance of p-values ranged from <0.05 to <0.001. Fig. 3 and
Supplemental Table 4 show change of metabolite levels from baseline
to eight weeks of SSRI treatment among the three phenotypes and
significant p-values (rows represent the acylcarnitine and columns re-
present the phenotype).

4. Discussion

This study assessed whether three symptomatically defined pheno-
types of MDD could be differentiated based on acylcarnitine profiles at
baseline and after eight weeks of citalopram/escitalopram treatment.
Both the cross-sectional levels and the changes in acylcarnitine levels
distinguished the three pure phenotypes. In the temporal analyses as-
sessing change from baseline to week 8 of SSRI treatment, significant
increases in short-chain acylcarnitines were observed in the CD+ and
ANX+ phenotypes but no much in the NVSM+ phenotype. The NVSM
+ phenotype was associated with significant decreases in medium- and
long-chain acylcarnitines.

After eight weeks of SSRI treatment, concentrations of most of the
23 acylcarnitines were significantly lower in the NVSM+ than in ANX
+ participants. In addition, the NVSM+ group, which was defined by
reduced appetite and insomnia) also showed the largest decrease in the
levels of C2 after eight weeks of citalopram/escitalopram. Interestingly,
although acylcarnitine concentrations are dependent upon dietary in-
take of carnitine, increased levels of C2 have been associated with the

fasting state in healthy controls (Costa et al., 1999; Frohlich et al.,
1978; Hoppel and Genuth, 1980). Recently, Davies and colleagues
found increases in C2 after sleep deprivation (Davies et al., 2014) and
concluded that changes in the acylcarnitines involved in fatty acid β-
oxidation are implicated in sleep regulation (Davies et al., 2014). In our
study, the C2 levels decreased significantly and consistently in the
NVSM+ patients post drug exposure, from which we infer that the
change is at least partially due to the effect ofthe drug treatment. Si-
milarly, another study found a decrease in C2 concentrations after ke-
tamine treatment (n = 29) compared to placebo (n = 29)
(Moaddel et al., 2018). Other studies (Nasca et al.) have also reported
perturbations in C2 levels in depression. Beyond C2, we also found that
the NVSM+ and CD+ phenotypes were associated with decreased le-
vels of medium and long-chain acylcarnitines, especially C8, C10 and
C12, after eight weeks of treatment,.

At baseline, differences in acylcarnitines were most evident between
the ANX+ and CD+ phenotypes. Most notable were the significantly
lower levels of several short-chain acylcarnitines among the CD+
compared to the ANX+. After 8 weeks of SSRI treatment, the differ-
ences in acylcarnitines between these groups was reduced, though C2,
C3, and C6 continued to be significantly lower in the CD+ group. With
treatment, the C0, C3 and C4 levels significantly increased in both CD+
and ANX+, but C5 increased only in the ANX+ phenotype.

Previous work has found that C0 levels are inversely correlated with
self-rated depressive symptoms (Fukami et al., 2014), and Tashiro and
colleagues have suggested that C4 levels are associated with depressive
symptoms (Tashiro et al., 2017). In our phenotyping approach, the CD
+ phenotype is defined by patients who are sad and anhedonic but not
highly anxious, in contrast to the ANX+ phenotype, defined as having
high anxiety but relatively low levels of sadness and anhedonia (i.e.,
below the threshold use to define CD+). Although these two groups
had very similar total HRSD17 scores (0.8 points difference in means),

Fig. 3. Metabolic Signature of Eight Weeks of Exposure to SSRI.
The heatmap depicts the log2 fold change of metabolite levels from baseline to
week eight of SSRI treatment. CD+: Core Depression, ANX+: Anxiety, NVSM
+: Neurovegetative Symptom of Melancholia. P-values were obtained using
linear mixed effect models controlling for age, sex and baseline 17-item
Hamilton Rating Scale for Depression scores. Red indicates an increase and blue
indicates a decrease in metabolite levels over eight weeks of treatment; *:p-
value<0.05, **:p-value<0.01 and ***:p-value<0.001.
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they differed in the items that drove the total score, reinforcing the
importance of specific items for determining MDD phenotypes
(Hieronymus et al., 2016). Taken together, these results are consistent
with those of prior studies suggesting that more severe cores symptoms
of depression are associated with greater reductions in short-chain
acylcarnitines.

To summarize, the current data demonstrated that three clinically-
defined depression phenotypes have distinct patterns of acylcarnitine
levels at baseline and after eight weeks of antidepressant treatment.
Also, these phenotypes were uniquely and distinctly related to changes
in acylcarnitine levels induced by SSRI exposure. The most clinically
relevant interpretation of our results is that:1) more severe forms of
depression, defined by high levels of sadness and anhedonia, are asso-
ciated with reductions in short-chain acylcarnitines, and 2) depression
characterized by reduced sleep and appetite show substantial reduc-
tions in short-, medium-, and long-chain acylcarnitines after SSRI
treatment. These findings, and the relationship of acylcarnitine levels
with mitochondrial fatty acid β–oxidation and branched-chain amino
acid catabolism, suggest that the pathobiologies of MDD may manifest
in part through metabolomic dysfunction. Further, these findings may
reflect changes in mitochondrial function or ATP production in patients
with MDD. It is unfortunate that the HRSD17 has only one item to assess
a patient's energy level, with a narrow scoring range of 0–2. Application
of broader subjective measures of energy, or objective measures of
cognitive or physical fatiguability, may enable greater understanding
between MDD symptoms and acylcarnitine disturbances. Another ap-
proach is to link acylcarnitine metabolomic data to genetic data, which
has proven to be a powerful approach for highlighting variation in
predicting antidepressant response among depressed individuals
(Ji et al., 2011; Neavin et al., 2016). These approaches may help to
develop a metabolomic profile or ‘metabotype’ or ‘potential biomarkers’
of MDD patients, as indexed by an electrochemistry metabolomics
platform total output (digital map), with the aim of improving subtype
classification of the MDD syndrome. However, these markers that did
distinguish between phenotypes in this initial report, cannot be used as
markers to distinguish among the phenotypes without replication in
different samples. Moreover, the study did not produce thresholds that
could be used to adequately distinguish between the phenotypes at the
individual level, but the significant differences in acylcarnitines do
provide guidance for further understanding the pathobiology of MDD.

4.1. Limitations

The study has several limitations. Analyses were performed on a
subset of MDD participants, thereby limiting the generalizability of the
findings. Some of the reported acylcarnitines, especially dicarboxylic
and hydroxylated species (C3DC, C5DC, C5MDC, C16OH, C18OH)—
are canonically elevated only in patients with rare inborn errors of
metabolism (see Supplemental Table 2), and are of very low con-
centrations in most individuals. The flow-injection MS/MS method used
in this study may lack molecular specificity to confirm exact structure
for low-level species, even though the measures reported herein show
excellent technical reproducibility. Importantly, we reported many
acylcarnitines which are considered ‘low abundance (i.e. <0.1 µM),
and our average reported values for each analyte in the cohort are
below the pathological clinical reference threshold reported by Mayo
Clinic Laboratories (Mayo Clinic Laboratories, 2017). Confirmation of
exact molecular speciation of the low-abundance acylcarnitines re-
ported in this study may benefit from utilization of an assay with better
molecular specificity, such as a research-grade LC-MS/MS assay re-
ported previously(Minkler et al., 2015). The presence of outlier samples
in our cohort might represent subtypes of MDD that will require larger
sample sizes to characterize more fully, or may represent other meta-
bolic disorders in those individuals. Our study lacked inclusion of a
healthy control group with which to compare and contrast the acyl-
carnitine profiles of the MDD phenotypes, which could have

determined whether or not these metabolite changes with SSRI treat-
ment reflect changes toward normal concentrations.

5. Conclusions

Baseline and week eight acylcarnitine concentrations, evaluated
both cross-sectionally and by temporal change, indicated unique acyl-
carnitine signatures that distinguish clinically-defined MDD phenotypes
from each other. This study supports the possibility of using acylcar-
nitines as a tool for understanding personal variation in MDD drug
response; this moght allow for sub-classifications of MDD to CD+,
NVSM+ and ANX+ patients and the linking of acylcarnitine changes to
mitochondrial fatty acid β–oxidation and branched-chain amino acid
catabolism.
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