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ABSTRACT

Background: Altered metabolism of acylcarnitines — transporting fatty acids to mitochondria — may link cellular
energy dysfunction to depression. We examined the potential causal role of acylcarnitine metabolism in
depression by leveraging genomics and Mendelian randomization.

Methods: Summary statistics were obtained from large GWAS: the Fenland Study (N = 9363), and the Psychiatric
Genomics Consortium (246,363 depression cases and 561,190 controls). Two-sample Mendelian randomization
analyses tested the potential causal link of 15 endogenous acylcarnitines with depression.

Results: In univariable analyses, genetically-predicted lower levels of short-chain acylcarnitines C2 (odds ratio
[OR] 0.97, 95% confidence intervals [CIs] 0.95-1.00) and C3 (OR 0.97, 95%Cls 0.96-0.99) and higher levels of
medium-chain acylcarnitines C8 (OR 1.04, 95%CIs 1.01-1.06) and C10 (OR 1.04, 95%CIs 1.02-1.06) were
associated with increased depression risk. No reverse potential causal role of depression genetic liability on
acylcarnitines levels was found. Multivariable analyses showed that the association with depression was driven
by the medium-chain acylcarnitines C8 (OR 1.04, 95%CIs 1.02-1.06) and C10 (OR 1.04, 95%CIs 1.02-1.06),
suggesting a potential causal role in the risk of depression. Causal estimates for C8 (OR = 1.05, 95%CIs =
1.02-1.07) and C10 (OR = 1.05, 95%CIs = 1.02-1.08) were confirmed in follow-up analyses using genetic in-
struments derived from a GWAS meta-analysis including up to 16,841 samples.

Discussion: Accumulation of medium-chain acylcarnitines is a signature of inborn errors of fatty acid metabolism
and age-related metabolic conditions. Our findings point to a link between altered mitochondrial energy pro-
duction and depression pathogenesis. Acylcarnitine metabolism represents a promising access point for the
development of novel therapeutic approaches for depression.
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1. Introduction

Depression is a major public health burden, due to its high preva-
lence, early onset, chronic nature, and unsatisfactory levels of treatment
response (Otte et al., 2016). Developing more effective treatments re-
quires a better comprehension of depression pathophysiology, which so
far remains substantially elusive.

Defects in cellular metabolism and mitochondrial function have been
proposed as a potential pathophysiological mechanism in depression
(Kaddurah-Daouk et al., 2012; Morris and Berk, 2015; Paige et al., 2007;
Steffens et al., 2010). Cell metabolism dysfunctions are involved in brain
processes (neurotoxicity, impaired neuroplasticity) related to neuro-
psychiatric diseases including depression and schizophrenia (McEwen
et al., 2015; Picard and McEwen, 2014), and linked to inflammation and
metabolic conditions (e.g. insulin resistance) commonly found in
depression (Milaneschi et al., 2020; Morris and Berk, 2015).

Acylcarnitines (ACs) are biogenic compounds formed from the
transfer of the acyl group of a fatty acyl-Coenzyme A to carnitine, and
serve as central cogs in the mitochondrial machinery. Dysregulation of
AC metabolism has been linked to impaired B-oxidation of fatty acids,
thereby reducing mitochondrial energy production (Fritz and McEwen,
1959; Jones et al., 2010). Recently, depression has been linked to AC
metabolism through studies (Moaddel et al., 2018; Nasca et al., 2018)
showing altered circulating AC levels in subjects with Major Depressive
Disorder as compared to healthy controls. A recent metabolomics study
(Zacharias et al., 2021) on >1000 subjects identified lower levels of the
medium-chain acylcarnitines decanoylcarnitine (C10) and dodeca-
noylcarnitine/laurylcarnitine (C12) in participants with elevated
depressive symptoms as compared to controls. Furthermore, AC profiles
have been shown to correlate with depression severity and variation in
response to treatment with SSRIs and Ketamine (Ahmed et al., 2020;
MahmoudianDehkordi et al., 2021; Rotroff et al., 2016).

Despite this preliminary evidence, whether the observed alterations
of AC levels have a role in depression onset or are a consequence of the
disease is unknown. The few available and mainly cross-sectional
observational studies preclude making any causal inferences because
observational associations may emerge as a result of (1) residual con-
founding from several biopsychosocial factors such as physical inac-
tivity, poor dietary habits, or medication use, impacting AC levels and
depression, or (2) reverse causation, with subclinical depression influ-
encing AC levels via behavioral and lifestyle-related (e.g. reduction in
physical activity, worsening of dietary habit) mechanisms secondary to
the ensuing disorder.

Genomics provides unique opportunities to investigate causality
between traits applying new statistical tools such as Mendelian
randomization (MR) (Davey Smith and Hemani, 2014) to results from
large genome-wide association studies (GWAS). MR is a technique
inferring causality by leveraging genetic variants as proxy instruments,
which are less likely related to confounders due to random allele
segregation and not reversely affected by the phenotype. Previous
metabolite GWAS (mGWAS) (Shin et al., 2014) showed that a limited
number of genetic variants explained a large proportion circulating
levels of ACs, a pattern reflecting a sparse genetic architecture with few
biologically relevant loci harboring key genes for AC synthesis, meta-
bolism and transport. This set of genetic variants with clear biological
connotation and large effect sizes provide valuable instruments to
examine the potential causal role of AC metabolism in the development
of depression. In the present study, we therefore used results from recent
large GWAS and applied MR analyses exploring the potential bidirec-
tional causality between AC levels and depression.

2. Methods
2.1. GWAS summary statistics and instruments selection

Summary statistics were obtained from large GWAS of international
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consortia. Summary statistics for ACs measured with a targeted metab-
olomics platform (Biocrates AbsoluteIDQ p180 Kit; Biocrates Life Sci-
ences AG, Innsbruck, Austria) were retrieved from a mGWAS in 9363
samples from the Fenland study (Lotta et al., 2020), a population-based
cohort of adults recruited from general practice lists in Cambridgeshire,
UK (interrogation of the mGWAS results can be performed at www.omic
science.org). The Psychiatric Genomics Consortium performed an
overarching meta-analysis (Howard et al., 2019) of all available GWAS
datasets with depression phenotypes (hereafter labeled as DEP)
including established Major Depressive Disorder diagnosis or self-
declared depression, totaling 246,363 cases and 561,190 controls.

AC summary statistics (~10 M SNPs, 1000Genomes phase 3 impu-
tation panel) were processed by removing strand ambiguous SNPs and
with MAF < 1%. Variants overlapping with those reported in depression
GWAS (~8 M SNPs, 1000Genomes phase 3 imputation panel) were
clumped (10,000 kb window, > = 0.01, EUR population of 1000Ge-
nomes used as linkage disequilibrium reference) to identify independent
significantly (p < 5.0e—8) associated SNPs. For the present analyses, we
retained data from 15 ACs with at least two independent associated
SNPs (eTable 1).

2.2. Genetic architecture of selected acylcarnitines

Full GWAS summary statistics of ACs were used to derive two pa-
rameters related to their genetic architecture. SNP-heritability (W%snp,
the proportion of trait variance explained by the joint effect of all gen-
otyped common SNPs) was estimated using linkage-disequilibrium score
regression (LDSC) (Bulik-Sullivan et al., 2015). Pairwise genetic corre-
lations (rg, determined by the number of SNPs and their level of
concordance shared between two traits) between ACs were estimated
using the high-definition likelihood (HDL) method recently developed
(Ning et al., 2020) as an extension of bivariate LDSC (Bulik-Sullivan
et al., 2015).

2.3. Mendelian randomization analyses

Two-sample Mendelian randomization (2SMR) analyses (Hartwig
et al., n.d.) based on GWAS summary statistics were performed to test
the potential causal role of ACs on depression risk. For each AC used as
exposure, genome-wide significant independent SNPs were used as in-
struments. Selected SNPs were aligned on the positive strand for expo-
sures and outcome (DEP). F-statistics (all F > 10, eTable 1) indicated
that the strength of selected genetic instruments was adequate (Pierce
et al., 2011). Lack of sample overlap across the two discovery GWAS
reduced the likelihood of causal estimates biased toward the observa-
tional correlation (Burgess et al., 2016).

First, a series of univariable 2SMR analyses were performed based on
the inverse variance weighted (IVW) estimator (Burgess et al., 2013),
pooling SNP-exposure/SNP-outcome estimates inversely weighted by
their standard error. Since IVW assumes that all SNPs are valid in-
struments or that the sum of the directional bias is zero, the robustness of
significant results was tested in sensitivity analyses based on weighted
median and MR-Egger estimators. The weighted median (Bowden et al.,
2016) estimator is the median of the weighted empirical distribution
function of individual SNP ratio estimates, providing consistent effect
estimates even if half of the instruments are invalid. The MR-Egger
regression (Bowden et al., 2015) consists of a weighted linear regres-
sion similar to IVW relying on the InSIDE assumption (the magnitude of
any pleiotropic effects should not correlate with the magnitude of the
main effect), providing valid effect estimate even if all SNPs are invalid
instruments under the ‘NOME’ assumption (uncertainty in the SNP-
exposure association estimates is negligible) (Bowden et al., 2017). At
least 10 genetic instruments are recommended (Bowden et al., 2015) to
run adequately powered MR-Egger analyses. Furthermore, heterogene-
ity among included SNPs was tested via Cochran’s Q test, single SNP,
and leave-one-out SNP analyses. The presence of potential horizontal
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pleiotropy (a genetic instrument for exposure influencing the outcome
by mechanisms other than exposure) was tested using the MR-Egger
intercept (Bowden et al., 2017) and the MR-PRESSO (pleiotropy resid-
ual sum and outlier) method (Verbanck et al., 2018) (supplemental
methods). Finally, we performed reversed univariable 2SMR analyses
testing the potential causal impact of depression liability on AC circu-
lating levels.

ACs significantly associated at nominal level with DEP risk in uni-
variable analyses were carried forward in multivariable MR (MVMR)
analyses (Sanderson, 2016), in which the association of each exposure
instrument was conditioned on the others.

Finally, we performed follow-up analyses evaluating the impact of
the strength of genetic instruments on previous results by repeating all
2SMR analyses for a subset of ACs with stronger instruments derived
from larger discovery GWAS summary statistics. For this we meta-
analyzed results of the Fenland Study with those from a previous
mGWAS meta-analyses (Draisma et al., 2015) of 7478 samples from
seven European cohorts. The overlap among the two datasets were
limited to 10 ACs and ~2 M SNPs, due to the use of a different metabolic
platform and a less dense imputation panel in the previous mGWAS
(supplemental methods for detailed descriptions of the datasets and
processing steps).

Analyses were conducted in R v4.0.0 (R Project for Statistical
Computing) using the MR-Base package (Hemani et al., 2018). Statisti-
cal significance level was set at o = 0.05, two-sided. False discovery rate
(FDR) g-values according to the Benjamini-Hochberg procedure were
additionally reported in univariable analyses testing separately all 15
AGs.

3. Results

Selected data included GWAS summary statistics of 15 metabolites,
including free carnitine (C0), and short-chain (CO, C2, C3, C4, C5),
medium-chain (C6, C8, C9, C10, C10:1, C12) and long-chain (C14:1,
C16, C18:1, C18:2) ACs with at least two independent associated SNPs
(median N of associated SNPs = 5; eTable 1).

Fig. 1 shows genetic architecture parameters of the selected ACs. The
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diagonal reports hzsz’ which could be estimated as significantly
different from O for eleven of the fifteen ACs examined. Estimates of
hZSNp were substantially similar (full results eTable 2) and varied from
0.14 for C2 (se = 0.07) and C18:2 (se = 0.05) to 0.30 (se = 0.05) for C6.
The heatmap displays pairwise rg between ACs (full results eTable 3).
Genetic correlations were moderate (across chain lengths) to strong
(within similar chain lengths subgroups), in particular within the
medium-chain ACs, with C8-C10 (rg = 0.98, se = 0.01) and C10-C10:1
(rg = 0.98, se = 0.17) correlations statistically not different from unity.

3.1. Univariable Mendelian randomization analyses

Fig. 2 shows the results of univariable 2SMR IVW analyses estimating
the risk of DEP (expressed as odds ratios [ORs] and 95% confidence
intervals [95%ClIs]) per SD increase in genetically-predicted levels of
(logyACs (full results eTable 4). A lower risk of DEP was significantly
associated with genetically-predicted higher levels of the short-chain
ACs C2 (OR = 0.97, 95%CIs = 0.95-1.00, p = 1.7e—2, ¢ = 0.06) and
C3 (OR = 0.97, 95%CIs = 0.96-0.99, p = 1.7e—2, g = 0.03). Conversely,
a higher DEP risk was associated with genetically-predicted higher
levels of the medium-chain ACs C8 (OR = 1.04, 95%CIs = 1.01-1.06, p
= 3.3e—3, ¢ = 0.02) and C10 (OR = 1.04, 95%CIs = 1.02-1.06, p =
6.7e—4, g = 0.01).

Sensitivity analyses confirmed the robustness of these results: causal
estimates obtained via weighted-median and MR-Egger estimators were
completely in line with those from IVW (Table 1). MR-Egger estimates
were not statistically significant, likely due to the limited number of
genetic instruments, which were lower than those recommended (N >
10) to achieve adequate statistical power (Bowden et al., 2015).
Nevertheless, MR-Egger causal estimates were highly convergent with
those obtained by other 2SMR analyses. Scatterplots of the significant
effects observed in univariable 2SMR analyses are shown in eFigure 1-4.
Furthermore, heterogeneity across SNPs was not statistically significant
(eTable 5). Inspections of single-SNP and leave-one-out-SNP analyses
plots for C8 (eFigure 5-6), which had a Cochran’s Q p-value = 0.05, did
not reveal the presence of outlier SNPs. MR-Egger intercept estimates
and results from MR-PRESSO (eTable 6) did not show statistically

C18:2 0.14
C18:1 0.15/0.69
C16
C14:1 0.69 0.53
Cc12 0.57 0.56
C10:1 0.60 0.64
genetic correlation
Cc10 0.55 0.61 w0
0.5
C9
0.0
C8 0.25 ... 0.64 0.52 0.56 -0.5
ceé 0.30. . 0.690.65  0.58 0.56 o
C5 0.21 0.59 0.54 0.54 0.55 0.55 0.51 0.53 0.39
Cc4
C3 0.15 .0.59 0.42 0.39 0.31 0.35 0.39 0.35 0.29
Cc2 0.14/0.65 0.62 0.52 0.43 0.38 0.39 0.50 0.68 0.52 0.26
Co
QO AV D X HD» 0 5 O O N 9 N O N9
oo o o o TN O,\Q- I O,\bv I C;'\(b. O\%-

Fig. 1. SNP-heritability and pairwise genetic correlation of acylcarnitines.

Diagonal: SNP-heritability (hzsz) estimates (full results eTable 2). Heatmap: genetic correlation (rg) coefficients (full results eTable3).
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Exposure N SNPs Outcome OR  p-value

Co 10 DEP  0.99 n.s [ ]
C2 5 DEP 097 17e-2 HEH
C3 9 DEP 097 6.1e-3 H
c4 17 DEP  1.01 n.s ]
C5 5 DEP  1.00 n.s ——
C6 6 DEP  1.01 n.s —a—
c8 7 DEP  1.04  3.3e-3 HEH
C9 2 DEP  1.02 n.s HEH
C10 5 DEP 104 6.7e-4 HEH
C10:1 5 DEP  1.04 n.s -
c12 2 DEP  1.07 n.s —a—
C14:1 2 DEP  1.06 n.s | i I
c16 2 DEP  1.01 n.s —a—
c18:1 2 DEP  1.00 n.s i
C18:2 2 DEP  1.04 n.s i
0s0 " w2 18

Fig. 2. Univariable Mendelian randomization analyses.
Exposure: acylcarnitines. Outcome: depression.
Odds ratios [ORs] and 95% confidence intervals per SD increase in genetically-predicted levels of (105)ACs. Full results eTable 4.

Table 1

Association between genetically-predicted levels of four acylcarnitines and risk of depression obtained with different Mendelian Randomization estimators.
Exposure N SNPs Outcome Inverse variance weighted Weighted median MR-Egger

OR 1CI uCl p-Value OR 1CI uCl p-Value OR 1CI uCl p-Value

Cc2 5 DEP 0.97 0.95 1.00 1.7E-02 0.97 0.95 0.99 9.0E-03 0.97 0.93 1.02 0.39
Cc3 9 DEP 0.97 0.96 0.99 6.1E-03 0.97 0.95 0.99 8.6E-03 0.99 0.94 1.05 0.85
c8 7 DEP 1.04 1.01 1.06 3.0E-03 1.02 1.00 1.05 4.9E—-02 1.02 0.97 1.08 0.39
C10 5 DEP 1.04 1.02 1.06 6.7E—04 1.03 1.01 1.06 1.3E-02 1.04 0.98 1.10 0.28

Odds ratios (ORs) and 95% confidence intervals (ICI, lower bound; uCI, upper bound) per SD increase in genetically-predicted levels of (104)ACs.
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significant evidence of horizontal pleiotropy.

Finally, we performed reversed 2SMR analyses examining the po-
tential causal role of DEP on the levels of the 15 ACs. Fig. 3 depicts es-
timates representing change in SD of (1,5)AC levels per doubling (2-fold
increase) in the prevalence of the exposure (full results eTable 7). None
of the causal estimates were statistically significant, indicating lack of
evidence for a reversed causal effect of depression liability on AC levels.

Journal of Affective Disorders 307 (2022) 254-263
3.2. Multivariable Mendelian randomization analyses

Genetic instruments for C2, C3, C8 and C10 were applied in MVMR
analyses conditioning the effect of each exposure instrument on the
others. Since C8-C10 genetic correlation was equal to 1, we alterna-
tively included them in two models with C2 and C3 (Fig. 4, upper and
middle panel; full results eTable 8). Both models showed that only
genetically-predicted higher levels of the medium-chain ACs, C8 (OR =
1.04, 95%CIs = 1.02-1.06, p = 3.5e—5) or C10 (OR = 1.04, 95%CIs =
1.02-1.06, p = 5.6e—7), were similarly associated with higher risk of

Exposure N SNPs Outcome Estimate  p-value

DEP 96 Co 0.003 n.s i
DEP 96 c2 -0.026 n.s i
DEP 96 C3 -0.021 n.s -
DEP 96 c4 0.081 n.s : i I
DEP 96 C5 -0.020 n.s i
DEP 96 C6 0.049 n.s i
DEP 96 (of:] 0.006 n.s i
DEP 96 C9 0.032 n.s i
DEP 96 c10 0.018 n.s -
DEP 96 C10:1 0.002 n.s i
DEP 96 c12 0.008 n.s i
DEP 96 C14:1 -0.055 n.s -
DEP 96 c16 -0.002 n.s -
DEP 96 C18:1 0.009 n.s i
DEP 96 Cc18:2 -0.005 n.s i

Fig. 3. Reversed univariable Mendelian randomization analyses.
Exposure: depression. Outcome: acylcarnitines.

Estimates and 95% confidence intervals of change in SD of (1o5)AC levels per doubling (2-fold increase) in the prevalence of the exposure. Full results eTable 7.
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Exposure N SNPs Outcome OR
Cc2 5 DEP 1.01
C3 9 DEP 0.96
Cc8 7 DEP 1.04
C3 9 DEP 0.97
Cc10 5 DEP 1.04
e s o m
C3 9 DEP 0.97
Cc8 7 DEP 0.91
C10 5 DEP 1.16

Fig. 4. Multivariable Mendelian randomization analyses.
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p-value
n.s i
n.s i
3.5e-5 |
e
n.s HlH
5.6e-7 |
e
n.s il
ns +H—l——
0.01 —a—
0% 10 a1 1z 43

Joint exposure: acylcarnitines with statistically significant causal estimates in univariable analyses. Outcome: depression.
Odds ratios [ORs] and 95% confidence intervals per SD increase in genetically-predicted levels of (105)ACs. Full results eTable 8.

DEP. In a final model including all genetic instruments (Fig. 4, lower
panel) only that of C10 remained significantly associated (OR = 1.16,
95%(Cls = 1.03-1.31, p = 0.01) with DEP risk.

3.3. Follow-up analyses

We repeated all 2SMR analyses for a subset of 10 of the 15 metab-
olites (free carnitine CO; short-chain: C2 and C3; medium-chain: C8, C9,
C10 and C10:1; long-chain: C14:1, C18:1 and C18:2) using genetic in-
struments derived from larger GWAS summary statics, obtained pooling
results from the Fenland Study and a previous mGWAS (Draisma et al.,
2015) (supplemental methods). The almost doubling in sample size
enabled the inclusion of relatively stronger individual instruments but
not of a larger number of independently associated SNPs (eTable 9),
further supporting the notion of a genetic architecture for ACs charac-
terized by few biologically relevant loci. Univariable 2SMR analyses
(eTable 10) confirmed statistically significant causal estimates for C2
(OR = 0.96, 95%CIs = 0.94-0.99, p = 1.4e—2), C3 (OR = 0.96, 95%Cls
= 0.93-0.99, p = 5.6e—3), C8 (OR = 1.05, 95%CIs = 1.02-1.08, p =
2.7e—3) and C10 (OR = 1.05, 95%CIs = 1.00-1.09, p = 4.0e—2), and
revealed a nominal significant association between genetically-
predicted levels of CO and lower risk of DEP (OR = 0.98, 95%ClIs =
0.96-1.00, p = 1.7e—2). All effect sizes were highly consistent with
those obtained in the main analyses, suggesting that the Fenland Study
GWAS already provided adequately strong instruments for MR. MVMR
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analyses (eTable 11) including the abovementioned ACs confirmed that
the association with DEP was mainly driven by genetic instruments
indexing medium-chain ACs (C8: OR = 1.05, 95%ClIs = 1.02-1.07,p =
1.4e—4; C10: OR = 1.05, 95%CIs = 1.02-1.08, p = 2.1e—3).

4. Discussion

This study examined the potential causal role of AC metabolism in
depression using recent genetic data and Mendelian randomization an-
alyses. We found that genetically-predicted higher levels of the short-
chain acetylcarnitine (C2) and propionylcarnitine (C3) were inversely
associated with the risk of depression, while genetically-predicted
higher levels of the medium-chain octanoylcarnitine (C8) and dec-
anoylcarnitine (C10) were associated with an increased depression risk.
In multivariable analyses, the association with higher depression risk
was mainly driven by genetic instruments indexing higher levels of
medium-chain ACs. Furthermore, no evidence was found for a potential
reversed association between depression liability as exposure and AC
levels as outcome.

Present findings showed that circulating ACs are substantially
influenced by genetics, with common SNPs explaining 14-30% of the
population variance in AC levels (SNP-heritability). This is consistent
with previous studies (Shin et al., 2014) showing large heritability es-
timates for these metabolites. Furthermore, the different ACs shared a
substantial proportion of their genetic liability, as indicated by moderate
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(across chain lengths) to strong (within short, medium, and long chain
lengths) genetic correlations between ACs. These patterns of genetic
overlap are in line with genetic association results replicated across
many mGWASs (Draisma et al., 2015; Long et al., 2017; Lotta et al.,
2020; Shin et al., 2014; Suhre et al., 2011). These studies reported chain
length-unspecific associations at loci harboring ACs transporters, such as
the organic cation transporters SLC22A4 and SLC22A5, or co-enzymes
involved in beta-oxidation, such as ETFDH. In contrast, enzymes with
narrower substrate specificity, such as the short-, medium-, and long-
chain acyl-CoA dehydrogenases ACADS, ACADM, and ACADL that are
involved in beta-oxidation, show more specific association patterns for
the respective AC species, resulting in the stronger genetic correlations
observed here.

The main findings of the present study suggest that higher levels of
medium-chain ACs, or the mechanism translating genetic variation to
higher levels of these ACs, are potentially causally involved in the
development of depression. In a broader perspective, the present find-
ings are consistent with the hypothesis (Morris and Berk, 2015) impli-
cating mitochondrial energetic dysfunctions in the pathophysiology of
depression. Previous studies (Gardner et al., 2003; Hroudova et al.,
2013; Karabatsiakis et al., 2014) have shown evidence of impaired
mitochondrial respiration and energy output in peripheral tissues of
patients with depression. ACs exert a key role in the mitochondria,
transporting fatty acids for beta-oxidation and energy production.
Plasma or serum AC levels can be used as biomarkers tagging abnor-
malities in beta-oxidation and inborn errors of metabolism such as
MCAD (medium-chain acyl-coenzyme A dehydrogenase) deficiency,
whose clinical screening includes the assessment of potentially elevated
levels of octanoylcarnitine (C8) and decanoylcarnitine (C10) (Jager
et al., 2019). Intriguingly, clinical manifestations of fatty acid oxidation
disorders include neuropsychological and behavioral symptoms present
in depression and other psychiatric disorders, such as cognitive im-
pairments, mood alterations, irritability, sleep and appetite dysregula-
tions and low energy (Merritt et al., 2020). Recent metabolomics
analyses (Zacharias et al., 2021) in a population-based sample showed
that subjects with elevated depressive symptoms, as compared to
healthy controls, had lower levels of medium-chain ACs such as dec-
anoylcarnitine (C10) and dodecanoylcarnitine (C12), a finding that
seem in contrast with the present MR results. Nevertheless, discrep-
ancies between observational and genetic estimates are not uncommon
(e.g. C-reactive protein levels and schizophrenia (Khandaker, 2019))
and may be explained by methodological differences across analyses,
including for instance the populations selected. Nevertheless, such dis-
crepancies may also hint to relevant dynamics: for instance, it could be
speculated that genetically-predicted high levels of medium-chain ACs
(MR estimates) index the vulnerability for impaired mitochondrial fatty
acid p-oxidation; in contrast, the observed low levels of medium-chain
ACs (observational estimates) in depression may be the results of
compensatory mechanisms aiming at improving f-oxidation. The po-
tential impact of compensatory mechanisms is in line with recent data
(MahmoudianDehkordi et al., 2021) showing that antidepressant
treatment is associated with increase in short-chain ACs and decrease in
medium-chain ACs, suggesting enhanced mitochondrial function. At the
current stage such hypothesis remain merely speculative and in order to
reconcile genetics and observational estimates further research is
needed including longitudinal studies and experimental medicine
approaches.

Cellular energetic dysfunctions may be linked to depression through
several pathways. In the brain, altered cellular metabolism may lead to
neurotoxicity and impaired neuroplasticity (McEwen et al., 2015; Picard
and McEwen, 2014). In animal models, supplementation with ace-
tylcarnitine (C2), for which higher genetically-predicted concentrations
were associated with a reduced risk of depression in the present uni-
variable MR analyses, has been shown to promote neuroplasticity and
neurotrophic factor synthesis, to modulate glutamatergic dysfunction
and related neuronal atrophy in the hippocampus and amygdala, and to
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ameliorate depression-like behavioral phenotypes (Bigio et al., 2016;
Cuccurazzu et al., 2013; Lau et al., 2017; Nasca et al., 2013; Wang et al.,
2015). Furthermore, mitochondrial dysfunctions may determine im-
mune system alterations linked to depression. Oxidative stress may
trigger the activation of the immune system innate branch by stimu-
lating the release of pro-inflammatory cytokines that, in turn, further
stimulate oxidative stress (“autotoxic loop”) and participate in depres-
sion pathophysiological processes such as alterations in monoaminergic
neurotransmission, tryptophan degradation toward neurotoxic end-
products, glutamate-related increased excitotoxicity, decreased neuro-
trophic factors synthesis or hypothalamic-pituitary-adrenal-axis activity
disruption (Karan et al., 2020; Miller and Raison, 2016; Morris and Berk,
2015). Furthermore, energy dysfunctions in immune cells may explain
the impairments in acquired immunity often observed in depression.
Interestingly, recent data (Gamradt et al., 2021) on T cells of depressed
patients showed an impaired metabolic profile accompanied by
increased expression of CTP1a (carnitine palmitoyltransferase 1A), the
mitochondrial enzyme responsible for the formation of ACs. Studies
based on animal models showed that increased expression of CTP1a are
determined by exposure to chronic stress (Fan et al., 2019) and may
trigger (Mera et al., 2014) hyperphagia with consequent weight gain,
symptoms of so-called “atypical” depression (Milaneschi et al., 2020),
hyperglycemia and insulin resistance. Furthermore, cellular energy
dysfunction has been linked to cardiometabolic conditions which, in
turn, increase the risk of depression (Pan et al., 2012). For instance,
elevated medium-chain ACs including octanoylcarnitine (C8) have been
found (Batchuluun et al., 2018) in gestational and Type-2 diabetes.

Beyond direct causal mechanisms, an association between AC
metabolism and depression may arise from distal common environ-
mental (e.g. exposure to stressful life events) or lifestyle (sedentariness,
smoking, consumption of high-fat diet or alcohol) factors, which could
also represent behavioral consequences of depression. Nevertheless,
estimates derived in the present study via MR, suggesting a potential
causal role of AC metabolism in the development of depression, are
unlikely to be significantly biased by confounding factors. Furthermore,
no evidence was found for a potential reversed causal role of depression
in influencing AC levels. Other implicit properties of MR need to be
taken into account when interpreting the present findings. Genetic
variants index the average lifetime exposure to AC levels and, conse-
quently, MR estimates derived from these instruments describe a po-
tential average lifetime causal effect of ACs on depression and thus are
unable to identify specific critical windows or acute events. Further-
more, since genetic instruments for depression were derived from large
case-control GWAS, MR results provide information on potential causal
mechanisms of disease onset rather than progression, which could
involve different pathophysiological pathways. Finally, the causal rela-
tionship between ACs and depression identified in the present study
requires confirmation across multiple causally-oriented methodologies
(triangulation (Munafo and Davey Smith, 2018)), including further
experimental and mechanistic studies in animals and humans.

A major strength of the present study is the application of 2SMR
analyses leveraging novel GWAS summary statistics obtained from the
largest international consortia. Nevertheless, despite the use of the
largest available input data, the lack of statistically significant causal
estimates may have resulted from insufficiently powered MR analyses,
which may be determined by a combination of related factors, including
the genetic architecture of the trait of interest, the sample size of the
discovery GWAS, the number of independently associated SNPs and the
strength of their associations. Biologically meaningful genetic in-
struments for ACs had adequate strength; this was confirmed in follow-
up analyses in which stronger instruments derived from larger discovery
GWAS summary statistics provided the same results as those obtained in
the main analyses. Nevertheless, the number of independently associ-
ated genetic variants across ACs was low. In contrast, a higher number of
genetic instruments for depression were available but are consistent
with a polygenic architecture of weak effects scattered across the
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genome typical of all behavioral traits. Another limitation is that genetic
instruments were derived from GWAS based on samples of European
ancestry so results cannot be generalized to different populations. Thus,
the present findings should be re-evaluated in the future when results of
larger and more ancestry-diverse GWAS will become available. Finally,
we could not properly deconvolute depression heterogeneity, which
may aggregate different dimensions characterized by distinct patho-
physiology. We previously showed (Lamers et al., 2020; Milaneschi
et al., 2020) that inflammatory and metabolic alterations, potentially
related to mitochondrial dysfunctions (Picard et al., 2015), maps more
consistently to depressive “atypical” symptoms characterized by altered
energy intake/expenditure balance (e.g hyperphagia, weight gain,
hypersomnia, fatigue, leaden paralysis) and anhedonia. In the present
study, MR estimates were of small size although statistically significant.
Effect sizes of this magnitude are consistent with results of MR analyses
examining the impact of biomarkers on overall depression. For instance,
a genetic instrument for increased Interleukin-6 (IL-6) activity was
associated with major depression with an OR = 1.08 (Perry et al., 2021).
Intriguingly, MR estimates for IL-6 were relatively stronger when
focusing instead on specific depressive symptoms of fatigue (OR = 1.28)
and sleep problems (OR = 1.21) (Milaneschi et al., 2021). Future studies
in large cohorts with deeper phenotypes should investigate whether the
genetic signature of ACs is differentially associated with various
depression clinical features and symptom profiles.

In conclusion, we found evidence of the potential causal role of AC
metabolism on the risk of depression, in particular of high levels of
medium-chain C8 and C10. Accumulation of medium-chain ACs is a
signature of inborn errors of metabolism and age-related metabolic
conditions. This suggests that altered cellular energy production and
mitochondrial dysfunctions may have a role in depression pathogenesis.
Acylcarnitine metabolism may represent a promising access point to
depression pathophysiology suggesting novel therapeutic approaches.

Declaration of competing interest

BWJHP has received research funding (unrelated to the work re-
ported here) from Jansen Research and Boehringer Ingelheim.

A. John Rush has received consulting fees from Compass Inc.,
Curbstone Consultant LLC, Emmes Corp., Evecxia Therapeutics, Inc.,
Holmusk, Johnson and Johnson (Janssen), Liva-Nova, Neurocrine Bio-
sciences Inc., Otsuka-US; speaking fees from Liva-Nova, Johnson and
Johnson (Janssen); and royalties from Guilford Press and the University
of Texas Southwestern Medical Center, Dallas, TX (for the Inventory of
Depressive Symptoms and its derivatives). He is also named co-inventor
on two patents: U.S. Patent No. 7,795,033: Methods to Predict the
Outcome of Treatment with Antidepressant Medication, Inventors:
McMahon FJ, Laje G, Manji H, Rush AJ, Paddock S, Wilson AS; and U.S.
Patent No. 7,906,283: Methods to Identify Patients at Risk of Developing
Adverse Events During Treatment with Antidepressant Medication, In-
ventors: McMahon FJ, Laje G, Manji H, Rush AJ, Paddock S.

M.A. and G.K. are co-inventors (through Duke University/Helmholtz
Zentrum Miinchen) on patents on applications of metabolomics in dis-
eases of the central nervous system; M.A. and G.K. hold equity in Chymia
LLC and IP in PsyProtix and Atai that are exploring the potential for
therapeutic applications targeting mitochondrial metabolism in
depression.

S.M. is an inventor on patents in the Metabolomics field.

R.R.K. is CEO of Rush University System for Health, Chairman of
National Medical Research Council Ministry of Health Singapore,
Chairman of Amyriad, BV Board member Community Health Systems,
Advisory board SageRx, Verily Patents on Brain Computer Interface
licensed to Psyber and ATAL an inventor of Metabolomics patents in the
CNS field including patents licensed to Chymia LLC and PsyProtix with
royalties and ownership.

R.K.D. is funded by National Institute on Aging [U01AG061359,
R0O1AG057452, RF1AG051550, and R01AG046171] and National

261

Journal of Affective Disorders 307 (2022) 254-263

Institute of Mental Health [RO1MH108348]. This funding enabled
consortia that she leads including the Mood Disorder Precision Medicine
Consortium, the Alzheimer’s disease Metabolomics Consortium, and the
Alzheimer’s Gut Microbiome Project that contributed to acylcarnitine
discoveries. She is an inventor on key patents in the field of Metab-
olomics and hold equity in Metabolon, a biotech company in North
Carolina. In addition, she holds patents licensed to Chymia LLC and
PsyProtix with royalties and ownership. The funders listed above had no
role in the design and conduct of the study; collection, management,
analysis, and interpretation of the data; preparation, review, or approval
of the paper; and decision to submit the paper for publication.

B.W.D. has received research support from Acadia, Compass, Apti-
nyx, NIMH, Sage, Otsuka, and Takeda, and has served as a consultant to
Greenwich Biosciences, Myriad Neuroscience, Otsuka, Sage, and Soph-
ren Therapeutics.

All the other authors declare no conflict of interest.

Acknowledgments

mYM and BWJHP acknowledge the following funding: this project
has received funding from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 848146.

In addition, the work was funded through NIMH grant number
RO1MH108348 and through a series of grants issued to Dr. Kaddurah-
Daouk (PI) through NIA including U01AG061359, RF1AG057452, and
RF1AG051550 that supported large number of scientists working on
metabolomics and neuropsychiatric disorders and role for
acylcarnitines.

M.A. and G.K. received funding (through their institutions) from the
National Institutes of Health/National Institute on Aging through grants
RF1AG058942, RF1AG059093, U01AG061359, U19AG063744, and
RO1AGO069901.

The Fenland Study (10.22025/2017.10.101.00001) is funded by the
Medical Research Council (MC_UU_12015/1). We further acknowledge
support for genomics from the Medical Research Council
(MC_PC_13046).

We are grateful to all Fenland volunteers and to the General Practi-
tioners and practice staff for assistance with recruitment. We thank the
Fenland Study Investigators, Fenland Study Co-ordination team and the
Epidemiology Field, Data and Laboratory teams. We would like to thank
the Psychiatric Genomics Consortium and 23andMe, including its
research participants and employees, for making this work possible by
sharing GWAS summary statistics.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jad.2022.03.070.

References

Ahmed, A.T., MahmoudianDehkordi, S., Bhattacharyya, S., Arnold, M., Liu, D.,

Neavin, D., Moseley, M.A., Thompson, J.W., Williams, L.S.J., Louie, G., Skime, M.K.,
Wang, L., Riva-Posse, P., McDonald, W.M., Bobo, W.V., Craighead, W.E.,
Krishnan, R., Weinshilboum, R.M., Dunlop, B.W., Millington, D.S., Rush, A.J.,
Frye, M.A., Kaddurah-Daouk, R., 2020. Acylcarnitine metabolomic profiles inform
clinically-defined major depressive phenotypes. J. Affect. Disord. 264, 90-97.
https://doi.org/10.1016/j.jad.2019.11.122.

Batchuluun, B., Rijjal, D.Al, Prentice, K.J., Eversley, J.A., Burdett, E., Mohan, H.,
Bhattacharjee, A., Gunderson, E.P., Liu, Y., Wheeler, M.B., 2018. Elevated medium-
chain acylcarnitines are associated with gestational diabetes mellitus and early
progression to type 2 diabetes and induce pancreatic f-cell dysfunction. Diabetes 67,
885-897. https://doi.org/10.2337/db17-1150.

Bigio, B., Mathé, A.A., Sousa, V.C., Zelli, D., Svenningsson, P., McEwen, B.S., Nasca, C.,
2016. Epigenetics and energetics in ventral hippocampus mediate rapid
antidepressant action: implications for treatment resistance. Proc. Natl. Acad. Sci. U.
S. A. 113, 7906-7911. https://doi.org/10.1073/pnas.1603111113.

Bowden, J., Davey Smith, G., Haycock, P.C., Burgess, S., 2016. Consistent estimation in
Mendelian randomization with some invalid instruments using a weighted median
estimator. Genet. Epidemiol. 40, 304-314. https://doi.org/10.1002/gepi.21965.


http://dx.doi.org/10.22025/2017.10.101.00001
https://doi.org/10.1016/j.jad.2022.03.070
https://doi.org/10.1016/j.jad.2022.03.070
https://doi.org/10.1016/j.jad.2019.11.122
https://doi.org/10.2337/db17-1150
https://doi.org/10.1073/pnas.1603111113
https://doi.org/10.1002/gepi.21965

Y. Milaneschi et al.

Bowden, J., Del Greco, M.F., Minelli, C., Davey Smith, G., Sheehan, N., Thompson, J.,
2017. A framework for the investigation of pleiotropy in two-sample summary data
Mendelian randomization. Stat. Med. 36, 1783-1802. https://doi.org/10.1002/
sim.7221.

Bowden, J., Smith, G.D., Burgess, S., 2015. Mendelian randomization with invalid
instruments: effect estimation and bias detection through egger regression. Int. J.
Epidemiol. 44, 512-525. https://doi.org/10.1093/ije/dyv080.

Bulik-Sullivan, B., Finucane, H.K., Anttila, V., Gusev, A., Day, F.R., Loh, P.R., Duncan, L.,
Perry, J.R.B., Patterson, N., Robinson, E.B., Daly, M.J., Price, A.L., Neale, B.M., 2015.
An atlas of genetic correlations across human diseases and traits. Nat. Genet. 47,
1236-1241. https://doi.org/10.1038/ng.3406.

Burgess, S., Butterworth, A., Thompson, S.G., 2013. Mendelian randomization analysis
with multiple genetic variants using summarized data. Genet. Epidemiol. 37,
658-665. https://doi.org/10.1002/gepi.21758.

Burgess, S., Davies, N.M., Thompson, S.G., 2016. Bias due to participant overlap in two-
sample Mendelian randomization. Genet. Epidemiol. 40, 597-608. https://doi.org/
10.1002/gepi.21998.

Cuccurazzu, B., Bortolotto, V., Valente, M.M., Ubezio, F., Koverech, A., Canonico, P.L.,
Grilli, M., 2013. Upregulation of mGlu2 receptors via NF-kB p65 acetylation is
involved in the proneurogenic and antidepressant effects of acetyl-L-carnitine.
Neuropsychopharmacology 38, 2220-2230. https://doi.org/10.1038/
npp.2013.121.

Davey Smith, G., Hemani, G., 2014. Mendelian randomization: genetic anchors for causal
inference in epidemiological studies. Hum. Mol. Genet. 23, R89-R98. https://doi.
org/10.1093/hmg/ddu328.

Draisma, H.H.M., Pool, R., Kobl, M., Jansen, R., Petersen, A.K., Vaarhorst, A.A.M., Yet, L.,
Haller, T., Demirkan, A., Esko, T., Zhu, G., Bohringer, S., Beekman, M., Van
Klinken, J.B., Romisch-Margl, W., Prehn, C., Adamski, J., De Craen, A.J.M., Van
Leeuwen, E.M., Amin, N., Dharuri, H., Westra, H.J., Franke, L., De Geus, E.J.C.,
Hottenga, J.J., Willemsen, G., Henders, A.K., Montgomery, G.W., Nyholt, D.R.,
Whitfield, J.B., Penninx, B.W., Spector, T.D., Metspalu, A., Eline Slagboom, P., Van
Dijk, K.W., 'T Hoen, P.A.C., Strauch, K., Martin, N.G., Van Ommen, G.J.B., Illig, T.,
Bell, J.T., Mangino, M., Suhre, K., McCarthy, M., Gieger, C., Isaacs, A., Van
Duijn, C.M., Boomsma, D.I., 2015. Genome-wide association study identifies novel
genetic variants contributing to variation in blood metabolite levels. Nat. Commun.
6, 1-9. https://doi.org/10.1038/ncomms8208.

Fan, K.-Q., Li, Y.-Y., Wang, H.-L., Mao, X.-T., Guo, J.-X., Wang, F., Huang, L.-J., Li, Y.-N.,
Ma, X.-Y., Gao, Z.-J., Chen, W., Qian, D.-D., Xue, W.-J., Cao, Q., Zhang, Lei, Shen, L.,
Zhang, Long, Tong, C., Zhong, J.-Y., Lu, W., Lu, L., Ren, K.-M., Zhong, G., Wang, Y.,
Tang, M., Feng, X.-H., Chai, R.-J., Jin, J., 2019. Stress-induced metabolic disorder in
peripheral CD4(+) T cells leads to anxiety-like behavior. Cell 179, 864-879.e19.
https://doi.org/10.1016/j.cell.2019.10.001.

Fritz, I.B., McEwen, B.S., 1959. Effects of carnitine on fatty-acid oxidation by muscle.
Science 129, 334-335. https://doi.org/10.1126/science.129.3345.334.

Gamradt, S., Hasselmann, H., Taenzer, A., Brasanac, J., Stiglbauer, V., Sattler, A., Sajitz-
Hermstein, M., Kierszniowska, S., Ramien, C., Nowacki, J., Mascarell-Maricic, L.,
Wingenfeld, K., Piber, D., Strohle, A., Kotsch, K., Paul, F., Otte, C., Gold, S.M., 2021.
Reduced mitochondrial respiration in T cells of patients with major depressive
disorder. iScience 24 (11), 103312. https://doi.org/10.1016/j.isci.2021.103312.
34765928.

Gardner, A., Johansson, A., Wibom, R., Nennesmo, I., Von Dobeln, U., Hagenfeldt, L.,
Hallstrom, T., 2003. Alterations of mitochondrial function and correlations with
personality traits in selected major depressive disorder patients. J. Affect. Disord. 76,
55-68. https://doi.org/10.1016/5S0165-0327(02)00067-8.

Hartwig et al., n.d. F.P. Hartwig N.M. Davies G. Hemani G.D. Smith, n.d. Two-sample
Mendelian randomization: avoiding the downsides of a powerful, widely applicable
but potentially fallible technique. doi:10.1093/ije/dyx028.

Hemani, G., Zheng, J., Elsworth, B., Wade, K.H., Haberland, V., Baird, D., Laurin, C.,
Burgess, S., Bowden, J., Langdon, R., Tan, V.Y., Yarmolinsky, J., Shihab, H.A.,
Timpson, N.J., Evans, D.M., Relton, C., Martin, R.M., Davey Smith, G., Gaunt, T.R.,
Haycock, P.C., 2018. The MR-base platform supports systematic causal inference
across the human phenome. eLife 7, €34408. https://doi.org/10.7554/eLife.34408.

Howard, D.M., Adams, M.J., Clarke, T.-K., Hafferty, J.D., Gibson, J., Shirali, M., I
Coleman, J.R., Ward, J., Wigmore, E.M., Alloza, C., Barbu, M.C., Xu, E.Y.,
Whalley, H.C., Marioni, R.E., Davies, G., Deary, 1.J., Hemani, G., Tian, C., Hinds, D.
A., Byrne, E.M,, Ripke, S., Smith, D.J., Sullivan, F., Wray, N.R., Breen, G., Lewis, C.
M., 2019. Genome-wide meta-analysis of depression identifies 102 independent
variants and highlights the importance of the prefrontal brain regions. Nat. Neurosci.
22, 343-352. https://doi.org/10.1101/433367.

Hroudova, J., Fisar, Z., Kitzlerova, E., Zvéfovd, M., Raboch, J., 2013. Mitochondrial
respiration in blood platelets of depressive patients. Mitochondrion 13, 795-800.
https://doi.org/10.1016/j.mito0.2013.05.005.

Jager, E.A., Kuijpers, M.M., Bosch, A.M., Mulder, M.F., Gozalbo, E.R., Visser, G., de
Vries, M., Williams, M., Waterham, H.R., van Spronsen, F.J., Schielen, P.C.J.L,
Derks, T.G.J., 2019. A nationwide retrospective observational study of population
newborn screening for medium-chain acyl-CoA dehydrogenase (MCAD) deficiency
in the Netherlands. J. Inherit. Metab. Dis. 42, 890-897. https://doi.org/10.1002/
jimd.12102.

Jones, L.L., McDonald, D.A., Borum, P.R., 2010. Acylcarnitines: role in brain. Prog. Lipid
Res. 49, 61-75. https://doi.org/10.1016/j.plipres.2009.08.004.

Kaddurah-Daouk, R., Yuan, P., Boyle, S.H., Matson, W., Wang, Z., Zeng, Z.B., Zhu, H.,
Dougherty, G.G., Yao, J.K., Chen, G., Guitart, X., Carlson, P.J., Neumeister, A.,
Zarate, C., Krishnan, R.R., Manji, H.K., Drevets, W., 2012. Cerebrospinal fluid
metabolome in mood disorders-remission state has a unique metabolic profile. Sci.
Rep. 2, 667. https://doi.org/10.1038/srep00667.

262

Journal of Affective Disorders 307 (2022) 254-263

Karabatsiakis, A., Bock, C., Salinas-Manrique, J., Kolassa, S., Calzia, E., Dietrich, D.E.,
Kolassa, I.T., 2014. Mitochondrial respiration in peripheral blood mononuclear cells
correlates with depressive subsymptoms and severity of major depression. Transl.
Psychiatry 4. https://doi.org/10.1038/tp.2014.44.

Karan, K.R., Trumpff, C., McGill, M.A., Thomas, J.E., Sturm, G., Lauriola, V., Sloan, R.P.,
Rohleder, N., Kaufman, B.A., Marsland, A.L., Picard, M., 2020. Mitochondrial
respiratory capacity modulates LPS-induced inflammatory signatures in human
blood. Brain Behav. Immun. Health 5, 100080. https://doi.org/10.1016/j.
bbih.2020.100080.

Khandaker, G.M., 2019. Commentary: causal associations between inflammation,
cardiometabolic markers and schizophrenia: the known unknowns. Int. J. Epidemiol.
48, 1516-1518. https://doi.org/10.1093/ije/dyz201.

Lamers, F., Milaneschi, Y., Vinkers, C.H., Schoevers, R.A., Giltay, E.J., Penninx, B.W.J.H.,
2020. Depression profilers and immuno-metabolic dysregulation: longitudinal
results from the NESDA study. Brain Behav. Immun. 88, 174-183. https://doi.org/
10.1016/j.bbi.2020.04.002.

Lau, T., Bigio, B., Zelli, D., McEwen, B.S., Nasca, C., 2017. Stress-induced structural
plasticity of medial amygdala stellate neurons and rapid prevention by a candidate
antidepressant. Mol. Psychiatry 22, 227-234. https://doi.org/10.1038/mp.2016.68.

Long, T., Hicks, M., Yu, H.-C., Biggs, W.H., Kirkness, E.F., Menni, C., Zierer, J., Small, K.
S., Mangino, M., Messier, H., Brewerton, S., Turpaz, Y., Perkins, B.A., Evans, A.M.,
Miller, L.A.D., Guo, L., Caskey, C.T., Schork, N.J., Garner, C., Spector, T.D., Venter, J.
C., Telenti, A., 2017. Whole-genome sequencing identifies common-to-rare variants
associated with human blood metabolites. Nat. Genet. 49, 568-578. https://doi.org/
10.1038/ng.3809.

Lotta, L.A., Pietzner, M., Stewart, 1.D., Wittemans, L.B.L., Li, C., Bonelli, R., Raffler, J.,
Biggs, E.K., Oliver-Williams, C., Auyeung, V.P.W., Surendran, P., Michelotti, G.A.,
Scott, R.A., Burgess, S., Zuber, V., Sanderson, E., Koulman, A., Imamura, F.,
Forouhi, N.G., Khaw, K.T., Griffin, J.L., Wood, A.M., Kastenmiiller, G., Danesh, J.,
Butterworth, A.S., Gribble, F.M., Reimann, F., Bahlo, M., Fauman, E., Wareham, N.J.,
Langenberg, C., 2020. Cross-platform genetic discovery of small molecule products
of metabolism and application to clinical outcomes. bioRxiv 1-36. https://doi.org/
10.1101/2020.02.03.932541.

MahmoudianDehkordi, S., Ahmed, A.T., Bhattacharyya, S., Han, X., Baillie, R.A.,
Arnold, M., Skime, M.K., John-Williams, L.S., Moseley, M.A., Thompson, J.W.,
Louie, G., Riva-Posse, P., Craighead, W.E., McDonald, W., Krishnan, R., Rush, A.J.,
Frye, M.A., Dunlop, B.W., Weinshilboum, R.M., Kaddurah-Daouk, R., Kaddurah-
Daouk, R., Rush, J., Tenenbaum, J., Moseley, A., Thompson, W., Louie, G., Blach, C.,
Mahmoudiandehkhordi, S., Baillie, R., Han, X., Bhattacharyya, S., Frye, M.,
Weinshilboum, R., Ahmed, A., Neavin, D., Liu, D., Skime, M., Rinaldo, P., Fiehn, O.,
Brydges, C., Mayberg, H., Choi, K.S., Cha, J., Kastenmiiller, G., Binder, E., Knauer-
Arloth, J., Nevado-Holgado, A., Shi, L., Dunlop, B., Craighead, E., McDonald, W.,
Posse, P.R., Penninx, B., Milaneschi, Y., Jansen, R., Krishnan, R., 2021. Alterations in
acylcarnitines, amines, and lipids inform about the mechanism of action of
citalopram/escitalopram in major depression. Transl. Psychiatry 11. https://doi.org/
10.1038/541398-020-01097-6.

McEwen, B.S., Bowles, N.P., Gray, J.D., Hill, M.N., Hunter, R.G., Karatsoreos, L.N.,
Nasca, C., 2015. Mechanisms of stress in the brain. Nat. Neurosci. 18, 1353-1363.
https://doi.org/10.1038/nn.4086.

Mera, P., Mir, J.F., Fabrias, G., Casas, J., Costa, A.S.H., Malandrino, M.I., Fernandez-
Lépez, J.A., Remesar, X., Gao, S., Chohnan, S., Rodriguez-Pena, M.S., Petry, H.,
Asins, G., Hegardt, F.G., Herrero, L., Serra, D., 2014. Long-term increased carnitine
palmitoyltransferase 1A expression in ventromedial hypotalamus causes
hyperphagia and alters the hypothalamic lipidomic profile. PLoS One 9, 1-13.
https://doi.org/10.1371/journal.pone.0097195.

Merritt, J.L., MacLeod, E., Jurecka, A., Hainline, B., 2020. Clinical manifestations and
management of fatty acid oxidation disorders. Rev. Endocr. Metab. Disord. 21,
479-493. https://doi.org/10.1007/5s11154-020-09568-3.

Milaneschi, Y., Kappelmann, N., Ye, Z., Lamers, F., Moser, S., Jones, P.B., Burgess, S.,
Penninx, B.W.J.H., Khandaker, G.M., 2021. Association of inflammation with
depression and anxiety: evidence for symptom-specificity and potential causality
from UK Biobank and NESDA cohorts. Mol. Psychiatry 26, 7393-7402. https://doi.
org/10.1038/541380-021-01188-w.

Milaneschi, Y., Lamers, F., Berk, M., Penninx, B.W.J.H., 2020. Depression heterogeneity
and its biological underpinnings: toward immunometabolic depression. Biol.
Psychiatry 88, 369-380. https://doi.org/10.1016/j.biopsych.2020.01.014.

Miller, A.H., Raison, C.L., 2016. The role of inflammation in depression: from
evolutionary imperative to modern treatment target. Nat. Rev. Immunol. 16, 22-34.
https://doi.org/10.1038/nri.2015.5.

Moaddel, R., Shardell, M., Khadeer, M., Lovett, J., Kadriu, B., Ravichandran, S.,
Morris, P.J., Yuan, P., Thomas, C.J., Gould, T.D., Ferrucci, L., Zarate, C.A., 2018.
Plasma metabolomic profiling of a ketamine and placebo crossover trial of major
depressive disorder and healthy control subjects. Psychopharmacology 235,
3017-3030. https://doi.org/10.1007/500213-018-4992-7.

Morris, G., Berk, M., 2015. The many roads to mitochondrial dysfunction in
neuroimmune and neuropsychiatric disorders. BMC Med. 13, 1-24. https://doi.org/
10.1186/512916-015-0310-y.

Munafo, M.R., Davey Smith, G., 2018. Repeating experiments is not enough. Nature 553,
399-401. https://doi.org/10.1038/d41586-018-01023-3.

Nasca, C., Bigio, B., Lee, F.S., Young, S.P., Kautz, M.M., Albright, A., Beasley, J.,
Millington, D.S., Mathé, A.A., Kocsis, J.H., Murrough, J.W., McEwen, B.S.,

Rasgon, N., 2018. Acetyl-L-carnitine deficiency in patients with major depressive
disorder. Proc. Natl. Acad. Sci. U. S. A. 115, 8627-8632. https://doi.org/10.1073/
pnas.1801609115.

Nasca, C., Xenos, D., Barone, Y., Caruso, A., Scaccianoce, S., Matrisciano, F.,

Battaglia, G., Mathé, A.A.,, Pittaluga, A., Lionetto, L., Simmaco, M., Nicoletti, F.,


https://doi.org/10.1002/sim.7221
https://doi.org/10.1002/sim.7221
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1038/ng.3406
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1002/gepi.21998
https://doi.org/10.1002/gepi.21998
https://doi.org/10.1038/npp.2013.121
https://doi.org/10.1038/npp.2013.121
https://doi.org/10.1093/hmg/ddu328
https://doi.org/10.1093/hmg/ddu328
https://doi.org/10.1038/ncomms8208
https://doi.org/10.1016/j.cell.2019.10.001
https://doi.org/10.1126/science.129.3345.334
https://doi.org/10.1016/j.isci.2021.103312. 34765928
https://doi.org/10.1016/j.isci.2021.103312. 34765928
https://doi.org/10.1016/S0165-0327(02)00067-8
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1101/433367
https://doi.org/10.1016/j.mito.2013.05.005
https://doi.org/10.1002/jimd.12102
https://doi.org/10.1002/jimd.12102
https://doi.org/10.1016/j.plipres.2009.08.004
https://doi.org/10.1038/srep00667
https://doi.org/10.1038/tp.2014.44
https://doi.org/10.1016/j.bbih.2020.100080
https://doi.org/10.1016/j.bbih.2020.100080
https://doi.org/10.1093/ije/dyz201
https://doi.org/10.1016/j.bbi.2020.04.002
https://doi.org/10.1016/j.bbi.2020.04.002
https://doi.org/10.1038/mp.2016.68
https://doi.org/10.1038/ng.3809
https://doi.org/10.1038/ng.3809
https://doi.org/10.1101/2020.02.03.932541
https://doi.org/10.1101/2020.02.03.932541
https://doi.org/10.1038/s41398-020-01097-6
https://doi.org/10.1038/s41398-020-01097-6
https://doi.org/10.1038/nn.4086
https://doi.org/10.1371/journal.pone.0097195
https://doi.org/10.1007/s11154-020-09568-3
https://doi.org/10.1038/s41380-021-01188-w
https://doi.org/10.1038/s41380-021-01188-w
https://doi.org/10.1016/j.biopsych.2020.01.014
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1007/s00213-018-4992-7
https://doi.org/10.1186/s12916-015-0310-y
https://doi.org/10.1186/s12916-015-0310-y
https://doi.org/10.1038/d41586-018-01023-3
https://doi.org/10.1073/pnas.1801609115
https://doi.org/10.1073/pnas.1801609115

Y. Milaneschi et al.

2013. L-acetylcarnitine causes rapid antidepressant effects through the epigenetic
induction of mGlu2 receptors. Proc. Natl. Acad. Sci. U. S. A. 110, 4804-4809.
https://doi.org/10.1073/pnas.1216100110.

Ning, Z., Pawitan, Y., Shen, X., 2020. High-definition likelihood inference of genetic
correlations across human complex traits. Nat. Genet. 52, 859-864. https://doi.org/
10.1038/541588-020-0653-y.

Otte, C., Gold, S.M., Penninx, B.W., Pariante, C.M., Etkin, A., Fava, M., Mohr, D.C.,
Schatzberg, A.F., 2016. Major depressive disorder. Nat. Rev. Dis. Prim. 2, 16065.
https://doi.org/10.1038/nrdp.2016.65.

Paige, L.A., Mitchell, M.W., Krishnan, K.R.R., Kaddurah-Daouk, R., Steffens, D.C., 2007.
A preliminary metabolomic analysis of older adults with and without depression. Int.
J. Geriatr. Psychiatry 22, 418-423. https://doi.org/10.1002/gps.1690.

Pan, A., Keum, N., Okereke, O.I., Sun, Q., Kivimaki, M., Rubin, R.R., Hu, F.B., 2012.
Bidirectional association between depression and metabolic syndrome: a systematic
review and meta-analysis of epidemiological studies. Diabetes Care 35, 1171-1180.
https://doi.org/10.2337/dc11-2055.

Perry, B.I., Upthegrove, R., Kappelmann, N., Jones, P.B., Burgess, S., Khandaker, G.M.,
2021. Associations of immunological proteins/traits with schizophrenia, major
depression and bipolar disorder: a bi-directional two-sample Mendelian
randomization study. Brain Behav. Immun. 97, 176-185. https://doi.org/10.1016/j.
bbi.2021.07.009.

Picard, M., McEwen, B.S., 2014. Mitochondria impact brain function and cognition. Proc.
Natl. Acad. Sci. U. S. A. 111, 7-8. https://doi.org/10.1073/pnas.1321881111.
Picard, M., McManus, M.J., Gray, J.D., Nasca, C., Moffat, C., Kopinski, P.K., Seifert, E.L.,

McEwen, B.S., Wallace, D.C., 2015. Mitochondrial functions modulate
neuroendocrine, metabolic, inflammatory, and transcriptional responses to acute
psychological stress. Proc. Natl. Acad. Sci. U. S. A. 112, E6614-E6623. https://doi.
org/10.1073/pnas.1515733112.

Pierce, B.L., Ahsan, H., Vanderweele, T.J., 2011. Power and instrument strength
requirements for Mendelian randomization studies using multiple genetic variants.
Int. J. Epidemiol. 40, 740-752. https://doi.org/10.1093/ije/dyq151.

Rotroff, D.M., Corum, D.G., Motsinger-Reif, A., Fiehn, O., Bottrel, N., Drevets, W.C.,
Singh, J., Salvadore, G., Kaddurah-Daouk, R., 2016. Metabolomic signatures of drug
response phenotypes for ketamine and esketamine in subjects with refractory major
depressive disorder: new mechanistic insights for rapid acting antidepressants.
Transl. Psychiatry 6, 1-10. https://doi.org/10.1038/tp.2016.145.

263

Journal of Affective Disorders 307 (2022) 254-263

Sanderson, E., 2016. In: Multivariable Mendelian Randomization And Mediation, 47,
pp. 597-611. https://doi.org/10.1101/cshperspect.a038984.

Shin, S.Y., Fauman, E.B., Petersen, A.K., Krumsiek, J., Santos, R., Huang, J., Arnold, M.,
Erte, I, Forgetta, V., Yang, T.P., Walter, K., Menni, C., Chen, L., Vasquez, L.,
Valdes, A.M., Hyde, C.L., Wang, V., Ziemek, D., Roberts, P., Xi, L., Grundberg, E.,
Waldenberger, M., Richards, J.B., Mohney, R.P., Milburn, M.V., John, S.L.,
Trimmer, J., Theis, F.J., Overington, J.P., Suhre, K., Brosnan, M.J., Gieger, C.,
Kastenmiiller, G., Spector, T.D., Soranzo, N., 2014. An atlas of genetic influences on
human blood metabolites. Nat. Genet. 46, 543-550. https://doi.org/10.1038/
ng.2982.

Steffens, D.C., Jiang, W., Krishnan, K.R.R., Karoly, E.D., Mitchell, M.W., O’Connor, C.M.,
Kaddurah-Daouk, R., 2010. Metabolomic differences in heart failure patients with
and without major depression. J. Geriatr. Psychiatry Neurol. 23, 138-146. https://
doi.org/10.1177/0891988709358592.

Suhre, K., Shin, S.-Y., Petersen, A.-K., Mohney, R.P., Meredith, D., Wagele, B.,
Altmaier, E., Deloukas, P., Erdmann, J., Grundberg, E., Hammond, C.J., de
Angelis, M.H., Kastenmiiller, G., Kottgen, A., Kronenberg, F., Mangino, M.,
Meisinger, C., Meitinger, T., Mewes, H.-W., Milburn, M.V., Prehn, C., Raffler, J.,
Ried, J.S., Romisch-Margl, W., Samani, N.J., Small, K.S., Wichmann, H.-E., Zhai, G.,
1llig, T., Spector, T.D., Adamski, J., Soranzo, N., Gieger, C., 2011. Human metabolic
individuality in biomedical and pharmaceutical research. Nature 477, 54-60.
https://doi.org/10.1038/nature10354.

Verbanck, M., Chen, C.Y., Neale, B., Do, R., 2018. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat. Genet. 50, 693-698. https://doi.org/10.1038/
s41588-018-0099-7.

Wang, W, Lu, Y., Xue, Z., Li, C., Wang, C., Zhao, X., Zhang, J., Wei, X., Chen, X., Cui, W.,
Wang, Q., Zhou, W., 2015. Rapid-acting antidepressant-like effects of acetyl-1-
carnitine mediated by PI3K/AKT/BDNF/VGF signaling pathway in mice.
Neuroscience 285, 281-291. https://doi.org/10.1016/j.neuroscience.2014.11.025.

Zacharias, H.U., Hertel, J., Johar, H., Pietzner, M., Lukaschek, K., 2021. A metabolome-
wide association study in the general population reveals decreased levels of serum
laurylcarnitine in people with depression. Mol. Psychiatry. https://doi.org/10.1038/
s41380-021-01176-0.


https://doi.org/10.1073/pnas.1216100110
https://doi.org/10.1038/s41588-020-0653-y
https://doi.org/10.1038/s41588-020-0653-y
https://doi.org/10.1038/nrdp.2016.65
https://doi.org/10.1002/gps.1690
https://doi.org/10.2337/dc11-2055
https://doi.org/10.1016/j.bbi.2021.07.009
https://doi.org/10.1016/j.bbi.2021.07.009
https://doi.org/10.1073/pnas.1321881111
https://doi.org/10.1073/pnas.1515733112
https://doi.org/10.1073/pnas.1515733112
https://doi.org/10.1093/ije/dyq151
https://doi.org/10.1038/tp.2016.145
https://doi.org/10.1101/cshperspect.a038984
https://doi.org/10.1038/ng.2982
https://doi.org/10.1038/ng.2982
https://doi.org/10.1177/0891988709358592
https://doi.org/10.1177/0891988709358592
https://doi.org/10.1038/nature10354
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1016/j.neuroscience.2014.11.025
https://doi.org/10.1038/s41380-021-01176-0
https://doi.org/10.1038/s41380-021-01176-0

	Genomics-based identification of a potential causal role for acylcarnitine metabolism in depression
	1 Introduction
	2 Methods
	2.1 GWAS summary statistics and instruments selection
	2.2 Genetic architecture of selected acylcarnitines
	2.3 Mendelian randomization analyses

	3 Results
	3.1 Univariable Mendelian randomization analyses
	3.2 Multivariable Mendelian randomization analyses
	3.3 Follow-up analyses

	4 Discussion
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


