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A B S T R A C T   

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%CIs 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 β-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 

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, r2 = 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 (h2

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 α = 0.05, two-sided. False discovery rate 
(FDR) q-values according to the Benjamini-Hochberg procedure were 
additionally reported in univariable analyses testing separately all 15 
ACs. 

3. Results 

Selected data included GWAS summary statistics of 15 metabolites, 
including free carnitine (C0), and short-chain (C0, 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 

diagonal reports h2
SNP, which could be estimated as significantly 

different from 0 for eleven of the fifteen ACs examined. Estimates of 
h2

SNP 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%CIs]) per SD increase in genetically-predicted levels of 
(log)ACs (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, q = 0.06) and 
C3 (OR = 0.97, 95%CIs = 0.96–0.99, p = 1.7e− 2, q = 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, q = 0.02) and C10 (OR = 1.04, 95%CIs = 1.02–1.06, p =
6.7e− 4, q = 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 

Fig. 1. SNP-heritability and pairwise genetic correlation of acylcarnitines. 
Diagonal: SNP-heritability (h2

SNP) estimates (full results eTable 2). Heatmap: genetic correlation (rg) coefficients (full results eTable3). 
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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 (log)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 lCI uCI p-Value OR lCI uCI p-Value OR lCI uCI p-Value 

C2  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 
C3  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 (lCI, lower bound; uCI, upper bound) per SD increase in genetically-predicted levels of (log)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 (log)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. 

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 

Fig. 3. Reversed univariable Mendelian randomization analyses. 
Exposure: depression. Outcome: acylcarnitines. 
Estimates and 95% confidence intervals of change in SD of (log)AC levels per doubling (2-fold increase) in the prevalence of the exposure. Full results eTable 7. 
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DEP. In a final model including all genetic instruments (Fig. 4, lower 
panel) only that of C10 remained significantly associated (OR = 1.16, 
95%CIs = 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 C0; 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%CIs 
= 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 C0 and lower risk of DEP (OR = 0.98, 95%CIs =
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 

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%CIs = 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 

Fig. 4. Multivariable Mendelian randomization analyses. 
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 (log)ACs. Full results eTable 8. 
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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; Hroudová 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 β-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 β-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 

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 (Munafò 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. 
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