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ABSTRACT

Objective: Depression has been associated with metabolomic alterations. Depressive
and anxiety disorders are often comorbid diagnoses and are suggested to share etiol-
ogy. We investigated whether differential metabolomic alterations are present be-
tween anxiety and depressive disorders and which clinical characteristics of these
disorders are related to metabolomic alterations.

Methods: Data were from the Netherlands Study of Depression and Anxiety
(NESDA), including individuals with current comorbid anxiety and depressive dis-
orders (N = 531), only a current depression (N = 304), only a current anxiety disor-
der (N = 548), remitted depressive and/or anxiety disorders (N = 897), and healthy
controls (N = 634). Forty metabolites from a proton nuclear magnetic resonance
lipid-based metabolomics panel were analyzed. First, we examined differences in
metabolites between disorder groups and healthy controls. Next, we assessed whether
depression or anxiety clinical characteristics (severity and symptom duration) were
associated with metabolites.

Results: As compared to healthy controls, seven metabolomic alterations were found
in the group with only depression, reflecting an inflammatory (glycoprotein acetyls;
Cohen's d = 0.12, p = 0.002) and atherogenic-lipoprotein-related (e.g., apolipoprotein
B: Cohen's d = 0.08, p = 0.03, and VLDL cholesterol: Cohen's d = 0.08, p = 0.04)
profile. The comorbid group showed an attenuated but similar pattern of deviations.
No metabolomic alterations were found in the group with only anxiety disorders. The
majority of metabolites associated with depression diagnosis were also associated
with depression severity; no associations were found with anxiety severity or disease
duration.

Conclusion: While substantial clinical overlap exists between depressive and anxiety
disorders, this study suggests that altered inflammatory and atherogenic-lipoprotein-
related metabolomic profiles are uniquely associated with depression rather than

anxiety disorders.
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1 | INTRODUCTION

Depression has been associated with adverse cardiometa-
bolic health including cardiovascular disease (CVDs) and
increased adiposity.l’3 Epidemiological studies found cross-
sectional associations and bidirectional relationships be-
tween depression and CVD (incidence). A recent large-scale
metabolomics meta-analysis showed that depression is asso-
ciated with a signature in circulating metabolites. Increased
triglycerides and very-low-density lipoprotein (VLDL) cho-
lesterol and decreased high-density lipoprotein (HDL) cho-
lesterol, acetate, and apolipoprotein Al were associated with
increased odds of lifetime depression.4 Associations became
stronger when focusing on subjects reporting depression at
the moment of metabolite assessment, suggesting that me-
tabolomic alterations are more strongly associated with a cur-
rent depressive state. Similar metabolomic profiles have been
associated with BMI® and incidence of CVD.°

Depression and anxiety are highly related. Depression fre-
quently co-occurs with anxiety: 50-60% of the patients with
major depressive disorder have a history of anxiety disor-
ders.” These disorders share clinical manifestation of symp-
tomatology and risk factors, including genetics.g'11 Several
twin studies showed overlapping genetic liabilities between
major depression and anxiety disorders, with generalized
anxiety disorder (GAD) having the largest genetic correla-
tion (r = 0.86-1.0),'* which was confirmed by genome-wide-
association studies.®'” Although less frequently studied, a
higher anxiety disorder prevalence has been seen in CVD
populations,13’14 with some studies reporting a larger or ad-
ditive effect of depression14 while others did not.'>'° Also,
prospectively, anxiety was found to increase the risk for
CVD onset. A meta-analysis of prospective cohort studies'”’
found increased CVD risk associated with anxiety (Hazard
ratio = 1.52, 95%CI 1.36-1.71), comparable to the risk than
that was earlier found for depression (Relative risk = 1.81,
95%CI 1.53—2.15).18 In contrast, Momen and colleagues19
found that this CVD association was stronger for anxiety.
Regarding increased adiposity, the relationship with anxiety
is less robust than for depres.sion.zo'23 In summary, depres-
sion and anxiety show great similarities, but differences re-
garding somatic disorder comorbidities haven been observed.

Comprehensive metabolomic profiling in anxious indi-
viduals has not been reported yet. Some studies of individual
lipid-related measures reported associations of atherogenic
lipid levels with anxiety disorder diagnosis or severity in
the form of increased serum levels of triglycerides,24 cho-
lesterol,25 or dyslipidemia,26 whereas others did not.>’>% A
previous study analyzing the current sample found that o-
3-polyunsaturated fatty acid (PUFA) levels were lowered
in anxious individuals, but only when a comorbidity with
depression was pres.ent.31 -6 PUFA levels were not associ-
ated with diagnostic status of either disorders. Some studies

Significant outcomes

e Despite the high clinical overlap between depres-
sion and anxiety, this study suggests that altered
inflammatory and atherogenic-lipoprotein-related
metabolomic profiles (e.g., increased glycoprotein
acetyls and apolipoprotein B) are mainly associ-
ated with depression rather than anxiety disorders.

Limitations

e The analyses carried out in this study are of a
cross-sectional nature, which precluded causal
inference. Also, we lacked information about di-
etary habits, which may impact on circulating me-
tabolite levels.

analyzed individuals with a life-time diagnosis of anxiety dis-
order and not exclusively with a current diagnosis,26’28 and
some only analyzed separate anxiety disorders and not anx-
iety disorders as a whole.”>?® Furthermore, most studies in
anxiety disorders analyzed single-marker measures or several
markers combined in one measure. Whether current anxiety
disorder diagnoses are associated with a wider range of ad-
verse metabolomic markers is still unknown. Also, whether
dysregulated markers previously associated with depression4
are specific for depression or are common also in anxiety is
unknown.

1.1 | Aims of the study

The aim of this current study is twofold: First, to identify
metabolomic differences across distinct groups of patients
(those with only a current depressive disorder, only a cur-
rent anxiety disorder, comorbid anxiety, and depressive dis-
orders), remitted patients, and healthy controls. Second, we
examined whether clinical characteristics of depression and
anxiety (symptoms severity of anxious arousal, phobic avoid-
ance, worry or depression, and duration of depressive or anx-
ious symptoms) are associated with metabolomic markers.

2 | METHODS

2.1 | Sample

Participants were part of the Netherlands Study for Depression
and Anxiety (NESDA), an ongoing longitudinal cohort study
into the long-term course and consequences of depressive and
anxiety disorders. A description of the study rationale, design,
and methods is given elsewhere. > Briefly, the initial sample
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comprised 2,981 participants between the ages of 18 and 65
who were recruited between 2004 and 2007 and from the com-
munity (19.0%), primary care (54.0%), and specialized mental
health care settings (27.0%). These participants were healthy
controls or had a current or prior history of depressive and/or
an anxiety disorder. Participants were not included when they
could not speak Dutch fluently or had a primary other psychi-
atric diagnosis of, e.g., bipolar, psychotic, obsessive compul-
sive, or severe addictive disorder. Diagnoses of depression and
anxiety disorders according to the Diagnostic and Statistical
Manual of Mental Disorders (DSM)-IV were established with
the use of the Composite Interview Diagnostic Instrument
(CIDI)—lifetime version 2.1.3 The Ethical Committee of
all participating universities approved the NESDA project,
and all participants provided written informed consent. Data
collection included an extensive interview, blood collection,
self-reported questionnaires, and medical assessments. For the
current study, we selected 2914 participants from the baseline
assessment with data on metabolomics. This sample included
304 current purely depressed cases (i.e., diagnosis of major de-
pressive disorder or dysthymia within the month prior to inter-
view, but no anxiety disorder), 548 current purely anxious cases
(i.e., diagnosis of generalized anxiety disorder, social anxiety
disorder, panic disorder and/or agoraphobia within 1 month
prior to interview, and no depressive disorder), 531 current co-
morbid cases (i.e., diagnoses of both a depressive disorder and
anxiety disorder within 1 month prior to interview), 897 remit-
ted individuals (i.e., lifetime—but no current—diagnosis of
anxiety and/or depressive disorder), and 634 healthy controls
(i.e., no lifetime psychiatric diagnosis). Among subjects with
current anxiety disorders, there were 390 diagnoses of GAD,
540 of social anxiety disorder, 497 of agoraphobia, and 500 of
panic disorder, many of which overlapping.

0.01
<0.001

Current comorbid depressive and

anxiety disorder

94.4
94.7

Current pure depressive

disorder
95.7
93.4

Current pure anxiety

disorder
95.6
33.2

2.2 | Metabolomic biomarkers measurement

Plasma samples were obtained during the baseline interview
in the morning (generally between 8.30 and 9.30 am) after
an overnight fast, stored in the ethylenediaminetetraacetic
acid (EDTA) detergent, and kept frozen at —80°C till assay-
ing. Plasma samples were shipped in two batches (April and
December 2014, further referred to as batch 1 and 2, respec-
tively). Metabolomic profiles were measured using a proton
nuclear magnetic resonance (NMR) platform (Nightingale
Health Ltd., Helsinki, Finland).** The Nightingale Health
NMR metabolomics platform quantified 231 levels of metab-
olites and ratios. For the current analyses, we selected a total
of 51 lipids, fatty acids, and low molecular weight metabo-
lites, containing eight amino acids, two apolipoproteins, nine
cholesterol measures, eight fatty acids, two fluid balance-
related measures, nine glycerides and phospholipids, three
glycolysis-related metabolites, one inflammation-related

Remitted depressive or
anxiety disorder

94.1
24.9

Healthy controls

97.8
62.5

(Continued)

Overnight fasting at time of
blood draw, %
Assessed in batch 1, %

Blood sampling variables
“Diagnosed within one month prior to interview. Abbreviations: BAL Beck Anxiety Inventory; FQ, Fear Questionnaire; IDS, Inventory of Depressive Symptomatology; MET, Metabolic Equivalent of Task; NA, not applicable;

“Includes somatic diseases including heart disease and diabetes, thyroid gland disease, arthritis or arthrosis, rheumatism, intestinal disorders, liver disease, cancer, neurological conditions, and allergies.
PSWQ, Penn State Worry Questionnaire. NA indicates a missing value because of missing data or because there was no test performed.

p values are obtained from analyses of variance and chi-square tests.

®Consists of statins, fibrates, and nicotinic acids.

TABLE 1
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metabolite, three ketone bodies, three lipoprotein particle
sizes, and three total fatty acids and saturation measures, as
classified by Nightingale Health Ltd. The NMR platform
includes additional sub-measures and ratios of these lipo-
protein (i.e., 98 lipid composition and particle concentration
measures of lipoprotein subclasses and 81 lipid and fatty
acids ratios) that were not included in the current analyses
because of redundancy of information. Table S1 presents
lists of these 51 metabolites and the category to which these
belong, as defined by Nightingale Health Ltd. The raw me-
tabolite variables were prepared for analyses according to a
standardized protocol suggested by the manufacturer and fol-
lowed in earlier studies®”: A value of 1 was added to each
value, after which we applied a natural log transformation.
Values varying >5 SD from the mean were set as missing.
Next, we examined whether metabolites could be sensitive
for a batch effect. Metabolomics assessments were performed
using the same platform in two separate batches. Samples in the
two batches were drawn from subjects with slightly different
proportions of diagnoses (with current comorbid and current
depressed cases being more likely to be measured in batch 1
and remitted cases and current anxious cases being more likely
to be measured in batch 2, see Table 1). The unequal distribu-
tion of diagnostic groups across batch can potentially induce
spurious results or bias because of batch effect on the estimates
of analyses examining differences in metabolites concentra-
tions across diagnostic groups. We therefore determined which
metabolites were potentially batch-sensitive. As a substan-
tial number of healthy controls were assessed in both batches
(batch 1: n = 396, batch 2: n = 238), we examined which me-
tabolites could vary because of a batch effect within controls
by fitting linear models for each metabolite separately, with
batch (second vs first) as the predictor while adjusting for sex,
age, anxiety severity (as indexed by Beck Anxiety Inventory),
and depression severity (as indexed by Inventory of Depressive
Symptomatology) and corrected for multiple testing based on
the Benjamini—-Hochberg procedure36 (see Table S2 for results).
We identified 11 metabolites that differed significantly at a false
discovery rate (FDR) <5% between the two batches potentially
sensitive for batch effect and excluded these from the main
analyses. Thus, in the main text, we mainly report results for the
remaining 40 metabolites, but for completeness analyses of the
11 batch-sensitive metabolites are reported in the Supplement.

2.3 | Clinical characteristics of
depression and anxiety

Three different anxiety severity scores were assessed using
three self-report questionnaires. First, the Beck Anxiety
Inventory (BAI) reflects the severity of anxious arousal
symptoms as common in panic and generalized anxiety disor-
ders, ranging from O (not severe) to 63 (severe).37 Second, the
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11-item Penn State Worry Questionnaire (PSWQ) on worry
engagement was used to measure pathological worry.38 Sum
score ranges from 11 (“not typical of me”) to 55 (“very typi-
cal of me”). Third, the Fear Questionnaire (FQ) was used to
measure avoidance of situations because of phobia of blood/
injuries, social phobia, and agoraphobia, resulting in a sum
score of these three subscales ranging from 0 (no avoid-
ance) to 120 (severe avoidan(:e).39 Depression severity was
assessed with the Inventory Depressive Symptomatology
(IDS).*° This 30-item questionnaire assesses the presence of
all symptom domains of a major depressive episode in the
past seven days ranging from O (not severe) to 84 (severe).
For both depression and anxiety disorders, measures on du-
ration (course) of psychopathology were assessed. The Life
Chart Interview was used to determine the percentage of time
in which symptoms relevant for the disorder were experi-
enced in the past four years.41

2.4 | Covariates

Sex, age, education level (continuous, in years), BMI (in kg/
m?), and current smoking status (yes vs no) were assessed as
part of the baseline interview in NESDA. Level of physical
activity was calculated using the total Metabolic Equivalent
of Task (MET) score derived from the International Physical
Activity Questionnaire (IPAQ).** The number of alcoholic
drinks consumed per week was calculated based on the
Alcohol Use Disorders Identification Test.*> The number
of self-reported chronic somatic diseases included heart
diseases, diabetes mellitus, thyroid gland disease, arthritis
or arthrosis, rheumatism, intestinal disorders, liver disease,
cancer, neurological conditions and allergies. Medication use
was based on drug container inspection of all medications
used in the past month, classified according to the World
Health Organization Anatomical Therapeutic Chemical
(ATO) classification.** The use of treatment for elevated lipid
levels and reduced HDL cholesterol levels (ATC: C10) were
documented. Use of antidepressant medication was assessed.
We distinguished three classes of antidepressants: selective
serotonin reuptake inhibitors (SSRI; ATC: NO6AB), tricyclic
antidepressants (TCA; ATC: NO6AA), and other antidepres-
sants (ATC: NO6AX). Finally, overnight fasting status (yes/
no) at time of blood withdrawal was documented.

2.5 | Statistical analyses

Differences in sociodemographic and clinical variables across
diagnostic groups were examined with XZ-tests and analyses
of variance (ANOVAs). All subsequent models were adjusted
for the covariates age, sex, current smoking status, fasting
status, years of education, number of somatic diseases, and
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BMI. For our first research aim, we first examined whether
metabolomic biomarkers differed across diagnostic groups
(healthy controls, remitted, current purely anxious, current
purely depressed, and current comorbid cases) in analyses of
covariance (ANCOVAs), with metabolite as the outcome and
diagnostic group (as categorical variable, a five-level factor)
as the independent variable. We corrected for multiple testing
across the 40 metabolites using the Benjamini-Hochberg pro-
cedure® and considered an FDR of 5% as significant. Next,
for the metabolomic markers identified as significantly dif-
ferent across diagnostic groups, we performed two additional
analyses. First, to examine which of the patient groups ex-
actly differed from controls (remitted, current purely anxious,
current purely depressed, and current comorbid groups), we
performed linear regression models, with metabolite as the
outcome and used contrasts of diagnostic group (as categori-
cal variable, a five-level factor, with healthy controls as the
reference group). Second, we broke down the heterogenous
group of anxiety disorders according to specific diagnoses, to
test their potential differential associations with metabolites.
For this, within current anxious cases (current comorbid and
current purely anxious groups combined, N = 1079), one lin-
ear model per metabolomic marker was fit, with each variable
that specified the presence of current diagnoses (yes vs no)
of GAD, social anxiety disorder, panic disorder and agora-
phobia as independent, and metabolomic marker as dependent
variables. Considering the high comorbidity rates between the
anxiety disorders, we inspected the level of multicollinear-
ity by calculating the variance inflation factor (VIF) for each
independent variable in all models and considered 10 as a
threshold for high multicollinearity.

For our second research aim, we examined whether major
clinical characteristics of depression and anxiety were associ-
ated with the 40 metabolomic markers by performing a linear
regression for each metabolite—characteristic combination,
with metabolites as dependent and clinical characteristics
as independent variables. Associations between metabolites
and severity scores of anxiety and depression (i.e., BAIL, FQ,
PSWQ, and IDS scores) were examined within the whole
sample (N = 2914) and duration of anxious symptoms and
duration of depressive symptoms were examined within cur-
rent anxious (N = 1079) and depressed cases (N = 835), re-
spectively. Again, multiple testing correction was based on
the Benjamini—Hochberg procedure.36 All statistical analyses
were conducted with the use of R software version 3.6.0.*
Figures were produced using the packages forestplot, ggden-
dro, ggplot2, and ggrepel.%'49

3 | RESULTS

Table 1 presents sociodemographic, clinical, and metabo-
lomic assessment characteristics of remitted, current purely

depressed, current purely anxious, current comorbid, and
healthy control groups. Compared to healthy controls, cases
were more often female, current smokers, lower educated
and had a higher average BMI and number of chronic so-
matic diseases. As expected, a trend of increasing scores of
anxiety (i.e., BAIL, FQ, and PSWQ) and depression severity
(i.e., IDS) were seen across diagnostic groups, with current
comorbid patients having the highest severity, followed by
the groups with one current diagnosis. Among anxiety dis-
orders, GAD had the highest comorbidity with depression
(68.5%), followed by social anxiety disorder (50.6%), agora-
phobia (50.2%), and panic disorder (46.1%).

3.1 | Metabolomic markers across
diagnostic groups

ANCOVAs were run to detect differences in metabolomic
markers across diagnostic groups while adjusting for the co-
variates (i.e., age, seX, smoking status, fasting status, years
of education, number of somatic diseases, and BMI). Of
the forty examined markers, 13 differed significantly (FDR
q < 0.05) across groups including the inflammatory marker
glycoprotein acetyls (Gp, p = 1.15%107'%), two fatty acids
measures (docosahexaenoic acid; DHA, p = 6.59%107% and
total ®-3 fatty acids, p = 7.29%1077), three glycerides and
phospholipids (serum total triglycerides, p = 2.04%1077;
triglycerides in VLDL, p = 9.02%107 and total phospho-
glycerides, p = 8.82%107), one apolipoprotein (apolipo-
protein B; ApoB, p = 3.19%107°), one lipoprotein particle
size (mean diameter for VLDL particles, p = 3.34*10_5),
two cholesterol measures (VLDL cholesterol, p = 1.23*#107
and remnant cholesterol, p = 3.64*%107°), one glycolysis-
related metabolite (glucose, p = 1.73*107"), one ketone
body (acetoacetate, p = 2.62%107° ), and one measure of total
fatty acids and saturation (estimated degree of unsaturation,
p = 6.65%107°). Table 2 presents for each diagnostic group,
the adjusted means of the 13 metabolites that differed across
groups and the overall significance level for testing differ-
ences across groups. Table S3 presents results for all of the
forty tested metabolites.

3.2 | Metabolomics marker comparisons
between depressed and anxious
groups and controls

Subsequent linear regression analyses compared the levels
of these 13 metabolites in healthy controls vs. each diag-
nostic group, including the same covariates. As compared
to controls, the highest number of significantly different
markers was found for the current purely depressed group
(n = 7), less were found for the current comorbid (n = 3)
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and remitted groups (n = 2), and none were found for the
current purely anxious group. A graphical representation of
the regression coefficients from these analyses is provided
by the forest plot in Figure 1. Table S4 lists the regression
coefficients, standard errors and p values of these analy-
ses, and Cohen's d reflecting differences between healthy
controls and each disorder group. Compared to the healthy
control group, the current purely depressed group had lower
levels of DHA (Cohen's d = —0.13, p = 6.85%10™%) and »-3
PUFA (Cohen'sd =—-0.10,p = 9.55%107°), and higher levels
of Gp (Cohen's d = 0.12, p = 1.58*10_3), ApoB (Cohen's
d =008, p = 3.45*10'2), VLDL cholesterol (Cohen's
d=0.08,p= 3.91*10_2), serum total triglycerides (Cohen's
d =012, p = 4.57%107%), and triglycerides in VLDL
(Cohen's d = 0.07, p = 4.67*10_2). The current comorbid
group exposed altered levels of three metabolites, namely
lower levels of DHA (Cohen's d = —0.15, p = 3.42*10_5),
-3 PUFA (Cohen's d = —0.14, p = 2.60*10'4), and higher
Gp (Cohen's d = 0.08, p = 2.70*10_2), which were all also
found to be related to the pure depression group. Figures
S1-S3 present plots comparing the association estimates of
the 13 metabolites for the three current affected groups vs
controls. These plots showed a higher consistency between
estimates for current comorbid status and a current purely
depressed status (r = 0.98, 95%CI: 0.94; 1.00, p < 0.001),
while low consistencies were observed between estimates of
the current purely anxious group with those of the current
comorbid group (r = —0.19, 95%CI: —0.67; 0.40, p = 0.54)
and those of the current purely depressed group (r = —0.18,
95%CI: —0.67; 0.41, p = 0.55). Finally, the remitted group
was associated with decreased values of two metabolites,
namely acetoacetate (Cohen's d = —0.10, p = 1.54%107%) and
glucose (Cohen's d = —0.09, p = 1.07*10_2), which was not
seen in the current affected groups. In summary, these group
comparisons suggest that the current comorbid and current
purely depressed group showed overlapping metabolomic
profiles distinguishable from healthy controls, whereas the
current purely anxious group and the remitted group were not
substantially different from the controls.

Tables S8 and S9 show results applied to the 11 me-
tabolites with significantly different concentrations across
batches. As compared to controls, several metabolites (i.e.,
histidine, sphingomyelins, phosphatidylcholine and other

cholines, triglycerides in LDL, isoleucine, estimated de-
scription of fatty acid chain length, diacylglycerol, and mean
diameter for LDL particles) were significantly lower in the
remitted and pure anxiety group, while opposite effects in
the purely depressed and comorbid groups. Although these
findings could be affected by batch effects making interpre-
tation less straightforward, they confirm again the division
in metabolic profile in current depressed and comorbid cases
from those with anxiety and remitted disorders.

3.3 | Metabolomics marker comparisons
across different types of anxiety disorders

In subsequent analyses focusing on 1079 subjects with current
anxiety disorders, we examined whether specific diagnoses
(i.e., GAD, social anxiety disorder, panic disorder, and agora-
phobia) showed potential differential associations with the 13
metabolites that were previously identified. VIFs of the anxiety
diagnosis variables in all 13 models were <1.5, indicating low
levels of multicollinearity.5 °The heatmap in Figure S4 presents
estimated associations between each anxiety disorder diagno-
sis and the metabolites. Table S5 provides the regression coef-
ficients, standard errors, and p values of these analyses. None
of the specific diagnoses was associated with the metabolites
after taking into account multiple testing. Of note, among the
different disorders, the highest number of nominally signifi-
cant associations was found for the GAD diagnosis, linked to
metabolites (i.e., ApoB, VLDL cholesterol, remnant choles-
terol, serum total triglycerides, and Gp) previously shown to
be altered in the current purely depressed and current comor-
bid group. Table S10 contains estimated associations between
each anxiety disorder diagnosis and the metabolites with sig-
nificantly different concentrations across batches.

3.4 | Clinical characteristics of
depression and anxiety

We examined whether clinical characteristics of depression
(i.e., IDS and duration of depressive symptoms) and anxiety
(i.e., BAIL, FQ, PSWQ, and duration of anxious symptoms)
were associated with the 40 metabolomic markers, within

FIGURE 1

Comparisons between diagnosed groups and healthy controls of metabolites that differed across groups in ANCOVA. Forest

plot presents estimated regression coefficients and 95% confidence intervals adjusted for age, sex, smoking status, fasting status, years of

education, number of somatic diseases, and BMI, only for metabolites that were found to be significantly different across groups in ANCOVAs.

Results were obtained from linear regressions in which group comparisons between each diagnosed group of depression and anxiety disorders

and healthy controls were performed. *indicates that the disorder group differed from healthy controls at p < 0.05. The superscripts next to the

metabolite indicate the metabolite category, as defined by Nightingale Health Ltd. “Inflammation, ®Fatty acids, “glycerides and phospholipids,

dapolipoproteins, lipoprotein and particle size, ‘cholesterol, $glycolysis related metabolites, "ketone bodies, ! total fatty acids and saturation

measures. Metabolomic markers are ordered based on p values obtained from the ANCOVAs
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the entire sample. The heatmaps in Figures 2 and 3 show the
covariate-adjusted standardized effect sizes, obtained from
separate linear models regressing metabolomic markers on
severity scores and duration measures. Tables S6 and S7 pre-
sent results for all 40 metabolites (regression coefficients,
standard errors, p and q values). Five metabolomic markers
were significantly associated with IDS scores, two markers
with FQ, one with BAI, and none with PSWQ. We did not
identify markers associated with duration of anxious symp-
toms or duration of depressive symptoms. Positive associa-
tions were found between IDS and levels of Gp (f = 0.09,
p= 7.43*10'7), ApoB (5 =0.05,p = 6.17*10'3), and mean
diameter of HDL particles (f = 0.05, p = 1.11*10_3), and in-
verse associations were found with levels of DHA (f = —0.08,
p = 1.74%107°) and ©-3-PUFA (8 = —0.07, p = 2.09%107%.
Except for the mean diameter of HDL particles, these mark-
ers were also found to be different in the depressed cases
as compared to controls (Table S3), indicating consistency
across findings. On the other hand, serum total triglycerides,
triglycerides in VLDL and VLDL cholesterol were associ-
ated with depressive diagnostic status, whereas the associa-
tions between these metabolites and IDS did not reach the
significance threshold. As opposed to depression severity,
no metabolites were associated with duration of depressive
symptoms after correction for multiple testing, suggesting
that a more chronic course of depression did not contribute
significantly to the metabolomic profile.

The level of Gp (earlier linked to pure depression cases
and comorbid cases) was found to be associated also with
anxiety arousal severity (BAIL: = 0.08, p = 1.34*1075) and
with avoidance (FQ: g = 0.06, p = 6.45*10_4). Additionally,
decreasing levels of valine were specifically associated with
increasing levels of FQ (f# = —0.05, p = 1.57%107).

Tables S11 and S12 present results for the potentially
batch-sensitive metabolites. Depression severity was sig-
nificantly associated with nine metabolites, several of which
showed consistent significant association with BAI (n = 6),
followed by PSWQ (n = 4) and FQ (n = 3).

4 | DISCUSSION
In a large cohort well-characterized in terms of psychiatric
status, the present study examined the association of circu-
lating lipid-related metabolomic markers and the presence
of anxiety and depressive disorders and their clinical char-
acteristics. The findings showed that alterations, reflecting

an inflammatory and atherogenic metabolomic profile, were
mainly related to the presence and severity of depression.
These associations were more state-like than trait-like, as
no associations with life-chart duration were found. We did
not identify metabolomic markers consistently associated
with an anxiety disorder diagnosis nor with anxiety clinical
features. The depression-specific metabolomic profile we
identified concerns increased glycoprotein acetyls and some
measures related to the ApoB lipidome (i.e., measures of li-
poprotein particles containing apolipoprotein B, namely chy-
lomicrons, chylomicrons remnant, VLDL, IDL, and LDLSI)
and decreased o-3 fatty acids. These alterations in individual
metabolites (i.e., glycoprotein acetyls, ApoB, and ®»-3 fatty
acids) have been associated with increased inflammation and
atherosclerosis.”>>’ Overall, despite large clinical overlap
between depression and anxiety, we identified a metabo-
lomic profile unique for depression.

The present findings support the hypothesis that the in-
flammatory and atherogenic metabolomic profile found is
specific for depression's pathophysiology and not related
to anxiety. This could be explained by several mechanisms,
such as immunometabolic disturbances, CVD-related risk
factors, and lifestyle. Firstly, immunometabolic disturbances
in the form of adiposity and inflammatory marker levels
have been more prominently associated with depression than
with anxiety,20'23’58'60
NESDA.®""®* Mendelian randomization analyses suggested
that increased BMI or body fat was unidirectionally causal for
depression liability,lo’64’65 whereas increased BMI has been
causally associated with lower liabilities of exposing anxiety-
related phenotypes.66 As increased adiposity has been asso-
ciated with a similar metabolomic pattern as found in this
study,5 7 and the metabolomic profile related to depression
is suggested to have proinflammatory properties5 233 it could
be that the metabolomic profile identified in this study is
part of the causal relationship between increased adiposity,
inflammation, and depression. We partially adjusted for ad-
iposity through inclusion of BMI as a covariate in all anal-
yses, so BMI does not fully explain the depression-specific
metabolomic profile. However, it could still be that immu-
nometabolic disturbances, among which adiposity, underlie
the differences in metabolomic profiles between depression
and anxiety. Secondly, it could be that the mechanisms that
underlie the relationship of CVD with depression is partly
different from those with anxiety, which explains our results.
The depression-specific profile identified here have proper-
ties promoting atherosclerosis, which is the main cause of

which was also confirmed before in

FIGURE 2 Heatmap of associations between metabolites and severity measures of anxiety and depression within entire sample. The heatmap

shows the standardized effect sizes from linear models with severity scores of anxiety and depression as the predicting variable and metabolite

variables as the outcome, including age, sex, education level, smoking status, fasting status, number of somatic diseases, and BMI as covariates.

Bold values indicate significant associations at a false discovery rate <5%. Metabolomic markers are ordered based on p values obtained from the

ANCOVAs
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FIGURE 3 Heatmap of associations
between metabolites and duration of
symptoms of anxiety and depression within
currently affected cases. The heatmap shows
the standardized effect sizes obtained from
linear models with duration of symptoms

of anxiety and depression as the predicting
variable and metabolite variables as the
outcome, including age, sex, education
level, smoking status, fasting status, number
of somatic diseases, and BMI as covariates.
Effect sizes of duration of anxious
symptoms were calculated within cases
with a current diagnosis of anxiety disorder
(N = 1079), and effect sizes of duration of
depressive symptoms were calculated within
currently depressed cases (N = 835). No
significant association (at a false discovery
rate <0.05) was seen. Metabolomic markers
are ordered based on p values obtained
from the ANCOVAs
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CVD.**% The atherosclerotic properties of the metabolomic
profile could be of lower importance in the association be-
tween CVD and anxiety. Anxiety's component pathological
worry69 has been particularly associated with adverse car-
diac health, mainly by activation of the sympathetic nervous
system causing decreased heart rate variability, increased
levels of circulating catecholamines, and increased blood
pressure.7o This explanation is corroborated by preliminary
findings from a recent study that suggests that, despite the
great overlap in genetic liabilities of depression and anxiety,
genomic regions that were specific for depressive symptoms
were enriched for gene sets related to hypertriglyceridemia
and regions specific for anxiety symptoms were enriched
for multiple gene sets related to blood pressure.“ Thirdly,
the observed discrepancy in metabolomic profile between
depression and anxiety could also be a result of differences
in lifestyle. Both depression and anxiety are associated with
unhealthy lifestyle habits, such as smoking, physical inactiv-
ity, and an unhealthy dietary pattern,71 which, in turn, have
been associated with an inflammatory and atherogenic me-
tabolomic profile as well.”>7%7* However, it has been shown
that an overall cluster of unhealthy lifestyle behaviors is more
strongly associated with depression than with anxiety.75

It is unlikely that the discrepant metabolomic profile of
depression and anxiety is explained by use of medication,
such as antidepressants or lipid lowering drugs. In the present
sample, antidepressants are used by the current purely de-
pressed (37.8%) and current purely anxious (31.2%) groups
in similar proportions. Earlier research shows that potential
detrimental effects of antidepressants on dyslipidemia is ev-
ident mainly for tricyclic antidepressants,‘"27 but only 3% of
NESDA respondents used these medications. Also the fre-
quency of lipid lowering drug use was equal in the differ-
ent diagnostic groups. So, it is unlikely that the use of these
medications explain the systematic differences in the wider
metabolomic profile observed in the present study between
depression and anxiety.

Our results indicate that the metabolomic profile is pre-
dominantly linked to the current and not remitted state of
depression, in other words more state- than trait-like. The
majority of metabolites associated with a continuous mea-
sure of depression severity were also associated with a cur-
rent depression diagnosis and some metabolites being only
associated to a current depression diagnosis. It may therefore
be that the metabolomic alterations are especially present
when the clinical threshold has reached. No markers were
associated with the duration of depressive symptoms during
the prior 4 years, suggesting that a more chronic course of de-
pression did not contribute significantly to the metabolomic
profile of current depressed individuals. This is in line with
a previous study of NESDA, which did not find longitudi-
nal associations between o-3-PUFAs and depression.’® This
study provided evidence for a cross-sectional association
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between metabolites and depression. It may be worthwhile to
monitor the (cardio-)metabolic health of depressed individu-
als, whereas this may be of lesser importance for anxious in-
dividuals. Longitudinal studies may provide further insights
on prospective associations between the metabolomic profile
and future cardiometabolic health, and metabolites and de-
pression risk in seemingly healthy individuals.

Previous publications utilizing NESDA’s metabolomics
data focused on the association between two markers (i.e.,
-3 and ®-6 PUFA) with depression and arlxiety,“’76 and
the association of depression (not anxiety) with metabolites
in a harmonized meta-analysis of nine cohorts, including
NESDA.* The current study extends these previous studies by
investigating the differences between depression and anxiety
and their clinical characteristics of a large set of metabolites.

Major limitations and strengths should be noted. The
cross-sectional nature precluded causal inference. We lacked
information about dietary habits, which may impact on cir-
culating metabolite levels.”® Strengths of the current study
were the naturalistic cohort design, the structured diagnostic
assessment procedure, the large sample size with broad me-
tabolomics profiling, and the variety of well-characterized
clinical characteristics of depression and anxiety.

To conclude, despite large clinical overlap, an inflamma-
tory and atherogenic metabolomic profile may be uniquely
associated with the presence of depression, and not with anx-
iety. The metabolomic profile could be a distinguishing fea-
ture for these highly correlated, but nonidentical emotional
states.
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