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Abstract

Recent animal and small clinical studies have suggested depression is related to altered 

lipid and amino acid profiles. However, this has not been examined in a population-based 

sample, particularly in women. We identified multiple metabolites associated with depression 
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as potential candidates from prior studies. Cross-sectional data from three independent samples 

of postmenopausal women were analyzed, including women from the Women's Health Initiative

Observational Study (WHI-OS, n=926), the WHI-Hormone Trials (WHI-HT; n=1,325), and the 

Nurses' Health Study II Mind-Body Study (NHSII-MBS; n=218). Positive depression status was 

defined as having any of the following: elevated depressive symptoms, antidepressant use, or 

depression history. Plasma metabolites were measured using liquid chromatography-tandem mass 

spectrometry (21 phosphatidylcholines [PCs], 7 lysophosphatidylethanolamines, 5 ceramides, 3 

branched chain amino acids and 9 neurotransmitters). Associations between depression status 

and metabolites were evaluated using multivariable linear regression; results were pooled by 

random-effects meta-analysis with multiple testing adjustment using the Benjamini-Hochberg 

false discovery rate (FDR). Prevalence rates of positive depression status were 24.4% (WHI-OS), 

25.7% (WHI-HT) and 44.7% (NHSII-MBS). After multivariable adjustment, positive depression 

status was associated with higher levels of glutamate and PC 36:1/38:3, and lower levels 

of tryptophan and GABA-to-glutamate and GABA-to-glutamine ratio (FDR-p<0.05). Positive 

associations with LPE 18:0/18:1 and inverse associations with valine and serotonin were 

also observed, although these associations did not survive FDR adjustment. Associations of 

positive depression status with several candidate metabolites including PC 36:1/38:3 and amino 

acids involved in neurotransmission suggest potential depression-related metabolic alterations in 

postmenopausal women, with possible implications for later chronic disease.
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Introduction

A substantial body of research demonstrates that depression is associated with increased 

risk of a range of chronic diseases. The evidence has been particularly strong with 

regard to cardiometabolic diseases, such as metabolic syndrome, diabetes, heart disease 

and stroke [1-5], which are among the leading causes of morbidity and mortality in 

developed countries. For example, in the Women’s Health Initiative (WHI), the incidence 

rate for coronary heart disease (CHD) per 1,000 person-years was 5.18 for women 

using tricyclic antidepressants (TCA), 4.73 for women using selective serotonin reuptake 

inhibitors (SSRI), and 5.38 for women using other antidepressants, compared to 3.81 for 

women who did not use any antidepressants [1]. Similar differences in cardiovascular 

disease (CVD) incidence were also observed comparing women with versus without 

depressive symptoms [2]. As a result, investigators have speculated about mechanisms 

by which depression might systematically affect cardiometabolic function. Prior work has 

suggested that depression may lead to chronic inflammation and altered glucose regulation, 

along with greater likelihood of engaging in unhealthy behaviors, albeit also noting that 

the relationships of depression with these factors may be bidirectional [6-9]. However, 

identification of molecular mechanisms linking depression with adverse cardiometabolic 

outcomes remains limited. Advances in metabolomic profiling technologies provide an 

opportunity to understand the metabolic signature associated with depression, which may 

shed additional light on depression-related pathogenesis of cardiometabolic disease.
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Several experimental and small-scale clinical studies have examined depression in relation 

to plasma metabolites. In some of this work, depression has been associated with circulating 

levels of several lipid metabolites and amino acids. For example, compared with healthy 

controls, patients with major depressive disorder had elevated plasma phosphatidylcholines 

(PC), lysophosphatidylethanolamines (LPE) and ceramides, and lower tryptophan levels 

[10]. In animal models, rats who were versus were not exposed to chronic stress (a 

manipulation that induces depression) exhibited an increase in glutamate and the leucine-to

isoleucine ratio and a decrease in glutamine and valine [11]. However, existing studies on 

depression and metabolomic profiles generally included small sample sizes (e.g., <200 for 

cases and controls combined), did not control adequately for potential confounding factors 

(e.g., body mass index [BMI]), and did not examine associations specifically in women, who 

appear to be more susceptible to both depression and the cardiometabolic consequences of 

depression than men [12-14]. Particularly, no study has evaluated the associations between 

depression and plasma metabolites in postmenopausal women, a large segment of the 

population with heightened vulnerability to depression and substantially increased risk of 

cardiovascular disease [15, 16].

We identified several groups of metabolites that prior work has linked to depression 

(in human or experimental animal models) as candidate metabolites, including (1) PCs, 

(2) LPEs, (3) ceramides, (4) branched-chain amino acids (BCAA) and (5) amino acid 

neurotransmitters. We evaluated associations of depression status with these candidate 

metabolites in samples of postmenopausal women participating in the WHI or the Nurses’ 

Health Study II (NHSII). We hypothesized that alterations in these metabolites may reflect 

important metabolic changes due to depression that ultimately contribute to development of 

cardiometabolic disease.

Methods

Study population.

We used existing cross-sectional data from the WHI and the NHSII. The WHI is a large 

multicenter study of women comprised of a clinical trial of hormone therapy (WHI-HT) 

and a long-running prospective observational study (WHI-OS) [17]. Between 1994 and 

1998, postmenopausal women aged 50–79 years were recruited through mass mailing 

campaigns and media awareness programs across 40 US clinical centers. Eligibility criteria 

and recruitment methods have been described previously [17]. WHI-HT randomized 27,347 

postmenopausal women to a combined estrogen and progestin versus placebo arm, or 

estrogen only versus placebo arm, according to hysterectomy status. WHI-OS included 

93,676 postmenopausal women who were either ineligible or unwilling to participate 

in the randomized trial, with prospective follow-up for occurrence of multiple health 

outcomes, including CVD. At baseline, all WHI participants completed the initial screening, 

a questionnaire assessment (including depression assessment) and a physical examination 

with fasting blood collection. A nested case-control study was conducted in WHI-OS and 

WHI-HT to examine the association of plasma metabolomics (obtained from assays of blood 

collected at baseline) with subsequent CHD risk [18]; this included 1,153 women who 

were free of CHD at baseline and developed CHD (i.e., cases) and 1,153 women who did 
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not develop CHD (i.e., controls) during follow-up. CHD cases and controls were frequency

matched on age, race/ethnicity, hysterectomy status, and 2-year enrollment windows. The 

WHI metabolomics study was approved by the institutional review boards of the Brigham 

and Women’s Hospital.

NHSII is an ongoing prospective cohort study of 116,429 US female registered nurses. 

At enrollment in 1989, all participants completed a questionnaire reporting on their 

demographics, lifestyle factors, and medical history. Biennial follow-up questionnaires have 

been mailed to all participants to update exposure information and disease diagnoses. Return 

of the completed questionnaires implied consent to use the data in ongoing research. The 

Mind-Body Study (NHSII-MBS) was a NHSII substudy of 233 postmenopausal women, 

which oversampled women with childhood abuse to facilitate identification of biologic 

markers of psychosocial stress [19]. In 2013, MBS participants (age: 49–67 years) provided 

a fasting blood sample for metabolomics assay and completed a comprehensive online 

psychosocial assessment including depression assessment. The study protocol was approved 

by the institutional review boards of the Brigham and Women’s Hospital and Harvard T.H. 

Chan School of Public Health.

Cross-sectional data for the current study are provided by three independent samples from 

WHI and NHSII as described above: (1) 472 CHD case-control pairs from WHI-OS, (2) 

681 CHD case-control pairs from WHI-HT, and (3) 226 women from NHSII-MBS. After 

excluding women with missing data on depression measures, 926 WHI-OS participants 

(n=18 excluded), 1,325 WHI-HT participants (n=37 excluded), and 218 MBS participants 

(n=8 excluded) were included in our analytic sample. While NHSII-MBS women are 

predominantly White, women participating in WHI are more diverse including 15% Black 

and 6% Hispanic women.

Assessment of depression status.

Depression status was assessed considering current symptoms, history of depression, 

and use of antidepressants. In WHI, current symptoms were assessed on the baseline 

questionnaire using 6 items from the validated Center for Epidemiological Studies 

Depression Scale (CES-D-6) that queried depressive symptoms in the past week [2]. 

Response options ranged from 0 to 3, with higher scores indicating higher depressive 

symptoms. Consistent with prior studies, we derived a sum score across all items and 

considered a CES-D-6 score≥5 as representing elevated current depressive symptoms. The 

6-item CES-D has been previously found to correlate strongly with the full 20-item scale 

(r=0.88); compared with the established threshold of ≥16 using the full CES-D scale, the 

threshold of ≥5 in the 6-item scale had 95% agreement to classify current depression at 

levels considered to be clinically relevant [2]. Two questions from the Diagnostic Interview 

Schedule [20] included on the baseline questionnaire were used to assess history of 

depression. Participants self-reported whether they had been (1) depressed for two weeks 

or more in the past year, or (2) depressed for much of the time for two years or more in 

their lifetimes. Participants who answered yes to both questions were considered to have 

history of depressed mood. Use of antidepressants was also assessed at the baseline visit. 

Participants provided drug labels to permit an inventory of their current medications at that 
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time, and information was recorded regarding use of any of the following antidepressant 

medications including TCAs, SSRIs, monoamine oxidase inhibitors, modified cyclics, or 

any other antidepressants. Participants demonstrating use of any of these medications were 

considered to be using antidepressants. The prevalence of current depressive symptoms, 

history of depressed mood and antidepressant use was 16.7%, 11.6% and 6.5%, respectively 

in the WHI-HT sample and 15.6%, 11.2% and 6.3%, respectively in the WHI-OS sample. 

In comparison, the rates of current depressive symptoms, history of depressed mood and 

antidepressant use in the entire WHI-OS cohort were 15.8%, 12.3%, and 7.7%, respectively 

[2].

In the NHSII-MBS, current depression status was assessed by the validated 10-item CES-D 

scale, and a CES-D score≥10 was used to indicate elevated depressive symptoms. Prior 

work has shown 97% agreement in classification of clinically relevant depression with the 

threshold of ≥10 on the 10-item scale versus the threshold of ≥16 on the full 20-item 

scale [21]. Physician-diagnosed depression was self-reported on every biennial NHSII main 

questionnaire since 2003. Participants who reported the diagnosis on 2013 or any prior 

questionnaires were considered to have history of physician-diagnosed depression. Regular 

antidepressant use in the past two years, including TCAs (e.g., Elavil, Tofranil, Pamelor), 

SSRIs (e.g., Prozac, Zoloft, Paxil, Celexa, Lexapro, Luvox) and other antidepressants (e.g., 

Wellbutrin, Effexor, Remeron, Cymbalta), was self-reported on the MBS questionnaire. 

In the MBS, the rates of current depressive symptoms, history of physician-diagnosed 

depression and antidepressant use were 18.8%, 33.0% and 24.8%, respectively. These rates 

were somewhat higher than the corresponding estimates in the full NHSII cohort in 2013 

(18.9%, 28.2% and 21.6%, respectively), likely due to overrepresentation of women who 

experienced early life stress in the MBS.

In all three WHI and MBS datasets, the primary analysis was based on a composite 

depression status variable defined as positive according to the presence of at least one 

of the following conditions: presence of elevated current depressive symptoms, history 

of depression, or antidepressant use. In secondary analyses, associations with current 

versus past depression were evaluated by defining current depression as the presence of 

elevated current depressive symptoms or current antidepressant use regardless of history 

of depression, past depression as the presence of history of depression without current 

depressive symptoms or antidepressant use, considering participants with neither current 

nor past depression as the reference group. We also evaluated depression status according 

to antidepressant use by categorizing participants into four mutually exclusive groups 

according to: (1) presence of current depressive symptoms or history of depression with 
antidepressant use; (2) presence of current depressive symptoms or history of depression 

without antidepressant use; (3) antidepressant use with neither current depressive symptoms 

nor history of depression; and (4) no current depressive symptoms, history of depression or 

antidepressant use (reference).

Blood collection and metabolomics assay.

In WHI, baseline fasting blood samples were collected and processed at local centers into 

separate aliquots containing serum, plasma and buffy coat, which were frozen and shipped 
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to a central repository for long-term storage at −70°C [17]. In NHSII-MBS, participants 

had their blood drawn in sodium heparin tubes by a colleague or at a local clinic and 

shipped with an ice pack via overnight courier to our laboratory, where it was processed into 

plasma, red blood cells and white blood cells and stored in the vapor phase of liquid nitrogen 

freezers [19]. In both cohorts, blood samples were divided into small aliquots before storage 

to minimize the number of freeze-thaw cycles.

Profiling of plasma metabolomics from all study samples was conducted at the Broad 

Institute of the Massachusetts Institute of Technology and Harvard University using the 

same liquid chromatography-tandem mass spectrometry (LC-MS/ MS) method. A C8

positive platform, which connected a Shimadzu Nexera X2 U-HPLC (Shimadzu Corp) 

to a Exactive Plus orbitrap mass spectrometer (Thermo Fisher Scientific), was used to 

measure polar and non-polar plasma lipids, including 21 phosphatidylcholines (PCs), 7 

lysophosphatidylethanolamines (LPEs) and 4 ceramides that were consistently measured in 

all three datasets. A HILIC-positive platform composed of a Shimadzu Nexera X2 U-HPLC 

(Shimadzu Corp) coupled to a Q Exactive hybrid quadrupole orbitrap mass spectrometer 

(Thermo Fisher Scientific) was used to measure water soluble metabolites, including 3 

branched chain amino acids (BCAAs, namely leucine [Leu], isoleucine [Ile] and valine 

[Val]) and 9 amino acid neurotransmitters (γ-aminobutyric acid [GABA], glutamate [Glu], 

glutamine [Gln], glycine [Gly], histidine [His], phenylalanine [Phe], tryptophan [Trp], 

serotonin [5-HT], tyrosine [Tyr]) that were also consistently measured across all three 

datasets. In light of the well-established Gln-Glu/GABA cycle in neurofunction, we further 

considered two ratio measures: GABA/Glu ratio and Gln/Glu ratio. Internal standard peak 

areas were monitored for quality control and to ensure system performance throughout 

analyses. Pooled plasma reference samples were also inserted every twenty samples as an 

additional quality control. Targeted data were processed using MultiQuant software (AB 

SCIEX; Framingham, MA) or TraceFinder (Thermo Fisher Scientific; Waltham, MA) for 

automated LC-MS peak integration. In our pilot testing of the metabolomics platform, 

92% of metabolites had excellent assay reproducibility, nearly 90% of metabolites were 

stable over 1–2 years within women, and about 75% of metabolites were stable with 

delayed processing [22]. The metabolite categories with the best assay reproducibility and 

within-person stability were lipids and lipid metabolites, bile acids, amino acids and their 

derivatives, organic acids, and vitamins. In WHI, the median coefficient of variation (range) 

was 7.8% (4.6, 21.7) for candidate lipids and 11.6% (8.4, 16.7) for candidate amino acids; 

the corresponding statistics were 8.3% (4.1, 20.1) and 9.6% (6.2, 23.3), respectively, in 

MBS.

Covariate assessment.

At baseline, WHI participants self-reported age, race/ethnicity and smoking status. Medical 

history (hypertension and diabetes) and current medication use (aspirin, statin, other lipid

lowering medications and hormone therapy) were ascertained from interviewer-administered 

questionnaires. Weight was measured on a balance beam scale and height using a wall

mounted stadiometer by trained staff. Diet and alcohol consumption were assessed using 

a validated food frequency questionnaire (FFQ), and diet quality was evaluated by the 

Alternative Healthy Eating Index (AHEI) [23]. Recreational physical activity was evaluated 
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by metabolic equivalent task (MET)-hours per week based on responses to the WHI brief 

physical activity inventory [24]. Sleep quality was assessed by the WHI insomnia rating 

scale [25].

In NHSII, birth date, race/ethnicity and height were self-reported at baseline. At blood 

collection, MBS participants reported their current weight, smoking status and medication 

use. On every NHSII biennial questionnaire, participants reported whether they had been 

diagnosed with diabetes or hypertension in the past two years. Diet quality measured 

by AHEI was derived from dietary information collected in 2011 using a validated semi

quantitative FFQ [26]. MET-hours per week was calculated from a validated questionnaire to 

quantify recreational physical activity [27]. The Pittsburgh Sleep Quality Index was used to 

assess habitual sleep quality [28].

Statistical analysis.

Due to right-skewed metabolite distributions, all metabolite values were natural log

transformed. Values below the limit of detection (<1% of the sample except for tryptophan) 

were imputed using half of the observed minimum metabolite level. Log-transformed 

metabolite values were then converted to z-scores with a mean of 0 and a SD of 1 

in each sample separately to facilitate comparison of different metabolites on the same 

scale. Pairwise correlations between metabolite z-scores were calculated using Spearman’s 

correlation coefficients.

In the primary analysis within each dataset, multivariable linear regression models were fit 

to examine the associations between the composite depression status (see definition above) 

and individual candidate metabolites, with the metabolite z-score as the dependent variable 

and binary depression status as a predictor. The analysis adjusted for age (continuous), race/

ethnicity (white, non-white), BMI (continuous), current medication use (aspirin, statin, other 

lipid-lowering medications and hormone therapy; yes, no) and co-morbidities (hypertension 

and diabetes; yes, no). Missing covariates (<3% of the sample) were assigned to the sample

specific median. Effect estimates from each dataset were then pooled by random-effects 

meta-analysis [29, 30]; potential heterogeneity across datasets was tested using the Q 

statistic for consistency of the association across studies. The Q statistic is calculated as 

a weighted sum of squares of the effects around its mean, where the weights are proportional 

to the inverse of the sum of the study-specific variance plus the common between-study 

variance estimated in a non-iterative method-of-moments procedure. To account for multiple 

testing and control for the false discovery rate (FDR), p-values from the meta-analysis 

within each metabolite category (i.e., 22 PCs, 7 LPEs, 4 ceramides and 14 amino acids 

measures) were used to derive an FDR-adjusted p value using the positive FDR approach 

[31]. An FDR cutoff of 5% (implying that no more than 5% of significant findings are 

truly null) was used to identify metabolites that were statistically significantly associated 

with depression status. For lipid metabolites, the strength of the associations (measured 

by -log10P or β coefficient) with the carbon chain length and double bond content of the 

fatty acid chains were examined in linear models, with carbon chain length and double 

bond content modeled as predictors. In secondary analyses, for metabolites that were 

nominally significant in the primary meta-analysis, we further examined their associations 
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with alternative depression definitions as described above to assess whether the findings 

differed by current versus past depression or by antidepressant use.

Several sensitivity analyses were performed. First, we adjusted for additional behavioral 

factors that may be associated with both depression status and metabolite levels, including 

current smoking (yes, no), dietary quality, physical activity, sleep quality, caffeine intake 

and alcohol drinking. Second, we evaluated the associations of the continuous CESD 

symptom score with metabolites among women who did not use antidepressant medications. 

Third, we evaluated the relationships of the three depression indicators (namely, presence 

of elevated depressive symptoms, history of depression and antidepressant use) with 

metabolites by including them simultaneously in each multivariable model, with adjustment 

for potential confounders as noted above. Finally, given racial/ethnic differences in rates of 

depression and metabolomic profiles [32, 33], we repeated the analyses restricted to white 

women. Analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC) and R 

statistical packages version 3.2.5.

Results

Based on the composite depression status definition, the prevalence of positive depression 

status was 25.7% in the WHI-HT sample, 24.4% in the WHI-OS sample, and 44.7% in the 

MBS, which oversampled women with early abuse (Table 1). Women with versus without 

positive depression status were less likely to be white and more likely to have diabetes, 

hypertension, use statins or other lipid-lowering medications; they were also more likely to 

have higher BMI, lower physical activity and alcohol consumption, and poorer sleep quality. 

Among participants with positive depression status across the three samples, only 15–20% 

of participants reported a history of depression without current depressive symptoms or 

antidepressant use (Supplemental Table 1). Further, in the two older WHI samples, only 

12–13% of participants with current depressive symptoms or history of depression reported 

antidepressant use, whereas in the more recent NHSII-MBS, 52% of these participants 

reported antidepressant use.

In the meta-analysis of candidate lipid metabolites, positive depression status was associated 

with increased relative abundance of 2 PCs (PC 36:1, 38:3) at the FDR-adjusted threshold 

of 0.05 after adjustment for age, race/ethnicity, BMI, medication use and co-morbidities 

(Figure 1). The mean differences in metabolite z-score in SD units from meta-analysis 

were 0.13 (95% CI: 0.04, 0.22) for PC 36:1 and 0.12 (95% CI: 0.03, 0.21) for PC 38:3 

(FDR-p<0.05). At a less stringent FDR threshold of 0.1, positive depression status was 

associated with increased relative abundance of PC 36:3 with a mean difference of 0.09 

SD (95% CI: 0.00, 0.18) and PC 38:2 with a mean difference of 0.19 SD (95% CI: 

0.00, 0.39). Of note, the statistical significance for PC 38:2 in meta-analysis was primarily 

driven by the NHSII-MBS estimate (mean difference=0.50 SD; 95% CI: 0.24, 0.77), with 

significant between-sample heterogeneity (p-heterogeneity=0.02); no significant between

sample differences were observed for the other PCs (p-heterogeneity>0.25). Further, these 

four PCs were moderately to strongly inter-correlated within each sample (Spearman 

correlation>0.6 in general; Supplemental Figure 1). Interestingly, positive depression status 

was most strongly associated with PCs with longer carbon chains and lower double bond 

Huang et al. Page 8

Mol Psychiatry. Author manuscript; available in PMC 2021 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



content. The mean change in -log(p-value) was 0.39 (95% CI: 0.14, 0.64; p-trend=0.007) per 

unit increase in carbon chain length and −0.46 (95% CI: −0.76, −0.17; p-trend=0.007) per 

unit increase in double bond content (Supplemental Table 2 and Supplemental Figure 2). In 

the meta-analysis of candidate LPEs and ceramides with depression, none of the associations 

were robust to FDR correction, although increases in relative abundance of LPE 18:0 and 

18:1 among those with positive depression status were evident at the FDR threshold of 0.10.

In the meta-analysis of 12 candidate amino acids with depression status, the strongest 

associations were observed for Glu and Trp (FDR-p< 0.05), with consistent trends 

across datasets (p-heterogeneity>0.38; Figure 2). These two amino acids were generally 

uncorrelated with the lipid metabolites examined above or with each other (Spearman r<0.3 

across the three samples; Supplemental Figure 1). Comparing women with versus without 

positive depression status, the average difference in multivariable-adjusted metabolite z

score from meta-analysis was 0.14 SD (95% CI: 0.06, 0.23; p=0.001) for Glu and −0.15 

(95% CI: −0.24, −0.06; p=0.001) for Trp. Although depression status was not associated 

with either Gln or GABA, their ratios to Glu were inversely associated with positive 

depression status in the meta-analysis at FDR-p<0.05. The average z-score difference was 

−0.17 SD (95% CI: −0.26, −0.08; p=0.0003) for GABA/Glu and −0.09 SD (95% CI: −0.15, 

−0.02; p=0.016) for Gln/Glu. Positive depression status was less strongly associated with 

valine (β=−0.08; 95% CI: −0.15, −0.01; p=0.04) and 5-HT (β=−0.26; 95% CI: −0.48, −0.03; 

p=0.03), each satisfying a less stringent FDR threshold of 0.10. No significant associations 

were observed for other candidate amino acids in relation to depression status.

In the secondary analyses, the two PCs (PC 36:1, 38:3) that were significantly associated 

with the primary composite depression definition exhibited largely similar associations 

when considering positive depression status as defined by current versus past depression 

(Figure 3a). Associations of the two LPEs (LPE 18:0, 18:1) that showed nominal statistical 

significance with the primary composite definition were also similar between current versus 

past depression. However, the inverse associations with Trp, 5-HT, valine and the two ratio 

measures and the positive association with Glu were observed only for current and not past 

depression. In analyses of depression status by antidepressant use (Figure 3b), associations 

were similar for the two PCs and the two LPEs relative to findings from the primary 

analyses, although none met the threshold for statistical significance after FDR adjustment. 

By contrast, the two antidepressant use groups (with or without depression) showed strong 

associations with amino acids.

In sensitivity analyses, additional adjustment for behavioral factors somewhat attenuated the 

associations described above, but findings were similar overall (Supplemental Figures 3 and 

4). Relative to findings in the full sample, restricting the analysis to white women resulted 

in similar associations of positive depression status with amino acid metabolites but weaker 

associations with lipid metabolites (Supplemental Figures 5 and 6). Similar to the primary 

results, analysis of the continuous CESD score among women with higher symptoms levels 

but who did not use antidepressants revealed positive associations with PC 36:1 and PC 

38:3 and a strong inverse association with Trp (Supplemental Figures 7 and 8). However, 

there were no associations of symptoms levels with Glu (p=0.75), GABA/Glu ratio 

(p=0.56) or Gln/Glu ratio (p=0.64). Similarly, after simultaneous adjustment of the three 
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depression indicators (presence of elevated depressive symptoms, history of depression and 

antidepressant use), the associations with amino acids were strongest with antidepressant use 

(Supplemental Tables 3) whereas the associations with PCs were more strongly associated 

with depression history (Supplemental Tables 4).

Discussion

Among three independent samples of postmenopausal women, we observed consistent 

associations between positive depression status and altered levels of several lipid and amino 

acid candidate metabolites, including PC 36:1, 38:3, glutamate, the GABA/glutamate ratio, 

the glutamine/glutamate ratio and tryptophan. Associations were robust after accounting 

for multiple factors that may be associated with either metabolomic profiles or depression 

status. Analyses focusing on a depressive symptom score among women who did not 

use antidepressants resulted in similar associations for lipid metabolites and tryptophan, 

although associations with glutamate, GABA/glutamate ratio and glutamine/glutamate ratio 

diminished. These findings suggest that altered lipid metabolism in relation to depression 

is not solely attributable to use of antidepressants and potential pharmacologic effects. By 

contrast, amino acid profiles may be more strongly linked to antidepressant use, a finding 

consistent with other work showing that antidepressants may have normalizing roles in 

glutamate and GABA metabolism by directly acting on glutamatergic and GABAergic 

receptors [34, 35]. Collectively, these data suggest that depression status is associated 

with multiple metabolites that in turn could be linked to the pathogenesis of major 

cardiometabolic diseases.

Our findings were similar to some prior evidence. For example, one recent study found 

that levels of several lipid classes were increased among patients with major depressive 

disorder compared to healthy controls, including LPE 18:2 and PC 32:1 [10]. Another 

study reported worse progression of depressive symptoms over 12 weeks among depressed 

patients with higher versus lower plasma levels of PC 18:1 at baseline [36]. Our findings 

suggest that positive depression status may be associated with PCs and LPEs with similar 

carbon numbers and double-bond content, namely PC 36:1, 38:3 and LPE 18:0, 18:1. 

Further, these associations did not differ appreciably by antidepressant use or by past versus 

current depression status, suggesting that depression may have a long-term relationship with 

altered lipid profiles that is not strongly modified by antidepressant use.

However, previous studies on depression and lipids have been very mixed, with a wide range 

of metabolites identified. For example, a qualitative systematic review of 14 studies focusing 

on the relationship between ceramides and depression reported that depression status was 

most strongly linked to ceramides C18:0 and C20:0 [37], but we did not measure either 

of these metabolites on our semi-targeted metabolomics platform. In another larger Dutch 

study of 742 individuals, depression and anxiety symptoms were inversely correlated with 

PC O 36:4 (an ether phospholipid) and its ratio to ceramide 20:0 [38]. Several other small 

human studies have also yielded mixed results regarding lipid dysregulation in patients with 

depression [39-41], in part due to different methods for evaluating lipidomics (i.e., different 

types of lipids were quantified) as well as different age/sex distributions. For example, one 

study found elevations in LDL, VLDL and unsaturated lipids in depressed patients, but none 
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of the PC, LPE or ceramides that we evaluated were measured in that study [39]. Future 

studies using consistent methods for more comprehensive coverage of lipid metabolites 

would be instrumental for clarifying and confirming specific lipid species that may be 

altered in depression.

There is longstanding interest in the relationship of depression with different types 

of neurotransmitters, although prior studies have generally been small and focused on 

individual types of neurotransmitters. Recently, one study examined a panel of 19 plasma 

neurotransmitters involved in GABAergic, catecholaminergic and serotonergic pathways, 

and found that 9 metabolites were significantly altered between 50 patients with major 

depressive disorder versus 50 healthy controls [42]. We evaluated 4 of these 9 metabolites 

(GABA, Gln, Tyr and Trp) in our study; however, positive depression status was inversely 

associated only with Trp, which prior work has suggested may act to reduce depression. 

For example, repeated sleep deprivation, which has been proposed as a possible treatment 

for depression [43, 44], induces acute elevations in plasma Trp levels [45]. However, in 

the Netherlands Study of Depression and Anxiety, Trp was not significantly associated 

with depressive symptoms in the overall sample or among individuals with current major 

depressive disorder [46]. Of note, Trp is a precursor to 5-HT, which also showed a trend 

toward an inverse association with depression status in our primary analysis. Antidepressant 

medications, such as SSRIs, act on 5-HT receptors to increase the extracellular level of 

5-HT and thereby reduce symptoms of major depressive disorder and anxiety disorder. This 

is consistent with our observation of the striking difference in whether depression status 

was associated with 5-HT depending on antidepressant use, and more studies are needed to 

understand the potential impact of antidepressant use on other amino acids.

We observed a positive association of depression status with Glu, while a previous study 

found that depression was inversely associated with Gln, positively associated with GABA 

and unassociated with Glu [42]. However, it is important to note that this previous 

study included male and female Chinese adults and considered few covariates (e.g., co

morbidities), making comparisons with the current study difficult. Interestingly, in our 

study, positive depression status was more strongly associated with the GABA/Glu ratio 

and the Gln/Glu ratio than with the individual metabolites. Glutamate is the most abundant 

excitatory neurotransmitter whereas GABA is a major inhibitory neurotransmitter in the 

human central nervous system. Taken together, these findings suggest that depression may 

be associated with imbalances between excitatory and inhibitory neurotransmitters [47].

Prior work has suggested that higher depression is associated with increased risk of 

cardiometabolic diseases [2-5]. A large number of metabolites have been identified to 

predict risk of cardiometabolic disease [48, 49], and it is notable that several candidate 

metabolites associated with depression status in the current study are the same as, or share 

common features with, metabolites that other work has linked to cardiometabolic diseases. 

For example, in the Framingham Heart Study, lipids characterized by lower carbon number 

and double bond content, including PC 34:2 and LPE 18:2, were positively associated with 

increased diabetes risk [50]. In several longitudinal human studies of coronary heart disease 

(including the WHI), glutamate, glutamine and their ratio were consistently associated 

with risk of metabolic disorders and cardiovascular disease [18, 51-53]. The Prevención 
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con Dieta Mediterránea (PREDIMED) Study also found that higher baseline tryptophan 

levels were associated with lower risk of incident cardiovascular disease [54]. In contrast, 

although several prospective studies have linked BCAAs and aromatic amino acids (tyrosine 

and phenylalanine) with higher risk of diabetes and cardiovascular disease [55-57], we 

did not find strong associations of these metabolites with depression in the current study . 

An interesting and important avenue for future research may be to examine more broadly 

whether other metabolites or metabolic pathways may mediate the association of depression 

with cardiometabolic disease risk.

Strengths of our study include the large sample size, utilization of the same platform 

across studies for metabolomic assays with strict quality control, and availability of a 

large number of relevant covariates for consideration. However, several limitations should 

be noted. First, our study was cross-sectional, thus temporal relationships could not be 

established. For example, while we initially hypothesized that alterations in metabolite 

levels may represent the metabolic consequences of depression, due to the cross-sectional 

design we cannot exclude the possibility that certain metabolites (e.g., amino acids involved 

in neurotransmission) may also play a role in the pathogenesis of depression. Numerous 

studies have documented that individuals with depression and co-morbid cardiometabolic 

conditions may be more likely to initiate and adhere to antidepressant treatment compared 

with individuals with depression only [58, 59], thus the observed associations between 

antidepressant use and several amino acids cannot be simply interpreted as an effect of 

antidepressants. Prospective longitudinal studies are needed to gain greater insight into 

the direction of the associations and whether relationships may be bidirectional. Second, 

our primary depression assessment combined information regarding current depressive 

symptoms, antidepressant use and history of depression rather than considering clinical 

diagnostic criteria. While this composite indicator maximized our ability to identify 

women who experienced some form of depression, such as those with subclinically 

elevated symptom levels, it is possible that the individual components we considered have 

heterogeneous effects, which could influence observed associations with plasma metabolites. 

However, it is worth noting that our composite definition of depression has been associated 

with risk of chronic disease in prior work [60-62], suggesting that this definition may 

capture important biological signals connecting depression with cardiometabolic health 

outcomes. Third, between-study differences in depression status measures (e.g., 6-item 

versus 10-item CESD, history of depressed mood versus history of physician-diagnosed 

depression), as well as imbalance in sample size and differences in population characteristics 

(e.g., age distribution, racial/ethnic composition, temporal variation in recognition/diagnosis 

of depression, length of blood sample storage, etc.), may have limited our ability to detect 

consistent signals for certain metabolites. Notably, while many pre-analytical processes, 

such as processing and storage of blood samples, were similar between WHI and MBS [63, 

64], the WHI blood samples have been stored for a substantially longer period compared 

to MBS. However, the potential impact of long-term blood storage on metabolome stability 

remains unclear [63, 64], and would likely lead to non-differential measurement errors and 

attenuate the associations. As a result, we primarily relied on the meta-analysis results, 

in conjunction with the association patterns across samples, to evaluate associations of 

depression status with metabolites. Finally, the three independent samples were comprised 
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exclusively of postmenopausal women. Whether our findings can be generalized to 

premenopausal women or men requires additional investigation.

In conclusion, using a candidate metabolite approach based on a priori hypotheses in 

three independent samples of postmenopausal women, we found that depression status 

was associated with altered plasma levels of certain lipid and amino acid metabolites. 

Replication of our results in other populations is warranted, and if confirmed, may have 

implications for understanding pathways potentially linking depression, metabolites, and 

cardiometabolic disease. These findings may also provide empirical evidence that would 

suggest the value of conducting more active screening and surveillance for depression to 

prevent subsequent development of cardiometabolic disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Associations of depression status (defined as the presence of any of elevated current 

depressive symptoms, history of depression or antidepressant use) with plasma lipids, 

including phosphatidylcholines (PC), lysophosphatidylethanolamines (LPE) and ceramides 

(CER), adjusted for age, race/ethnicity, BMI, hypertension, diabetes, aspirin use, statin 

use, other lipid-lowering medications and hormone therapy. P: nominal p-value; Bold: FDR

p<0.05
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Figure 2. 
Associations of depression status (defined as the presence of any of elevated current 

depressive symptoms, history of depression or antidepressant use) with branched-chain 

amino acids and amino acid neurotransmitters in plasma, adjusted for age, race/ethnicity, 

BMI, hypertension, diabetes, aspirin use, statin use, other lipid-lowering medications and 

hormone therapy. P: nominal p-value; Bold: FDR-p<0.05

Abbreviations: GABA: γ-aminobutyric acid; Glu: glutamate; Gln: glutamine; Gly: glycine; 

His: histidine; Ile: isoleucine; Leu: leucine; Phe: phenylalanine; 5-HT: serotonin; Trp: 

tryptophan; Tyr: tyrosine; Val: valine.
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Figure 3. 
Pooled associations of depression characteristics with plasma lipid and amino acid 

metabolites identified in the primary analyses, adjusted for age, race/ethnicity, BMI, 

hypertension, diabetes, aspirin use, statin use, other lipid-lowering medications and hormone 

therapy. (a) Associations with current and past depression. Participants were categorized into 

three groups - past depression (defined as history of depression without current depressive 

symptoms or current antidepressant use), current depression (defined as current elevated 

depressive symptoms or current antidepressant use regardless of depression history) and 

those with no evidence of depression (no current depressive symptoms, no antidepressant 

use, and no depression history). The reference group included women with no evidence 

of depression. (b) Associations with depression status by antidepressant use. Participants 

were categorized into four groups – (1) presence of current depressive symptoms or history 

of depression with antidepressant use; (2) presence of current depressive symptoms or 

history of depression without antidepressant use; (3) antidepressant use with neither current 

depressive symptoms nor history of depression; and (4) no current depressive symptoms, 

history of depression or antidepressant use (reference). P: nominal p-value; Bold: FDR

p<0.05

Abbreviations: GABA: γ-aminobutyric acid; Glu: glutamate; Gln: glutamine; 5-HT: 

serotonin; Trp: tryptophan; Val: valine.
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