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Abstract

Background—Depression is a frequent comorbidity in HIV infection that has been associated
with worse treatment outcomes and increased mortality. Recent studies suggest that increased
innate immune activation and tryptophan catabolism are associated with higher risk of depression
in HIV infection and other chronic inflammatory diseases, but the mechanisms leading to
depression remain poorly understood.

Methods—The severity of depressive symptoms was assessed by Beck Depression Inventory or
Center for Epidemiological Studies Depression Scale. Untargeted metabolomic profiling of
plasma from 104 subjects (68 HIV-positive and 36 HIV-negative) across three independent
cohorts was performed using liquid or gas chromatography followed by mass spectrometry.
Cytokine profiling was by Bioplex array. Bioinformatic analysis was performed in Metaboanalyst
and R.

Results—Decreased monoamine metabolites (phenylacetate, 4-hydroxyphenylacetate) and
acylcarnitines (propionylcarnitine, isobutyrylcarnitine, isovalerylcarnitine, 2-
methylbutyrylcarnitine) in plasma distinguished depressed subjects from controls in HIV-positive
and HIV-negative cohorts, and these alterations correlated with the severity of depressive
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symptoms. In HIV-positive subjects, acylcarnitines and other markers of mitochondrial function
correlated inversely with tryptophan catabolism, a marker of IFN responses, suggesting inter-
relationships between inflammatory pathways, tryptophan catabolism, and metabolic alterations
associated with depression. Altered metabolites mapped to pathways involved in monoamine
metabolism, mitochondrial function, and inflammation, suggesting a model in which complex
relationships between monoamine metabolism and mitochondrial bioenergetics contribute to
biological mechanisms involved in depression that may be augmented by inflammation during
HIV infection.

Conclusions—Integrated approaches targeting inflammation, monoamine metabolism, and
mitochondrial pathways may be important for prevention and treatment of depression in people
with and without HIV.

Keywords

HIV; depression; metabolomics; tryptophan catabolism; monoamines; acylcarnitines

Introduction

Mood disorders are common in HIV infection, with 20-60% of HIV patients having
depressive symptoms or major depressive disorder (MDD) [1-5]. In addition to impairing
quality of life, overall function, and well-being, depression is also associated with delayed
initiation of antiretroviral therapy (ART), poor adherence, accelerated disease progression,
and increased mortality [6-10]. Depression is also associated with high rates of alcohol and
illicit drug abuse, which are associated with risk behaviors, higher HIV transmission rates,
and greater burden of medical and mental health comorbidities. Although rates and severity
of depression have fallen since the introduction of ART, depression remains an predictor of
poor outcomes and increased mortality [3, 11-13].

MDD is a heterogeneous disorder frequently associated with anxiety, anhedonia, reduced
locomotor activity, chronic fatigue, and loss of energy. The underlying pathophysiology
remains poorly understood, but may include altered synthesis, catabolism, or uptake of
monoamines (serotonin, dopamine, catecholamines, and trace amines), dysregulation of the
hypothalamic-pituitary-adrenal (HPA) axis, stress responses, and mitochondrial dysfunction
[14-17]. Recent studies suggest that inflammation, in particular chronic innate immune
activation, may influence development of depressive symptoms via interactions with
neurotransmitter and neuroendocrine systems [14, 15, 18, 19]. Pro-inflammatory mediators,
and interferon (IFN) responses in HIV and other settings have been associated with
increased tryptophan catabolism and decreased phenylalanine metabolism , which may
affect serotonin and dopamine biosynthesis, respectively [15, 20-23]. Increased tryptophan
catabolism has been linked to depression not only in HIV infection [24, 25], but also in post-
partum depression [26] and cancer [27]. Decreased enzymatic conversion of phenylalanine
to tyrosine, a rate-limiting step in dopamine biosynthesis, is another pathway that has been
linked to depression [28, 29]. ART treatment improves but does not normalize these
metabolite alterations in HIV infection [23, 30-32].
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Successful diagnosis and treatment of depression in HIV-infected individuals has been
limited by poor clinical recognition, delayed treatment, and variable treatment responses [5,
33]. Diagnosis of MDD in both HIV-positive and general populations is based on
interviews, self-report scales, and checklists, and is often subjective and variable. The
identification of reliable biomarkers of MDD is important to improve diagnosis and monitor
therapeutic responses and to characterize depressive subtypes, provide mechanistic insights,
and identify novel therapeutic targets [34]. Recent untargeted metabolomic studies in HIV-
negative subjects have provided insights into possible biochemical mechanisms associated
with depression and therapeutic responses to antidepressants [35-38]. However, these
findings have not been examined in HIV cohorts. Here, we performed untargeted
metabolomic profiling of 104 plasma samples across 3 independent cohorts to investigate
metabolic pathways associated with MDD in both HIV-positive and negative subjects. We
then examined inter-relationships between these metabolic abnormalities and inflammation
markers in HIV-positive subjects.

Study subjects

Plasma samples from subjects with (45%) and without depression (55%) (n=104; 68 HIV-
positive subjects and 36 HIV-negative subjects) were collected between 2002-2012.
Subjects in the HIV-positive test cohort were from the National NeuroAIDS Tissue
Consortium (NNTC) (Manhattan HIV Brain Bank, National Neurological AIDS Bank,
California NeuroAIDS Tissue Network, Texas NeuroAIDS Research Center), and the CNS
HIV Anti-Retroviral Therapy Effects Research (CHARTER) study. Subjects in the HIV-
positive validation and HIV-negative cohorts were from the AIDS Linked to the Intravenous
Experience (ALIVE) Study, a longitudinal cohort of current or former injection drug users
[39]. Subjects were selected based on the following inclusion criteria. All subjects were
enrolled with written informed consent and IRB approval at each study site. Inclusion
criteria for the HIV-positive test cohort were between the ages of 35-60, advanced disease
(nadir CD4<300 cells/ul), HIV plasma viral load <1500 copies/ml, and >1 year on ART.
Inclusion criteria for the HIV-positive validation cohort were between the ages of 35-60 and
HIV plasma viral load <10,000 copies/ml. The HIV-negative cohort was between the ages of
35-62. Exclusion criteria for all cohorts were body mass index (BMI) >40, severe
hepatotoxicity (defined in accordance with the AIDS Clinical Trials Group criteria as grades
3 or 4) and moderate to severe renal insufficiency at time of sampling [40]. MDD diagnosis
was determined by self-report. Depressive symptoms in the NNTC and CHARTER studies
were assessed using the Beck Depression Inventory (BDI>14), a validated 21-item self-
report scale that measures characteristic attitudes and symptoms of depression in
psychiatrically diagnosed patients and normal populations [41, 42]. In the ALIVE study,
symptoms were assessed using the Center for Epidemiological Studies Depression Scale
(CES-D>16), a 20-item self-report scale designed to measure levels of depressive
symptomatology in the general population [43]. These depression scales are generally
comparable, and have been shown to correlate with each other [44, 45]. Substance abuse
was determined by Psychiatric Research Interview for Substance and Mental Disorders
(PRISM), Composite International Diagnostic Interview (CIDI) and urine toxicology
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(NNTC and CHARTER studies) or by self-report (ALIVE study). Matching for age, gender,
race, HCV status, ART use, smoking, and current or former drug use was performed to
achieve similar distributions of these covariates in groups defined by depression scale cut-
offs. HIV-positive cohorts were also matched for stage of disease (current and nadir CD4
counts).

Quantification of soluble markers in plasma

Interferon (IFN)-a, IFN-y, CXCL8, CXCL9, CXCL10, interleukin (IL)-1b, IL-6, I1L-10,
IL-12, TNF-a and CCL2 were measured using a Luminex multiplex assay (Bio-Plex
System, Bio-Rad Laboratories).

Metabolomic profiling

Metabolomic profiling was performed by Metabolon (Durham, NC) using ultra high
performance liquid chromatography and tandem mass spectrometry (UHLC/MS/MS2) and
gas chromatography (GC)/MS. Plasma samples were extracted using the MicroLab STAR®
system (Hamilton Company, Salt Lake City, Utah). LC/MS extracts were reconstituted in
acidic or basic conditions and run on a Waters ACQUITY UPLC and a Thermo-Finnigan
LTQ mass spectrometer, which consisted of an electrospray ionization (ESI) source and
linear ion-trap (LIT) mass analyzer. GC/MS samples were run on 5% phenyl column and
analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass
spectrometer using electron impact ionization. Data files were loaded into a relational
database, and compounds were identified using Metabolon's proprietary peak integration
software, which compares chromatographic and mass spectra properties to those from a
library of purified standards or recurrent unknown entities (>1000 compounds).

Data processing, bioinformatics, and statistical analysis

Metabolite data was normalized by median centering. Missing values were imputed with the
lower limit of detection for a given metabolite. Significantly altered metabolites were
defined by a fold change (FC) >1.2, p-value <0.05 and false discovery rate (FDR) <0.1.
Multiple hypothesis testing corrections were performed by calculating the local false
discovery rates using fdrtool in R. Classification analysis including unsupervised
hierarchical clustering, partial least squares discriminant analysis (PLS-DA), and Random
Forest was performed in the Metaboanalyst web portal (http://www.metaboanalyst.ca).
Pearson and Spearman correlations analysis were performed on log-transformed data in R.
Metabolic pathways were extracted from the Kyoto Encyclopedia of Genes and Genomes
(KEGG), Small Molecule Pathways Database (SMPDB), and PubChem. Biofunctions were
extracted from Human Metabolome Database (HMDB) (www.hmdb.ca). Visualization of
pathway mapping was performed in Cytoscape. Further information about bioinformatics
and statistical analysis can be found in the Supplemental Methods.

Results

Study cohorts

Clinical characteristics of HIV-positive and negative cohorts are shown in Table 1. The
median age of subjects across cohorts was 47 (IQR 43-51), 56% were male, 74% were
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African American, and the median BMI was 25.7 (22.7-28.2). Both HIV-positive and
negative cohorts had a high prevalence of hepatitis C virus (HCV) co-infection (66%),
smoking (79%), and alcohol (47%) and cocaine use (50%). Two subjects were being treated
for diabetes, 6 for high cholesterol, and 24 for high blood pressure. HIV-positive subjects in
the test cohort had late stage disease (hadir CD4<300 cells/ul) and were on ART (77% on
protease inhibitors (PI), 22% on d-drugs associated with mitochondrial toxicity [e.g.,
stavudine and didanosine]) with suppressed plasma viral loads (<400 copies/ml). 58% of
patients in the HIV-positive validation cohort were on ART (68% on PI). In the total cohort
(all study subjects), 45% had a clinical diagnosis of MDD and BDI score =14 or CES-D
score 216. 25% were on antidepressant medications.

Characterization of the plasma metabolomes from HIV-positive and HIV-negative cohorts
with and without depression

Untargeted metabolomic profiling of 104 plasma samples detected a total of 390, 457, and
445 metabolites in the HIV-positive test cohort, HIV-positive validation cohort, and HIV-
negative cohort, respectively (Supplemental Figure 1). Preprocessing was performed to
reduce noise by excluding xenobiotics, carbohydrates, and metabolites with >70% missing/
imputed values. A total of 229 metabolites detected across cohorts met acceptability criteria
and were further analyzed using bioinformatic tools (Supplementary Table 1). 32% (74/229)
of metabolites mapped to biologically relevant pathways, including phenylalanine and
tyrosine metabolites (metabolism of dopamine and other monoamines), tryptophan
metabolites (serotonin synthesis), and markers of mitochondrial function (acylcarnitines,
TCA components, branched chain amino acid metabolites (BCAA)) and oxidative stress
(glutathione and purine metabolites).

Depressive symptoms are associated with alterations in monoamine metabolites and
decreased acylcarnitines in HIV-positive and HIV-negative cohorts

Next, we examined relationships between plasma metabolites and severity of depressive
symptoms (BDI score) in the HIV-positive test cohort. Spearman correlation analysis
identified 22 metabolites that correlated negatively with BDI scores (P<0.05, FDR<10%).
Evaluating inter-relationships between these metabolites identified a cluster of 5 metabolites
that correlated positively in pair-wise comparisons including metabolites related to
phenylalanine/tyrosine catabolism (phenylacetate and 4-hydroxyphenylacetate, which are
derived from degradation of the biogenic amines phenylethylamine and tyramine,
respectively, by monoamine oxidase) and acylcarnitines (isovalerylcarnitine,
isobutyrylcarnitine, and propionylcarnitine) (Figure 1). CES-D correlated negatively with
isovalerylcarnitine, isobutyrylcarnitine, and propionylcarnitine in the HIV-positive
validation cohort and negatively with phenylacetate and isobutyrylcarnitine in the HIV-
negative cohort (p<0.05, Spearman correlation). Eighteen metabolites distinguished between
HIV subjects on ART with versus without depressive symptoms (n=14 and n=16,
respectively) in groups matched by age, gender, HCV status, drug use, and stage of disease
(current and nadir CD4 count), derived from the HIV-positive test cohort (FC >1.2, P<0.05,
FDR<10%, Supplemental Table 1). Unsupervised hierarchical clustering in heatmaps
identified 6 metabolites that distinguished between subjects with versus without depressive
symptoms with >80% predictive accuracy (Figure 2 and Supplemental Figure 2). Five of
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these metabolites were also altered in subjects with depressive symptoms in the HIV-
positive validation cohort (n=10 with and n=20 without depressive symptoms; groups
matched for age, gender, race, HCV status, % on ART, smoking, drug use, and stage of
disease) and 5 were altered in subjects with depressive symptoms in the HIV-negative
cohort (n=10 with and n=15 without depressive symptoms; groups matched for age, gender,
race, HCV status, smoking, and drug use) (Figure 2, middle and bottom panels). Thus, these
metabolite alterations were associated with depressive symptoms in HIV-positive and HIV-
negative cohorts.

Depressive symptoms in HIV-positive subjects are associated with augmented IFN
responses and tryptophan catabolism

Accumulating evidence suggests that inflammation and tryptophan catabolism contribute to
mechanisms involved in the pathophysiology of depression [15, 27]. Next, we examined
alterations in inflammatory cytokines (IL-1-beta, IL-6, IL-10, IL-12, CCL2, CXCLS,
CXCL9, CXCL10, IFN-alpha, and IFN-gamma), tryptophan and kynurenine levels, and
kynurenine to tryptophan ratio (K:T ratio) in HI\VV-positive and -negative subjects with and
without depressive symptoms across test (n=22) and validation cohorts (n=18). These
analyses identified trends toward increased IFN-gamma, CXCL9, and CXCL10 in the HIV-
positive test and validation cohorts in subjects with depressive symptoms (0.1<p<0.2). To
minimize confounding effects of age on inflammation markers [46-48], subsequent analyses
were limited to HIV subjects < age 50. Tryptophan and K:T ratio were altered across both
test and validation cohorts (p<0.05, Supplemental Figure 3). Additionally, analyses of the
merged HIV dataset (n=20 depressed and n=20 not depressed) identified increased IFN-
gamma (p=0.084), CXCL9 (MIG; p=0.058)), and CXCL10 (IP-10; p=0.011) in HIV-
positive subjects with compared to without depressive symptoms in groups matched by age,
race, gender, stage of disease (current and nadir CD4), and HIV plasma viral load (p<0.05,
Figure 3A). While there were trends toward similar increases in IFN-gamma, CXCL9, and
CXCL10 in the HIV-negative cohort, these differences were not statistically significant.
Evaluating inter-relationships between tryptophan catabolism and inflammation markers in
the merged HIV dataset (=40 subjects) identified strong associations between kynurenine
and the IFN-gamma-induced chemokines CXCL9 and CXCL10 (p<0.05, FDR<10%). In
contrast, tryptophan levels and K:T ratio were associated with metabolite alterations
indicative of altered mitochondrial function (isovaleryl carnitine, propionylcarnitine, 3-
methyl-3-oxovalerate, 4-methyl-2-oxopentanoate) (Figure 3B), including two acylcarnitine
metabolites associated with depression across independent cohorts (Figures 1 and 2). These
results suggest that augmented tryptophan catabolism, a marker of IFN responses, may
influence biochemical alterations associated with depression.

Inter-relationships between plasma metabolites, depression scores, and tryptophan
catabolism in HIV-positive cohorts

Next, we examined inter-relationships between plasma metabolites, depression scores, and
tryptophan catabolism (tryptophan and K:T ratio) in the HIV-positive test and validation
cohorts. Correlation analysis, matrix visualization, and hierarchical clustering identified two
distinct metabolite clusters in both HIV cohorts (P<0.05, FDR<10%, Figure 4A). In cluster
1, tryptophan, 3-methyl-2-oxovalerate, and 4-methyl-2-oxopentanoate (BCAA catabolites
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associated with mitochondrial dysfunction) correlated negatively with K:T ratio. In cluster 2,
acylcarnitines (propionylcarnitine, isovalerylcarnitine, isobutyrylcarnitine, 2-
methylbutyrylcarnitine), phenylacetate, and 4-hydroxyphenylacetate correlated positively
with tryptophan and BCAA catabolites, and negatively with severity of depression
(depression scores [BDI or CES-D]). Unsupervised hierarchical clustering identified similar
metabolite clusters in the HIVV-negative cohort (Supplemental Figure 4). Mapping these
inter-related metabolites to metabolic pathways (KEGG and SMPDB) and bio-functions
(HMDB) identified alterations in pathways involved in monoamine metabolism
(phenylalanine and tyrosine metabolism, tryptophan metabolism, serotonin biosynthesis,
dopamine synthesis, and catecholamine synthesis), mitochondrial function and energy
production (TCA cycle, Nicotinamide and NAD+ synthesis, fatty acid metabolism, BCAA
metabolism), and immune function and inflammation (tryptophan metabolism). These
results suggest that altered monoamine metabolism and subtle alterations in mitochondrial
energetics may contribute to the pathogenesis of depression through mechanisms potentially
augmented in HIV-positive individuals as a consequence of chronic inflammation.

Discussion

The pathophysiology of depression is complex. While current therapeutics primarily target
monamine-related mechanisms (monoamine oxidase inhibitors, tricyclic antidepressants,
selective serotonin reuptake inhibitors, noradrenaline reuptake inhibitors and serotonin and
noradrenaline reuptake inhibitors), accumulating evidence suggests non-monoamine
mechanisms including alterations in the HPA axis, inflammation, stress responses, and
mitochondrial dysfunction may also contribute to MDD [49]. Here, we used an untargeted
approach to characterize the plasma metabolome of three independent cohorts and identified
a set of 6 metabolites altered in both HIV-positive and negative subjects with depression.
This metabolite set (phenylacetate, 4-hydroxyphenylacetate, propionylcarnitine,
isobutyrylcarnitine, isovalerylcarnitine, and 2-methylbutyrylcarnitine) correlated with the
severity of depressive symptoms, and mapped to pathways involved in monoamine
metabolism, mitochondrial function, and inflammation. Furthermore, correlation analysis
identified inter-relationships between IFN responses (IFN-gamma, CXCL10 and CXCLY9),
kynurenine, and K:T ratio, and metabolites associated with mitochondrial function,
suggesting that augmented IFN responses and increased tryptophan catabolism may
influence mechanisms involved in the pathophysiology of MDD. Together, these results
suggest that subtle alterations in the metabolism of monoamines (tryptophan [serotonin],
phenylalanine [dopamine], and trace amines) and mitochondrial energetics may contribute to
mechanisms involved in the development of MDD, and these processes may be influenced
by inflammation during HIV infection.

Several lines of evidence suggest interactions between inflammation and depression,
including increased risk of depressive symptoms in chronic inflammatory conditions
(diabetes, infections, and cancer), increased inflammatory mediators in depressed versus not
depressed subjects (pro-inflammatory cytokines and acute phase proteins), and development
of depressive symptoms in patients undergoing cytokine therapy [14, 15, 18, 19, 28]. Factors
that drive inflammation in these conditions are multifactorial and may include psychosocial
stressors, increased gut permeability, alterations in the microbiome, and innate immune
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activation associated with chronic disease and/or infection (reviewed in [50]). In the current
study, depression in HIV-infected subjects was associated with augmented IFN responses
(IFN-gamma, CXCL9, CXCL10). Consistent with these findings, approximately 50% of
cancer and HCV-infected or HIVV/HCV-co-infected patients (also HIV/HCV co-infected)
treated with IFN-alpha develop depressive symptoms, which can be reversed by
antidepressants [51-54]. IFN-alpha is thought to contribute to the susceptibility to depression
by altering serotonin metabolism, HPA function, and metabolic activity in the basal ganglia
[27, 55, 56].

Consistent with previous studies [24, 27], depression was associated with decreased
tryptophan and increased K:T ratio in two independent cohorts of HIV-infected individuals
(with and without ART). These alterations correlated with other metabolic alterations
associated with depression. Tryptophan is a precursor of serotonin and its bioavailability has
been shown to determine the rate of serotonin synthesis in the brain [15]. Tryptophan can
also be catabolized via the kynurenine pathway, forming kynurenine derivatives and
nicotinamide adenine dinucleotide (NAD), a coenzyme important for energy metabolism
[57]. Indoleamine 2,3-dioxygenase (IDO), a rate-limiting enzymes for tryptophan
catabolism by the kynurenine pathway, is induced by inflammatory cytokines and its activity
is enhanced in chronic inflammatory conditions such as atherosclerosis and obesity [58, 59].
In HIV infection, increased IDO activity predicts poor CD4* T-cell recovery and increased
mortality and has been linked to dysregulation of the Th1l to Treg balance, driving further
inflammation [21, 25, 60-62]. While ART has been shown to reduce tryptophan catabolism
and improve phenylalanine to tyrosine ratios in HIV-positive individuals, these metabolite
alterations persist despite ART [22, 23, 30-32]. Furthermore, some kynurenine derivatives
are neurotoxic (3-hydroxykynurenine and quinolinic acid) and have been shown to both
agonize and antagonize the N-methyl-D-aspartate (NMDA) receptor, which plays an
important role in regulating glutamatergic neurotransmission [63]. Thus, increased
tryptophan catabolism via the kynurenine pathway may contribute to depression not only by
effects on serotonin biosynthesis, but also by production of neurotoxic metabolites and
possible effects on the glutamatergic system.

Another finding in HIV-positive and negative subjects with depression was decreased
phenylacetate and 4-hydroxphenylacetate, products of phenylalanine/tyrosine catabolism
derived from oxidation of phenylethylamine and tyramine through the action of MAO.
However, we did not find significant differences in the Phe/Tyr ratio between subjects with
and without depressive symptoms. Alterations in phenylalanine metabolism have been
reported in older adults with depression [36] and depressed patients with heart failure [37].
Furthermore, decreased phenylacetate in urine was proposed as a biomarker of some forms
of unipolar depression [64, 65]. Decreased dopamine (and its metabolites) and increased
MAQO activity have been reported in the basal ganglia of SIV-infected macaques and HIV
patients with neurological disease [66-68]; these alterations also correlated with
neuroinflammation and oxidative stress [68]. Further studies are required to better
understand how HIV-associated inflammation may play a role in dysregulating this
metabolic pathway.
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Plasma metabolomics also revealed decreased acylcarnitines (propionylcarnitine,
isobutyrylcarnitine, isovalerylcarnitine, and 2-methylbutyrylcarnitine) in HIV-positive and
negative subjects with depression, a finding that correlated with severity of depression.
Acylcarnitines are fatty acyl esters of L-carnitine that facilitate entry of long-chain fatty
acids into the mitochondria for ATP synthesis. Acylcarnitine supplementation was shown to
have beneficial effects in treatment of certain neurological diseases, and brain acylcarnitines
have been shown to have neuroprotective effects, stabilizing membrane composition,
modulating neurotransmission, protecting against excitotoxicity, and having antioxidant and
anti-apototic functions (reviewed in [69]). Alterations in acylcarnitine levels are used to
diagnose genetic defects in mitochondrial B-oxidation [70-72]. Several studies found
evidence of altered mitochondrial function [73, 74] or decreased ATP production and
alterations in respiratory chain enzymes in muscle [75] from patients with lifetime diagnosis
of MDD. Furthermore, patients with mitochondrial disorders frequently have depressive
symptoms, with one study reporting lifetime diagnosis of MDD in >50% of patients tested
[17, 76, 77]. In the current study, acylcarnitines correlated with the BCAA catabolites 3-
methyl-2-oxovalerate and 4-methyl-2-oxopentanoate. BCAA are catabolized in
mitochondria and serve as an alternative energy source for metabolically active tissues [78,
79]. Furthermore, 4-methyl-2-oxopentanoate is often used to assess liver mitochondrial
function and can influence glutamate synthesis in neurons [80, 81]. Several studies have
implicated alterations in brain energetics in the pathogenesis of depression and effects of
antidepressants [38, 82, 83]. Consistent with these observations, our results suggest a model
in which subtle alterations in mitochondrial bioenergetics may contribute to the
pathophysiology of depressive symptoms.

We acknowledge certain limitations of our study. While all depressed subjects had a clinical
diagnosis of MDD, different depression scales were used in the HI\-positive test cohort
(BDI) compared to the HIV-positive validation and HIVV-negative cohorts (CES-D). HIV-
positive and -negative subjects from the ALIVE study were current or past injection drug
users and may not represent general populations. Samples were collected between
2002-2012 and therefore may not reflect HIV patients seen in the clinic today due to
differences in ART regimens. Depression is often associated with high risk behaviors such
as smoking, alcohol consumption, and drug abuse. Given potential confounding effects of
these variables, these findings should be validated in cohorts without these covariates.
Twenty five percent of subjects were on antidepressants. Although we cannot exclude the
possibility that these medications may have contributed to metabolic alterations, subanalyses
of HIV-positive and negative cohorts excluding subjects on antidepressants identified
similar alterations to those reported for the total cohort. Finally, our study was cross-
sectional and causality cannot be inferred. Future studies should be performed on subjects
followed longitudinally, on and off ART, and before and after initiation of antidepressants.

In summary, metabolomics identified altered monoamine and acylcarnitine metabolites,
along with increased inflammatory markers in HIV-positive and HIV-negative subjects with
depression compared to non-depressed controls, suggesting inter-relationships between
inflammation, altered monoamine metabolism (serotonin, dopamine, trace amines) and
mitochondrial energetics may be involved in the biological mechanisms underlying
depression. Integrated approaches targeting inflammation, monoamine metabolism, and
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mitochondrial pathways may be beneficial for prevention and treatment of depressive
symptoms affecting quality of life and clinical outcomes in HIVV-positive and HIV-negative
populations suffering from MDD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inter-relationships between plasma metabolites and depression scores in HIV patients
on ART

Spearman correlation matrix visualization reveals inter-relationships between a set of 5
plasma metabolites and BDI scores in the HIV-positive test cohort (n=30). Comparisons
were performed in a pair-wise manner and the correlation matrix was constructed in R.
Diagonals display the histogram for each individual variable. Units displayed on the x-axis
of the histogram represent depression scores (BDI) or metabolite concentrations (scaled
intensities). Units on the y-axis represent numbers of subjects with values within the
specified range for depression scale scores or metabolite concentrations. Panels to the right
of the histogram show Spearman correlation coefficients and p-values. Red and blue
represent positive and negative correlations, respectively.
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HIV-positive
test cohort
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validation cohort

HIV-negative
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Figure 2. Plasma metabolites distinguishing between subjects with and without depressive
symptoms in HIV-positive and HIV-negative cohorts

On the left, heatmaps with unsupervised hierarchical clustering of signature metabolites
(n=6; FC>1.2, p<0.01, FDR <10%) altered across independent cohorts of HIV-positive and
HIV-negative subjects with compared to without depressive symptoms. Red and blue
indicate increased and decreased metabolite levels, respectively. Subjects with versus
without depressive symptoms (n=14 and n=16, respectively) from the HIV-positive test
cohort were matched by age, gender, HCV status, type of ART regimen (% on protease
inhibitors), drug use, and stage of disease (current and nadir CD4 count). Subjects with
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versus without depressive symptoms in the HIV-positive validation cohort (n=10 and n=20,
respectively) were matched for age, gender, race, HCV status, % on ART, smoking, drug
use, and stage of disease). Subjects with versus without depressive symptoms in the HI\V-
negative cohort (n=10 with and n=15 without depressive symptoms) were matched for age,
gender, race, HCV status, smoking, and drug use. Dendrograms show clusters of similar
subjects (top) and metabolites (left). On the right, box plots of metabolites altered in subjects
with compared to without depressive symptoms. Medians are represented by horizontal bars,
boxes span the interquartile range (IQR), and whiskers extend to extreme data points within
1.5 times IQR. Outliers plotted as open circles lie outside 1.5 times the IQR. Blue and red
represent subjects without and with depressive symptoms, respectively. P-values were
calculated using Welch's t-tests.

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Cassol et al.

A 3

B

Scaled Intensity

isovalerylcarnitine

isovalerylcarnitine

CXCL10 (IP-10)

Page 18
p=0.007 15-
— p=0.058 p=0.011
.. — [ —
u p=0.084 L S
1 ] — ] b ¥
- E ° e -~
M 2 104 o ns 8.
1 p=0.057 - ) oy ’ . ®
— L] > °_o ee HWmm
. T 3 * .
L [} L)
- £ 5/
° g
i o5 o5 . Jo . .ml. ..o 3 . =
°_® ° =
o oo
[ ]

T L 5 T T T T T T
Tryptophan Kynurenine K:T ratio IFN-alpha IFN-gamma CXCL8 CXCL9 CXxCL10
spearman = -0.4023 , p = 0.01282, spearman = -0.3096 , p = 0.05903 , spearman = -0.4236 , p = 0.008048 , spearman = -0.5126 , p = 0.001164 ,

q=0.01352 q=0.0396 q=0.0099 q=0.002147
Q
e . . Q © .
- - o9 . . ©
. 3 o 2 T o ‘ Q
[ . e v G S *. o E 24 e .
S . = o= . T < o
é = o . 3 .
. . ® c " . > S e & 8 s *° .
- e H o o O .
g, gs4. .. . g8 - gsd*. ..
ad =S ? o i@ X
T e o g e % . . N » o e ® - Q w . o
- . .- 5_2_' l.--‘ . . ;‘?-. . (l'?_ 5 Te .
- & . E T a . . E . . = ° .
@ ” & ° T o . £ o :
] . 0 £ T o 7 .
@ . T . I .
T T T T T T T T T ™ T T T T ; T T T T
1.0 15 20 25 1.0 15 20 25 1.0 15 20 25 <t 1.0 15 2.0 25
K:T ratio K:T ratio K:T ratio K:T ratio
spearman = 0.5141, p = 0.0009614 , spearman = 0.3774,, p = 0.01949 , spearman = 0.6497 , p = 1.016e-05, spearman = 0.6561, p = 7.738e-06 ,
q=0.005288 q=0.09731 q=7.453e-05 q=6.75e-05
)
24 b o ) 80) * % © o
e : = o ° .. . c | ° i s
: .. % c @ 8 e [ A <
- . o B oa® %%
oo | 821 CRRECH BTk IR S g 21 e
o . . > e o & (s} . R 2 cm, e »
J * * . . : 8 w - . . . . €0 (\l‘ a8 - > . .. ? g -1 : L .o
-1, . ) -g_ S - st E‘ vl . g 6 QT . . .
o y ' ol £ .
' . @ . E 7 . @ .
T T T T T T T T UNL ) T T T T 1S3 L 1
-08 -04 00 02 04 -0.8 -0.4 00 02 04 -08 -04 00 02 04 < -08 -0.4 00 02 04
tryptophan tryptophan tryptophan tryptophan
spearman = 0.4663 , p = 0.003172, spearman = 0.3794 , p = 0.01722,
q=0.003979 q=0.01439
o e 8§ @ © - 8
o S J 9 v . %
- s = :
= W oen, ol o = o8
» 2 . . .
= = Q. ¢
e . [®) N L .'.'.
. .
® - . ..
T T T T T T T T
-0 -05 00 05 10 -10 -05 00 05 10

kynurenine

kynurenine

Figure 3. Depressive symptoms are associated with augmented IFN responses and increased
tryptophan catabolism in HIV patients

A) Beeswarm plots of tryptophan catabolism metabolites and inflammation markers altered
in HIV patients with (n=20, red) vs. without depressive symptoms (n=20, blue) from the
merged HIV dataset (n=40, age<50 years old). HIV-positive subjects with versus without
depressive symptoms were matched for age, race, gender, stage of disease (current and nadir
CD4), HIV plasma viral load, and ART use. Medians are represented by horizontal bars and
error bars represent IQR. P-values were calculated using Mann Whitney U test. B)
Correlation plots of markers of tryptophan catabolism, IFN responses (IFN-gamma-induced
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chemokines CXCL9/MIG and CXCL10/IP-10), and metabolites associated with depressive
symptoms in the merged HIV dataset (n=40). Spearman correlations were used to examine
relationships between IFN-gamma-induced chemokines and metabolite levels. The
correlation coefficient R, and p-value are shown above each plot.

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Cassol et al.

P<0.05

| ]
-0.5 ;

HIV-positive test cohort

P<0.05

| ]
0.5 1
HIV-positive validation cohort

Page 20

Depression Score

n
2

|||

K:T ratio

tryptophan

3-methyl-2-oxovalerate

Immfine funclion

Tryptbphan

bolism

rotoni
bi

4-methyl-2-oxopentanoate

propionylcarnitine

isovalerylcarnitine

2-methylbutyrylcarnitine

isobutyrylcarnitine
4-hydroxyphenylacetate

phenylacetate

Phenylalanine and Tyrosine Metabolism

.......

Figure 4. Inter-relationships between plasma metabolites, depression scores, and markers of

tryptophan catabolism in two HIV-positive cohorts

A) The correlation matrix was constructed in R using the heatmap.2 function. Pearson

correlations were used to evaluate relationships between metabolites (p<0.05, FDR<0.1).
Spearman correlations were used to examine relationships between metabolites, depression
scores, and K:T ratio. Significant correlations had a —=0.32> r >0.32, p<0.05, and FDR<10%.
Red and blue indicate positive and negative correlations, respectively (see Color Key). B)

Network model of metabolites and metabolic pathways altered in HIV patients with

depression. Metabolites identified by fold change and correlation analysis (see A) were
mapped to metabolite pathways, and interaction networks were generated in Cytoscape.

Light blue nodes represent signature metabolites associated with depressive symptoms
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across independent cohorts. Dark blue nodes represent inter-related metabolites identified by
correlation analysis. Yellow and white nodes represent other related metabolites and
metabolic pathways, respectively.
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Clinical and demographic characteristics of study cohorts

Table 1
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HIV-positive test cohort

HIV-positive validation HIV-negative cohort (n=36)

(n=32 cohort (n=36)
Age (years)* 44 (33-59) 48 (35-57) 49 (36-62)
Gender (male) 67% 53% 53%
Race (African American) 60% 86% 78%

*

23.6 (21.9-30.1)

25.3 (18.6-34.6) 26.1 (19.4-39.9)

BMI
HCV seropositive 73% 67% 64%
Smokers NA 81% 78%
Alcohol use 40% 53% 50%
Cocaine use 47% 53% 56%
% on ART 100% 58% NA
% on PI 7% 68% NA
* - -
Current CD4 (cells/ul) 288 (16-1396) 350 (64-992) NA
* - -
Nadir CD4 (cells/ul) 54 (2-267) 221 (6-856) NA
* - -
Plasma HIV viral load (log copies/ml) 17Q.7-32) 2.8 (1.6-4.0) NA
* -
BDI 9 (0-35) NA NA
% with BDI = 14 47% NA NA
* -, -
CES-D NA 11 (0-43) 12 (0-36)
% with CES-D = 16 NA 36% 33%
Antidepressant use 30% 27% 16%

Abbreviations: BMI, body mass index; BDI, Beck Depression Inventory; CES-D, Center for Epidemiological Studies Depression Scale; NA, not

available.

*Median (IQR)
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