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Epigenetic and inflammatory marker profiles
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Background. Recent work suggests that epigenetic differences may be associated with psychiatric disorders. Here we
investigate, in a community-based sample, whether methylation profiles distinguish between individuals with and
without lifetime depression. We also investigate the physiologic consequences that may be associated with these
profiles.

Method. Using whole blood-derived genomic DNA from a subset of participants in the Detroit Neighborhood
Health Study (DNHS), we applied methylation microarrays to assess genome-wide methylation profiles for over
14000 genes in 33 persons who reported a lifetime history of depression and 67 non-depressed adults. Bioinformatic
functional analyses were performed on the genes uniquely methylated and unmethylated in each group, and
inflammatory biomarkers [interleukin (IL)-6 and C-reactive protein (CRP)] were measured to investigate the possible
functional significance of the methylation profiles observed.

Results. Uniquely unmethylated gene sets distinguished between those with versus without lifetime depression. In
particular, some processes (e.g. brain development, tryptophan metabolism) showed patterns suggestive of increased
methylation among individuals with depression whereas others (e.g. lipoprotein) showed patterns suggestive of
decreased methylation among individuals with depression. IL-6 and CRP levels were elevated among those with
lifetime depression and, among those with depression only, IL-6 methylation showed an inverse correlation with
circulating IL-6 and CRP.

Conclusions. Genome-wide methylation profiles distinguish individuals with versus without lifetime depression in a
community-based setting, and show coordinated signals with pathophysiological mechanisms previously implicated
in the etiology of this disorder. Examining epigenetic mechanisms in concert with other dynamic markers of
physiologic functioning should improve our understanding of the neurobiology of depression.
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Introduction

ORIGINAL ARTICLE

Epigenetic modifications regulate genetic function
through mechanisms that are independent of DNA
sequences. Although multiple types of epigenetic
modifications have been identified (Kim et al. 2009), all
involve chemical modifications that regulate chroma-
tin structure and/or DNA accessibility, which in turn
alter the transcriptional activity of the surrounding
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loci. Methylation, the covalent modification of DNA
whereby methyl groups are coupled to cytosine
residues at CpG sites, is perhaps the best studied
of these epigenetic mechanisms, due in part to its
tractability to study. In general, methylation and gene
expression are typically thought to show an inverse
correlation, such that increased methylation corre-
sponds to decreased gene expression and vice versa
(Egger et al. 2004).

As dynamic molecular markers that have been
shown to change with age (Bjornsson et al. 2008) and
experience (Kang et al. 2007), epigenetic signatures are
attractive candidates for elucidating the underlying
mechanisms of complex diseases (reviewed in Petronis,
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2010), including mental illness (Ptak & Petronis, 2010).
With respect to depression, animal models have
shown that early life events can change the methy-
lation levels of genes implicated in the neurobiology
of this disorder (i.e. NR3C1, 5-HTTLPR) (Weaver et al.
2004; Kinnally et al. 2010). In addition, work based
again on animal models has shown that these levels
can be altered through pharmacologic intervention
(Weaver et al. 2004, 2005), even in terminally differ-
entiated, adult tissues. In humans, few studies have
been conducted that specifically address the link be-
tween methylation and depression. However, in vitro
investigation has suggested an association between a
lifetime history of major depressive disorder (MDD)
and methylation levels in the promoter region of
the serotonin transporter gene (SLC6A4; 5-HTTLPR)
(Philibert et al. 2008); and in vivo work suggests a
link between depressive symptoms and methylation at
this same locus (Olsson ef al. 2010). Similarly, in vivo
work suggests an association between prenatal ex-
posure to maternal depression and postnatal methy-
lation levels in DNA from cord blood in the promoter
region of the NR3C1 gene (Oberlander et al. 2008).
Complementing these candidate gene examples,
approaches that investigate the entire genome have
reported numerous methylation differences in the
frontal cortices of patients affected by schizophrenia
and bipolar disorder, compared to unaffected controls
(Mill et al. 2008). Importantly, many of these differ-
ences occur in genes previously implicated in the
neurobiology of psychosis, including glutamatergic
and gamma-aminobutyric acid (GABA)ergic neuro-
transmission genes and loci involved in neuronal de-
velopment (Mill et al. 2008). Taken together, the results
from these early studies suggest that specific epi-
genetic profiles may be associated with mental illness;
however, to the best of our knowledge, such genome-
wide epigenetic profiles have yet to be reported for
depression.

An additional important mechanism to consider in
the etiology of depression is inflammation. Con-
siderable evidence has demonstrated a link between
inflammatory processes and depression (reviewed in
Maes, 1999; Dantzer et al. 2008). In particular, the role
of pro-inflammatory cytokines has received much at-
tention as a potential mediator of depression (Kronfol
& Remick, 2000; Kiecolt-Glaser & Glaser, 2002;
Schiepers et al. 2005; Irwin & Miller, 2007 ; Miller et al.
2009), with significant increases in interleukin (IL)-6
and IL-1, for example, associated with the presence
the disorder (Maes et al. 1993a, 1995). In addition,
depression and other adverse psychiatric outcomes
are known to develop following therapeutic use of
cytokines such as IL-2 and interferon (IFN)-a (Kronfol
& Remick, 2000). From an epigenetic perspective,

inflammation is known to induce oxidative damage
(Backdahl et al. 2009), which can either reduce or
increase methylation: the former through the oxi-
dation of methyl groups, which renders methylated
CpG sites less recognizable to the enzyme that main-
tains methylation during mitosis; the latter through
the production of reactive halogen compounds that
mimic 5-methylcytosines in the binding of methyl-
binding proteins (Valinluck & Sowers, 2007). Indeed,
significant correlations have been reported between
levels of global methylation and inflammatory bio-
markers [C-reactive protein (CRP) and IL-6] among
patients suffering from chronic kidney disease
(Stenvinkel et al. 2007). Nevertheless, research ex-
amining the link between depression and inflam-
mation, and between inflammation and methylation,
has been conducted primarily in experimental settings
(i.e. in clinical and animal model studies). This
highlights the importance of assessing these links in
community-based, epidemiologic studies.

To address these gaps in the literature, here we test
whether unique epigenetic profiles are associated with
depression in samples obtained from an ongoing,
prospective, longitudinal cohort: the Detroit Neigh-
borhood Health Study (DNHS). We used methylation
microarray technology to characterize genome-wide
methylation signatures among individuals with and
without lifetime depression in this community-based
sample. We then conducted bioinformatic analyses of
these microarray data to identify the biological path-
ways associated with the methylation profiles that
characterize those with and without the disorder.
Finally, to augment existing laboratory and clinical
research examining the link between depression and
inflammation, and to provide in vivo evidence for the
functional significance of these depression-associated
methylation profiles, we investigated serum IL-6 and
CRP levels in these same individuals.

Method

A sample of 33 persons who reported a lifetime history
of depression and 67 non-depressed adults were
selected from an ongoing longitudinal study, the
DNHS. The DNHS is a survey-based investigation of
mental health correlates among Detroit residents. A
total of 1547 participants were surveyed during wave
1 of the study, each of whom received US$25 for their
participation in the survey. All survey participants
were offered the opportunity to provide venepuncture
(VP) blood specimens for the biospecimen component
of the study (which included testing of immune and
inflammatory markers from serum and also genetic
testing of DNA) and received an additional US$25 if
they elected to do so. VP specimens were obtained



following informed consent from a subsample of
eligible participants during wave 1 (n=501). For the
purposes of this study, 100 of these 501 participants
were selected midway through the wave 1 sample
collection effort in order to conduct pilot testing of
epigenetic profiles associated with mental illness in
community-based settings.

Wave 1 survey participants were representative of
the Detroit population in terms of age, gender, race,
income, and educational attainment (ACS, 2009). The
100 participants in the current study were similar
to the full sample on these key sociodemographic
characteristics but were, on average, slightly younger
than individuals in the full survey sample (45.3 v. 50.6
years, p=0.003). As our subsample of 100 participants
for this study was selected specifically according to
presence of mental illness, the prevalence of de-
pression is much higher in our study sample (33 %)
than in the full survey sample (17.6 %).

Depressive symptoms were evaluated with the
nine-item depression scale of the Patient Health
Questionnaire (PHQ-9; Kroenke et al. 2001). Each of
the nine questions was scored as 0 (not at all) to 3
(nearly every day), such that scores ranged from 0 to
27 (Kroenke et al. 2001). Lifetime depression cases
were participants who reported depressed mood or
anhedonia, at least one additional symptom for
‘more than half the days’ for two or more weeks, and
whose symptoms occurred together. One symptom,
‘thoughts that you would be better off dead or of
hurting yourself in some way’, counted if present at
all, regardless of duration. The PHQ-9 in this study
had excellent internal consistency, with a=0.86.

In a clinical reappraisal performed on 51 random
participants from the larger study, comparing the
PHQ-9 to clinician-administered SCID, the measure
had a sensitivity of 0.60, specificity of 0.93, positive
predictive value of 0.67, negative predictive value of
0.90, and an area under the receiver operating charac-
teristic (ROC) curve of 0.76; these are comparable
to well-established brief assessments for depression
used in community-based samples such as the CIDI
(Andrews & Peters, 1998). Furthermore, low sensi-
tivity values for this instrument imply that our
prevalence estimates are conservative. Factor analysis
yielded one global dominant factor for the PHQ-9,
suggesting good symptom cohesiveness. This study
was approved by the Institutional Review Board (IRB)
of the University of Michigan, and all participants
provided written, informed consent.

Bisulfite conversion of previously extracted, whole
blood-derived genomic DNA from 100 individuals
and from control human methylated and non-
methylated DNA (Zymo Research, USA) was per-
formed on 1 ug of each sample using the EZ-96 DNA
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Methylation™ Kit (Zymo Research) following the
manufacturer’s recommended protocol. Four technical
replicates were also included, comprising duplicate
samples of two randomly selected individuals and
duplicate samples of the control human methylated
and unmethylated DNA. Bisulfite-converted DNA
was subsequently assessed for methylation status at
27578 CpG loci covering more than 14 000 genes using
the humanmethylation27 (HM27) DNA Analysis
BeadChip (Illumina, USA). Samples were placed on
microarray chips without knowledge of depression
status; all replicates were placed on separate micro-
array chips. The resulting data were background
normalized using Illumina’s BeadStudio software and
exported for subsequent analysis using the R package
v. 2.9.0 and SAS software v. 9.2. Spearman correlation
coefficients (p) of the two replicated samples were 0.81
and 0.89; control replicates showed p=0.96 (methyl-
ated controls) and p =0.98 (unmethylated controls).

DNA methylation 8 values range continuously
from 0 (completely unmethylated) to 1 (completely
methylated). The average f value for methylated con-
trol replicates was 0.93; for unmethylated control re-
plicates the average 8 value was 0.17. In this study,
probes with f values <0.2 were classified as un-
methylated, and probes with § values >0.8 were
classified as methylated. These values are conservative
compared to other cutoffs that have been used pre-
viously to determine methylated and unmethylated
sites on the HM27 BeadChip (Brunner et al. 2009) and
to the analogous percentage of methylation reference
(PMR) values found in the cancer literature (e.g.
Pike et al. 2008). Methylation levels were averaged
for each gene in each group (with and without
depression) and the number of shared versus uniquely
methylated /unmethylated genes was determined.
McNemar’s x? test was used to compare the pro-
portion of uniquely methylated and unmethylated
genes among depression-affected versus depression-
unaffected individuals.

Functional analyses of genes uniquely methylated /
unmethylated in each group were performed using
the functional annotation clustering (FAC) tool in the
Database for Annotation, Visualization and Integrated
Discovery (DAVID; Huang et al. 2009). DAVID is a
publicly available resource that provides a compre-
hensive set of functional annotation tools to help in-
vestigators understand the biological meaning behind
large sets of genes. In this study, results were obtained
using the FAC tool, which clusters similar annotations
based on the co-occurrence of particular gene sets.
The tool also calculates an associated enrichment score
for each cluster based on the geometric mean of the
p values determined for each of its component anno-
tations (which is then reported in —log scale). For
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Fig. 1. Number of methylated and umethylated genes
according to depression status. White indicates the genes
uniquely methylated or unmethylated among individuals
with lifetime depression, light grey indicates the genes
uniquely methylated or unmethylated among individuals
without lifetime depression, and dark grey indicates the
genes commonly methylated or unmethylated in both
groups. Methylated genes were defined as those genes with
average f3 values of >0.8, and unmethylated genes were
defined as those genes with average 5 values of <0.2.

the FAC analyses reported here, options were set to
their default values and annotations were accessed as
indexed on 31 August 2009. Clusters were identified
by selecting the over-represented annotation that
conveyed the broadest biological meaning within each
FAC. Additional analyses of disease-related anno-
tations only were performed on the uniquely un-
methylated gene sets, with options otherwise set to
default values; the results for these analyses include
all annotations contained within each cluster. Pyro-
sequencing of two loci in subsets of 89 and 90 of the
100 individuals tested on the HM27 beadchip con-
firmed the direction of initial methylation results. In
addition, targeted DNA sequencing of three loci in
20 individuals confirmed the existence of invariant
sequence at the probe target regions (Uddin et al. 2010).

Publicly accessible data on gene expression were
obtained from the National Center for Biotechnology
Information (NCBI) gene expression omnibus (GEO)
database. Whole blood-derived gene expression levels
from 40 samples were obtained for analysis from the
following datasets: GDS2952, GDS2519, GDS1331, and
GDS596. All samples were derived from healthy con-
trol individuals in these datasets. Commonly methyl-
ated and unmethylated probes were obtained from
our data as presented in dark grey in Fig. 1. RefSeqs
of the GEO data were obtained from Affymetrix
NetAffx™ Analysis Center batch query as of 27 July
2009 and then matched with the RefSeqs (accession
numbers) in the Illumina data for additional analysis.
Raw gene expression values of commonly methylated
and unmethylated probes were log base 2 transformed
and normalized by median centering. The values
were then averaged for each probe and a t test was

performed to compare the mean expression levels
between the two groups.

Peripheral blood mononuclear cells (PBMCs) were
isolated by centrifugation of whole blood and re-
suspended in 6 ml of freezing medium, 1 ml of which
was loaded into a packed cell volume (PCV) tube and
centrifuged in the tube at 2400 RCF for 1 min. PCV
tubes were then assessed for PBMC count using the
TPP Easy Read Ruler (MIDSCI, USA) and following
the manufacturer’s recommended protocols. IL-6 was
measured in serum in the same 100 individuals tested
on the HM27 BeadChips, using the QuantiGlo Human
IL-6 sandwich enzyme immunoassay kit (R&D
Systems, USA) and following the manufacturer’s rec-
ommended protocol. CRP was measured in serum in
99 of the 100 individuals (32 of 33 in the depression
affected group) using the CRP Ultra Wide Range
Reagent Kit (Genzyme, USA) and following the manu-
facturer’s recommended protocols. Data were log
transformed prior to analysis to improve normality.

Results

Individuals diagnosed with depression did not differ
significantly from their unaffected counterparts with
respect to age, sex, race, education level, medication
use, smoking or drinking behavior, or PBMC count
(p>0.05; Table 1). By contrast, depression-affected
individuals had fewer uniquely unmethylated and
methylated genes compared to depression-unaffected
individuals (Fig. 1); differences between the two
groups were statistically significant (y*=30.78, 1 df,
p<0.0001 for uniquely unmethylated gene com-
parisons and x*=271.04, 1 df, p<0.0001 for uniquely
methylated gene comparisons). Gene expression
analysis of the genes commonly methylated and un-
methylated in both groups suggests that, in general,
methylated gene states correspond to lower gene
expression levels and unmethylated gene states cor-
respond to higher gene expression levels (Sup-
plementary Fig. S1).

The results for the top three FACs show that distinct
biological pathways are associated with the uniquely
methylated and unmethylated genes in each group
(Table 2; full FAC results are available as online
supplementary material, Tables S1-S4), with many
clusters reflecting pathways or processes known to be
altered among individuals with depression, particu-
larly among the uniquely unmethylated gene sets.
That individuals in both groups show these unique
methylation signatures suggests that, for some pro-
cesses (i.e. brain development, tryptophan meta-
bolism), individuals with depression typically show
higher methylation levels (and lower expression
levels) in the genes associated with that FAC.
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Table 1. Demographic and behavioral characteristics of the study sample

Lifetime depression status Group
comparison
With Without test?
depression depression 4
Sex
Male 10 30 0.16
Female 23 37
Age (years) 43.5 (11.9) 46.2 (18.7) 0.39
Race
White 5 9 0.08
Black 23 56
Other 5 2
Education
Less than high school 5 9 1.00
High school or more 28 58
Smoking
Ever smoked 17 41 0.36
Never smoke 16 26
Alcohol consumption
Ever drank 25 52 0.84
Never drank 8 15
Taking any medications®
None 17 35 0.95
At least one 16 32
Anti-infective
No 32 63 1.00
Yes 1 4
Biologic/immunologic
No 33 66 1.00
Yes 0 1
Anti-infective /biologic/immunologic
No 32 62 0.66
Yes 1 5
Antidepressants
No 30 65 0.33
Yes 3 2
Anti-anxiety
No 30 66 0.10
Yes 3 1
Anti-psychotic
No 32 65 1.00
Yes 1 2
Antidepressants/anti-anxiety /anti-psychotic
No 28 62 0.29
Yes 5 5
PBMC count 24.54 (9.13) 22.75 (7.46) 0.30
Serum IL-6 levels® 6.25 (13.62) 3.38 (6.41) 0.26
Serum CRP levels® 11.72 (18.67) 4.15 (4.78) 0.03

PBMC, Peripheral blood mononuclear cell; IL-6, interleukin-6; CRP, C-reactive protein.
Values given as n or mean (standard deviation).

2Student’s t test for age and x? tests for the other variables.

> Medications were classified according to the Medispan® database.

¢Levels are reported in untransformed units.
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Table 2. Functional annotation cluster analyses of uniquely methylated and unmethylated genes®

Uniquely unmethylated Uniquely methylated
No. of Enrichment No. of Enrichment
Group Cluster genes score Cluster genes score
With Multicellular organismal 36 2.06 Protease 11 0.78
depression development
Lipoprotein 7 14 Metabolic process 15 0.52
Hydrolase activity, acting 10 1.12 Cell development 3 0.49
on ester bonds
Without Brain development 11 1.22 Signal 127 2.73
depression Tryptophan metabolism 12 1.12 Lipocalin 9 2.47
Neuromuscular process 6 0.99 Tissue development 12 2.3

2 All genes are identified in terms of DAVID IDs; genes can appear in more than one cluster.

Table 3. Disease-based functional annotation clustering results of genes uniquely unmethylated among individuals without lifetime

depression

Functional cluster 1

Enrichment score: 0.89

No. of genes® in cluster: 5

Category Annotation No. of genes in annotation
GENETIC_ASSOCIATION_DB_DISEASE Alcoholism 4
GENETIC_ASSOCIATION_DB_DISEASE Attention deficit disorder, conduct 3

disorder, oppositional defiant disorder

GENETIC_ASSOCIATION_DB_DISEASE
GENETIC_ASSOCIATION_DB_DISEASE_CLASS

Functional cluster 2

Bipolar disorder 4
CHEMDEPENDENCY 4

Enrichment score: 0.71

No. of genes in cluster: 8

Category Annotation No. of genes in annotation
GENETIC_ASSOCIATION_DB_DISEASE Cognitive function 3
GENETIC_ASSOCIATION_DB_DISEASE Parkinson’s disease 4
GENETIC_ASSOCIATION_DB_DISEASE_CLASS NEUROLOGICAL 8

Functional cluster 3

Enrichment score: 0.28

No. of genes in cluster: 10

Category Annotation No. of genes in annotation
GENETIC_ASSOCIATION_DB_DISEASE Bipolar disorder 4
GENETIC_ASSOCIATION_DB_DISEASE_CLASS PSYCHIATRIC 9
GENETIC_ASSOCIATION_DB_DISEASE Schizophrenia 4
GENETIC_ASSOCIATION_DB_DISEASE_CLASS PHARMACOGENOMIC 4

2 All genes are identified in terms of DAVID IDs; genes can appear in more than one cluster.

Conversely, for other processes (i.e. lipoprotein, hy-
drolase activity), the results suggest that individuals
with depression typically show lower methylation
levels (and higher expression levels) in the genes as-
sociated with that FAC. Analyses of disease-related
annotations among the unmethylated gene sets show
FACs composed almost exclusively of psychopath-
ology-associated disease classes in the depression-
unaffected group (Table 3), suggesting again that
individuals with depression possess higher methyla-
tion levels in these psychopathology-associated gene
sets. No disease-related FACs (involving psychopath-
ology or any other disease class) were identified from

the uniquely unmethylated genes among individuals
with depression.

Fig. 2 shows average IL-6 and CRP levels in those
with and without lifetime depression. Average IL-6
levels were higher in the depression-affected group
(Welch’s t=1.91, df =58, p=0.06). Average CRP levels
were significantly higher in this same group (Welch’s
t=2.95, df=59, p<0.01). Among those with lifetime
depression only, there was a significant inverse
correlation between methylation and serum levels of
IL-6 (Pearson r= —0.54, p=0.001), and a significant
inverse correlation between methylation of IL-6 and
serum levels of CRP (Pearson r=—0.48, p=0.006).
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Fig. 2. Box plot of log-transformed interleukin (IL)-6 and
C-reactive protein (CRP) serum levels in those with versus
without lifetime depression. Shown are the log-transformed
median IL-6 and CRP levels in each group (black horizontal
bar) and also the range of the values, with the top and bottom
whiskers representing the maximum and minimum values,
respectively.

No significant relationship was observed between
methylation and serum levels for CRP.

Discussion

Drawing on samples obtained from an ongoing,
longitudinal epidemiologic study, our study docu-
ments, for the first time, genome-wide differences in
methylation profiles among individuals with and
without lifetime depression in a community-based
setting. We find that genes uniquely unmethylated
in each of the two groups show evidence for the
involvement of inflammatory-related pathways and
processes previously implicated in depression, and
confirm the functional significance of these results by
demonstrating elevated levels of two inflammatory
markers, IL-6 and CRP, among those with lifetime
depression. This functional relationship was further
corroborated by the finding of an inverse correlation
between methylation of IL-6 CpG and circulating IL-6
and CRP levels among those with lifetime depression.

Among individuals with lifetime depression, we
observed a signal of lipoprotein-related functions
in the uniquely unmethylated gene set (Table 2). In
humans, studies based on peripheral blood have
shown increased levels of lipid peroxidation among
patients with depression (Galecki et al. 2007). Simi-
larly, work based on gene expression microarrays has
identified depression-associated differences in blood
gene expression patterns for loci involved in lipid
metabolism (Kalman ef al. 2005). Indeed, depression
has been characterized as an immune response direc-
ted against disrupted lipid membrane components
and by-products of lipid peroxidation (Maes, 2008).
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The epigenetic signal observed here is thus consistent
with previous reports of lipid-related differences
associated with depression.

Among individuals without lifetime depression,
the topmost FAC pertains to brain development and
neurogenesis-related functions (Table 2; Table S3).
Recent work focusing on the action of antidepressants
in both rodents and humans suggests that impair-
ments in neurogenesis may play a contributing role to
the reduction in cell numbers and morphological
plasticity associated with depression (reviewed in
Manyji et al. 20004, b). In addition, the identification of
tryptophan metabolism among the top three func-
tional clusters in the depression-unaffected group is
consistent with previous reports regarding the role of
tryptophan, a precursor of serotonin, in depressed in-
dividuals. In experimental studies of patients whose
depression is currently in remission, patients who
ingest a tryptophan-deficient amino acid mixture
that transiently decreases serotonin levels in the brain
often experience a brief relapse of symptoms during
tryptophan depletion (aan het Rot et al. 2009).

Our findings of higher IL-6 levels and significantly
higher CRP levels in those with depression are also
consistent with previous work conducted in both
clinical and community settings (e.g. Trzonkowski
et al. 2004; Ranyjit et al. 2007; Gimeno et al. 2009; and
reviewed in Howren et al. 2009). Unique to this study,
however, is the pairing of methylation and inflamma-
tory marker testing in the same individuals, which
enabled us to infer potential functional consequences
of the methylation differences that distinguished those
with and without depression. IL-6 is a cytokine that
plays a central role in a variety of inflammation-
associated disease states, including depression (Elenkov,
2008). CRP is a protein found in the blood, the levels of
which rise in response to inflammation (specifically,
due to a rise in the plasma concentration of IL-6)
(Pepys & Hirschfield, 2003). As noted in the introduc-
tion, a wealth of evidence suggests that inflammation
may increase the risk of major depressive episodes
(Maes et al. 1993¢, 2009; Sluzewska et al. 1996; Maes,
1999, 2008 ; Dantzer ef al. 2008). This increased risk has
been attributed in particular to a reduction in plasma
tryptophan levels previously reported among indi-
viduals with depression (Anderson et al. 1990; Maes
et al. 1993b). TRP is metabolized via two main path-
ways, one that produces serotonin through trypto-
phan hydroxylase enzymatic activity, and another that
produces kynurenin and kynurenic acid through the
action of tryptophan 2,3-dioxygenase and indoleamine
2,3-dioxygenase (IDO) (Myint & Kim, 2003 ; Leonard &
Myint, 2009). Notably, IDO is expressed in all organs,
including the brain (Dantzer et al. 2008), and cytokines
can enhance IDO activity (Hu et al. 1995; Babcock
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& Carlin, 2000). Thus, IDO overexpression has been
proposed to result in an inflammation-induced de-
pletion of plasma tryptophan that ultimately induces
serotonin depletion in the brain of those affected by
depression (the so-called “neurodegeneration hypoth-
esis” of depression; Myint & Kim, 2003). Other work,
however, suggests that in the case of depression, the
disorder itself may be the cause of increased inflam-
mation (reviewed in Miller et al. 2009) and the sickness
behavior that often accompanies it (Gold & Irwin,
2009). Although the direction of the inflammation/
depression relationship has yet to be fully elucidated
(Howren et al. 2009), lowered plasma tryptophan has
been labeled an ‘inflammatory biomarker of de-
pression’ (Maes et al. 1997 ; Maes, 2008). In this study,
we saw evidence for unique activation of this pathway
in our epigenetic results among those unaffected by
depression (Table 2), suggesting relatively increased
expression of related genes in this group, and con-
sistent with the decreased activity of inflammatory
markers we observed in comparison to those with
depression. Taken together, these results suggest that
the etiology of depression involves dysregulated bio-
logic processes that are altered across multiple levels
of organization, from molecular-level changes in
methylation profiles observed in blood-derived DNA
to systemic changes in pro-inflammatory cytokine
signaling pathways that, although observed in the
periphery, are known to be capable of affecting
neurogenesis in the central nervous system (CNS) and
are related to disruptions in neuroplasticity in mood-
relevant brain regions (reviewed in Miller et al. 2009).

Finally, our disease-related analyses identified three
clusters predominantly comprising psychopathology-
associated functional annotations (Table 3). Included
in these clusters (and also those in Table 2) are
genes previously implicated in the etiology of de-
pression, including monoamine oxidase A (MAOA)
and solute carrier family 6 (SLC6A3), in addition to
other genes belonging to gene families also previously
implicated in depression [e.g. GABA A receptor genes,
5-hydroxytryptamine (serotonin) receptor genes] or
other psychiatric disorders (e.g. regulator of G-protein
signaling 4, RGS4).

Several limitations should be considered when inter-
preting these findings. First, based on the current,
cross-sectional analyses, it is not possible to determine
whether the observed depression-associated methyla-
tion and inflammatory marker patterns are indicative
of changes due to the disorder, or whether they are
instead reflective of underlying biologic vulnera-
bilities among depression-affected individuals that
existed prior to the disorder; additional, longitudinal
studies are needed to address this issue. Second,
methylation levels are known to vary among tissues

and cells types (Eckhardt et al. 2006). Our reliance
on DNA from whole blood to assess methylation
patterns, rather than specific cell types within the
blood, meant that we were unable to determine
blood cell-specific differences in methylation status,
which would have to be accounted for when replicat-
ing the current findings in other, longitudinal cohorts.
Similarly, our necessary reliance on peripheral tissues
limits the inferences that can be drawn regarding
pathways involving the brain. Nevertheless, a grow-
ing body of research confirms the promise of using
peripheral blood to make inferences about brain-
related processes (Gladkevich et al. 2004; Wrona, 2006;
Le-Niculescu et al. 2009), which bodes well for the
expanded use of this tissue in large epidemiologic
studies such as the DNHS. Finally, given previous
reports of race/ethnic differences in methylation
levels at specific loci (e.g. Lee et al. 2007) and the
overwhelmingly African-American heritage of indi-
viduals who provided samples for this study (79 %),
the results from this work may not be generalizable to
other populations.

Despite these limitations, our results provide the
first report of peripheral epigenomic profiles as-
sociated with depression in a community setting,
and provide a first step toward integrating the func-
tional significance of these profiles with additional,
independent physiologic measures of inflammatory
markers. Future work should consider epigenetic
mechanisms in the search to better understand the
neurobiology of depression.

Note

Supplementary material accompanies this paper on
the Journal’s website (http://journals.cambridge.org/

psm).
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