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a b s t r a c t

Previous findings on the dysfunction of hypothalamic-pituitary-adrenal (HPA) axis in generalized anxiety
disorder (GAD) are controversial, and the molecular mechanisms underlying such dysfunction remain
unclear. We analyzed the methylation status of the NR3C1 1F promoter and the expression of gluco-
corticoid receptor-a isoform (GRa) in peripheral blood mononuclear cells (PMBCs), the basal cortisol level
in serum, and a functional neuroendocrine marker for GR sensitivity in the PMBCs in 64 patients with
current GAD and 85 healthy controls. We found that patients with GAD had significantly elevated levels
of morning basal serum cortisol (P < 0.0001) and diminished GR sensitivity in the PBMCs (P < 0.0001)
compared with healthy controls. The overall methylation levels across NR3C1 1F promoter (P < 0.0001)
and percent methylation at each of the 5 CpG sites including CpG12, 21, 30, 31, and 32 (P < 0.001)
significantly increased. Accordingly, the mRNA levels of GRa significantly decreased (P < 0.0001) in the
PBMCs in patients with GAD compared with healthy controls, with the effects specific in patients without
childhood traumatic experience. Moreover, both serum basal cortisol levels and GR sensitivity in the
PBMCs were negatively correlated with the overall methylation levels of the NR3C1 1F promoter
(P < 0.0001) and positively correlated with GRa mRNA levels (P ¼ 0.007) in the PBMCs. In sum, our study
revealed the increased activity of the HPA axis and diminished peripheral glucocorticoid responsiveness
of GR underlying episodes of GAD. Furthermore, such dysfunction of the HPA axis is associated with both
increased DNA methylation of NR3C1 1F promoter and decreased GRa expression.

© 2017 Published by Elsevier Ltd.

1. Introduction

Generalized anxiety disorder (GAD) is a chronic and disabling
syndrome with an estimated lifetime prevalence of 4e7% in the
general population (Angst et al., 2009, Lieb, 2005). The core

symptom of GAD is excessive, unreasonable anxiety and worrying
that is difficult to control; however, its psychopathology is not well
understood. Chronic over-activation of the hypothalamic-pituitary-
adrenal (HPA) axis causes wear and tear of the brain because of the
toxic effects of elevated cortisol levels (McEwen, 2008). HPA axis
dysregulation is believed to play an important role in the patho-
physiology of anxiety disorders.

Anxiety disorder (AD) hasdalthough inconsistentlydbeen
linked to the hyperactivity of the HPA axis (Abelson et al., 2007,
Arborelius et al., 1999). Several studies on panic disorder revealed
elevated basal cortisol levels (Abelson and Curtis, 1996; Bandelow
et al., 2000, Garcia-Leal et al., 2005) and diminished suppression
of cortisol after a dexamethasone (DEX) suppression test (DST)
(Abelson et al., 2007; Westberg et al., 1991) following current
anxiety symptoms, whereas others report negative results (Okasha
et al., 1994, Targum,1992). For GAD, fewer studies have investigated
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its HPA axis activity, indicating increased (Lenze et al., 2011,
Mantella et al., 2008) or normal cortisol levels (Chaudieu et al.,
2008, Gerra et al., 2000) and weakened (Okasha et al., 1994) or
normal (Schweizer et al., 1986, Tiller et al., 1988) suppression of
dexamethasone on serum cortisol. In sum, the findings regarding
anxiety-related HPA axis dysregulation in previous literature
remain inconclusive.

Glucocorticoid receptor (GR) is a key regulator of HPA axis
function. The activity of the HPA axis is controlled through the
negative feedback regulation by GRs in the paraventricular nucleus,
the pituitary gland, and the hippocampus (McEwen, 2008). Recent
studies indicate that GR gene (NR3C1 in humans) is epigenetically
modified by environmental factors such as prenatal traumatic
experience and early life adversities to produce prolonged alter-
ations in stress reactivity and feedback regulation of the HPA axis
(Begum et al., 2013, McGowan et al., 2009, Yehuda et al., 2014,
Zhang et al., 2013). The differential methylation modification of
the NR3C1 promoter is involved in several types of psychiatric
disorders including posttraumatic stress disorder (Vukojevic et al.,
2014, Yehuda et al., 2015), bipolar disorder (BD) (Perroud et al.,
2014), and major depressive disorder (MDD) (Na et al., 2014) and
has become an important area of research in biological psychiatry
(see review (Turecki and Meaney, 2016)). Moreover, a recent study
reported the first evidence of reduced leukocyte methylation of
NR3C1 in association with AD (Tyrka et al., 2016). With respect to
GAD, however, there are insufficient studies to clarify the role of
NR3C1 methylation in its pathophysiology.

Besides the methylation modification in the NR3C1 promoter, its
expression is involved in psychiatric pathogenesis (Gola et al.,
2014). There are 2 highly homologous isoforms of the GRdGRa
and GRbdin humans that are produced by alternative splicing of
the NR3C1 transcript. GRa is a predominant and functionally active
glucocorticoid receptor. More importantly, in mood disorders, GRa
mRNA expression decreases in the peripheral blood cells (Gola
et al., 2014). In the present study, we analyzed DNA methylation
of the NR3C1 1F promoter and GRa expression in the peripheral
blood mononuclear cells (PMBCs), basal cortisol level in serum, and
a functional neuroendocrine marker of the HPA axisdthe lysozyme
IC50-DEX on dexamethasone-inhibited lysozyme activity test in
PMBCsdin 64 patients with GAD and 85 healthy controls. We
sought to answer 3 questions: 1) whether GR sensitivity and serum
cortisol change following GAD development; 2) whether the
methylation levels of NR3C11F promoter and GRa expression in the
peripheral blood is associated with GAD; 3) whether there are as-
sociations among NR3C11F promoter methylation, GRa expression,
GR sensitivity, serum cortisol level, and clinical symptoms.

2. Materials and methods

2.1. Study sample and clinical assessment

Participants were recruited from inpatients in the Department
of Psychiatry of The First Affiliated Hospital of Xi'an Jiaotong Uni-
versity (TFAHXJTU). The inclusion criteria for patients was that they
1) met the GAD criteria according to the Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-IV) axis I diag-
nosis; 2) scored greater than or equal to 14 on the Hamilton Anxiety
Rating Scale (HAM-A) (Hamilton, 1959); and 3) were free of treat-
ment for at least 3 months. People who underwent health exami-
nations in the medical examination center of TFAHXJTU were
recruited as healthy controls. Participants were excluded if they 1)
had current severe physical illness or life psychiatric DSM-IV axis I
or axis II disorder (except GAD and past depressive disorder); 2)
were taking other prescribed medications that could affect the
central nervous system; or 3) were pregnant.

Other clinical evaluations included HAM-A and Hamilton
Depression Rating Scale (HAM-D) for the severity of anxiety and
depression (Hamilton, 1967), as well as Childhood Trauma Ques-
tionnaire (CTQ) for childhood trauma (Bernstein et al., 2003). All
initial participants, 64 patients and 85 controls, who underwent all
assessments and sample collection, were included in our further
analysis. The present study followed the Declaration of Helsinki and
was approved by the Medical Ethics Committee of TFAHXJTU. All
subjects participated voluntarily and signed the written informed
consent forms prior to enrollment.

2.2. Blood analysis

Venous blood from each participant was drawn between 8:00
a.m. and 8:30 a.m. after at least 8 h of fasting. An aliquot of the
blood sample was collected in a tube without anticoagulant and
immediately centrifuged at 3000 g for 10 min at 4 �C. The serum
sample was then separated from the clotted blood and stored
in �80 �C until analysis. The serum cortisol concentration in each
sample was measured in duplicates with DSL-2000 Cortisol
Radioimmunoassay Kit (Diagnostic Systems Laboratories, USA) ac-
cording to the manufacturer's instructions. The intra- and inter-
assay coefficients of variation observed for the quality assessment
samples (3 and 20 mg/dL) were less than 5% and 10%, respectively.
Another aliquot of the blood sample was collected to isolate the
PBMCs using Ficoll-Paque PLUS (GE Healthcare, USA). Genomic
DNA was extracted from an aliquot of the purified PBMCs using
DNeasy Blood & Tissue Kit (QIAGEN, Germany) and used for
bisulfite sequencing. Total RNAwas isolated from another aliquot of
the purified PBMCs, and GRa mRNA was measured using real-time
quantitative polymerase chain reaction (PCR) according to the
methods described in Gola et al. (2014) (Gola et al., 2014). The
remaining purified PBMCs were cultured and incubated with
varying doses of DEX to measure the IC50-DEX for lysozyme inhibi-
tion as in previously described methods (Yehuda et al., 2003).
Lysozyme is a GR-regulated enzyme, and the IC50-DEX measures the
concentration of DEX at which there is 50% inhibition of the lyso-
zyme activity and reflects GR sensitivity in PBMCs.

2.3. Sodium bisulfite sequencing

Genomic DNA from PBMCs was treated by sodium bisulfite
(EpiTect® Bisulfite Kit, QIAGEN, Germany) and bisulfite sequencing
of the NR3C1 1F promoter was carried out according to previous
studies (Yehuda et al., 2015). Before bisulfite treatment, bacterio-
phage Lambda DNA were added to each sample DNA. All cytosines
of Lambda DNA are unmethylated and bisulfite conversion effi-
ciency was evaluated by the proportion of the cytosines that were
converted to thymine in Lambda DNA. Whole-genome bisulfite
sequencing for 16 samples and bioinformatics analysis revealed
that >99% cytosines were successfully converted to thymine via our
bisulfite treatment. The NR3C11F promoter regions were amplified
by two PCRs from the sodium bisulfite-treated DNA using specific
primers and condition parameters described in previous studies
(Yehuda et al., 2015). The resulting PCR products including 38 CpG
dinucleotides were isolated on a 2% agarose gel and purified using
QIA quick PCR Purification Kit (Qiagen, Germany). The PCR products
were then subcloned and transformed using a PCR product cloning
kit (Qiagen, Germany). Twenty plasmids containing the ligated
NR3C1 1F promoter were sequenced per subject using 3730 DNA
sequencer (Applied Biosystems). The sodium bisulfite treatment
converts non-methylated cytosine to uracil, which is read as
thymine in DNA sequencing. Moreover, the methylation status of a
cytosine was determined as methylated or non-methylated ac-
cording to whether a CpG dinucleotide was read as cytosine or
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