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Abstract: Depression, type 2 diabetes (T2D), and metabolic syndrome (MetS) are often 

comorbid. Depression per se increases the risk for T2D by 60%. This risk is not accounted 

for by the use of antidepressant therapy. Stress causes hyperactivation of the hypothalamic–

pituitary–adrenal (HPA) axis, by triggering the hypothalamic corticotropin-releasing hormone 

(CRH) secretion, which stimulates the anterior pituitary to release the adrenocorticotropin 

hormone (ACTH), which causes the adrenal secretion of cortisol. Depression is associated with 

an increased level of cortisol, and CRH and ACTH at inappropriately “normal” levels, that is 

too high compared to their expected lower levels due to cortisol negative feedback. T2D and 

MetS are also associated with hypercortisolism. High levels of cortisol can impair mood as 

well as cause hyperglycemia and insulin resistance and other traits typical of T2D and MetS. 

We hypo thesize that HPA axis hyperactivation may be due to variants in the genes of the CRH 

receptors (CRHR1, CRHR2), corticotropin receptors (or melanocortin receptors, MC1R-MC5R),  

glucocorticoid receptor (NR3C1), mineralocorticoid receptor (NR3C2), and of the FK506 bind-

ing protein 51 (FKBP5), and that these variants may be partially responsible for the clinical 

association of depression, T2D and MetS. In this review, we will focus on the correlation of 

stress, HPA axis hyperactivation, and the possible genetic role of the CRHR1, CRHR2, MCR1–5, 

NR3C1, and NR3C2 receptors and FKBP5 in the susceptibility to the comorbidity of depression, 

T2D, and MetS. New studies are needed to confirm the hypothesized role of these genes in the 

clinical association of depression, T2D, and MetS.

Keywords: depression, type 2 diabetes, metabolic syndrome, cortisol, CRH, ACTH

Introduction
Type 2 diabetes mellitus (T2D) is associated with an increase in the risk of major 

depressive disorder.1,2 Conversely, depression confers a 60% increased T2D risk.3 

This association between depression and T2D cannot be attributed to antidepressant 

therapy.4 T2D is associated with metabolic syndrome (MetS), and T2D, MetS, and 

depression are associated with high cortisol levels.5–9 It is possible that neuroendocrine 

dysfunction in depression increases the risk for T2D and MetS, and that inherited gene 

variants involved in stress responses might account, at least in part, for the comorbidity 

of depression with T2D and MetS.6,10,11

In fact, considerable evidence suggests that genetic vulnerability to depression may 

be conferred by variation in genes regulating systems of stress response,12,13 such as 

the hypothalamic–pituitary–adrenal (HPA) axis.14,15 The HPA axis is a neuroendocrine 
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system modulating the stress response via interactions 

with serotonergic, noradrenergic, and dopaminergic brain 

systems. Stress leads to high cortisol levels; under stress, the 

HPA axis releases corticotrophin-releasing hormone (CRH) 

to stimulate adrenocorticotropin hormone (ACTH) secretion 

via the CRH receptor (CRHR) from the anterior pituitary, 

thereby elevating cortisol. The CRHRs (CRHR1 and CRHR2) 

and the melanocortin receptors (MC1R–MC5R) mediate 

the axis responsiveness to integrated signals from diurnal 

rhythms, cortisol negative feedback via the glucocorticoid 

receptor, and superimposed stressors. Recently, MC2R 

variants leading to strong responses to ACTH have been 

described.16 Further, MC4R variants causing functional 

impairment have been reported.17 Increased cortisol 

causes serotonergic dysfunction, which is a substrate for  

depression.12 While acute stress with associated cortisol 

levels is a physiological phenomenon, persistent or chronic 

stress associated with persistent or chronic hypercortisolism 

may lead to a pathological condition. Hypercortisolism 

and altered feedback inhibition are HPA abnormalities 

of depression, T2D, and MetS (Figure 1).7–9,18 Depressed 

patients, given their hypercortisolism and compared to con-

trol subjects, have inappropriately “normal” plasma ACTH 

and cerebrospinal fluid CRH;19 that is, their levels should 

be lower in the presence of high cortisol, which triggers a 

negative feedback at the level of the hypothalamus and pitu-

itary gland, thereby reducing CRH and ACTH. Thus CRHR, 

ACTH receptor, and glucocorticoid receptor dysfunctions 

are possible. Several of these HPA axis receptor genes are 

associated with metabolic abnormalities; the known physi-

ologic effects of glucocorticoids suggest that inherited pre-

disposition to HPA axis activation may contribute to glucose 

intolerance,20 visceral obesity, and increased triglycerides 

and blood pressure.21,22

It is possible that common gene pathways are responsible 

for the association of depression with T2D and MetS and that 

genetic variation in the HPA axis receptors may explain the 

link between depression, T2D, and MetS.

T2D, MetS, and depression  
and possible genetic stratification 
for their comorbidity
T2D (with 11% prevalence after age 50),23 MetS (with 42% 

prevalence after age 60),24 and depression (with 9% preva-

lence in adults)25 are heterogeneous polygenic and complex 

disorders and they are often comorbid. T2D is defined by at 

least two fasting glucose levels $126 mg/dL or a glucose 

level of 200 mg/dL at 2 hours of the oral glucose tolerance 

test or by a random glucose level of 200 mg/dL associated 

with symptoms. MetS is defined by the National Cholesterol 

Education Program (2002) Adult Treatment Panel III as the 

presence of  at least three of the following: abdominal obesity 

(waist circumference in men .102 cm, in women .88 cm), 

high triglycerides ($150 mg/dL), low high-density lipopro-

tein (HDL) cholesterol (HDL ,40 mg/dL in men, ,50 mg/

dL in women), high blood pressure ($130/85 mmHg and/or 

on antihypertensive medications), and high fasting glucose 

($110 mg/dL and/or on antidiabetic medications). Visceral 

fat deposition, high blood pressure, and hyperglycemia are 

all aging phenomena.

The Diagnostic and Statistical Manual of Mental 

Disorders, Fifth Edition (DSM-V) criteria for major depres-

sive disorder (depression) are: presence of depressed mood or 

a loss of interest or pleasure in daily activities for more than 

2 weeks; mood change from the person’s baseline; impaired 

function at least either social or occupational or educational. 

Further, at least five of the following nine symptoms must be 

present nearly every day: depressed or irritable mood most 

of the day, nearly every day, per either subjective report (eg, 

the patient feels sad or empty) or observation made by oth-

ers (eg, appears tearful); decreased interest or pleasure in 

most activities, most of each day; significant weight change 

(5%) or change in appetite; change in sleep: insomnia or 

hypersomnia; change in activity: psychomotor agitation or 

retardation; fatigue or loss of energy; guilt or worthlessness: 

feelings of worthlessness or excessive or inappropriate guilt; 

concentration: diminished ability to think or concentrate, or 

more indecisiveness; and suicidality: thoughts of death or 

suicide, or the patient has a suicide plan.

Both the serotonergic and HPA system are implicated in 

depression26 and both may play a role in T2D and MetS.6,27,28 

Thus, it is unlikely that a single pathway or a few genes 

in a specific pathway will explain any one of these three 

disorders or their comorbidity. We believe that there is a 

genetic stratification in comorbid-diseases predisposition 

Depression

T2D/MetS

CRH, ACTH, and
glucocorticoid
receptor dysfunction

Increased CRH, ACTH,
and cortisol 

Figure 1 Hypothesized relationship between CRH, ACTH, and glucocorticoid 
receptors dysfunction, increased CRH, ACTH and cortisol levels, depression, T2D, 
and MetS.
Abbreviations: ACTH, adrenocorticotropin hormone; CRH, corticotropin-
releasing hormone; MetS, metabolic syndrome; T2D, type 2 diabetes.
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correlated to  phenotype heterogeneity. As not all depressed 

patients develop T2D and MetS, and not all patients with T2D 

and MetS have depression, different gene pathways will be 

responsible for each disorder independently, but the HPA axis 

function and underlying genes could be related to the symp-

toms and signs of depression and potentially contributing to 

the increased risk for T2D and MetS. However, the genetic 

risk conferred by the HPA axis pathway for the comorbidity 

of depression, T2D, and MetS is expected to be stratified in 

patient groups and to correlate with sub-phenotypes of T2D, 

MetS, and depression. An investigational study of the cor-

relation of the HPA-axis-related genes with the phenotype(s) 

of T2D, MetS, and depression, or the lack thereof, may 

elucidate the genetic basis of the T2D and MetS association 

with depression. Such an investigational study will provide 

the foundation upon which other data and pathogenetic 

hypotheses could subsequently be built.

Novelty of hypothesis and  
new investigational needs
Our hypothesis for the potential link of depression with 

T2D and MetS challenges the currently accepted paradigm 

that T2D and MetS are only metabolic disorders, and that 

depression is only a mental disorder. In fact, we believe that 

they are all, at least partially and in the subgroup of patients 

with T2D, MetS, and depression comorbidity, associated 

with hyperactivity of the neuroendocrine cortisol pathway. 

There are no extensive data regarding genetic screening of 

the HPA axis receptor genes jointly exploring T2D, MetS, 

and depression traits in humans. It would be a powerful 

and innovative strategy for gene risk identification to per-

form linkage and association tests not only in a group of 

patients with T2D, MetS, and depression, but also with the 

pre-phenotypes and associated mental traits potentially con-

tributing to these diseases. The hypothesis is that T2D and 

MetS are not merely disorders affecting glucose levels, lipid 

levels, and blood pressure, rather they are complex disorders 

characterized by increased predisposition to stress-related 

hyperactivity and abnormal psychological traits leading to 

abnormal behavioral and compensatory mechanisms.

Ideally, the impact of single and/or complex gene variants 

should be tested in the major traits as well as in the sub-

phenotypes of these two apparently distinct disorder groups 

of T2D-MetS and depression. There is a need to test not just 

genotypes and alleles of candidate genes, but also haplotypes, 

diplotypes, and multilocus alleles to prove the risk effects of 

complex gene variants in common disorders.

A linkage strategy would be helpful in identifying rare 

variants rather than common variants as major players in the 

diseases’ causes.29 Also, the interaction among gene variants 

should be tested.

To test the abovementioned hypothesis, it would be 

essential to build an interdisciplinary approach of human 

genetics and clinical phenotyping of T2D and MetS with a 

focus on depression and related traits and to perform a joint 

study of the HPA axis receptor genes in both human T2D 

and MetS with the depression phenotypes.

Implication of the HPA axis and 
related candidate genes in the 
pathogenesis of the comorbidity of 
T2D, MetS, and depression
High cortisol increases glycogenolysis, gluconeogenesis, 

insulin resistance, free fatty acids, and visceral obesity, and 

indirectly and directly reduces insulin secretion; all these 

effects per se and jointly lead to T2D20 and MetS. High cor-

tisol may cause depressive symptoms as well30,31 and stress 

plays a major role in depression: early life stress (eg, separa-

tion anxiety at an early life stage)32 associated with HPA axis 

hyperactivation14 induces long-lasting changes linked to adult 

anxiety and depressive behavior.33 While some subjects thrive 

and some break down under similar adverse circumstances due 

to neuroendocrine stress-related psychopathology, differential 

genetic predisposition to neuroendocrine stress response is 

expected. The CRH system plays a role in the stress response 

of depression13,15 and CRH single nucleotide polymorphisms 

are depression risk variants.15 The CRH system resistance leads 

to hypercortisolism. A subgroup of hypercortisolemic patients 

with depression, if stimulated with CRH, show a blunted ACTH 

response, whereas CRH infusion to healthy subjects reproduces 

the hypercortisolism of depression, suggesting that hypercor-

tisolism in depression represents a defect at the CRHR level, 

resulting in CRH hypersecretion.34 Furthermore, a significant 

cortisol response to a blunted ACTH response suggests that the 

adrenal glands hyper-respond to ACTH. Thus, there may be an 

ACTH receptor abnormality as well.35 Aging is associated with 

both the HPA axis reduced feedback and hyperactivity,36 which 

could be due to glucocorticoid receptor resistance, and may 

lead to T2D, MetS, and depression. However, depression preva-

lence decreases with age. Consequentially, the stress response 

pathway may lead to the T2D–depression and MetS–depression 

comorbidity. The genes possibly conferring predisposition to 

the clinical association of T2D, MetS, and depression are the 

CRHRs (CRHR1 and CRHR2), the corticotropin receptors or 

melanocortin receptors (MC1R–MC5R), the glucocorticoid 

receptor (GCR), the mineralocorticoid receptor (MCR), and 

the FK506 binding protein 51 (FKBP5) (Table 1).
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The CRHR1 gene is expressed in the brain. CRHR1–/– 

mice show reduced anxiety behavior.37,38 CRHR1 variants 

are implicated in human depression39–42 and antidepressant 

response.43,44 However, there are no studies in human T2D 

and MetS. CRHR1 is expressed on beta cells and stimulates 

beta cell proliferation and insulin secretion in a glucose-

dependent manner;45 some CRHR1 variants are associated 

with hypertension,46 thus CRHR1 dysfunction may lead 

to hyperglycemia, T2D, and high blood pressure of MetS. 

Interestingly, the CRHR1 genetic locus 17q12 is linked to 

T2D47 and MetS.48

The CRHR2 gene is also expressed in the brain. CRHR2–/– 

mice have reduced stress coping behaviors49 and show hyper-

sensitivity to stress and anxiety behavior.50,51 CRHR2 is not 

yet identified as a risk gene in human depression,52 T2D, or 

MetS. However, previous studies report the CRHR2 locus 

7p21-p15 in linkage with depression53 and bipolar disorder.54,55 

Of note, genetic overlap exists between bipolar disorder and 

depression.56 The CRHR2 genetic locus 7p21-p15 is also 

linked to T2D,57,58 glycemia, triglyceride, and HDL levels.59 

CRHR2–/– mice show high blood pressure and reduced sus-

tained hypophagia;49 thus CRHR2 variants may lead to high 

blood pressure and obesity of MetS, the latter potentially due 

to impaired mediation of food intake control.

The corticotropin receptor or melanocortin 1 receptor 

(MC1R) gene is expressed in the brain, liver, and pancreas, 

and is implicated in depression and antidepressant response.60 

However, there are no studies in human genetics of T2D or 

MetS. The MC1R genetic locus 16q24 is linked to bipolar 

disorder,61,62 T2D nephropathy,63 and left ventricular thickness 

in the setting of MetS.64

The corticotropin receptor or melanocortin 2 receptor 

(MC2R) gene is expressed in the brain and adrenal gland; 

MC2R mutations cause hypoglycemia and glucocorticoid 

deficiency.65 There is a lack of studies in human depression 

and T2D. The MC2R genetic locus 18p11 is linked to bipo-

lar disorder,67–70 T2D, insulin, obesity, and body mass index 

(BMI).71–75

The corticotropin receptor or melanocortin 3 receptor 

(MC3R) gene is expressed in the hypothalamus and brain; 

it is involved in obesity76,77 and may play a role in human 

T2D.66,78 MC3R–/– mice have increased adipose mass;79 

MC3R variants may protect against weight and blood pres-

sure increase.80 There are no studies in human MetS and 

depression. The MC3R genetic locus 20q13.2 is linked to 

bipolar disorder,55 T2D,81–83 and early-onset hypertension in 

African Americans.84

The corticotropin receptor or melanocortin 4 receptor 

(MC4R) gene is expressed in the brain; it is involved in 

hyperphagia and increased BMI,85 as well as T2D,86–89 but 

data are inconsistent.90,91 Some MC4R variants are implicated 

in weight regulation and BMI.92,93 MC4R is also implicated 

in depression.94 The MC4R genetic locus 18q22 is linked to 

depression,53 bipolar disorder,67,69 and T2D.71 It is known that 

18q22 deletion causes metabolic defects.95 The 18q22 locus 

affects glycemia,96 is linked to hypertriglyceridemia,97 and 

is associated with fat mass.98

The corticotropin receptor or melanocortin 5 receptor 

(MC5R) gene is expressed in the brain and has a role in 

T2D.66 MC5R variants are associated with BMI.98 There is 

a lack of studies regarding depression. The MC5R genetic 

locus 18p11 is linked to bipolar disorder,67–69 T2D,71–73 BMI,75 

obesity, and insulin.74

Table 1 Candidate genes, their locus and linkage data, and related 
risk human phenotypes

Gene Locus; linkage Risk variants in 
humans

CRHR1 17q12; T2D, MetS Depression, 
antidepressant response, 
hypertension

CRHR2 7p21-p15; T2D, glycemia, 
triglyceride, HDL, depression, 
bipolar disorder

MC1R 16q24; bipolar disorder,  
diabetic nephropathy, left  
ventricular thickness in MetS

Depression, 
antidepressant response

MC2R 18p11; bipolar disorder, T2D,  
BMi, obesity, insulin

Hypoglycemia, 
glucocorticoid deficiency

MC3R 20q13.2; bipolar disorder, T2D, 
early-onset hypertension in  
African-Americans

Obesity, T2D, protective 
against increased weight 
and blood pressure

MC4R 18q22; depression, bipolar  
disorder, T2D 
18q22 del metabolic defects; 
glycemia, triglyceride, fat mass

Hyperphagia, increased 
BMi, 
T2D 
weight regulation, 
depression

MC5R 18p11; bipolar disorder, T2D,  
BMi, obesity, insulin

T2D, BMi

NR3C1 5q31; bipolar disorder vulnerability, stress 
response, depression, 
hyperglycemia, insulin 
resistance, T2D 
treatment, hypertension

NR3C2 4q31.1-31.2; T2D, MetS, bipolar 
disorder, blood pressure

Antidepressant response, 
depression

FKBP5 6p21.31; T2D, obesity, blood 
pressure, bipolar disorder

Depression, 
antidepressant response

Abbreviations: BMi, body mass index; HDL, high-density lipoprotein; MetS, 
metabolic syndrome; T2D, type 2 diabetes; del, deletion; CRHR1, corticotropin 
receptor 1; CRHR2, corticotropin receptor 2; MC1R, melanocortin receptor 
1; MC2R, melanocortin receptor 2; MC3R, melanocortin receptor 3; MC4R, 
melanocortin receptor 4; MC5R, melanocortin receptor 5; NR3C1, glucocorticoid 
receptor 1; NR3C2, mineralcorticoid receptor 2; FKBP5, FK506 binding protein 5.
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The glucocorticoid receptor gene or nuclear  receptor 

sub-family 3, group C, member 1 (GCR or NR3C1), 

expressed ubiquitously, and the mineralocorticoid receptor 

gene or nuclear receptor sub-family 3, group C, member 2 

(MCR or NR3C2), expressed in multiple tissues including 

the central nervous system and the hippocampus, may also 

predispose to the T2D, MetS, and depression comorbidity. 

Glucocorticoids mediate the HPA axis negative feedback via 

the GCR at the hypothalamus and pituitary level. Cortisol 

has effects on both MCR and GCR. Of note, the GCR locus 

5q31 is associated to hypertension99 and linked to bipolar 

disorder.100 The MCR locus chromosome 4q31.1-31.2 is 

linked to T2D and MetS101 and to bipolar disorder.102–105 

MCR and GCR variants affect coping style and depression 

vulnerability, antidepressants response, stress, and depression 

endocrine response.106–115 MCR expression is increased in the 

hypothalamus of diabetic rats116 and MCR is linked to blood 

pressure.117 GCR affects glucose levels118 and is associated 

with insulin resistance;119 GCR antagonism improves insulin 

sensitivity.120 Thus, GCR and MCR dysfunction may lead to 

depression, T2D, and MetS, and contribute to the comorbidity 

of these three disorders.

In addition, the FK506 binding protein 5 (FKBP5), 

a heat shock protein 90 co-chaperone of the steroid receptor 

complex and component of the chaperone receptor hetero-

complex, reduces ligand sensitivity of the GCR121 and is 

implicated in cortisol effects. Interestingly, the FKBP5 gene 

locus 6p21.31 is associated to T2D122 and linked to obesity,123 

blood pressure,124 and bipolar disorder.125 The gene FKBP5 

is therefore a candidate gene for the comorbidity of T2D, 

MetS, and depression. FKBP5 has in fact been implicated in 

depression126,127 and antidepressant response,128 even if results 

for antidepressant response are conflicting.129 There are not 

yet data on FKBP5 and T2D and MetS.

For all the above-mentioned reasons, these genes alone 

or jointly may confer the genetic susceptibility to the HPA 

axis hyperactivation under stressful circumstance and cause 

depression and confer increased risk for the T2D and MetS 

phenotypes.

Suggested methods to empower  
gene identification for the 
comorbidity of depression,  
T2D, and MetS
Families phenotyping
Ideally, to identify the gene variants in the HPA axis receptor 

genes responsible for the clinical association of depression, 

T2D, and MetS, families with all three disorders, as well 

with only two and one disorder, should be studied. At best, 

recruiting families with early onset of disease phenotypes 

and their comorbidity will increase the genetic load for risk 

predisposition and the probability to discover the suscepti-

bility gene variants. The families should be characterized 

not only for depression but also for associated traits such as 

anxiety, insomnia, symptom duration and severity, substance 

abuse and dependence, life stress level, and resilience. The 

cases should be characterized for disease severity, age of 

onset, associated mental comorbidities, subtype of mel-

ancholic depression and atypical depression, to empower  

gene identification strategy and to link risk gene variants 

to specific traits. Melancholic depression is characterized 

by the following: depressed mood; anhedonia as per loss of 

pleasure in most or all activities, inability to react to pleasur-

able stimuli; insomnia or early-morning waking; symptom 

worsening in the morning hours; psychomotor agitation or 

retardation; excessive or inappropriate guilt, worthlessness; 

fatigue; decreased appetite and excessive weight loss; and 

inattention or poor concentration. Atypical depression is 

characterized by the following: improved mood in response 

to positive events; irritable-anxious mood; increased appetite 

as per comfort eating or significant weight gain; sensation of 

heaviness in the limbs; hypersomnia as per excessive sleep or 

sleepiness; over-sensitivity to perceived interpersonal rejec-

tion causing significant social impairment.130

Similarly the families should not only be characterized for 

T2D but also for all the T2D-associated common phenotypes, 

including, but not only, behavioral and compensatory mecha-

nisms related to stress, nutrition, and physical exercise. In 

the characterization of MetS, beyond the classical features of 

MetS, other potentially associated traits should be included; 

for example psychological traits, behavioral traits, nutrition 

and exercise preferences, sleep duration and quality, and 

quality of life.

Linkage and association tests
By characterizing the families with all three disorders, and 

with only two or one of them, as well as defining new groups 

of traits potentially associated with the disease comorbidity, 

it would then be feasible to create different categories of joint 

endophenotypes and traits and to test them for linkage and 

association with the gene variants under study. The creation 

of categories with T2D and melancholic or atypical depres-

sion or both or with specific depression traits (eg, anhedonia, 

insomnia, psychomotor agitation or retardation, decreased 

appetite), psychoactive medication intake, earlier age of onset,  
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extreme phenotype severity, and life stress level, will enrich 

the genetic load and likelihood for stress-related risk-gene 

identification, which could be compared with one category 

with either only T2D or a depression trait. Similarly, it would 

be helpful to test gene variants for linkage with MetS (as 

traditionally defined) as well as for just single phenotypes 

of high blood pressure, visceral obesity, high triglycerides, 

and low HDL, and for the positivity of only two phenotypes; 

and for the additional presence of depression, anxiety, 

insomnia, and therapy with antipsychotics, antidepressants, 

and anxiolytics. To increase the probability of discovering 

risk-genes, the linkage tests should also be performed on a 

group of families with severe MetS by including at least four 

positive criteria as well as increasing the criteria threshold 

(eg, BMI .35, blood pressure .160/95 mmHg, and triglyc-

erides .200 mg/dL), with the addition of depression, anxiety, 

insomnia, psychotropic medications, and high level of stress. 

By creating a subject category for multiple MetS–depression 

traits, the probability that those families will carry the gene 

variants related to chronic stress vulnerability and HPA axis 

hyperactivation will be greater, as well as the chance to 

identify those gene variants compared to: either a category 

with only two MetS traits; or one MetS trait or depression 

trait; or neither MetS nor a depression trait.

Another helpful method to identify the gene variants 

responsible for the comorbidity of depression, T2D, and 

MetS is to perform variance-component trait analyses for 

each quantitative trait associated with T2D and mental–

behavioral traits (eg, stress, sleep duration and quality, diet, 

physical activity, and medication compliance), using the 

other available traits as covariates. The metabolic quantita-

tive traits for T2D could be basal glucose levels at T2D onset, 

average glycated hemoglobin 1c % (Hba1c%) levels, total 

cholesterol and low-density lipoprotein levels, age at disease 

onset, BMI at onset, and years of therapy defined by diet 

only, oral hypoglycemic agents only, insulin only, and insulin  

combined with oral hypoglycemic agents. For the MetS 

 phenotype, the quantitative traits could be blood pressure, 

waist circumference, maximum life BMI, triglycerides, HDL, 

and glucose levels, both independently and by using these 

traits as covariates with age and sex. Further, phenotypes of 

depression, anxiety, insomnia and, psychotropic medication, 

could be used as covariates. Another approach could be to 

test gene variants for linkage with a newly created quantita-

tive scale with: depression, anxiety, insomnia, psychotropic 

medication use, pre-diabetes, T2D, hypertension, high trig-

lycerides, low HDL, and visceral obesity. For the depression 

phenotype, the quantitative traits could be age of onset, 

number of DSM-V criteria met, quantification of severity of 

episodes, associated mental diseases, and treatment types and 

years of antidepressant therapy.

Both linkage and association tests should be performed 

using the nonparametric and parametric methods and data 

should be validated with random simulations. Linkage analy-

sis should also be conditioned on the presence of already 

identified loci.

The association tests should be performed with alleles, 

genotypes, haplotypes, and diplotypes; in fact when two or 

more adjacent single variant polymorphisms are considered, 

haplotype analysis is crucial since single variant polymor-

phisms may affect complex traits acting as cis-regulatory 

elements. In addition, haplotype analysis is more powerful 

than single variant polymorphisms analysis.131 Epistatic 

interaction ought to be studied as well, as a disorder often 

involves a multifactorial underpinning to which many genes 

contribute, and evidence shows that the effects of some genes 

are not additive; rather, the effects are via interactions or 

epistasis.132,133 Because of epistasis, two or more genes may 

increase or reduce disease risk more than expected from their 

independent effects.

If large case–control groups are used, to avoid false nega-

tive associations, association tests should be performed with 

case subjects positive for comorbid diseases or a trait category 

against control subjects negative for those comorbid diseases 

or trait category. In fact, if a gene variant causes depression, 

T2D, and MetS, it would be difficult to identify it by association 

unless the case group is enriched of those phenotypes and the 

control group is unaffected by all those phenotypes. For disease-

associated quantitative traits (eg, Hba1c%), logistic regression 

analysis should be performed.

If association is not identified, the tests should be repeated 

with the probands of only the families showing a positive link-

age, in order to increase the likelihood of gene identification. 

In fact, those families with a positive linkage are more likely 

to carry the disease variant and to highlight a positive asso-

ciation if tested against a control group.134

T2D–depression and MetS–
depression reciprocity
The T2D and depression association should be, for some 

genes and gene variants and with different significance 

levels, comparable to the MetS and depression association. 

However, some discordance is expected that, if identified, 

could guide into gene risk stratification for the T2D, MetS, 

and depression  comorbidity. Thus, while some families with 

T2D– depression and/or MetS–depression will have shared 
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gene-risk  vulnerability within the cortisol pathway, other 

families will not show genetic susceptibility within the corti-

sol pathway and will likely present phenotype differences.

However, for the gene variants not contributing to the 

T2D–depression and MetS–depression association, linkage 

and association within just T2D–MetS or depression could 

be present. Ultimately, some genes and gene variants will 

contribute neither to T2D–MetS comorbidity with depression 

nor to T2D–MetS or depression. In fact, some variability in 

the genetic burden of T2D, MetS, and depression is expected, 

and once identified will help in defining more homogeneous 

clinical phenotypes for future studies by increasing gene risk 

detection power.

Other studies and  
possible outcomes
It would be interesting to set up epigenetic studies to explore 

in depth the hypothesis that stress may indeed induce func-

tional regulatory changes in the abovementioned candidate 

genes, which may per se lead to hypercortisolism and to the 

comorbidity of depression, T2D, and MetS. Furthermore, to 

fully assess the impact of depression on T2D and MetS and 

study the comorbidity and interaction of these three disor-

ders phenomenon, it would be ideal to perform longitudinal 

studies to determine the conferring risk of one disorder onto 

the other.

The final goal of our proposed studies would be to 

implement preventive plans targeting subjects identified 

at risk for T2D, MetS, and depression, who, by knowing 

their genetic make-up and risk for such disorders, may be 

inclined to undergo behavioral–cognitive therapy treatments 

and lifestyle modifying behaviors. Such preventive plans 

may significantly decrease the burden of T2D, MetS, and 

depression comorbidity on subjects and on the health care 

system. In the long-term, it would be possible to thera-

peutically target the receptors implicated in the HPA axis 

disruption in subjects at risk for T2D, MetS, and depres-

sion, thereby reversing the HPA axis hyperactivity to a 

physiological state, and preventing the comorbidity of T2D, 

MetS, and depression. The results of a study targeting the 

abovementioned comorbidity should prompt new research 

in the area of associated mental and metabolic disorders, 

thereby creating a new focus on the neuroendocrine–

mental–metabolic dysfunctions, which may characterize 

pre-disease states. In order to advance the research in 

the field of T2D, MetS, and depression, there is a need to 

accept the idea of a joint pathogenesis of such apparently 

different disorders.
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 28. Silić A, Karlović D, Serretti A. Increased inflammation and lower 
platelet 5-HT in depression with metabolic syndrome. J Affect Disord. 
2012;141(1):72–78.

 29. Dickson SP, Wang K, Krantz I, Hakonarson H, Goldstein DB. Rare 
variants create synthetic genome-wide associations. PLoS Biol. 
2010;8(1):e1000294.

 30. Vogelzangs N, Beekman AT, Dik MG, et al. Late-life depression, corti-
sol, and the metabolic syndrome. Am J Geriatr Psychiatry. 2009;17(8): 
716–721.

 31. Vogelzangs N, Penninx BW. [Depressive symptoms, cortisol, visceral fat and 
metabolic syndrome]. Tijdschr Psychiatr. 2011;53(9):613–620. Dutch.

 32. Brand S, Wilhelm FH, Kossowsky J, Holsboer-Trachsler E, 
Schneider S. Children suffering from separation anxiety disorder 
(SAD) show increased HPA axis activity compared to healthy controls. 
J Psychiatr Res. 2011;45(4):452–459.

 33. Kolber BJ, Boyle MP, Wieczorek L, et al. Transient early-life forebrain 
corticotropin-releasing hormone elevation causes long-lasting anxiogenic 
and despair-like changes in mice. J Neurosci. 2010;30(7):2571–2581.

 34. Gold PW, Kling MA, Khan I, et al. Corticotropin releasing hormone: rel-
evance to normal physiology and to the pathophysiology and  differential 
diagnosis of hypercortisolism and adrenal insufficiency. Adv Biochem 
Psychopharmacol. 1987;43:183–200.

 35. Clark AJ, Metherell LA. Mechanisms of disease: the  adrenocorticotropin 
receptor and disease. Nat Clin Pract Endocrinol Metab. 2006;2(5): 
282–290.

 36. Björntorp P. Alterations in the ageing corticotropic stress-response axis. 
Novartis Found Symp. 2002;242:46–58; discussion 58–65.

 37. Timpl P, Spanagel R, Sillaber I, et al. Impaired stress response and 
reduced anxiety in mice lacking a functional corticotropin-releasing 
hormone receptor 1. Nat Genet. 1998;19(2):162–166.

 38. Smith GW, Aubry JM, Dellu F, et al. Corticotropin releasing  factor 
receptor 1-deficient mice display decreased anxiety, impaired stress 
response, and aberrant neuroendocrine development. Neuron. 
1998;20(6):1093–1102.

 39. Heim C, Bradley B, Mletzko TC, et al. Effect of Childhood Trauma on 
Adult Depression and Neuroendocrine Function: Sex-Specific Modera-
tion by CRH Receptor 1 Gene. Front Behav Neurosci. 2009;3:41.

 40. Ressler KJ, Bradley B, Mercer KB, et al. Polymorphisms in CRHR1 and 
the serotonin transporter loci: gene x gene x environment interactions 
on depressive symptoms. Am J Med Genet B Neuropsychiatr Genet. 
2010;153B(3):812–824.

 41. Wasserman D, Wasserman J, Rozanov V, Sokolowski M. Depression in 
suicidal males: genetic risk variants in the CRHR1 gene. Genes Brain 
Behav. 2009;8(1):72–79.

 42. Liu Z, Zhu F, Wang G, et al. Association of corticotropin-releasing 
hormone receptor1 gene SNP and haplotype with major depression. 
Neurosci Lett. 2006;404(3):358–362.

 43. Licinio J, O’Kirwan F, Irizarry K, et al. Association of a 
 corticotropin-releasing hormone receptor 1 haplotype and  antidepressant 
treatment response in Mexican-Americans. Mol Psychiatry. 2004;9(12): 
1075–1082.

 44. Liu Z, Zhu F, Wang G, et al. Association study of corticotropin-releasing 
hormone receptor1 gene polymorphisms and antidepressant response 
in major depressive disorders. Neurosci Lett. 2007;414(2):155–158.

 45. Huising MO, van der Meulen T, Vaughan JM, et al. CRFR1 is expressed 
on pancreatic beta cells, promotes beta cell proliferation, and potentiates 
insulin secretion in a glucose-dependent manner. Proc Natl Acad Sci U 
S A. 2010;107(2):912–917.

 46. Kamdem LK, Hamilton L, Cheng C, et al. Genetic predictors of glu-
cocorticoid-induced hypertension in children with acute lymphoblastic 
leukemia. Pharmacogenet Genomics. 2008;18(6):507–514.

 47. Spurdle AB, Thompson DJ, Ahmed S, et al; Australian National 
Endometrial Cancer Study Group; National Study of Endometrial 
Cancer Genetics Group. Genome-wide association study identifies a 
common variant associated with risk of endometrial cancer. Nat Genet. 
2011;43(5):451–454.

 48. Cheng CY, Lee KE, Duggal P, et al. Genome-wide linkage analysis of 
multiple metabolic factors: evidence of genetic heterogeneity. Obesity 
(Silver Spring). 2010;18(1):146–152.

 49. Coste SC, Kesterson RA, Heldwein KA, et al. Abnormal adapta-
tions to stress and impaired cardiovascular function in mice lacking 
 corticotropin-releasing hormone receptor-2. Nat Genet. 2000;24(4): 
403–409.

 50. Bale TL, Contarino A, Smith GW, et al. Mice deficient for corticotropin-
releasing hormone receptor-2 display anxiety-like behaviour and are 
hypersensitive to stress. Nat Genet. 2000;24(4):410–414.

 51. Kishimoto T, Radulovic J, Radulovic M, et al. Deletion of crhr2 reveals 
an anxiolytic role for corticotropin-releasing hormone receptor-2.  
Nat Genet. 2000;24(4):415–419.

 52. Villafuerte SM, Del-Favero J, Adolfsson R, et al. Gene-based SNP 
genetic association study of the corticotropin-releasing hormone recep-
tor-2 (CRHR2) in major depression. Am J Med Genet. 2002;114(2): 
222–226.

 53. Camp NJ, Lowry MR, Richards RL, et al. Genome-wide linkage 
 analyses of extended Utah pedigrees identifies loci that influence 
recurrent, early-onset major depression and anxiety disorders. Am J 
Med Genet B Neuropsychiatr Genet. 2005;135B(1):85–93.

 54. Kremeyer B, Garcia J, Muller H, et al. Genome-wide linkage scan of 
bipolar disorder in a colombian population isolate replicates Loci on 
chromosomes 7p21-22, 1p31, 16p12 and 21q21-22 and identifies a 
novel locus on chromosome 12q. Hum Hered. 2010;70(4):255–268.

 55. Hamshere ML, Schulze TG, Schumacher J, et al. Mood-incongruent 
psychosis in bipolar disorder: conditional linkage analysis shows 
genome-wide suggestive linkage at 1q32.3, 7p13 and 20q13.31. Bipolar 
Disord. 2009;11(6):610–620.

 56. Pregelj P. Psychosis and depression – a neurobiological view. Psychiatr 
Danub. 2009;21 Suppl 1:102–105.

 57. Wiltshire S, Hattersley AT, Hitman GA, et al. A genomewide scan for 
loci predisposing to type 2 diabetes in a UK population (the Diabetes 
UK Warren 2 Repository): analysis of 573 pedigrees provides inde-
pendent replication of a susceptibility locus on chromosome 1q. Am J 
Hum Genet. 2001;69(3):553–569.

 58. Leak TS, Langefeld CD, Keene KL, et al. Chromosome 7p linkage 
and association study for diabetes related traits and type 2 diabetes in 
an African-American population enriched for nephropathy. BMC Med 
Genet. 2010;11:22.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


The Application of Clinical Genetics 2014:7 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

51

Depression, type 2 diabetes, and metabolic syndrome: cortisol pathway

 59. Tam CH, Lam VK, So WY, Ma RC, Chan JC, Ng MC. Genome-wide 
linkage scan for factors of metabolic syndrome in a Chinese population. 
BMC Genet. 2010;11:14.

 60. Wu GS, Luo HR, Dong C, Mastronardi C, Licinio J, Wong ML. Sequence 
polymorphisms of MC1R gene and their association with depression 
and antidepressant response. Psychiatr Genet. 2011;21(1):14–18.

 61. Cheng R, Juo SH, Loth JE, et al. Genome-wide linkage scan in a large 
bipolar disorder sample from the National Institute of Mental Health 
genetics initiative suggests putative loci for bipolar disorder, psychosis, 
suicide, and panic disorder. Mol Psychiatry. 2006;11(3):252–260.

 62. Hayden EP, Nurnberger JI Jr. Molecular genetics of bipolar disorder. 
Genes Brain Behav. 2006;5(1):85–95.

 63. Chen G, Adeyemo AA, Zhou J, et al. A genome-wide search for link-
age to renal function phenotypes in West Africans with type 2 diabetes.  
Am J Kidney Dis. 2007;49(3):394–400.

 64. Kraja AT, Huang P, Tang W, et al. QTLs of factors of the metabolic syn-
drome and echocardiographic phenotypes: the hypertension genetic 
epidemiology network study. BMC Med Genet. 2008;9:103.

 65. Clark AJ, McLoughlin L, Grossman A. Familial glucocorticoid defi-
ciency associated with point mutation in the adrenocorticotropin recep-
tor. Lancet. 1993;341(8843):461–462.

 66. Valli-Jaakola K, Suviolahti E, Schalin-Jantti C, et al. Further evidence 
for the role of ENPP1 in obesity: association with morbid obesity in 
Finns. Obesity (Silver Spring). 2008;16(9):2113–2119.

 67. Baron M. Manic-depression genes and the new millennium: poised for 
discovery. Mol Psychiatry. 2002;7(4):342–358.

 68. Detera-Wadleigh SD, Badner JA, Berrettini WH, et al. A high-density 
genome scan detects evidence for a bipolar-disorder susceptibility locus 
on 13q32 and other potential loci on 1q32 and 18p11.2. Proc Natl Acad 
Sci U S A. 1999;96(10):5604–5609.

 69. Nothen MM, Cichon S, Rohleder H, et al. Evaluation of linkage of 
bipolar affective disorder to chromosome 18 in a sample of 57 German 
families. Mol Psychiatry. 1999;4(1):76–84.

 70. Segurado R, Detera-Wadleigh SD, Levinson DF, et al. Genome scan 
meta-analysis of schizophrenia and bipolar disorder, part III: Bipolar 
disorder. Am J Hum Genet. 2003;73(1):49–62.

 71. Jun G, Song Y, Stein CM, Iyengar SK. An autosome-wide search using 
longitudinal data for loci linked to type 2 diabetes progression. BMC 
Genet. 2003;4 Suppl 1:S8.

 72. van Tilburg JH, Sandkuijl LA, Franke L, et al. Genome-wide screen 
in obese pedigrees with type 2 diabetes mellitus from a defined Dutch 
population. Eur J Clin Invest. 2003;33(12):1070–1074.

 73. Parker A, Meyer J, Lewitzky S, et al. A gene conferring susceptibility to 
type 2 diabetes in conjunction with obesity is located on chromosome 
18p11. Diabetes. 2001;50(3):675–680.

 74. Kraja AT, Rao DC, Weder AB, et al. Two major QTLs and several others 
relate to factors of metabolic syndrome in the family blood pressure 
program. Hypertension. 2005;46(4):751–757.

 75. Shmulewitz D, Heath SC, Blundell ML, et al. Linkage analysis of 
quantitative traits for obesity, diabetes, hypertension, and dyslipidemia 
on the island of Kosrae, Federated States of Micronesia. Proc Natl Acad 
Sci U S A. 2006;103(10):3502–3509.

 76. Feng N, Young SF, Aguilera G, et al. Co-occurrence of two partially 
inactivating polymorphisms of MC3R is associated with pediatric-onset 
obesity. Diabetes. 2005;54(9):2663–2667.

 77. Mencarelli M, Walker GE, Maestrini S, et al. Sporadic mutations in 
melanocortin receptor 3 in morbid obese individuals. Eur J Hum Genet. 
2008;16(5):581–586.

 78. Hani EH, Dupont S, Durand E, et al. Naturally occurring mutations 
in the melanocortin receptor 3 gene are not associated with type 2 
diabetes mellitus in French Caucasians. J Clin Endocrinol Metab. 
2001;86(6):2895–2898.

 79. Butler AA, Kesterson RA, Khong K, et al. A unique metabolic syn-
drome causes obesity in the melanocortin-3 receptor-deficient mouse. 
Endocrinology. 2000;141(9):3518–3521.

 80. Yako YY, Fanampe BL, Hassan SM, Erasmus RT, van der Merwe L, 
Matsha TE. Negative association of MC3R variants with weight and 
blood pressure in Cape Town pupils aged 11–16 years. S Afr Med J. 
2011;101(6):417–420.

 81. Klupa T, Malecki MT, Pezzolesi M, et al. Further evidence for a 
 susceptibility locus for type 2 diabetes on chromosome 20q13.1-q13.2. 
Diabetes. 2000;49(12):2212–2216.

 82. Bento JL, Palmer ND, Zhong M, et al. Heterogeneity in gene loci 
 associated with type 2 diabetes on human chromosome 20q13.1. 
Genomics. 2008;92(4):226–234.

 83. Zouali H, Hani EH, Philippi A, et al. A susceptibility locus for 
 early-onset non-insulin dependent (type 2) diabetes mellitus maps to 
chromosome 20q, proximal to the phosphoenolpyruvate carboxykinase 
gene. Hum Mol Genet. 1997;6(9):1401–1408.

 84. Freedman BI, Langefeld CD, Rich SS, et al. A genome scan for ESRD in 
black families enriched for nondiabetic nephropathy. J Am Soc Nephrol. 
2004;15(10):2719–2727.

 85. Luan J, Kerner B, Zhao JH, et al. A multilevel linear mixed model of 
the association between candidate genes and weight and body mass 
index using the Framingham longitudinal family data. BMC Proc. 2009; 
3 Suppl 7:S115.

 86. Butler AA, Cone RD. The melanocortin receptors: lessons from 
 knockout models. Neuropeptides. 2002;36(2–3):77–84.

 87. Wen J, Ronn T, Olsson A, et al. Investigation of type 2 diabetes risk 
alleles support CDKN2A/B, CDKAL1, and TCF7L2 as susceptibility 
genes in a Han Chinese cohort. PLoS One. 2010;5(2):e9153.

 88. Qi L, Kraft P, Hunter DJ, Hu FB. The common obesity variant near 
MC4R gene is associated with higher intakes of total energy and 
dietary fat, weight change and diabetes risk in women. Hum Mol Genet. 
2008;17(22):3502–3508.

 89. Mergen M, Mergen H, Ozata M, Oner R, Oner C. A novel melanocor-
tin 4 receptor (MC4R) gene mutation associated with morbid obesity.  
J Clin Endocrinol Metab. 2001;86(7):3448.

 90. Ohshiro Y, Sanke T, Ueda K, et al. Molecular scanning for muta-
tions in the melanocortin-4 receptor gene in obese/diabetic Japanese.  
Ann Hum Genet. 1999;63(Pt 6):483–487.

 91. Zakel UA, Wudy SA, Heinzel-Gutenbrunner M, et al. [Prevalence of 
melanocortin 4 receptor (MC4R) mutations and polymorphismsin 
 consecutively ascertained obese children and adolescents from a pedi-
atric health care utilization population]. Klin Padiatr. 2005;217(4):244–
249. German.

 92. Povel CM, Boer JM, Onland-Moret NC, Dollé ME, Feskens EJ, 
van der Schouw YT. Single nucleotide polymorphisms (SNPs) involved 
in insulin resistance, weight regulation, lipid metabolism and inflam-
mation in relation to metabolic syndrome: an epidemiological study. 
Cardiovasc Diabetol. 2012;11:133.

 93. Ewens KG, Jones MR, Ankener W, et al. FTO and MC4R gene variants 
are associated with obesity in polycystic ovary syndrome. PLoS One. 
2011;6(1):e16390.

 94. Chaki S, Okuyama S. Involvement of melanocortin-4 receptor in anxiety 
and depression. Peptides. 2005;26(10):1952–1964.

 95. Silverman GA, Schneider SS, Massa HF, et al. The 18q- syndrome: 
analysis of chromosomes by bivariate flow karyotyping and the PCR 
reveals a successive set of deletion breakpoints within 18q21.2-q22.2. 
Am J Hum Genet. 1995;56(4):926–937.

 96. Li WD, Dong C, Li D, Garrigan C, Price RA. A quantitative trait locus 
influencing fasting plasma glucose in chromosome region 18q22-23. 
Diabetes. 2004;53(9):2487–2491.

 97. Shah SH, Kraus WE, Crossman DC, et al. Serum lipids in the 
 GENECARD study of coronary artery disease identify quantitative 
trait loci and phenotypic subsets on chromosomes 3q and 5q. Ann Hum 
Genet. 2006;70(Pt 6):738–748.

 98. Chagnon YC, Chen WJ, Perusse L, et al. Linkage and association studies 
between the melanocortin receptors 4 and 5 genes and obesity-related phe-
notypes in the Quebec Family Study. Mol Med. 1997;3(10): 663–673.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


The Application of Clinical Genetics 2014:7submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

52

Gragnoli

 99. Guo Y, Tomlinson B, Chu T, et al. A genome-wide linkage and 
association scan reveals novel loci for hypertension and blood pressure 
traits. PLoS One. 2012;7(2):e31489.

 100. Herzberg I, Jasinska A, Garcia J, et al. Convergent linkage evidence 
from two Latin-American population isolates supports the presence 
of a susceptibility locus for bipolar disorder in 5q31-34. Hum Mol 
Genet. 2006;15(21):3146–3153.

 101. Bowden DW, Rudock M, Ziegler J, et al. Coincident linkage of type 2 
diabetes, metabolic syndrome, and measures of cardiovascular disease 
in a genome scan of the diabetes heart study. Diabetes. 2006;55(7): 
1985–1994.

 102. Xu H, Cheng R, Juo SH, et al. Fine mapping of candidate regions 
for bipolar disorder provides strong evidence for susceptibility loci 
on chromosomes 7q. Am J Med Genet B Neuropsychiatr Genet. 
2011;156(2):168–176.

 103. Kaneva R, Milanova V, Angelicheva D, et al. Bipolar disorder in 
the Bulgarian Gypsies: genetic heterogeneity in a young founder 
population. Am J Med Genet B Neuropsychiatr Genet. 2009;150B(2): 
191–201.

 104. Schumacher J, Kaneva R, Jamra RA, et al. Genomewide scan and 
fine-mapping linkage studies in four European samples with bipolar 
affective disorder suggest a new susceptibility locus on chromosome 
1p35-p36 and provides further evidence of loci on chromosome 4q31 
and 6q24. Am J Hum Genet. 2005;77(6):1102–1111.

 105. Liu J, Juo SH, Dewan A, et al. Evidence for a putative bipolar disorder 
locus on 2p13-16 and other potential loci on 4q31, 7q34, 8q13, 9q31, 
10q21-24, 13q32, 14q21 and 17q11-12. Mol Psychiatry. 2003;8(3): 
333–342.

 106. Derijk RH, de Kloet ER. Corticosteroid receptor polymorphisms: 
determinants of vulnerability and resilience. Eur J Pharmacol. 
2008;583(2–3):303–311.

 107. Derijk RH, van Leeuwen N, Klok MD, Zitman FG.  Corticosteroid 
 receptor-gene variants: modulators of the stress-response and 
 implications for mental health. Eur J Pharmacol. 2008;585(2–3): 
492–501.

 108. Klok MD, Vreeburg SA, Penninx BW, Zitman FG, de Kloet ER,  
DeRijk RH. Common functional mineralocorticoid receptor 
 polymorphisms modulate the cortisol awakening response: Interaction 
with SSRIs. Psychoneuroendocrinology. 2011;36(4):484–494.

 109. Kumsta R, Moser D, Streit F, Koper JW, Meyer J, Wüst S. 
 Characterization of a glucocorticoid receptor gene (GR, NR3C1) 
promoter polymorphism reveals functionality and extends a haplotype 
with putative clinical relevance. Am J Med Genet B Neuropsychiatr 
Genet. 2009;150B(4):476–482.

 110. Lahti J, Räikkönen K, Bruce S, et al. Glucocorticoid receptor gene 
haplotype predicts increased risk of hospital admission for depres-
sive disorders in the Helsinki birth cohort study. J Psychiatr Res. 
2011;45(9):1160–1164.

 111. DeRijk RH, de Kloet ER, Zitman FG, van Leeuwen N.  Mineralocorticoid 
receptor gene variants as determinants of HPA axis regulation and 
behavior. Endocr Dev. 2011;20:137–148.

 112. Klok MD, Giltay EJ, Van der Does AJ, et al. A common and functional 
mineralocorticoid receptor haplotype enhances optimism and protects 
against depression in females. Transl Psychiatry. 2011;1:e62.
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