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Abstract
Major depressive disorder causes significant morbidity, affecting people’s ability to work, function in relationships, and engage in social activities. Moreover, major depressive disorder increases the risk of suicidal ideation, attempted suicide and death by completed suicide. There is evidence that chronic stress can cause major depressive disorder. As for genetic factors, only minor susceptibility genes have been reliably identified. The serotonin system provides a logical source of susceptibility genes for depression, because this system is the target of selective serotonin reuptake-inhibitor drugs that are effective in treating depression. The 5-hydroxytryptamine (serotonin) transporter (5-HTT) has received particular attention because it is involved in the reuptake of serotonin at brain synapses. One common polymorphic variant of the 5-HTT-linked polymorphic region (5-HTTLPR), which affects the promoter of the 5-HTT gene, causes reduced uptake of the neurotransmitter serotonin into the presynaptic cells in the brain. The authors discussed the relationship between genetic polymorphisms and major depressive disorder, with special emphasis on the 5-HTTTLPR polymorphism. As the 5-HTTLPR polymorphism was significantly associated with an increased risk of major depressive disorder, the 5-HTT gene may be a candidate for a major depressive disorder susceptibility gene. As major depressive disorder is a multifactorial disease, an improved understanding of the interplay of environmental and genetic polymorphisms at multiple loci may help identify individuals who are at increased risk for major depressive disorder. Hopefully, in the future we will be able to screen for major depressive disorder susceptibility by using specific biomarkers.
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Introduction
The World Health Organization (WHO) has estimated that each year about 877,000 people die from suicide. The WHO has further reported that suicide attempts are up to 20 times more frequent than completed suicides and that mental health disorders (particularly depression and substance abuse) are associated with more than 90% of all cases of suicide [1]. Depression causes significant morbidity, affecting people’s ability to work, function in relationships, and engage in social activities. Major depressive disorder increases the risk of suicidal ideation, attempted suicide and death by completed suicide. The lifetime of death by suicide in major depressive disorder defined by the Diagnostic and Statistical Manual of Mental Disorders fourth edition (DSM-IV) [2] is frequently cited as 15% [3]. The new generation of antidepressants cannot be used by depressed patients to kill themselves [4]. Therefore, the prevalence of death from suicide among today’s outpatients may include patients with other mental disorders, such as schizophrenia, and that among outpatients with depression may be overestimated. Nierenberg et al. [5] suggested that the actual lifetime risk of death from suicide in major depressive disorder was between 3.4 and 6%, but this estimate may omit important discrepancies among different ethnic populations. Culture can influence diagnosis, experience, and communication of symptoms. Some patients may have difficulty saying “I am sad” or “I am depressed,” but others can more easily say “I have bad nerves” or report vague somatic symptoms [6]. Simon et al. [7] examined the relationship between somatic symptoms and depression in general health care. After screening about 26,000 patients in 14 countries, they found that 69% of patients with depression reported only somatic symptoms. Hispanics, African Americans, and Asians were more likely to have somatic complaints in depression than Caucasians. The US Institute of Medicine’s 2002 report [8] and the US Surgeon General’s report [9] reiterate the need for each health system and clinician to have a process or system to examine cultural issues. Disparate access to care for racial and ethnic minorities is often based on socioeconomic status. In recent years, the annual number of suicide victims is over 30,000 in Japan [10]. In 2006, the suicide mortality rate was 24.2 per 100,000 for the whole population and 169.3 per 100,000 for persons aged 75 years old and older [10]. Although the Japanese population leads the world in longevity, it has the sixth highest rate of suicide. Most of these suicides are considered to be caused by depressive disorders. (Figs. 1, 2).[image: A12199_2008_73_Fig1_HTML.gif]
Fig. 1The S allele frequency of 21 Caucasian populations and three Asian populations among controls. The center of a box and the horizontal line (logarithm) indicate the prevalence and the 95% confidence interval (CI) in each study, with the areas of the boxes representing the weight of each study. The summary ORs of Caucasians and Asians based on the random effects model are 42.5% (95% CI = 40.8–44.2) and 76.8% (95% CI = 73.9–79.7), respectively. The summary OR is shown by the dotted vertical line. Statistical heterogeneity between studies among Caucasians and Asians were assessed as Q = 43.7, p = 0.002 and Q = 2.60, p = 0.27), respectively, by Cochran’s Q test
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Fig. 2Meta-analysis of the 5-HTTLPR and major depressive disorder according to DSM IV among 17 Caucasian populations. The center of a box and the horizontal line (logarithm) indicate the odds ratio (OR) and the 95% confidence interval (CI) in each study, with the areas of the boxes representing the weight of each study. The summary OR based on the random effects model is represented by the middle of a diamond whose width indicates the 95% CI. The summary OR is shown by the dotted vertical line. Statistical heterogeneity between studies was assessed with Cochran’s Q test (Q = 12.1, p = 0.74). Summary OR = 1.31 (95% CI = 1.14–1.52). SS + LS versus LL




                     
The prevalence of major depressive disorder is much lower than the heritability of bipolar disorder or schizophrenia. The heritability of major depressive disorder is likely to be in the range of 31–42%. This is probably at the lower end of the range and the level of heritability is likely to be substantially higher for reliably diagnosed major depressive disorder and subtypes such as recurrent major depressive disorder. In comparison, the heritabilities of schizophrenia and bipolar disorder are estimated to be approximately 70% [11]. Major depressive disorder is caused by multiple genes and does not follow Mendel’s laws of inheritance. Major depressive disorder, a common disease, results from a complex interplay of genes and environmental risk factors as well as other common multifactorial diseases such cancer and diabetes mellitus and cardiovascular disease. Several excellent reviews have been written on the topic of stress and depression in the past 15 years [12–18]. Environmental factors, such as pre-natal factors, loss, deprivation, grief, stress, natural disasters, war, social support systems, nutrition, exercise, drug effects, and medical illness, have been linked to major depressive disorder [19]. As for genetic factors, only minor susceptibility genes have been reliably identified (Table 1). The serotonin system provides a logical source of susceptibility genes for depression, because this system is the target of selective serotonin reuptake-inhibitor drugs that are effective in the treatment of depression. The 5-hydroxytryptamine (serotonin) transporter (5-HTT) has received particular attention, because it is involved in the reuptake of serotonin at brain synapses. One common polymorphic variant of the 5-HTT-linked polymorphic region (5-HTTLPR), which affects the promoter of the 5-HTT gene, causes reduced uptake of the neurotransmitter serotonin into the presynaptic cells in the brain [20]. However, despite strong biologic plausibility, the relationship between 5-HTTLPR and depression risk is unclear. Several studies have reported an association of the 5-HTTLPR polymorphism with depression risk, although other studies reported mixed or conflicting results. The individual results of these studies have been inconsistent and definite conclusions are difficult to establish. A reliable method for assessing individual studies and generating combined results is provided by systematic reviews using meta-analytical techniques. In this paper, we carried out a systematic review by systematically retrieving, assessing, and combining individual studies investigating the association between depression and a functional genetic polymorphism of 5-HTTLPR.Table 1Candidate polymorphisms for major depressive disorder


	Gene (abbreviation)
	Polymorphism
	Locus

	5-Hydroxytryptamine (serotonin) transporter (5-HTT)
	5-HTTLPR [88, 89], STin2 [90]
	17q11.1-q12

	Tryptophan hydroxylase (TPH) 1
	A218C [95], A779C [94, 95]
	11p15.3-p14

	Catechol-O-methyltransferase (COMT)
	Val158Met [98–100]
	22q11.2

	Serotonin receptor (5-HTR) 1A
	C-1019G [106]
	5q11.2-q13

	Brain-derived neurotrophic factor (BDNF)
	Val66Met [111–115]
	11p13

	Norepinephrine transporter (NET)
	T-182C [118], G1287A [119]
	16q12.2

	Tyrosine hydroxylase (TH)
	VNTR (5–11 repeats of TCAT) [122–125]
	11p15.5

	Dopamine 2 receptor (DRD2)
	−141C Ins/Del [131, 132], Ser311Cys [133], C32806T [134, 135]
	11q23.1

	Dopamine 3 receptor (DRD3)
	Ser9Gly [136]
	3q13.3

	Dopamine 4 receptor (DRD4)
	48 repeats in exon 3 [138]
	11p15.5




                     
Polymorphic variants
With the cloning of the human genome, it has become apparent that genetic anomalies are not limited to high-risk groups. More than ten million common genetic variants exist and are referred to as polymorphisms. There are two major types of polymorphisms: tandem repeats and SNPs. Tandem repeats are an array of consecutive repeats. They include minisatellites (also known as variable number of tandem repeats), whose repeat units range from 9 to 80 bp, and microsatellites (also known as short tandem repeats), whose repeat units consist of only 1–6 bp. A SNP is a base pair within the genome that varies between two or more nucleotides. SNPs can alter gene function in a variety of ways: nonsynonymous variants alter function by changing the amino acid sequence of a gene, variants within the promoter alter transcription of a gene, and variants in close proximity to intron–exon boundaries alter splicing. The vast majority of polymorphisms have no functional significance; however, a few can influence tumor development or progression. Importantly, since many of these susceptibility polymorphisms are common in the population at large, they have the potential to influence the pathogenesis of depression in a large percentage of the population. Polymorphisms are present in germline DNA and are different from somatic mutations.

Prevalence of depression
Depressive disorders, which are syndromes characterized by the impairment of mood regulation, most commonly include major depressive disorder and dysthymia, a disorder characterized by chronic low mood [2, 21]. According to DSM-IV [2], the diagnosis of major depressive disorder can be made if a patient has five or more symptoms (depressed mood, loss of interest or pleasure in previously pleasurable activities, significant weight gain or loss, insomnia or hypersomnia, psychomotor agitation or retardation, fatigue, feelings of worthlessness or inappropriate guilt, impaired concentration and recurrent thoughts of death) during the same two-week interval with at least one of the symptoms being either depressed mood or loss of interest or pleasure in activities that were previously pleasurable. Not all patients will suffer from every symptom. The severity of symptoms will vary widely among individuals. Depression typically begins in the late 20s, but it can arise at any age, affecting everyone from young children to older adults. Major depressive disorder is common, costly, and disabling and is one of the most burdensome disorders worldwide [22–24]. Worldwide, it is the fourth leading cause of disability and the leading cause of nonfatal disease burden, accounting for almost 12% of total years lived with disability [25].
Mental disorders have been found to be common, with over a third of people in most countries reporting sufficient criteria at some point in their life [26]. The WHO estimated that about 450 million people worldwide currently suffer from some form of mental or behavioral disorder [27]. The WHO is currently undertaking a global survey of 26 countries in all regions of the world, based on International Statistical Classification of Diseases and Related Health Problems (ICD) and Diagnostic and DSM criteria [28]. The prevalence of metal disorders may be an underestimate, due to poor diagnosis (especially in countries without affordable access to mental health services) and low reporting rates, in part because of the predominant use of self-reported data, rather than semi-structured instruments such as the Structured Clinical Interview for DSM-IV (SCID).
In recent community surveys, 4–10% of the general population has experienced an episode of major depressive disorder within the past year [29–33]. There is strong evidence that the risk of depression is greater in women than in men [34–36]. A review of pooled surveys of mood disorders in different countries found 12-month prevalence rates of 4.1% (95% CI = 0.4–6.2) for major depressive disorder [4.9% (95% CI = 3.3–7.1) for men and 10.0% (95% CI = 6.4–14.6%) for women]. The average lifetime prevalence found was 6.7% (95% CI = 4.2–10.1) for major depressive disorder [3.8% (95% CI = 2.4–5.8) for men and 7.5% (95% CI = 4.5–11.3) for women] [37]. Similarly, women are about twice as likely as men to be diagnosed and treated for major depressive disorder in the United States [38]. Approximately 20–25% of women and 12% of men will experience a serious depression at least once in their lifetimes. Among children, depression appears to occur in equal numbers of girls and boys. However, as girls reach adolescence, they tend to experience greater rates of depression than boys [39]. This gender difference continues into older age. There are several theories for this gender disparity. Women may suffer from unique forms of depression related to their unique biology and life experiences and may be more likely than men to seek treatment. Hormonal factors may contribute to the increased rate of depression in women, particularly such factors as premenstrual changes, pregnancy, miscarriage, postpartum period, premenopause, and menopause. Many women face additional stresses, such as responsibilities at work and home, single parenthood, and caring for children and aging parents.
While women suffer from depression more often and attempt suicide more frequently, men are more successful in their suicide attempts [40]. There are several possible explanations for these contrasting patterns [41–43]. First, men use more lethal methods of suicide than women, so case fatality is higher. Second, women with depression are more likely than men to seek help from friends, family and health services. Last, it is possible that depression is more stigmatized in men than in women, so men may be less likely to report symptoms. Neverthless, evidence for this latter explanation is mixed [43, 44]. Furthermore, depressive symptoms are relatively common in older populations [45], especially among women [46].
Heterogeneity analysis demonstrated significant differences across 12-month and lifetime prevalence rates of depression among different ethnic populations. Large epidemiologic surveys [47, 48] find that compared with non-Hispanic whites, blacks have lower lifetime rates of depression and equivalent or lower rates of 12-month depression. At the same time, blacks are overrepresented in high-need populations (composed of individuals with multiple chronic illnesses that require regular medical monitoring, advising, or treatment), have reduced access to mental health services, and often receive poorer quality care than whites [49]. The US National Comorbidity Survey found that although blacks have a lower lifetime risk of mood disorder than whites, once diagnosed they were more likely to be persistently ill [50]. Ethnicity is a neglected dimension of the heterogeneity of the black population [51]. Although there are important commonalities in the black experience, there is also ethnic variation within the black population.
For studies conducted in Europe, the pooled 12-month prevalence rate was 8.0% (95% CI = 5.0–11.9) [37]. For studies conducted in Asia, pooled 12-month and lifetime rates were 0.85 (95% CI = 0.59–1.2) and 1.6 (approximately sevenfold lower than studies carried out in non-Asian countries [37]. The 12-month depression rates was highest among Hispanics (10.8%), followed by African Americans (8.9%) and Caucasians (7.8%) [52]. The World Mental Health (WMH) Survey Initiative aims to obtain accurate cross-national information about the prevalence and correlates of mental, substance, and behavioral disorders. Similarly, the WMH Japan Survey 2002–2003 showed that the 12-month prevalence rate was 2.9% (95% CI = 2.1–3.7) [53]. Another Japanese study by the Ministry of Education, Culture, Sports, Science and Technology reported that the 12-month and lifetime prevalence rates were 2.2 and 6.5%, respectively [54]. Elevated depression rates among minority individuals were largely associated with greater health burdens and lack of health insurance, both factors amenable to public policy intervention. Some studies report higher rates of major depressive disorder in African Americans compared with Caucasians, whereas others report lower or equivalent rates in African Americans [55]. The relationship between ethnicity and depression is complex.
The 12-month and lifetime prevalence rates based on DSM-IV criteria have been reported to be 2.2 and 6.5%, respectively, while the corresponding values based on ICD-10 criteria have been reported to be 2.2 and 7.5%, respectively [54]. Although studies using DSM-III-R criteria had pooled 12-month and lifetime prevalence rates that were around 3–4 times higher than those for studies using other diagnostic criteria [37], there was not a large difference between ICD-10 and DMS-IV criteria.

Stress, a risk factor for depression
Stress is a term that means different things to different people, but generally has a negative connotation [56]. Yet, stress is a familiar aspect of modern life and is a stimulant for some individuals, but a problem for many others. Stress has been defined as a constellation of events, which begins with a stimulus (stressor) that precipitates a reaction in the brain (stress perception), which subsequently activates physiologic systems in the body (stress response) [57, 58]. The physiologic stress response results in the release of neurotransmitters and hormones that serve as the brain’s messengers to the rest of the body. The consequences of this physiologic response are generally adaptive in the short run [57, 59], but can be damaging when stress is chronic and long lasting [57, 60].
Chronic stress is long term, negative stress that has become detrimental to the individual, while acute stress is short term, positive stress, which is relatively harmless to the individual and often gives an extra burst of energy that is needed during the stressful period. An important marker of the deleterious effects of chronic stress is a breakdown in the regulation of the circadian corticosterone rhythm in rodents and cortisol rhythm in humans [57, 61]. Chronic stress seems to be linked to the etiology of many diseases. A number of studies have shown that stress can be immunosuppressive, and hence that it can be detrimental to health. Moreover, glucocorticoid stress hormones are regarded widely as immunosuppressive [62] and are used clinically as anti-inflammatory agents [63]. Generally, it has been accepted that stress and stress mediators can have potent immunosuppressive and health adverse effects.
Continuing adverse conditions, such as poverty, medical disabilities, and lasting marital discord, have been found to be associated with an increased risk of depression [64–67]. Breslau and Davis [68] compared chronic stress in women to having a disabled child, and found such experiences to be linked to more lifetime episodes of major depressive disorder but not to higher rates of current depression in such women compared with non-stressed controls. Chronic stress, defined as an absence of social support, also was found to be associated with depression [69]. Chronic stresses, such as illness, lack of social support, divorce, loss of a loved one and loss of employment, have been considerably associated with an increased risk of depression, but its definition has varied.
Chronic stress is an important area for further study, with significant implications for interpretation of associations between episodic stress and depression. Unresolved empirical questions remain, as do conceptual questions of how chronic and episodic stressors may work together to produce depression and considerably more effort is needed to refine the definitions and methods of assessment of chronic stress.

Genetic epidemiology
Genetic influences have been supported by adoption studies and twin studies of major depressive disorder. The heritability of major depressive disorder is likely to be in the range of 31–42% [11]. Similarly, heritability based on twin studies is 40–50% [70–75] and adoption studies also support a role for genetic factors [76–78]. In comparison, the heritabilities of schizophrenia and bipolar disorder are estimated to be approximately 70% [11]. The OR (first-degree relatives of depression probands vs. the general population) has been reported to be around 2–3 [79–81]. Genetic factors have been implicated in the etiology of depression and many studies have determined that changes in protein structure correlate with a predisposition to specific conditions. More than ten million SNPs have been identified in humans; however, the importance of most SNPs for health and disease is not understood. Most SNPs are indeed unimportant and because of often inadequately powered studies; many observations on SNP effects cannot be repeated by other researchers. SNPs are at best shown to influence protein function or level, rarely to influence risk of disease, and almost never to influence total mortality, the ultimate endpoint. However, specific genes or relevant DNA sequence variations involved in the pathogenesis of depression have not yet been identified.
The monoamine hypothesis proposes that depression is due to a deficiency in monoaminergic neurotransmission. Developed out of a meticulous research effort in modern psychiatry, the monoamine hypothesis is an early milestone in the field of depression. Under this hypothesis, depression is postulated to reflect a deficiency or imbalance in noradrenaline [82, 83] or serotonin [84]. These conclusions were based on observations that several antidepressant drugs increased synaptic concentrations of noradrenaline or serotonin, and that reserpine, a catecholamine depleting drug, could cause depression-like symptoms [82, 83]. Catecholamine depletion by dietary methods has also been shown to induce a relapse of depressive symptoms [84–87]. Subsequent variations of the monoamine hypothesis were supported by animal research, including the findings that antidepressants effectively treat learned helplessness. Currently, the evolving monoamine hypothesis considers the possibility that depression may be linked to a deficiency in signal transduction from the monoamine neurotransmitter to its postsynaptic neuron in the presence of normal amounts of neurotransmitter and receptor. Such a deficiency in the molecular events that cascade from receptor occupancy by the neurotransmitter to transcription of genes could lead to a deficient response of target neurons to neurotransmission and thus, depression. Selected candidate genes are shown in Table 1.
The 5-HTT gene regulates brain serotonin neurotransmission by removing the neurotransmitter from the extracellular space. Since the development of the selective serotonin reuptake-inhibitors, a putative role for 5-HTT in the etiology of depression has been explored. The discovery of a functional 5-HTT polymorphism has provided a novel tool to further scrutinize the role of serotonergic neurons in depression. A repeat of 20–23 base pairs has been observed as a motif within a polymorphic region of the 5-HTT gene, and it occurs as two prevalent alleles: one consisting of 14 repeats (S allele) and another of 16 repeats (L allele). This functional polymorphism in the promoter region, termed 5-HTTLPR, alters transcription of the serotonin transporter gene. The S allele leads to less transcriptional efficiency of serotonin [88, 89], and it can partly account for anxiety-related personality traits [20].
Another common polymorphism is a variable number tandem repeat (VNTR) in intron 2 (STin2), which has three alleles consisting of either 9 (STin2.9), 10 (STin2.10) or 12 (STin2.12) repeats, were shown to be in linkage disequilibrium, with the positive association between the STin2 allele 10 and the 5-HTTLPR L allele [90]. Variation at the VNTR can also influence expression of the transporter with the polymorphic VNTR regions acting as transcriptional regulators [91] although it is likely to have no significant effect on function.
Tryptophan hydroxylase (TPH) is the enzyme involved in the biosynthesis of serotonin. It catalyzes the oxygenation of tryptophan to 5-hydroxytryptophan, which is decarboxylated to serotonin [92]. It is thus the rate-limiting enzyme in the biosynthesis of serotonin. Changes in the metabolism of the essential amino acid tryptophan play an important role in the brain–endocrine-immune system interaction that is hypothesized to be involved in the pathophysiology of major depressive disorder. There are two main pathways of tryptophan metabolism: one is the serotonin pathway and the other is the kynurenine pathway [93]. Dysfunction of the serotonergic system has been hypothesized to play an important role in depression. The higher serotonergic activity during stress leads to a higher breakdown of serotonin. Sustained stress will lead to diminution of serotonin (synthesis < degradation). Thus, chronic stress may lead to functional shortage of the supply of serotonin.
Two genes have been discovered which encode for the TPH isoforms (TPH1 and TPH2). Most of the molecular genetic studies on the TPH genes so far have examined the two polymorphisms of the TPH1, A218C and A779C, which have been found to be in complete or strong linkage disequilibrium in previous studies [94]. A polymorphism in intron 7 of TPH1, A218C has been extensively examined in association studies, and the A allele is associated with anxiety symptoms in depression [95]. There is no association between the TPH2 polymorphisms and stress induced depression [96, 97].
Catechol-O-methyltransferase (COMT) is an important enzyme involved in the degradation of catecholamine neurotransmitters. Depression is thought to involve, in part, dysregulation of serotonergic neurotransmission. A Val158Met polymorphism affects the activity of the COMT enzyme and individuals with the Val/Val genotype have a 3 to 4-times higher enzyme activity than those with the Met/Met genotype [98]. A large European study reported an association between the Val/Val genotype and early onset major depressive disorder [99], but conflicting results have been found in other studies with fewer participants [100].
As serotonin exerts its effect on specific receptors on the postsynaptic membranes, the serotonin receptor (5-HTR) genes are considered good candidates. The 5-HTRs affect the release and activity of other neurotransmitters such as glutamate, dopamine and gamma-aminobutyric acid (GABA). There are seven main types of 5-HTRs. Including subtypes, there are a total of at least 14 different receptors based on their pharmacological responses to specific ligands, sequence similarities at the gene and amino acid levels, gene organization, and second messenger coupling pathways [101]. Several subtypes, including the 5-HTR1A, 5-HTR1B, 5-HTR2A, 5-HTR3 and 5-HTR4, act to facilitate neurotransmitter dopamine release, while the 5-HTR2C receptor mediates an inhibitory effect of serotonin on dopamine release. Most 5-HTR subtypes only modulate dopamine release when serotonin and/or dopamine neurons are stimulated, but the 5-HTR2C, characterized by high levels of constitutive activity, inhibits tonic as well as evoked dopamine release [102]. The 5-HTR1A is an important member of the large family of serotonin receptors [103]. The 5-HTR1A is located both at a post-synaptic and at a pre-synaptic level; in the first case, they mediate the action of serotonin on cortical and limbic neurons, and in the second case, they act as serotonergic auto-receptors on serotonergic neurons in the raphe nuclei and prevent the release of serotonin by negative feedback [104, 105]. In depressed individuals, the number of serotonin receptors, including the 5-HTR1A autoreceptors, is increased [106]. A common functional polymorphism C-1019G in the promoter region of the human 5-HT1A receptor gene has been reported, which may be useful in identifying psychopathology associated with altered function of the human 5-HT1A receptor [107].
Mounting evidence shows that brain derived neurotrophic factor (BDNF) plays a crucial role in synaptic plasticity. Normally, BDNF sustains the viability of brain neurons. Under stress, however, the gene for BDNF is repressed, leading to atrophy and possible apoptosis of vulnerable neurons in the hippocampus when their neurotrophic factor BDNF is absent. These events in turn lead to depression and to the consequences of repeated depressive episodes, namely, more and more episodes and less and less responsiveness to treatment. Due to its potential involvement in psychiatric diseases like depression, BDNF became a major target in research. A functional polymorphism of the BNDF Val66Met influences and reduces trafficking and secretion of BNDF protein in the brain and is thought to be associated with low BDNF levels in major depressive disorder [108–110]. Some did associate the BDNF Val66Met genotype with depression [111], but other groups found only weak or no associations [112–115].
The norepinephrine transporter (NET), a Na+/Cl-dependent substrate specific transporter, terminates noradrenergic signalling by rapid re-uptake of neuronally released norepinephrine into presynaptic terminals. NET exerts a fine regulated control over norepinephrine-mediated physiological effects such as depression. As the 5′ flanking promoter region of the NET gene, NET T-182C, contains several cis elements that play a critical role in transcription regulation [116, 117], changes in this promoter DNA structure may lead to an altered transcriptional activity responsible for a predisposition to major depressive disorder [118]. Although a silent G1287A polymorphism, located at exon 9 of the NET gene, is not an important factor in susceptibility to depression in a Japanese population [119], it cannot be denied that it may be an important candidate.
DOPA decarboxylase is an enzyme implicated in two metabolic pathways, synthesizing two important neurotransmitters, dopamine and serotonin [120]. Following the hydroxylation of tyrosine to form 3,4-dihydroxy-l-phenylalanine (l-DOPA), catalyzed by tyrosine hydroxylase (TH), DDC decarboxylates l-DOPA to form dopamine. The TH is the initial and rate-limiting enzyme in the biosynthesis of catecholamine neurotransmitters and has been a candidate for possible involvement in the development of psychiatric illness [121]. Among polymorphisms in the TH gene identified so far, a penta-allelic polymorphism consisting of several numbers of tetranucleotide repeats [or microsatellite polymorphism (TCAT)n] in intron 1 and three SNPs, namely Val81Met, Leu205Pro and Val468Met, may alter the functional activity of TH protein. A tetranucleotide repeat in intron 1 has been reported to play a role in psychiatric illnesses [122–125].
Dopamine is the most abundant catecholaminergic neurotransmitter in the brain and is involved in the regulation of emotions, motivation, reward, and reinforcement behavior, through the mesocorticolimbic pathway [126]. Preclinical and clinical studies incriminate the dopaminergic system in affective disorders. While hyperfunction of the dopaminergic system may lead to manic behavior, its hypofunction may lead to depressive symptoms [127, 128]. Dopamine, functioning at dopamine D1-like (D1 and D5) and D2-like (D2, D3 and D4) receptors, crucially influences both the induction and the reversal of neuroplasticity at corticostriatal synapses.
These two subfamilies have different pharmacologic properties, signal transduction properties, and genomic organization. The receptors of the D1-like subfamily stimulate cAMP synthesis through coupling with Gs-like proteins, and their genes do not contain introns within their protein coding regions. The receptors of the D2-like family inhibit cAMP synthesis through their interaction with Gi-like proteins and share a similar genomic organization, which includes introns within their protein coding regions [129]. On the basis of sequence similarity, the G subunits have been divided into four families (Gi, Gs, Gq and G12). Heterotrimeric guanine nucleotide-binding proteins (G proteins) are signal transducers and are attached to the cell surface plasma membrane that connects receptors to effectors and thus to intracellular signaling pathways [130]. Receptors that couple to G proteins communicate signals from a large number of hormones, neurotransmitters, chemokines, and autocrine and paracrine factors. Many important hormones and neurotransmitters, including epinephrine, acetylcholine, dopamine and serotonin, use the Gi and Go pathway to evoke physiological responses.
In vitro and in vivo studies suggested that the −141C Ins/Del polymorphism may be directly responsible for the regulation of DRD2 expression and DRD2 function [131, 132]. Ser311Cys in DRD2 has been reported to be associated with a reduced ability of activating the appropriate Gi-like protein [133]. Brain imaging studies of healthy volunteers have shown that individuals with an A1 allele (C allele of C32806T) of DRD2 have a reduced number of dopamine D2 receptors [134, 135]. The DRD3 Ser9Gly genotypes were reported to differ with regard to their dopamine-binding affinity [136]. The most widely studied polymorphism of DRD4 is a 48 bp variable number of tandem repeats (VNTR) which encodes for the third intracytoplasmic loop and contains 2–11 repeats [137]. A 48 base pairs repeat in exon 3 of DRD4 was associated with the potency of inhibition of cAMP formation by dopamine [138]. The DRD4 48 base pairs repeat in the exon 3 was significantly associated with major depression while the DRD2 Ser311Cys and DRD3 Ser9Gly polymorphisms were not [139]. These polymorphisms may be hypothesized to influence major depressive disorder. These polymorphisms have been reported to increase the susceptibility to depression, although negative findings have also been reported.

Major depressive disorder and 5-HTTLPR polymorphism
The first study suggests that variation at 5-HTTLPR may influence susceptibility to major depressive disorder [90]. Three case-control studies were separately carried out in the British, German and Italian populations. A significant association between the presence of the S allele and major depressive disorder, whether by allele (population-adjusted OR = 1.23, 95% CI = 1.02–1.49; the S allele vs. the L allele) or genotype (population-adjusted OR = 1.53, 95% CI = 1.04–2.23; the SS genotype vs. the LL genotype), was observed in a combined European sample of three populations although each study found no significant association [90].
The S allele is a disease allele; thus, the authors calculated ORs for the presence of one (S allele carrier) or two (S/S genotype) S alleles compared with the LL genotype. However, the second study found that the SS genotype or S allele was nonsignificantly associated with decreased risk of depression in the British population [140]. A nonsignificant protective effect of the S allele was observed among Spaniards [109] and Germans [141, 142]. Five studies of whites [143–147] found no substantial relationships between the 5-HTTLPR genotype and major depressive disorder. In contrast, seven Caucasian [148–154] and one non-Ashkenazi Jewish [144] studies found that the SS genotype was associated with a modest increase in risk of depression. Furthermore, one Polish [155] and one German [156] studies found that the SS genotype was associated with a significant increase in risk of depression. Japanese studies did not find any significant difference between patients with major depressive disorder and controls [157, 158]. Likewise, the frequency of the S allele did not differ between the normal subjects and the depressed patients in a Korean population [159].
Two meta-analyses on the association between 5-HTTLPR and major depressive disorder have been published in 2004 [160] and 2005 [161], respectively. In the first meta-analysis based on ten case-control studies, the number of depressed cases and controls was 910 and 2,017, respectively. The first meta-analysis showed that individuals with the SS genotype had a 16% (95% CI = 1.03–1.31) increased risk of major depressive disorder compared with individuals with the LL genotype. The results supported the hypothesis that individuals with the SS genotype are at higher risk of developing major depressive disorder.
Five individual studies [90, 139, 148, 149, 157] were included in both meta-analyses. The second meta-analysis was somewhat different from the first one, because ORs for the S allele compared with the L allele were summarized. The second meta-analysis based on ten case-control studies, comprised of 1,961 cases and 3,402 controls, showed that the summary OR was close to unity [OR = 1.05, 95% CI = 0.96–1.14].
We conducted MEDLINE, Current Contents and Web of Science searches using “depression”, “5-HTTLPR” and “polymorphism” for papers published before March 2008. Additional articles were identified through the references cited in the first series of articles selected. Articles included in the meta-analysis were in any language, involved human subjects, published in the primary literature and had no obvious overlap of subjects with other studies. We excluded studies with the same data or overlapping data by the same authors. Case-control studies were eligible if they had determined the distribution of the relevant genotypes in depression cases and in concurrent controls using a molecular method for genotyping. Using the MEDLINE database, we identified 22 genetic epidemiological studies that provided information on depression associated with the 5-HTTLPR polymorphism. No additional articles through Current Contents or Web of Science were identified. Data were combined using random effects (DerSimonian and Laird method) model [162].
In our unpublished meta-analysis, the 22 case-control studies in 25 different ethnic populations of major depressive disorder and 5-HTTLPR included 7,919 subjects (2,934 depressed cases and 4,985 controls). Our meta-analysis (unpublished) did not include a large European collaborative study of Mendelwics et al. [163] due to the absence of information on genotype frequency. The summary OR for the SS genotype was 1.34 (95% CI = 1.14–1.57). Our results (unpublished) were robust in sensitivity analyses that were restricted to studies of Caucasians (OR = 1.34, 95% CI = 1.12–1.61) or studies of Caucasians based on DSM-IV criteria (OR = 1.34, 95% CI = 1.08–1.66). The summary OR for the SS genotype compared with the combined genotype among Caucasian studies based on DSM-IV was 1.31 (95% CI = 1.14–1.52). Thus, the S allele would act in a recessive fashion. Statistically significant heterogeneity was not seen in this sensitivity analysis. Similarly, the summary OR for the combined genotype among Asian studies based on DSM-IV was 1.40 (95% CI = 0.84–2.31).
Summary frequencies of the S allele among Caucasians and Asians based on random effects model were 42.5% (95% CI = 40.8–44.2%) and 76.8% (95% CI = 73.9–79.7%), respectively (Table 2). The distribution of the S allele was significantly different between Asians and Caucasians (p < 0.001).Table 2Major depressive disorder and the 5-HTTLPR polymorphism


	Ethnicity
	Diagnostic criteria
	No. of 
populations 
(total no. of subjects)
	No. of cases
	No. of controls
	Frequency (%) among controlsa
                                          
	OR (95% CI)a
                                          

	S allele
	p*
	SS vs. LL
	p*
	SS vs. LS + LL
	p*

	All
	 	25 (7,919)
	2,934
	4,985
	47.2 (42.0–52.5)
	<0.0001
	1.34 (1.14–1.57)
	0.34
	1.31 (1.17–1.48)
	0.83

	All
	DSM-IV
	20 (6,419)
	2,368
	4,051
	 	 	1.32 (1.07–1.61)
	0.20
	1.31 (1.15–1.50)
	0.85

	Caucasian
	 	21 (7,059)
	2,685
	4,374
	42.5 (40.8–44.2)
	0.002
	1.34 (1.12–1.61)
	0.20
	1.34 (1.12–1.52)
	0.72

	Caucasian
	DSM-IV
	17 (5,931)
	2,239
	3,692
	 	 	1.34 (1.08–1.66)
	0.12
	1.31 (1.14–1.52)
	0.74

	Asian
	 	3 (761)
	210
	551
	76.8 (73.9–79.7)
	0.27
	1.04 (0.51–2.16)
	0.78
	1.22 (0.87–1.70)
	0.69

	Asian
	DSM-IV
	2 (389)
	90
	299
	 	 	0.94 (0.35–2.49)
	0.53
	1.40 (0.84–2.34)
	0.63


Unpublished data of our meta-analysis
aBased on random effects model
* Cochrane Q test for heterogeneity



                        


Discussion
When Caucasian populations were restricted to the studies based on DSM-IV, the summary OR for the SS genotype was 1.34 (95% CI = 1.08–1.66). Thus, the 5-HTT gene appears to be a candidate for major depressive disorder susceptibility genes in Caucasian populations. When Asian populations (all Japanese) were restricted to the studies based on DSM-IV criteria, the summary OR for the SS and LS genotypes combined were 1.40 (95% CI = 0.84–2.43). Our meta-analysis (unpublished) did not support a major role of 5-HTTLPR in major depressive disorder among Asians although there are only a small number of available articles regarding Asian populations. The ethnic difference of the association between this polymorphism and depression is not clear. Generally, low frequency of the “at risk” genotype reduces the statistical power. As the distribution of the S allele was significantly different between Asians and Caucasians (p < 0.001), this is not the case. Given the higher frequency of the S allele of the 5-HTTLPR in Japanese subjects, if this allele is associated with an increased risk of depression then the prevalence of major depressive disorder would be higher among Japanese than Caucasians. Major depressive disorder is a multifactorial disease that results from complex interactions between many genetic and environmental factors. Thus, if the S allele of the 5-HTTLPR increases the susceptibility to major depressive disorder, ethnic differences in roles of the polymorphism may be caused by gene–gene interactions, different linkages to the polymorphisms determining depression risk and different lifestyles.
Identification of gene-environment and gene–gene interactions has become increasingly important in understanding psychiatric disorders. According to a model of gene–gene interaction, it has been shown that subjects with an increasing number of ‘at-risk’ variant alleles for DNA repair genes have increasing levels of DNA damage, with a dose–response relationship [164]. These observations from a large pooled analysis strongly suggest the existence of gene–gene interactions in lung carcinogenesis. Although it is hypothesized that gene-gene interactions among genetic variants increase the individual risk of depression, the role of gene–gene interaction in the risk of depression is not clear. The study of gene–gene interactions may be important in the identification of high-susceptibility subgroups. No studies have investigated gene–gene interactions in depression. As a rule of thumb, the study of the interaction between two genes needs a study size four times higher than for the study of the main effect of a single gene. Advances in identification of new variants and in high-throughput genotyping techniques will facilitate analysis of multiple polymorphisms within the genes along the same pathway [165]. Therefore, it is likely that definitive studies in the future will require analysis of large samples of cases and controls [166, 167].
In addition to adequate sample size, assessment of gene–gene interaction also depends upon the proper statistical evaluation of interaction on the multiplicative and additive models. Well-organized studies with a large sample size are needed to help further illuminate the complex landscape of major depressive disorder risk and genetic variations.
Ogilvie et al. [168] first demonstrated that there was an excess of the 9-repeat allele of another 5-HTT STin2 polymorphism in major depressive disorder patients in comparison to controls. However, this finding was not replicated in other Caucasian [139, 143, 148, 149, 169–172] or an Asian study [157] using independent samples. The rarity of the STin2.9 allele (below 1%) means that the risk attributable to this allele is small. Liu et al. [173] demonstrated that the 12-repeat allele was associated with major depressive disorder in a Chinese population. Although the 5-HTTLPR may play a pathogenic role, it seems more likely that it is in linkage disequilibrium with polymorphisms other than the STin2 polymorphisms within or close to the 5-HTT gene. Recently developed haplotype-based methods can be anticipated that will facilitate the evaluation of haplotypic effects, including selected physically close polymorphisms.
Although the risk associated with the 5-HTTLPR polymorphism may be small compared to that conferred by high-penetrance disease genes, their public health implication may be large, because of their high frequency in the general population. It is essential that epidemiological investigations of monoaminergic polymorphisms are adequately designed. Unfortunately, a fairly large number of studies are limited by their sample size and, consequently, low power to detect effects that may truly exist. Also given the borderline significance of some associations and multiple comparisons, there is a possibility that one or more of these findings are false-positives [174]. Large and combined analyses such as those by Healey et al. [175] and Spurdle et al. [176] are preferred to minimize the likelihood of both false-positive and false-negative results. In addition, the choice of the control group is a key issue in case-control studies. Controls should be a representative sample of the source population which generated the cases; in practice, the choice of controls has been quite variable. Hospital controls are usually included in genetic association studies because of their higher response rate and compliance to the protocol and the easier access to biological samples [177]. Although the case-control genetic association study differed in the choice of the control group, no differences in allele frequencies were seen by age or type of controls [178]. The general lack of a significant association between allele frequency and age may allow epidemiologists to rule out the possibility that polymorphisms are determinants of longevity. The lack of any effect of choice of controls is important for combining data from different case-control studies that use one or the other source for the control population. Furthermore, only studies with allelic frequencies being in the Hardy–Weinberg equilibrium (Pearson χ2 test, p ≥ 0.05) were combined in meta-analyses because departure from HWE can imply possible ethnic admixture in the population or selection bias (lack of representativeness of the general population). The choice of the control group may be less crucial in the case-control genetic association studies. Controls should be chosen in such a way that, if they were cases, they would be included in the case group; when controls are matched to cases, it is essential to account for matching in the analysis. When appropriate, confounding should be controlled for with particular consideration to race and ethnic group. An additional major concern is the grouping of genotypes for calculation of ORs; without functional data to dictate genotype groupings, it seems prudent to present two ORs per polymorphism (one for heterozygotes vs. common-allele homozygotes and one for rare-allele homozygotes vs. common-allele homozygotes) so that dominant, codominant, or recessive patterns may be elucidated.
Evidence for an association between the 5-HTTLPR genotypes and depression is inconclusive. Caspi et al. [179] reported that there were no significant differences between the 5-HTTLPR genotypes in the number of life events they experienced. They reported that stressful life events predicted a diagnosis of major depressive disorder among carriers of the S allele but not among those with the LL genotype. Thus the study provides evidence of a gene–environment interaction, in which an individual’s response to environmental insults is moderated by genetic susceptibility. Several studies report that depressive symptoms are increased in 5-HTTLPR S-allele carriers who report a history of adverse or stressful life events [180–186]. Wilhelm et al. [186]  reported that adverse events appeared to protect against depression in the subjects with LL genotype. Interestingly, a similar trend is observed in other studies [179, 180, 184] that have reported an interaction, although an opposite effect of adversity on depression risk across genotypes seems biologically unlikely. The study of Kaufman et al. [181] specifically reported increased rates of depression in adult carriers of the S allele who had been abused in childhood. However, Gillespie et al. [187] and Surtees et al. [188] found no evidence to support a main effect of 5-HTTLPR, or an interaction between the 5-HTTLPR genotype and stressful life events on major depressive disorder. Evidence for the role of the gene–environment interaction with childhood events is much stronger than that for the interaction with life events occurring close to the onset of depression [189]. Later adult stressful events may have served as a marker for childhood events. Prospective studies may fail to replicate gene-environment interaction if respondents already suffer from depression at baseline. Most studies found evidence for a gene–environment interaction although the studies have examined different stress measures such as stressful life events (illness, death of a relative, marital breakdown, financial crisis, unemployment) [179, 180, 183, 184, 186, 187], parental educational level [180], social adversity (problems relating housing, work, relationships and social difficulties) [180, 188], childhood maltreatment (physical abuse, sexual abuse, neglect, emotional abuse, domestic violence) [179, 181] and family constellation, type of residence, family relationship and psychosocial index [185] and different assessment methods (scales) of stress measures such as a life-history calendar [179], the Social Problems Questionnaire [180], the List of Threatening Experience [180, 187], the Arizona Social Support Interview Schedule [181], long-term contextual threat scale [182], the St Paul–Ramsey Scale [184] and the Health and Life Experiences Questionnaire [186, 188]. The severity of stress measures was assessed by the number of the life events [179, 181, 183, 186–188] or dichotomized groups [high/low (dichotomized at the median), no/one or more, or no and one/two or more] [180, 182, 184, 185]. Additionally, there is some evidence that women may be more involved in gene–environment interaction [180, 183, 185]. Although this evidence is only suggestive, it should be focused on in studies of depression in women. Again, the interaction between the 5-HTTLPR genotype and the life events on major depressive disorder may exist although there were marked differences of factors associated with stress measures among the studies. If the gene–environment interaction can be confirmed by further adequately powered and well-designed studies, it will provide an intriguing base for further exploration and dissection of pathological mechanisms underlying depression.
Continued advances in SNP maps and in high-throughput genotyping methods will facilitate the analysis of multiple polymorphisms within genes and analysis of multiple genes within pathways. The effects of polymorphisms are best represented by their haplotypes. Data from multiple polymorphisms within a gene can be combined to create haplotypes, the set of multiple alleles on a single chromosome. None of the studies reviewed here reported haplotype associations, although several studies analyzed multiple polymorphisms within a gene, sometimes with inconsistent results. The analysis of haplotypes can increase power to detect disease associations because of higher heterozygosity and tighter linkage disequilibrium with disease-causing mutations [190–192]. In addition, analysis of haplotypes offers the advantage of not assuming that any of the genotyped polymorphisms is functional; rather, it allows for the possibility of an ungenotyped functional variant to be in linkage disequilibrium with the genotyped polymorphisms [193].
An analysis of data from multiple genes within the same DNA-repair pathway (particularly those known to form complexes) can provide more comprehensive insight into the studied associations. Such an analysis may shed light on the complexities of the many pathways involved with monoaminergic pathway and depression development and provide hypotheses for future functional studies. Because of concerns over inflated type I error rates in pathway-wide or genome-wide association studies, methods of statistical analysis seeking to obviate this problem are under development [194]. The ability to include haplotype information and data from multiple genes, and to model their interactions, will provide more powerful and comprehensive assessments of the monoaminergic pathways.
Although the summary risk for developing major depressive disorder in individuals of each genotype may not be large, major depressive disorder is such a common disease that even a small increase in risk can translate to a large number of excess major depressive disorder cases. Therefore, polymorphisms, even those not strongly associated with major depressive disorder, should be considered as a potentially important public health issue. In addition, a susceptibility factor in one population may not be a factor in another. There are differences in the prevalence of the 5-HTTLPR polymorphisms across populations. In a population where the prevalence of an “at-risk” genotype in a given polymorphism is very low, the “at-risk” allele or “at-risk” genotype may be too infrequent to assess its associated risk. At a population level, the attributable risk must be small simply because it is an infrequent allele. Finally, the major burden of major depressive disorder in the population probably results from complex interaction between many genetic and environmental factors over time. Further investigations of the combined effects of polymorphisms between monoaminergic genes and genes listed in Table 1 may help to clarify the influence of genetic variation in the process of developing the depressive state. Consortia and international collaborative studies, which may maximize study efficacy and overcome the limitations of individual studies, are needed to help further illuminate the complex landscape of major depressive disorder risk and genetic variations.
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