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Abstract: Suicide is one of the leading causes of death worldwide. According to the World Health
Organization (WHO), every year, more than 700 thousand people die from this cause. Therefore,
suicide is a public health issue. The complex interaction between different factors causes suicide;
however, depression is one of the most frequent factors in people who have attempted suicide.
Several studies have reported that vitamin D deficiency may be a relevant risk factor for depression,
and vitamin D supplementation has shown promising effects in the adjunctive treatment of this mood
disorder. Among the beneficial mechanisms of vitamin D, it has been proposed that it may enhance
serotonin synthesis and modulate proinflammatory cytokines since low serotonin levels and systemic
inflammation have been associated with depression and suicide. The present narrative review shows
the potential pathogenic role of vitamin D deficiency in depression and suicide and the potential
benefits of vitamin D supplementation to reduce their risk.

Keywords: vitamin D deficiency; calcitriol; major depressive disorder; self-injurious behavior; suicidal

ideation; neuropsychiatry; neuroinflammation; serotonin; cytokines; kynurenine

1. Introduction

Suicide is a death caused by self-injurious behavior with evidence of an intentional
desire to die [1]. In contrast, non-fatal suicidal thoughts and behaviors are classified as
follows: (a) suicidal ideation (passive), which refers to a series of desires and contemplations
of carrying out a suicidal act; (b) suicidal plan (active), which is the planning of methods
with which one intends to end one’s own life; and (c) suicide attempt, which refers to
self-injurious behavior with intent to die that may not result in physical injury [1,2].

According to information from the WHO, more than 700,000 suicides occur yearly.
In 2019, suicide represented the fourth leading cause of death worldwide in individuals
aged 15 to 29 years. Seventy-seven percent of these suicides occurred in low- and middle-
income countries; however, suicide has a global impact that affects even high-income
populations [3]. The COVID-19 pandemic exacerbated the risk factors associated with
suicide or suicidal behavior. The mental health impact of social distancing, quarantines,
and financial crises due to loss of employment was identified as a significant risk factor
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associated with this exacerbation [4]. Therefore, the WHO recognizes these problems as a
priority public health issue [3].

Suicide can be caused by a dynamic and complex interaction between several fac-
tors [5], such as mental disorders, genetic risk factors, availability of firearms, and bad life
experiences [6]. However, mental disorders account for the vast majority (between 60% and
98%) of suicides and suicide attempts [7]. According to a recent meta-analysis, a mental
disorder increases the risk of suicide almost ten times and the risk of suicide attempt almost
three times [8].

Depression is a mental disorder that causes persistent sadness and loss of interest.
Among mental disorders, criteria for depression have been identified in up to 65% of
suicide cases [5,9]. Likewise, a positive association between depression and the risk of a
suicide attempt has been reported (OR = 1.54 (95%CI: 1.21-1.96), p < 0.001) [8].

Vitamin D is a micronutrient identified as a hormone because its active metabo-
lite—calcitriol—exerts endocrine, paracrine, and autocrine effects [10]. The classical func-
tion of vitamin D is the regulation of calcium and phosphorus serum levels in a healthy
physiological range [11]; however, calcitriol also exerts functions involved in the cardiovas-
cular system, neurodevelopment, and immune response [12-16].

According to previous research, vitamin D deficiency may be a risk factor for de-
pression [17,18] and suicide attempts [19,20]. This could be explained because vitamin D
deficiency can alter the availability of some cholinergic, dopaminergic, and noradrener-
gic neurotransmitters, which have been implicated in depression [21]. In addition, some
studies have shown that vitamin D supplementation may improve the clinical depressive
state [22,23]. Vitamin D also can modulate proinflammatory cytokines (e.g., IL-6 and
TNF-o), which are essential in systemic inflammation associated with depression and
suicide [24,25].

This narrative review addresses an overview of the pathogenic role of vitamin D
deficiency in depression, suicide, and suicide attempt.

2. Material and Methods

A search was conducted using the PubMed /MEDLINE electronic database without
restrictions on publication dates. The included studies were mainly original articles, nar-
rative reviews, systematic reviews, and meta-analyses, and the language was restricted
to English. Titles and abstracts were considered for full-text review. The search strategy
was performed based on the following keywords: “depression”, “mood disorder”, “suicide
attempt” “suicide”, “vitamin D”, “vitamin D intake”, “dietary vitamin D”, “vitamin D
deficiency”, “calcidiol”, “calcitriol”, “vitamin D receptor”, “vitamin D supplementation”,
“neurotransmitters”, “serotonin”, “inflammation”, and “neuroinflammation”. However,
complementary bibliography beyond the established keywords was also considered. Fur-
ther screening of studies was conducted by reading the full text of the papers according to
the aim of this review. Studies with a small sample size (<20) were excluded because of

low statistical power.

s

3. Vitamin D
3.1. Vitamin D Sources and References Levels

Vitamin D is the generic term for ergocalciferol (vitamin D,) and cholecalciferol
(vitamin D3) which can be found mainly in plant and animal sources, respectively. However,
it is estimated that most vitamin D3 in humans could be synthesized in the epidermis from
7-dehydrocholesterol (7-DHC), a precursor of cholesterol [26]. Ultraviolet-B (UVB) rays
(290-315 nm) from the sun penetrate the epidermis, where 7-DHC absorbs the energy to
be cleaved and form previtamin D3. Subsequently, through a thermosensitive process,
previtamin Dj is isomerized to form vitamin D3 [27]. Nevertheless, despite the relevance of
UVB rays as a source of vitamin D, it should be noted that several factors can reduce its
syntheses in the epidermis, such as sunscreen use, skin pigmentation, aging, geographical
latitude, season, and time of day [28].



Nutrients 2023, 15, 1765

30f23

—

Calcidiol (25[OH]D) is the reference biomarker for the determination of clinical vitamin
D status due to its half-life of up to three weeks in circulation [12]. The Endocrine Society
(USA) and the European Society of Endocrinology specify vitamin D sufficiency when
there is a calcidiol concentration >30 ng/mL (75 nmol/L), insufficiency of 20 to 30 ng/mL
(50 to 75 nmol/L), and deficiency <20 ng/mL (50 nmol/L) [29]. Maintaining a calcidiol
concentration between 40 and 60 ng/mL (100-150 nmol/L) is suggested to obtain the best
health benefit from vitamin D [30-32].

3.2. Vitamin D Metabolism

Vitamin D synthesized in the skin is attracted to the dermal capillary bed by the
vitamin D binding protein (DBP), which transports it to the liver for its metabolism [11,33]
(Figure 1A). Likewise, vitamin D from the diet is incorporated into chylomicrons for
release into the lymphatic system. Subsequently, chylomicrons remnant particles in the
circulation deliver dietary vitamin D to the liver [11,34] (Figure 1B). Once in the liver,
CYP2R1 hydroxylates both exogenous and endogenous vitamin D for the production
of calcidiol, the primary metabolite of vitamin D in the circulation [28,35] (Figure 1C).
After that, CYP27B1 hydroxylates calcidiol in the kidneys to form 1,25-hydroxyvitamin D
(1,25[OH];D), also termed calcitriol. The latter is responsible for exerting the biological
functions of this vitamin [11,28,36] (Figure 1D,E).

D D
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Figure 1. Metabolism, signaling, and functions of vitamin D. (A) Vitamin D3 synthesized in the skin
binds to DBP for its transport into circulation. (B) Dietary vitamin D (ergocalciferol or cholecalciferol)
is incorporated into chylomicrons that promote its absorption and transport to the liver. (C) Vitamin
D, and D3 are metabolized in the liver by CYP2R1 for the formation of calcidiol. (D) In the kidneys,
calcidiol is metabolized to calcitriol by CYP27B1. (E) Calcidiol is mobilized in the circulation for
extrarenal metabolism, while calcitriol is mobilized to exert endocrine functions. (F) Calcidiol can be
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metabolized in immune cells (macrophages and lymphocytes), which in turn express VDRs to exert
paracrine and autocrine functions. (G) Calcidiol can cross the blood-brain barrier (BBB); moreover,
calcitriol produced in the brain exerts several regulatory functions (based mainly on experimental
studies). (H) Calcitriol interacts with its nuclear receptors to form a complex (VDR-RXR) on VDREs.
This complex in collaboration with nuclear corepressors or coactivators, regulates the transcription of
target genes. UVB, ultraviolet-B; 7-DHC, 7-dehydrocholesterol; Vitamin D;, ergocalciferol; Vitamin
D3, cholecalciferol; DBP, vitamin D binding protein; CYP2R1, cytochrome P450 Family 2 Subfam-
ily R Member 1 (25-hydroxylase); CYP27B1, cytochrome P450 Family 27 Subfamily B Member 1
(25-hydroxyvitamin D-1 alpha hydroxylase); VDR, vitamin D receptor; RXR, retinoid X receptor; CoR,
nuclear corepressors; CoA, nuclear coactivators; VDRE, vitamin D response element; Th, T helper
cells; Tregs, T regulatory cells.

Calcitriol is the ligand for vitamin D receptor (VDR), a member of the nuclear recep-
tor family of transcription factors which activates or represses the expression of nearly
1000 genes in many cell types, including immune cells, given the wide distribution of
VDR [37] (Figure 1EH). Upon interaction with calcitriol, the VDR is activated and forms a
heterodimer with the retinoid X receptor (RXR). This complex (VDR-RXR) binds to vitamin
D response elements (VDREs) in DNA, where corepressors or coactivators with histone-
modifying activity are assembled, allowing the regulation of transcription of genes [38]
(Figure 1H).

Calcidiol and calcitriol are present in the brain [39,40]. In brain cells, changes in
vitamin D status have been associated with impaired cytokine regulation and affect cell
differentiation, neurotrophin expression, intracellular calcium signaling, neurotransmit-
ter release, anti-oxidant activity, anti-inflammatory actions, stress responsivity, and the
expression of genes/proteins essential to neuron physiology [41] (Figure 1G).

3.3. Vitamin D Is a Bioactive Agent in the Brain

Although VDR was initially identified in tissues related to calcium and phosphorus
homeostasis (intestine, bones, kidneys, and parathyroid gland), it is now recognized that
VDR is also present in brain cells (astrocytes, microglia, and neurons) and immune system
cells (T cells, B cells, and macrophages). Therefore, vitamin D can perform several brain
immunoregulatory functions [42-45]. Some authors have demonstrated possible cognitive-
enhancing effects of vitamin D, which may reflect a direct action in the brain rather than a
result of secondary systemic effects. Indeed, in experimental rodent models, vitamin D has
direct neuroprotective actions and can reduce some biomarkers of brain aging, i.e., optimal
levels of vitamin D stabilize myelin structure and enhance synaptic vesicle recycling and
transcription factors facilitating cognitive processes [46—48]. Moreover, CYP27B1 and
VDR have been prominently reported in the hypothalamus and the large (presumably
dopaminergic) neurons within the substantia nigra. Therefore, vitamin D could has similar
functions to other neurosteroids and may have autocrine/paracrine properties in the
human brain [49]. Additionally, preclinical studies indicating vitamin D deficiency in early
life affect neuronal differentiation, axonal connectivity, dopamine ontogeny, and brain
structure and function. These bioactive mechanisms offer an intriguing possibility of the
epidemiological associations between vitamin D deficiencies and psychiatric disorders
such as depression [21,50-52].

4. Depression: A Significant Risk Factor for Suicide and Suicide Attempt

Suicide and suicidal behavior comprise the sixth and ninth leading causes of global
disease burden among men and women 15 to 44 years, respectively [53]. Factors leading to
suicide may be divided into predisposing and precipitating stressors [54]. Some predispos-
ing factors identified for suicide include psychiatric disorders, previous suicide attempts,
substance abuse, hopelessness, and a family history of suicidal behavior [55,56]. It has been
reported that up to 15% of patients with recurrent depressive disorder commit suicide [57].

The association of suicide with depression, particularly in major depressive disorder
(MDD), can be explained by the synergic role of genetics, endogenous and exogenous stres-
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sors, epigenetics, the hypothalamic—pituitary—adrenal stress-response system, the involve-
ment of the monoaminergic neurotransmitter systems, neuro-immunological biomarkers,
the brain-derived neurotrophic factor, and other neuromodulators [58].

4.1. Neurological Mechanisms Associated with Depression and Suicide

Serotonin has been highlighted as a principal neurotransmitter altered in depression;
therefore, selective serotonin reuptake inhibitors (SSRI) tend to be the first-line treatment.
The monoamine hypothesis of depression [59] suggests that the deficit of monoamines
(serotonin, norepinephrine, and dopamine) in the brain is the basis of the pathogenesis of
depressive disorder [60,61].

Serotonin is a tryptophan-derived neurotransmitter that can be synthesized in the
brain by tryptophan hydroxylase 2 (TPH2) [23,62]. There are two main pathways in
tryptophan metabolization: one is the kynurenine (KYN) pathway, initiated by the enzyme
indoleamine 2,3-dioxygenase (IDO), and the other is the serotonin pathway [63].

Dysregulation of the KYN pathway was reported in suicidal patients for the first time
by Sublette et al. (2011), who associated higher plasma KYN concentrations with a history
of suicide attempts [64]. Moreover, increased quinolinic acid (QUIN) levels (a metabolite
in the KYN pathway) have been associated with behavioral symptoms of depression and
suicidality in other studies afterward [65-67].

The monoamine hypothesis is also supported by data showing that monoamine oxi-
dase inhibitors are effective antidepressants and appear to work by increasing serotonergic
and noradrenergic signaling [68]. However, these drugs can fail to produce a rapid and
sustained antidepressant response in a substantial proportion (until 2/3) of depressed
patients; therefore, the neurobiological mechanisms of depression cannot be explained
solely as a consequence of these mechanisms [60,69].

Another system involved in the neuropathogenesis of depression is the hypothalamic—
pituitary—adrenal (HPA) axis, one of the major endocrine systems responsible for main-
taining homeostasis when the individual is challenged or stressed [70]. Alterations in the
HPA axis are common in depression and are associated with suicide risk, regardless of the
presence or absence of depression [71]. Furthermore, noradrenergic overactivity due to an
overactivity of the HPA axis has been associated with higher suicide risk [71,72].

4.2. Inflammatory Mechanisms Associated with Depression and Suicide

The presence of inflammation markers in depression has been reported in different
studies; especially, overproduction of proinflammatory cytokines has been reported in sev-
eral neuropsychiatric conditions, including MDD [73-76]. Patients with MDD and suicidal
attempts have been found to have increased levels of IL-6, TNF-c, and C-reactive protein
(CRP), with decreased levels of anti-inflammatory cytokines such as IL-10. Moreover,
patients with arthritis—a chronic inflammatory disease—have significantly higher odds of
committing suicide attempts in comparison to controls, and this trend is still significant
after adjusting for well-known confounding variables such as adverse substance abuse,
history of depression and anxiety, and current pain level [77].

Additionally, it has been reported that 1/3 of patients receiving interferon treatment
develop depressive-like symptoms during therapy [78]. Moreover, individuals who receive
injections of lipopolysaccharide (LPS), which induces a systemic inflammatory response,
experience depressive symptoms [79].

A post-mortem study provided evidence of increased inflammation in the brains of
suicide victims associated with depression [80]. Moreover, evidence for aberrant cytokine
levels in blood, cerebrospinal fluid, and post-mortem brain samples of patients with
suicidality was reported in a meta-analysis study. Especially, IL-13 and IL-6 were most
robustly associated with suicidality, and the authors suggested that these cytokines may
help distinguish suicidal from non-suicidal patients [81].

In a recent literature review, Lena Brundin et al. summarized a great deal of evidence
that implicates dysregulation of the immune system in the pathophysiology of depression
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and suicidality. They include various inflammatory conditions, such as traumatic brain
injury, vitamin deficiency, autoimmune disorders, and infections, which, through raised
levels of inflammatory mediators, can cause hyperactivation of the HPA axis and alterations
in monoamine metabolism in the patients, causing changes in emotion and behavior, which
could ultimately lead to suicide in vulnerable individuals [76].

5. Vitamin D, Depression, and Suicide: Interrelated Evidence and Mechanisms
5.1. Sun and Depression

Seasonal affective disorder (SAD) is characterized by hopelessness, fatigue, and de-
pression [82,83]. The recurrence of this condition is almost annual since the symptoms
appear during seasonal changes, particularly in autumn and winter [84]. Interestingly, the
symptoms disappear once the seasonal period is over; therefore, SAD is classified as a
depression related to climate and seasonal weather changes [83].

It has been hypothesized that SAD may be associated with a lack of sunlight due to
its incidence during certain year seasons [85]. In particular, it is believed that sunlight
deficiency may alter the synthesis of neurotransmitters related to regulating circadian
rhythm and mood (e.g., melatonin and serotonin) [82,83]. Since SAD is a cognitive disorder,
its approach is mainly focused on cognitive-behavioral therapy, which is usually accompa-
nied by antidepressants and light therapy. Moreover, vitamin D supplementation has been
proposed as an adjuvant treatment because of the potential relevance of serotonin in the
pathophysiology of SAD [83]. The latter is based on the critical influence of this vitamin on
the synthesis and concentration of serotonin [62,86].

5.2. Vitamin D Levels, Depression, and Suicide

Different sources of chronic inflammation, such as stress, trauma, short sleeping hours,
and sedentary habits, are related to depressive disorder [87]. Therefore, inflammation,
depression, and suicide are associated, but the underlying mechanism is still unknown;
despite this, vitamin D has been proposed as a common element in these conditions [76].

Patients with depressive symptoms had a lower calcidiol concentration compared to
those without depression, even after adjustment with other variables such as age, gender,
and body mass index [88]. Low calcidiol levels have also been associated with specific
predisposing factors for suicide, such as exacerbation of depression and other psychi-
atric disorders [89]. Tables 1 and 2 summarize some experimental and observational
studies retrieved from this scoping that have attempted to trace the relationship between
vitamin D, depression, and suicide. These studies present evidence that broadens the discus-
sion associating vitamin D with depressive symptoms and suicidal behavior. Nevertheless,
due to the heterogeneity of risk factors associated with depression and the disparity of as-
sociation with suicidal behavior, the authors of the discussed reports encourage additional
studies to elucidate this further.

Most of the literature collected for this discussion comes from cross-sectional
studies [18,24,90-92], which do not allow for establishing causality. Moreover, the multi-
factorial nature of depression and suicidal behavior per se complicates exploring isolated
associations they might have with vitamin D; therefore, it is fundamental that further
studies control in more rigorous wat the most common confounding variables. Authors
have kept this in mind and recorded somatic illnesses, medications, and sampling seasons
of vitamin D; however, failure to control for some comorbidities [91], ethnicity, and smoking
habits [90] are scant.

Perhaps the most overlooked confounding variable was exposure to UVB, but hy-
povitaminosis D is more related to urban residency and air pollution, regardless of a high
sun exposure index [93]. One study measured urbanization and found it associated with
depression in elderly individuals [94].

Vitamin D deficit was associated with inflammatory markers in depressed and suici-
dal individuals [24,90], depressive symptoms and severity [18,94], suicidal risk [91], and
affect [95]. On the contrary, one study found no association [92]; some limitations could
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explain this discrepancy with the summarized studies. For example, the discrepant study
did not measure depression and suicidal behavior through a validated instrument, and the
cases differed significantly from those without mood alterations.

On the other hand, randomized controlled trials only assessed short-term supple-
mentation, except for one, which carried out a one-year vitamin D supplementation [96].
This long-term study cannot wholly extrapolate to the rest randomized trials because the
evaluated population consists of overweight patients.

One study of the short Vitamin D supplementations increased the positive affect but
did not measure vitamin D and used an instrument with a floor effect, which hindered the
interpretation of the negative affect [95]. Additionally, other short-term supplementations
with vitamin D showed that eight-week supplementation with 50,000 IU/2 weeks of
vitamin D elevated the calcidiol concentration of subjects with mild to moderate depression
and significantly improved their depression severity [23].

It is undeniable that the evidence is still inconclusive. However, as anti-depressive
medication has a significant clinical impact on patients at the upper end of the very severely
depressed category [97] is valid to explore the value of vitamin D supplementation for
certain groups of individuals, such as people who are overweight, people living in urban
areas, older adults, or patients with elevated immune markers.

Considering the reported associations of vitamin D with depression and suicide, more
rigorous studies, such as clinical trials, are needed to determine vitamin D supplementa-
tion’s role in the adjunctive treatment of depressive disorders and suicidal behavior.



Nutrients 2023, 15, 1765

8 of 23

Table 1. Observational studies associating vitamin D, depression, and suicidal behavior.

Author, Year Country; N; Age Objective(s) Vl\l/}:r:unr? Depression Measure Suicidal Behavior %ic:::;::s Results/Conclusion
Diagnosis according to the
Diagnostic and Statistical In comparison to depressed
Manual of Mental Disorders IV P . P
(DSM-IV) as schizoaffective non-suicidal patients and healthy
disorder (1 = 2), Psychotic controls, patients with suicide
Sweden: 59 suicide Disorder (11 = ’1) Maior attempts had significantly lower mean
! 1 ) . 'V vitamin D levels. Clinically, 58% of the
attempters (25 men Asses the Calcidiol was Depressive Disorder (n = 10), suicide attempters had vitamin D
and 34 women): association between  measured in plasma Bipolar I Disorder (n = 3), Vitamin D’s .. p
. - S . . . . deficiency. Increased levels of IL-6 and
Grudet et al., non-suicidal suicide attempt, using liquid Bipolar II Disorder - association with - .
. . . . Suicide attempt IL-1p in the blood were associated
2014 [90] depressed patients vitamin D, and chromatography—- (1 = 12), Anxiety disorder (n = 4), plasma IL-1§3, IL-6, with low vitamin D
(n =17) and healthy inflammatory mass spectrometry Generalized Anxiety Disorder and TNF-a - T )
. A deficiency in vitamin D was found
controls (n = 14); changes (LC-MS) (n =1), Dysthymic in suicide attempters. The results
18-73 years old Disorder (n = 4), Alcohol reMplers. )
Dependence (1 = 6), Substance suggest this deficiency might
Dependence (1 = 2) ,A djustment contribute to higher proinflammatory
Disorder (n =7), Adjustment cytokin.e:? pre.viopslly found in
Disorder with Depressed Mood suicidal individuals.
(n = 3), and Depressive Disorder
Serum calcidiol No significant differences in serum
25-hydroxyvitamin D concentrations
Explore the levels were . . Self-reported .
- . Depressive symptoms (“yes” vs. . : were found among depressive
relationship among measured by v . information about . . X
. .. no”) were evaluated by asking, L. . . symptoms and suicidal ideation.
depressive radioimmunoassay ,, suicidal ideation . . R
Republic of Korea symptoms, suicidal (DiaSorin, hHaV{e yo;l felt ic’o sad or (“yes” vs. “no”) was Sociod hi Vitamin D, delpresswe symptoms, and
epul ; ¢ 4 : ociodemographic icidal ideati
Il Park et al., 11; 695 subjects; ideation, and Stillwater, MN, opeless for alt< e;st .two h evaluated by asking, and health—grele}:ted su}cu:l.?. 1de?t10n were 1210t
2016 [92] / g vitamin D in a USA) using a consecutive weeks during the “Did vou ever feel like significantly associated.
20 years and older & past year that you had difficulty Y factors Further studies could help elucidate
representative gamma erforming your usual committing. further the association or lack of
sample of the counter (1470 p activ%t?esw’ suicide during the association between vitamin D
general population Wizard; Perkin ’ past year?” . !
Elmer) depressive symptoms, and

suicidal ideation.
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Table 1. Cont.

Vitamin D

Additional

Author, Year Country; N; Age Obijective(s) Measure Depression Measure Suicidal Behavior Outcomes Results/Conclusion
Patients with MDD with and without
. suicidal ideation (SI) did not display
MDDt sub]‘ect:l were significant differences in calcidiol
.. " categorzed as levels when compared between them
The Structured Clinical non-Suicidal Ideation Infl t d controls. All th q
USA; Asses the Analyses of Interview for DSM-IV-TR Axis I group” or “Suicidal nrammatory | andcontrois. € measurec
) . e A . . ” markers IL-6 inflammatory markers were negatively
48 un-medicated association between calcidiol were Disorders Ideation group nd TNE- rrelated with calcidiol: th
Crudet et al major depressive suicide ideation, conducted by liquid ~ (SCID); clinical interview witha  based on their HDRS nZu tro hil-ot(é)- corf‘glafic?nz WVZre rrclgrce sior{iﬁczsrft in
2020 [24] v disorder (MDD) vitamin D, and chromatography— board-certified psychiatrist. suicidality item score. lvmoh. P te rati MDD subiect ? v in
subjects and 54 inflammatory mass spectrometry, Depression severity: Subjects indicating a y (ISIL%C)Y N ; 0 Sl:h]egls’ especially
healthy controls; markers in patients model Sciex API 17-item version of the suicide attempt or white bloo d, Ca;h count Even though cealcigi‘glu 112 'vels did not
39.3 £ 14.9 years old with MDD 4000 LC/MS/MS Hamilton Depression Rating current suicidal intent discrimi 8 ith .
Scale (HDRS). within the past week (WBCQ) iscriminate MDD with or without SI
were excluded from or vs. controls, indicators of immune
the stud activation in MDD were associated
¥ with lower calcidiol, particularly in
cases with SL
Dla]%gi/sllj\r;} ,la,fd: Iictce cﬁilggi;)fhe Patients with depression that had not
(@) ‘C‘ompare Neuropsychiatric Interview remitted with previous and ongoing
calcidiol levels treatments at the moment of the study
between clinicall (MINI) 6.0; SCID-IL. Current had significantly lower levels of
depressed ’ psychiatric symptoms were Calcidiolgthan heal};h controls. Onl
indivirc)iuals with assessed using the Suicidal ideation (SI) 5% of the controls zvere calci.diol Y
insufficient Analyses of Comprehensive was assessed by the deficoient (<50 nmol/L), while 30% of
. calcidiol were Psychopathological Rating Scale Suicide Assessment . ! y
Sweden; 202 patients ~ treatment response L the depressed patients were. The odds
Grudet et al and 41 health and health conducted by liquid (CPRS), and the Scale (SUAS-S). of being depressed decreased 17% per
v Y y chromatography- Montgomery-Asberg Subjects are divided & Jep - °op
2022 [18] Controls; controls; ) . . . 10 nmol/L increase of calcidiol, which
18-77 vears old (b) assess the mass spectrometry, Depression Rating Scale into high-grade is sienificant
y {ation between model Sciex API (MADRS) was extracted. suicidal ideation and Svmptom vgrit in d thymi
assoriation betwee 4000 (LC/MS/MS)  Patients were divided into four low-grade ymptom severty yStyIme

different affective
disorder diagnoses,
grade of suicidal
ideation, and
calcidiol levels

groups based on their diagnosis:

major depressive disorder
(MDD) single episode (1 = 17),
MDD recurrent episode
(n =101), chronic MDD (n = 59),
or dysthymia (n = 18).

suicidal ideation.

patients correlated with calcidiol but
not in other groups.

No significant differences were found
in mean calcidiol levels between the
four affective disorder
diagnoses groups.
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Table 1. Cont.

Additional

Results/Conclusion

Author, Year

Country; N; Age

Obijective(s)

Vitamin D
Measure

Depression Measure

Suicidal Behavior
Outcomes

The Plutchik score and suicidal risk

Calderon-
Espinoza et al.,
2022 [91]

Mexico; 72 patients
were classified into
three groups
according to their
vitamin D levels;
50.6 £ 12.76 years old

Determine the
frequency of
depression, anxiety
symptoms, and
suicidal risk or
ideation, and
associate it with
vitamin D serum
levels in patients
with rheumatoid
arthritis

Vitamin D
quantification
was determined
using the
chemiluminescence
immunoassay
technique (Liaison
25-OH Vitamin D
Total Assay,
Stillwater, MN)

Hospital Anxiety and
Depression Scale (HADS)

Simplified Disease
Activity Index (SDAI),
Clinical Disease
Activity Index
(CDAI), Rheumatoid
Arthritis
Quality-of-Life
Questionnaire,
e-Health Assessment
Questionnaire—
Disability Index
(HAQ-DI)

Spanish adaptation of
the self-applied
Plutchik scale

were inversely correlated with
inadequate vitamin D levels but not
with the Hospital Anxiety and
Depression Scale. Higher scores on the
Rheumatoid Arthritis Quality-of-Life
Questionnaire were associated with
suicidal ideation.
Inadequate vitamin D serum levels
correlated with a Plutchik low
correlation coefficient. Regarding the
covariance analysis, vitamin D levels
persist associated with decreasing
suicide ideation.

LC-MS, liquid chromatography-mass spectrometry; MDD, major depressive disorder; SI, suicidal ideation; DSM-IV-TR, Diagnostic and Statistical Manual of Mental Disorders, fourth
edition, text revision; HDRS, hamilton depression rating scale; SCID, structured clinical interview for DSM-IV-TR axis I disorders; CPRS, comprehensive psychopathological rating scale;

MADRS, Montgomery-Asberg depression rating scale; SUAS-S, assessment scale, HADS, hospital anxiety and depression scale; SDAI, simplified disease activity index; CDALI, clinical

disease activity index; HAQ-DI, health assessment questionnaire disability index.
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5.3. Vitamin D and Neurological Mechanisms Associated with Depression and Suicide

Vitamin D is a key regulator of brain serotonin synthesis through TPH2 gene expres-
sion, which contains a VDRE consistent with activation; therefore, low vitamin levels could
be associated with low serotonin levels and psychiatric and mood disorders [62,98].

On the other hand, autopsies have shown elevated VDR mRNA expression in the
brains of depressive individuals who died by suicide [99]. In this sense, some authors
proposed that the VDREs would respond to vitamin D hormone in an inverse mode, with
TPH?2 being transcriptionally activated in the brain and TPH1 repressed in tissues outside
of the blood-brain barrier (BBB) [100]. This proposal is based on evidence that the VDRE
sequence alone can determine whether vitamin D will activate or repress gene transcrip-
tion [101] and in a previous report showing that vitamin D activates TPH2 expression in
cultured neuronal cells [86].

Vitamin D has an important role in maintaining the vitality of neurons, such as those
secreting neurotransmitters. After detecting the presence of VDR in the hippocampus, it
was revealed that vitamin D is a potent modulator of the expression of the nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin (NT)-3, which
are necessary for the viability, growth, and migration of neurons. Therefore, it has been
proposed that sufficient vitamin D levels could be associated with homeostatic neurotrans-
mitter levels and with a minor risk of mood disorders such as depression [23,102].

Additionally, experimental models of depression have found that vitamin D con-
tributes to improved serotonergic metabolism in the brain, as it not only increases serotonin
synthesis by induction of the TPH2 gene expression but influences the expression of sero-
tonin reuptake transporter (SERT) and the levels of monoamine oxidase-A (MAO-A),
responsible to serotonin catabolism. Therefore, the deregulation of vitamin D can alter
these processes and favors depressive symptoms [103].
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Table 2. Compilation of studies investigating the relationship between vitamin D and depression.

Author, Year Country; N; Age Objective Vitamin D Measure Depression Measure Intervention I(X)ic::t;);zl Results/Conclusion
Both doses (400 IU and 800 IU)
increased their reported PA by almost
The Positive and Subjects were given a full standard deviation above their
Test the efficiency of Negative Affect 400 TU, 800 IU, or no popula.tl.on mean. NA did not decrease
. o Schedule (PANAS) o . significantly for either dose group
Australia; 44 healthy vitamin D d vitamin D3 for five d to the placebo. E houeh
Lansdowne etal., tudents: 18 t supplementation on No measurement was used as a days during late compared o the placebo. Even thoug
1998 [95] students; 0 ticipants’ d self-report measure of inter i None it did not reach significance, the trend
43 years old participants moo positive affectivity winter m for NA was a decrease in both
during winter . a random
(PA) and negative double-blind stud dose groups.
affectivity (NA) y The placebo group remained
practically matched the population
means.
Compared to 1087 control individuals,
Lo . calcidiol levels were 14% lower in 169
Serum ca.1c1d101 Depression was persons with minor depression,
Explore if there is an concentration was measured using . whereas their PTH was 5% higher.
. determined using a self-reports (Centre for Potentially . .
. association between -, s . : - . Twenty-six persons with MDD also
. The Netherlands; - competitive binding Epidemiologic confounding factors N o
Hoogendijk et al., . . altered calcidiol and : . . . had a lower calcidiol level by 14% and
) 1282 residents; . protein assay (Nichols Studies-Depression None and explanatory . o
2008 [94] parathyroid hormone . : . : . higher PTH by 33%. Decreased serum
65 to 95 years old Institute Diagnostics scale) and diagnostic factors were also 1 .
(PTH) levels and Inc, San Juan interviews measured calcidiol levels and increased serum
depression Ca/ istrano (Diagnostic Interview PTH levels were significantly
CaP1)1 fornia), & Schedule) associated with depression severity
(Center for Epidemiologic Studies
Depression Scale).
Serum calcidiol was Patients with < 40 nmol L(-1) calcidiol
determined by levels had significantly more
: ; Blood samples were depressive traits as measured by the
. 1mmunon.1etr1.c I.Depressec.l mood was 2.0’00(.) or 40,000 IU drawn for analysis of total and subscales of the BDI than
Norway; 441 subjects (electrochemilumines-  judged with the Beck vitamin D per week

Jorde et al.,
2008 [96]

(BMI 28-47 kg /m);
21-70 years old

cence) using an
automated clinical
chemistry analyzer
(Modular E170; Roche
Diagnostics®)

Depression Inventory
(BDI) at inclusion and
the end of the study

or placebo for one
year in a random
double-blind study

serum calcium,

creatinine, and
parathyroid

hormone (PTH)

patients with serum levels > 40 nmol
L(-1) calcidiol levels. The BDI scores
improved significantly after one year
in both groups with vitamin D
supplementation but not in the
placebo group.
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Table 2. Cont.

Author, Year

Country; N; Age

Objective

Vitamin D Measure

Depression Measure

Intervention

Additional
Outcomes

Results/Conclusion

Kaviani et al.,
2020 [23]

Iran; 56 subjects with
mild to moderate
depression and no
other psychiatric

disorder;
18-60 years old

Assess the effects of
vitamin D
supplementation on
consequent serum
calcidiol, depression
severity, and
serotonin and
oxytocin in patients
with mild to
moderate depression

The enzyme
immunoassay (EIA)
method was
employed for
assessing serum
calcidiol (Euroimmun
EIA kit, Lubeck,
Germany)

Structural clinical
diagnostic interview
based on the DSM-1V
criteria and Beck
Depression
Inventory-II
(BDI-II) score

50,000 IU cholecalcif-
erol/2 weeks and
control (placebo) in an
8-week double-blind,
randomized
clinical trial

Intact parathormone
(iPTH), serum
oxytocin, and

platelet serotonin

After eight weeks, significant changes
in the calcidiol concentrations and
BDI-II scores were observed in the

intervention group compared to
the controls.

Differences between groups were not
significant for oxytocin and serotonin,
but oxytocin concentrations were
significantly reduced in controls, and
platelet serotonin increased more
in controls.

Rhee et al.,
2020 [104]

Republic of Korea;
1736 subjects;
19 to 76 years old

Explore the
association between
specific domains of

depressive symptoms
and serum calcidiol
concentrations by
each sex

25-Hydroxyvitamin D
1251 RIA Kit
(DiaSorin, Stillwater,
MN, USA) using a
1470 WIZARD
Gamma Counter
(PerkinElmer, Turku,
Finland)

Patient Health
Questionnaire-9
(PHQ-9)

None

Other covariates such

as sociodemographic

information, lifestyle
behaviors, and
health factors

Log-transformed serum calcidiol
concentrations and total PHQ-9 scores
were associated significantly only in
men after adjusting for
various covariates.
Moreover, the association between the
cognitive and affective subscales and
the serum calcidiol concentrations was
significant only in men. No association
was found in the somatic subscale.

MDD, major depressive disorder; PANAS, positive and negative affect schedule; PA, positive affectivity; NA, negative affectivity; PTH, parathyroid hormone; iPTH, intact parathormone;
EIA, enzyme immunoassay; BDI-II, beck depression inventory-II; PHQ-9, patient health questionnaire-9.
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5.4. Vitamin D and Inflammatory Mechanisms Associated with Depression and Suicide

Some studies show the potential role of vitamin D as a mediator in the link between
inflammatory markers, depression, and suicide. Blood levels of calcidiol are lower in
suicide attempters compared to non-suicidal depressed patients and healthy controls;
additionally, vitamin D levels correlated negatively with IL-1( for all subjects and with
IL-6 in non-suicidal depressed patients [105]. In addition, abnormal CRP levels (>10 mg/L)
also had a significant association with depressive symptoms [88].

Although classic inflammatory markers such as CRP, IL-6, and TNF-« are associated
with depression and vitamin D deficiency, they do not seem to be all the mediators of this
link [24,106,107]. White blood cell count (WBC) and neutrophile-to-lymphocyte ratio (NLR)
have also been proposed as possible mediators of this relationship [24,107,108].

Calcitriol inhibits the activation and signaling of nuclear factor kB (NF-«kB), which regu-
lates the expression of several genes involved in inflammatory and immune responses [109].
Therefore, treatment with calcitriol reduces proinflammatory cytokine expression [110] and
inhibits T-cell proliferation [111].

The possible protective mechanisms of vitamin D against depression are summarized
in Figure 2. Moreover, conclusions of previous studies on vitamin D, inflammation, and
depression are shown in Table 3.

Serotonin-associated mechanisms

Infiltrating
macrophage

D= o)

5-HT

° Calcitriol

Figure 2. Protective mechanisms of vitamin D against depression. (A) TRP is an essential
amino acid obtained from the diet. Dietary TRP that is not metabolized (e.g., in the intestine or liver)



Nutrients 2023, 15, 1765

15 of 23

enters the circulation and can cross the BBB. (B) TRP is the primary amino acid precursor of 5-HT.
This neurotransmitter is packaged in vesicles found in axon terminals. (C) Calcitriol produced by
CNS cells has autocrine and paracrine effects. Calcitriol promotes the expression of TPH2, which
is critical in the metabolism of TRP to 5-HT. (D) Likewise, calcitriol regulates SERT and MAO-A
gene expression. (E) Therefore, calcitriol could decrease serotonin reuptake and its degradation,
respectively. (F) The systemic inflammatory state due to pre-existing diseases promotes the infil-
tration of immune system cells into the brain. The production of proinflammatory cytokines (e.g.,
IL-6, IL-1B, and TNF-«x) activates inflammatory signaling pathways that feed back into neuroin-
flammation. (G) Proinflammatory cytokines overregulate IDO activity so that TRP metabolism is
redirected to the KYN pathway. Subsequently, KYN is converted to QUIN by the action of KMO in
microglia. (H) QUIN increases NMDAR activity which triggers excessive GLU signaling leading
to excitotoxicity. GLU excitotoxicity has effects on the pathogenesis of depression. (I) Calcitriol
produced by macrophages, lymphocytes, and CNS cells has anti-inflammatory effects by suppressing
NEF-kB activity. (J) Calcitriol also has immunomodulatory effects that promote the production of
anti-inflammatory cytokines by T cells. TRP, tryptophan; BBB, blood-brain barrier; 5-HT, serotonin;
CNS, central nervous system; TPH2, tryptophan hydroxylase 2; CYP27B1, cytochrome P450 Family
27 Subfamily B Member 1 (25-hydroxyvitamin D-1 alpha hydroxylase; VDR, vitamin D receptor;
SERT, serotonin reuptake transporter; MAO-A, monoamine oxidase-A; 5-HTR, serotonin receptor;
IDO, indoleamine 2,3-dioxygenase; KYN, kynurenine; QUIN, quinolinic acid; KMO, kynurenine
3-monooxygenase; NMDAR, N-methyl-D-aspartic acid receptor; GLU, glutamate; NF-«B, nuclear
factor kB; Th, T helper cells; Tregs, T regulatory cells.

Table 3. Studies on the relationship between vitamin D, inflammation, and depressive symptoms.

Author, Year Participants Conclusions
No direct association between serum vitamin D and serum CRP levels;
e Increased OR for depressive symptoms in patients with vitamin D
Shin et al., 2016 [88] 52,228 insufficiency (10-19.99 ng/mL) and deficiency (<10 ng/mL);

e  Positive association and increased OR for depressive symptoms and
abnormal serum (>10 mg/L) CRP levels.

Dogan-Sander et al.,
2021 [107]

° Correlation between the Center for Epidemiologic Studies Depression
Scale (CES-D) with calcidiol and inflammatory markers;
7162 e  WBC is a possible mediator of calcidiol and CES-D relationship.
Inflammatory markers do not act as mediators.

Nerhus et al., 2016 [108]

Low calcidiol associated with depression;
358 e  CRP correlates with calcidiol and negative symptoms, no
mediation effect.

e  Higher correlation between calcidiol and inflammatory markers in
depressed patients with suicidal ideation;

Grudet etal,, 2020 [24] 102 e  Major depressive disorder moderated the relationship between calcidiol
with NLR and WBC.
e  Lower vitamin D levels in suicide attempters compared to those
Grudet et al., 2014 [90] 90 non-suicidal and healthy controls;
e  Low vitamin D levels are associated with higher levels of IL-6 and IL-103.
Hashash et al., 2019 [106] 1352 e Inflammatory bowel disease patients with suicidal ideation had lower
v levels of vitamin D.
Calderén-Espinoza et al., . . 1 .
72 e  Correlation between CES-D with calcidiol and inflammatory markers.

2022 [91]

CRP, C-reactive protein; OR, odds ratio; CES-D, Center for Epidemiologic Studies Depression Scale; WBC, white
blood cell count; NLR, neutrophile-to-lymphocyte ratio.

6. Relationship between VDR Gene, Depression, and Suicide

Polymorphisms in the VDR gene can alter its expression in several cells and tis-
sues, including the brain [19,112-114]. Moreover, polymorphisms in this gene can alter
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the VDR’s function and reduce or enhance the expression of other genes induced by
vitamin D [115].

A study compared the mRNA expression of the VDR gene in the dorsolateral prefrontal
cortex (dIPFC) and anterior cingulate cortex (ACC) between depressed individuals who
died by suicide and non-psychiatric controls. The results showed higher VDR expression
in both dIPFC and ACC in suicides relative to controls [99]. Another study also reported an
upregulation of the VDR gene in bipolar disorder, and it correlated with an elevated risk of
premature death from suicide and comorbid conditions [116]. These changes in the VDR
gene expression could be associated to genetic variants or epigenetic factors.

Variants of the VDR gene have previously been associated with susceptibility to
depressive symptoms [117,118]. However, there are more than 200 polymorphisms reported
in the VDR gene, several of them associated with biological effects and with inflammatory
diseases. As expression and nuclear activation of the VDR are necessary for the effects of
vitamin D. It would be valuable to analyze in the future the possible association of all these
polymorphisms with depression and suicide [119].

7. Vitamin D Supplementation for the Treatment of Depression

Several randomized clinical trials (RCTs) have tested the effects of vitamin D sup-
plementation on the treatment of depression. In a study conducted on Iranian patients
diagnosed with irritable bowel syndrome and with baseline calcidiol concentrations below
30 ng/mL (75 nmol/L), supplementation with 50,000 IU (1250 pg) of vitamin D3 once
weekly for nine weeks increased calcidiol concentration significantly (18.59 £ 7.58 vs.
46.86 £ 12 ng/mL, p < 0.001). In addition, after supplementation, the intervention group
presented an improvement in the Hospital Anxiety and Depression Scale based on the
decrease in the mean score (6.59 + 4.63 vs. 5.26 + 4.68, p = 0.008); however, the final score
did not differ from the placebo group (5.26 & 4.68 vs. 6.06 = 3.8, p = 0.425) [22].

Likewise, another study in Iranian patients with mild to moderate depression im-
plemented supplementation with 50,000 IU (1250 pg) of vitamin D3 every two weeks for
eight weeks. The calcidiol concentration of the intervention group increased significantly
(34.84 £ 11.42 vs. 51.17 £ 9.97 ng/mL, p < 0.001). Similarly, patients under the sup-
plemental regimen presented an improvement in their depression score (Beck Depres-
sion Inventory-II) after the eight weeks of intervention (23.86 &+ 5.49 vs. 12.11 &+ 6.12,
p < 0.001). The final score was significantly different from the placebo group’s (12.11 £ 6.12
vs. 18.18 £ 12.82, p = 0.003) [23].

A study in women with type 2 diabetes identified that vitamin D3 supplementa-
tion for six months effectively improves depressive symptoms regardless of the dose of
vitamin Ds, either 5000 IU (125 pg) per day or 50,000 IU (1250 pg) once a week. However,
the increase in serum calcidiol was more noticeable in the high-dose vitamin D3 group after
six months of supplementation (30.29 vs. 55.55 ng/mL) [120]. Likewise, other research
groups have reported positive effects of vitamin D administration on depressive symptoms
with different doses and routes of administration (4000 IU per day during 3 months or
a single parenteral dose of 300,000 IU) [121,122]. On the contrary, several studies have
reported no significant effects of vitamin D on depression [123-126].

According to a recent meta-analysis, the primary outcome involving 41 RCTs demon-
strated that vitamin D supplementation has minor to moderate effects on depressive
symptoms (Hedges’ ¢ = —0.317 (95% CI: —0.405 to —0.230), p < 0.001, I> = 88.16%). Al-
though vitamin D supplementation may have effects in patients with mild depressive
symptoms, the effect was more significant in patients with clinically relevant depressive
symptoms (Hedges’ g = —0.604 (95% CI: —0.802 to —0.406), p < 0.001, I> = 78.4%). Moreover,
the meta-analysis identified that the effect was greater in those studies in which a dose over
2000 IU (50 ug) of vitamin D was administered (Hedges” g = —0.407 (95% CI: —0.556 to
—0.259), p < 0.001, I? = 75.8%). Nevertheless, the present results showed high heterogeneity
and significant evidence for potential publication bias [127]. Despite the inconsistent results,
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maintaining a sufficient calcidiol concentration is considered beneficial for maintaining an
overall good health status [11,13,29].

8. Conclusions

The present review can be seen as consistent with the potential pathogenic role of
vitamin D deficiency in depression and suicide. Several studies have shown that deficiencies
in this vitamin reduce the immunomodulation of inflammation and serotonin synthesis,
two processes associated with depression and suicidal attempts. Therefore, it supports the
potential benefits of vitamin D supplementation in reducing symptoms of depression and
a possible indirect effect in the prevention of suicide and suicide attempts.

Vitamin D levels determination and supplementation with vitamin D are affordable
and safe. Thus, both actions could be good routine clinical processes in patients with
suicidal symptoms. However, more clinical trials are required to determine with greater
precision the best way to supplement or obtain vitamin D, including duration, doses, or
routines of sun exposure. Moreover, it is pertinent that in vitro studies clarify the role of
VDR in the brain and the possible increase in its expression in case of depression or suicide.
This will make it possible to propose better analysis strategies for the link between vitamin
D and these clinical entities.
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Abbreviations

1,25(0OH),D  calcitriol
25(OH)D calcidiol

7-DHC 7-dehydrocholesterol

ACC anterior cingulate cortex

BBB blood-brain barrier

BDNF brain-derived neurotrophic factor
CRP C-reactive protein

CYP27B1 25-hydroxyvitamin D-1 alpha hydroxylase
CYP2R1 25-hydroxylase

DBP vitamin D binding protein

dIPFC dorsolateral prefrontal cortex
HPA hypothalamic—pituitary—adrenal
IDO indoleamine 2,3-dioxygenase

IL interleukin

KYN kynurenine

LPS lipopolysaccharide

MAO-A monoamine oxidase-A

MDD major depressive disorder
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NF-«B nuclear factor kB

NGF nerve growth factor

NLR neutrophile-to-lymphocyte ratio
NT neurotrophin

QUIN quinolinic acid

RCT randomized clinical trials

RXR retinoid X receptor

SAD seasonal affective disorder
SERT serotonin reuptake transporter
SSRI selective serotonin reuptake inhibitors
TPH2 tryptophan hydroxylase 2

UVB ultraviolet-B

VDR vitamin D receptor

VDREs vitamin D response elements
WBC white blood cell count

WHO World Health Organization

References

1.  Turecki, G.; Brent, D.A. Suicide and Suicidal Behaviour. Lancet 2016, 387, 1227-1239. [CrossRef]

2. Nock, MK, Borges, G.; Bromet, E.J.; Cha, C.B.; Kessler, R.C.; Lee, S. Suicide and Suicidal Behavior. Epidemiol. Rev. 2008,
30, 133-154. [CrossRef]

3. World Health Organization. Suicide. Available online: https://www.who.int/news-room/fact-sheets/detail /suicide (accessed
on 17 June 2022).

4.  Pathirathna, M.L.; Nandasena, HM.R K.G.; Atapattu, A.M.M.P.; Weerasekara, I. Impact of the COVID-19 Pandemic on Suicidal
Attempts and Death Rates: A Systematic Review. BMC Psychiatry 2022, 22, 506. [CrossRef] [PubMed]

5. Bilsen, J. Suicide and Youth: Risk Factors. Front. Psychiatry 2018, 9, 540. [CrossRef]

6. Soreff, S.M.; Basit, H.; Attia, EN. Suicide Risk. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2022.
Available online: https://www.ncbinlm.nih.gov/books/NBK441982/ (accessed on 25 June 2022).

7. Bachmann, S. Epidemiology of Suicide and the Psychiatric Perspective. Int. J. Environ. Res. Public Health 2018, 15, 1425. [CrossRef]
[PubMed]

8. Gili, M.; Castellvi, P; Vives, M.; de la Torre-Luque, A.; Almenara, J.; Blasco, M.].; Cebria, A.L; Gabilondo, A.; Pérez-Ara, M.A;
A, M.-M_; et al. Mental disorders as risk factors for suicidal behavior in young people: A meta-analysis and systematic review of
longitudinal studies. J. Affect. Disord. 2019, 245, 152-162. [CrossRef]

9.  Chand, S.P; Arif, H. Depression. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2022. Available online:
https:/ /www.ncbi.nlm.nih.gov /books/NBK430847/ (accessed on 25 June 2022).

10. Cesari, M.; Incalzi, R.A.; Zamboni, V.; Pahor, M. Vitamin D Hormone: A Multitude of Actions Potentially Influencing the Physical
Function Decline in Older Persons. Geriatr. Gerontol. Int. 2011, 11, 133-142. [CrossRef] [PubMed]

11.  Hossein-nezhad, A.; Holick, M.F. Vitamin D for Health: A Global Perspective. Mayo Clin. Proc. 2013, 88, 720-755. [CrossRef]

12. Ellison, D.L.; Moran, H.R. Vitamin D: Vitamin or Hormone? Nurs. Clin. N. Am. 2021, 56, 47-57. [CrossRef] [PubMed]

13. Nair, R.; Maseeh, A. Vitamin D: The “Sunshine” Vitamin. J. Pharmacol. Pharmacother. 2012, 3, 118-126.

14. Khammissa, R.A.G.; Fourie, J.; Motswaledi, M.H.; Ballyram, R.; Lemmer, J.; Feller, L. The Biological Activities of Vitamin D and
Its Receptor in Relation to Calcium and Bone Homeostasis, Cancer, Inmune and Cardiovascular Systems, Skin Biology, and Oral
Health. BioMed Res. Int. 2018, 2018, 9276380. [CrossRef]

15. Prietl, B.; Treiber, G.; Pieber, T.R.; Amrein, K. Vitamin D and Immune Function. Nutrients 2013, 5, 2502-2521. [CrossRef] [PubMed]

16. Eyles, D.W. Vitamin D: Brain and Behavior. JBMR Plus 2020, 5, e10419. [CrossRef]

17.  Ceolin, G.; Matsuo, L.H.; Confortin, S.C.; D’Orsi, E.; Rieger, D.K.; Moreira, ].D. Lower Serum 25-Hydroxycholecalciferol Is
Associated with Depressive Symptoms in Older Adults in Southern Brazil. Nutr. J. 2020, 19, 123. [CrossRef] [PubMed]

18.  Grudet, C; Lindqvist, D.; Malm, J.; Westrin, A.; Ventorp, F. 25(0OH)D Levels Are Decreased in Patients with Difficult-to-Treat
Depression. Compr. Psychoneuroendocrinol. 2022, 10, 100126. [CrossRef]

19. Gokalp, G. The Association between Low Vitamin D Levels and Suicide Attempts in Adolescents. Ann. Clin. Psychiatry Off. J. Am.
Acad. Clin. Psychiatr. 2020, 32, 106-113.

20. Umbhau, J.C.; George, D.T.; Heaney, R.P,; Lewis, M.D.; Ursano, R.J.; Heilig, M.; Hibbeln, J.R.; Schwandt, M.L. Low Vitamin D
Status and Suicide: A Case-Control Study of Active Duty Military Service Members. PLoS ONE 2013, 8, €51543. [CrossRef]

21. Eyles, D.W,; Burne, T.H.]J.; McGrath, ].J. Vitamin D, Effects on Brain Development, Adult Brain Function and the Links between

Low Levels of Vitamin D and Neuropsychiatric Disease. Front. Neuroendocrinol. 2013, 34, 47-64. [CrossRef]


http://doi.org/10.1016/S0140-6736(15)00234-2
http://doi.org/10.1093/epirev/mxn002
https://www.who.int/news-room/fact-sheets/detail/suicide
http://doi.org/10.1186/s12888-022-04158-w
http://www.ncbi.nlm.nih.gov/pubmed/35902951
http://doi.org/10.3389/fpsyt.2018.00540
https://www.ncbi.nlm.nih.gov/books/NBK441982/
http://doi.org/10.3390/ijerph15071425
http://www.ncbi.nlm.nih.gov/pubmed/29986446
http://doi.org/10.1016/j.jad.2018.10.115
https://www.ncbi.nlm.nih.gov/books/NBK430847/
http://doi.org/10.1111/j.1447-0594.2010.00668.x
http://www.ncbi.nlm.nih.gov/pubmed/21134097
http://doi.org/10.1016/j.mayocp.2013.05.011
http://doi.org/10.1016/j.cnur.2020.10.004
http://www.ncbi.nlm.nih.gov/pubmed/33549285
http://doi.org/10.1155/2018/9276380
http://doi.org/10.3390/nu5072502
http://www.ncbi.nlm.nih.gov/pubmed/23857223
http://doi.org/10.1002/jbm4.10419
http://doi.org/10.1186/s12937-020-00638-5
http://www.ncbi.nlm.nih.gov/pubmed/33189154
http://doi.org/10.1016/j.cpnec.2022.100126
http://doi.org/10.1371/annotation/9af84cbe-5576-4c4b-871c-f7ab0c64b9fd
http://doi.org/10.1016/j.yfrne.2012.07.001

Nutrients 2023, 15, 1765 19 of 23

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Khalighi Sikaroudi, M.; Mokhtare, M.; Shidfar, F.; Janani, L.; Faghihi Kashani, A.; Masoodi, M.; Agah, S.; Dehnad, A.; Shidfar,
S. Effects of Vitamin D3 Supplementation on Clinical Symptoms, Quality of Life, Serum Serotonin (5-Hydroxytryptamine),
5-Hydroxy-Indole Acetic Acid, and Ratio of 5-HIAA /5-HT in Patients with Diarrhea-Predominant Irritable Bowel Syndrome: A
Randomized Clinical Trial. EXCLI J. 2020, 19, 652-667. [CrossRef]

Kaviani, M.; Nikooyeh, B.; Zand, H.; Yaghmaei, P.; Neyestani, T.R. Effects of Vitamin D Supplementation on Depression and
Some Involved Neurotransmitters. J. Affect. Disord. 2020, 269, 28-35. [CrossRef]

Grudet, C.; Wolkowitz, O.M.; Mellon, S.H.; Malm, J.; Reus, VI; Brundin, L.; Nier, BM.; Dhabhar, ES.; Hough, C.M,;
Westrin, A.; et al. Vitamin D and Inflammation in Major Depressive Disorder. J. Affect. Disord. 2020, 267, 33—41.
[CrossRef] [PubMed]

Lindqvist, D.; Dhabhar, ES.; James, S.J.; Hough, C.M.; Jain, FA.; Bersani, ES.; Reus, VI.; Verhoeven, J.E.; Epel, ES,;
Mahan, L.; et al. Oxidative Stress, Inflammation and Treatment Response in Major Depression. Psychoneuroendocrinology 2017,
76,197-205. [CrossRef]

Borel, P; Caillaud, D.; Cano, N.J. Vitamin D Bioavailability: State of the Art. Crit. Rev. Food Sci. Nutr. 2015, 55, 1193-1205.
[CrossRef]

Holick, M.E; Smith, E.; Pincus, S. Skin as the Site of Vitamin D Synthesis and Target Tissue for 1,25-Dihydroxyvitamin D3. Use of
Calcitriol (1,25-Dihydroxyvitamin D3) for Treatment of Psoriasis. Arch. Dermatol. 1987, 123, 1677-1683a. [CrossRef]

Holick, M.E. Vitamin D Deficiency. N. Engl. J. Med. 2007, 357, 266-281. [CrossRef]

Dominguez, L.J.; Farruggia, M.; Veronese, N.; Barbagallo, M. Vitamin D Sources, Metabolism, and Deficiency: Available
Compounds and Guidelines for Its Treatment. Metabolites 2021, 11, 255. [CrossRef]

Charoenngam, N.; Holick, M.E. Immunologic Effects of Vitamin D on Human Health and Disease. Nutrients 2020, 12, 2097.
[CrossRef] [PubMed]

Bleizgys, A. Vitamin D Dosing: Basic Principles and a Brief Algorithm (2021 Update). Nutrients 2021, 13, 4415. [CrossRef]
Dudenkov, D.V.; Mara, K.C.; Petterson, T.M.; Maxson, J.A.; Thacher, T.D. Serum 25-Hydroxyvitamin D Values and Risk of
All-Cause and Cause-Specific Mortality: A Population-Based Cohort Study. Mayo Clin. Proc. 2018, 93, 721-730. [CrossRef]
Holick, MLF. Sunlight and Vitamin D for Bone Health and Prevention of Autoimmune Diseases, Cancers, and Cardiovascular
Disease. Am. |. Clin. Nutr. 2004, 80, 16785-1688S. [CrossRef] [PubMed]

Brannon, PM.; Fleet, J.C. Vitamin D. Adv. Nutr. 2011, 2, 365-367. [CrossRef] [PubMed]

Bikle, D.D. Vitamin D: Production, Metabolism and Mechanisms of Action. In Endotext [Internet]; Feingold, K.R., Anawalt,
B., Boyce, A., Chrousos, G., de Herder, WW., Dhatariya, K., Dungan, K., Hershman, .M., Hofland, J., Kalra, S., et al., Eds.;
MDText.com, Inc.: South Dartmouth, MA, USA, 2000.

Pilz, S.; Zittermann, A.; Trummer, C.; Theiler-Schwetz, V.; Lerchbaum, E.; Keppel, M.H.; Griibler, M.R.; Médrz, W.; Pandis, M.
Vitamin D Testing and Treatment: A Narrative Review of Current Evidence. Endocr. Connect. 2019, 8, R27-R43. [CrossRef]
Wang, T.-T.; Tavera-Mendoza, L.E.; Laperriere, D.; Libby, E.; Burton MacLeod, N.; Nagai, Y.; Bourdeau, V.; Konstorum, A.;
Lallemant, B.; Zhang, R.; et al. Large-Scale in Silico and Microarray-Based Identification of Direct 1,25-Dihydroxyvitamin D3
Target Genes. Mol. Endocrinol. 2005, 19, 2685-2695. [CrossRef]

Carlberg, C. Nutrigenomics of Vitamin D. Nutrients 2019, 11, 676. [CrossRef]

Balabanova, S.; Richter, H.P.; Antoniadis, G.; Homoki, J.; Kremmer, N.; Hanle, J.; Teller, W.M. 25-Hydroxyvitamin D, 24, 25-
Dihydroxyvitamin D and 1,25-Dihydroxyvitamin D in Human Cerebrospinal Fluid. Klin. Wochenschr. 1984, 62, 1086-1090.
[CrossRef]

Holmoy, T.; Moen, S.M.; Gundersen, T.A.; Holick, M.F; Fainardi, E.; Castellazzi, M.; Casetta, I. 25-Hydroxyvitamin D in
Cerebrospinal Fluid during Relapse and Remission of Multiple Sclerosis. Mult. Scler. 2009, 15, 1280-1285. [CrossRef] [PubMed]
Cui, X.; Eyles, D.W. Vitamin D and the Central Nervous System: Causative and Preventative Mechanisms in Brain Disorders.
Nutrients 2022, 14, 4353. [CrossRef] [PubMed]

Chauhan, K.; Shahrokhi, M.; Huecker, M.R. Vitamin D. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA,
2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK441912/ (accessed on 3 July 2022).

Pike, ] W.; Meyer, M.B.; Lee, S.-M.; Onal, M.; Benkusky, N.A. The Vitamin D Receptor: Contemporary Genomic Approaches
Reveal New Basic and Translational Insights. J. Clin. Investig. 2017, 127, 1146-1154. [CrossRef]

Gall, Z.; Székely, O. Role of Vitamin D in Cognitive Dysfunction: New Molecular Concepts and Discrepancies between Animal
and Human Findings. Nutrients 2021, 13, 3672. [CrossRef] [PubMed]

Landel, V.; Stephan, D.; Cui, X.; Eyles, D.; Feron, F. Differential Expression of Vitamin D-Associated Enzymes and Receptors in
Brain Cell Subtypes. J. Steroid Biochem. Mol. Biol. 2018, 177, 129-134. [CrossRef]

Garcion, E.; Wion-Barbot, N.; Montero-Menei, C.N.; Berger, F.; Wion, D. New Clues about Vitamin D Functions in the Nervous
System. Trends Endocrinol. Metab. 2002, 13, 100-105. [CrossRef]

Latimer, C.S.; Brewer, L.D.; Searcy, ].L.; Chen, K.-C.; Popovi¢, J.; Kraner, S.D.; Thibault, O.; Blalock, E.M.; Landfield, PW.; Porter,
N.M. Vitamin D Prevents Cognitive Decline and Enhances Hippocampal Synaptic Function in Aging Rats. Proc. Natl. Acad. Sci.
USA 2014, 111, E4359-E4366. [CrossRef] [PubMed]


http://doi.org/10.17179/excli2020-2247
http://doi.org/10.1016/j.jad.2020.03.029
http://doi.org/10.1016/j.jad.2020.01.168
http://www.ncbi.nlm.nih.gov/pubmed/32063570
http://doi.org/10.1016/j.psyneuen.2016.11.031
http://doi.org/10.1080/10408398.2012.688897
http://doi.org/10.1001/archderm.1987.01660360108022
http://doi.org/10.1056/NEJMra070553
http://doi.org/10.3390/metabo11040255
http://doi.org/10.3390/nu12072097
http://www.ncbi.nlm.nih.gov/pubmed/32679784
http://doi.org/10.3390/nu13124415
http://doi.org/10.1016/j.mayocp.2018.03.006
http://doi.org/10.1093/ajcn/80.6.1678S
http://www.ncbi.nlm.nih.gov/pubmed/15585788
http://doi.org/10.3945/an.111.000620
http://www.ncbi.nlm.nih.gov/pubmed/22332077
http://doi.org/10.1530/EC-18-0432
http://doi.org/10.1210/me.2005-0106
http://doi.org/10.3390/nu11030676
http://doi.org/10.1007/BF01711378
http://doi.org/10.1177/1352458509107008
http://www.ncbi.nlm.nih.gov/pubmed/19808741
http://doi.org/10.3390/nu14204353
http://www.ncbi.nlm.nih.gov/pubmed/36297037
https://www.ncbi.nlm.nih.gov/books/NBK441912/
http://doi.org/10.1172/JCI88887
http://doi.org/10.3390/nu13113672
http://www.ncbi.nlm.nih.gov/pubmed/34835929
http://doi.org/10.1016/j.jsbmb.2017.09.008
http://doi.org/10.1016/S1043-2760(01)00547-1
http://doi.org/10.1073/pnas.1404477111
http://www.ncbi.nlm.nih.gov/pubmed/25267625

Nutrients 2023, 15, 1765 20 of 23

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Moore, M.E; Piazza, A.; McCartney, Y.; Lynch, M.A. Evidence That Vitamin D3 Reverses Age-Related Inflammatory Changes in
the Rat Hippocampus. Biochem. Soc. Trans. 2005, 33, 573-577. [CrossRef] [PubMed]

Eyles, D.W.; Smith, S.; Kinobe, R.; Hewison, M.; McGrath, ].J. Distribution of the Vitamin D Receptor and 1 Alpha-Hydroxylase in
Human Brain. J. Chem. Neuroanat. 2005, 29, 21-30. [CrossRef]

Bertone-Johnson, E.R. Vitamin D and the Occurrence of Depression: Causal Association or Circumstantial Evidence? Nutr. Rev.
2009, 67, 481-492. [CrossRef] [PubMed]

Sanchez, B.; Relova, J.L.; Gallego, R.; Ben-Batalla, I.; Perez-Fernandez, R. 1,25-Dihydroxyvitamin D3 Administration to 6-
Hydroxydopamine-Lesioned Rats Increases Glial Cell Line-Derived Neurotrophic Factor and Partially Restores Tyrosine Hydrox-
ylase Expression in Substantia Nigra and Striatum. J. Neurosci. Res. 2009, 87, 723-732. [CrossRef] [PubMed]

Wang, J.Y.; Wu, ].N.; Cherng, T.L.; Hoffer, B.J.; Chen, H.H.; Borlongan, C.V.; Wang, Y. Vitamin D(3) Attenuates 6-
Hydroxydopamine-Induced Neurotoxicity in Rats. Brain Res. 2001, 904, 67-75. [CrossRef]

Klonsky, E.D.; May, A.M.; Saffer, B.Y. Suicide, Suicide Attempts, and Suicidal Ideation. Annu. Rev. Clin. Psychol. 2016, 12, 307-330.
[CrossRef] [PubMed]

Park, E.H.; Hong, N.; Jon, D.I.; Hong, H.J.; Jung, M.H. Past Suicidal Ideation as an Independent Risk Factor for Suicide Behaviours
in Patients with Depression. Int. |. Psychiatry Clin. Pract. 2017, 21, 24-28. [CrossRef]

Walling, M.A. Suicide Contagion. Curr. Trauma Rep. 2021, 7, 103-114. [CrossRef]

Ribeiro, J.D.; Huang, X.; Fox, K.R.; Franklin, J.C. Depression and Hopelessness as Risk Factors for Suicide Ideation, Attempts and
Death: Meta-Analysis of Longitudinal Studies. Br. J. Psychiatry 2018, 212, 279-286. [CrossRef]

Li, H.; Luo, X.; Ke, X,; Dai, Q.; Zheng, W.; Zhang, C.; Cassidy, R.M.; Soares, ].C.; Zhang, X.Y.; Ning, Y. Major Depressive
Disorder and Suicide Risk among Adult Outpatients at Several General Hospitals in a Chinese Han Population. PLoS ONE 2017,
12, e0186143. [CrossRef] [PubMed]

Orsolini, L.; Latini, R.; Pompili, M.; Serafini, G.; Volpe, U.; Vellante, F.; Fornaro, M.; Valchera, A.; Tomasetti, C.; Fraticelli, S.; et al.
Understanding the Complex of Suicide in Depression: From Research to Clinics. Psychiatry Investig. 2020, 17, 207-221. [CrossRef]
Kobeissy, F.H. Psychiatric Disorders, 2nd ed.; Methods in Molecular, Biology; Kobeissy, FH., Ed.; Springer: New York, NY, USA,
2019; Volume 2011, ISBN 978-1-4939-9553-0.

Perez-Caballero, L.; Torres-Sanchez, S.; Romero-Lopez-Alberca, C.; Gonzalez-Saiz, F.; Mico, ].A.; Berrocoso, E. Monoaminergic
System and Depression. Cell Tissue Res. 2019, 377, 107-113. [CrossRef]

Ushakova, V.M.; Morozova, A.Y.; Reznik, A.M.; Kostyuk, G.P.; Chekhonin, V.P. Molecular Biological Aspects of Depressive
Disorders: A Modern View. Mol. Biol. 2020, 54, 639-660. [CrossRef]

Patrick, R.P.; Ames, B.N. Vitamin D Hormone Regulates Serotonin Synthesis. Part 1: Relevance for Autism. FASEB ]. 2014,
28,2398-2413. [CrossRef] [PubMed]

Miura, H.; Ozaki, N.; Sawada, M.; Isobe, K.; Ohta, T.; Nagatsu, T. A Link between Stress and Depression: Shifts in the Balance
between the Kynurenine and Serotonin Pathways of Tryptophan Metabolism and the Etiology and Pathophysiology of Depression.
Stress 2008, 11, 198-209. [CrossRef] [PubMed]

Sublette, M.E.; Galfalvy, H.C.; Fuchs, D.; Lapidus, M.; Grunebaum, M.F.; Oquendo, M.A.; Mann, J.J.; Postolache, T.T. Plasma
Kynurenine Levels Are Elevated in Suicide Attempters with Major Depressive Disorder. Brain. Behav. Immun. 2011, 25, 1272-1278.
[CrossRef]

Brundin, L.; Erhardt, S.; Bryleva, E.Y.; Achtyes, E.D.; Postolache, T.T. The Role of Inflammation in Suicidal Behaviour. Acta
Psychiatr. Scand. 2015, 132, 192-203. [CrossRef]

Erhardt, S.; Lim, C.K,; Linderholm, K.R.; Janelidze, S.; Lindqvist, D.; Samuelsson, M.; Lundberg, K.; Postolache, T.T.; Traskman-
Bendz, L.; Guillemin, G.J.; et al. Connecting Inflammation with Glutamate Agonism in Suicidality. Neuropsychopharmacology 2013,
38, 743-752. [CrossRef]

Raison, C.L.; Dantzer, R.; Kelley, KW.; Lawson, M.A.; Woolwine, B.J.; Vogt, G.; Spivey, J.R.; Saito, K.; Miller, A.-H. CSF
Concentrations of Brain Tryptophan and Kynurenines during Immune Stimulation with IFN-Alpha: Relationship to CNS
Immune responses and Depression. Mol. Psychiatry 2010, 15, 393—403. [CrossRef] [PubMed]

Spellman, T.; Liston, C. Toward Circuit Mechanisms of Pathophysiology in Depression. Am. J. Psychiatry 2020, 177, 381-390.
[CrossRef] [PubMed]

Troubat, R.; Barone, P.; Leman, S.; Desmidt, T.; Cressant, A.; Atanasova, B.; Brizard, B.; El Hage, W.; Surget, A.; Belzung, C.; et al.
Neuroinflammation and Depression: A Review. Eur. ]. Neurosci. 2021, 53, 151-171. [CrossRef] [PubMed]

Juruena, M.F. Early-Life Stress and HPA Axis Trigger Recurrent Adulthood Depression. Epilepsy Behav. 2014, 38, 148-159.
[CrossRef]

Berardelli, I.; Serafini, G.; Cortese, N.; Fiasche, F.; O’Connor, R.C.; Pompili, M. The Involvement of Hypothalamus-Pituitary-
Adrenal (HPA) Axis in Suicide Risk. Brain Sci. 2020, 10, 653. [CrossRef] [PubMed]

Heim, C.; Nemeroff, C.B. The Role of Childhood Trauma in the Neurobiology of Mood and Anxiety Disorders: Preclinical and
Clinical Studies. Biol. Psychiatry 2001, 49, 1023-1039. [CrossRef]

Janelidze, S.; Mattei, D.; Westrin, A.; Traiskman-Bendz, L.; Brundin, L. Cytokine Levels in the Blood May Distinguish Suicide
Attempters from Depressed Patients. Brain. Behav. Immun. 2011, 25, 335-339. [CrossRef]

Lee, K.-M.; Kim, Y.-K. The Role of IL-12 and TGF-B1 in the Pathophysiology of Major Depressive Disorder. Int. Immunopharmacol.
2006, 6, 1298-1304. [CrossRef]


http://doi.org/10.1042/BST0330573
http://www.ncbi.nlm.nih.gov/pubmed/16042547
http://doi.org/10.1016/j.jchemneu.2004.08.006
http://doi.org/10.1111/j.1753-4887.2009.00220.x
http://www.ncbi.nlm.nih.gov/pubmed/19674344
http://doi.org/10.1002/jnr.21878
http://www.ncbi.nlm.nih.gov/pubmed/18816795
http://doi.org/10.1016/S0006-8993(01)02450-7
http://doi.org/10.1146/annurev-clinpsy-021815-093204
http://www.ncbi.nlm.nih.gov/pubmed/26772209
http://doi.org/10.1080/13651501.2016.1249489
http://doi.org/10.1007/s40719-021-00219-9
http://doi.org/10.1192/bjp.2018.27
http://doi.org/10.1371/journal.pone.0186143
http://www.ncbi.nlm.nih.gov/pubmed/29016669
http://doi.org/10.30773/pi.2019.0171
http://doi.org/10.1007/s00441-018-2978-8
http://doi.org/10.1134/S0026893320050118
http://doi.org/10.1096/fj.13-246546
http://www.ncbi.nlm.nih.gov/pubmed/24558199
http://doi.org/10.1080/10253890701754068
http://www.ncbi.nlm.nih.gov/pubmed/18465467
http://doi.org/10.1016/j.bbi.2011.05.002
http://doi.org/10.1111/acps.12458
http://doi.org/10.1038/npp.2012.248
http://doi.org/10.1038/mp.2009.116
http://www.ncbi.nlm.nih.gov/pubmed/19918244
http://doi.org/10.1176/appi.ajp.2020.20030280
http://www.ncbi.nlm.nih.gov/pubmed/32354265
http://doi.org/10.1111/ejn.14720
http://www.ncbi.nlm.nih.gov/pubmed/32150310
http://doi.org/10.1016/j.yebeh.2013.10.020
http://doi.org/10.3390/brainsci10090653
http://www.ncbi.nlm.nih.gov/pubmed/32967089
http://doi.org/10.1016/S0006-3223(01)01157-X
http://doi.org/10.1016/j.bbi.2010.10.010
http://doi.org/10.1016/j.intimp.2006.03.015

Nutrients 2023, 15, 1765 21 of 23

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Yamasaki, K.; Hasegawa, T.; Takeda, M. Serum Level of Soluble Interleukin 6 Receptor Is a Useful Biomarker for Identification of
Treatment-resistant Major Depressive Disorder. Neuropsychopharmacol. Rep. 2020, 40, 130-137. [CrossRef]

Brundin, L.; Bryleva, E.Y.; Thirtamara Rajamani, K. Role of Inflammation in Suicide: From Mechanisms to Treatment. Neuropsy-
chopharmacology 2017, 42, 271-283. [CrossRef]

Calandre, E.P,; Rico-Villademoros, F.; Slim, M. Suicidal Behaviors in Patients with Rheumatic Diseases: A Narrative Review.
Rheumatol. Int. 2018, 38, 537-548. [CrossRef]

Miyaoka, H.; Otsubo, T.; Kamijima, K.; Ishii, M.; Onuki, M.; Mitamura, K. Depression from Interferon Therapy in Patients with
Hepatitis C. Am. J. Psychiatry 1999, 156, 1120. [CrossRef]

Yirmiya, R.; Pollak, Y.; Morag, M.; Reichenberg, A.; Barak, O.; Avitsur, R.; Shavit, Y.; Ovadia, H.; Weidenfeld, ]J.; Morag, A.; et al.
Iliness, Cytokines, and Depression. Ann. N. Y. Acad. Sci. 2000, 917, 478-487. [CrossRef] [PubMed]

Steiner, J.; Bielau, H.; Brisch, R.; Danos, P.; Ullrich, O.; Mawrin, C.; Bernstein, H.-G.; Bogerts, B. Inmunological Aspects in the
Neurobiology of Suicide: Elevated Microglial Density in Schizophrenia and Depression Is Associated with Suicide. J. Psychiatr.
Res. 2008, 42, 151-157. [CrossRef] [PubMed]

Black, C.; Miller, B.]. Meta-Analysis of Cytokines and Chemokines in Suicidality: Distinguishing Suicidal Versus Nonsuicidal
Patients. Biol. Psychiatry 2015, 78, 28-37. [CrossRef]

Nussbaumer-Streit, B.; Forneris, C.A.; Morgan, L.C.; Van Noord, M.G.; Gaynes, B.N.; Greenblatt, A.; Wipplinger, J.; Lux,
L.J.; Winkler, D.; Gartlehner, G. Light Therapy for Preventing Seasonal Affective Disorder. Cochrane Database Syst. Rev. 2019,
3, CD011269. [CrossRef] [PubMed]

Munir, S.; Abbas, M. Seasonal Depressive Disorder. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2022.
Available online: https://www.ncbi.nlm.nih.gov/books/NBK568745/ (accessed on 7 July 2022).

Galima, S.V.; Vogel, S.R.; Kowalski, A.W. Seasonal Affective Disorder: Common Questions and Answers. Am. Fam. Physician
2020, 102, 668-672.

Roecklein, K.A.; Rohan, K.J. Seasonal Affective Disorder: An Overview and Update. Psychiatry 2005, 2, 20-26.

Sabir, M.S.; Haussler, M.R.; Mallick, S.; Kaneko, I.; Lucas, D.A.; Haussler, C.A.; Whitfield, G.K.; Jurutka, PW. Optimal Vitamin D
Spurs Serotonin: 1,25-Dihydroxyvitamin D Represses Serotonin Reuptake Transport (SERT) and Degradation (MAO-A) Gene
Expression in Cultured Rat Serotonergic Neuronal Cell Lines. Genes Nutr. 2018, 13, 19. [CrossRef] [PubMed]

Berk, M.; Williams, L.J.; Jacka, EN.; O'Neil, A.; Pasco, ].A.; Moylan, S.; Allen, N.B.; Stuart, A.L.; Hayley, A.C.; Byrne, M.L.; et al.
So Depression Is an Inflammatory Disease, but Where Does the Inflammation Come From? BMC Med. 2013, 11, 200. [CrossRef]
Shin, Y.-C.; Jung, C.-H.; Kim, H.-].; Kim, E.-].; Lim, S.-W. The Associations among Vitamin D Deficiency, C-Reactive Protein, and
Depressive Symptoms. J. Psychosom. Res. 2016, 90, 98-104. [CrossRef]

Tarig, M.M,; Streeten, E.A.; Smith, H.A_; Sleemi, A.; Khabazghazvini, B.; Vaswani, D.; Postolache, T.T. Vitamin D: A Potential Role
in Reducing Suicide Risk? Int. ]. Adolesc. Med. Health 2011, 23, 157-165. [CrossRef]

Grudet, C.; Malm, J.; Westrin, A.; Brundin, L. Suicidal Patients Are Deficient in Vitamin D, Associated with a pro-Inflammatory
Status in the Blood. Psychoneuroendocrinology 2014, 50, 210-219. [CrossRef]

Calderon Espinoza, I.; Chavarria-Avila, E.; Pizano-Martinez, O.; Martinez-Garcia, E.A.; Armendariz-Borunda, J.; Marquez-Aguirre,
AL.; Llamas-Garcia, A.; Corona-Sanchez, E.G.; Toriz Gonzalez, G.; Vazquez-Del Mercado, M. Suicide Risk in Rheumatoid Arthritis
Patients is Associated With Suboptimal Vitamin D Levels. JCR . Clin. Rheumatol. 2022, 28, 137-142. [CrossRef]

Park, J.I; Yang, ].C.; Park, T.W.; Chung, S.K. Is Serum 25-Hydroxyvitamin D Associated with Depressive Symptoms and Suicidal
Ideation in Korean Adults? Int. ]. Psychiatry Med. 2016, 51, 31-46. [CrossRef] [PubMed]

Manicourt, D.-H.; Devogelaer, J.-P. Urban Tropospheric Ozone Increases the Prevalence of Vitamin D Deficiency among Belgian
Postmenopausal Women with Outdoor Activities during Summer. J. Clin. Endocrinol. Metab. 2008, 93, 3893-3899. [CrossRef]
[PubMed]

Hoogendijk, W.].G.; Lips, P; Dik, M.G.; Deeg, D.].H.; Beekman, A.T.F,; Penninx, B.W.].H. Depression Is Associated with Decreased
25-Hydroxyvitamin D and Increased Parathyroid Hormone Levels in Older Adults. Arch. Gen. Psychiatry 2008, 65, 508-512.
[CrossRef]

Lansdowne, A.T.G.; Provost, S.C. Vitamin D3 Enhances Mood in Healthy Subjects during Winter. Psychopharmacology 1998,
135, 319-323. [CrossRef]

Jorde, R.; Sneve, M.; Figenschau, Y.; Svartberg, J.; Waterloo, K. Effects of Vitamin D Supplementation on Symptoms of Depression
in Overweight and Obese Subjects: Randomized Double Blind Trial. J. Intern. Med. 2008, 264, 599-609. [CrossRef] [PubMed]
Kirsch, I.; Deacon, B.J.; Huedo-Medina, T.B.; Scoboria, A.; Moore, T.J.; Johnson, B.T. Initial Severity and Antidepressant Benefits:
A Meta-Analysis of Data Submitted to the Food and Drug Administration. PLoS Med. 2008, 5, e45. [CrossRef]

Kaneko, I; Sabir, M.S.; Dussik, C.M.; Whitfield, G.K; Karrys, A.; Hsieh, ].C.; Haussler, M.R.; Meyer, M.B.; Pike, J.W.; Jurutka, PW.
1,25-DihydroxyVitamin D Regulates Expression of the Tryptophan Hydroxylase 2 and Leptin Genes: Implication for Behavioral
Influences of Vitamin D. FASEB J. 2015, 29, 4023-4035. [CrossRef]

Postolache, T.T.; Akram, F; Lee, E.E.; Lowry, C.A.; Stiller, ].W.; Brenner, L.A.; Streeten, E.A.; Turecki, G.; Dwivedi, Y. Increased
Brain Vitamin D Receptor Expression and Decreased Expression of Cathelicidin Antimicrobial Peptide in Individuals Who Died
by Suicide. J. Psychiatr. Res. 2020, 125, 75-84. [CrossRef]


http://doi.org/10.1002/npr2.12100
http://doi.org/10.1038/npp.2016.116
http://doi.org/10.1007/s00296-017-3909-9
http://doi.org/10.1176/ajp.156.7.1120
http://doi.org/10.1111/j.1749-6632.2000.tb05412.x
http://www.ncbi.nlm.nih.gov/pubmed/11268375
http://doi.org/10.1016/j.jpsychires.2006.10.013
http://www.ncbi.nlm.nih.gov/pubmed/17174336
http://doi.org/10.1016/j.biopsych.2014.10.014
http://doi.org/10.1002/14651858.CD011269.pub3
http://www.ncbi.nlm.nih.gov/pubmed/30883670
https://www.ncbi.nlm.nih.gov/books/NBK568745/
http://doi.org/10.1186/s12263-018-0605-7
http://www.ncbi.nlm.nih.gov/pubmed/30008960
http://doi.org/10.1186/1741-7015-11-200
http://doi.org/10.1016/j.jpsychores.2016.10.001
http://doi.org/10.1515/ijamh.2011.038
http://doi.org/10.1016/j.psyneuen.2014.08.016
http://doi.org/10.1097/RHU.0000000000001823
http://doi.org/10.1177/0091217415621042
http://www.ncbi.nlm.nih.gov/pubmed/26681234
http://doi.org/10.1210/jc.2007-2663
http://www.ncbi.nlm.nih.gov/pubmed/18628525
http://doi.org/10.1001/archpsyc.65.5.508
http://doi.org/10.1007/s002130050517
http://doi.org/10.1111/j.1365-2796.2008.02008.x
http://www.ncbi.nlm.nih.gov/pubmed/18793245
http://doi.org/10.1371/journal.pmed.0050045
http://doi.org/10.1096/fj.14-269811
http://doi.org/10.1016/j.jpsychires.2020.02.027

Nutrients 2023, 15, 1765 22 of 23

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Patrick, R.P.; Ames, B.N. Vitamin D and the Omega-3 Fatty Acids Control Serotonin Synthesis and Action, Part 2: Relevance for
ADHD, Bipolar Disorder, Schizophrenia, and Impulsive Behavior. FASEB . 2015, 29, 2207-2222. [CrossRef] [PubMed]

Haussler, M.R.; Jurutka, PW.; Mizwicki, M.; Norman, A.W. Vitamin D Receptor (VDR)-Mediated Actions of 1¢,25(OH)2vitamin
D3: Genomic and Non-Genomic Mechanisms. Best Pract. Res. Clin. Endocrinol. Metab. 2011, 25, 543-559. [CrossRef]

Akpinar, $.; Karadag, M.G. Is Vitamin D Important in Anxiety or Depression? What Is the Truth? Curr. Nutr. Rep. 2022,
11, 675-681. [CrossRef]

Ceolin, G.; Mano, G.P.R.; Hames, N.S.; Antunes, L.D.C.; Brietzke, E.; Rieger, D.K.; Moreira, ].D. Vitamin D, Depressive Symptoms,
and COVID-19 Pandemic. Front. Neurosci. 2021, 15, 670879. [CrossRef]

Rhee, S.J.; Lee, H.; Ahn, YM. Serum Vitamin D Concentrations Are Associated With Depressive Symptoms in Men: The Sixth
Korea National Health and Nutrition Examination Survey 2014. Front. Psychiatry 2020, 11, 653. [CrossRef]

Farooq, R.K.; Asghar, K.; Kanwal, S.; Zulgernain, A. Role of Inflammatory Cytokines in Depression: Focus on Interleukin-13.
Biomed. Rep. 2017, 6, 15-20. [CrossRef] [PubMed]

Hashash, ].G.; Vachon, A.; Ramos Rivers, C.; Regueiro, M.D.; Binion, D.G.; Altman, L.; Williams, C.; Szigethy, E. Predictors of
Suicidal Ideation Among IBD Outpatients. J. Clin. Gastroenterol. 2019, 53, e41-e45. [CrossRef]

Dogan-Sander, E.; Mergl, R.; Willenberg, A.; Baber, R.; Wirkner, K.; Riedel-Heller, S.G.; Rohr, S.; Schmidt, EM.; Schomerus, G.;
Sander, C. Inflammation and the Association of Vitamin D and Depressive Symptomatology. Nutrients 2021, 13, 1972. [CrossRef]
[PubMed]

Nerhus, M.; Berg, A.O.; Kvitland, L.R; Dieset, I.; Hope, S,; Dahl, SR.; Weibell, M.A.; Romm, K.L.; Faerden, A,
Andreassen, O.A.; et al. Low Vitamin D Is Associated with Negative and Depressive Symptoms in Psychotic Disorders.
Schizophr. Res. 2016, 178, 44—49. [CrossRef] [PubMed]

Krishnan, A.V.; Feldman, D. Molecular Pathways Mediating the Anti-Inflammatory Effects of Calcitriol: Implications for Prostate
Cancer Chemoprevention and Treatment. Endocr. Relat. Cancer 2010, 17, R19-R38. [CrossRef]

Vaccaro, J.A.; Qasem, A.; Naser, S.A. Cathelicidin Mediates an Anti-Inflammatory Role of Active Vitamin D (Calcitriol) During M.
Paratuberculosis Infection. Front. Cell. Infect. Microbiol. 2022, 12, 875772. [CrossRef] [PubMed]

Cantorna, M.T.; Waddell, A. The Vitamin D Receptor Turns off Chronically Activated T Cells. Ann. N. Y. Acad. Sci. 2014,
1317,70-75. [CrossRef] [PubMed]

Berg, A.O.; Jorgensen, K.N.; Nerhus, M.; Athanasiu, L.; Popejoy, A.B.; Bettella, F.; Norbom, L.C.B.; Gurholt, T.P; Dahl, S.R.;
Andreassen, O.A; et al. Vitamin D Levels, Brain Volume, and Genetic Architecture in Patients with Psychosis. PLoS ONE 2018,
13, €0200250. [CrossRef] [PubMed]

Kim, S.-Y,; Jeon, S.-W.; Lim, W.-J.; Oh, K.-S,; Shin, D.-W.; Cho, S.J.; Park, J.-H.; Kim, Y.H.; Shin, Y.-C. Vitamin D Deficiency and
Suicidal Ideation: A Cross-Sectional Study of 157,211 Healthy Adults. J. Psychosom. Res. 2020, 134, 110125. [CrossRef]

Wei, Y.X,; Liu, B.P; Qiu, HM.; Zhang, ].Y.; Wang, X.T.; Jia, C.X. Effects of Vitamin D-Related Gene Polymorphisms on Attempted
Suicide. Psychiatr. Genet. 2021, 31, 230-238. [CrossRef]

Pike, ].W.; Meyer, M.B. The Vitamin D Receptor: New Paradigms for the Regulation of Gene Expression by 1,25-Dihydroxyvitamin
D3. Rheum. Dis. Clin. N. Am. 2012, 38, 13-27. [CrossRef]

Eghtedarian, R.; Ghafouri-Fard, S.; Bouraghi, H.; Hussen, B.M.; Arsang-Jang, S.; Taheri, M. Abnormal Pattern of Vitamin D
Receptor-Associated Genes and LncRNAs in Patients with Bipolar Disorder. BMC Psychiatry 2022, 22, 178. [CrossRef]
Kuningas, M.; Mooijaart, S.P; Jolles, J.; Slagboom, PE.; Westendorp, R.G.].; van Heemst, D. VDR Gene Variants Associate with
Cognitive Function and Depressive Symptoms in Old Age. Neurobiol. Aging 2009, 30, 466—473. [CrossRef]

Glocke, M.; Lang, E; Schaeffeler, E.; Lang, T.; Schwab, M.; Lang, U.E. Impact of Vitamin D Receptor VDR Rs2228570 Polymorphism
in Oldest Old. Kidney Blood Press. Res. 2013, 37, 311-322. [CrossRef] [PubMed]

Valdivielso, ]. M.; Fernandez, E. Vitamin D Receptor Polymorphisms and Diseases. Clin. Chim. Acta 2006, 371, 1-12. [CrossRef]
Penckofer, S.; Ridosh, M.; Adams, W.; Grzesiak, M.; Woo, J.; Byrn, M.; Kouba, J.; Sheean, P; Kordish, C.; Durazo-Arvizu, R.; et al.
Vitamin D Supplementation for the Treatment of Depressive Symptoms in Women with Type 2 Diabetes: A Randomized Clinical
Trial. J. Diabetes Res. 2022, 2022, 4090807. [CrossRef]

Omidian, M.; Mahmoudi, M.; Abshirini, M.; Eshraghian, M.R.; Javanbakht, M.H.; Zarei, M.; Hasani, H.; Djalali, M. Effects of
Vitamin D Supplementation on Depressive Symptoms in Type 2 Diabetes Mellitus Patients: Randomized Placebo-Controlled
Double-Blind Clinical Trial. Diabetes Metab. Syndr. 2019, 13, 2375-2380. [CrossRef] [PubMed]

Vellekkatt, E.; Menon, V.; Rajappa, M.; Sahoo, ]. Effect of Adjunctive Single Dose Parenteral Vitamin D Supplementation in Major
Depressive Disorder with Concurrent Vitamin D Deficiency: A Double-Blind Randomized Placebo-Controlled Trial. J. Psychiatr.
Res. 2020, 129, 250-256. [CrossRef]

Zhu, C.; Zhang, Y.; Wang, T.; Lin, Y.; Yu, ].; Xia, Q.; Zhu, P.; Zhu, D.-M. Vitamin D Supplementation Improves Anxiety but Not
Depression Symptoms in Patients with Vitamin D Deficiency. Brain Behav. 2020, 10, €01760. [CrossRef]

Okereke, O.I; Reynolds, C.F,, 3rd; Mischoulon, D.; Chang, G.; Vyas, C.M.; Cook, N.R.; Weinberg, A.; Bubes, V.; Copeland, T.;
Friedenberg, G.; et al. Effect of Long-Term Vitamin D3 Supplementation vs. Placebo on Risk of Depression or Clinically Relevant
Depressive Symptoms and on Change in Mood Scores: A Randomized Clinical Trial. JAMA 2020, 324, 471-480. [CrossRef]


http://doi.org/10.1096/fj.14-268342
http://www.ncbi.nlm.nih.gov/pubmed/25713056
http://doi.org/10.1016/j.beem.2011.05.010
http://doi.org/10.1007/s13668-022-00441-0
http://doi.org/10.3389/fnins.2021.670879
http://doi.org/10.3389/fpsyt.2020.00756
http://doi.org/10.3892/br.2016.807
http://www.ncbi.nlm.nih.gov/pubmed/28123701
http://doi.org/10.1097/MCG.0000000000001094
http://doi.org/10.3390/nu13061972
http://www.ncbi.nlm.nih.gov/pubmed/34201276
http://doi.org/10.1016/j.schres.2016.08.024
http://www.ncbi.nlm.nih.gov/pubmed/27595553
http://doi.org/10.1677/ERC-09-0139
http://doi.org/10.3389/fcimb.2022.875772
http://www.ncbi.nlm.nih.gov/pubmed/35444957
http://doi.org/10.1111/nyas.12408
http://www.ncbi.nlm.nih.gov/pubmed/24673331
http://doi.org/10.1371/journal.pone.0200250
http://www.ncbi.nlm.nih.gov/pubmed/30142216
http://doi.org/10.1016/j.jpsychores.2020.110125
http://doi.org/10.1097/YPG.0000000000000295
http://doi.org/10.1016/j.rdc.2012.03.004
http://doi.org/10.1186/s12888-022-03811-8
http://doi.org/10.1016/j.neurobiolaging.2007.07.001
http://doi.org/10.1159/000350159
http://www.ncbi.nlm.nih.gov/pubmed/24060611
http://doi.org/10.1016/j.cca.2006.02.016
http://doi.org/10.1155/2022/4090807
http://doi.org/10.1016/j.dsx.2019.06.011
http://www.ncbi.nlm.nih.gov/pubmed/31405646
http://doi.org/10.1016/j.jpsychires.2020.07.037
http://doi.org/10.1002/brb3.1760
http://doi.org/10.1001/jama.2020.10224

Nutrients 2023, 15, 1765 23 of 23

125. Choukri, M.A.; Conner, T.S.; Haszard, ].J.; Harper, M.].; Houghton, L.A. Effect of Vitamin D Supplementation on Depressive
Symptoms and Psychological Wellbeing in Healthy Adult Women: A Double-Blind Randomised Controlled Clinical Trial. J. Nutr.
Sci. 2018, 7, €23. [CrossRef] [PubMed]

126. Libuda, L.; Timmesfeld, N.; Antel, ]J.; Hirtz, R.; Bauer, J.; Fiihrer, D.; Zwanziger, D.; Oztiirk, D.; Langenbach, G.; Hahn, D.; et al.
Effect of Vitamin D Deficiency on Depressive Symptoms in Child and Adolescent Psychiatric Patients: Results of a Randomized
Controlled Trial. Eur. J. Nutr. 2020, 59, 3415-3424. [CrossRef] [PubMed]

127. Mikola, T.; Marx, W.; Lane, M.M.; Hockey, M.; Loughman, A.; Rajapolvi, S.; Rocks, T.; O’'Neil, A.; Mischoulon, D.; Valkonen-
Korhonen, M,; et al. The Effect of Vitamin D Supplementation on Depressive Symptoms in Adults: A Systematic Review and
Meta-analysis of Randomized Controlled Trials. Crit. Rev. Food Sci. Nutr. 2022, 371, 1-18. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1017/jns.2018.14
http://www.ncbi.nlm.nih.gov/pubmed/30197783
http://doi.org/10.1007/s00394-020-02176-6
http://www.ncbi.nlm.nih.gov/pubmed/32108263
http://doi.org/10.1080/10408398.2022.2096560

	Introduction 
	Material and Methods 
	Vitamin D 
	Vitamin D Sources and References Levels 
	Vitamin D Metabolism 
	Vitamin D Is a Bioactive Agent in the Brain 

	Depression: A Significant Risk Factor for Suicide and Suicide Attempt 
	Neurological Mechanisms Associated with Depression and Suicide 
	Inflammatory Mechanisms Associated with Depression and Suicide 

	Vitamin D, Depression, and Suicide: Interrelated Evidence and Mechanisms 
	Sun and Depression 
	Vitamin D Levels, Depression, and Suicide 
	Vitamin D and Neurological Mechanisms Associated with Depression and Suicide 
	Vitamin D and Inflammatory Mechanisms Associated with Depression and Suicide 

	Relationship between VDR Gene, Depression, and Suicide 
	Vitamin D Supplementation for the Treatment of Depression 
	Conclusions 
	References

