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Purpose of review

The present review is a critical examination of the most recent published work on the role

of zinc in the development and treatment of mood disorders.

Recent findings

Clinical studies and experimental work using animal models have both revealed a link

between zinc status and neuropsychological disorders such as depression and anxiety.

Not only has zinc deficiency been shown to induce depression-like and anxiety-like

behaviors, supplementation has been used as a treatment for major depression. Zinc

administration improves the efficacy of antidepressant drugs in depressed patients and

may have a particular role to play in treatment-resistant patients. Recent investigations

into the molecular mechanisms responsible for these observations suggest a role for

zinc in the regulation of neurotransmitter systems, antioxidant mechanisms,

neurotrophic factors, and neuronal precursor cells.

Summary

The data reviewed here not only indicate a role for zinc deficiency in the development of

mood disorders, but also show that zinc may also be important in their treatment. Given

the prevalence of zinc deficiency in human populations, this work has the potential to

influence strategies to prevent and treat these disorders.
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Introduction
It has been estimated that at least 10% of Americans

consume less than half of the Recommended Dietary

Allowance (RDA) of zinc. Worldwide the problem is even

more severe, with as many as 50% of the population

chronically receiving less than half of the RDA. Previous

reviews have shown that zinc deficiency occurs in all age

groups, nationalities, and sexes [1]. Given that zinc is

needed for at least 100 cellular enzymes, as well as hun-

dreds of transcription factors, it is not surprising that the

effects of zinc deficiency can impact virtually every organ

and biochemical system. The best characterized symp-

toms of zinc deficiency include immune insufficiency and

infection, alopecia, skin eruptions and dermatitis, and

diarrhea. Additionally, there is an increasing appreciation

for the role that zinc deficiency may play in the develop-

ment and treatment of depression and depression-related

disorders. Thus, this review will evaluate the most recent

data on the implications of zinc deficiency for mood

disorders, including depression, anxiety, and anorexia,

and explore the possible use of zinc as an adjunct to the

pharmacological treatment of these disorders.
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Role of zinc in clinical depression
We have known for some time that there is a relationship

between low serum zinc levels and mood disorders.

These observations have revealed an inverse relationship

between serum zinc levels and the severity of depression

[2]. Not only do patients with major depression have

significantly lower levels of serum zinc compared to

nondepressed controls, more importantly, it appears that

the lower the serum zinc level, the more severe the

symptoms of depression. For example, an 80-participant

study showed that patients with minor depression had

serum zinc levels that were approximately 93% of control,

whereas patients with major depression had serum zinc

levels that were 88% of control (P< 0.001) [3]. Recent

work has not only confirmed these observations, but also

linked the problem to dietary zinc deficiency. An exam-

ination of 23 young women with moderate-to-severe

depression revealed significantly lower serum zinc levels

in this population compared to healthy age-matched

controls [4]. This is particularly disturbing, given a recent

report showing that over a quarter of college-aged women

may regularly consume less than the RDA for zinc [5].
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Thus, dietary intakes of zinc may play a role in eating

behaviors in this population.

Unfortunately, 20–40% of patients with major depression

do not adequately respond to antidepressant drug therapy

[6]. Interestingly, treatment-resistant patients appear to

have even lower levels of serum zinc compared to

patients responsive to pharmacological treatment, mak-

ing serum zinc a specific (93%) and sensitive (79%)

marker for treatment resistance [2]. Thus, several inves-

tigators have attempted to use zinc in a clinical setting as

part of the therapeutic approach for major depression. A

recent pilot study showed that 15 women given a multi-

vitamin supplement containing 7 mg of zinc for 10 weeks

had increased serum zinc levels and a significant decrease

in anger-hostility and depression-dejection scores com-

pared to women given the same multivitamin without

zinc [7�]. Other recent work has shown that zinc status

may play a role in the ability of patients to respond to

antidepressant drug therapy. A 12-week, double-blind

placebo-controlled study showed that patients who were

previously refractory to the antidepressant drug imipra-

mine responded to drug therapy when their medication

was supplemented with 25 mg zinc per day. In this study,

imipramine-treated patients given the zinc supplement

had significantly improved depression inventory scores

compared to patients receiving drug therapy and a

placebo [8��].
Experimental approaches to understanding
behavioral effects of zinc deficiency
Although the inverse relationship between serum zinc

and depression in humans has been repeatedly observed,

there is no reliable way to determine whether or not zinc

is a causative factor in the development of depression-

related disorders. Thus, a number of recent experimental

studies have been designed to determine the degree to

which zinc deficiency causes depression. Depression-like

behaviors such as anhedonia, behavioral despair, anor-

exia, and the appearance of comorbid anxiety-like beha-

viors, have all been studied in zinc-deficient rats.

Anhedonia

Anhedonia is associated with depression in humans. In

experimental models, anhedonia is measured using a

two-bottle test in which animals are provided with a

choice between a dilute solution of sucrose or saccharin

and deionized water. A reduced preference for the sweet

solution is a standard marker for anhedonia in rodents.

Tassabehji et al. [9] showed that after 2 weeks on a zinc-

deficient diet, young adult rats significantly reduced

their preference for saccharin. Anhedonia was present

only after the introduction of the zinc-restricted diet,

suggesting a causative role for zinc deficiency in devel-

opment of the depression-like behavior of anhedonia.
opyright © Lippincott Williams & Wilkins. Unautho
Behavioral despair

Depression-like symptoms can also be monitored in

rodents by the appearance of behavioral despair

measured by increased immobility time in the forced

swim test. Zinc-deficient rats exhibited symptoms of

behavioral despair in the swim test that were reversed

by addition of zinc to the diet [10,11�]. However, the

swim test also revealed that zinc-deficient rats are resist-

ant to treatment with the antidepressant drug fluoxetine.

These data raise the possibility that resistance to pharma-

cological treatment in depressed patients may in part be

the result of dietary zinc deficiency.

Anorexia

In humans, depression is frequently associated with

changes in feeding behavior. In rodents, zinc deficiency

leads to anorexia. Within 10 days of starting a severely

zinc-deficient diet, adult rats exhibit a significant

reduction in food intake that is characterized by a

4-day feeding cycle [9]. The resulting anorexia can be

severe such that after 21 days of this diet, mean body

weights of zinc-deficient rats fall to approximately 75%

that of zinc adequate controls. This appears to be largely

the result of carbohydrate avoidance [12]. Interestingly,

more recent work has shown that zinc-deficient rats given

intraperitoneal (i.p.) injections of zinc sulfate (0.5–2.0 mg

Zn/g body weight) showed no alterations in food intake

[13]. In contrast, oral zinc administration (19 mg/kg) sig-

nificantly stimulated food intake [14�]. The mechanisms

responsible for the role of oral zinc in food intake are not

known, but may include the release of zinc-dependent

hormones from the gastrointestinal tract.

Anxiety

It has been estimated that as many as 85% of patients

with depression also exhibit symptoms of anxiety [15]. In

addition to depressive behavior, zinc-deficient animals

have also been shown to exhibit anxiety-like behaviors in

both light-dark box and elevated plus maze tests [9,16].

They also show more aggressive behaviors such as biting

attacks and wrestling, compared to pair-fed controls [17].

This increase in anxiety has been shown to develop

within 2 weeks of beginning a zinc-deficient diet. In

contrast to depression-like behaviors, however, anxiety-

like behaviors may be reduced in zinc-deficient rats

treated with fluoxetine [9]. It is well known that anxiety

is related to stress. Furthermore, susceptibility to stress

has been shown to be increased in zinc deficiency. For

example, rats fed a zinc-deficient diet for a period of

2 weeks and then exposed to one of two mild stresses –

water-immersion stress or forced swim test – were shown

to have higher corticosterone levels following exposure to

stress than zinc adequate controls. This suggests that

zinc-deficient rats have a higher susceptibility to stress by

activation of the hypothalamic–pituitary–adrenal axis

[11�]. Furthermore, zinc levels may be altered by stress.
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Both acute and chronic restraint stress have been shown

to significantly decrease serum zinc levels in mice by 13

and 31% compared to controls, respectively [18].

Antidepressant effects of zinc

Zinc administration appears to have antidepressant

activity in a variety of experimental models of depression.

A study completed in 2008 in mice showed that a 30 mg/kg

(i.p.) dose of zinc decreased immobility time in the forced

swim test [19]. The same dose of zinc given orally in a

single dose decreased behavioral despair in the tail suspen-

sion test [20]. Similar results were seen in the rat using the

forced swim test when 15 mg/kg i.p. zinc was given daily

for a 7-day period. Lower doses were not effective [21].

Chronic oral treatment for 30 days with 300 mg/l of zinc

chloride also resulted in a robust antidepressant-like effect

[21]. Zinc administration has also been shown to improve

depression-like behaviors in the rat olfactory bulbectomy

[22] and chronic mild stress models of depression [23].

Furthermore, the antidepressant drugs imipramine, cita-

lopram, as well as electroconvulsive shock therapy, all

appear to increase hippocampal zinc [24].

The combination of zinc and antidepressant drugs has

also been recently investigated. Studies on chronic

unpredictable stress-induced depression showed that

though imipramine treatment alone does not reduce

the number of fighting attacks in rats, the use of zinc

supplementation in combination with imipramine

reduced the aggressive behavior [25]. In other work,

subeffective doses of zinc and antidepressants were used

in combination and were shown to act synergistically to

reduce immobility time in both rats and mice in the

forced swim [26��] and in the tail suspension [20] tests

without effecting locomotor activity. These data support

clinical trials showing a positive role for zinc as an adjunct

to antidepressant drug therapy, particularly in patients

who are refractory to drug treatment [9].
Models and mechanisms: understanding
neurobiology of zinc
Although the available data suggest a role for zinc in the

development and treatment of mood disorders, the appli-

cation of this information is dependent on our understand-

ing of the mechanisms of zinc action in the brain. A number

of recent studies have shed light on the possible role of zinc

in neurotransmitter systems, particularly serotonergic and

glutamatergic, as well as a role for zinc in antioxidant

mechanisms, neurotrophic factors, and neuronal precursor

cells that may participate in mood regulation.

Neurotransmitter activity

A recent experiment showed that the antidepressant

action of zinc in the forced swim test can be blocked

by pretreatment with inhibitors of serotonin synthesis or
opyright © Lippincott Williams & Wilkins. Unauth
serotonin receptor antagonists [26��]. Chronic zinc

administration increased the density of 5-HT1A and

5-HT2A serotonin receptors in the hippocampus and

the frontal cortex, respectively [27�].

In addition to its possible role in serotonergic signaling,

synaptic zinc is also a known modulator of glutamate

signaling via N-methyl-D-aspartate (NMDA) and amino-

3-hydroxyl-5-methyl-4-isoxazoleproprionate (AMPA)/kai-

nate receptors [1]. Although NMDA receptor antagonists

typically have antidepressant activity in experimental

models, ineffectively low doses can become effective in

the forced swim test when supplemented with zinc [28].

Zinc-induced decreases in behavioral despair were abol-

ished when animals were co-treated with NMDA receptor

agonists [29]. Furthermore, the binding affinity of glycine

to the NMDA receptor was significantly reduced by

chronic zinc treatment [26��]. Zinc enhanced the activity

of AMPA receptors, and it has been hypothesized that

AMPA/kainate glutamate receptors play a role in regulat-

ing zinc concentrations in the hippocampus [30], an

important limbic structure associated with the regulation

of mood. Subeffective doses of zinc co-administered with

subeffective doses of AMPA receptor agonists reduced

immobility time in forced swim test [28].

The relationship between zinc, glutamate and depres-

sion-like behaviors is complex and not fully understood.

For example, examination of glutamate action under

stressful conditions known to induce depression has been

shown to increase extracellular glutamate concentration

in the hippocampus while decreasing extracellular zinc

concentrations [30,31]. Although the available data

strongly implicate glutamate and the postsynaptic gluta-

mate receptors in the antidepressant role of zinc, more

work is clearly needed to understand the role of these

mechanisms in the regulation of mood.

Oxidative stress

There is mounting evidence, that has recently been

reviewed [32], suggesting that depressed patients have

higher levels of reactive oxygen species (ROS). Further-

more, antidepressant drugs increase the activity of anti-

oxidant enzymes such as superoxide dismutase. Zinc

deficiency increases ROS that appears to be, at least in

part, the result of mitochondrial ROS production [33].

Glutathione peroxidase mRNA is then upregulated, pre-

sumably as a protective response [34]. Consistent with

this hypothesis, chronic oral zinc treatment with pharma-

cological doses of zinc (30 mg/ml provided in the drinking

water) for 30 days increased glutathione levels in the rat

hippocampus and cerebral cortex [21].

Neurotrophic factors

Whereas early work showed alterations in brain-derived

neurotrophic factor (BDNF) and its tyrosine kinase
orized reproduction of this article is prohibited.
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receptor B (TrkB) in the brains of patients with major

depression resulting in suicide [34], more recent work has

shown low serum BDNF in depressed patients with

increased levels following chronic antidepressant therapy

[35]. This has led to the hypothesis that zinc may be

exerting its effects on mood via neurotrophic factors

such as BDNF. Indeed, chronic zinc treatment in rats

increased BDNF levels in the cortex and hippocampus

[21,23]. It has been speculated that zinc-mediated

increases in BDNF are due to the action of zinc on

the serotonergic system [36]. Additionally, zinc has been

shown to transactivate the downstream signaling path-

ways such as extracellular signal-regulated kinase (ERK1/

2), cAMP response element binding protein (CREB), and

phospholipase C-g (PLC-g) by increasing Src family

kinase activity [37,38]. Furthermore, the activated down-

stream target ERK1/2 increased in the cerebral cortex

following zinc treatment [21]. Lactational zinc deficiency

in mice significantly reduced hippocampal phosphory-

lated ERK [39]. Thus, zinc may be working to not only

stimulate BDNF production, but also aid in activating the

downstream pathways independently of BDNF.

Neuronal precursor cells

Several lines of evidence implicate adult neuronal pre-

cursor cells in the cause of zinc deficiency-induced mood

disorders. First, chronic use of antidepressant drugs stimu-

lates neuronal precursor proliferation in the adult dentate

gyrus. These cells not only proliferate, but can also differ-

entiate into mature neurons and be integrated into the

hippocampal circuitry [40]. Adult rats fed a zinc-deficient

diet for 3 weeks not only developed depression-like beha-

viors, but also had an approximately 50% reduction in the

number of proliferating cells in the subgranular zone of

the dentate gyrus [33]. There was also an increase in the

number of TUNEL-labeled cells in this region, as well as

evidence of p53 and caspase involvement in the death

mechanisms [33,41�]. Similar findings were reported in

mice fed a zinc-deficient diet for 5 weeks [41�] as well as in

lactational zinc deficiency [39]. These data are consistent

with imaging studies of depressed patients showing

reductions in hippocampal volume. Examination of

post-mortem brains showed increased apoptosis in the

dentate gyrus, CA1, and CA3 areas of the hippocampus

[32]. Although future work will be needed to clarify the

interactions between zinc and antidepressant drug action

on neuronal precursor cells in the hippocampus and their

role in the development and treatment of depression,

these data raise the intriguing possibility that control of

adult stem cells may be a target for the development of

new pharmacological treatments for mood disorders.
Conclusion
Both clinical observations and experimental studies using

animal models suggest a role for zinc deficiency in the
opyright © Lippincott Williams & Wilkins. Unautho
cause of depression. Although not all depression is caused

by zinc deficiency, and serum zinc levels are not a

sensitive or accurate measure of zinc status, given that

inadequate intakes of zinc are common, it is a factor that

should be addressed in patients experiencing the symp-

toms of depression. Use of zinc as an adjunct to pharma-

cological intervention may increase drug efficacy and

should be considered, particularly in patients who have

not responded well to antidepressant therapy. Although

supplemental zinc is generally not toxic, patients should

be counseled not to supplement above the recommended

upper limit of 40 mg/day as copper deficiency has been

reported in several cases of extremely high zinc intakes.

In conclusion, a better understanding of the role of zinc

deficiency in the development of mood disorders and the

possible role that supplemental zinc may play in their

treatment is not only important for making clinical

recommendations, but can also help identify new targets

for intervention.
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