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INTRODUCTION

Autism spectrum disorders (ASDs) are lifelong 
developmental disabilities. This group of disorders 
includes autistic disorder, Asperger syndrome, and 
pervasive developmental delay not otherwise speci-
fied. These disorders are presented from birth or very 
early during development and affect essential human 
behaviors such as social interaction, the ability to com-
municate ideas and feelings, imagination, and the 
establishment of relationships with others. Infantile 
autism and Asperger syndrome are two closely related 
forms of developmental disorders (Bjørklund 1998). 
ASDs are a group of systemic disorders with multiple 
etiology, including both genetic and environmental/
lifestyle factors. This article focuses on some of the 
changes in trace element metabolism commonly found 
in ASD patients.

Bioelements play important roles in the central ner-
vous system. The lack or excess of essential minerals 
and trace elements are known to cause a variety of 
health problems, and could contribute to the etiology 
of ASDs (Lakshmi Priya and Geetha 2011, Blaurock-
Busch et al. 2012). Similarly, mercury (Hg) and other 

toxins may play a role in the pathogenesis of ASDs 
(Bernard et al. 2001, Geier et al. 2009, 2010, 2012, 
Blanchard et al. 2011, Blaurock-Busch et al. 2012, Kern 
et al. 2012). Children are, due to their behavior, more 
exposed to environmental toxins than adults, but often 
also have higher intestinal absorption rates and lower 
detoxification ability (Grandjean and Landrigan 2006). 
Many studies show that autistic children have a higher 
body-burden of toxic metals compared to neurotypical 
controls (Desoto and Hitlan 2010, Geier et al. 2010, 
2012, Lakshmi Priya and Geetha 2011, Obrenovich et 
al. 2011, Elsheshtawy et al. 2011, Adams et al. 2013, 
Al-Farsi et al. 2013). These studies indicate that chil-
dren with autism have a decreased ability to excrete 
toxic metals, leading to a higher body burden. Moreover, 
studies show that Hg body-burden is associated with 
increased ASD severity (Lakshmi Priya and Geetha 
2011, Elsheshtawy et al. 2011, Geier et al. 2012, Adams 
et al. 2013).

Reduced activity of transketolase has been reported 
in some patients with ASDs (Lonsdale et al. 2011, 
Obrenovich et al. 2011). The level of transketolase is 
used as a diagnostic test of thiamine deficiency. Of 91 
examined children with ASD, 19 (21%) suffered from 
lack of transketolase and thiamine, defined by enhance-
ment of the activity of transketolase from blood sam-
ples by more than 18% after supplementation with 
thiamine (Obrenovich et al. 2011). It is an unresolved 
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question if a saturation of transketolase in the blood 
also means that the transketolase is saturated in the 
central nervous system. It should not be taken for 
granted that the transport rate for thiamin across the 
blood-brain barrier always will be sufficient to com-
pensate for enhanced local degradation of the vitamin 
in the brain because of locally enhanced oxidative 
stress (which is common in several different brain dis-
eases), even when there is no thiamin deficiency in the 
blood cells.

According to Filipek and coworkers (1999), autistic 
infants appear in some cases to develop normally until 
age 1 to 3 years. Then sudden changes occur that indi-
cate the presence of an ASD (Filipek et al. 1999). 
Possible causes for this are toxic metal exposure in 
combination with an inadequate nutritional status 
(Blaurock-Busch et al. 2012), at the same time as nutri-
tional requirements might be different than in normal 
children as a consequence of genetic or epigenetic dis-
turbances (Schanen 2006, Yasuda et al. 2011). Other 
possible causes might be changes in the intestinal flora 
because of weaning and/or introduction of other foods 
than breast milk, or the progressive, cumulative effect 
as a function of time of disturbances of brain develop-
ment and/or learning processes that have started only 
after the birth of the child. 

Given the importance of zinc (Zn) and copper (Cu) 
metabolism for healthy neurological functioning and 
detoxification of heavy metals, including Hg, it is 
thought that these two trace elements may contribute 
in the pathogenesis of ASDs (Faber et al. 2009). 
Working with a Romanian team, we investigated the 
levels of Zn and Cu in whole blood, as well as the Cu/
Zn ratio in a group of 28 children with autism (Crăciun 
et al. 2009). The patient group was compared with 
healthy age and sex matched control subjects. The con-
centrations of Cu and Zn were measured in whole 
blood with inductively coupled plasma-mass spec-
trometry. We found that the Zn level was decreased 
(P<0.001), and the Cu/Zn ratio increased (P<0.001) in 
autistic children, compared with a healthy control 
group.

Zinc

Zinc is an essential trace element, an important anti-
oxidant (Russo and deVito 2011) in spite of not being a 
free radical scavenger, and a metalloenzyme required 
for the catalytic activity of at least 300 enzymes 

(Prasad 2012). It plays a role in immune system func-
tioning (Prasad 1995), protein synthesis (Prasad 1995), 
wound healing (Heyneman 1996), DNA synthesis 
(IOM/FNB 2001), and cell division (Prasad 1995). 
Zinc is required for proper sense of taste and smell 
(Prasad et al. 1997). Zinc is part of a very large number 
of transcription factors, far more than the number of 
Zn-containing enzymes that are known (Oteiza and 
Mackenzie 2005, Prasad 2012).

Zinc supports normal growth and development dur-
ing pregnancy, childhood, and adolescence (Simmer 
and Thompson 1985, Fabris and Mocchegiani 1995). 
Prolonged Zn deficiency may therefore cause growth 
impairment (Sandstead et al. 1967, Prasad 2012). A 
child who is born with decreased Zn stores will remain 
at risk for Zn deficiency throughout childhood (Faber 
et al. 2009).

Zinc is naturally present in some foods, is added to 
others, and is available as a dietary supplement 
(Lifschitz 2012). The recommended intake for Zn is 11 
mg/day for men and 8 mg/day for women (Trumbo et 
al. 2001). Lower Zn intake is recommended for infants 
(2–3 mg/day) and children (5–9 mg/day) because of 
their lower average body weights (Trumbo et al. 
2001).

Zinc deficiency occurs not only as a result of nutri-
tional factors, but also in various disease states, includ-
ing malabsorption syndromes, alcoholism and cirrho-
sis of the liver, acrodermatitis enteropathica, Crohn’s 
disease, and immune dysregulation (Prasad 1983, 
Faber et al. 2009, Russo and deVito 2011). Changes in 
the intestinal flora and function are common in autis-
tic patients (de Theije et al. 2011, Finegold et al. 2012, 
MacFabe 2012, Midtvedt 2012); it is therefore conceiv-
able that malabsorption due to pathological changes in 
the intestinal mucosa may play an important role as 
one of the causes of Zn deficiency in autism. Low 
intracellular Zn has been associated with DNA dam-
age, which might be due to a combination of oxidative 
stress, impairment of antioxidant defences, and impair-
ment of DNA repair (Russo and deVito 2011). An 
important clinical point to note is that, because Zn is 
primarily an intracellular nutrient, serum Zn levels can 
be normal in states of mild deficiency (Bales et al. 
1994, Salgueiro et al. 2001). 

The most common cause of Zn deficiency is dietary 
factors that reduce the availability of Zn, but inherited 
metabolic disturbances and intestinal diseases can also 
result in reduced Zn. Both these types of Zn deficiency 
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can produce similar symptoms, such as dermatitis, 
diarrhea, alopecia, and loss of appetite (Hambidge et 
al. 1986, Russo and deVito 2011). These are symptoms 
of severe Zn deficiency. More moderate Zn deficiency, 
which leads to impaired immune function and increased 
mortality due to infections, as well as brain damage in 
the fetus when it affects pregnant women, are more 
common (Hambidge et al. 1986, Fischer Walker and 
Black 2004). Individuals with Zn deficiency often have 
suppressed immune function and frequent infections 
(Shankar and Prasad 1998, Lakshmi Priya and Geetha 
2011) with the degree of immunosuppression depend-
ing on the severity of Zn deficiency.

The overall frequency for Zn deficiency worldwide 
is thought to be higher than 20% (Wuehler et al. 2005). 
In developing countries it may affect more than 2 bil-
lion people (Plum et al. 2010). It has further been esti-
mated that only 42.5% of U.S. elderly (≥71 years) have 
adequate Zn intake (Briefel et al. 2000). While many 
elderly have low intakes of Zn, it is also possible that 
the Zn requirement increases with age because of the 
age-related accumulation of mutations in mitochon-
drial DNA, leading to enhancement of mitochondrial 
production of reactive oxygen species (ROS), which in 
turn enhances the synthesis of Zn-binding apometal-
lothionein in various cell types and organs (Moxnes 
and Christophersen 2008).

Since only exposure to high doses of Zn has toxic 
effects, acute Zn intoxication is rare (Plum et al. 2010). 
Copper and Zn are metabolic antagonists (Underwood 
1977). Copper absorption is depressed when Zn is 
given in high excess of Cu, or when Zn therapy is given 
for a long time without Cu supplementation. Many of 
the toxic effects of Zn are in fact due to Cu deficiency 
(Plum et al. 2010). On the other hand, a low level of Zn 
exacerbates Cu toxicity (Blaurock-Busch et al. 2012).

Copper

Copper is an essential trace element for living cells, 
and plays an important role in redox reactions. It is 
easily converted from Cu+ to Cu++ and back to Cu+. 
Copper and Zn interact at the intestinal mucosal level, 
affecting Cu and Zn absorption (Underwood 1977). 
Wapnir and Balkman (1991) investigated these con-
cepts using a duodenal-jejunal single-pass perfusion 
process in rats. They found that Cu absorption decreased 
with increasing Zn presence. Copper is mainly trans-
ported in the bloodstream by ceruloplasmin, a 

Cu-binding antioxidant protein. Ceruloplasmin is syn-
thesized in several tissues, including the brain (Russo 
and deVito 2011).

Copper is an important cofactor in many metalloen-
zymes including Cu/Zn-superoxide dismutase, cyto-
chrome c oxidase, and lysyl oxidase (Underwood 1977, 
Davis and Mertz 1987). Copper deficiency may cause 
impairment of oxidative phosphorylation, cellular anti-
oxidant defense, and collagen and elastin biosynthesis 
(Underwood 1977, Davis and Mertz 1987). Copper defi-
ciency causes depression of tissue levels of cytochrome 
c oxidase and Cu/Zn-dependent superoxide dismutase 
(Davis and Mertz 1987), but may also affect the levels 
of selenium-dependent glutathione peroxidase (Medeiros 
et al. 2009). Ceruloplasmin, which is the most abundant 
Cu-binding protein in blood plasma (Underwood 1977, 
Davis and Mertz 1987) is one of the acute phase pro-
teins that are synthesized more abundantly in the liver 
during infectious diseases (Wyatt and Wilson 2013).  
Serum Cu concentrations increase therefore in several 
diseases because of cytokine-induced enhancement of 
the synthesis of ceruloplasmin in the liver. Severe Cu 
intoxication is much rarer in humans than in sheep since 
humans, but not sheep, normally have good capacity to 
excrete surplus Cu through the bile (Davis and Mertz 
1987). Adult humans contain less than 100 mg of stored 
Cu (Faber et al. 2009).

Common symptoms of Cu deficiency include hypo-
cupremia, impaired iron mobilization, anemia, leuko-
penia, neutropenia, decreased superoxide dismutase, 
ceruloplasmin as well as cytochrome c oxidase, but 
also increased plasma cholesterol and LDL/HDL cho-
lesterol ratio and abnormal cardiac function (Davis 
and Mertz 1987, Plum et al. 2010). Copper levels can 
be low due to malnutrition, malabsorption, and Menke’s 
kinky hair syndrome (Davis and Mertz 1987). Elevated 
Cu levels are associated with excessive dietary intake, 
infections, inflammation, Wilson’s disease, trauma, 
systemic lupus erythematosus, as well as autism 
(Russo and deVito 2011). Copper is a cofactor in pro-
teins connected with neurological diseases including 
amyotrophic lateral sclerosis, Alzheimer’s disease, and 
Creutzfeldt–Jacob disease (Faber et al. 2009).

It is important to control Cu homeostasis very 
closely, because Cu becomes toxic in higher than nor-
mal concentrations. Abnormally elevated Cu concen-
trations can cause oxidative damage to lipids, nucleic 
acids and proteins (Faber et al. 2009). In Cu-poisoned 
sheep, Cu is released from necrotic areas in the liver, 
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causing hemolytic anemia (Davis and Mertz 1987). 
Tissues that contain abnormally large amounts of 
redox-active transition metals, including Cu, have 
increased free radical concentrations (Ozdemir et al. 
2009). Copper excretion is regulated by the liver by 
changing the Cu concentration in the bile (Davis and 
Mertz 1987, Faber et al. 2009). As already mentioned, 
Cu and Zn are antagonists. Excess Cu disturbs Zn bal-
ance and interferes with adrenal hormone production, 
thus weakening the immune system, which is observed 
in autistic individuals (Lakshmi Priya and Geetha 
2011).

Copper and molybdenum (Mo) are also antagonists 
in ruminant diets (Davis and Mertz 1987), and Mo 
deficiency in the diet may be a risk factor for Cu toxic-
ity. The antagonistic interaction between Mo and Cu 
has been explained as a consequence of thiomolybdate 
formation in the rumen, with thiomolybdate being next 
absorbed and functioning as an inhibitor of 
Cu-dependent enzymes (Gould and Kendall 2011). It is 
conceivable, however, that thiomolybdate might also 
react with Cu in the gastrointestinal tract to form a 
very heavily soluble compound that would lead to mal-
absorption of both elements. The same can not happen 
in humans, since we are not ruminants. However, it is 
conceivable that pathological disturbances in the intes-
tinal mucosa, as might happen in many autists, could 
lead to reduction of the O2 flux from blood to the intes-
tinal lumen, favouring anaerobic bacteria there and 
enhancing the microbial production of H2S, which 
might in turn lead to formation of thiomolybdate. A 
study by Blaurock-Busch and coworkers (Blaurock-
Busch et al. 2012) has been thought to suggest that low 
levels of Mo and Zn directly affect the Cu and lead 
status and ASD symptomatology. An alternative inter-
pretation of the same data could be that Mo malabsorp-
tion caused by abnormal H2S production in the intes-
tine might be a problem in ASD patients, with the 
severity of this problem being enhanced in patients 
with more severe symptoms. In animal nutrition it is 
well known and documented that excess Cu storage in 
the liver of sheep can be prevented by adding a few 
milligrams of Mo to their feed (Dick 1953, Davis and 
Mertz 1987).

Zinc, copper and the human mind

Individuals who suffer from severe Zn deficiency 
can develop neuropsychological changes such as emo-

tional instability, irritability and depression (Halsted et 
al. 1972, Prasad 1991, Vallee and Falchuk 1993, 
Hambidge 2000, Russo and deVito 2011). Zinc defi-
ciency interferes with cognitive performance (Black 
1998). Zinc is also involved in glutamatergic transmis-
sion with short-term and long-term effects that may go 
in opposite directions, e.g., it blocks NMDA receptors 
(Sensi et al. 2011). The activation of the glutamatergic 
neurotransmitter system depends on Zn uptake, and 
synaptic neurotransmission needs Zn as an intracellu-
lar signal factor due to its involvement with numerous 
proteins (Takeda et al. 2006a). There are also some 
observations from patients with fragile X syndrome 
suggesting that interactions between Zn and glutamate 
may exist (Siller and Broadie 2012).

It appears that Zn functions as a cotransmitter with 
glutamate because Zn is previously stored in secretory 
granules which empty out into the synapse simultane-
ously with glutamate (Qian and Noebels 2005). This 
does not necessarily mean that glutamate and Zn act in 
the same direction relative to the postsynaptic neuron, 
although they enter the synapse simultaneously. It is 
not inherently implausible that there might be simulta-
neous release of a neurotransmitter functioning as an 
activator and another neurotransmitter functioning as 
an inhibitor to prevent tissue damage caused by over-
stimulation of the postsynaptic neuron – and excitotox-
icity is a well known phenomenon that is very scary. 

When Zn this way is discharged into the synapse, 
this not only need to be because it affects the electro-
physiological processes immediately afterwards. It is 
also conceivable that Zn after being absorbed by the 
postsynaptic neuron can act as an important trophic 
factor, i.e. as a nutrient that can later be used as a 
cofactor for enzymes with anabolic function, when 
there is an increased protein synthesis in a synapse 
area as part of permanent learning processes.

Copper toxicity has a powerful effect on the mind. 
Depending on the severity of the toxicity and the sus-
ceptibility of the person, Cu at toxic levels can affect 
the mind moderately or very severely (Lakshmi Priya 
and Geetha 2011). Potential neurotoxic effects of Cu in 
excess quantity include depression, irritability, fear, 
nervousness, learning and behavioral disorders 
(Madsen and Gitlin 2007), and perhaps also Alzheimer 
disease (Brewer 2012).

Copper is a cofactor required for the activity of 
dopamine-β-hydroxylase (DBH) (Deinum et al. 2004, 
Rahman et al. 2009). This neurotransmitter synthesiz-
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ing enzyme converts dopamine to norepinephrine. 
Increased norepinephrine levels have been found in 
autistic individuals (Lake et al. 1977). This might per-
haps partly be explained by excess Cu. Increased lev-
els of Cu and ceruloplasmin have been found to be 
associated with inhibition of the enzyme hydroxytryp-
tophan decarboxylase, which decreases the production 
of the neurotransmitter serotonin (Lakshmi Priya and 
Geetha 2011). A state of hypercupremia appears to be 
associated with depression and perceptual disturbanc-
es in schizophrenias (Lakshmi Priya and Geetha 
2011).

According to Pagano and Castello (2012), Down 
syndrome is one of the best documented cases of a 
human disorder etiologically related to the redox 
imbalance that has long been attributed to overexpres-
sion of Cu/Zn-superoxide dismutase (SOD-1), encoded 
by trisomic chromosome 21. Too much Cu/
Zn-dependent superoxide dismutase paradoxically 
causes increased oxidative stress, may be due to reac-
tions with hydrogen peroxide (H2O2) (Midorikawa and 
Kawanishi 2001) and/or peroxynitrite. The involve-
ment of oxidative stress has been reported both in 
genes located elsewhere than at chromosome 21 and in 
transcriptional regulation of genes located at other 
chromosomes (Pagano and Castello 2012). Copper is 
bound to amyloid β-peptide (Abeta) in senile plaque of 
Alzheimer’s disease (Syme et al. 2004). Copper is also 
linked with the neurotoxicity of Abeta and free radical 
damage (Syme et al. 2004).  

Abnormal metallothionein function

Metallothioneins (MTs) are small, low-molecular 
weight, intracellular proteins containing 61–68 amino 
acids with an unusually high concentration of cysteine. 
MTs are the most common intracellular proteins which 
bind to metals (Andrews 2000). These proteins have an 
extraordinary metal-binding capability [due to their 
many sulfhydryl (–SH) groups], and are essential to 
heavy metal detoxification (Aschner 1996). MTs guard 
the brain and gastrointestinal tract against heavy metal 
overload. Metals that form less soluble sulphides [e.g., 
cadmium (Cd) compared to Zn] are bound to metallo-
thionein more strongly than those forming more solu-
ble sulphides, and they are commonly also more potent 
inducers of apometallothionein synthesis. Copper 
might be a partial exception to this rule, when compar-
ing the strength of Cu and Zn as apometallothionein 

inducers, due to stronger complex binding of Cu to 
amino acids, peptides and other proteins. Zinc is most 
abundant among the MT-inducing metals (Park et al. 
2001), but Cu is also very important as an MT-inducing 
element. Toxic metals such as Cd and Hg can, in spite 
of lower abundance, lead to significant disturbance of 
Zn and Cu metabolism due to their potency as MT 
inducers (Underwood 1977).

Mammalian MTs are part of a gene cluster on 
human chromosome 16q13, which contains four iso-
forms (MT1, MT2, MT3, and MT4) and 17 subtypes of 
MT genes. MT1 and MT2 isoforms are ubiquitously 
expressed in most tissues, including the brain, whereas 
MT3 is only expressed in the brain, and MT4 is 
expressed in certain stratified squamous epithelia 
(Aschner et al. 2006). MT1 and MT2 are induced fol-
lowing Hg exposure, presumably to protect essential 
cellular functions and enhance survival. They can 
function as antioxidants, and are up-regulated in 
response to other divalent metals (Aschner et al. 2006). 
Mercury compounds may replace Zn in the metal-
binding sites of metallothioneins, which may be 
regarded as a mechanism of detoxification because it 
hinders the binding of Hg to the active sites of enzymes 
(Faber et al. 2009). But it also counteracts the loss of 
Hg by excretion processes, similar to that which also 
happens with other toxic metals, such as Cd, when 
they bind to MT. Observations on the abundance of 
MTs within the central nervous system (CNS) and the 
identification of a brain-specific isoform, MT3, sug-
gest that it might have important neurophysiological 
and neuromodulatory functions (Aschner et al. 2006). 
Increased concentrations of vesicular Zn induce MT3 
production in the hippocampus, amygdala and pyri-
form cortex (Faber et al. 2009). 

It might be speculated that one important reason 
for synthesis of apometallothionein in the brain could 
be for temporary storage of Zn that has been trans-
ported from one nerve cell to another during synaptic 
transmission until the Zn later can be used as for 
anabolic purposes (i.e., as a cofactor for enzymes) 
during microanatomical remodeling being part of the 
long-term learning process. Pathological overstimu-
lation of metallothionein synthesis in the brain, e.g., 
because of too much Cu accumulation, might then 
interfere with the subsequent mobilization of Zn that 
has been temporarily stored, thus hindering 
Zn-dependent anabolic processes that are needed for 
normal learning.
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MTs are able to modulate Hg neurotoxicity, a neuro-
toxin that also has been proposed to play an etiologic 
role in ASDs (Filipek et al. 1999, Bernard et al. 2001, 
Palmer et al. 2006, 2009, Russo 2008, Geier et al. 
2009, 2010, Blanchard et al. 2011, Kern et al. 2012). 
Stress on the metallothionein system triggered by 
heavy metal exposure may cause faster depletion of Zn 
reserves (Faber et al. 2009). It has been pro-
posed that allergic autoimmune reactions occurring 
after exposure to heavy metals, may contribute to 
some symptoms associated with autism. This means 
that abnormalities in MT concentration and/or struc-
ture, as well as presence of anti-MT antibodies, may be 
associated with autism (Russo 2008).

Copper is involved in the regulation of synthesis of 
MT proteins. These proteins have a high attraction for 
Cu, and in times of high Cu loads, MT levels rise 
(Arredondo and Núñez 2005, Faber et al. 2009). MTs 
trap Cu within intestinal cells and prevent its systemic 
absorption (Russo and deVito 2011). The same also 
happens with Zn, which is one of the reasons why 
excess Cu hinders the intestinal absorption of Zn and 
vice versa.

Zinc is important for the metal-responsive transcrip-
tion factor 1 (MTF-1), which enhances the transcrip-
tion of MT genes in response to heavy metal 
load. MTF-1 up- and downregulates many genes and 
enzymes responsible for the elimination of heavy met-
als (Wang et al. 2004, Wimmer et al. 2005).

Redox regulation of zinc and copper metabolism   

The expression of metallothionein is not only metal-
regulated, but also redox-regulated (Andrews 2000), so 
that increased oxidative stress increases the expression 
of metallothionein, making both Zn and Cu more 
strongly bound to metallothionein, and less available to 
be used as cofactors in enzymes or other proteins. 
Increased expression of metallothionein in enterocytes 
will probably lead to impaired absorption of Zn and Cu 
in the intestine, and increased expression of metallothi-
onein in the liver will lead to poorer mobilization from 
there to other organs. This could probably explain the 
age changes in Zn metabolism − because the aging of 
mitochondrial DNA through accumulation of mutations 
leads to increased ROS production in mitochondria, and 
this can then lead to increased expression of metallothi-
onein, causing the Zn concentration in blood plasma to 
go down (Moxnes and Christophersen 2008). 

But the same can also be expected to happen if ROS 
production in mitochondria is elevated for other rea-
sons, such as a congenital metabolic disorder. This 
may be relevant to ASDs, and it is not unreasonable to 
suggest that it could be one of the main causes of Zn 
deficiency in autism. However, when Zn deficiency 
has occurred, whatever the cause, it will of course 
worsen the patient’s general condition, including that it 
may be detrimental to brain function (Lakshmi Priya 
and Geetha 2011).

Enhanced apometallothionein induction due to oxi-
dative stress in organs such as the liver and the kidney 
must be expected to lead to enhanced retention of toxic 
metals such as Cd and Hg in these organs. It is possible 
that this could be the most important cause of enhanced 
levels of Hg or other toxic metals observed in ASD 
patients, rather than abnormally high exposure com-
pared with the rest of the population. But the toxic 
metals will, once they have accumulated, have impor-
tant deleterious effects, e.g., by interfering with Zn 
metabolism. It is thus possible that autistic patients 
may have less tolerance to toxic metal exposure, com-
pared to the rest of the population.

Similarly, it is also possible that enhanced apometal-
lothionein induction due to oxidative stress in the liver 
might interfere with the capacity for homeostatic regu-
lation of the excretion of Cu through the bile, leading 
to a tendency for abnormal accumulation of this ele-
ment in the liver. It is not impossible that enhanced MT 
induction due to oxidative stress might have opposite 
net effects on Cu and Zn metabolism, leading to 
enhanced severity of Zn deficiency, at the same time as 
it might also lead to enhanced Cu accumulation and 
therefore Cu toxicity.

Zinc, copper and severity of autism

The frequency of Zn deficiency and Cu intoxication 
is high in children diagnosed with an ASD (Faber et al. 
2009). In a study by Lakshmi Priya and Geetha (2011) 
a significant variation was found for Zn in both hair 
and nails of low functioning autism group children 
when compared to a control group and other study 
groups. Subjects of the study were 45 autistic children 
with different grades of severity and 50 healthy chil-
dren (age and sex matched). The children with differ-
ent grades of autism showed highly significant differ-
ences (P<0.001) in the level of Cu in their hair and nail 
samples when compared to healthy controls. The level 
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of Cu in the autistic children could be correlated with 
the severity of their symptoms. The children in the low 
functioning autism group showed higher levels of Cu 
in both hair and nail samples when compared to mid-
dle and high functioning autism. This result could sug-
gest that the higher the level of Cu toxicity, the more 
severe is the autism in children (Lakshmi Priya and 
Geetha 2011).

It might be speculated that Zn deficiency in autism 
arises mainly as a secondary consequence of other 
metabolic disturbances leading to enhanced oxidative 
stress, e.g., due to enhanced mitochondrial ROS pro-
duction, while Cu excess might occur both as a conse-
quence of enhanced oxidative stress and abnormally 
enhanced cytokine levels (enhancing the synthesis of 
ceruloplasmin in the liver), perhaps due to intestinal 
dysfunction and changes in the intestinal microflora. 
However, one should not exclude the possibility of 
other inherited biochemical lesions directly affecting 
Cu metabolism. 

Zinc to copper ratio

Zinc maintains a balance with Cu in the blood, 
where changes in these two trace elements tend to be 
inversely related. This can in large measure be 
explained as a consequence of cytokine regulation of 
the metabolism of the two elements, with the same 
cytokines causing enhancement of the cellular uptake 
of Zn and enhancement of the production of cerulo-
plasmin in the liver. A low plasma Zn concentration is 
nearly always associated with a high serum Cu con-
centration. According to published studies, the normal 
Zn to Cu ratio in children and adults is close to 1:1 
(Van Weyenbergh et al. 2004, Faber et al. 2009). It has 
been proposed that the plasma Zn/serum Cu ratio may 
be used as a rapid method of determining the func-
tional state of the metallothionein system (Faber et al. 
2009). 

Faber and coworkers (2009) performed a retrospec-
tive review of plasma Zn, serum Cu and Zn/Cu on data 
from 230 children [179 male, 51 female, mean age 6.3, 
standard deviation (SD) of 3.67] with autistic disorder, 
pervasive developmental delay not otherwise speci-
fied, and Asperger syndrome. The entire cohort’s 
mean Zn level was 77.2 μg dl−1, the mean Cu level 
131.5 μg dl−1, and the mean Zn/Cu 0.608, which was 
below the 0.7 cut-off of the lowest 2.5% of healthy 
children (Faber et al. 2009).

Lower Zn/Cu ratios may reflect total body Zn defi-
ciency or accumulation of Zn-antagonistic toxic met-
als. It has been proposed that Hg toxicity may be a 
major cause of MT dysfunction in children diagnosed 
with an ASD, which may be reflected in the Zn/Cu 
ratio (Aschner et al. 2006, Faber et al. 2009). It is not 
impossible that the toxic metals Hg and Cd, similar to 
that proposed above for oxidative stress due to genetic 
disturbances, might have opposite net effects on Zn 
and Cu metabolism because enhanced MT induction 
in the liver might affect Cu excretion via the bile more 
than it affects the mobilization of this element from the 
liver to the blood, while for Zn it is the rate of mobili-
zation to the blood which is more strongly affected. 

GABA

γ-Aminobutyric acid (GABA) is responsible for syn-
aptic inhibition in the brain. Alterations in levels of 
GABA and GABA receptors indicate that the 
GABAergic system may be involved in autism (Ma et 
al. 2005, Ashley-Koch et al. 2006, Collins et al. 2006). 
Autistic individuals frequently have lower levels of Zn 
and significantly higher levels of Cu when compared 
to normal controls (Russo and deVito 2011). It has been 
suggested that low Zn and high Cu levels may modu-
late GABA synthesis or membrane transport, ulti-
mately causing a lowering of transmitter concentration 
in the synaptic cleft. A high Cu level may also be asso-
ciated with high norepinephrine levels found in autis-
tic children, and low GABA and high epinephrine 
levels may, in turn, manifest as excitability and hyper-
activity associated autistic symptoms (Russo and 
deVito 2011).

GABA is synthesized by the enzyme glutamate 
decarboxylase (GAD) using pyridoxal phosphate (which 
is the active form of vitamin B6) as a cofactor (Bown 
and Shelp 1997, Schousboe and Waagepetersen 2007). 
GAD plays a very important role in maintaining 
excitatory-inhibitory balance of the central nervous 
system (Li et al. 2008). It was known already during 
the late 1960s that laboratory animals that were 
exposed to hyperbaric oxygen had decreased levels of 
GAD in the brain (Haugaard 1968). Newer research 
has shown that there are (at least) two different 
isozymes of GAD (Davis et al. 2001, Li et al. 2008, 
Wei and Wu 2008). The recombinant forms of these 
two isozymes, GAD65 and GAD67, are potently and 
reversibly inhibited by molecular oxygen (Ki=0.46 and 
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0.29 mM, respectively) (Davis et al. 2001). GAD65 
contains 15 cysteyl groups and GAD67 13 cysteyl 
groups (Battaglioli et al. 2005), which may presumably 
explain the sensitivity of these enzymes both to oxida-
tive stress, toxic heavy metals and other toxic agents 
attacking the thiol groups. It is a plausible speculation 
that S-glutathionylation, similarly as for creatine kinase 
(Reddy et al. 2000), might be an important mechanism 
of oxidative inhibition of these enzymes. It is likely 
that GAD primarily is inhibited because of reactions 
between the enzyme and various ROS, including 
hydroxyl radicals (Khan et al. 2009), rather than with 
molecular oxygen itself. Copper may play a role in 
oxidative attack on GAD of ROS through Fenton-like 
reactions (Trigwell et al. 2001). GAD67 is apparently 
much more vulnerable to oxidative stress than GAD65 
(Li et al. 2008).   

Research suggests strongly that Zn and Cu might 
play a role in the GABAergic system, and Zn also in 
the glutamatergic system. Approximately 10% of total 
Zn in the brain exists in synaptic vesicles of gluta-
matergic neurons (Takeda et al. 2004). Zinc has been 
found to be associated with GABA and glutamate 
regulation, particularly through anxiolytic activity, 
modulating GABAergic inhibition and seizure suscep-
tibility (Ben-Ari and Cherubini 1991, Xie and Smart 
1993, Takeda et al. 2003). Zinc deficiency has also 
been found to be associated with GABAergic impair-
ment (Takeda et al. 2006b). Copper is a potent inhibi-
tor of GABA-evoked responses, particularly in Purkinje 
cells (Russo and deVito 2011). Zinc and Cu might 
interact with each other and with GABAA receptor 
complex and participate in modulation of synaptic 
transmission (Kim and Macdonald 2003). 

CONClUsIONs

Children with ASDs appear to be at risk for Zn defi-
ciency, Cu toxicity, have often low Zn/Cu ratio, and often 
disturbed metallothionein (MT) system functioning. 
Zinc, copper, various toxic heavy metals and oxidative 
stress up-regulate the gene expression of the metallothi-
oneins. MTs are important proteins implicated in heavy 
metal, including Hg, detoxification and in the elimina-
tion of free radicals throughout the body. MT induction 
by oxidative stress, excessive Cu levels, Hg or other toxic 
metals may lead to Zn deficiency by interfering with the 
intestinal absorption of this element and most likely also 
with its mobilization from the liver to other parts of the 

body. For Cu, however, it is possible that the effects of 
MT induction by oxidative stress or toxic heavy metals 
on the rate of biliary excretion may be more important 
than the effect on the rates of intestinal absorption and 
mobilization from the liver to the blood. It is therefore 
possible that enhanced MT induction by oxidative stress 
might have opposite net effects on functional Zn and Cu 
status, with Zn deficiency being combined with a ten-
dency for Cu excess. In the brain, it is possible that MT 
over-induction caused by excess Cu may interfere with 
normal temporary storage in synaptic regions followed 
by mobilization of Zn for use as a cofactor of enzymes 
needed for long-term learning processes (because Cu 
might interfere with the second release phase of the 
storage-release process). This suggests that providing Zn 
to autistic children may be an important component of a 
treatment protocol, especially in children with Zn defi-
ciency. It is important to monitor and follow the values 
for both Cu and Zn together during Zn therapy, because 
these two trace elements are both antagonists in func-
tion, and essential for living cells. Studies indicate that 
the GABAergic system may be involved in ASDs, and 
that Zn and Cu may play a role in this system.

ACkNOwleDGmeNT

The author sincerely acknowledges the enthusiastic 
and constructive comments of the Norwegian state 
stipendiate Olav Albert Christophersen. His comments 
helped me greatly to improve the final version of this 
manuscript.

ReFeReNCes

Adams JB, Audhya T, McDonough-Means S, Rubin RA, 
Quig D, Geis E, Gehn E, Loresto M, Mitchell J, Atwood 
S, Barnhouse S, Lee W (2013) Toxicological status of 
children with autism vs. neurotypical children and the 
association with autism severity. Biol Trace Elem Res 
151: 171–180.

Al-Farsi YM, Waly MI, Al-Sharbati MM, Al-Shafaee MA, 
Al-Farsi OA, Al-Khaduri MM, Gupta I, Ouhtit A, 
Al-Adawi S, Al-Said MF, Deth RC (2013) Levels of 
heavy metals and essential minerals in hair samples of 
children with autism in Oman: a case-control study. Biol 
Trace Elem Res 151: 181–186.

Andrews GK (2000) Regulation of metallothionein gene 
expression by oxidative stress and metal ions. Biochem 
Pharmacol 59: 95–104.



Zinc and copper in autism spectrum disorders 233 

Arredondo M, Núñez MT (2005) Iron and copper metabo-
lism. Mol Aspects Med 26: 313–327.

Aschner M (1996) The functional significance of brain met-
allothioneins. FASEB J 10: 1129–1136.

Aschner M, Syversen T, Souza DO, Rocha JBT (2006) 
Metallothioneins: mercury species-specific induction and 
their potential role in attenuating neurotoxicity. Exp Biol 
Med 231: 1468–1473.

Ashley-Koch AE, Mei H, Jaworski J, Ma DQ, Ritchie MD, 
Menold MM, Delong GR, Abramson RK, Wright HH, 
Hussman JP, Cuccaro ML, Gilbert JR, Martin ER, 
Pericak-Vance MA (2006) An analysis paradigm for 
investigating multi-locus in complex disease: examina-
tion of three GABA receptor subunit genes on 15q11–q13 
as risk factors for autistic disorder. Ann Hum Genet 70: 
281–292.

Bales CW, DiSilvestro RA, Currie KL, Plaisted CS, Joung 
H, Galanos AN, Lin PH (1994) Marginal zinc deficien-
cy in older adults: responsiveness of zinc status indica-
tors. J Am Coll Nutr 13: 455–462.

Battaglioli G, Liu H, Hauer CR, Martin DL (2005) Glutamate 
decarboxylase: loss of N-terminal segment does not 
affect homodimerization and determination of the oxida-
tion state of cysteine residues. Neurochem Res 30: 989–
1001.

Ben-Ari Y, Cherubini E (1991) Zinc and GABA in develop-
ing brain. Nature 353: 220.

Bernard S, Enayati A, Redwood L, Roger H, Binstock 
T (2001) Autism: a novel form of mercury poisoning. 
Med Hypotheses 56: 462–471.

Bjørklund G (1998) Children with Asperger syndrome (in 
Norwegian). Tidsskr Nor Laegeforen 118: 1567–1569.

Black MM (1998) Zinc deficiency and child development. 
Am J Clin Nutr 68 (2 Suppl): 464S–469S. 

Blanchard KS, Palmer RF, Stein Z (2011) The value of eco-
logic studies: mercury concentration in ambient air and 
the risk of autism. Rev Environ Health 26: 111–118.  

Blaurock-Busch E, Amin OR, Dessoki HH, Rabah T (2012) 
Toxic metals and essential elements in hair and severity 
of symptoms among children with autism. Maedica 
(Buchar) 7: 38–48.

Bown AW, Shelp BJ (1997) The metabolism and functions 
of γ-aminobutyric acid. Plant Physiol 115: 1–5.

Brewer GJ (2012) Copper toxicity in Alzheimer’s disease: 
cognitive loss from ingestion of inorganic copper. J Trace 
Elem Med Biol 26: 89–92. 

Briefel RR, Bialostosky K, Kennedy-Stephenson J, 
McDowell MA, Ervin RB, Wright JD (2000) Zinc intake 
of the U.S. population: findings from the third National 

Health and Nutrition Examination Survey, 1988–1994. J 
Nutr 130: 1367S–1373S.  

Collins AL, Ma D, Whitehead PL, Martin ER, Wright HH, 
Abramson RK, Hussman JP, Haines JL, Cuccaro ML, 
Gilbert JR, Pericak-Vance MA (2006) Investigation of 
autism and GABA receptor subunit genes in multiple 
ethnic groups. Neurogenetics 7: 167–174.

Crăciun EC, Ursu M, Predescu E, Bjørklund G, Dronca M 
(2009) The status of whole blood zinc and copper levels 
in autistic children (abstract). Rom Rev Lab Med 15 
(Suppl): 132–133.

Davis GK, Mertz W (1987) Copper. In: Trace Elements in 
Human and Animal Nutrition, Vol. 1.  (Fifth edition) 
(Mertz W, Ed.). Academic Press, San Diego, CA, p. 
301–364.

Davis K, Foos T, Wu JY, Schloss JV (2001) Oxygen-induced 
seizures and inhibition of human glutamate decarboxy-
lase and porcine cysteine sulfinic acid decarboxylase by 
oxygen and nitric oxide. J Biomed Sci 8: 359–364. 

de Theije CG, Wu J, da Silva SL, Kamphuis PJ, Garssen J, 
Korte SM, Kraneveld AD (2011) Pathways underlying 
the gut-to-brain connection in autism spectrum disorders 
as future targets for disease management. Eur J Pharmacol 
668 (Suppl 1): S70–S80. 

Deinum J, Steenbergen-Spanjers GC, Jansen M, Boomsma 
F, Lenders JW, van Ittersum FJ, Hück N, van den Heuvel 
LP, Wevers RA (2004) DBH gene variants that cause low 
plasma dopamine β with or without a severe orthostatic 
syndrome. J Med Genet 41: e38.

Desoto MC, Hitlan RT (2010) Sorting out the spinning of 
autism: Heavy metals and the question of incidence. Acta 
Neurobiol Exp (Wars) 70: 165–176.

Dick AT (1953) The control of copper storage in the liver of 
sheep by inorganic sulphate and molybdenum. Austr Vet 
J 9: 233–239.

Elsheshtawy E, Tobar S, Sherra K, Atallah S, Elkasaby R 
(2011) Study of some biomarkers in hair of children with 
autism. Middle East Curr Psychiatry 18: 6–10. 

Faber S, Zinn GM, Kern JC 2nd, Kingston HM (2009) The 
plasma zinc/serum copper ratio as a biomarker in children 
with autism spectrum disorders. Biomarkers 14: 171–180.

Fabris N, Mocchegiani E (1995) Zinc, human diseases and 
aging. Aging (Milano) 7: 77–93.

Filipek PA, Accardo PJ, Baranek GT, Cook EH Jr, Dawson 
G, Gordon B, Gravel JS, Johnson CP, Kallen RJ, Levy 
SE, Minshew NJ, Ozonoff S, Prizant BM, Rapin I, Rogers 
SJ, Stone WL, Teplin S, Tuchman RF, Volkmar FR (1999) 
Screening and diagnosis of autism spectrum disorders. J 
Autism Dev Disord 29: 439–484.



234  G. Bjørklund 

Finegold SM, Downes J, Summanen PH (2012) Microbiology 
of regressive autism. Anaerobe 18: 260–262.

Fischer Walker C, Black RE (2004) Zinc and the risk for 
infectious disease. Annu Rev Nutr 24: 255–275.

Geier DA, Kern JK, Geier MR (2009) A prospective study 
of prenatal mercury exposure from maternal dental amal-
gams and autism severity. Acta Neurobiol Exp (Wars) 69: 
189–197.

Geier DA, Audhya T, Kern JK, Geier MR (2010) Blood 
mercury levels in autism spectrum disorder: Is there a 
threshold level? Neurobiol Exp (Wars) 70: 177–186.  

Geier DA, Kern JK, King PG, Sykes LK, Geier MR (2012) 
Hair toxic metal concentrations and autism spectrum dis-
order severity in young children. Int J Environ Res Public 
Health 9: 4486–4497.

Gould L, Kendall NR (2011) Role of the rumen in copper and 
thiomolybdate absorption. Nutr Res Rev 24: 176–182.   

Grandjean P, Landrigan PJ (2006) Developmental neurotox-
icity of industrial chemicals. Lancet 368: 2167–2178. 

Halsted JA, Ronaghy HA, Abadi P, Haghshenass M, 
Amirhakemi GH, Barakat RM, Reinhold JG (1972) Zinc 
deficiency in man. The Shiraz experiment. Am J Med 53: 
277–284.

Hambidge M (2000) Human zinc deficiency. J Nutr 130 (5S 
Suppl): 1344S–1349S.

Hambidge KM, Casey CE, Krebs NF (1986) Zinc. In: Trace 
Elements in Human and Animal Nutrition, Vol. 2 (Fifth 
edition) (Mertz W, Ed.).  Academic Press, San Diego, 
CA, p. 1–137. 

Haugaard N (1968) Cellular mechanisms of oxygen toxicity. 
Physiol Rev 48: 311–373.

Heyneman CA (1996) Zinc deficiency and taste disorders. 
Ann Pharmacother 30: 186–187.

IOM/FNB – Institute of Medicine, Food and Nutrition 
Board (2001) Dietary Reference Intakes for Vitamin A, 
Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, 
Iron, Manganese, Molybdenum, Nickel, Silicon, 
Vanadium, and Zinc. National Academy Press, 
Washington, DC.

Kern JK, Geier DA, Audhya T, King PG, Sykes LK, Geier 
MR (2012) Evidence of parallels between mercury intox-
ication and the brain pathology in autism. Acta Neurobiol 
Exp (Wars) 72: 113–153. 

Khan MW, Sherwani S, Khan WA, Ali R (2009) 
Characterization of hydroxyl radical modified GAD65: a 
potential autoantigen in type 1 diabetes. Autoimmunity 42: 
150–158. 

Kim H, Macdonald RL (2003) An N-terminal histidine is the 
primary determinant of alpha subunit-dependent Cu2+ 

sensitivity of alphabeta3gamma2L GABA(A) receptors. 
Mol Pharmacol 64: 1145–1152.

Lake CR, Ziegler MG, Murphy DL (1977) Increased norepi-
nephrine levels and decreased dopamine-beta-hydroxy-
lase activity in primary autism. Arch Gen Psychiatry 34: 
553–556.

Lakshmi Priya MD, Geetha A (2011) Level of trace elements 
(copper, zinc, magnesium and selenium) and toxic ele-
ments (lead and mercury) in the hair and nail of children 
with autism. Biol Trace Elem Res 142: 148–158.

Li Q, Guo M, Xu X, Xiao X, Xu W, Sun X, Tao H, Li R 
(2008) Rapid decrease of GAD 67 content before the 
convulsion induced by hyperbaric oxygen exposure. 
Neurochem Res 33: 185–193.

Lifschitz C (2012) New actions for old nutrients. Acta Sci 
Pol Technol Aliment 11: 183–192.

Lonsdale D, Shamberger RJ, Obrenovich ME (2011) 
Dysautonomia in autism spectrum disorder: case reports 
of a family with review of the literature. Autism Res Treat 
2011: 129795.

Ma DQ, Whitehead PL, Menold MM, Martin ER, Ashley-
Koch AE, Mei H, Ritchie MD, Delong GR, Abramson 
RK, Wright HH, Cuccaro ML, Hussman JP, Gilbert JR, 
Pericak-Vance MA (2005) Identification of significant 
association and gene-gene interaction of GABA receptor 
subunit genes in autism. Am J Hum Genet 77: 377–
388. 

MacFabe DF (2012) Short-chain fatty acid fermentation 
products of the gut microbiome: implications in autism 
spectrum disorders. Microb Ecol Health Dis 23: 19260. 

Madsen E, Gitlin JD (2007) Copper and iron disorders of the 
brain. Annu Rev Neurosci 30: 317–337.

Medeiros DM, Jiang Y, Klaahsen D, Lin D (2009) 
Mitochondrial and sarcoplasmic protein changes in hearts 
from copper-deficient rats: up-regulation of PGC-1alpha 
transcript and protein as a cause for mitochondrial bio-
genesis in copper deficiency. J Nutr Biochem 20: 823–
830. 

Midorikawa K, Kawanishi S (2001) Superoxide dismutases 
enhance H2O2-induced DNA damage and alter its site 
specificity. FEBS Lett 495: 187–190. 

Midtvedt T (2012) The gut: a triggering place for autism – 
possibilities and challenges. Microb Ecol Health Dis 23: 
18982.

Moxnes JF, Christophersen OA (2008) The Spanish flu as a 
worst case scenario? Microb Ecol Health Dis 20: 1–26. 

Obrenovich ME, Shamberger RJ, Lonsdale D (2011) Altered 
heavy metals and transketolase found in autistic spectrum 
disorder. Biol Trace Elem Res 144: 475–486.



Zinc and copper in autism spectrum disorders 235 

Oteiza PI, Mackenzie GG (2005) Zinc, oxidant-triggered 
cell signaling, and human health. Mol Aspects Med 26: 
245–255.

Ozdemir E, Cetinkaya S, Ersan S, Kucukosman S, Ersan EE 
(2009) Serum selenium and plasma malondialdehyde levels 
and antioxidant enzyme activities in patients with obsessive-
compulsive disorder. Prog Neuropsychopharmacol Biol 
Psychiatry 33: 62–65. 

Pagano G, Castello G (2012) Oxidative stress and mitochon-
drial dysfunction in Down syndrome. Adv Exp Med Biol; 
724: 291–299.

Palmer RF, Blanchard S, Stein Z, Mandell D, Miller C 
(2006) Environmental mercury release, special education 
rates, and autism disorder: an ecological study of Texas. 
Health Place 12: 203–209.

Palmer RF, Blanchard S, Wood R (2009) Proximity to point 
sources of environmental mercury release as a predictor 
of autism prevalence. Health Place 15: 18–24.

Park JD, Liu Y, Klaassen CD (2001) Protective effect of 
metallothionein against the toxicity of cadmium and other 
metals. Toxicology 163: 93–100.

Plum LM, Rink L, Haase H (2010) The essential toxin: 
Impact of zinc on human health. Int J Environ Res Public 
Health 7: 1342–1365.

Prasad AS (1983) The role of zinc in gastrointestinal and 
liver disease. Clin Gastroenterol 12: 713–741.

Prasad AS (1991) Role of zinc in human health. Bol Asoc 
Med P R 83: 558–560.

Prasad AS (1995) Zinc: an overview. Nutrition 11 (1 Suppl): 
93–99.

Prasad AS (2012) Discovery of human zinc deficiency: 50 
years later. J Trace Elem Med Biol 26: 66–69.

Prasad AS, Beck FW, Grabowski SM, Kaplan J, Mathog RH 
(1997) Zinc deficiency: changes in cytokine production 
and T-cell subpopulations in patients with head and neck 
cancer and in noncancer subjects. Proc Assoc Am 
Physicians 109: 68–77. 

Qian J, Noebels JL (2005) Visualization of transmitter 
release with zinc fluorescence detection at the mouse hip-
pocampal mossy fibre synapse. J Physiol 566: 747–758.

Rahman K, Rahman F, Rahman T, Kato T (2009) Dopamine-
β-hydroxylase (DBH), its cofactors and other biochemi-
cal parameters in the serum of neurological patients in 
Bangladesh. J Biomed Sci 5: 395–401.

Reddy S, Jones AD, Cross CE, Wong PS, Van Der Vliet A 
(2000) Inactivation of creatine kinase by S-glutathionylation 
of the active-site cysteine residue. Biochem J 347: 821–827.

Russo AF (2008) Anti-metallothionein IgG and levels of metal-
lothionein in autistic families. Swiss Med Wkly 138: 70–77.

Russo AJ, deVito R (2011) Analysis of copper and zinc 
plasma concentration the efficacy of zinc therapy in indi-
viduals with Asperger’s syndrome, pervasive develop-
mental disorder not otherwise specified (PDD-NOS) and 
autism. Biomark Insights 6: 127–133.

Salgueiro MJ, Krebs N, Zubillaga MB, Weill R, Postaire E, 
Lysionek AE, Caro RA, De Paoli T, Hager A, Boccio J 
(2001) Zinc and diabetes mellitus: is there a need of zinc 
supplementation in diabetes mellitus patients? Biol Trace 
Elem Res 81: 215–228.

Sandstead HH, Prasad AS, Schulert AR, Farid Z, Miale A Jr, 
Bassilly S, Darby WJ (1967) Human zinc deficiency, 
endocrine manifestations and response to treatment. Am J 
Clin Nutr 20: 422–442. 

Schanen NC (2006) Epigenetics of autism spectrum disor-
ders. Hum Mol Genet 15 (Spec No 2): R138–R150.

Schousboe A, Waagepetersen HS (2007) GABA: homeostatic 
and pharmacological aspects. Prog Brain Res 160: 9–19. 

Sensi SL, Paoletti P, Koh JY, Aizenman E, Bush AI, 
Hershfinkel M (2011) The neurophysiology and patholo-
gy of brain zinc. J Neurosci 31: 16076–16085. 

Shankar AH, Prasad AS (1998) Zinc and immune function: 
the biological basis of altered resistance to infection. Am 
J Clin Nutr 68 (2 Suppl): 447S–463S.

Siller SS, Broadie K (2012) Matrix metalloproteinases and 
minocycline: therapeutic avenues for fragile X syndrome. 
Neural Plast 2012: 124548.

Simmer K, Thompson RP (1985) Zinc in the fetus and new-
born. Acta Paediatr Scand Suppl 319: 158–163.

Syme CD, Nadal RC, Rigby SE, Viles JH (2004) Copper 
binding to the amyloid-beta (Abeta) peptide associated 
with Alzheimer’s disease: folding, coordination geome-
try, pH dependence, stoichiometry, and affinity of Abeta-
(1-28): insights from a range of complementary spectro-
scopic techniques. J Biol Chem 279: 18169–18177. 

Takeda A, Hirate M, Tamano H, Oku N (2003) Release of 
glutamate and GABA in the hippocampus under zinc 
deficiency. Neurosci Res 72: 537–542.

Takeda A, Minami A, Seki Y, Oku N (2004) Differential 
effects of zinc on glutamatergic and GABAergic neu-
rotransmitter systems in the hippocampus. J Neurosci Res 
75: 225–229.

Takeda A, Sakurada N, Kanno S, Minami A, Oku N (2006a) 
Response of extracellular zinc in the ventral hippocampus 
against novelty stress. J Neurochem 99: 670–676.

Takeda A, Itoh H, Imano S, Oku N (2006b) Impairment of 
GABAergic neurotransmitter system in the amygdala of 
young rats after 4-week zinc deprivation. Neurochem Int 
49: 746–750.



236  G. Bjørklund 

Trigwell SM, Radford PM, Page SR, Loweth AC, James RF, 
Morgan NG, Todd I (2001) Islet glutamic acid decarboxy-
lase modified by reactive oxygen species is recognized by 
antibodies from patients with type 1 diabetes mellitus. 
Clin Exp Immunol 126: 242–249.

Trumbo P, Yates AA, Schlicker S, Poos M (2001) Dietary 
reference intakes: vitamin A, vitamin K, arsenic, boron, 
chromium, copper, iodine, iron, manganese, molybde-
num, nickel, silicon, vanadium, and zinc. J Am Diet 
Assoc 101: 294–301.

Underwood EA (1977) Trace Elements in Human and 
Animal Nutrition (Fourth edition). Academic Press, New 
York, NY.

Vallee BL, Falchuk KH (1993) The biochemical basis of 
zinc physiology. Physiol Rev 73: 79–118. 

Van Weyenbergh J, Santana G, D’Oliveira A Jr, Santos AF 
Jr, Costa CH, Carvalho EM, Barral A, Barral-Netto M 
(2004) Zinc/copper imbalance reflects immune dysfunc-
tion in human leishmaniasis: and ex vivo and in vitro 
study. BMC Infect Dis 4: 50.

Wang Y, Wimmer U, Lichtlen P, Inderbitzin D, Stieger 
B, Meier PJ, Hunziker L, Stallmach T, Forrer R, 
Rülicke T, Georgiev O, Schaffner W (2004) Metal-
responsive transcription factor-1 (MTF-1) is essential 
for embryonic liver development and heavy metal 

detoxification in the adult liver. FASEB J 18: 1071–
1079.

Wapnir RA, Balkman C (1991) Inhibition of copper absorp-
tion by zinc. Effect of histidine. Biol Trace Elem Res 29: 
193–202.

Wei J, Wu JY (2008) Post-translational regulation of 
L-glutamic acid decarboxylase in the brain. Neurochem 
Res 33: 1459–1465.

Wimmer U, Wang Y, Georgiev O, Schaffner W (2005) Two 
major branches of anti-cadmium defense in the mouse: 
MTF-1/metallothioneins and glutathione. Nucleic Acids 
Res 33: 5715–5727.

Wuehler SE, Peerson JM, Brown KH (2005) Use of national 
food balance data to estimate the adequacy of zinc in 
national food supplies: methodology and regional esti-
mates. Public Health Nutr 8: 812–819. 

Wyatt AR, Wilson MR (2013) Acute phase proteins are 
major clients for the chaperone action of α2-macroglobulin 
in human plasma. Cell Stress Chaperones 18: 161–170.

Xie X, Smart TG (1993) Properties of GABA-mediated 
synaptic potentials induced by zinc in adult rat hippocam-
pal pyramidal neurones. J Physiol 460: 503–523. 

Yasuda H, Yoshida K, Yasuda Y, Tsutsui T (2011) Infantile 
zinc deficiency: association with autism spectrum disor-
ders. Sci Rep 1: 129. 


