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Abstract: Omega-3 (ω-3) fatty acids are one of the two main families of long chain 

polyunsaturated fatty acids (PUFA). The main omega-3 fatty acids in the mammalian  

body are α-linolenic acid (ALA), docosahexaenoic acid (DHA) and eicosapentaenoic acid 

(EPA). Central nervous tissues of vertebrates are characterized by a high concentration of 

omega-3 fatty acids. Moreover, in the human brain, DHA is considered as the main 

structural omega-3 fatty acid, which comprises about 40% of the PUFAs in total. DHA 

deficiency may be the cause of many disorders such as depression, inability to concentrate, 

excessive mood swings, anxiety, cardiovascular disease, type 2 diabetes, dry skin and so 

on. On the other hand, zinc is the most abundant trace metal in the human brain. There are 

many scientific studies linking zinc, especially excess amounts of free zinc, to cellular 

death. Neurodegenerative diseases, such as Alzheimer’s disease, are characterized by 

altered zinc metabolism. Both animal model studies and human cell culture studies have 

shown a possible link between omega-3 fatty acids, zinc transporter levels and free zinc 

availability at cellular levels. Many other studies have also suggested a possible omega-3 

and zinc effect on neurodegeneration and cellular death. Therefore, in this review, we will 

examine the effect of omega-3 fatty acids on zinc transporters and the importance of free 

zinc for human neuronal cells. Moreover, we will evaluate the collective understanding of 

mechanism(s) for the interaction of these elements in neuronal research and their 

significance for the diagnosis and treatment of neurodegeneration. 
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1. Introduction 

Fish is known as the food for the brain. Although this saying has been around for decades, 

understanding of the molecular mechanism(s) of fish oil (or more specifically omega-3 fatty acids) in 

promoting neuronal wellbeing has not been great until recently. With the increase in neurodegenerative 

diseases globally, many research groups are attempting to gain a better understanding of the molecular 

detail of this mechanism, and have made some breakthroughs in recent years [1–8]. In this article, we 

review key findings on the effect of the omega-3 fatty acid DHA on zinc transporters and the 

importance of free zinc to human neuronal cells. Furthermore, this review article identifies research 

areas that are in need of further study. 

2. Fatty Acids 

Epidemiological studies have linked high intake of fish and shellfish as part of the daily diet to 

reduction of the incidence and/or severity of Alzheimer’s disease (AD) and senile mental decline in 

general [3]. Many studies over the past few decades have shown the nutritional value of fish, 

particularly in regard to omega-3 fatty acids [4]. Omega-3 fatty acids are one of the two main families 

of a broader group of fatty acids referred to as polyunsaturated fatty acids (PUFAs). The other main 

family of PUFAs encompasses the omega-6 fatty acids. In general, PUFAs are essential in many 

biochemical events, especially in early post-natal development processes such as cellular differentiation, 

photoreceptor membrane biogenesis and active synaptogenesis [9]. Despite the significance of these 

two families, mammals cannot synthesize PUFA de novo, so they must be ingested from dietary 

sources. Though belonging to the same family, both omega-3 and omega-6 fatty acids are 

metabolically and functionally distinct and have opposing physiological effects. In the human body, 

high concentrations of omega-6 fatty acids are known to increase the formation of prostaglandins and 

thereby increase inflammatory processes [10]. On the other hand, the reverse process can be seen with 

increased omega-3 fatty acids in the body. Many other factors, such as thromboxane A2 (TXA2), 

leukotriene B4 (LTB4), IL-1, IL-6, tumor necrosis factor (TNF) and C-reactive protein, which are 

implicated in various health conditions, have been shown to be increased with high omega-6 fatty 

acids but decreased with omega-3 fatty acids in the human body [10]. 

Dietary fatty acids have been identified as protective factors in coronary heart disease [11], and 

PUFA levels are also known to play a critical role in immune responses, gene expression and 

intercellular communications [12]. Mainly, omega-3 fatty acids are known to be vital in the prevention 

of fatal ventricular arrhythmias [13]. Omega-3 fatty acids are also known to reduce thrombus 

formation propensity by decreasing platelet aggregation, blood viscosity and fibrinogen levels [14]. 

Since omega-3 fatty acids are prevalent in the nervous system, it seems logical that a deficiency may 

result in neuronal problems, and this is indeed what has been identified and reported in the  

literature [15–20]. The main omega-3 fatty acids in the mammalian body are α-linolenic acid (ALA), 
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docosahexenoic acid (DHA) and eicosapentaenoic acid (EPA). In general, seafood is rich in  

omega-3 fatty acids, more specifically DHA and EPA (Table 1). Thus far, there are nine separate 

epidemiological studies that suggest a possible link between increased fish consumption and reduced 

risk of AD [15] and eight out of ten studies have reported a link between higher blood omega-3 levels 

and reduced cognitive decline [16]. In another study conducted with individuals of 65 years of age or 

older (n = 6158), it was found that only high fish consumption, but not dietary omega-3 acid intake, 

had a protective effect on cognitive decline [17]. In 2005, following a meta-analysis study of the 

available epidemiology and preclinical studies, clinical trials were conducted to assess the effects of 

omega-3 fatty acids on cognitive protection [18]. Four of the trials completed have shown a protective 

effect of omega-3 fatty acids only among those with mild cognitive impairment conditions [19].  

In another trial with 485 subjects with mild memory complaints, an improvement with 900 mg of 

DHA was demonstrated [20]. 

Table 1. Total percentage of omega-3 fatty acids in common foods and supplements.  

Table adopted from Maclean C.H. et al. [18]. 

Food/Supplement EPA DHA ALA Total % 
Fish     

Salmon X X  >50% 
Sardine X X  >50% 
Anchovy X X  >50% 
Halibut X X  >50% 
Herring X X  >50% 
Mackerel X X  >50% 
Tuna X X  >50% 
Fresh Bluefin X X  >50% 

Oils/Supplements     
Fish oil capsules X X  >50% 
Cod liver oils X X  >50% 
Salmon oil X X  >50% 
Sardine oil X X  >50% 
Black currant oil    X 10%–50% 
Canola oil   X 10%–50% 
Mustard seed oils    X 10%–50% 
Soybean oil    X 10%–50% 
Walnut oil   X 10%–50% 
Wheat germ oil   X 10%–50% 

Seeds and other foods     
Flaxseeds/Linseeds   X >50% 
Spinach   X >50% 
Wheat germ   X 10%–50% 
Human milk   X 10%–50% 
Peanut butter    X <10% 
Soybeans    X <10% 
Olive oil    X <10% 
Walnuts   X <10% 
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DHA is the most abundant fatty acid in neural membranes, imparting appropriate fluidity and other 

properties [21], and is thus considered as the most important fatty acid in neuronal studies [8]. DHA is 

well conserved throughout the mammalian species despite their dietary differences [22]. DHA is 

mainly concentrated in membrane phospholipids at synapses and in retinal photoreceptors [23] and 

also in the testis and sperm [22]. In adult rats’ brain, DHA comprises approximately 17% of the total 

fatty acid weight, and in the retina it is as high as 33% [24]. DHA is believed to have played a major 

role in the evolution of the modern human and in particular the well-developed brain [25]. Premature 

babies fed on DHA-rich formula show improvements in vocabulary and motor performance [26]. 

Analysis of human cadaver brains have shown that people with AD have less DHA in their frontal lobe 

and hippocampus compared with unaffected individuals [27]. Furthermore, studies in mice have 

increased support for the protective role of omega-3 fatty acids. Mice administrated with a dietary 

intake of DHA showed an increase in DHA levels in the hippocampus. Errors in memory were 

decreased in these mice and they demonstrated reduced peroxide and free radical levels [28], 

suggesting a role in antioxidant defense. Another study conducted with a Tg2576 mouse model of  

AD demonstrated that dietary DHA supplementation had a protective effect against reduction in 

drebrin (actin associated protein), elevated oxidation, and to some extent, apoptosis via decreased 

caspase activity [29]. 

3. Zinc and Life 

Zinc is a trace element, which is indispensable for life, and it is the second most abundant trace 

element in the body [30]. Zinc is known to be related to growth, development, differentiation, immune 

response, receptor activity [31], DNA synthesis, gene expression, neuro-transmission, enzymatic 

catalysis, hormonal storage and release, tissue repair, memory, the visual process [32] and many other 

cellular functions. Moreover, the indispensability of zinc to the body can be discussed in many other 

aspects, including as a component of over 300 different enzymes [33] or as an integral component of a 

metallothioneins [34] or as a gene regulatory protein [35]. Approximately 3% of all proteins contain 

zinc binding motifs [36]. The broad biological functionality of zinc is thought to be due to its stable 

chemical and physical properties [37]. Zinc is considered to have three different functions in enzymes; 

catalytic, coactive and structural [38]. Indeed, it is the only metal found in all six different subclasses 

of enzymes [39]. The essential nature of zinc to the human body can be clearly displayed by studying 

the wide range of pathological effects of zinc deficiency. Anorexia, embryonic and post-natal growth 

retardation, alopecia, skin lesions, difficulties in wound healing, increased hemorrhage tendency and 

severe reproductive abnormalities, emotional instability, irritability and depression are just some of the 

detrimental effects of zinc deficiency [31,33,40–43]. 

Proper development and function of the central nervous system (CNS) is highly dependent on zinc 

levels. In the mammalian organs, zinc is mainly concentrated in the brain at around 150 µm [33]. 

However, free zinc in the mammalian brain is calculated to be around 10 to 20 nm [44,45] and the rest 

exists in either protein-, enzyme- or nucleotide bound form [31]. The brain and zinc relationship is 

thought to be mediated through glutamate receptors [30], and zinc is known to inhibit both excitatory 

and inhibitory receptors [36]. Vesicular localization of zinc in pre-synaptic terminals is a characteristic 

feature of brain-localized zinc, and its release is dependent on neural activity [30]. Zinc deficiency is 
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also related to many CNS abnormalities. Retardation of the growth and development of CNS  

tissues have been linked to low zinc levels [38]. Peripheral neuropathy, spina bifida, hydrocephalus, 

anencephalus [46], epilepsy and Pick’s disease [47] have also been linked to zinc deficiency. 

Although zinc deficiency causes much damage to the body, the body cannot tolerate excessive 

amounts of zinc. In both human and animal cells, neurotoxicity and neurodegeneration are widely seen 

with high levels of zinc [30,48,49]. Translocation of zinc from pre-synaptic to post-synaptic neurons  

is the main mechanism thought to be effected in neurotoxicity, epilepsy [47] and brain trauma [50].  

The relationship between zinc and neurodegeneration, specifically AD, has been interpreted in several 

ways. One study has proposed that β-amyloid has a greater propensity to form insoluble amyloid in the 

presence of high physiological levels of zinc [51]. Insoluble amyloid is thought to aggregate to form 

plaques, which is a main pathological feature of AD [52]. Further studies have shown that chelation of 

zinc ions can deform and disaggregate plaques [53]. In AD, the most prominent injuries are found in 

hippocampal pyramidal neurons, acetylcholine-containing neurons in the basal forebrain, and in 

somatostatin-containing neurons in the forebrain [30]. All of these neurons are known to favor  

rapid and direct entry of zinc in high concentrations [54], leaving neurons frequently exposed to high 

dosages of zinc. This is thought to promote neuronal cell damage through oxidative stress and 

mitochondrial dysfunction [30]. 

Excessive levels of zinc are also capable of inhibiting Ca2+ and Na+ voltage gated channels [55–57] 

and up-regulating the cellular levels of reactive oxygen species (ROS) [58]. Elevated ROS levels are 

directly detrimental to cell survival by damaging key macromolecules such as nucleic acids, proteins 

and lipids, which results in rapid cell death. Moreover, high levels of zinc are found in Alzheimer’s 

brains indicating a possible zinc related neurodegeneration [30]. A study conducted with mouse 

neuronal cells has shown that even a 24-h exposure to high levels of zinc (40 µm) is sufficient to 

degenerate cells [59]. 

Although it is vital to regulate and maintain zinc levels in the human body, assessment of the zinc 

status is not an easy task [60]. This is mainly due to the lack of a specific and sensitive biochemical 

index of zinc nutrition. Owing to its indispensable nature, many organisms are capable of maintaining 

zinc homeostasis despite a low dietary intake. If the human diet is deficient in zinc, the body 

efficiently conserves zinc at the tissue level by compensating other cellular mechanisms to delay the 

dietary deficiency effects of zinc. These include reduction of cellular growth rate and zinc excretion 

levels, and redistribution of available zinc to more zinc dependent cells or organs [61,62]. Plasma or 

serum zinc is the most commonly used marker to assess the zinc levels, however plasma and serum 

zinc levels are known to be relatively insensitive to dietary zinc. More recently, a novel method of 

measuring metallothionein (MT) levels was introduced as a more reliable alternative. Although it 

shows promise as a biomarker, more research is required to determine the specificity of MT for the 

assessment of the zinc status of individuals and populations. In humans, erythrocyte metallothionein 

(E-MT) levels may be considered as a better indicator of zinc depletion and repletion, as E-MT levels 

are sensitive to dietary zinc intake [60,63,64]. Once again, further research is required to assess E-MT 

as a specific biomarker for zinc status. However, it should be noted here that MT plays an important 

role in zinc homeostasis by acting as a target for zinc ion binding and thus assisting in the trafficking 

of zinc ions through the cell, which may be similar to that of zinc transporters as discussed in  

Section 4 below. 
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4. Zinc Transporters 

As discussed in Section 3 above, deficient or excess amounts of zinc in the body can be catastrophic 

to the integrity of cellular biochemical and biological systems, indicating the necessity for an appropriate 

and sophisticated homeostatic mechanism. Primarily, this is achieved by the gastrointestinal system 

controlling the absorption, excretion and the distribution of zinc [65], although the hydrophilic and 

high-charge molecular characteristics of zinc are not favorable for passive diffusion across the cell 

membranes [66]. Thus, in most, if not in all of these mechanisms, zinc movement is known to occur 

via intermembrane proteins and zinc transporter (ZnT) proteins [67]. These transporters are mainly 

categorized under two metal transporter families; Zip (ZRT, IRT like proteins) and CDF/ZnT (Cation 

Diffusion Facilitator) [67]. Both families are also known as SLC (Solute Linked Carrier) gene 

families: Zip (SLC-39) and ZnT (SLC-30) [68]. More than 20 zinc transporters have been identified 

and characterized over the last two decades (14 Zips and 8 ZnTs) [67,68]. 

Members of the SLC39 family have been identified as the putative facilitators of zinc influx into  

the cytosol, either from the extracellular environment or from intracellular compartments (Figure 1).  

The identification of this transporter family was a result of gene sequencing of known Zip1 protein 

transporters in plants, yeast and human cells [69]. In contrast to the SLC39 family, the SLC30 family 

facilitates the opposite process, namely zinc efflux from the cytosol to the extracellular environment or 

into luminal compartments such as secretory granules, endosomes and synaptic vesicles; thus decreasing 

intracellular zinc availability (Figure 1) [70]. Despite the significant increase in the knowledge of these 

transporters over recent years, many aspects of the molecular mechanisms of zinc metabolism are yet 

to be understood. Out of all of the zinc transporters, ZnT3 is the most important in the brain where  

it is responsible for the transport of zinc into the synaptic vesicles of glutamatergic neurons in  

the hippocampus and neocortex, which will be discussed in detail in Section 5 below. 

Figure 1. Putative cellular localization of some of the different human zinc transporters  

(i.e., Zip1- Zip4 and ZnT1- ZnT7). Arrows indicate the direction of zinc passage by  

the appropriate putative zinc transporters in a generalized human cell. Although there are 

fourteen Zips and eight ZnTs known so far, only the main zinc transporters are illustrated 

in this figure for clarity and brevity. 
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5. DHA and Zinc Homeostasis 

Many studies have identified possible associations between DHA levels, zinc homeostasis, 

neuroprotection and neurodegeneration. Dietary DHA deficiency resulted in increased zinc levels in 

the hippocampus and elevated expression of the putative zinc transporter, ZnT3, in the rat brain [71]. 

In this study, rats were raised under control diets, which were either omega-3 enriched or  

DHA-deficient. Rats raised under the deficient diet demonstrated an up-regulation of ZnT3 mRNA 

levels and free zinc in the hippocampus. Although this study reports an increase in ZnT3 mRNA 

levels, it lacks protein data to assess the functionality or availability of the ZnT3 protein since changes 

at the RNA level do not necessarily equate to changes at the protein expression level. In addition, 

altered zinc metabolism in neuronal cells has been linked to neurodegenerative conditions such  

as AD [30]. Another study conducted with transgenic mice has shown a significant link between ZnT3 

transporter levels and cerebral amyloid plaque pathology. When the ZnT3 transporter was silenced in 

transgenic mice expressing cerebral amyloid plaque pathology, a significant reduction in plaque load 

and the presence of insoluble amyloid were observed [72]. In addition to the decrease in plaque load, 

ZnT3 silenced mice also exhibited a significant reduction in free zinc availability in the hippocampus 

and cerebral cortex. Collectively, the findings from this study are very interesting and indicate a clear 

connection between zinc availability and amyloid plaque formation, thus indicating a possible link to 

AD. DHA supplementation has also been reported to limit the following: amyloid presence, synaptic 

marker loss, hyper-phosphorylation of Tau, oxidative damage and cognitive deficits in transgenic 

mouse model of AD [73]. In addition, studies by Stoltenberg, Flinn and colleagues report on the 

modulation of zinc and the effect in transgenic mouse models of AD [74,75]. Given that all of these 

are classic pathological features of AD, and considering the limiting nature of DHA in these processes, 

it can be argued that DHA is a key candidate in preventing or even curing this debilitating disease. 

In order to better understand the possible links and pathways of zinc and DHA with 

neurodegeneration, we designed a study that incorporates all three of these aspects, to study their 

effects at the cellular level. In this study, we were able to demonstrate a possible link between omega-3 

fatty acid (DHA) concentration, zinc availability and zinc transporter expression levels in cultured 

human neuronal cells [7]. When treated with DHA over 48 h, ZnT3 levels were markedly reduced  

in the human neuroblastoma M17 cell line. Moreover, in the same study, we were able to propose  

a possible neuroprotective mechanism of DHA, which we believe is exerted through a reduction  

in cellular zinc levels (through altering zinc transporter expression levels) that in turn inhibits  

apoptosis [7]. DHA supplemented M17 cells also showed a marked depletion of zinc uptake (up  

to 30%) [7], and free zinc levels in the cytosol were significantly low compared to the control 

treatment (unpublished data). This reduction in free zinc availability was specific to DHA; cells treated 

with EPA had no significant change in free zinc levels (unpublished data). Moreover, DHA-repleted 

cells had low levels of active caspase-3 and high Bcl-2 levels compared to the control treatment [7]. 

These findings are consistent with previous published data and further strengthen the possible 

correlation between zinc, DHA and neurodegeneration [30,71–75]. On the other hand, recent studies 

using ZnT3 knockout (ZnT3KO) mice have shown the importance of ZnT3 in memory and AD 

pathology [76–78]. For example, Sindreu and colleagues have used ZnT3KO mice to establish the 

important role of ZnT3 in zinc homeostasis that modulate presynaptic MAPK signaling required for 
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hippocampus-dependent memory [76]. In another study using the ZnT3KO mice, it has been shown 

that ablation of ZnT3 may represent a phenocopy for the synaptic and memory deficits of AD [77]. 

Finally, with the use of the ZnT3KO mice, Martel and colleagues have shown that ZnT3 is involved in 

memory and behavior dependent on the hippocampus and perirhinal cortex [78]. Collectively, all  

of these three ZnT3KO mice studies indicate the important role of ZnT3 in memory [76–78]. 

However, further research is required to establish the relevance of such mouse model findings to the 

human system. 

As discussed above, due to the importance of zinc, especially labile zinc in cells and tissues, it is 

vital to have a comprehensive understanding of the concentration, distribution, localization, kinetics 

and functions of free zinc. Moreover, in a therapeutic sense, it will be beneficial to understand and 

develop mechanisms where the freely available zinc pool can be regulated. However, the mechanism 

by which DHA and zinc interact or effect neuronal cell survival is yet to be identified; although recent 

studies using cultured human neuronal cells (including studies from our research group), have been 

able to shed some light on this matter, as discussed above. Results from these studies indicate  

a possible zinc-transporter-expression-level-dependent mechanism for DHA neuroprotection. 

Collectively from these studies, the following possible mechanism can be proposed (Figure 2). 

Figure 2. Proposed neuroprotection mechanism of docosahexaenoic acid (DHA) in 

reference to synaptic zinc. Schematic diagram showing possible benefits of DHA in 

neuroprotection through reduction of ZnT3 transporter expression levels in human 

neuronal cells, which results in a reduction of zinc flux and thus lowering zinc 

concentrations in neuronal synaptic vesicles, and therefore contributing to a lower 

incidence of neurodegenerative diseases (ND), such as Alzheimer’s disease (AD). 

 

More recent data from our research group have also shown a link between the expression levels  

of histone H3 and H4 proteins in human neuronal cells in relation to DHA and zinc. Following DHA 

treatment, both H3 and H4 levels were up-regulated. In contrast, zinc treatment resulted in a  

down-regulation of histone levels [6]. Both zinc and DHA have shown opposing effects on histone  

post-translational modifications, indicating a possible distinctive epigenetic pattern [4]. Upon 

treatment with zinc, M17 cells displayed an increase in histone deacetylase (HDACs) and a reduction 

in histone acetylation. Conversely, with DHA treatment, HDAC levels were significantly reduced and 

the acetylation of histones was up-regulated [4]. These findings also support a possible interaction 

between DHA and zinc availability. 
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6. Conclusions and Future Perspectives 

Considering the large body of reported data and findings, it is possible to safely claim that there is 

more than one potential pathway by which DHA and zinc interact at a cellular level, at least in cultured 

human neuronal cells. Significance and importance of both DHA and zinc in neuronal survival is 

attested by the presence of these multiple mechanisms. Thus, this highlights the importance of greater 

molecular understanding of the subject matter and the need for further investigation. Most of these 

reported studies were conducted using human neuroblastoma cells, or similar cell types, due to the lack 

of live mature human neuronal cells. Thus, the results may differ from results achieved under actual 

human physiological conditions due to the structural and functional differences between these cells 

and mature human neurons. Therefore, an alternative approach that can mimic the human neuronal 

cells more effectively would be advantageous. For example, the use of differentiated neuroblastoma 

cells instead of undifferentiated cells might help to give a better and more appropriate insight into the 

discussed molecular mechanisms. 

Acknowledgments 

The author De Mel, D. was supported by a Deakin University Postgraduate Award (DUPA). 

Financial support from the School of Life and Environmental Sciences and Molecular and Medical 

Research (MMR) Strategic Research Centre (SRC), Deakin University is kindly acknowledged. 

Author Contributions 

De Mel, D. retrieved the articles, interpreted the data and drafted and revised the manuscript. 

Suphioglu, C. provided direction with the plan of the manuscript and contributed to the write up and 

revision of the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Shahdat, H.; Hashimoto, M.; Katakura, M.; Miwa, K.; Shimada, T.; Shido, O. Mechanism of 

docosahexaenoic acid-induced inhibition of in vitro Abeta (1–42) fibrillation and Abeta (1–42)-

induced toxicity in SH-S5Y5 cells. J. Neurochem. 2009, 111, 568–579. 

2. Lien, E.L. Toxicology and safety of DHA. Prostaglandins Leukot. Essent. Fatty Acids 2009, 81, 

125–132. 

3. Kuratko, C.N.; Salem, N., Jr. Biomarkers of DHA status. Prostaglandins Leukot. Essent. Fatty Acids 

2009, 81, 111–118. 

4. Sadli, N.; Ackland, M.L.; de Mel, D.; Sinclair, A.J.; Suphioglu, C. Effects of zinc and DHA on  

the epigenetic regulation of human neuronal cells. Cell. Physiol. Biochem. 2012, 29, 87–98. 
  



Nutrients 2014, 6 3254 

 

5. Gracious, B.L.; Chirieac, M.C.; Costescu, S.; Finucane, T.L.; Youngstrom, E.A.; Hibbeln, J.R. 

Randomized, placebo-controlled trial of flax oil in pediatric bipolar disorder. Bipolar Disord. 2010, 

12, 142–154. 

6. Suphioglu, C.; Sadli, N.; Coonan, D.; Kumar, L.; de Mel, D.; Lesheim, J.; Sinclair, A.J.; Ackland, L. 

Zinc and DHA have opposing effects on the expression levels of histones H3 and H4 in human 

neuronal cells. Br. J. Nutr. 2010, 103, 344–351. 

7. Suphioglu, C.; de Mel, D.; Kumar, L.; Sadli, N.; Freestone, D.; Michalczyk, A.; Sinclair, A.; 

Ackland, M.L. The omega-3 fatty acid, DHA, decreases neuronal cell death in association with 

altered zinc transport. FEBS Lett. 2010, 584, 612–618. 

8. Ramakrishnan, U.; Stein, A.D.; Parra-Cabrera, S.; Wang, M.; Imhoff-Kunsch, B.; Juarez-Marquez, S.; 

Rivera, J.; Martorell, R. Effects of docosahexaenoic acid supplementation during pregnancy on 

gestational age and size at birth: Randomized, double-blind, placebo-controlled trial in Mexico. 

Food Nutr. Bull. 2010, 31, S108–S116. 

9. Longo, I.; Frints, S.G.M.; Fryns, J.P.; Meloni, I.; Pescucci, C.; Ariani, F.; Borghgraef, M.; 

Raynaud, M.; Marynen, P.; Schwartz, C.; et al. A third MRX family (MRX68) is the result of 

mutation in the long chain fatty acid-CoA ligase 4 (FACL4) gene: Proposal of a rapid enzymatic 

assay for screening mentally retarded patients. J. Med. Genet. 2003, 40, 11–17. 

10. Simopoulos, A.P. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed. 

Pharm. 2002, 56, 365–379. 

11. McLennan, P.L.; Bridle, T.M.; Abeywardena, M.Y.; Charnock, J.S. Dietary lipid modulation of 

ventricular fibrillation threshold in the marmoset monkey. Am. Heart J. 1992, 123, 1555–1561. 

12. Innis, S.M. Fatty acids: Physiologic and Behavioral Functions; Mostofsky, D.I., Yehuda, S., 

Salem, N., Jr, Eds.; Humana press: Totowa, NJ, USA, 2001. 

13. Nair, S.S.D.; Leitch, J.W.; Falconer, J.; Garg, M.L. Prevention of cardiac arrhythmia by dietary 

(n-3) polyunsaturated fatty acids and their mechanism of action. J. Nutr. 1997, 127, 383–393. 

14. Simopoulos, A.P. Omega-3 fatty acids in health and disease and in growth and development.  

Am. J. Clin. Nutr. 1991, 54, 438–463. 

15. Joseph, J.; Cole, G.; Head, E.; Ingram, D. Nutrition, brain aging, and neurodegeneration. J. Neurosci. 

2009, 29, 12795–12801. 

16. Heude, B.; Ducimetière, P.; Berr, C. Cognitive decline and fatty acid composition of erythrocyte 

membranes—The EVA study. Am. J. Clin. Nutr. 2003, 77, 803–808. 

17. Morris, M.; Evans, D.A.; Tangney, C.C.; Bienias, J.L.; Wilson, R.S. Fish consumption and 

cognitive decline with age in a large community study. Arch. Neurol. 2005, 62, 1849–1853. 

18. Maclean, C.H.; Issa, A.M.; Newberry, S.J.; Mojica, W.A.; Morton, S.C.; Garland, R.H.; Hilton, L.G.; 

Traina, S.B.; Shekelle, P.G. Effects of Omega-3 Fatty Acids on Cognitive Function with Aging, 

Dementia, and Neurological Diseases: Summary; Evidence Report/Technology Assessment; 

Agency for Healthcare Research and Quality, U.S. Department of Health & Human Service: 

Rockville, MD, USA, 2005; pp. 1–3. 

19. Robinson, J.G.; Ijioma, N.; Harris, W. Omega-3 fatty acids and cognitive function in women. 

Women’s Health (Lond. Engl.) 2010, 6, 119–134. 
  



Nutrients 2014, 6 3255 

 

20. Yurko-Mauro, K.; McCarthy, D.; Bailey-Hall, E.; Nelson, E.B.; Blackwell, A.  

Results of the MIDAS trial: Effects of docosahexaenoic acid on physiological and  

safety parameters in age-related cognitive decline. Alzheimer’s Demen. 2009, 5, 84, 

doi:10.1016/j.jalz.2009.05.214. 

21. Lauritzen, L.; Hansen, H.S.; Jorgensen, M.H.; Michaelsen, K.F. The essentiality of long chain n-3 

fatty acids in relation to development and function of the brain and retina. Prog. Lipid Res. 2001, 

40, 1–94. 

22. Neuringer, M.; Anderson, G.J.; Connor, W.E. The essentiality of n-3 fatty acids for the development 

and function of the retina and brain. Annu. Rev. Nutr. 1988, 8, 517–541. 

23. Lukiw, W.J.; Cui, J.-G.; Marcheselli, V.L.; Bodker, M.; Botkjaer, A.; Gotlinger, K.; Serhan, C.N.; 

Bazan, N.G. A role for docosahexaenoic acid-derived neuroprotectin D1 in neural cell survival 

and Alzheimer disease. J. Clin. Investig. 2005, 115, 2774–2783. 

24. Hamano, H.; Nabekura, J.; Nishikawa, M.; Ogawa, T. Docosahexaenoic acid reduces GABA 

response in substantia nigra neuron of rat. J. Neurophysiol. 1996, 75, 1264–1270. 

25. Crawford, M.; Bloom, M.; Broadhurst, C.; Schmidt, W.; Cunnane, S.; Galli, C.; Gehbremeskel, K.; 

Linseisen, F.; Lloyd-Smith, J.; Parkington, J. Evidence for the unique function of docosahexaenoic 

acid during the evolution of the modern hominid brain. Lipids 1999, 34, S39–S47. 

26. O’Connor, D.L.; Hall, R.; Adamkin, D.; Auestad, N.; Castillo, M.; Connor, W.E.; Connor, S.L.; 

Fitzgerald, K.; Groh-Wargo, S.; Hartmann, E.E.; et al. Growth and development in preterm 

infants fed long-chain polyunsaturated fatty acids: A prospective, randomized controlled trial. 

Pediatrics 2001, 108, 359–371. 

27. Soderberg, M.E.C.; Kristensson, K.; Dallner, G. Fatty acid composition of brain phospholipids in 

aging and in Alzheimer’s disease. Lipids 1991, 26, 421–425. 

28. Hattori, I.T.Y.; Nakamura, H.; Nozaki, K.; Bai, J.; Kondo, N.; Sugino, T.; Nishimura, M.; 

Hashimoto, N.; Yodoi, J. Intravenous administration of thioredoxin decreases brain damage 

following transient focal cerebral ischemia in mice. Antioxid. Redox Signal. 2004, 6, 81–87. 

29. Calon, F.L.G.; Yang, F.; Morihara, T.; Teter, B.; Ubeda, O.; Rostaing, P.; Triller, A.; Salem, N., Jr.; 

Ashe, K.H.; Frautschy, S.A.; et al. Docosahexaenoic acid protects from dendritic pathology in an 

Alzheimer’s disease mouse model. Neuron 2004, 43, 633–645. 

30. Weiss, J.H.; Sensi, S.L.; Koh, J.Y. Zn(2+): A novel ionic mediator of neural injury in brain disease. 

Trends Pharmacol. Sci. 2000, 21, 395–401. 

31. Vallee, B.L.; Falchuk, K.H. The biochemical basis of zinc physiology. Physiol. Rev. 1993, 73, 

79–118. 

32. Chai, F.; Truong-Tran, A.Q.; Ho, L.H.; Zalewski, P.D. Regulation of caspase activation and 

apoptosis by cellular zinc fluxes and zinc deprivation: A review. Immunol. Cell Biol. 1999, 77, 

272–278. 

33. Wallwork, J.C. Zinc and the central nervous system. Prog. Food Nutr. Sci. 1987, 11, 203–247. 

34. Kagi, J.H.R.; Vallee, B.L.; With the technical assistance of Janet, M.C. Metallothionein: A 

cadmium and zinc-containing protein from equine renal cortex. II. Physicochemical properties.  

J. Biol. Chem. 1961, 236, 2435–2442. 

35. Hanas, J.S.; Hazuda, D.J.; Bogenhagen, D.F.; Wu, F.Y.; Wu, C.W. Xenopus transcription factor  

a requires zinc for binding to the 5 S RNA gene. J. Biol. Chem. 1983, 258, 14120–14125. 



Nutrients 2014, 6 3256 

 

36. Frederickson, C.J.; Koh, J.-Y.; Bush, A.I. The neurobiology of zinc in health and disease.  

Nat. Rev. Neurosci. 2005, 6, 449–462. 

37. Vallee, B.L.; Auld, D.S. Active-site zinc ligands and activated H2O of zinc enzymes. Proc. Natl. 

Acad. Sci. USA 1990, 87, 220–224. 

38. Vallee, B.L.; Auld, D.S. Active zinc binding sites of zinc metalloenzymes. Matrix Suppl. 1992, 1, 

5–19. 

39. Holman, R.T. Essential fatty acid deficiency. Prog. Chem. Fats Other Lipids 1971, 9, 275–348. 

40. Smart, T.G.; Xie, X.; Krishek, B.J. Modulation of inhibitory and excitatory amino acid receptor 

ion channels by zinc. Prog. Neurobiol. 1994, 42, 393–441. 

41. Halsted, J.A.; Ronaghy, H.A.; Abadi, P. Zinc deficienc in man. Am. J. Med. 1972, 53, 277–284. 

42. Aggett, P.J. Acrodermatitis enteropathica. J. Inherit. Metab. Dis. 1983, 1, 39–43. 

43. Ackland, M.L.; Michalczyk, A. Zinc deficiency and its inherited disorders—A review. Genes Nutr. 

2006, 1, 41–50. 

44. Danscher, G. Dynamic changes in the stainability of rat hippocampal mossy fiber boutons after 

local injection of sodium sulphide, sodium selenite, and sodium diethyldithiocarbamate. In The 

Neurobiology of Zinc. Part B: Deficiency, Toxicity and Pathology; Frederickson, C.J.,  

Howell, G.A., Kasarskis, E.J., Eds.; Alan R Liss, Inc.: New York, USA, 1984; pp. 177–191. 

45. Friedman, B.; Price, J.L. Fiber systems in the olfactory bulb and cortex: A study in adult and 

developing rats, using the timm method with the light and electron microscope. J. Comp. Neurol. 

1984, 223, 88–109. 

46. Cai, Y.D.; Chou, K.C. Predicting enzyme subclass by functional domain composition and pseudo 

amino acid composition. J. Proteome Res. 2005, 4, 967–971. 

47. Frederickson, C.J. Neurobiology of zinc and zinc-containing neurons. Int. Rev. Neurobiol. 1989, 

31, 145–238. 

48. Mizuno, D.; Kawahara, M. The molecular mechanisms of zinc neurotoxicity and the pathogenesis 

of vascular type senile dementia. Int. J. Mol. Sci. 2013, 14, 22067–22081. 

49. Tønder, N.; Johansen, F.F.; Frederickson, C.; Zimmer, J.; Diemer, N. Possible role of zinc in the 

selective degeneration of dentate hilar neurons after cerebral ischemia in the adult rat. Neurosci. 

Lett. 1990, 109, 247–252. 

50. Suh, S.W.; Chen, J.W; Motamedi, M.; Bell, B.; Listiak, K.; Pons, N.F.; Danscher, G.; 

Frederickson, C.J. Evidence that synaptically-released zinc contributes to neuronal injury after 

traumatic brain injury. Brain Res. 2000, 852, 268–273. 

51. Bush, A.I.; Pettingell, W.H.; Multhaup, G.; d Paradis, M.; Vonsattel, J.P.; Gusella, J.F.; 

Beyreuther, K.; Masters, C.L.; Tanzi, R.E. Rapid induction of Alzheimer a beta amyloid 

formation by zinc. Science 1994, 265, 1464–1467. 

52. Spires T.L.; Hyman, B.T. Transgenic models of Alzheimer’s disease: Learning from animals. 

NeuroRX 2005, 2, 423–437. 

53. Stoltenberg, M.B.M.; Søndergaard, C.; Doering, P.; West, M.J.; Larsen, A.; Troncoso, J.C.; 

Danscher, G. Immersion autometallographic tracing of zinc ions in Alzheimer beta-amyloid 

plaques. Histochem. Cell Biol. 2005, 123, 605–611. 

54. Yin, H.Z.; Lindsay, A.D.; Weiss, J.H. Kainate injury to cultured basal forebrain cholinergic 

neurons is Ca2+ dependent. Neuroreport 1994, 5, 1477–1480. 



Nutrients 2014, 6 3257 

 

55. Akaike, N.; Kostyuk, P.G.; Osipchuk, Y.V. Dihydropyridine-sensitive low-threshold calcium 

channels in isolated rat hypothalamic neurons. J. Physiol. 1989, 412, 181–195. 

56. Ravindran, A.; Schild, L.; Moczydlowski, E. Divalent cation selectivity for external block of 

voltage-dependent Na+ channels prolonged by batrachotoxin. Zn2+ induces discrete substates in 

cardiac Na+ channels. J. Gen. Physiol. 1991, 97, 89–115. 

57. Winegar, B.D.; Lansman, J.B. Voltage-dependent block by zinc of single calcium channels in 

mouse myotubes. J. Physiol. 1990, 425, 563–578. 

58. Kim, E.Y.; Koh, J.Y.; Kim, Y.H.; Sohn, S.; Joe, E.; Gwag, B.J. Zn2+ entry produces oxidative 

neuronal necrosis in cortical cell cultures. Eur. J. Neurosci. 1999, 11, 327–334. 

59. Sheline, C.T.; Behrens, M.M.; Choi, D.W. Zinc-induced cortical neuronal death: Contribution of 

energy failure attributable to loss of NAD+ and inhibition of glycolysis. J. Neurosci. 2000, 20, 

3139–3146. 

60. Zapata, C.L.V.; Simões, T.M.R.; Donangelo, C.M. Erythrocyte metallothionein in relation to 

other biochemical zinc indices in pregnant and nonpregnant women. Biol. Trace Element Res. 

1997, 57, 115–124. 

61. King, J.C. Assessment of zinc status. J. Nutr. 1990, 120, 1474–1479. 

62. Swinkels, J.W.G.M.; Kornegay, E.T.; Verstegen, M.W.A. Biology of zinc and biological value of 

dietary organic zinc complexes and chelates. Nutr. Res. Rev. 1994, 7, 129–149. 

63. Thomas, E.A.; Bailey, L.B.; Kauwell, G.A.; Lee, D.Y.; Cousins, R.J. Erythrocyte metallothionein 

response to dietary zinc in humans. J. Nutr. 1992, 122, 2408–2414.  

64. Grider, A.; Bailey, L.B.; Cousins, R.J. Erythrocyte metallothionein as an index of zinc status in 

humans. Proc. Natl. Acad. Sci. USA 1990, 87, 1259–1262. 

65. Krebs, N.F. Overview of zinc absorption and excretion in the human gastrointestinal tract. J. Nutr. 

2000, 130, 1374S–1377S. 

66. McMahon, R.J.; Cousins, R.J. Mammalian zinc transporters1,2. J. Nutr. 1998, 128, 667–670. 

67. Kambe, T.; Yamaguchi-Iwai, Y.; Sasaki, R.; Nagao, M. Overview of mammalian zinc transporters. 

Cell. Mol. Life Sci. 2004, 61, 49–68. 

68. Liuzzi, J.P.; Cousins, R.J. Mammalian zinc transporters. Annu. Rev. Nutr. 2004, 24, 151–172. 

69. Gaither, L.A.; Eide, D.J. Functional expression of the human hZIP2 zinc transporter. J. Biol. 

Chem. 2000, 275, 5560–5564. 

70. Palmiter, R.D.; Findley, S.D. Cloning and functional characterization of a mammalian zinc transporter 

that confers resistance to zinc. EMBO J. 1995, 14, 639–649. 

71. Jayasooriya, A.P.; Ackland, M.L.; Mathai, M.L.; Sinclair, A.J.; Weisinger, H.S.; Weisinger, R.S.; 

Halver, J.E.; Kitajka, K.; Puskás, L.G. Perinatal omega-3 polyunsaturated fatty acid supply 

modifies brain zinc homeostasis during adulthood. Proc. Natl. Acad. Sci. USA 2005, 102, 7133–7138. 

72. Lee, J.Y.; Cole, T.B.; Palmiter, R.D.; Suh, S.W.; Koh, J.Y. Contribution by synaptic zinc to the 

gender-disparate plaque formation in human swedish mutant APP transgenic mice. Proc. Natl. 

Acad. Sci. USA 2002, 99, 7705–7710. 

73. Cole, G.M.; Lim, G.P.; Yang, F.; Teter, B.; Begum, A.; Ma, Q.; Harris-White, M.E.; Frautschy, S.A.; 

Prevention of Alzheimer’s disease: Omega-3 fatty acid and phenolic anti-oxidant interventions. 

Neurobiol. Aging 2005, 26, 133–136. 
  



Nutrients 2014, 6 3258 

 

74. Stoltenberg, M.; Bush, A.I.; Bach, G.; Smidt, K.; Larsen, A.; Rungby, J.; Lund, S.; Doering, P.; 

Danscher, G. Amyloid plaques arise from zinc-enriched cortical layers in APP/PS1 transgenic 

mice and are paradoxically enlarged with dietary zinc deficiency. Neuroscience 2007, 150, 357–369. 

75. Railey, A.M.; Groeber, C.M.; Flinn, J.M. The effect of metals on spatial memory in a transgenic 

mouse model of Alzheimer’s disease. J. Alzheimers Dis. 2011, 24, 375–381.  

76. Sindreu, C.; Palmiter, R.D.; Storm, D.R. Zinc transporter ZnT-3 regulates presynaptic Erk1/2 

signaling and hippocampus-dependent memory. Proc. Natl. Acad. Sci. USA 2011, 108, 3366–3370. 

77. Adlard, P.A.; Parncutt, J.M.; Finkelstein, D.I.; Bush, A.I. Cognitive loss in zinc transporter-3 

knock-out mice: A phenocopy for the synaptic and memory deficits of Alzheimer’s disease?  

J. Nuerosci. 2010, 30, 1631–1636. 

78. Martel, G.; Hevi, C.; Kane-Goldsmith, N.; Shumyatsky, G.P. Zinc transporter ZnT3 is involved  

in memory dependent on the hippocampus and perirhinal cortex. Behav. Brain Res. 2011, 223,  

233–238. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


