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Zn and DHA have putative neuroprotective effects and these two essential nutrients are known to interact biochemically. We aimed to identify

novel protein candidates that are differentially expressed in human neuronal cell line M17 in response to Zn and DHA that would explain the

molecular basis of this interaction. Two-dimensional gel electrophoresis and MS were applied to identify major protein expression changes in

the protein lysates of human Ml7 neuronal cells that had been grown in the presence and absence of Zn and DHA. Proteomic findings were further

investigated using Western immunoblot and real-time PCR analyses. Four protein spots, which had significant differential expression, were

identified and selected for in-gel trypsin digestion followed by matrix-assisted laser desorption ionisation MS analysis. The resultant peptide

mass fingerprint for each spot allowed their respective identities to be deduced. Two human histone variants H3 and H4 were identified. Both

H3 and H4 were downregulated by Zn in the absence of DHA (Zn effect) and upregulated by DHA (DHA effect) in the presence of Zn

(physiological condition). These proteomic findings were further supported by Western immunoblot and real-time PCR analyses using H3- and

H4-specific monoclonal antibodies and oligonucleotide primers, respectively. We propose that dietary Zn and DHA cause a global effect on

gene expression, which is mediated by histones. Such novel information provides possible clues to the molecular basis of neuroprotection by

Zn and DHA that may contribute to the future treatment, prevention and management of neurodegenerative diseases such as Alzheimer’s disease.

Zinc: n-3 Fatty acids: DHA: M17 human neuronal cells: Histone H3: Histone H4

Neuronal cell damage or death (apoptosis) is a key feature in
the pathology of neurodegenerative disorders, such as ischae-
mic stroke, Alzheimer’s disease (AD) and Parkinson’s
disease(1). Therefore, neuronal cell survival is pivotal in
preventing such neurodegenerative disorders. Importantly,
identification and characterisation of the critical modulators
of neuronal cell survival are of paramount significance to
elucidate the mechanisms underlying neurological diseases
and thus facilitate the development of novel treatment strat-
egies. Another common feature seen in AD brains is lesions
of extracellular amyloid plaques, which consist of protein
aggregates of b-amyloid(2,3). Significantly, free neuronal Zn
has been shown to promote aggregation of the b-amyloid(4),
and increased levels of Zn are reportedly colocalised in the
brain of AD patients(5).

Epidemiological studies have shown that people who ingest
higher levels of n-3 fatty acids, such as DHA, are less likely to
develop neurodegenerative diseases like AD(6). Similarly, low
blood levels of n-3 fatty acids have been linked to neuropsy-
chiatric conditions such as depression(7) and AD(8). Fish are an
excellent source of dietary DHA, yet regular consumption of

fish is often uncommon in the typical Western diet (Australian
Fisheries Management Authority). Improved mental develop-
ment has been observed in human subjects with adequate
dietary supply of DHA during infancy(9). Another link between
DHA and AD is revealed by the finding that AD patients have a
reduced amount of DHA in phospholipids in the hippocampal
area(10). Additionally, provision of DHA has been linked to
lower amyloid plaque production in AD brains. In one such
example, amyloid precursor protein transgenic mice on DHA-
supplemented diets displayed a decreased amount of b-amyloid
production compared with mice on control diets(11), suggesting
a role of DHA in inhibiting plaque formation. This theory is
supported by an assay performed on cortical extracts of mice
placed on low and high DHA-containing diets, revealing a
significant reduction of b-amyloid levels in the brains of
mice fed on the DHA-enriched diets compared with brains
of mice fed on the DHA-deficient diet(12).

An association between DHA levels in the brain and Zn
homeostasis has been found, which is particularly interesting
due to the neuroprotective roles of Zn and n-3 fatty acids.
Studies on Zn-deficient pregnant rats have showed a decrease
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in PUFA synthesis and impaired transport of PUFA to
foetuses(13), leading to whole-body depletion of maternal
stores of n-6 and n-3 PUFA(14).

We have previously demonstrated that a dietary-induced
reduction of brain DHA in rats can cause overexpression of
ZnT3, a transmembrane protein involved in transport of Zn
into synaptic vesicles(15). Although Zn is an important nutrient
as an essential catalytic and/or structural cofactor in many Zn-
dependent enzymes, in high concentrations, Zn is toxic and
causes neuronal cell damage, which is seen in brain ischaemia,
trauma and epilepsy(4). Moreover, Zn induces formation of
amyloid plaques and brain cell death, which are significant
features of aging-related neurodegenerative processes like
AD(16). Since high levels of synaptic Zn are commonly seen
in AD brains, these results suggest a likely synergy between
Zn and DHA in AD pathophysiology. Using proteomic anal-
ysis, we aimed to identify novel human neuronal proteins
that are affected by both Zn and DHA. Here, we report for
the first time that Zn and DHA affect the expression levels
of histones H3 and H4 in the human neuronal cell line M17.
This novel discovery that changes in Zn and DHA have a
major effect on histone gene expression levels will contribute
to understanding the molecular biology of AD and the devel-
opment of intervention strategies.

Methods

Cell culture

The human neuroblastoma cell line M17 was grown at 378C in
a humidified atmosphere in the presence of 5·0 % CO2, as
monolayer cultures in 75 cm2 disposable plastic flasks
(Nunce, Roskilde, Denmark), maintained in 10 ml Opti-
MEM media (a modified minimum essential medium
(Eagle’s) media) with heat inactivated 2·5 % foetal bovine
serum supplementation. At approximately 90 % confluence,
M17 cells were harvested or passaged using 0·025 % trypsin/
EDTA or 0·05 % trypsin/EDTA, respectively.

M17 cells were seeded at a density of 1 £ 106 cells/75 cm2

flask and grown in media supplemented with DHA (DHA,
Sigma Aldrich, St Louis, MO, USA; 10mg/ml final concen-
tration; pre-incubated overnight at 378C to allow the DHA
to conjugate with media proteins to allow delivery into
cells) or without DHA and with (5mM final concentration)
or without ZnCl2. After 2 d of incubation, the cells were har-
vested, centrifuged at 1000 g for 5 min and pellet resuspended
in PBS. Each sample was then divided into aliquots, centri-
fuged at 14 000 g for 5 min and cell pellets stored at 2808C
until needed for analysis.

Two-dimensional PAGE

Cell pellets were resuspended in ZOOM protein solubilizer
1 lysis buffer (Invitrogen, Carlsbad, CA, USA), disrupted by
passing through a twenty-one-gauge needle and sonicated by
using a Microson Ultrasonic cell disrupter (Misonix Incorpor-
ated, Farmingdale, NY, USA), following the manufacturer’s
instructions. Samples were then centrifuged at 14 000 g for
20 min at 48C and stored in small aliquots at 2808C until
needed for analysis.

Quantification of the protein concentration in cell lysates
was performed using Quant-ITe Protein Assay Kit (Invitrogen)
and Qubite Fluorometer, following the manufacturer’s
instructions.

First (isoelectric focusing) dimension of reduced and alkyl-
ated cell lysates was resolved on pH 3–12 ZOOM IPG strips
(Invitrogen) followed by the second dimension on precast
4–20 % Tris–glycine ZOOM gels (Invitrogen) following the
manufacturer’s instructions.

Gels were stained with SYPRO Ruby protein gel stain
(Invitrogen) according to the manufacturer’s instructions and
detected using Fujifilm LAS-300 UV transilluminator (Fuji-
film, Melbourne, Vic, Australia) to visualise protein spots.

MS analysis

Individual gel plugs containing the protein samples of interest
were excised from each gel by automated robotic cutter and
placed into sequential wells in a ninety-six-well format plate
and subjected to two rounds of destaining with 25 mM-
ammonium bicarbonate and dehydration with 50 % aceto-
nitrile. The gel plugs were then fully dehydrated at 378C
before digestion with porcine trypsin for l6 h at 378C. Diges-
tion products were released from the gel plugs by sonication
and acidified using 1 % trifluoroacetic acid. The peptides
were then purified using a C18 zip tip according to the man-
ufacturer’s instructions (Varian, Palo Alto, CA, USA) and
eluted on to the Applied Biosystems, Inc. (ABI) MS target
in a-cyano-4-hydroxycinnamic acid matrix. The target was
then analysed immediately by matrix-assisted laser desorption
ionisation-time of flight/time of flight MS using the ABI 4700
Proteomics Analyser (ABI, CA, USA) immediately. Samples
were initially analysed in single MS mode to determine the
peptide mass fingerprint of the sample. The ten most intense
peptide peaks were then isolated, fragmented and analysed
in tandem MS/MS mode to determine de novo amino acid
sequence of the peptides selected. A combined protein score
for the peptide mass fingerprint and ten most intense peptides
were obtained using the Mascot bioinformatic search engine
(Department of Primary Industries, Melbourne, Vic, Australia)
to search the non-redundant National Center for Biotechnol-
ogy Information, Homo sapiens database, mass tolerance
100 ppm and oxidation as a variable modification. Proteins
were identified via their peptide mass fingerprint and deduced
amino acid sequence determined by single MS and tandem
MS/MS, respectively. Protein identity was only reported for
samples that gave a significant (P,0·05) molecular weight
search score.

One-dimensional electrophoresis and Western immunoblot
analysis

Cell lysates (described above) were resolved on 15 % SDS-
PAGE gels following our established techniques(17).

For Western analysis, the SDS-PAGE gels were transferred
onto a nitrocellulose membrane (Pall Life Science, Pensacola,
FL, USA) and blocked with 1 % (w/v) non-fat skim milk
in TBS, following our standard methods(17). Membranes
were incubated with 1/1000 dilution of monoclonal mouse
anti-human H3 and H4 (Abchem, Sydney, NSW, Australia)
antibodies and antibody binding detected with anti-mouse
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(Chemicon International, Temecula, CA, USA) horseradish
peroxidase secondary antibody (diluted 1/4000) following
our standard techniques(17). Antibody binding proteins were
visualised using Immobilan Western chemiluminescent horse-
radish peroxidase substrate (Millipore Corporation, Temecula,
CA, USA) according to the manufacturer’s instructions.

Developed membranes were stripped for 15 min at room
temperature using 1 ml Re-blot Plus-strong (Chemicon Inter-
national) diluted in 1:10 in Milli-Q water. In order to ensure
equal protein loading, the membranes were reprobed for
b-actin using mouse anti-b-actin (Sigma Aldrich) primary
antibody (1/5000 dilution) followed by anti-mouse horseradish
peroxidase antibody (Chemicon International) and developed
as described above.

Real-time PCR analysis

Total RNA was isolated from cell pellets using RNeasy Mini-
kit (Qiagen, Doncaster, Vic, Australia) according to the man-
ufacturer’s instructions, along with DNA-free treatment
(Ambion, Austin, TX, USA) to remove genomic DNA. The
RNA concentration and purity were spectrophotometrically
measured on Nanodrop ND-1000 (NanoDrop Technologies,
Wilmington, DE, USA). First strand of cDNA was synthesised
from 1mg total RNA template by using High-Capacity cDNA
Reverse-Transcription kit (ABI), and quantitative real-time

PCR was performed, in triplicate, on 7500 Real-Time PCR
System (ABI), using 1 £ SYBR Green PCR Master Mix
(ABI) and specific primers to human histone H3 (forward:
50-AATCGACCGGTGGTAAAGCA-30; reverse: 50-TTGCG-
AGCGGCTTTTGTA-30) and H4 (forward: 50-TTATGAGGA-
AACTCGCGGAGTG-30; reverse: 50-TGGCTGTGACTGTC-
TTGCGTT-30), following the manufacturer’s instructions.
Glyceraldehyde-3-phosphate dehydrogenase was used as the
endogenous control. Expression levels for each sample were
calculated using D cross-over threshold (Ct) method where
the data were normalised by determining the difference in
Ct values between H3 or H4 genes and glyceraldehyde-3-
phosphate dehydrogenase. The fold change was calculated as
22DDCt, where the DDCt is the difference between the treated
DCt and control DCt. Significance (P,0·05) was tested by the
Student’s t-test.

Results

Proteomic analysis of human neuronal cells with and without
zinc and DHA

In the present study, we cultured human neuronal M17 cells in
the presence and absence of Zn and DHA to identify novel
proteins that are either up- or downregulated in response to
Zn and DHA.

Fig. 1. Effect of zinc on protein expression in M17 human neuronal cells.

Proteome expression of M17 cells grown in the absence of DHA and without

zinc (a) or with zinc (final concentration of 5mM) (b). Five microlitres of

molecular mass markers (Mr) were run concurrently and gels stained with

SYPRO Ruby staining. Protein spots of significant difference ( ˆ ) were

subjected to MS analysis (S1, S2).

Fig. 2. Effect of DHA on protein expression in M17 human neuronal cells.

Proteome expression of M17 cells grown in the presence of zinc (final

concentration of 5mM) and no DHA (a) or with 10mg/ml DHA (b). Five

microlitres of molecular mass markers (Mr) were run concurrently and gels

stained with SYPRO Ruby staining. Protein spots of significant difference

( ˆ ) were subjected to MS analysis (S3, S4).
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We subjected total protein lysates of M17 cells to two-
dimensional (2D) gel electrophoresis and stained with
SYPRO Ruby fluorescent stain to visualise differentially
expressed protein spots. We first looked at the effect of Zn
on M17 proteins in absence of DHA (Fig. 1). Many protein
spots were significantly increased following treatment of the
M17 cells with 5mM Zn (Fig. 1(b)). We observed there
were two basic spots at about 11 and 15 kDa, which showed
a significant reduction in protein amounts (S1 and S2 in
Fig. 1(a)) and these were chosen for MS analysis.

The effect of DHA on M17 cells in the presence of Zn was
also investigated by 2D analysis (Fig. 2). We observed a sig-
nificant reduction in the number and level of protein spots
with 10mg/ml DHA treatment; however, the protein levels
of two spots were significantly increased with the DHA
treatment (S3 and S4 in Fig. 2(b)). These two spots occupied
similar isoelectric point and molecular mass as those seen in

Zn-deficient cells (S1 and S2 in Fig. 1(a)). These spots were
therefore selected for MS analysis.

When we compared additional treatments of
‘ 2 Zn þ DHA’ with ‘ þ Zn 2 DHA’ and 2Zn þ DHA
with ‘ þ Zn þ DHA’, no significant difference on H3 and
H4 levels was observed (data not shown). As Zn and DHA
have opposing effects on H3 and H4 levels, treatments of
2Zn þ DHA and þZn 2 DHA may cancel each other out
and therefore show no significant difference. Moreover, com-
paring 2Zn þ DHA with þZn þ DHA did not show signifi-
cant difference also, suggesting that Zn does not affect
upregulation caused by DHA.

The protein spots S1–S4 (Figs. 1 and 2, respectively) were
precisely excised by an automated robotic cutter, in-gel
digested by trypsin and the peptide fingerprints subjected to
MS analysis. Upon Homo sapiens National Center for Bio-
technology Information database searches, the identities of

Table 1. MS protein identity summary table*

Two-dimensional protein spot Protein name Species Accession no. Protein Mr Protein pI Protein score (%)

S1 H3 histone, family 3A Homo sapiens gij51859376 15 346·5 11·14 100
S2 HIST2H4 protein Homo sapiens gij124504316 11 370·4 11·36 100
S3 H3 histone, family 3A Homo sapiens gij51859376 15 346·5 11·14 100
S4 HIST2H4 protein Homo sapiens gij124504316 11 370·4 11·36 100

pI, Isoelectric point; Mr, molecular mass.
* Protein spots S1–S4 were excised from each gel by automated robotic cutter and subjected to trypsin digest followed by MS analysis and submission of peptide fingerprints

to Homo sapiens National Center for Biotechnology Information database searches. Proteins were identified via their peptide mass fingerprint and deduced amino acid
sequence determined by single MS and tandem MS/MS, respectively. Protein identity was only reported for samples that gave a significant (P,0·05) molecular weight
search score.

Fig. 3. Western blot analysis of H3 (a) and b-actin (b) expression in M17 cells grown in media supplemented with (þ ) or without (2 ) zinc (final concentration of

5mM) and with (þ) or without (2 ) 10mg/ml DHA. (c) Densitometric analysis in arbitrary units (AU) are shown as means with their standard errors (n 3), *P,0·05.

Molecular mass protein markers (Mr) are indicated on the left of each gel.
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the spots were revealed with a score of 100 % match (Table 1).
Both S1 and S3 spots were identified as human histone H3
(isoelectric point 11·1, 15·3 kDa), while spots S2 and S4
were identified as human histone H4 (isoelectric point 11·4,
11·4 kDa) matching perfectly with the isoelectric point and
molecular mass observed in the 2D gels (Figs. 1 and 2,
Table 1).

To validate our proteomic findings, we investigated human
histone H3 and H4 proteins and mRNA levels using Western
and real-time PCR analyses, respectively.

Western blot analysis of human histones H3 and H4

Using monoclonal antibodies specific to human histone H3
and H4, we subjected the same M17 total protein cell lysates
as used in 2D analysis to Western blot analysis. In the absence
of DHA, both histones H3 and H4 were downregulated
upon Zn treatment (Zn effect; Figs. 3(a) and 4(a), correlating
with the 2D results (Fig. 1). In the presence of Zn and
DHA (DHA effect), both histones H3 and H4 were upregu-
lated (Figs. 3(a) and 4(b)), again correlating with the 2D
results (Fig. 2). To ensure that the observed changes in protein
levels were not attributed to unequal protein loading of the
wells of the gels, we probed the same blots with b-actin
housekeeping protein, and this showed that there were equal
protein-banding intensities (Figs. 3(b) and 4(b)). Furthermore,
densitometric analysis of the protein bands in relation to
b-actin indicated significant difference in expression levels
(Figs. 3(c) and 4(c)).

Real-time PCR analysis of human histones H3 and H4

In order to investigate whether changes in protein levels of
histones H3 and H4 correlated with mRNA levels in M17
cells treated with and without Zn and DHA, we performed
real-time PCR analysis. In the absence of DHA, both his-
tones H3 and H4 showed significant downregulation of
mRNA levels in response to Zn treatment (21·8- and
21·5-fold difference between treatment and control, respect-
ively; Fig. 5). In the presence of Zn, both histones H3 and
H4 demonstrated significant upregulation of mRNA levels in
response to DHA (0·8- and 1·2-fold difference between
treatment and control, respectively; Fig. 5). Taken together,
the changes observed in mRNA levels of histones H3
and H4, with Zn and with and without DHA (Fig. 5), cor-
related well with the changes observed in protein levels
(Figs. 1–4).

Sequence analysis

Having demonstrated the effects of Zn and DHA on H3 and
H4 proteins and mRNA levels in M17 human neuronal
cells, we next analysed the sequences of these histones to
reveal molecular details that would help us to understand
the connection between the histones H3/H4, Zn and DHA.

Comparison of nucleic and amino acid sequences between
human H3 and H4 shows minimal sequence identities. H3
and H4 have only 44·8 % nucleic acid identity and only
20·6 % amino acid identity (Table 2). It is interesting to note
that there is 100 % amino acid identity between human and

Fig. 4. Western blot analysis of H4 (a) and b-actin (b) expression in M17 cells grown in media supplemented with (þ ) or without (2 ) zinc (final concentration of

5mM) and with (þ) or without (2) 10mg/ml DHA. (c) Densitometric analysis in arbitrary units (AU) are shown as means with their standard errors (n 3), *P,0·05.

Molecular mass protein markers (Mr) are indicated on the left of each gel.
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mouse H3 and H4, such that similar effects of Zn and DHA on
histones could be predicted in the mouse.

Since Zn had an effect on the expression levels of histones
H3 and H4, we searched 4000 bp upstream from the start
codon of these histones for transcription-binding motifs.
Indeed, we identified metal responsive elements (MRE) in
both H3 and H4 (Table 3). Both histones H3 and H4 are
present on two different chromosome clusters (e. g. clusters
1 and 2). For histone H3, one MRE is present in cluster 1
(located 2610 bp upstream from the start codon), while two
MRE are present in cluster 2 (located 743 and 919 bp
upstream from the start codon; Table 3). For histone H4,
two MRE are present in cluster 1 (located 1405 and 1995 bp
upstream from the start codon), while no MRE was detected
in cluster 2 (Table 3).

Discussion

Neurodegenerative disease, aims and findings

Neurodegeneration imparts huge personal and financial costs
upon sufferers, their family/carer(s) and society as a whole.
These costs are predicted to rise over time in the absence of
effective treatments. Given what is known in regards to the
protective effect of DHA(18 – 20), and the deleterious effects
of its deficiency on neuronal health(4,14,21), basic questions
remain about the underlying mechanisms. In addition,

although an essential nutrient and a high concentration of
free cellular Zn induce the formation of amyloid plaques
and brain cell death; these are significant features of aging-
related neurodegenerative processes such as AD. Key to
addressing this is to identify novel proteins regulated by Zn
and DHA. The present study was conducted to answer these
questions, and is based on the well-established data that
both Zn and DHA play an important role in neuroprotection,
perhaps even synergistically, by modulating gene and protein
expression, and critically, the activity of survival signalling
pathways. The discovery that histones, particularly H3 and
H4, are consistently differentially expressed as a result of
Zn and DHA supplementation provides evidence to support
this hypothesis.

In the present study reported here, both H3 and H4 were
significantly downregulated by Zn in the absence of DHA
(Zn effect). On the other hand, both H3 and H4 were
significantly upregulated in M17 human neuronal cells
following DHA treatment in the presence of physiological
Zn levels (DHA effect). This is the first report showing
that Zn and DHA regulate the expression levels of histones
H3 and H4 in the M17 human neuronal cell line.

Histones

Histones are basic nuclear proteins that are responsible for the
nucleosome structure of the chromosomal fibre in eukaryotes.
They play an important role in nucleosome formation and
hence gene expression. The four core histones (H2A, H2B,
H3 and H4) function as one unit, the nucleosome, with Hl
at the periphery. Three strong interactions result in the for-
mation of two dimers (H2A with H2B and H2B with H4)
and one tetramer (H3 with H4). In addition, there are
weaker interactions between H2A and H4, and also between
H2B and H3. There is also an interaction of intermediate
strength between H2A and H3(22). Therefore, it is likely that
H3 and H4, being two of the four histone core subunits, act
as one unit. Our findings that Zn and DHA influenced the
expression of both H3 and H4 proteins in the same direction
(down- or upregulated) are consistent with the known inter-
action of these two histones.

Possible mechanisms on the affect of zinc and DHA on H3 and
H4 expression

We report here that both H3 and H4 possess multiple metal
response elements upstream of their start codons, which
suggests that the transcription of genes is under the control

Fig. 5. Real-time PCR analysis of H3 (a) and H4 (b) expression in M17 cells

treated with zinc-deficient (2 ) and zinc (final concentration of 5mM)-sup-

plemented (þ) media containing no (2 ) or 10mg/ml DHA (þ). Negative

values (less than zero) refer to downregulation/reduction and positive values

(more than zero) refer to upregulation/increase in fold difference of histone

H3 and H4 mRNA between the treatments. Fold difference is the difference

in mRNA levels between – and þ zinc (zinc effect) and – and þ DHA (DHA

effect). Data are shown as means with their standard errors (n 3), *P,0·05,

compared to control (2DHA/2zinc or 2DHA/þzinc).

Table 2. Nucleic (NA) and amino acid (AA) identity and similarity
between human histones H3 and H4*

AA
NA H3 H4

H3 100% 20·6% (34·8%)†
H4 44·8% 100%

*NA and AA sequences were analysed by The European Molecular Biology Open
Software Suite pairwise alignment algorithms on the European Molecular Biology
Laboratory –The European Bioinformatics Institute database (http://www.ebi.ac.
uk/Tools/emboss/align/).

† AA identity (and similarity) between human histones H3 and H4.
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of Zn, possibly through metal-binding transcription factors.
Thus, based on the present findings, we hypothesise that Zn
may inhibit/repress the transcription of histones H3 and H4
in M17 human neuronal cells, resulting in lower histone pro-
tein levels, as observed in the present study. Indeed, there are
emerging studies that show a role for Zn-mediated transcrip-
tional repression, rather than activation, through MRE(23). It
has been reported that inhibition of DNA synthesis terminates
histone protein synthesis indicating that histone synthesis and
DNA synthesis are very tightly linked(24). Although not inves-
tigated here, it is possible that Zn may also affect DNA syn-
thesis and thereby result in the termination of H3 and H4
synthesis in M17 cells. Conversely, we have found that
DHA upregulates expression levels of both H3 and H4 and
abolishes the effect of Zn, suggesting that there is an inter-
action between Zn and DHA in these neuronal cells. The
mechanism for this interaction is not clear; however, the end
result is that Zn and DHA together may increase DNA
synthesis.

The present results are supported by previous studies, which
found that Zn affects histone expression in the mouse
thymus(25). In the present study, the expression of a number
of transcription/translation-related factors, including H3 his-
tone family 3A protein, was influenced by Zn, showing that
dietary Zn can also alter gene expression levels. In a further
study, rats fed a DHA-enriched diet for 2 months displayed
many alterations in gene expression, among which H3 histone,
family 3B was identified(26). Thus, the present results are sup-
ported by other data in the literature suggesting that Zn and
DHA alter histone subunit expression, which in turn may
alter the expression of many other genes. On a different
note, effects of both Zn and DHA on histone expression
may result from effects on the cell cycle. However, in our
M17 human neuronal cell line, cells will be at different
stages of the cell cycle, and cell cycle effects cannot be
ascertained.

Summary, conclusions and future work

In summary, we report for the first time that Zn and DHA alter
expression of histones H3 and H4 in the M17 human neuronal
cell line. We hypothesise that expression of H3 and H4 may
be negatively controlled by Zn via multiple MRE(27). Conver-
sely, DHA may play a role in the upregulation of H3 and H4
in nucleosome formation and gene expression. Under normal
physiological Zn conditions, we propose that DHA facilitates
DNA synthesis resulting in increases in histone protein levels,
as observed in the present study. Thus, we further propose that
DHA may contribute positively to minimising the onset of

neurodegenerative diseases, such as AD, through maintaining
the integrity of neuronal cell DNA synthesis and histone H3
and H4 synthesis. Neurodegenerative diseases may involve
the compromisation of the integrity of neuronal cells through
inhibition of DNA synthesis with consequent termination of
histone synthesis and subsequent apoptosis. The present
research is underway to investigate the direct association of
Zn with H3 and H4 and the effect of DHA on the post-transla-
tional modification of histones. Understanding the molecular
basis of the affect of Zn and DHA in neuroprotection may pro-
vide novel information on the treatment and management of
neurodegenerative diseases.

Acknowledgements

The present work was supported by Deakin University’s Cen-
tral Research Grant Scheme and Faculty of Health, Medicine,
Nursing and Behavioural Sciences cluster funding scheme. As
the primary author, C. S. contributed to the overall design and
supervision of the study, construction of figures and tables and
writing of the manuscript; C. S. does not have conflict of inter-
est. N. S. provided hands on performance of the 2D gel, Wes-
tern and real-time PCR analyses; N. S. does not have conflict
of interest. D. C. performed initial feasibility studies and
assisted in writing of the manuscript; D. C. does not have con-
flict of interest. L. K. performed bioinformatics analysis com-
ponent of the study and prepared Table 3; L. K. does not have
conflict of interest. D. D. M. and J. L. assisted N. S. with cell
culture treatment component of the study; D. D. M. and J. L.
do not have conflict of interest. A. J. S. provided expertise,
analysis and direction regarding DHA treatments of neuronal
cells and assisted in writing of the manuscript; A. J. S. does
not have conflict of interest. As the senior author, L. A. pro-
vided expertise, analysis and direction regarding Zn treatments
of neuronal cells and assisted in writing of the manuscript;
L. A. does not have conflict of interest.

References

1. Mattson MP & Duan W (1999) ‘Apoptotic’ biochemical cas-

cades in synaptic compartments: roles in adaptive plasticity

and neurodegenerative disorders. J Neurosci Res 58, 152–166.

2. Marotta CA, Majocha RE & Tate B (1992) Molecular and

cellular biology of Alzheimer amyloid. J Mol Neurosci 3,

111–125.

3. Cole G, Williams P, Alldryck D, et al. (1989) Amyloid plaques

in the cerebellum in Alzheimer’s disease. Clin Neuropathol 8,

188–191.

Table 3. Metal response elements (MRE), as transcription-binding motifs, in H3 and H4 with their respective
chromosome locations and nucleic acid (NA) position upstream from the start codon in base pairs (bp) identified
from National Center for Biotechnology Information database searches (http://www.ncbi.nlm.nih.gov/sites/entrez)

Histone Transcription-binding motif MRE TGCRCNC Chromosome location NA position from start codon

H3 TGCGCGC 6p21.3 cluster 1 22610 bp
TGCGCGC, TGCGCGC 1q21 cluster 2 2743bp, 2919bp

H4 TGCACCC, TGCACAC 6p21.3 cluster 1 21405 bp, 21995 bp
X 1q21 cluster 2 X

R, bases A or G; N, bases G, A, T or C; X, not present.

C. Suphioglu et al.350

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114509991826  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114509991826


4. Capasso M, Jeng JM, Malavolta M, et al. (2005) Zinc dysho-

meostasis: a key modulator of neuronal injury. J Alzheimers

Dis 8, 93–108.

5. Miller LM, Wang Q, Telivala TP, et al. (2006) Synchrotron-

based infrared and X-ray imaging shows focalized accumulation

of Cu and Zn co-localized with beta-amyloid deposits in Alzhei-

mer’s disease. J Struct Biol 155, 30–37.

6. Tully AM, Roche HM, Doyle R, et al. (2003) Low serum

cholesteryl ester–docosahexaenoic acid levels in Alzheimer’s

disease: a case–control study. Br J Nutr 89, 483–489.

7. Laugharne JD, Mellor JE & Peet M (1996) Fatty acids and

schizophrenia. Lipids Suppl. S163–S165.

8. Conquer JA, Tierney MC, Zecevic J, et al. (2000) Fatty acid

analysis of blood plasma of patients with Alzheimer’s disease,

other types of dementia, and cognitive impairment. Lipids 35,

1305–1312.

9. Agostoni C, Trojan S, Bellu R, et al. (1995) Neurodevelopmen-

tal quotient of healthy term infants at 4 months and feeding

practice: the role of long-chain polyunsaturated fatty acids.

Pediatr Res 38, 262–266.

10. Corrigan FM, Horrobin DF, Skinner ER, et al. (1998) Abnormal

content of n-6 and n-3 long-chain unsaturated fatty acids in the

phosphoglycerides and cholesterol esters of parahippocampal

cortex from Alzheimer’s disease patients and its relationship

to acetyl CoA content. Int J Biochem Cell Biol 30, 197–207.

11. Oksman M, Iivonen H, Hogyes E, et al. (2006) Impact of differ-

ent saturated fatty acid, polyunsaturated fatty acid and choles-

terol containing diets on beta-amyloid accumulation in APP/

PS1 transgenic mice. Neurobiol Dis 23, 563–572.

12. Lim GP, Calon F, Morihara T, et al. (2005) A diet enriched with

the omega-3 fatty acid docosahexaenoic acid reduces amyloid

burden in an aged Alzheimer mouse model. J Neurosci 25,

3032–3040.

13. Yang J & Cunnane SC (1994) Quantitative measurements of

dietary and [1-14C]linoleate metabolism in pregnant rats:

specific influence of moderate zinc depletion independent of

food intake. Can J Physiol Pharmacol 72, 1180–1185.

14. Cunnane SC, Yang J & Chen ZY (1993) Low zinc intake increases

apparent oxidation of linoleic and alpha-linolenic acids in the

pregnant rat. Can J Physiol Pharmacol 71, 205–210.

15. Jayasooriya AP, Ackland ML, Mathai ML, et al. (2005) Perina-

tal omega-3 polyunsaturated fatty acid supply modifies brain

zinc homeostasis during adulthood. Proc Natl Acad Sci USA

102, 7133–7138.

16. Cuajungco MP & Lees GJ (1997) Zinc and Alzheimer’s disease:

is there a direct link? Brain Res Rev 23, 219–236.

17. de Leon MP, Glaspole IN, Drew AC, et al. (2003) Immunologi-

cal analysis of allergenic cross-reactivity between peanut and

tree nuts. Clin Exp Allergy 33, 1273–1280.

18. Akbar M, Calderon F, Wen Z, et al. (2005) Docosahexaenoic

acid: a positive modulator of Akt signaling in neuronal survival.

Proc Natl Acad Sci USA 102, 10858–10863.

19. Akbar M & Kim HY (2002) Protective effects of docosahexae-

noic acid in staurosporine-induced apoptosis: involvement of

phosphatidylinositol-3 kinase pathway. J Neurochem 82,

655–665.

20. Crowder RJ & Freeman RS (1998) Phosphatidylinositol

3-kinase and Akt protein kinase are necessary and sufficient

for the survival of nerve growth factor-dependent sympathetic

neurons. J Neurosci 18, 2933–2943.

21. Tesco G, Koh YH, Kang EL, et al. (2007) Depletion of GGA3

stabilizes BACE and enhances beta-secretase activity. Neuron

54, 721–737.

22. Elgin SC & Weintraub H (1975) Chromosomal proteins and

chromatin structure. Annu Rev Biochem 44, 725–774.

23. Zheng D, Feeney GP, Kille P, et al. (2008) Regulation of ZIP

and ZnT zinc transporters in zebrafish gill: zinc repression of

ZIP10 transcription by an intronic MRE cluster. Physiol Geno-

mics 34, 205–214.

24. Heintz N, Sive HL & Roeder RG (1983) Regulation of human

histone gene expression: kinetics of accumulation and changes

in the rate of synthesis and in the half-lives of individual histone

mRNAs during the HeLa cell cycle. Mol Cell Biol 3, 539–550.

25. Moore JB, Blanchard RK & Cousins RJ (2003) Dietary zinc

modulates gene expression in murine thymus: results from a

comprehensive differential display screening. Proc Natl Acad

Sci USA 100, 3883–3888.
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