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Abstract

Accumulating evidence suggests that changes in dietary folate intake may modulate the risks of Alzheimer’s disease (AD) through as yet
unknown mechanisms. The aims of the present study were to investigate how dietary folate affects the brain folate distribution, levels of
oxidised lipid and DNA damage in the absence/presence of B-amyloids_ss) (AB) peptide challenge, a pathogenic hallmark of AD. Male
Wistar rats were assigned to diets with folic acid at 0 (folate deprivation; FD), 8 (moderate folate; MF) and 8 mg folic acid/kg diet 4+ 0-003 %
in drinking-water (folate supplementation; FS) for 4 weeks. A single injection of AB peptide (1 mg/ml) or the vehicle solution was intra-
cerebroventricularly (icv) administrated to rats a week before killing. Brain folate, a marker of oxidative injury, and neuronal death were
assayed. In the absence of an AR injection, FD rats showed reduced folate levels, and increased 2-thiobarbituric acid-reactive substances
and a mitochondrial (mODNA 4834 bp large deletion (mtDNA**** deletion) in the hippocampus compared with the counterpart brains of
control rats (P<0-05). A single icv injection of AR peptide potentiated lipid peroxidation in the medulla of FD rats, which was ameliorated
by feeding FD rats with the MF and FS diets (P<0-05). Feeding the FS diet to AB-injected rats enriched brain folate levels and reduced
mtDNA** deletion in the hippocampal and medullary regions compared with corresponding tissues of AB 4+ FD rats (P<0-05).
AB + FS rats had reduced rates of neuronal death in the frontal cortex compared with AB + FD rats (P<0:05). Taken together, our
data revealed that folate deprivation differentially depleted brain folate levels, and increased lipid peroxidation and mtDNA**** deletions,
particularly, in the hippocampus. Upon AR challenge, the FS diet may protect various brain regions against lipid peroxidation, mitochon-
drial genotoxicity and neural death associated with folate deprivation.
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deficits and performance®”. The 3-year randomised con-

trolled Folic Acid and Carotid Intimamedia Thickness
(FACIT) trial confirmed significant effects of folic acid sup-

Folate, one of the B vitamins, plays an important role in the
normal functioning of the central nervous system. Folate

deficiency, partially due to a poor diet, is associated with cog-
nitive decline, dementia and increased risks of Alzheimer’s
disease (AD)?~®_ Although the causal effects of folate insuffi-
ciency on AD-associated cognition impairment are not well
understood, studies have demonstrated that increased folate
intake was correlated with a lower risk of AD®. Among
cognitively impaired subjects with low folate levels, folate
supplementation was associated with improving memory

plementation in improving memory®. This contrast with a
negative trend in specific test scores of a folate-supplemented
group was observed in dementia subjects”. In a prospective
study with 3718 residents, a faster rate of cognitive decline
was associated with high folate intake”. The inconsistent
results from epidemiological and folate intervention studies
underscore a need to investigate how changes in dietary

Abbreviations: ABs_3s), B-amyloid peptide; AD, Alzheimer’s disease; FD, folate deprivation; FS, folate supplemented; icv, intracerebroventricularly;
MF, moderate folate; mt, mitochondrial; mtDNA, mitochondrial DNA; TBARS, thiobarbituric acid-reactive substances.
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folate intake mechanistically affect the brain’s integrity during
the development of neurodegenerative diseases such as AD.

Oxidative damage was widely implicated in the pathogen-
esis of AD, occurring early in the AD brain, before the onset
of plaque pathology and after the deposition of brain fibrillar
B-amyloid (AB) peptide™ ', In brain tissues of AD patients,
oxidative insults are frequently observed based on increased
levels of lipid peroxidation, proteins and nucleic acids™?.
Nucleic acids, particularly mitochondrial DNA (mtDNA), are
the primary target of free radical damage due to a low level
of DNA repair and the proximity of reactive oxygen species
generated by respiratory chains. Human mtDNA is a double-
stranded, circular, 16:5kb molecule containing genes necess-
ary for the synthesis of the catalytic components of oxidative
phosphorylation. Elevated mtDNA oxidative damage was
associated with mitochondrial (mt) respiratory dysfunction
and vicious reactive oxygen species cycles, which may result
in apoptotic cell death>:19, Accumulating evidence suggests
that AD may be associated with mtDNA aberrations, elevated
oxidative stress and mt respiratory dysfunction''”'® Impaired
energy metabolism and mt abnormalities are observed as a
feature of peripheral cells and brain from patients with
ADY2? In AD brain specimens, mtDNA of the frontal,
parietal and temporal lobes had tenfold higher levels of
oxidised bases than nuclear DNAY. Increased mtDNA defects
and mt dysfunction are considered part of the spectrum of
chronic oxidative stress during AD development®?.

Several studies have recently reported that dietary
folate may modulate the accumulation of large mtDNA
deletions®*~2> a 4977bp deletion in humans and a
4834 bp large deletion in rodents. The large mtDNA deletions
are commonly found to accumulate in a variety of ageing
tissues®*~*¥ In particular, such large mtDNA deletions are
present at high levels in the brain and heart of ageing
human tissues, and are associated with elevated oxidative
stress 022 e previously demonstrated that dietary folate
deprivation (FD) promotes the accumulation of large mtDNA
deletions in whole-brain homogenates of rats®>. Such
ageing-associated large mtDNA deletions, however, have not
been characterised in various AD-susceptible brain regions
in response to different dietary folate levels. We hypothesised
that various dietary folate levels may modulate brain folate,
thus affecting oxidative lesions and the frequencies of large
mtDNA deletions in AD-susceptible brain regions before or
after AR peptide challenge. The 11-amino acid fragment of
the AR peptide, ABs_3s), located at the C-terminal end of
AB(1_42) in the hydrophobic domain, was shown to mimic
some of the pathological processes in the AD brain®®.
Using an animal model with an experimental design of an
intracerebroventricular (icv) injection of ABs_3s) peptide to
rats fed various levels of dietary folate, changes in brain
folate, neuronal death and oxidative modification in lipids as
well as mtDNA deletions of various brain tissues were
measured to investigate the mechanisms by which dietary
folate may affect brain oxidative damage in the absence/
presence of ABs_3s, peptide challenge.

Materials and methods
Experimental diets and animals

The FD diet was specially formulated by Harlan Teklad
(Madison, WI, USA) using an L-amino acid-defined regimen
(see Table S1 of the supplementary material, available at
http://www journals.cambridge.org/bjn). The FD diet replen-
ished with a moderate level of folate at 8 mg/kg diet was
designated the moderate folate (MF) diet®. The MF diet
supplemented with folate in drinking-water (0-003%) was
designated the folate-supplemented (FS) diet. All diets
contained succinylsulphathiazole (1/100 g) to suppress intesti-
nal microfloral folate production.

Male weaning Wistar rats (7 35) were obtained from the
Animal Center of the National Science Council (Taipei,
Taiwan, ROC). Rats were housed in stainless-steel wire
cages in an air-conditioned room maintained at 25°C and
70% humidity with a 12h dark—12h light cycle. After a 3d
acclimatisation period during which rats were fed a non-
purified diet, they were randomly assigned to the FD, MF
and FS diets (n 14, 14 and 7 in each respective group) using
a pair-fed model as previously described®. Access to food
and tap water was available ad /libitum, and rats were
weighed twice a week. The single aggregated ABs_3s) pep-
tide (1 mg/mD or vehicle solution (sterile distilled water)
was icv administrated to rats fed the various folate diets
1 week before killing. Rats fed with the MF diet in the absence
of AP injection were designated as the control group. All
experimental procedures and protocols were approved by
the Institutional Animal Care and Use Committee of Fu-Jen
University. Institutional and national guidelines for the care
and use of animals were followed.

B-Amyloid,s_3s5) peptide preparation and surgery

ABs_3s) peptides were aggregated as  previously
described®®. In brief, the peptide was dissolved in sterile
distilled water at a concentration of 1mg/ml, divided into
aliquots in tubes and stored at —20°C. These were ‘aged’
before the administration by incubation at 37°C for 7d. Light
microscopic observation showed the existence of both
birefringent fibril-like structures and globular aggregates.

An icv injection of AB(25_3s) peptide was given according to
operating protocols with some modifications®®. After 3 weeks
of feeding the experimental diets, rats were anaesthetised and
positioned in a stereotaxic frame, and a midline sagittal
incision was made in the scalp. Holes were drilled in the
skull over the lateral ventricles using the following coordi-
nates: anterior-posterior (AP), —0-1cm; medial-lateral (ML),
—0-15 cm; dorsal-ventral (DV), —0-35cm. All injections were
made using a 10l Hamilton syringe equipped with a 30S
gauge needle. Animals were injected with sterile distilled
water (the vehicle group) or the aggregated AB,s_3s), peptide
at a volume of 8 pl into each cerebral lateral ventricle at a rate
of 1 pl/min. The needle was left at the site of the injection for
an additional 2 min. At 7d after a single injection, the animals
were decapitated. The cortical, hippocampal and medullary
tissues were immediately dissected over ice frozen in liquid
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N, and stored at —180°C. The frontal cortical tissues were
removed and postfixed in the same fixative solution for 48 h
and then embedded in paraffin.

Brain and liver folate assay

Tissue samples for the folate analysis were prepared as pre-
viously described®®. Using a Polytron homogeniser (OMNI
2000; OMNI, Inc., Waterburg, CT, USA), liver and brain
samples were homogenised in an extraction solution
containing 5 mm-2-mercaptoethanol, 0-1M-sodium ascorbate,
50 mM-HEPES and 50 mM-2-(V-cyclohexylamino) ethanesul-
phonic acid/l (pH 7:85). The homogenate was centrifuged at
20000g for 10min. The supernatant extract was stored at
—180°C in N, for later analysis. After incubation of the
thawed sample extracts with chicken pancreatic conjugate
(4:1, v/v) at 37°C for 6 h, a microbiologic assay was performed
using cryoprotected Lactobacillus casei in ninety-six-well
microtitre plates®®. The absorbance was detected at 600 nm
in an MRX model ELISA reader (Dynatech Laboratories,
Billingshurst, West Sussex, UK).

Lipid peroxidation

Lipid peroxidation was quantified by measuring thiobarbituric
acid-reactive substance (TBARS) production®®. The reaction
reagents consisted of 3 g sodium dodecylsulphate, 0-1 M-HCI,
10g phosphotungstic acid and 0-7g 2-thiobarbituric acid/l.
The sample mixture was incubated for 45min at 95°C, and
TBARS were extracted in 2-5ml of 1-butanol. After centrifu-
gation at 1000 g for 10min, the fluorescence of the butanol
layer was measured using a Hitachi F-3000 fluorospectrophot-
ometer (Tokyo, Japan) at 555nm emission and 515nm
excitation. The TBARS values were expressed as nanomoles
of malondialdehyde equivalents per gram of protein using a
standard curve of 1,1,3,3-tetracthoxypropane. The protein
concentration was determined using a protein dye-binding

standard curve®”,

Analysis of the frequencies of accumulated large
mitochondrial DNA*®*% deletions

The breakpoints of mtDNA** deletion are at the deletion
junction (8103, 12937-12952bp) with two 16bp repeats
that normally flank the wild-type mtDNA. The primers for
the detection of large mtDNA deletions were designed to
detect PCR products when mtDNA were deleted at the particu-
lar junctions to join the flanking region®. The quantity of
mtDNA™®* deletion was determined by co-amplifying the
mtDNA displacement loop and mtDNA*** deletion in a real-
time PCR assay. Primers for each have been previously
described®. The extent of mtDNA** deletions was
quantified with a deletion probe (DYXL-5-(12952) TCACTTT-
AATCGCCACATCCATAACTGCTGT (12982)-3' BHQ1) and an
mtDNA probe (6FAM (15795) 5'-TTGGTTCATCGTCCATACGT-
TCCCCTTA (15822)-3' BHQ1). PCR amplification was carried
out in a 20 pl reaction volume consisting of a TagMan Univer-
sal Master Mix (4 D), 200 nmol/1 of each mtDNA®3 deletion

primer, 50nmol/l of each displacement loop primer and
100 nmol/l of each mtDNA™* deletion and displacement
loop probes. The cycling conditions included an initial
phase of 2min at 50°C and 10min at 95°C, and then forty
cycles of 15s at 95°C and 0-5min at 72°C. The fluorescence
spectra were monitored by the LightCycler Detection System
with Sequence Detection Software version 4 (LightCycler;
Roche Diagnostics, Mannheim, Germany). The cycle at
which a statistically significant increase in normalised fluor-
escence was first detected was designated the threshold
cycle number (C). The relative frequencies of mtDNA3* del-
etions to mtDNA were calculated using AC, = mt G go-mt Cy .
loops Where D-loop represents the displacement loop. Fewer
mtDNA deletions will give rise to a higher C; number to
obtain a detectable fluorescence signal; thus, a smaller AC;
value indicates more deletions. The AC; values were used to
quantify the relative amount of large mtDNA deletions in
percentage with the equation: R = 274,

Neural cell death by haematoxylin and eosin histological
examination

Whole-mount preparations of the frontal tip from rats were
scanned using a digital slide system Aperio ScanScope CS
(Aperio Technologies, Vista, CA, USA), and all images were
analysed by Aperio’s ImageScope Viewer software (Aperio
Technologies). Morphological features of dead cells in the
frontal cortical brain tissues of rats were identified by counting
neurons with obviously condensed pyknotic nuclei sur-
rounded by cytoplasmic eosinophilia using haematoxylin
and eosin histochemistry as previously described®®
Damaged and viable neurons were quantified from several
randomly selected fields, and the ratios were recorded.

Statistical analysis

Data are presented as means and standard deviations. The
effects of dietary folate intake and an ABs_3s) injection on
animal growth, folate status, lipid peroxidation, DNA oxidative
injuries and neuronal death were analysed by one-way
ANOVA and Duncan’s multiple range test using the general
linear model of SAS Institute (Cary, NC, USA). Differences
were considered significant at P<<0:05. Pearson’s correlation
coefficients were used to measure the associations between
folate levels, lipid peroxidation and mtDNA deletions in var-
ious brain tissues and the liver.

Results

Animal growth in response to dietary folate intakes and an
intracerebroventricular B-amyloid peptide injection

Growth rates of rats in the experimental groups are presented
in Table 1. Among the vehicle groups, the FD rats had a
significantly lower weight gain and feed efficiency than did
control rats (P<0-05). An icv administration of ABzs_3s)
peptide did not affect the weight gain or feed efficiency of
FD or control rats. Among the APs_3s-administered
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Table 1. Growth of rats fed diets with various folate concentrations in the presence/absence of an B-amyloid (AB) peptide injection*t
(Mean values and standard deviations, n 5, 5, 4, 5 and 7, respectively)

Vehicle microinjection Intracerebroventricular microinjection of ABs_3s)t
MF (control) FD AB +FD AB + MF AB +FS
Mean sD Mean SD Mean SD Mean SD Mean SD
Initial weight (g) 746 4.0 790 4.0 74.9 6-3 733 4.2 758 5.5
Weight gain (g) 176.32 39 144.4° 25-9 148.7° 13.2 172.92 13-6 176.32 14.0
Total food intake (g) 623-0 19.2 590-9 156 602.7 375 597-1 45.8 615-8 25.0
Feed efficiency (g gain/g feed) 0-282° 0-01 0-24° 0-04 0-25P° 0-03 0-292 0-02 0-292 0-02
Liver weight (g) 7-04° 05 8-60° 1.12 8-35° 1.61 7-01° 0-27 6-99° 2.30
Brain weight (g)
Cortex 0-94 0-07 0-94 0-01 0-94 0-01 0-89 0-04 0-92 0-02
Hippocampus 0-11° 0-02 0-1220 0-03 0-10° 0-03 0-10° 0-02 0-142 0-01
Medulla 0-33 0-09 0-35 0-04 0-35 0-04 0-36 0-03 0-41 0-03

abC\ean values within a row with unlike superscript letters were significantly different (P< 0-05).

* Data were analysed by one-way ANOVA and Duncan’s multiple range test.

1FD, MF and FS indicate no folate (dietary folate deprivation; 0mg folic acid/kg diet), moderate folate (+8 mg folic acid/kg diet) and folic acid-supplemented (+8mg folic
acid/kg diet and 0-003 % folic acid in drinking-water: 68 um) diets, respectively. The MF group receiving the vehicle microinjection was designated the control.

F AB(25-35) administration included an intracerebroventricular microinjection of 8wl of AB2s_3s) peptide (1 mg/ml). Vehicle administration included an intracerebroventricular
microinjection of 8 .l of the vehicle solution (sterile distilled water).

groups, the AP + MF and AP + FS groups showed higher decreased to a lesser extent after 4 weeks of consuming the
weights and feed efficiencies than the AB-FD group. The FD FD diet. After the 4-week FD diet, 80 % of hepatic folate was
and AR + FD groups exhibited abnormal increases in liver depleted, but without reaching statistical significance due to
weight, whereas the AB + MF and A + FS groups had liver high measurement variations within the groups. An icv admin-
weights similar to the vehicle control group. istration of ABs_3s, peptide did not further deplete folate

Dietary FD for 4 weeks did not affect the crude brain weight levels of the liver or various brain tissues of FD rats. Feeding
in the cortical, hippocampal or medullary regions (Table 1) in AB2s_3sy-injected FD rats the FS diet caused a significant
either the vehicle- or AB-treated groups. Supplementation of supplementation of hepatic and brain folate levels (hippo-
folic acid in AB-treated rats significantly increased the crude campal and medullary tissues) back to the levels of the
weight of the hippocampus compared with the AR + FD, counterpart tissues of vehicle control rats. The MF diet
AB + MF and vehicle control groups (P<0-05). supplemented folate levels of ABs_3s5) + FD rats only in the

liver and medullary tissues (P<0-05).

Dietary folate intake modulated folate levels of brain

tissues and the liver in the presence/absence of an Dietary folate intake modulated lipid peroxidation in the
intracerebroventricular B-amyloid peptide injection brains of rats in the presence/absence of B-amyloid
peptide challenge

After consuming the FD diet for 4 weeks, folate levels in the

hippocampal and medullary tissues of FD rats had significantly In the absence of an AR challenge, FD rats had significantly
dropped by more than 50% compared with vehicle control elevated TBARS levels in the hepatic and hippocampal
rats (P<<0-05; Table 2). The cortical folate levels of rats tissues compared with vehicle control rats (Table 3). An icv

Table 2. Folate status of rats fed diets with various folate concentrations (nmol/g tissue) in the presence/absence of an intracerebroventricular adminis-
tration of the B-amyloid (AB) (5—3s) peptide*t

(Mean values and standard deviations, n 5, 5, 4, 5 and 7, respectively)

Vehicle microinjection Intracerebroventricular microinjection of ABzs_as)t

MF (control) FD AB + FD AB + MF AB + FS
Rat tissues Mean ) Mean sD Mean sD Mean SD Mean SD
Folate levels (nmol/g tissue)
Liver 115.10° 48-4 24.11°¢ 22.83 7-80° 491 142.5° 377 305-1% 1489
Cortex 11.882° 517 7.13° 316 9.512P 3.38 8.75%P 2.97 13.78° 3.40
Hippocampus 10-622° 2.54 5.24° 1.48 6-35°° 2.42 7.072b¢ 2.53 11.272 4.64
Medulla 7.262° 331 2.32¢ 1.47 4.20°° 1.32 8-50% 213 849 379

abC\ean values within a row with unlike superscript letters were significantly different (P< 0-05).

*Data were analysed by one-way ANOVA and Duncan’s multiple range test.

1 Control, FD, MF and FS indicate no folate (dietary folate deprivation), moderate folate (+8 mg folic acid/kg diet; same folate levels as in the control diet) and folic acid-sup-
plemented (+8 mg folic acid/kg diet and 0-003 % folic acid in drinking-water: 68 um) diets, respectively. The MF group receiving the vehicle microinjection was designated
the control.

FAB administration included an intracerebroventricular microinjection of 8 ul of ABs-3s) peptide (1 mg/ml). Vehicle administration included an intracerebroventricular microin-
jection of 8 ul of the vehicle solution (sterile distilled water).
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Table 3. Dietary folate-modulated thiobarbituric acid-reactive substance levels in various brain regions of rats in the presence/absence of an g-amyloid
(AB) (25-35) peptide challenge™t
(Mean values and standard deviations, n 5, 5, 4, 5 and 7, respectively)

Vehicle microinjection Intracerebroventricular microinjection of AB 2535t

MF (control) FD AB + FD AB + MF AB +FS
Rat tissues Mean sD Mean sD Mean SD Mean sSD Mean sD
Malondialdehyde equivalents (nmol/g protein)
Liver 0-05° 0-01 0-16° 0-08 0-142 0-06 0-12° 0.07 0-132 0-04
Cortex 1.43 0-44 1.44 0-56 1.47 0-35 1.47 0-67 1.59 0-61
Hippocampus 1.20° 0-21 2.39% 1.05 2.69% 0-44 1.913P 0-88 1.782° 0-49
Medulla 2.20° 0-45 3.57° 1.92 4.942 1.09 2.47° 0-47 2.69° 0-58

abMean values within a row with unlike superscript letters were significantly different (P<0-05).

*Data were analysed by one-way ANOVA and Duncan’s multiple range test.

1 FD, MF and FS indicate no folate (dietary folate deprivation), moderate folate (+8mg folic acid/kg diet) and folic acid-supplemented (48 mg folic acid/kg diet) and 0-003 %
folic acid in drinking-water: 68 M) diets, respectively. The MF group receiving the vehicle microinjection was designated the control.

FAB administration included an intracerebroventricular microinjection of 8 ul of ABs_3s5) peptide (1 mg/ml). Vehicle administration included an intracerebroventricular microin-
jection of 8 ul of the vehicle solution (sterile distilled water).

AP injection did not further aggravate lipid peroxidation of FD
rats in either tissue. In the presence of AR challenge, feeding
the MS or FS diets did not significantly affect hepatic or hippo-
campal TBARS levels of FD rats. The medullary TBARS levels
of rats increased after 4 weeks of consuming the FD diet, but
without reaching statistical significance. An icv AP injection
significantly elevated lipid peroxidation in the medullary
tissue of FD rats (P<0:05). Both the MF and FS diets signifi-
cantly diminished the medullary TBARS levels of AR + FD
rats to vehicle control values (P<0-05). Neither changes in
dietary folate levels nor AP challenge affected lipid peroxi-
dation in the cerebral cortex.

Dietary folate intake modulated mitochondrial DNA*53*

deletions in the brains of rats in the presence/absence of
B-amyloid peptide challenge

In the absence of an Af challenge, FD rats had increased
frequencies of mtDNA**** deletions in the hippocampal
region compared with the counterpart tissue of control rats
(Table 4). A similar elevation with a less extent of accumulated
mtDNA deletions was observed in the medulla of FD rats

(P<0-05). An icv administration of ABs_3s), did not augment
accumulated mtDNA®* deletions in various brain regions of
FD rats. Compared with AP + FD rats, rats fed the FS diet
had reduced levels of mtDNA*** deletions in hippocampal,
medullary and hepatic tissues (P<0-05), alleviating the brain
mtDNA damage of AR + FD rats to background levels of the
vehicle control group. Similar changes in mtDNA deletions
in response to dietary folate intake were observed in the cor-
tical tissue of AP + FD rats, but without statistical significance.

Relationships between folate levels and mitochondrial
DNA*8* deletions in various brain regions and liver of rats

We pooled the data of the vehicle- and AB-injected groups to
study the relationships between tissue folate levels and
mtDNA deletions in brain regions and the liver. Fig. 1 shows
that increased frequencies of mtDNA**3* deletions were sig-
nificantly associated with reduced folate levels in hippocam-
pal (r —0-593, P=0-001), medullary (r —0-345, P=0-042)
and hepatic tissues (r —0-547, P=0:002). Such a folate
level-mt genotoxicity relationship was not observed in the
cortex tissue (r —0:242, P=0-133).

Table 4. Dietary folate-modulated mitochondrial DNA (mtDNA)*83* deletions in various brain regions of rats in the presence/absence of g-amyloid (AB)

(25-35) peptide challenge™t
(Mean values and standard deviations, n 5, 5, 4, 5 and 7, respectively)

Vehicle microinjection

Intracerebroventricular microinjection of AB25_3s)

MF (control) FD AB + FD AB + MF AB +FS
Rat tissues Mean sD Mean sD Mean sD Mean sSD Mean SD
ACt( =mt Cldel —mt Ct D-Ioog)i
Liver 1.96% 0-25 1.67° 0-15 1.68° 0-36 2.233P 0-69 2.552 0-73
Cortex 3.23 119 2.19 0-29 2.40 110 2.86 1.24 3.26 1.28
Hippocampus 4.05% 1.29 1.65° 1.06 1.75° 0-66 2.933P 0-86 5.112 2.64
Medulla 2.192P 0-66 1.13° 0-28 1.735¢ 0-82 1.94%P 0-40 2.56° 0-44

ab<\Mean values within a row with unlike superscript letters were significantly different (P< 0-05).

*Data were analysed by one-way ANOVA and Duncan’s multiple range test.

1 FD, MF and FS indicate no folate (folate deprivation), moderate folate (+8mg folic acid/kg diet) and folic acid-supplemented (48 mg folic acid/kg diet and 0-003 % folic acid
in drinking-water: 68 pum) diets, respectively. The MF group receiving the vehicle microinjection was designated the control. AR administration included an intracerebroventri-
cular microinjection of 8 ul of ABs_3s) peptide (1 mg/ml). Vehicle administration included an intracerebroventricular microinjection of 8 ul of the vehicle solution (sterile dis-
tilled water).

1 The quantity of mtDNA*®3* deletions was determined by co-amplifying the mtDNA D-loop and mtDNA*834 deletion in a real-time PCR assay. The relative frequencies of
mtDNA*8%* deletions to mtDNA were calculated using AC; = mt Cigel — Mt Cip-i00p; @ sSmaller AC; value indicates more deletions.
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Dietary folate modulated neuronal death of rats in the
presence/absence of an B-amyloid peptide challenge

To investigate whether dietary folate intake and/or AB chal-
lenge may involve in alternative mechanisms to affect the
cortex region, the neuronal death of the frontal cortical
brain tissues of rats fed various folate diets was assayed.
Fig. 2 shows that neuronal cell death was only occasionally
observed in the cortex brain of control rats (Fig. 2(A)).
Neuronal death in brain tissues of FD rats significantly
increased by 2-5-fold compared with the counterpart tissue
of the control group (Fig. 2(B) and (E)). Administration of
ABs_3s) did not aggravate the neuronal death rate of FD
rats (Fig. 2(C) and (E)). AB-treated rats fed the FS diet had
significantly reduced neuronal death compared with
AB + FD rats (Fig. 2(D) and (E)). When compared with the
control group, feeding rats the FS diet completely prevented
AB + FD-promoted neuron death (Fig. 2(E)).

Discussion

Our data demonstrated that hippocampal, as opposed to
cortical and medullary, tissue was the most vulnerable brain
region for oxidative lipid damage in response to dietary FD.
Feeding rats an FD diet for 4 weeks significantly elevated
TBARS levels in the hippocampus tissue compared with the
counterpart tissue of control rats. The hippocampal oxidative
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injuries of FD rats might have been partially, if not totally,
due to rapid folate depletion, as 4 weeks of the FD diet signifi-
cantly decreased hippocampal folate levels by 50 % without
affecting cortical folate levels (Table 2). Folate was proposed
to possess in vitro and in vivo antioxidant capabilities to sca-

3940 Numerous investigations have

venge free radicals
shown that folate deficiency promotes H,O, generation and
lipid peroxidation in human cells and rodent tissues'*' =%,
Alternatively, a folate deficiency induced elevated homocys-
teine levels in neuronal cells, a well-known pro-oxidant to
elicit lipid peroxidation and elevated oxidative stress‘*>=*>.
Consistently, we have previously shown that feeding rats an
FD diet for 4 weeks elevated serum homocysteine levels,
which were associated with brain oxidative DNA damage as
well as increased hepatic lipid peroxidation®*® . Although
elevated brain homocysteine levels were not measured in the
present study, our data showed that 4 weeks of the FD diet sig-
nificantly promoted higher levels of TBARS in the liver of rats,
in parallel with FD-induced hippocampal folate depletion and
oxidative lipid damage (Tables 2 and 3). Collectively, the find-
ings suggest that rats fed an FD diet attained various degrees of
brain folate depletion, which may be partially ascribed to the
different magnitude of lipid peroxidation in brain regions.
Dietary FD significantly increased the accumulation of large
mtDNA deletions in the hippocampal and medullary regions
of rats, but not in the cortex tissue. The frequencies of
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Fig. 1. Pearson’s correlation coefficients for the relationships between tissue folate status and the accumulation of mitochondrial DNA*®34 deletions in (A) cortical
(r —0-242, P=0-133), (B) hippocampal (r —0-593, P=0-001) and (C) medullary tissues (r —0-345, P=0-042) and (D) liver homogenates of rats fed diets with
various folate concentrations in the presence/absence of an B-amyloid peptide challenge (r —0-547, P=0-002). The quantity of mtDNA*®3* deletions was deter-
mined by co-amplifying the mtDNA displacement loop (D-loop) and mtDNA*®3* deletion in a real-time PCR assay, as described in ‘Materials and methods’.
AC; = mt Cygel — Mt Cip—ioop Were used to quantify the relative amount of large mtDNA deletions in percentage with the equation: R = 274C,
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Fig. 2. Representative microphotographs of the neuronal death of rats fed the moderate folate (MF) (A), folate deprivation (FD) (B and C) and folate supplemen-
tation (FS) diets (D) for 4 weeks in the absence (A and B) and presence of an amyloid B-peptide (AB)2s-ss) injection (C and D). The FD, MF and FS diets indicate
diets with folic acid at 0, 8 mg and 8 mg folic acid/kg diet + 0-003 % folic acid in drinking-water levels, respectively. The MF group receiving the vehicle microinjec-
tion was designated the control. Brain sections of the frontal cortex were stained with haematoxylin and eosin. Cell death was measured as described in ‘Materials
and methods’. (E) Quantification of neuronal death in the experimental groups. Neuronal death was expressed as the death ratio (numbers of dead neurons/total
number of neurons in the fixed field). Values are means, with standard deviations represented by vertical bars (n 4). Data were analysed by one-way ANOVA and
Duncan’s multiple range test. #° Mean values with unlike letters were significantly different (P<0-05).

mtDNA deletions in the hippocampal and medullary regions
were significantly and inversely correlated with their respect-
ive brain folate levels (Fig. 1). This finding is in accordance
with our previous observation that an FD diet depleted
brain folate levels and promoted the accumulation of large
mtDNA deletions in whole-brain homogenates of rats®®>.
A study has revealed that FD impaired mt antioxidant status,
promoted superoxide overproduction and elevated mt protein
oxidative damage(46). As reactive oxygen species production
can lead to the loss of mtDNA molecules™”, the FD-elicited
oxidative stress inside FD neurons may be attributable to
increased mtDNA deletions of the hippocampal and medullary
regions. Such oxidative injuries in mtDNA, however, were not
found in the cortex tissue of rats fed with the 4-week FD diet.
As the 4-week FD did not significantly affect cortex folate
levels (Table 2), the lack of oxidative mtDNA damage in the
FD cortex region further supports the antioxidant role of

folate. It has been reported that feeding rats a folate/methyl-
deficient diet for 16—18 weeks induced oxidative stress and

DNA damage in the cortex of the brain“®

, suggesting a
long-term effect of FD on cortical oxidative injuries.
Dietary FD was shown to sensitise neurons to amyloid

“5 3 hallmark of AD. Our data extend this previous

toxicity
finding to demonstrate that a single icv injection of the aggre-
gated AP peptide augmented lipid peroxidation in the medul-
lary tissue of folate-deprived rats, which could be ameliorated
by feeding FD rats with the MF and FS diets. This observation
supports the antioxidant role of folate against AB-promoted
oxidative injuries. Furthermore, we found that the FS diet,
but not the MF diet, significantly diminished mtDNA deletions
in the hippocampus and medulla of FD rats upon AB chal-
lenge. It suggests a threshold effect of dietary folate levels,
which protect against FD-associated mtDNA degeneration.
Consistently, results of several studies have shown that high
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levels of folic acid supplementation may counteract mtDNA
oxidative injuries and mt dysfunction in macrophage cells
and hepatocytes(%‘/'g)‘ By folic acid supplementation, the mt
respiratory function and mt-associated death signalling were
modulated to reduce apoptotic death®®>® . Given the fact
that feeding the FS diet significantly reduced cortical neuronal
death of AB-treated and folate-deprived rats (Fig. 2), the find-
ing implied a folate-associated death signalling involved in the
neuronal death of FD rats. Whether or not this is the alterna-
tive mechanism behind the reported association between
folate and cortical neuronal death remains to be definitively
established.

The present study had a number of limitations. The rela-
tively small sample size due to the premature death of animals
receiving injection surgery may reduce the statistical power for
subgroup analysis. Several groups®®?® used ABss_»s), an
11-amino acid with a sequence that was the reversal of
ordering of ABs_3s), as a control to test the specificity of
the toxic amino acid sequence of ABs_szs) Whether the
oxidative stress of brain regions induced by AB,s_3s, injection
was specific to the toxic effect of ABs_3s) remains to be clari-
fied. As haematoxylin—eosin staining used in the present study
is not a good assay to evaluate apoptotic death, alternative
measurements for chromatin condensation and caspase
activation will be used for further studies.

Given the assumptions and limitations of the i vivo study,
the results in the present study suggest that dietary FD differ-
entially depleted brain folate, and increased lipid peroxidation
and mtDNA* deletions in various brain regions. The
hippocampal tissue was the most vulnerable brain region for
oxidised lipid and mtDNA damage in response to dietary
FD. The FS diet was biologically effective at enriching brain
folate, and protecting AD-susceptible brains against FD-
induced mt genotoxicity and neurotoxicity upon Ap
challenge. Whether the effects of folic acid supplementation
found in the present in wvivo study have physiological
relevance in humans remains to be clarified.
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