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Abstract

Elevated level of homocysteine (Hcy) is considered a risk factor for neurodegenerative diseases, but the mechanisms remain
to be established. Because high Hcy is associated with an up-regulation of the ALOXS gene product, the 5Lipoxygenase (5LO),
herein we investigated whether this activation is responsible for the Hcy effect on neurodegeneration or is a secondary event.
To reach this goal, wild type mice and mice genetically deficient for 5LO were assessed after being exposed to a diet known to
significantly increase brain levels of Hcy. Confirming compliance with the dietary regimen, we found that by the end of the
study brain levels of Hcy were significantly increase in both groups. However, diet-induced high Hcy resulted in a significant
increase in AB, tau phosphorylation, neuroinflammation, synaptic pathology and memory impairment in control mice, but
not in mice lacking ALOXS.

Taken together our findings demonstrate that the up-regulation of the ALOX5 gene pathway is responsible for the develop-
ment of the biochemical and behavioral sequelae of high Hcy brain levels in the context of a neurodegenerative phenotype.
They provide critical support that this gene and its expressed protein are viable therapeutic targets to prevent the onset, or

delay neurodegenerative events in subjects exposed to this risk factor.

Introduction

Homocysteine (Hcy) is a non-essential, sulfur-containing amino
acid and an intermediate product of the methionine cycle,
whose normal levels in the body are maintained by its re-
methylation to methionine in a reaction that requires the avail-
ability of dietary folate, vitamin B6 and B12 (1). A diet with
excessive methionine, a diet low in folic acid and B vitamins, or
mutations in genes encoding Hcy-metabolizing enzymes are
known conditions all resulting in a significant elevation of
circulating and tissue levels of Hcy (2). Even a mild Hcy level
increase is a risk factor for cardiovascular diseases and stroke in
humans and also a risk factor for neurodegenerative disorders,

such as dementia, or Alzheimer’s disease (AD) (3). For instance,
despite some conflicting data, most of the available epidemiolo-
gical and clinical studies have revealed that elevated Hcy dou-
bles the risk for developing AD independently of several other
major factors (4-6). However, it is not yet clear whether Hcy is a
marker, or a causative agent responsible for cellular and mo-
lecular events ultimately resulting in neurodegeneration, and
the mechanisms involved (7).

To this end, several mechanisms have been proposed to ex-
plain the development of AD-like neuropathological changes
associated with high Hey in vivo. These include oxidative stress,
excitotoxicity, cerebrovascular damage, endoplasmic reticulum
stress (8-11). However, the exact biochemical basis by which
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Figure 1. Genetic absence of ALOXS rescues Hcy-dependent behavioral deficits. (A) Number of total arm entries for wild type mice receiving regular diet (WT); wild type
mice receiving folate and B vitamin deficient diet (WT + Diet); SLOKO mice receiving regular diet (SLOKO); and S5LOKO mice receiving the Diet (SLOKO+Diet). (B) Percentage
of alternations of the four groups of mice described in panel A. (C) Contextual fear memory responses in the four groups of mice described in panel A. (D) Cued fear memory
response in the same mice (*P < 0.05). Values represent mean = S.E.M. (n=5WT-control, n=5WT + Diet, n= 5 5LOKO-control, n=5 5LOKO + Diet).

Hcy modulates neurodegeneration remains unknown. Because
high Hcy occurs more frequently in old age, it has been pro-
posed as a potential metabolic link for the frequent coexistence
of aging and neurodegenerative diseases (12-14).

Previous studies showed that genetic and diet-induced high
Hcy results in significant increase in Ap levels and deposition in
APP transgenic mice (15-17). More recently, we demonstrated
that diet-induced elevated Hcy in the triple transgenic mice
(3xTg-AD) results in an exacerbation of behavioral deficits, brain
amyloidosis and tau neuropathology (18). Interestingly,
we observed that under this experimental condition mice had a
significant elevation of the ALOX5 gene product, the
SLipoxygenase (5LO) protein enzyme (19).

However, it remains to be investigated whether this up-
regulation associated with high Hcy is directly involved and es-
sential in modulating the development of a neurodegenerative
phenotype secondary to this condition, or it is simply a second-
ary event.

To address this biological question, we tested the hypothesis
that genetic absence of the ALOX5 gene would protect mice
from the high Hcy-dependent negative effects on memory and
neuropathologies, both of which are considered antecedent of
neurodegeneration and AD pathophysiology development.

Results

Hcy-dependent memory impairment is rescued by
genetic absence of ALOX5

To investigate the effect of a folate and B vitamins-deficient diet
(Diet) on cognition in the presence or absence of 5LO, wild type
(WT) mice were assessed in two different paradigms. In the Y-
maze test, we found that all mice in the different groups had a

similar total number of arm entries and percentage of alterna-
tion (Fig. 1A, B).

In the fear conditioning test, compared with WT controls, mice
receiving the Diet had a significant lower freezing time in the cued
recall paradigm, which was absent in mice treated with the same
diet but genetically deficient for 5LO (Fig. 1D). No significant differ-
ences were observed among the different groups in the contextual
recall phase of the fear conditioning paradigm (Fig. 1C).

Lack of ALOXS gene prevents Hcy-dependent increase in
Ap and tau phosphorylation

Confirming compliance of the animals with the chronic folate
and B vitamins deficient dietary regimen, brain Hcy levels in
these mice were significant higher than the control group, but
unaffected by the genetic absence of 5LO (Fig. 2A).

Compared with controls, brain cortex homogenates from WT
mice receiving the Diet had a significant increase in the 5LO en-
zymatic activity as shown by the significant elevation of its main
metabolic product, the leukotriene (LT)B4 (Fig. 2B), whose levels, as
predicted, were undetectable in tissues from 5LO KO mice (Fig. 2B).

To investigate whether brain Af levels were influenced
under our experimental conditions, we assayed total levels of
endogenous murine AB1-40 in cortices of the four groups of
mice. As shown in Figure 2C, we found that compared with con-
trols, diet-induced high brain Hcy levels resulted in a significant
increase in AB1-40 levels in cortices of WT mice. In contrast, no
effect on Ap1-40 levels was observed in mice receiving the same
diet but lacking the 5LO, 5LO KO mice (Fig. 2C).

In addition, since in transgenic mouse models of AD high
Hcy levels has been shown to modulate tau phosphorylation,
next we wanted to see if this was also the case in WT mice.

Compared with controls, diet-treated mice had a significant
increase in the phosphorylation of tau at specific epitopes: at
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Figure 2. Effect of diet-induced high Hcy on 5LO pathway and endogenous Ap levels. (A) Levels of homocysteine in brain cortex from wild type mice receiving regular
diet (WT); wild type mice receiving folate and B vitamin deficient diet (WT + Diet); 5SLOKO mice receiving regular diet (SLOKO); and 5LOKO mice receiving the Diet
(SLOKO + Diet) (*P < 0.05). (B) Levels of LTB4 measured by a specific and sensitive ELISA assay in brain cortex homogenates from the same four groups of mice (*P < 0.05)
(N.D.: not dosable). (C) Levels of total endogenous Af 1-40 peptides measured by a specific and sensitive ELISA assay in brain cortex extracts from the same four groups
of mice (*P < 0.05). Values represent mean + S.E.M. (n =5 WT-control, n=5WT + Diet, n=5 5LOKO-control, n=5 5LOKO + Diet).
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Figure 3. Diet-induced high Hcy-dependent increase in tau phosphorylation is prevented by genetic absence of ALOXS. (A) Representative western blots of soluble total
tau, phosphorylated tau at residues T231/5235 (AT180), at T181 (AT270), S396/S404 (PHF1) and S396 (PHF13) in brain cortex homogenates from wild type mice receiving
regular diet (WT); wild type mice receiving folate and B vitamin deficient diet (WT + Diet); 5LOKO mice receiving regular diet (SLOKO); and 5LOKO mice receiving the
Diet (SLOKO + Diet). (B) Densitometric analyses of the immunoreactivities to the antibodies shown in the previous panel (*P <0.05). Values represent mean * S.E.M.

(n=5WT-control, n=5WT + Diet, n=>5 5LOKO-control, n=5 5LOKO + Diet).

T231/5235 as recognized by the antibody AT180, and at T181 as
recognized by the antibody AT270, but not changes were
observed at $S396/404 as recognized by the antibody PHF-1, and
at S396 as recognized by the antibody PHF-13 (Fig. 3A, B). In con-
trast, mice receiving the same diet and having high Hcy but gen-
etically deficient for SLO (S5LO KO) did not show any significant
changes in tau phosphorylation (Fig. 3A, B). No effect of the diet
or genotype was observed when the steady state levels of sol-
uble tau protein were assayed in the four groups of mice (Fig.
3A, B).

Synaptic pathology and neuroinflammation secondary
to high brain Hcy levels are modulated by ALOX5

Next, we investigated the effect of the Diet in the presence or
absence of the ALOXS gene product, 5LO, on markers of synaptic
integrity. Compared with WT controls, steady state levels of two
distinct synaptic proteins, synaptophysin (SYP) and post-
synaptic protein-95 (PDS-95), but not MAP-2, were significantly
decreased in the mice administered the Diet (Fig. 4A, B). In con-
trast, 5SLO-deficient WT mice on the same Diet had levels of all
three synaptic proteins no different from controls (Fig. 4A, B).
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Figure 4. Diet-induced high Hcy brain level effects on synaptic integrity and neuroinflammation are rescued by genetic absence of ALOX5. (A) Representative western
blot analyses of post-synaptic density protein 95 (PSD-95), synaptophysin (SYP), microtubule-associated protein 2 (MAP2), GFAP and CD45 in brain cortex homogenates
from wild type mice receiving regular diet (WT); wild type mice receiving folate and B vitamin deficient diet (WT + Diet); SLOKO mice receiving regular diet (SLOKO);
and 5LOKO mice receiving the Diet (SLOKO + Diet). (B) Densitometric analyses of the immunoreactivities to the antibodies shown in the previous panel (*P <0.05).
Values represent mean + S.E.M. (n=5WT-control; n=5WT + Diet; n =5 SLOKO-control; n =5 SLOKO + Diet).

Genetic absence of ALOXS5 per se did not influence the steady
state levels of any of the considered synaptic proteins
(Fig. 4A, B).

Finally, we observed that compared with controls, Diet-
treated WT mice had a significant increase in GFAP, a marker of
astrocytes activation, which was blunted in 5LO KO mice receiv-
ing the same Diet (Fig. 4A, B). No significant differences between
Diet-treated mice with and without 5LO were observed for
CD45, a marker of microglia activation (Fig. 4A, B). The genetic
absence of ALOX5 alone did not alter the expression levels of
both neuroinflammation markers in WT mice (Fig. 4A, B).

Discussion

In the current study, we show that WT mice chronically
exposed to a diet low in folate and B vitamins, which results in
elevated levels of Hcy in the central nervous system, manifest
significant memory impairments, higher AB levels, increased
tau phosphorylation and synaptic pathology and that genetic
absence of 5LO protects them for these pathological effects.

Taken together these results highlight the novel functional
role that ALOXS5 gene plays in the development of the biochem-
ical, neuropathological and behavioral sequelae of an increased
Hcy levels in vivo.

Despite some conflicting data, most of the available studies
have revealed that high circulating levels of Hcy doubles the
risk for developing AD independent of several other major risks
(20,21). Experimental studies using transgenic models of AD
have shown that high Hcy can influence the development of the

AD-like phenotype. However, because all these models repre-
sent the genetic and rare variant of the disease, their transla-
tional value to a real life scenario in which the sporadic form is
more common remains to be determined.

Since the initial report on this association, there has been an
enormous effort to unravel the molecular and cellular mechan-
isms that could be responsible for the negative effects that high
Hcy may have within the central nervous system including oxi-
dative stress, inflammation and nucleic acids damage (22). This
is a very important matter since the elucidation of these mech-
anisms and the relationship with neurodegenerative events
and AD pathogenesis could provide valuable new insights for
the treatment and or prevention of the disease onset in subjects
with this risk factor.

Recently, it has been shown that high Hcy by influencing
methyl-transferase reactions within the cells can modulate the
methylation state of promoters which ultimately would regu-
late expression of genes relevant to AD pathogenesis (23,24).
Among the different genes, we focused on the ALOXS5 gene
whose expression is tightly regulated by DNA methylation of its
promoter (25), and showed that indeed high Hcy results in an
up-regulation of its main product, the 5LO enzyme (19).

The 5LO is abundantly expressed in the hippocampus and
cerebral cortex, with its level and activity rising as a function of
aging (26). Because aging is an unavoidable risk factor in the de-
velopment of AD, and 5LO is expressed in regions of the brain
that are affected by AD, it supported the original hypothesis
that this pathway is involved in its progression. Interestingly, a
previous study has hinted that polymorphisms in the ALOX5
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may be associated with AD risk (27), whereas another reported a
significant up-regulation in ALOXS5 gene expression and enzyme
activation in peripheral blood mononuclear cells of AD patients
compared with controls (28).

Herein to prove a functional role of 5LO up-regulation in
modulating the Hcy effect on the functional and pathological
phenotype we used WT animals and implemented a genetic
approach by using mice that are deficient for this gene. At the
end of the study, we observed that WT mice receiving the fol-
ate and B vitamin deficient diet had a significant increase in
their brain Hey levels, and this was associated with an impair-
ment of their short term memory and learning ability as as-
sessed by the significant reduction in the cued phase of the
fear conditioning paradigm. In contrast, despite the elevation
in brain Hcy levels, mice genetically deficient for the 5LO did
not manifest this deficits and their responses were undistin-
guishable from control mice. No effect of the diet was observed
in the Y-maze test, which measure working memory and the
contextual phase of the fear conditioning, suggesting a specific
target of the elevated levels of Hcy within the central nervous
system.

We can rule out that the diet-induced elevated Hcy levels in
the central nervous system had any effect on the motor phenotype
of the animals since no differences were observed in the Y-maze
test, and in particular when the number of total arm entries, which
is known to assess motor function, were considered.

In accordance with the behavioral data, we found that brains
from diet-treated mice had a significant elevation in the
amount of endogenous AP peptide levels, which was not
observed in the animals that received the same diet but did not
have the ALOXS5 gene available.

Compared with controls, whereas no significant differences
were noted for levels of total soluble tau protein, WT mice
receiving the Diet had a significant increase in tau phosphoryl-
ation at specific epitopes. In further support of the hypothesis
that also these changes were mediate by the up-regulation of
the 5LO enzymatic pathway, we observed that 5LO KO mice did
not manifest them.

Several studies have shown that aberrant accumulation of
hyper-phosphorylated tau protein can induce synaptic loss,
typically represented by a decrease in the steady state levels of
pre- and post-synaptic protein markers of synaptic integrity
(29). Confirming this aspect of the tau neurobiology we found
that compared with controls, diet-treated mice had a significant
reduction in the levels of two of these proteins: SYP and post-
synaptic density protein 95 (PSD-95), indices of pre- and post-
synaptic integrity respectively. In contrast, the same proteins
were not affected in brains from mice with high Hcy but genet-
ically deficient for the 5LO. Finally, we confirmed that as result
of the condition of diet-induced high Hcy these mice had cell
biochemical signature of neuroinflammation, as shown by the
elevation of GFAP level, a marker of astrocytes activation.
However, 5LO KO mice receiving the same diet and for this rea-
son having similar high Hcy in their central nervous system
were undistinguishable from the control group.

Because data in the literature suggest that blockade or gen-
etic absence of one LO may divert its main substrate (i.e. arachi-
donic acid) toward another LO such as the 12/15L0, it is possible
that this is the case under our experimental conditions.
However, based on our published work where we showed that
5LO KO mice do not differ from WT mice in the amount of other
non-5LO derived eicosanoids we can easily exclude this possi-
bility (30).
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Additionally, while we cannot completely rule out a periph-
eral effect of ALOXS5 gene ablation in our model, considering
that this enzyme is up-regulated in the brain of the mice receiv-
ing the diet and that its metabolites act only locally, we believe
that the observed biological effect is primarily dependent on the
genetic absence of ALOX5 in the central nervous system.

Taken together our findings have important biological im-
plication and value considering that, to the best of our know-
ledge, most of the studies trying to establish a link between
Hcy and AD pathogenesis have implemented transgenic
mouse models of the disease which by expressing human mu-
tant AD-related genes (i.e. APP, tau) represent a genetic version
of the disease. In contrast, our study is the first one to establish
this mechanistic link in a more biologically relevant in vivo sys-
tem, the WT mouse and the effect of high Hcy in the central
nervous system on endogenous A, tau metabolism and be-
havioral changes.

In summary, our work reports experimental evidence of the
essential and functional role that the ALOX5 gene pathway
plays in directly influencing cellular and molecular mechanisms
of relevance for the development of neurodegeneration and AD
pathogenesis. It provides pre-clinical rationale for targeting this
pathway in individuals bearing this environmental risk factor
as a viable therapeutic strategy for preventing or halting de-
mentia and AD onset.

Materials and Methods

Animal and treatments

Animal procedures were approved by the Temple University
Institutional Animal Care and Usage Committee and in accord-
ance with the Guide for the Care and Use of Laboratory Animals
of the National Institute of Health.

C57/Bl6 WT mice and WT mice genetically deficient for
ALOXS gene (WT-5LO KO) were used in this study (31). All ani-
mals were kept in a pathogen-free environment, on a 12-h
light/dark cycle and had access to food and water ad libitum.
The mice were randomized to four groups. Groupl [n=5 (two
males and three females)] WT mice were given the standard
rodent chow (Control); Group 2 [n=5 (two males and three fe-
males)] WT mice were given a standard rodent chow deficient
in folate (<0.2mg/kg), vitamin B6 (<0.1mg/kg) and B12
(<0.001mg/kg), which is known to induce HHcy in mice
(WT + Diet) (18); Group 3 [n=5 (three males and two females)]
WT-5LO KO were given the standard rodent chow (5LO KO);
and Group 4 [n=5 (three males and two females)] 5LO KO mice
were given the folate and B vitamins deficient diet (5LO
KO + Diet). Starting at 5 months of age, mice were randomized
to the four groups above described, and followed for 7 months
until they were 12-month-old. At this age time-point, they
underwent behavioral testing and then euthanized. During
the study, mice in all groups gained weight regularly, and no
significant differences in weight were detected among them
by the end of the study (data not shown). No macroscopic ef-
fect on the overall general health was observed in any of the
four groups. No macroscopic differences among them were
observed when major organs such as liver, spleen, heart and
kidneys were compared at post-mortem examination. After
euthanasia animals were perfused, brains removed and dis-
sected in two halves by mid-sagittal dissection, and immedi-
ately stored at —80°C for biochemistry assays.
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Table 1. Antibodies used in the study

Antibody Immunogen Host Dilution Source Catalog number
Tau-1 Bovine microtubule associated protein Mouse 1:200 Cell signaling 4019
AT-180 Peptide containing phospho-T231/5235 Mouse 1:200 Thermo P10636
AT-270 Peptide containing phospho-T181 Mouse 1:300 Thermo MN1050
PHF-13 Peptide containing phospho-Ser396 Mouse 1:300 Cell signaling 9632
PHF-1 Peptide containing phosphor-Ser396/5S404 Mouse 1:200 Dr Davies P. N/A
PSD95 Purified recombinant rat PSD-95 Mouse 1:200 Thermo MA1-045
SYP aa 221-313 of SYP of human origin Mouse 1:400 Santa Cruz sc-55507
MAP2 Purified microtubule-associated protein from rat brain Rabbit 1:300 Millipore AB5622
GFAP Spinal cord homogenate of bovine origin Mouse 1:300 Santa Cruz sc-33673
CD45 aa 1075-1304 of CD45 of human origin Rabbit 1:200 Santa Cruz sc-25590
Actin Gizzard Actin of avian origin Mouse 1:1000 Santa Cruz sc-47778

Behavioral tests

All animals were pre-handled for 3 days prior testing, they were
tested in a randomized order, and all tests conducted by an ex-
perimenter blinded to the treatment and genotype.

Y-maze

The Y-maze apparatus consisted of three arms 32cm (long)
610cm (wide) with 26-cm walls (San Diego Instruments, San
Diego, CA). Testing was always performed in the same room
and at the same time to ensure environmental consistency as
previously described (32,33). Briefly, each mouse was placed in
the center of the Y-maze and allowed to explore freely through
the maze during a 5-min session. The sequence and total num-
ber of arms entered were video recorded. An entry into an arm
was considered valid if all four paws entered the arm. An alter-
nation was defined as three consecutive entries in three differ-
ent arms (i.e. 1, 2, 3 or 2, 3, 1, etc.). The percentage alternation
score was calculated using the following formula: Total alterna-
tion number/(total number of entries-2) x 100.

Fear-conditioning

The fear conditioning test paradigm was performed following
methods previously described (32,33). Briefly, the test was con-
ducted in a conditioning chamber (19cm x25cm x 19cm)
equipped with black methacrylate walls, transparent front door,
a speaker and grid floor (Start Fear System; Harvard Apparatus).
On day one, mice were placed into the conditioning chamber
and allowed free exploration for 2min in the white noise (65 Db)
before the delivery of the conditioned stimulus (CS) tone (30s,
90 Db, 2000 Hz) paired with a foot-shock unconditioned stimulus
(US; 25, 0.6 mA) through a grid floor at the end of the tone. A
total of three pairs of CS-US pairing with a 30s inter trial inter-
val (ITI) were presented to each animal in the training stage.
The mouse was removed from the chamber 1 min after the last
foot-shock and placed back in its home cage. The contextual
fear conditioning stage started 24h after the training phase
when the animal was put back inside the conditioning chamber
for 5 min with white noise only (65 dB). The animal’s freezing re-
sponses to the environmental context were recorded. The tone
fear conditioning stage started 2h after the contextual stage.
The animal was placed back to the same chamber with different
contextual cues, including white wall, smooth metal floor,
lemon extract drops and red light condition. After 3min of free
exploration, the mouse was exposed to the exactly same three

CS tones with 30s ITI in the training stage without the foot-
shock and its freezing responses to the tones were recorded.

Biochemical analyses

Brain cortices were homogenized and extracted in DEA buffer
(0.2% diethylamine (DEA) and 50 mm NacCl), then centrifuged for
1h at 100000g at 4°C. The extracts were assayed for endogenous
murine AB40 level by a sensitive sandwich ELISA kit following
the manufacturer’s instructions (Invitrogen, Novex-life
Technologies). Analyses were always performed in duplicate
and in a coded fashion.

For the analysis of Hcy levels in the brain, tissue aliquots
were frozen in liquid nitrogen and reduced into a fine powder
using mortar and pestle. The powder was re-suspended in
100 ul of NKPD buffer (2.68mm KCl, 1.47 mm KH,PO4, 51.10 mm
Na,HPO,, 7.43mmM NaH,PO,, 62mwm NaCl, 1mM EDTA and 1mwm
dithiothreitol) and sonicated at 40W and 70% duty cycle for
about 2min, then clarified by centrifugation at 10000g for
15min. Measurements were performed by HPLC analysis using
Waters AccQ.Fluor derivitizing reagents (Waters Corp., MA), as
previously described (34,35). The final concentration of Hcy in
the samples was always normalized per mg protein. Analyses
were always performed in triplicate and in a coded manner.

Western blot analyses

Brain cortex extracts were used for western blot analyses as pre-
viously described (32,33). Briefly, samples were electrophoresed
on 10% Bis-Tris gels or 3-8% Tris-acetate gel (Bio-Rad,
Richmond, CA), transferred onto nitrocellulose membranes
(Bio-Rad), and then incubated overnight with the appropriate
primary antibodies as indicated in Table 1. After three washings
with T-TBS (pH7.4), membranes were incubated with IRDye
800CW-labeled secondary antibodies (LI-COR Bioscience,
Lincoln, NE) at RT for 1h. Signals were developed with Odyssey
Infrared Imaging Systems (LI-COR Bioscience). B-Actin was al-
ways used as internal loading control.

Data analysis

Data analyses were performed using SigmaStat for Windows
version 3.00. Statistical comparisons were performed by
Unpaired Student’s t-test or the Mann-Whitney rank sum test
when a normal distribution could not be assumed. Values in all
figures and table represent mean *+ S.E.M. Significance was set
at P <0.05.
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