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Abstract

Aluminum has been found to be closely related to the pathogenesis of neurodegenerative diseases and damage learning and
memory functions. Many changes in epigenetics may be one of the mechanisms of aluminum neurotoxicity. The purpose
of this study is to further investigate the mechanism of action of sub-chronic aluminum exposure on learning memory and
histone H4 acetylation modification in Wistar rats, and the correlation between learning memory impairment and histone
H4 acetylation in aluminum-exposed rats. Rats in each dose group were given 0.0 g/L, 2.0 g/L, 4.0 g/L, and 8.0 g/L of AICl,4
distilled water daily for 12 weeks. The learning and memory ability of rats was measured by the Morris water maze test; the
neuronal morphology of rat hippocampus was observed by Nissl staining and transmission electron microscope; real-time
PCR, and Western blot were used to detect mRNA expression and protein content in hippocampus of rats. The results sug-
gest that aluminum may affect the gene and protein expression of HAT1 and HDAC?2, and then affect histone H4 and the
acetylation of H4K12 (acH4K12), which may lead to learning and memory dysfunction in rats.
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Introduction excessive exposure to Al causes damage to the nerve, blood-

forming, skeletal, immune, and other systems [1]. Previous

Aluminum (Al) is the most plentiful metal element in the
earth’s crust, third only to oxygen and silicon. Al is widely
used in industries, agriculture, medicine, and everyday life
due to the rapid growth of the socioeconomic development.
Through water, air, food, and vaccines, we are exposed to
Al throughout our lives. Al enters the human body through
gastrointestinal and respiratory tracts, skin contact, etc. and
is eliminated from the body through urine and sweat, but
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research has shown that Al crosses the blood-brain barrier
and accumulates in the entorhinal cortex, hippocampus,
inferior colliculus, and diaphragm [2]. The hippocampus is
the most sensitive brain region to Al exposure, as it plays a
key role in the regulation of learning and memory, and is an
important part of neural activity such as emotion and behav-
ior [3]. Hippocampal Al accumulation can lead to nerve cell
damage, cognitive dysfunction, abnormal behavior, and even
nerve cell degeneration [4, 5]. As a neurotoxin, Al has been
implicated in the pathogenesis of many neurodegenerative
diseases [6], including amyotrophic lateral sclerosis, Par-
kinson’s disease (PD), and Alzheimer’s disease (AD) [7].
Chronic exposure to Al has been shown to cause cognitive
dysfunction and decreased learning and memory ability,
which is significantly related to the dose of exposure [8-10].

Although the mechanism of Al neurotoxicity is complex,
several epigenetic changes may be involved [11]. Epigenetic
changes in gene expression are likely to be one of the direc-
tions to investigate the pathogenesis of disease. Epigenetics
refers to the hereditary changes caused by unaltered DNA
sequence but altered genetic expression, mainly including
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DNA methylation, histone modification, RNA regulation,
and chromatin remodeling, among others. Histone acetyla-
tion is a vital histone modification and one of the primary
research forms of epigenetic mechanism being studied [12].

Histone acetylation is known to be indispensable for
many physiological and biochemical processes in cells, such
as gene expression, genome maintenance, and biological
development. Histone acetylation is coordinated by histone
acetyltransferases (HATSs) and histone deacetylases (HDACs)
and often occurs at the terminal amino acid residues of
histone H3 and H4 subunits, and can activate transcription
and promote gene expression. All eukaryotes have several
acetylatable lysine residues in the nitrogen-terminal tail of
histone H4 that can be acetylated, including K35, K8, K12,
and K16. By neutralizing their positive charge, acetylation
of lysine residues on histone H4 frees chromatin structures
and encourages the combination of various factors,
including transcription factors and co-activators [13, 14].
HAT is widely expressed in various tissues and organs. By
mediating the transfer of acetyl groups to lysine residues at
the end of histone subunits, HAT can increase the level of
acetylation of histones, thereby activating the transcription
of specific genes, in order to promote HAT to bind acetyl
groups to the nitrogen-terminal tail of histones, promote
chromosome depolymerization, and activate transcription.
HDAC can remove these acetyl groups from the nitrogen-
terminal tail of histones, sealing the DNA, and inhibiting
transcription process. Under normal circumstances, the
protein concentration and enzymatic activity of HAT and
HDAC maintain a highly coordinated equilibrium state that
is indicative of neuronal homeostasis and is responsible for
the regulation of gene expression and the maintenance of
normal neurophysiological performance, such as long-term
enhancement, learning, and memory [15, 16].

In Germany, a meta-analysis found an
exposure—-response relationship between Al and cognitive
impairment after confounding factors had been excluded
[17]. The accumulation of Al in the brain is a well-known
industrial environmental neurotoxicant that can exacerbate
oxidative and inflammatory processes, which lead to tissue
destruction, and has been directly linked to the onset and
progression of AD [18, 19]. The genomic location of lysine
(H4K16) acetylation changes at position 16 of histone
H4 and was associated with the genetic variation and
expression of quantitative trait loci identified in genome-
wide association studies of AD [20]. Histone acetylation
is key to forming memories [21]. The results showed that
histone acetylation was related to the protective effects on
learning, memory, and the nervous system. The primary
mechanism of histone acetylation was that HAT promotes
histone acetylation and associated gene transcription,
promoting learning, memory, and neuroprotection,
whereas HDAC enhances histone deacetylation and
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inhibits gene transcription, reducing the capacity of the
nervous system [22, 23].

A great quantity of studies have suggested that
epigenetic alterations may be the mechanisms of Al
neurotoxicity, but there are few reports on histone H4
acetylation changes in sub-chronically Al-exposed rats
at home and abroad, which is the starting point of this
research.

Materials and Methods
Animals

Healthy and clean mature Wistar rats (220 + 10 g) were
supplied by the Animal Laboratory Centre of Shenyang
Medical College. The rats were fed with rat breeding
chow (Changsheng Biotechnology Co., Ltd., Liaoning).
Light 12 h/day, temperature 18 ~23 ‘C, relative humidity
45 ~55%. The rats were habituated to the environment for
a week before mating and the ratio of females to males was
2:1. The copulatory plugs were observed to determine the
date of successful mating and conception. Pregnant rats
were randomly assigned into four groups of 10 rats each,
including three Al-exposed groups and one control group.
To simulate the exposure of human infants to Al from
lactation to adulthood, the exposure period started from the
first day after birth (day 0), female rats in the Al-exposed
groups received distilled water solution (containing 2.0 g/L,
4.0 g/L, and 8.0 g/L AICl,, separately), while female rats in
the control group continued to drink distilled water. Provide
water 24 h a day to imitate the drinking mode of human
being. Eliminate rats that are too large or too small and
use the random number table method to select the rats to
keep 8 animals in each litter and the ratio of male to female
was 1:1 as much as possible. Females and males were used
alternately for the measurement of each index. The offspring
rats were first exposed to Al through breastfeeding within
3 weeks of birth and were self-exposed to distilled water
containing AICl; after weaning until 12 weeks after birth.
After 12 weeks of Al exposure, the rats were weighed,
then one portion of the rats were subjected to a water maze
experiment, followed by measurement of brain weight,
hippocampal weight, Al content, and biochemical indices,
and another portion of the rats were histopathologically
observed after live perfusion. In each experiment, rats were
selected using a random number table and the sex ratio of
the rats used was 1:1.

The guidelines for the care and use of laboratory ani-
mals issued by the Shenyang Medical College and the
National Institutes of Health were strictly followed in all
animal breeding and experimental operations.
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Chemicals

All chemicals are guaranteed reagents; main reagents
include AICl; crystal (Pharmaceutical Chemical Reagent
Co., Ltd., Shenyang, China); anti-rabbit rat HAT1 and
HDAC?2 antibody, Histone H4 Rabbit pAb, Acetyl-Histone
H4-K12 Rabbit pAb, B-Actin antibody and SDS (ABclonal
Biotechnology Co., Ltd., Wuhan, China); HRP labeled
anti-rabbit IgG antibody, Monzol™ total RNA extraction
reagent, MonScript™ RTIII All-in-One Mix and MonAmp™
ChemoHS gPCR kit (Mona Biotechnology Co., Ltd., Wuhan,
China); Tar purple Nessler staining kit (BestBio Co., Ltd.,
Shanghai, China); nuclear protein and plasma protein
extraction kit and BCA protein concentration determination
kit (Keygen Co., Ltd., Jiangsu, China); SDS-PAGE gel
preparation kit (Beyotime Biotechnology Co., Ltd., Shanghai,
China); PVDF membrane (Millipore Co., Ltd., Germany);
2 x PBST buffer, Glycine acid, and TRIS (Solarbio science
& technology Co., Ltd., Beijing, China); Predyed protein
Marker (Thermo Co., Ltd., USA). The standard Al reference
materials were acquired from the National Standard
Reference Material Centre (Beijing China).

Morris Water Maze

The offspring were weighed and subjected to behavioral
training and testing in a Morris maze (Stoelting Co.,
Ltd., USA). The water maze lab was kept quiet with soft
and even lighting. The water maze pool was made out of
a circular tank (diameter: 120 cm; height: 50 cm) and an
escape platform (diameter: 10 cm); the water temperature
was maintained at 22 +2 °C. The escape platform was
submerged 1 cm by injecting water and made opaque by
adding edible white pigment. Eight animals were randomly
selected from each group. During the training phase, each
animal was trained 4 times/day for 5 days. After 5 days of
training and 24 h of rest, an experiment was conducted.
Prior to the experiment, the rats were placed in a pool
(without a platform) and allowed to swim freely for 2 min
to familiarize them with the maze environment. Place the
rats facing the wall of the bucket in a fixed quadrant and
allow the rats to move freely. Allow the rats to stay for 10 s,
if they find the platform within 60 s; lead the rats to the
escape platform and let them stay for 10 s, if they do not find
the escape platform within 60 s. After a week, positioning
navigation and space exploration were carried out. Rats
were deposited into the pool to carry out the positioning
navigation experiment, and the time (Latent period) and the
distance (Swimming distance) from the time of placing in
the pool to finding the platform were observed; in the space
exploration experiment, the escape platform was withdrawn,
and the rats were deposited into the pool with the same entry
point to observe the time of staying in the right quadrant

of the platform (target quadrant dwell time) and the times
of crossing the target platform (crossing times). These four
indicators were recorded by ANY-maze video tracking
software (Stoelting Co., Ltd., USA) and compared to analyze
the performance of the rats.

Determination of Al Content

Hippocampal Al content was determined by inductively
coupled plasma mass spectrometry (ICP-MS). Six hippocampi
were randomly selected from each group, accurately weighed
0.2 g, placed in a tetrafluoroethylene digestion tube, and added
5 mL of superior pure nitric acid and 1 mL of superior pure
hydrochloric acid; the tetrafluoroethylene digestion tube was
sealed, then placed in porcelain tube to dissolve the tissue in
an ultrahigh-pressure microwave digestion apparatus for about
1 h, and made blank control at the same time. When the tissue
was completely dissolved, the sample solution was transferred
to a 50 mL volumetric flask containing 20% nitric acid, and
the sample solution was kept at a constant volume of 50 mL.
The final Al ion content of the hippocampus of each rat was
equal to the measured Al content minus the background value
of the blank control.

Hippocampus Coefficient and Brain Coefficient

Hippocampal coefficient is the percentage of hippocampal
weight to body weight; brain coefficient is the percentage of
brain weight to body weight.

Ultrastructural Observation of Hippocampal
Neurons and Synapses

Eight rats in each group were selected by the random number
table method, anesthetized with 1% sodium pentobarbital
(40 mg/kg), and the hearts were exposed by thoracotomy and
perfused sequentially with 0.9% sodium chloride solution and
2% paraformaldehyde-2.5% glutaraldehyde fixative (pH=7.4)
for 30 min through the left ventricle-ascending aorta cannula.
The hippocampus was quickly dissected on the ice surface,
and 1 mm?® of tissue from CA1 and CA3 was fixed with 2.5%
glutaraldehyde phosphate buffer (the temperature of the
fixing solution was maintained at 0 ~4 °C); further, it was
rinsed with PBS (pH=7.2~7.4) for 3 times, 10 min/time,
1% samarium tetra-oxide was fixed for 15 h, rinsed 3 times
with PBS for 10 min/time, dehydrated in gradient ethanol,
embedded, polymerized at 60 “C for 72 h. Then the samples
were sectioned at 70 pm slices and stained with Uranil
acetate and lead citrate. Finally, hippocampal synapse and
neuronal ultrastructure were observed and photographed by
transmission electron microscope (H-600-4, Hitachi Co,
Japan) (magnification X 20 k and X 50 k).
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Nissl Staining

Eight rat brain tissues were taken from each group and pre-
served in 4% paraformaldehyde. The tissues were trimmed
to expose the hippocampus and rinsed under running water
overnight. The next morning, alcohol gradient dehydration
was started, each gradient was 1 h, and xylene was dealco-
holized 3 times, 30 min each time. Paraffin wax was dis-
solved in three wax cups. After tissue dealcoholization, wax
was immersed in each wax cup for 30 min and embedded
using a paraffin embedding machine (Leica Co., Ltd., Ger-
many). Using a paraffin sectioning machine, tissues were cut
into 4-pm-thick paraffin sections and taped to the middle and
bottom of the slides. Soaking in sequence to dewax: toluene
(I) and xylene (II) at 37 °C for 10 min; absolute ethanol (I)
and absolute ethanol (IT) for 10 min; 95% ethanol, 90% etha-
nol, 80% ethanol, and 70% ethanol for 5 min; then 1% tar
purple dye solution was stained and differentiated in 56 ‘C
thermostats (Yiheng Co., Ltd., Shanghai, China) for 1 h.
After rapid washing with distilled water and rapid dehydra-
tion with anhydrous ethanol, transparent and sealed, the hip-
pocampal nerve cells of each dose group were observed and
photographed under the microscope (Nikon Co., Ltd., Japan)
after drying. Finally, the morphology of hippocampal neu-
rons in each dose group should be recorded and preserved.

Real-Time PCR

The hippocampus of 6 rats in each dose group was
homogenized with 50 mg. RNA was extracted according to
the instructions of the total RNA extraction kit, then RNA
quantification and purity identification were performed.
Double-distilled water (ddH,O) was used as the reference
solution to measure the optical density ratio of RNA at
260 nm and 280 nm by spectrophotometer (Thermo Co., Ltd.,
USA), and the total RNA concentration was recorded. Using
total RNA as a template, cDNA was synthesized by reverse
transcription and the obtained cDNA was quickly placed on
ice for subsequent experiments. Then, configured with a 20 pLL
PCR reaction system, the reaction conditions were as follows:
pre-denaturation at 95 °C for 10 min, denaturation at 95 °C
for 10 s, annealing and extension at 60 “C for 30 s, 40 cycles;
dissolve curves were obtained by the instrument default
acquisition program. The 7500 fast real-time quantitative PCR
instrument (ABI Co., USA) was used for analysis, and the
27AAC method was used to calculate the relative expression
level of HAT1 mRNA and HDAC2 mRNA with GAPDH as
an internal reference. Each experiment was set up with 3 holes
and repeated for 3 times. Primer sequences for each gene and
GAPDH are listed in Table 1 in the supplemental material.
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Western Blot

Nuclear and cytoplasmic proteins were extracted from
hippocampal tissue of rats in each dose group according
to the kit instructions. The entire extraction process was
performed on the ice, and a small amount was packaged
for protein concentration determination. The rest was
packaged and stored at — 80 °C. The protein concentration
of each group was determined by BCA protein quantitative
method, the samples were incubated at 37 °C for 30 min
without light, and the enzyme marker was set at 562 nm
to determine the absorbance value of the samples. The
standard curve was plotted to calculate the protein
concentration of each sample and adjusted it to 3 or 5 pg/
pL. 5 xloading buffer was added at a ratio of 4:1, mixed,
placed in a 100 °C constant temperature metal bath (Thermo
Cell, Bioer Technology Co., Ltd., Hangzhou, China) for
8 min, and stored at 4 ‘C for later use. Then, the solidified
adhesive was transferred to the electrophoresis tank and a
new configuration of running buffer was added inside and
outside the electrophoresis tank in a state of high inside
and low outside to form a voltage difference. Proteins were
isolated by SDS-PAGE electrophoresis and then transferred
to PVDF membrane at a voltage of 100 V. The membrane
was placed in 5% nonfat dry milk sealing solution and
sealed for 2 h. The PVDF membrane was rinsed in PBST
for 30 min and primary antibodies were added: rabbit anti-
HAT1 (1:1000), rabbit anti-HDAC2 (1:1000), rabbit anti-
histone H4 (1:100), rabbit anti-acetylated histone H4K12
(1:100), and rabbit anti-B-actin (1: 2000), and shaken for 1 h
and overnight at 4 ‘C. The following day, the membrane was
rinsed with PBST for 30 min and then secondary antibody
(1:10,000) hybrid solution was added and shaken for 1 h.
Protein bands were observed with ECL chemiluminescence
detection reagent and radioautography and grayscale values
were analyzed with Quantity one 4.6.2 software.

Statistical Analysis

All of the experimental data were analyzed using SPSS
25.0 (SPSS Co., Ltd. Armonk, NY, USA); normality
and homogeneity of variance tests were carried out prior
to data analysis, and all data were reported as x + s. For
the differences between comparison groups, one-way
ANOVA with completely random design was used; two-
factor repeated measures analysis of variance was used to
compare the repeated design data, LSD-t analysis was used
for pairwise comparison, and the correlation was examined
using Pearson’s correlation coefficient (r), with the test level
a=0.05 (bilateral).
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Results
Effect of Al on the Body Weight of Rats

Al-L was used for the low-dose group, Al-M for the
medium-dose group, and Al-H for the high-dose group, and
the results are shown below. The body weight of the rats
increased with time; it decreased as the dose of Al increased
(Fig. 1). The body weight of rats had statistical significance
in the main effect of exposure time, the interaction effect
of exposure time and exposure dose, and the main effect of
exposure dose (F=490.762, 11.996, 84.424, respectively;
P<0.05, P<0.05, P<0.05), according to repeated ANOVA.

Effects of Al on Hippocampus Coefficient and Brain
Coefficient

The brain coefficient of the rats increased as the exposure
dose was raised (Fig. 2), that in the Al-exposed groups was
higher than that in the control group, and that in the Al-H
group was significantly higher than that in the Al-L and
Al-M groups, with statistical significance (F'=114.469,
P<0.01; P<0.01; P<0.01). The hippocampal coefficient
of rats increased with increasing exposure dose, and the dif-
ference between Al-M group and control group, Al-H group
and control, and Al-L groups was statistically significant
(F=13.086, P<0.01; P<0.05; P<0.05).

Effects of Al on Learning and Memory in Rats

The trajectory of the rats in the Morris water maze is
shown in Fig. 3. The navigation experiment (Fig. 4)
revealed a positive correlation between the average escape

Fig. 1 Effects of Al on body 400 =
weight of rats. *P <0.01,

4P <0.05 vs. control group,

°P<0.01, °P<0.05 vs. AL-L,

‘P<0.01 vs. AI-M
300

200

100

Effects of aluminum on body
weight of rats (g)

latency and dose (r=0.971, P <0.01), with the average
escape latency in the Al-exposed groups being higher than
that in the control group (F=588.891, P <0.01). The mean
escape latency in the Al-H group was higher than that in
the Al-L and Al-M groups, with statistical significance
(P<0.01; P<0.01). The swimming distance of rats in
the Al-exposed groups was longer than that of the control
group (F=235.181, P<0.01), the Al-H group was signifi-
cantly longer than that of the AlI-M and Al-L groups, and
the Al-M group was longer than that of the Al-L group,
with statistical significance (P <0.01; P<0.01; P<0.01),
and the swimming distance was positively correlated with
dose (r=0.965, P<0.01).

Spatial exploration showed that the target quadrant dwell
time of the Al-exposed groups was shorter than that of the
control group (F=95.464, P <0.01), and the target quadrant
dwell time was negatively correlated with exposure dose
(r=-0.934, P<0.01). The residence time of the AI-H
group was lower than that of the Al-M and Al-L groups,
with statistical significance (P <0.01; P <0.01). The number
of crossing times in the Al-exposed groups was significantly
lower than that of the control group (F=25.232, P<0.01),
and the number of crossing times was negatively correlated
with exposure dose (r= —0.838, P <0.01). The number of
crossing times in the Al-H group was lower than that in the
Al-L group, with statistical significance (P <0.01).

Results of Al Content in the Hippocampus of Rats

Figure 5 showed that the content of Al in the hippocampus
of rats in Al-exposed groups was higher than that in the
control group (F'=379.806, P <0.01), and the content of Al
was positively correlated with the exposure dose (r=0.985,
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Fig.3 The search trajectory of rats in the Morris water maze

P <0.01). The content of Al in the Al-M group was higher
than that in the control group and the Al-L group (P <0.01;
P <0.01), and that in the Al-H group was higher than that in
the other three groups, with statistical significance (P <0.01;
P<0.01; P<0.01).

Effects of Al on the Morphology of Neurocyte
in the CA1 and CA3 Regions of the Hippocampus
of Rats

The hippocampus is a significant part of the brain’s limbic
system, which is responsible for processing key information
for learning and memory. Under the interference of
external factors, CAl and CA3 regions are most prone
to morphological changes and tissue structure damage.
Figure 6 showed that the nerve fibers in the control group
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were arranged in order, the neuronal morphology and
structure were complete and clear, and the Nissl bodies were
abundant and obvious, which was purple-blue. The nerve
cells were clear, the number of Nissl bodies was large, and
the cytoplasm was rich in Nissl bodies. The glial cells were
scattered among the hippocampal neurons, in the shape of
stars or fusiform, with small volume and round or oval nuclei,
and the nucleus was centered and the nucleolus was obvious.
The results suggested that the protein synthesis activity was
active in the CA1 and CA3 regions of the hippocampus.
As the dose of Al exposure increased, it was observed
that the neurocyte was damaged, the nerve fiber space was
enlarged, the normal shape of nerve cells was decreased, the
arrangement of cells was sparse, the staining was changed
from deep to shallow, weakened, nuclear pyknosis, even cell
loss, and the volume of the gelatinous fine cell body enlarged
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Fig.4 Effect of Al on learn- 80 15
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30— and the number increased. The results suggested that sub-
chronic Al exposure leads to neurocyte damage in the CA1
abe and CA3 regions of the rat hippocampus, which leads to
decreased learning and memory function in rats.
2
2 204 Effects of Al on Ultrastructure of Hippocampal
— Neurons and Synapses
L
= ab
S The morphology of neurons in the control group was
§ complete, the structure of nuclei and organelles was clear,
E 10 the euchromatin was abundant, the endoplasmic reticulum
= and mitochondria were rougher in the cytoplasm, the nucleus
- was larger, the membrane was obvious, and the nucleolus
was more. The morphology of hippocampal neurons was
damaged with increasing dose of Al exposure (Fig. 7). In
the Al-exposed groups, the nuclei of neurons shrank, the
0

T
Control AI-L. Al-M Al-H

Fig.5 Al content in hippocampus of rats in each dose group.

4P <0.01 vs. control group, 5P <0.01 vs Al-L, °P<0.01 vs. Al-M

nucleoli disappeared, the mitochondria swelled, the crest
was disturbed, the rough endoplasmic reticulum expanded,
some organelles vacuolated, and heterochromatin increased.
The control group had dense hippocampal synapses and
a clear synaptic structure. The hippocampal synaptic
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Fig.6 Nissl staining of CAl
and CA3. A Control group;
B Al-L; C Al-M; D AlI-H
(bar=50 pm)

Contorl

neurons

synapse |

Fig. 7 Ultrastructure of neurons and synapses in hippocampal tissue of each dose group (neurons: X 20 k; synapse: X 50 k)

structure changed with increasing Al dose. The hippocampal
synaptic structure became shorter, it was not dense, and the
synapses were shallow and short. According to the results,
the ultrastructural damage to hippocampal neurons and
synapses became more apparent as the Al exposure dose
was increased.

Effects of Al on HAT1, HDAC2 mRNA Expression
Levels in Hippocampus

Figure 8 demonstrated that HAT1 and HDAC2 mRNA
expression levels varied significantly between dose groups
(F=15.889, P<0.01; F=9.58, P<0.01). There was a
negative correlation between the expression level of HAT1
mRNA and the Al exposure dose (r= —0.794, P <0.01).
HAT1 mRNA expression in the Al-exposed groups was
significantly lower than that in the control group, with
statistical significance (P <0.05; P<0.01; P<0.01). There
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was a positive correlation between the expression level
of HDAC2 mRNA and the Al exposure dose (r=0.673,
P <0.01), the expression level of HDAC2 mRNA in the Al-H
group was higher than that in the control and Al-L groups,
with statistical significance (P <0.05; P <0.05).

Effects of Al on HAT1, HDAC2, H4 and acH4K12
Protein Expression Levels in Hippocampus

Figures 9 and 10 demonstrated statistically significant
differences in protein expression of HAT1, HDAC2, H4, and
acH4K12 in each dose group (F=14.362, P<0.01; F=3.418,
P<0.01; F=15.038, P<0.01; F=3.794, P<0.01). There was
a negative correlation between exposure dose and the protein
levels of HAT1, H4, and acH4K12 (r= —0.810, P<0.01;
r=-0.800, P<0.01; r=—-0.547, P<0.01). HAT1 protein
content in the Al-exposed groups was lower than that in the
control group, with statistical significance (P <0.05; P<0.01;
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Fig.8 HAT1 and HDAC2 1.5 1.5
mRNA expression levels of rats A B
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P <0.01). H4 protein content in the Al-H group was lower
than that in the control and Al-L groups, and that in the AI-M
group was lower than that in the control group, with statistical
significance (P <0.01; P<0.05; P<0.05). The acH4K12
protein content level in the Al-H group was observably lower
than that in the control group, with statistical significance
(P<0.05). There was a positive correlation between the
exposure dose and the protein content of HDAC2 (r=0.570,
P <0.01). The HDAC2 protein content in the Al-H group
was observably higher than that in the control group, with
statistical significance (P <0.05).

Discussion

The experimental results showed that the weight gain of rats
in the Al-exposed groups was apparently lower than that of
the control group by AICl; solution simulated by human
drinking water, and the mean weight of rats in the control
group was greater than that of the Al-exposed groups. The

brain and hippocampal coefficients increased with increasing
dose of Al. In the Morris water maze experiment, the results
of position navigation showed that the escape latency and
swimming distance of rats in the Al-exposed groups were
higher than those in the control group, and the dwell time and
effective crossing times of rats in the Al-exposed groups in the
spatial exploration experiment were also shorter than those
of the control group, which demonstrated that Al exposure
affected the animals’ learning and memory abilities. The
results of Nissl staining showed that the control group was
rich in Nissl substance, with more Nissl substance and deeper
staining. The decrease of Nissl substance in the Al-exposed
groups indicated the decrease of protein synthesis activity in
the hippocampus. Weakened synaptic structures and changes
in neuronal morphology in the hippocampus were observed by
transmission electron microscopy. These results suggested that
Al exposure caused damage to the central nervous system in
rats, which presumably resulted in impaired gene expression
and protein synthesis within the central nervous system, which
in turn caused neurobehavioral abnormalities in the rats.
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Histone modifications include methylation, acetylation,
phosphorylation, ubiquitination, and ADP-nucleotidylation
of histones [24]. Gene regulation was crucially influenced
by the enzymes that control this process, and the disruption
of signaling pathways resulted in a number of human
neurological disorders, including PD, AD, and Huntington’s
disease [25], which were fundamentally involved in a variety
of cellular processes, from regulation of gene expression
to DNA damage repair. Histone acetylation is controlled
by HATs and HDACs [26], and mediated by HATs. In
contrast, HDACs remove acetyl groups from the amino
terminus of acetylated histones to resist the effects of HATS
and restore histones to their basal state [27]. H4 acetylation
is also critical for chromatin structure, gene expression,
cell polarization, and cytokine production [28, 29]. HAT1
is responsible for acetylating histones during chromatin
assembly, and it is a major acetyltransferase. HAT1 promotes
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gene transcription, learning, and memory [30]. HAT1
is acetylated at histone H4K12 and has been implicated
in the aging process. In the rat hippocampus, increased
acetylation of H4K12 is associated with learning and
memory. Treatment with HDAC inhibitors could increase
the acetylation of H4 lysine 12 and restore the learning and
memory in older mice [31]. In addition, Ito’s team found that
HDAC?2 reduced acetylation of histone H4 at lysine 8 and
12. Increased HDAC?2 and inhibited expression of learning
and memory genes, such as synapsin 1, resulted in impaired
ability to learn and memory [32]. Researches showed that
HDAC inhibitors can restore histone acetylation in the
hippocampus and thereby improve cognition [33, 34]. In
HDAC class I (HDAC1/2/3/8) [35], it is possible that nuclear
localization of HDAC1 and HDAC?2 regulates most of the
observed changes in histone acetylation, mainly involving
H4 lysine (K residues 5, 8, 12, and 16 [36, 37]. K12
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acetylation appears to be one of the more sensitive indicators
for HDAC inhibition [38—41]. The findings demonstrated
that HDAC2 mRNA and protein expression increased with
increasing exposure dose, while HAT1 mRNA and protein
expression decreased with increasing exposure dose in the
hippocampus of rats exposed to Al. In addition, the content
of histone H4 and acH4K12 decreased with increasing
exposure dose, which may be because AICl; induced the
changes of HAT1 and HDAC?2 in hippocampal rats, and
then affected the expression of histone H4 and acH4K12.
As a result, we hypothesized that Al exposure reduced
HAT1 expression and increased HDAC?2 expression in the
hippocampus of rats, which led to a decrease in the content
of histone H4 and acH4K12 protein, ultimately damaging
the memory function of rats. The dynamic balance of
HATs-HDACSs not only maintains the normal transcription
of genes, but also affects the function of learning and
memory. This connection between HDAC2 and H4K12 is
complicated because there are multiple HATSs. Therefore,
HATI is important for establishing a better correlation
between HDAC?2 and H4 acetylation. We need to explore it
deeply and comprehensively.

Conclusion

Sub-chronic exposure to Al increased the content of Al in
the hippocampus, damaged the morphology of neurons in
the CA1 and CA3 regions of the hippocampus, injured the
synaptic ultra-structure in the CA1 and CA3 regions of the
hippocampus, and Al may influence the gene and protein
expression of HAT1 and HDAC?2, and then affect histone
H4 and acH4K12, ultimately resulting in the impairment
of learning and memory capability in rats.
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