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Aluminum is a known neurotoxin that can induce Ab deposi-
tion and abnormal phosphorylation of tau protein, leading to
Alzheimer disease (AD)-like damages such as neuronal damage
and decreased learning and memory functions. In this study,
we constructed a rat model of subchronic aluminum maltol
exposure, and the whole-transcriptome sequencing was per-
formed on the hippocampus of the control group and the mid-
dle-dose group. A total of 167 miRNAs, 37 lncRNAs, 256
mRNAs, and 64 circRNAs expression changed. The Kyoto
Encyclopedia of Genes and Genomes showed that PI3K/AKT
pathway was the most enriched pathway of DEGs, and IRS1
was the core molecule in the PPI network. circRNA/lncRNA-
miRNA-mRNA networks of all DEGs, DEGs in the PI3K/
AKT pathway, and IRS1 were constructed by Cytoscape. Molec-
ular experiment results showed that aluminum inhibited the
IRS1/PI3K/AKT pathway and increased the content of Ab
and tau. In addition, we also constructed an AAV intervention
rat model, proving that inhibition of miR-96-5p expression
might resist aluminum-induced injury by upregulating expres-
sion of IRS1. In general, these results suggest that the ceRNA
networks are involved in the neurotoxic process of aluminum,
providing a new strategy for studying the toxicity mechanism
of aluminum and finding biological targets for the prevention
and treatment of AD.
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INTRODUCTION
Aluminum (Al) is the most abundant metal element in
nature. Because of its excellent properties, aluminum is widely
used in transportation, construction, cooking utensils, vaccine
adjuvants, and food additives.1 Aluminum ultrafine particles or
ions enter the human body through the respiratory system, diges-
tive system, skin, etc., and the body’s aluminum load increases,
making aluminum exposure a public health issue that people are
increasingly concerned about.2 During occupational exposure,
the bioavailability of inhaled aluminum ultrafine particles is
high, so aluminum exposure is also a serious occupational health
problem.3
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With the wide application of metallic aluminum, there are more and
more studies on the toxicity of aluminum. Many scholars believe that
aluminum is one of the most important environmental factors for
neurodegenerative diseases, especially Alzheimer disease (AD).4

Cohort studies have shown that the incidence of AD in the elderly in-
creases significantly after long-term drinking of water with excessive
aluminum.5 Animal experiments have also confirmed that acute
aluminum exposure can cause damage to the nervous system, while
long-term chronic aluminum exposure can cause cognitive impair-
ment and decline in learning and memory, and it has a significant
relationship with the exposure dose.6,7 Riihimäki et al. reported that
the cognitive ability of aluminum workers decreased, and it became
more serious as the internal exposure level increased.8

The neurotoxicity mechanism of aluminum has been studied from
different directions. Aluminum can inhibit acetylcholinesterase,
thereby affecting the conduction of nerve impulses.9 Aluminum can
damage mitochondrial membranes, increase reactive oxygen species,
produce oxidative stress, and can cause nerve cell apoptosis and pro-
grammed necrosis.10,11 Animal models of oral intake of aluminum
showed significant accumulation of Ab and accelerated aggregation
of tau protein.12,13 We also found that aluminum reduces the learning
and memory function of rats by impairing the synaptic plasticity of
the hippocampus.14 But which pathways are involved in the neuro-
toxicity mechanism of aluminum remain to be discovered.

Transcriptome sequencing includes mRNA sequencing, noncoding
RNA sequencing, and other RNA sequencing (RNA-seq). Through
sequencing and analysis, the overall transcription activity of any spe-
cies can be evaluated, and new transcripts, fusion genes, and alterna-
tive splicing points can be identified.15 Therefore, transcriptome
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Figure 1. MWM results of control, 10, 20, and 40 mmol/kg Al(mal)3 groups

(A) Experimental design: construction of a rat model of aluminum exposure. (B) Swimming speed of rats in each group. (C) The escape latency period in the positioning

navigation experiment. (D) The target quadrant dwell time in the space exploration experiment. (E) The number of rats crossing the platform in the space exploration

experiment. (F) Representative swimming trajectory in each group on the fifth and sixth day. Compared with the control group, *p < 0.05. N = 13.
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sequencing is a popular method for studying tumors, immune dis-
eases, and neurological diseases in recent years.16–18 Researchers
have used transcriptomics analysis to study the mechanism of metal
toxins such as lead, mercury, and cadmium, so it can also be used to
explore the toxicity mechanism of aluminum.19–21 As we all know,
mRNA is transcribed from DNA and carries genetic information.
MicroRNA (miRNA) will degrade target mRNA or inhibit its trans-
lation, and play a post-transcriptional regulatory role, thereby nega-
tively regulating gene expression.22 The competing endogenous
RNA (ceRNA) regulates gene expression by competitively binding
miRNA.23 The ceRNA network composed of long noncoding RNA
(lncRNA)/circular RNA (circRNA)-miRNA-mRNA has attracted
attention.24,25

In this study, we constructed an aluminum maltol (Al(mal)3)
exposed rat model and performed hippocampal whole-transcriptome
sequencing to discover different expressed mRNAs, miRNAs,
circRNAs, and lncRNAs, and identify the signaling pathways
1402 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
involved in the aluminum toxicity mechanism and construct ceRNA
networks of core pathways and core molecules. The results were pre-
liminarily verified by reverse-transcriptase quantitative polymerase
chain reaction (RT-PCR), western blotting, enzyme linked immuno-
sorbent assay (ELISA), immunohistochemistry (IHC), and other ex-
periments. In addition, we constructed an adeno-associated virus
(AAV) intervention rat model to further verify the authenticity of
the ceRNA network and reveal the possible mechanism of aluminum
neurotoxicity.

RESULTS
Aluminum impaired learning and memory ability of rats

Figure 1A showed the schematic diagram of a rat model of sub-
chronic aluminum exposure. In this experiment, there was no statis-
tical difference in the swimming speed of the rats in each group
(Figure 1B), indicating that the aluminum exposure did not damage
the exercise ability of the rats. The positioning navigation experi-
ment showed that with the extension of training time, the escape



Figure 2. Effects of Al(mal)3 on neurons and synaptic structure

(A) The results of Nissl staining in hippocampal CA1 region of rats in control, 10-, 20-, and 40-mmol/kg Al(mal)3 groups. Magnification �400. (B) Quantification of the number

of neurons. N = 3. (C) The results of TEM in hippocampal CA1 region of rats in control, 10-, 20-, and 40-mmol/kg Al(mal)3 groups. Magnification �60,000.The red arrow:

synaptic structure. (D) Quantification of the average thickness of PSD. N = 3. Compared with the control group, *p < 0.05.
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latency of rats gradually shortened in each group (Figure 1C). The
daily escape latency period was analyzed by one-way ANOVA. The
results showed that there was no statistical difference in the escape
latency period between different aluminum-exposure groups on the
first day (F = 1.275, p = 0.294). Compared with the control group
on the same day, the escape latency period of rats in the
20 mmol/kg and 40 mmol/kg groups was prolonged on days 2 to
5, and the difference was statistically significant (p < 0.05). As
shown in Figures 1D and 1E, in the space exploration experiment
on the sixth day, as the aluminum exposure dose increased, the
target quadrant dwell time of rats gradually shortened (F = 9.656,
p < 0.05), and the number of crossing the platform gradually
decreased (F = 11.579, p < 0.05), and the difference was statistically
significant. Figure 1F shows the swimming trajectory. With the in-
crease of training days, the swimming trajectory of the rats in the
control group became clearer and clearer and reached the platform
purposefully. Although the rats in the aluminum-exposed group
could finally reach the platform, their swimming trajectories were
chaotic and random. The results of the water maze suggested that
subchronic aluminum exposure could damage the learning and
memory function of rats in a dose-dependent manner.

Aluminum damaged neurons and synaptic structure of

hippocampus CA1 in rats

In order to assess the effects of aluminum exposure on hippocampus,
Nissl staining was used to count neurons to see if any neurons were
lost. As can be seen from Figure 2A, the neurons in the CA1 area
of the hippocampus in the control group were in complete
morphology, a large number, and tightly arranged, with Nissl bodies
clearly visible. With the increase of the aluminum-exposure dose, the
number of neurons was significantly reduced, and the arrangement
was loose. Compared with the control group, the difference was sta-
tistically significant (p < 0.05) (Figure 2B).

Transmission electron microscopy (TEM) can see fine structures
smaller than 0.2 mm, such as the synaptic structure shown by the
red arrow in Figure 2C. The synapse morphology of the hippocampal
neurons in the control group was good, the presynaptic membrane
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Figure 3. Differential expression of miRNA, lncRNA, mRNA, and circRNA in hippocampus after aluminum exposure

(A) Volcano plot of DE-miRNAs. (B) Volcano plot of DE-lncRNAs. (C) Volcano plot of DE-mRNAs. (D) Volcano plot of DE-circRNAs. The red dots represent transcripts that

were up-regulated in the aluminum-exposed group compared with the control group. The blue dots represent the down-regulated transcripts.
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was rich in synaptic vesicles, and the post-synaptic dense area was
thicker, indicating that it has good synaptic function. With the in-
crease of aluminum exposure, the synaptic structure of hippocampal
CA1 neurons changed, and the post-synaptic compact area became
thinner (Figure 2D), so synaptic function may be affected accord-
ingly. Therefore, subchronic aluminum exposure may damage the
synaptic plasticity of neurons in the CA1 region of the hippocampus
of rats.

Overview of miRNA, lncRNA, mRNA, and circRNA sequencing

data

Each sample contained 13M high-quality reads (12–15M), with Q30
bases accounting for more than 95%. We filtered these results based
1404 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
on length (18–35 nt), and it showed that each sample retained 10M
reads (8–12M). The selected reads were compared with the rat refer-
ence sequence, and the average comparison rate of each sample was
over 99%. An average of 6.4M known miRNAs (5.4–8.4M) were
detected per sample. An average of 15k novel miRNAs (5–25k)
were identified per sample. The result showed that there were 167
DE-miRNA transcripts in Al-exposed rats compared with controls,
including 60 that were up-regulated and 107 that were down-regu-
lated (Figure 3A). All DE-miRNAs are listed in Table S1.

A library was constructed using lncRNA and mRNA. Each sample
contained 92M high-quality reads (83–102M), and Q30 bases ac-
counted for more than 91%. These reads were compared with the



Figure 4. GO terms, KEGG enriched pathways and PPI network of DEGs

(A) GO analysis of all the DEGs between control group and aluminum-exposed group. (B) Statistics of pathways enrichment of all the DEGs between control group and

aluminum-exposed group. (C) PPI diagram. The red circle is IRS1.
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reference genome, and the average comparison rate of each sample
was over 87%. A total of 37 DE-lncRNAs were obtained in Al-exposed
group compared with the control group, including nine up-regulated
and 28 down-regulated (Figure 3B); 256 differentially expressed genes
(DEGs), including seven up-regulated and 249 down-regulated in Al-
exposed rats, were identified (Figure 3C). All DE-lncRNAs and DEGs
are listed in Tables S2 and S3.

For circRNA, each sample contained 92M high-quality reads (82–
102M), and the percentage of Q30 bases was more than 92%. On
average, 471 known cirRNAs (405–516) and 2,400 novel cirRNAs
(2084–2600) were detected in each sample. Thirty-seven up-regulated
and 27 down-regulated circRNAs were identified in Al-exposed rats
compared with controls (Figure 3D). All DE-circRNAs are listed in
Table S4.

Gene ontology annotations, Kyoto Encyclopedia of Genes and

Genomes pathway analysis, and protein-protein interaction

network

Gene ontology (GO) analysis was implemented on the DEGs and
several GO terms were found to be significantly enriched (Figure 4A):
anion transmembrane transporter activity (GO:0008509), active
transmembrane transporter activity (GO:0022804), cell adhesion
molecule binding (GO:0050839), integrin binding (GO:0005178),
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1405
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Table 1. DEGs in PI3K/AKT pathway of Al-treated rats compared to control

Gene_name Al-treated group (FPKM) Control group (FPKM) log2 (foldchange) p value Gene description

1 Irs1 6.45276 10.3633 �0.68349 0.00005 insulin receptor substrate 1

2 Gnb3 0.645884 19.8584 �4.94233 0.00005 G protein subunit beta 3

3 Vwf 6.46679 21.271 �1.71777 0.00005 von Willebrand factor

4 Itgb6 0.160207 1.46191 �3.18984 0.00005 integrin subunit beta 6

5 Fn1 3.78279 9.79902 �1.37319 0.00005 fibronectin 1

6 Col6a2 3.20574 5.8765 �0.8743 0.00005 collagen type VI alpha 2 chain

7 Sgk1 44.7435 115.641 �1.3699 0.00005 serum/glucocorticoid regulated kinase 1

8 Fgf1 0.914646 3.67473 �2.00635 0.00005 fibroblast growth factor 1

9 Cdkn1a 5.23479 11.5729 �1.14455 0.00005 cyclin dependent kinase inhibitor 1A

10 Thbs2 0.88797 2.62285 �1.56255 0.00005 thrombospondin 2

11 Lama2 1.74869 3.9672 �1.18184 0.00005 laminin subunit alpha 2

12 Igf2 7.55965 48.7827 �2.68998 0.00005 insulin-like growth factor 2

13 Col9a3 5.089 9.22543 �0.858233 0.0002 collagen type IX alpha 3 chain

14 Col1a1 1.49169 2.73112 �0.872545 0.00025 collagen type I alpha 1 chain

15 Lamb2 7.48994 10.8247 �0.531298 0.0007 laminin subunit beta 2
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and protease binding (GO:0002020). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis was performed to confirm
the signaling cascades related to the DEGs. Based on the thresholds
of p < 0.05, we identified the following significantly enriched path-
ways (Figure 4B): PI3K/AKT signaling pathway (rno04151), human
papillomavirus infection (rno05165), ECM-receptor interaction
(rno04512), focal adhesion (rno04510), proteoglycans in cancer
(rno05205), bile secretion (rno04976), and amebiasis (rno05146).
Our results showed that major genes were enriched in PI3K/AKT
signaling pathway and previous research proved that PI3K/AKT
pathway weakened in the brain of AD patients.26 Table 1 shows the
DEGs on the PI3K/AKT signaling pathway in the Al-exposed group.
All the meaningful GO annotations and KEGG pathways are listed in
Tables S5 and S6.

String was performed to explore the protein-protein interaction (PPI)
of 256 co-expressed DEGs (Figure 4C). IRS1 is at the core position,
and it interacts with SGK1, PDK4, KI, LEPR, POMC, ACE, IGF2,
TNS1, and other proteins.

The ceRNA networks of all the DEGs

According to the ceRNA hypothesis, circRNA and lncRNA can serve
as ceRNA to compete for miRNA response elements, thus regulating
the expression level of target genes. We developed circRNA and
lncRNA-associated ceRNA networks with Cytoscape. Both ceRNA
networks could be divided into up- and down-regulated networks ac-
cording to the DEGs expression. These two networks were parachute
type, and the lowest molecule of the parachute may be the core
molecule (skydiver) in the whole network. In the circRNA-
associated ceRNA network, rno-miR-101b-3p was the skydiver in
the up-regulated network and rno-miR-665 in the down-regulated
ceRNA network (Figures 5A and S7). It showed the same result in
1406 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
the lncRNA-associated ceRNA network (Figures 5B and S8). Rno-
miR-101b-3p was lowly expressed in Al-exposed group, and its
related genes, circRNAs and lncRNAs were highly expressed,
including glial fibrillary acidic protein (GFAP), rno_circ_0004500,
rno_circ_0007293, rno_circ_0008086, LNC_001074, LNC_000346,
and so on. Rno-miR-665 was highly expressed in Al-exposed group,
and its related genes, circRNAs, and lncRNAs were lowly expressed,
including IGF2, VWF, GNB3, Col1a1, rno_circ_0001722, rno_circ_
0005551, rno_circ_0008322, rno_circ_0006872, LNC_000772, LNC_
001209, LNC_001398 and so on.

The ceRNA networks of DEGs in PI3K/AKT signaling pathway

We constructed circRNA-miRNA-target gene network and lncRNA-
miRNA-target gene network with DEGs in PI3K/AKT pathway using
Cytoscape. In the circRNA network, rno_circ_0001722 played its cen-
tral role, which could regulate the expression of corresponding genes
throughmultiple miRNAs, thus participating in the neurotoxic process
of aluminum (Figure 5C). However, rno-miR-34c-5p was a central
molecule in the lncRNA network in PI3K pathway (Figure 5D).

The ceRNA networks of insulin receptor substrate 1

Insulin receptor substrate 1 (IRS1) is the upstream molecule of PI3K
pathway, which plays an important role in the development of AD.27

The circRNA-miRNA-IRS1 network and lncRNA-miRNA-IRS1
network were constructed separately. Multiple circRNAs were pre-
dicted to regulate the expression of IRS1 by functioning as sponges
of rno-miR-96-5p, rno-miR-143-5p, rno-miR-144-3p, rno-miR-145-
5p, rno-miR-183-5p and rno-miR-337-3p (Figure 5E). Rno-miR-
143-5p located in the middle of the circle, and ceRNA networks such
as rno_circ_0001722/rno_circ_0005888/rno_circ_0006529- rno-miR-
143-5p- IRS1 are involved in regulating the expression of IRS1. Accord-
ingly, multiple lncRNAs were predicted to regulate the expression of



Figure 5. The ceRNA networks

(A) circRNA-miRNA-mRNA network of all the DEGs. (B) lncRNA-miRNA-mRNA network of all the DEGs. (C) circRNA-miRNA-mRNA network of DEGs in PI3K/AKT pathway.

(D) lncRNA-miRNA-mRNA network of DEGs in PI3K/AKT pathway. (E) circRNA-miRNA-IRS1 network. (F) lncRNA-miRNA-IRS1 network.

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1407

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
IRS1 by functioning as sponges of the same miRNAs (Figure 5F). Rno-
miR-96-5p showed its central role, and ceRNA networks such
as LNC_000151/LNC_000559/LNC_000772/LNC_001311- rno-miR-
96-5p- IRS1 are involved in regulating the expression of IRS1.
RT-PCR validation

To confirm the accuracy of identifying differential expression results
in our RNA-seq experiment, RT-PCR was used to analyze 10 DEGs
on PI3K/AKT pathway and several IRS1-related miRNA, circRNA,
and lncRNA expressions. All selected transcripts were detected in
the hippocampus of control group rats and 20 mmol/kg Al(mal)3
group rats, and the PT-PCR results showed that our RNA-seq results
are credible (Figure 6A).
Aluminum inhibits the IRS1/PI3K/AKTpathway, leading to Ab1–42

deposition and abnormal phosphorylation of Tau protein

KEGG results showed that DEGs were enriched in the PI3K/AKT
pathway, and the expression of IRS1 in the aluminum-exposure
group changed significantly. Therefore, western blotting was used
to detect the protein changes in the IRS1/PI3K/AKT pathway in the
rat hippocampus. Figures 6C and 6D showed that with the increase
of aluminum-exposure dose, the expression of IRS1 decreased, and
there were statistical differences in 20 and 40 mmol/kg Al(mal)3
groups compared with the control group. The expression levels of
AKT and p-AKT (Ser473) also showed the same trend. The total pro-
tein expression level of GSK3b, a downstream protein of this pathway,
did not change, but p-GSK3b (Ser9) was significantly reduced, which
is related to Ab deposition and abnormal phosphorylation of tau pro-
tein. The protein levels of tau and p-tau (Ser396) increased with the
increase of Al(mal)3 concentration, and were positively correlated
with the dose.

ELISA and IHCwere performed to evaluate the effect of aluminum on
Ab1–42 deposition in the hippocampus of rats. Both ELISA (Figure 6B)
and IHC (Figures 6E and 6F) results showed that compared with the
control group, there was no significant difference in the Ab1–42 con-
tent of the 10 mmol/kg group (p > 0.05), while the Ab1–42 levels of the
20 and 40 mmol/kg groups were increased significantly (p < 0.05),
indicating that aluminum exposure would lead to the deposition of
Ab1–42 in the hippocampus, thereby affecting the learning and mem-
ory ability of rats.
Inhibition ofmiR-96-5p resists aluminum-induced impairment of

learning and memory

The ceRNA results showed that the expression of miR-96-5p
increased after aluminum exposure and could regulate the expression
of IRS1. To continue this research, AAV-miR-96-5p-sponge virus was
injected into the hippocampus of rats to test whether it is involved in
regulating the neurotoxic effects of aluminum (Figures 7A and 7B). A
large amount of GFP in the neurons in the CA1 region of the rat hip-
pocampus could be seen in the frozen section, indicating that AAV
has successfully infected the hippocampal neuronal cells (Figure 7C).
1408 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
The water maze results showed that there was no difference in the
swimming speed of the rats in each group, indicating that brain sur-
gery and aluminum exposure did not damage the exercise ability of
the rats (Figure 7D). The escape latency of rats in each group gradu-
ally shortened with the increase of training days, and there was no dif-
ference between control group and AAV-control group, Al(mal)3
group, and Al(mal)3+AAV-control group (p > 0.05), which ruled
out the influence of AAV virus vector on rats (Figure 7E). The escape
latency of Al(mal)3+AAV-miR-96-5p-sponge group was significantly
lower than that of Al(mal)3 group on days 2 to 5 (p < 0.05), indicating
that inhibition of miR-96-5p could improve learning and memory
impairment caused by Al(mal)3. Compared with the control group,
the target quadrant dwell time and the number of crossing the plat-
form in the Al(mal)3 group and Al(mal)3+AAV-control group were
significantly reduced (p < 0.05) (Figures 7F and 7G). However,
compared with the Al(mal)3 group, the results of the Al(mal)3+
AAV-miR-96-5p-sponge group were significantly higher (p < 0.05).
These results indicated that inhibiting the expression of hippocampal
miR-96-5p could reverse the impairment of learning and memory in
rats caused by aluminum exposure.

miR-96-5p regulates the neurotoxic effects of aluminum through

the IRS1/PI3K/AKT pathway

The morphology observation showed the same results as the behavior
experiment. Compared with the control group, the number of neu-
rons and the thickness of post-synaptic density (PSD) in the hippo-
campal CA1 of the Al(mal)3 group and the Al(mal)3+AAV-control
group were significantly reduced (p < 0.05) (Figures 8A–8D).
However, compared with the Al(mal)3 group, these results of the
Al(mal)3+AAV-miR-96-5p-sponge group were significantly higher
(p < 0.05). These results suggested that the low expression of miR-
96-5p could ameliorate the number loss and structural impairment
of neurons in rats caused by aluminum exposure.

ceRNA results showed that miR-96-5p targets the expression of IRS1,
and PCR results verified this correlation (Figure 8E). Aluminum
reduced the mRNA level of IRS1, and inhibition of miR-96-5p could
reverse this change. ELISA experiment showed that compared with
the control group, the Ab1–42 content of the Al(mal)3 group and
the Al(mal)3+AAV-control group were significantly increased (p <
0.05), but the Al(mal)3+AAV-miR-96-5p-sponge group reverse this
change (Figure 8F). The Ab1–42 content in the AAV-miR-96-5p-
sponge group was lower than that in the control group (p < 0.05),
indicating that miR-96-5p was involved in the Ab1–42 deposition pro-
cess. Western blotting results showed that aluminum inhibited the
IRS1/PI3K/AKT pathway, resulting in abnormal phosphorylation of
tau protein (Figures 8G and 8H). The injection of AAV-miR-96-
5p-sponge into the CA1 region activated the IRS1/PI3K/AKT
pathway, reduced the expression of tau protein, and reversed the
neurotoxicity caused by aluminum.

DISCUSSION
Aluminum is the third most abundant element on the earth, second
only to oxygen and silicon. After the method of electrolyzing



Figure 6. Laboratory verification results

(A) RT-PCR validation of RNA-seq for differentially expressed transcripts. N = 6. (B) The changes of Ab1–42 content in rat hippocampus were measured by ELISA. N = 4. (C)

Changes in protein expression of PI3K/AKT pathway after aluminum exposure. (D) Protein expression statistics graph. N = 4. (E) Expression distribution of Ab1–42 in hip-

pocampal CA1 area. (F) The percentage of Ab1–42 positive area in the CA1 area of the hippocampus. N = 3. Compared with the control group, *p < 0.05.
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Figure 7. Effect of miR-96-5p on learning and memory impairment in rats induced by aluminum

(A) Experimental design: construction of a rat model of AAV intervention. (B) Schematic diagram of AAV vector. (C) Representative fluorescence image of rat hippocampus

after the establishment of the AAV intervention model. Magnification �40. (D) Swimming speed of rats in each group. (E) The escape latency period in the positioning

navigation experiment. (F) The target quadrant dwell time in the space exploration experiment. (G) The number of rats crossing the platform in the space exploration

experiment. Compared with the control group, *p < 0.05. Compared with the Al(mal)3 group,
#p < 0.05. N = 10.
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aluminum was improved in 1886, the price of aluminum dropped.
With its lightness, corrosion resistance, and other characteristics,
aluminum was widely used in drinking water treatment systems, cos-
metics, and vaccine adjuvants.28 Exley and Mold reported that
aluminum does not have any known biological effects in the human
body, and the biological processes in existing biota do not require
aluminum.29 As early as 1973, Crapper et al. found that in higher
mammals, aluminum can degenerate their neurons, and in some
brain regions of AD patients, aluminum was found to be close to
the experimental concentration.30 Since then, more and more evi-
dence has shown that aluminum is an important factor in the devel-
opment of AD.31

The main clinical manifestation of AD patients is progressive cogni-
tive decline. In the survey of occupational aluminum exposure, Gior-
gianni et al. found that aluminum workers also showed memory loss,
and decreased reaction speed and abstract reasoning ability.32 The
1410 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
characteristic pathological changes of AD patients include Ab depo-
sition to form senile plaques and abnormal phosphorylation of tau
protein to destroy the microtubule structure. House et al. proved
that aluminum can induce the accumulation of Ab in the rat brain.33

Zhao et al. found that aluminum can induce abnormal phosphoryla-
tion of tau protein and make it aggregate to form neurofibrillary tan-
gles (NFTs).34 We have confirmed that aluminum can impair the
structure and function of synaptic plasticity in rats, and reduce the
expression of synaptic plasticity-related proteins in PC12 cells.35,36

Maltol is a byproduct of sucrose hydrolysis and a safe and reliable
food additive.37 At the same time, it is also a metal ion chelating agent
widely used in medicine and cosmetics.38,39 Al(mal)3 can release a
large amount of aluminum ions under normal physiological pH con-
ditions and has a high bioavailability, so it is suitable for aluminum
neurotoxicity research.40 Therefore, this study constructed a rat
model of subchronic intraperitoneal injection of Al(mal)3 to explore
the neurotoxic effects of aluminum.



Figure 8. Blocking of miR-96-5p reduced the neurotoxicity of aluminum through the IRS1/PI3K/AKT pathway

(A) The results of Nissl staining in hippocampal CA1 region. Magnification �400. (B) Quantification of the number of neurons. N = 3. (C) The results of TEM in hippocampal

CA1 region. Magnification �60,000. The red arrow: synaptic structure. (D) Quantification of the average thickness of PSD. N = 3. (E) Detection of miR-96-5p and IRS1

mRNA level in AAV intervention model. N = 4. (F) The changes of Ab1–42 content in rat hippocampus were measured by ELISA. N = 4. (G) Changes in protein expression of

IRS1/PI3K/AKT pathway in AAV intervention model. (H) Protein expression statistics graph. N = 4. Compared with the control group, *p < 0.05. Compared with the Al(mal)3

group, #p < 0.05.
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TheMorris water maze is a kind of behavioral research widely used in
the field of neuroscience to evaluate the learning and memory func-
tion of rodents.41 In this study, as the concentration of Al(mal)3
increased, the escape latency period of rats was prolonged, the target
quadrant dwell time was shortened, and the number of crossing plat-
forms decreased, especially in the 20 and 40 mmol/kg Al(mal)3 groups
of rats. The results of theMorris water maze indicated that subchronic
aluminum exposure caused impairment of learning and memory in
rats, and showed a certain dose-dependent effect. Nissl staining is
the staining of Nissl bodies in neuron cell bodies. It is generally
used to count neurons and observe whether there is neuron loss.42

Our results showed that aluminum could reduce the number of neu-
rons in the hippocampus, which has been manifested from 10 mmol/
kg Al(mal)3 group. TEM results also showed that aluminum exposure
damaged the synaptic plasticity of neurons in the CA1 region of the
rat hippocampus. Therefore, the results of behavioral and morpho-
logical experiments confirmed that we successfully established a rat
model of subchronic aluminum exposure damaging learning and
memory abilities and hippocampal neurons.

Today’s RNA-seq can study RNA biology from multiple perspectives
such as single-cell gene expression, structure, and translation, but dif-
ferential expression is still its main application.43 RNA-seq is widely
used in toxicological analysis, and many DEGs and ncRNAs have
been discovered. Li et al. found through RNA sequencing that the dif-
ferential expression of egfr and cyp2c55may be involved in the mech-
anism of liver injury induced by sulfasalazine (SASP).44 Chen et al.
sequenced the RNA extracted from peripheral blood mononuclear
cells of 29 Bangladeshi women, and found that DAPK1, Egr2, APP,
miR-155, miR-338, miR-210, and NOTCH signaling pathways play
a role in the carcinogenicity of arsenic.45 High-throughput RNA
sequencing results showed that lncRpa and circRar1 increased the
expression of caspase8 and p38 by regulating miR-671 to promote
neuronal apoptosis, providing a new basis for the study of lead neuro-
toxicity mechanisms.46 In this study, we performed RNA-seq on the
hippocampus of rats in the control group and the 20 mmol/kg
Al(mal)3 group. The results showed that the expression of 167
miRNAs, 37 lncRNAs, 256 mRNAs, and 64 circRNAs changed, indi-
cating that they may be involved in the neurotoxic process of
aluminum.

In order to deeply understand the functions of DEGs and the main
signal transduction pathways and biochemical metabolic pathways
involved in their transcription proteins, we performed GO enrich-
ment and KEGG pathway analysis. The GO item includes three parts:
biological process, molecular function, and cellular component,
which we showed together in this article. The results show that trans-
membrane transport is the most enriched GO entry. It was reported
that low-density lipoprotein receptor-related protein 1 (LRP1) be-
comes a risk factor for AD by affecting the transmembrane transport
of APP.47 The aluminum ion enters the cell to reduce the accumula-
tion of inositol phosphate, thereby affecting the G protein-coupled
transmembrane signal transduction, and can change the mem-
brane-like function of the blood-brain barrier, becoming a definite
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neurotoxin.48,49 Our KEGG analysis results showed that the genes
on the PI3K/AKT signaling pathway showed significant differences
after aluminum treatment. The PI3K/AKT pathway is an important
pathway in cell activities, involved in the occurrence and development
of tumors, glucose metabolism, and nervous system diseases.50–52 It is
reported that the PI3K/AKT/CREB signaling pathway activity is
reduced in ADmice.53 Workers occupationally exposed to aluminum
showed cognitive dysfunction, and their serum PI3K/Akt/mTOR
expression was down-regulated.54

lncRNA and circRNA have miRNA binding sites and can be used as
miRNA sponge to inhibit the negative regulation of miRNA on target
genes, thereby indirectly regulating gene expression. This theory be-
comes the ceRNA mechanism.55 At the transcriptome level, ceRNA
networks of circRNA/lncRNA-miRNA-mRNA were constructed to
reveal a new mechanism for ncRNA to regulate gene expression.56,57

Therefore, we constructed circRNA/lncRNA-miRNA-mRNA net-
works of all DEGs, DEGs in PI3K-AKT pathway, and IRS1. Our re-
sults show that the expression of rno-miR-101b-3p is decreased,
and the expression of rno-miR-665 is increased, which are the core
molecules in the ceRNA networks of DEGs after aluminum treat-
ment. Sun et al. performed RNA sequencing on the hippocampus
of mice exposed to sevoflurane, and the results also showed that
miR-101b-3p expression was down-regulated, which may be a molec-
ular target to prevent cognitive impairment caused by sevoflurane.58

The literature also reported that propofol up-regulated the expression
of rno-miR-665, thereby inhibiting BCL2L1 and increasing the
expression of caspase-3, resulting in neurotoxicity.59 In the ceRNA
networks of DEGs in PI3K-AKT signaling pathway, the novel
circRNA rno_circ_0,001,722 and rno-miR-34c-5p are at the core.
There are few studies on miR-34c-5p, and the literature shows that
its expression is related to the TNM staging of nasopharyngeal
carcinoma.60

After insulin binds to the insulin receptor, its tyrosine kinase activity
increases, which phosphorylates the tyrosine residues of IRS1 and in-
creases its activity. Mutation or abnormal expression of IRS1 is
mainly related to type II diabetes, insulin resistance, cognitive
dysfunction and tumor.61–64 Kapogiannis et al. measured human
plasma exosomes, and the results showed that IRS1 (p-Ser312) and
its tyrosine phosphorylation in AD group were significantly different
from other groups.65 Decreased expression of IRS1 or decreased tyro-
sine phosphorylation will reduce the activation of its downstream
target PI3K, thereby inhibiting the activity of AKT. Jo EH et al. re-
ported that AKT is involved in glucose metabolism, Ab deposition
and abnormal phosphorylation of tau protein.66 Our RNA
sequencing and PCR-validation results showed that the expression
of IRS1 was significantly reduced in the aluminum-exposed group.
The results of PPI network of co-expressed DEGs show that IRS1 is
at the core position, and it interacts with multiple proteins in struc-
ture and function. Horike et al. found that high expression of SIK2
can phosphorylate the Ser794 site of IRS1, leading to insulin
resistance.67 In the results of ceRNA networks of Irs1, rno-miR-
143-5p and rno-miR-96-5p are at the center. The researches on Irs1
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and miR-143 mostly focused on tumor and sugar metabolism.68,69

Overexpression of miR-96 inhibits IRS1 leading to insulin
resistance and impaired glycogen synthesis.70 However, there are
few studies on IRS1 and miR-143/96, especially in AD or aluminum
toxicity studies.

The previous water maze, Nissl staining and TEMproved that we suc-
cessfully established the aluminum exposure rat model. Next, we veri-
fied the reliability of the sequencing results with PCR. IHC and ELISA
were used to qualitatively and quantitatively observe the expression of
Ab1–42 in the hippocampus of rats. The results showed that aluminum
exposure increased the level of Ab1–42 and was positively correlated
with the exposure dose. Western blotting was used to detect the pro-
tein expression level of the IRS1/PI3K/AKT pathway, and the results
showed that the pathway was inhibited, thereby activating the down-
stream GSK3beta activity, leading to increased expression of Ab1–42
and abnormal phosphorylation of tau protein. In order to verify the
authenticity of the ceRNA network, we constructed an AAV interven-
tion rat model. The results showed that inhibiting the expression of
miR-96-5p would increase the expression of IRS1 in a targeted
manner, thereby activating the PI3K/AKT pathway, improving the
learning and memory ability of aluminum-exposed rats, repairing
the number of neurons and synaptic structure, and reducing Ab1–42
and tau protein. It demonstrated that miR-96-5p targets and regulates
IRS1 and participates in the neurotoxic process of aluminum.

In conclusion, this study enriches the neurotoxicity gene database
from the perspective of toxicology, provides a new strategy for study-
ing the neurotoxicity of aluminum, and provides a new strategy for
finding biological targets for the prevention and treatment of AD.

MATERIALS AND METHODS
Al-exposed rat model

Fifty-two 8-week-old male Sprague Dawley (SD) rats were obtained
from the Experimental Animal Center of Beijing Xingwang (SCXK,
2012-0004), fed in the standard conditions (22 ± 2�C, 45%–55% hu-
midity, noise less than 60 dB and 12-h light/dark cycle) and provided
with clean water and standard food ad libitum. Rats were randomly
divided into four groups (13 rats each): control group, low-dose group
(10 mmol/kg Al(mal)3), medium-dose group (20 mmol/kg Al(mal)3),
and high-dose group (40 mmol/kg Al(mal)3). After 1 week of adaptive
feeding, rats were treated with Al(mal)3 by intraperitoneal (i.p.) injec-
tion every other day for 3 months. All animal experiments were
approved by the Institutional Animal Care and Use Committee of
Shanxi Medical University.

Adeno-associated virus intervention rat model

Sixty 8-week-old male SD rats were kept under the same conditions as
the Al-exposed rat model and divided into six groups (10 rats each):
control, AAV-control, Al(mal)3, Al(mal)3+AAV-control, Al(mal)3+
AAV-miR-96-5p-sponge, and AAV-miR-96-5p-sponge. We con-
structed the AAV-hSyn-EGFP-miR96-5p-sponge virus (Gene Chem
Co., China) to block miR-96-5p in the hippocampus. For viral injec-
tion, rats were anesthetized with 10% chloral hydrate (3 mL/kg, i.p.)
and fixed in a stereotaxic frame (NARISHIGE, Japan). Holes were
drilled at the position coordinating AP: 3.5 mm, ML: 2 mm, and
DV: 3 mm in the CA1 area of bilateral hippocampus. The virus injec-
tion volume was 3 mL on each side, the titer was 1 vg/mL, and the in-
jection speed was 0.2 mL/min. After the injection, the needle was kept
for 5 min and then slowly withdrawn. And then, the rats in the
aluminum group were i.p. injected with 20 mmol/kg Al(mal)3 every
other day for 3 months.

Morris Water Maze

After the models were constructed, Morris Water Maze (MWM) was
performed to assess the learning and memory abilities of all rats. The
maze was a circular pool with a height of 60 cm and a diameter of
130 cm. The pool was divided into four quadrants, and the platform
was placed in the middle of the NE quadrant, submerged 2 cm below
the water surface. The day before the start of the test, each rat was al-
lowed to swim for 120 s to adapt to the environment. During the first
5 days of the formal test, positioning navigation training was conduct-
ed. The rats entered the pool in different order from the four direc-
tions of S, W, NE, and SE. If the rat found the platform and stayed
stable for 10 s, the system stopped timing, which was the escape la-
tency of the rat this time. If the rat did not find the platform within
120 s, it would be manually guided to the platform and stayed for
10 s. The daily escape latency of rats was the average of the four di-
rections on that day. On the sixth day, the space exploration experi-
ment was carried out. We removed the platform and the rats entered
the pool from the SW quadrant. The system automatically recorded
the number of times the rat crossed the platform and the time it stayed
in the NE quadrant within 120 s. A video camera placed above the
maze was used to record the swimming path of each rat and Smart
v3.0 software was used to analyze the data.

Nissl staining

Nissl staining was used to observe the pathological changes of rat hip-
pocampus. After both models were completed, the rats were infused
with normal saline and 4% paraformaldehyde. Brain tissues were
taken out and made into paraffin blocks and then cut into 7-mm-thick
sections. After routine deparaffinization, the sections were incubated
with methyl violet staining solution for 15 min. After rinsing with
distilled water, the sections were differentiated with Nissl Differenti-
ation for 5 s. After fully rinsing in xylene, the sections were sealed with
neutral resin. OLYMPUS DP72 (OLYMPUS, Japan) was used to
observe and take pictures of the sections and ImageJ was used to
count the number of neurons in hippocampus CA1 region per
100-mm length.

Transmission electron microscopy

TEM can be used to observe the synaptic structure of neurons in the
CA1 region of the rat hippocampus. After the rats were anesthetized
and perfused with 4% paraformaldehyde, the brain was quickly
removed and the hippocampus tissue was isolated. The hippocampal
CA1 area was cut into 1-mm3 tissue pieces and placed in 2% glutar-
aldehyde for fixation at 4�C for 2 h. After washing the tissue block
four times with buffer solution, it was fixed in 1% OSO4 for
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90 min, and then dehydrated by acetone gradient for 15 min each
time. The tissue was embedded with epoxy resin 618, and then sliced
into 50-nm sections using an ultramicrotome (LKB, Sweden). The
sections were stained with uranyl acetate and lead citrate for
30 min, and then they could be observed by TEM (JEM-100CXII,
Japan). ImageJ was used to calculate the area and length of the PSD
zone to get its average thickness.
RNA extraction, library construction, and sequencing

RNA-seq was performed in six rats: three from the control group
and three from the 20 mmol/kg Al(mal)3 group from Al-exposed
rat model. Total RNA of the entire hippocampus was extracted by
using TRIzol (TaKaRa) according to the instructions. Agarose gel
electrophoresis was used to detect RNA degradation and contami-
nation. The RNA purity was measured by using an Eppendorf
mCuvette G1.0 (Eppendorf, German), its integrity was assessed by
using an Agilent 2100 Bioanalyzer system (Agilent, USA), and its
concentration was detected by using a Qubit RNA Assay Kit in a
Qubit 2.0 Fluorometer (Life Technologies, USA), which cannot be
lower than 400 ng/mL.

After quality inspection, 3 mg RNA of each sample was used to
construct cDNA libraries. First, Ribo-Zero rRNA Removal Kit (Epi-
centre, USA) was used to remove ribosomal RNA (rRNA), and
then cDNA libraries were constructed from rRNA-free RNA by using
the NEBNext Ultra Directional RNA Library Prep Kit for Illumina
(NEB, USA). After the quality was assessed by the Agilent 2100 Bio-
analyzer system, cDNA libraries were sequenced on an Illumina Hi-
Seq 2500 platform (Illumina, USA). The library construction and
sequencing were undertaken by Novogene Corporation (China) for
miRNA, lncRNA, mRNA, and circRNA.
Gene expression level and differential expression analysis

Cufflinks and Cuffdiff were used to quantitatively analyze the tran-
scripts of lncRNA and mRNA, and Find_circ was used to identify
circRNA.71,72 miRBase (http://www.mirbase.org/) was used to iden-
tify known miRNAs, and miRDeep2 to predict previously unidenti-
fied miRNAs.73 The expression levels of miRNAs, lncRNA, mRNA,
and circRNAs were estimated in terms of TPM values. Edger was
used to identify differentially expressed RNAs.74 All the above soft-
ware used the default parameters; p < 0.05 was defined as differen-
tially expressed transcripts.
GOannotations, KEGGpathway analysis, andPPI network of co-

expressed DEGs

GO is a standard glossary term for biological functional annotation.75

KEGG is a database resource collecting of genomes, biological pro-
cess, diseases, compounds and so on.76 Cluster profiler was used for
GO annotation and KEGG pathway enrichment analysis.77 PPI
network is helpful to study the molecular mechanism of disease
and find new drug targets. String (https://string-db.org/) was used
for protein interaction analysis; p < 0.05 was considered statistically
different.
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ceRNA network analysis

We considered all the differentially expressed miRNAs, lncRNAs,
ceRNAs, and mRNAs, and drew global ceRNA networks based on
the correlation between various analyses. Cytoscape was used to
draw the ceRNA networks.78 The interaction between differential
miRNA and circRNA/lncRNA/mRNA whose expression trends
were opposite was predicted by targetscan. These interactions were
imported into Cytoscape, and the networks were constructed using
yfile-radial-layout.

Quantitative real-time PCR validation

RNA sequencing results were verified by RT-PCR. Total RNAwas ex-
tracted from rat hippocampus using TRIzol (TaKaRa, Japan) accord-
ing to the instructions, and the purity and concentration of RNAwere
measured by Eppendorf mCuvette G1.0 (Eppendorf, Germany). Total
RNA was reverse transcribed into two kinds of cDNAs, one for PCR
of mRNA, lncRNA, and circRNA (RR047, TaKaRa, Japan), and the
other for PCR of miRNA (638313, TaKaRa, Japan). RT-PCR was per-
formed using SYBR green mix (RR820,Takara, Japan) in an Applied
Biosystems 7500 System (ABI, USA). The 20-mL PCR reaction vol-
ume contained 6.4 mL H2O, 0.8 mL F primer, 0.8 mL R primer, 2 mL
cDNA, and 10 mL SYBR green mix, and the PCR reaction conditions
were 95�C 10 min, 1 cycle; 95�C 10 s, 60�C 20 s, 72�C 10 s, 40 cycles.
The glyceraldehyde-3-phosphate dehydrogenase gene (Gapdh) was
used as an endogenous control for mRNA, lncRNA, and circRNA,
and U6 was for miRNA. The specific primers were listed in Table 2.
The relative RNA expression levels were calculated using the 2�DDCt

method.

Immunohistochemistry analysis of Ab1–42

IHC was used to observe the changes in the expression of Ab1-42 pro-
tein in the CA1 region of the rat hippocampus. The paraffin blocks of
rat brain tissues were cut into 5-mm-thick sections, and baked in a
60℃ oven for 3 h. The sections were deparaffinized through xylene
twice for 20 min and rehydrated through descending grades of
ethanol (100%, 95%, 85%, 75%) down to water. After 3% hydrogen
peroxide was used to remove endogenous oxidase, the sections were
then used for antigen retrieval with sodium citrate. After the sections
were blocked with serum, they were incubated overnight with Ab1–42
primary antibody (Ab1–42, 1:400, Abcam, ab216504) at 4�C. On the
second day, the sections could be mounted after incubation with
secondary antibody (KGOS300, KeyGEN, China), DAB coloration,
hematoxylin staining, ethanol gradient dehydration, and xylene
transparency. The images were captured using OLYMPUS DP72
and the positive area was calculated by ImageJ.

ELISA analysis of Ab1–42

ELISA was performed to measure the levels of Ab1–42 in the rat hip-
pocampus. The hippocampal tissue was homogenized and centri-
fuged, and the supernatant was taken. The total protein concentration
was determined by the BCA protein detection kit (CWBIO, China).
The concentration of Ab1–42 in each sample was determined
with an ELISA kit (JiangLai, China) according to the manufacturer’s
instruction. The stock standard was diluted in proportion

http://www.mirbase.org/
https://string-db.org/


Table 2. The specific primers used in RT-PCR

Gene Primer sequences

Irs1 F: 50-AAGCACCTATGCCAGCATCAAC-30 R: 50-GAGGATTGCTGAGGTCATTTAGGTC-30

Gnb3 F: 50-GACCTGTCGCCAGACTTTCA-30 R: 50-CTGCCCTCAGGTCAAAGAGG-30

Vwf F: 50-ACTAGACGTTTCCCTTGCCG-30 R: 50-GATGTCCAGGTATGGCTCGG-30

Itgb6 F: 50-GCATCCTCTTCCCACACCAA-30 R: 50-CCAAGTCCCACAGGCTTGAT-30

Fn1 F: 50-GGAGCCTTCACACATCACCA-30 R: 50-GTGGCCTGGAATGGTAGCTT-30

Col6a2 F: 50-GTGATGGTCCAAAGGGGGAG-30 R: 50-CTTGGCTCCTTTACTGCCGA-30

Sgk1 F: 50-GCCAGTGCCTTGGGTTATCT-30 R: 50-ATGTTCTCCTTGCAGAGCCC-30

Fgf1 F: 50-ATGGACACCGAAGGGCTTTT-30 R: 50-AAACCAGTTCTTCTCCGCGT-30

Thbs2 F: 50-GCTACCAATGCCACCTACCA-30 R: 50-AAGCATCTCCGATTCCGTCC-30

LNC000559 F: 50-TATCAGTCTCAACCAGTCTAAACCC-30 R: 50-TAACAGCTAGGAAGTCGCAACA-30

LNC000152 F: 50-TGCCACATCTGGTGCTTGC-30 R: 50-GACCGAGGCAACTTGTAAACC-30

Gapdh F: 50-CCATTCTTCCACCTTTGATGCT-30 R: 50-TGTTGCTGTAGCCATATTCATTGT-30

circ_0,005,551 F: 50-CATTGGCTAAAGAGAGGCAGAA-30 R: 50-TCTGGGCTTGCTGTATGTGG-30

rno-miR-96-5p F: 50-GGCACTAGCACATTTTTGCTAAA- 30 Sequence selected from Taraka 638313 reagent

rno-miR-143-3p F: 50-GCAGTGCTGCATCTCTGGAA-30 Sequence selected from Taraka 638313 reagent

rno-miR-144-3p F: 50-CCGCTACAGTATAGATGATGTACTAA-30 Sequence selected from Taraka 638313 reagent

rno-miR-145-3p F: 50-AGTTTTCCCAGGAATCCCTAAA-30 Sequence selected from Taraka 638313 reagent

rno-miR-183-5p F: 50-TATGGCACTGGTAGAATTCACTAAA-30 Sequence selected from Taraka 638313 reagent

rno-miR-337-3p F: 50-TTCAGCTCCTATATGATGCCTTTAA-30 Sequence selected from Taraka 638313 reagent

U6 F: 50-GGAACGATACAGAGAAGATTAGC-30 R: 50-TGGAACGCTTCACGAATTTGCG-30
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(40–1.25 ng/mL) to establish a standard curve. The optical density
was measured at 450 nm using BioTek ELx800 (BioTek, USA).

Western blotting analysis of IRS1/PI3K/AKT pathway

Western blotting was used to detect the expression levels of IRS1/PI3K/
AKT signaling pathway proteins in rat hippocampus. The acquisition
and concentration determination of total protein in rat hippocampus
were the same as the ELISA experiment. The quantified protein sample
and the loading buffer were mixed at a ratio of 4:1 and then boiled for
5 min. The protein was separated by SDS-PAGE, and then transferred
to polyvinylidene fluoride membrane. After the membranes were
blocked with 5% skimmed milk powder for 1 h, they were incubated
with the primary antibodies (IRS1, 1:1000, CST, 2382S; AKT 1:1000,
CST, 9272S; p-AKT, 1:2000, CST, 4060S; GSK3b, 1:1000, Abcam,
ab93926; p-GSK3b, 1:1000, Abcam, ab131097; tau, 1:1000, Abcam,
ab32057; p-tau, 1:1000, Abcam, ab109390; b-actin, 1:2000,
CWBIO，CW0096) at 4�Covernight.b-actin was used as loading con-
trol. After washing, the membranes were incubated with the secondary
antibody for 2 h. ECL chemiluminescence solution was used to develop
the color of the membranes, and Quantity One software was used to
calculate the gray value of protein bands.

Statistical analysis

All data are displayed as mean ± standard deviation (SD). SPSS 22.0
(IBM Corp., Armonk, NY) was used for statistical analysis of the data.
Repeated measurement analysis was used for repeated measurement
data. One-way ANOVA was used for comparison of results between
multiple groups, then least significant difference test was used when
the variance was uniform, or the Games-Howell test was used.
GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA) was per-
formed to draw graphs of statistical results; p < 0.05 was considered
statistically significant.
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