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Abstract

The brain is one of organs vulnerable to aluminum insult. Aluminum toxicity is involved in neurobehavioral deficit, neuronal cell
dysfunction, and death. The aim of this study are as follows: (1) to evaluate the repairing efficiency of Necrostatin-1 (Nec-1), a
cell death inhibitor, and Z-VAD-FMK, a pan-caspase inhibitor, on Al-induced neurobehavioral deficit and neuronal cell death, in
order to evidence the cell death inducing ability of aluminum, and (2) to primarily explore the possibility of treating neuronal cell
loss—related disease, such as Alzheimer’s disease, with Nec-1 and Z-VAD in Al-induced dementia animal model. We found Nec-
1 and Z-VAD-FMK alone or in combination could reduce aluminum-induced learning and memory impairment in mice.
Pathohistological results indicated that Nec-1 and Z-VAD-FMK can decrease Al-induced neuronal death cell. In addition, some
cell death—associated proteins in cell death signal pathway were inhibited by Nec-1 and Z-VAD-FMK in Al-exposed mice. In
conclusions, Nec-1 and Z-VAD-FMK can repair the injury of learning and memory induced by aluminum in mice. Furthermore,
Nec-1 was more obvious to repair the injury of learning and memory function compared with Z-VAD-FMK. Nec-1 and Z-VAD-
FMK can repair the Al-induced morphological injury of cell and reduce the amounts of dead cell, and repairing effects were more
significant at higher doses. The effect of Nec-1 was stronger than Z-VAD-FMK, though their mechanism was different. The
combination of them had the strongest effect. Our study evidenced Al-induced neuronal necroptosis and apoptosis existing in
animal model and suggested potential therapeutic effects of Nec-1 and Z-VAD-FMK on neuronal cell death in neurodegenerative
diseases.
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Introduction Provided that it accumulates too much in the body, it will

produce chronic toxicity and damage the body’s kidney, bone,

Aluminum products are closely related to our life. It is used in
industry, water treatment, food additives, and medicines such
as antacids and vaccine adjuvant. Aluminum exists in the form
of aluminum ions, which form insoluble compounds when
absorb in living organism (Exley 2013, Walton 2014).
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brain, and other organs (Esparza et al. 2018). More important-
ly, the intake of aluminum in the brain is more than the elim-
ination, resulting in an increase in the net content of alumi-
num, and this process is related to the increase of age (Walton
2014). At present, aluminum is believed to have obvious neu-
rotoxicity, and it is suspected to have a relationship with vari-
eties of neurodegenerative diseases, for example Alzheimer
disease (AD) (Neha Singla 2013), amyotrophic lateral sclero-
sis, and Parkinson’s dementia of Guam (Bondy 2014, Esparza
et al. 2018). AD is a progressive neurodegenerative disease
with clinical manifestations of deteriorating cognitive and
memory functions, and various neuropsychiatric and behav-
ioral disorders (Liu-Seifert et al. 2015). Neuropathologic fea-
tures of Alzheimer’s disease caused by aluminum accumula-
tion in neurons included neurofibrillary tangles (NFTs)
(Walton 2010), A3 plaque formation (Yumoto et al. 2009),
and reduced connections between nerve cells (Yang et al.
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2019) . Neuronal cells loss is another neuropathological fea-
ture in AD (Serrano-Pozo et al. 2011) and was observed in the
brain tissue of aluminum-treated mice (Qinli et al. 2013);
however, the mechanism of this aluminum-induced destruc-
tive cell fate has not been clearly clarified.

Traditionally, there are two main ways of cell death, apo-
ptosis and necrosis. Our studies have shown that the chronic
toxicity of aluminum can induce neuronal cell death, causing
serious neuronal loss, and thus play an important role in the
development of Al-induced animal neurodegenerative model
(Niu et al. 2005, Niu et al. 2007). Generally, necrosis was
considered to be a passive process caused by various attacks
and insults, different from apoptosis which is triggered by a
series of signal molecules and is called programmed form of
cell death. In recent years, authors also discovered a type of
necrosis caused through precise cellular signaling pathways
and named it “necroptosis” (Leist and Jaattela 2001, Zilkova
et al. 2006), a non-apoptotic programmed cell death described
herein. A small molecule, Necrostatin-1 (Nec-1), specifically
blocks the way of necroptosis to protect the neurocyte injured
by insults (Yang et al. 2018), including aluminum (Zhang
et al. 2008a, b, c). The key protein in the signal pathway of
programmed cell necrosis is the receptor interaction protein
(RIP) (Degterev et al. 2014). RIP is an enzyme with seven
kinases family members, RIP1 being the first one of the family
(Humphries et al. 2015). It is complicated that the cascade of
events were triggered by activated RIP1, which not only acti-
vates the transcription factor NF-«kB, triggering proliferative,
but also induces cells apoptosis and necroptosis; therefore,
RIP1 is a key regulator of cell proliferation and death
(Humpbhries et al. 2015). We discovered there are two cellular
death pathways including apoptosis and necroptosis in de-
mentia mouse model induced by aluminum. Moreover, Nec-
1 plays a significant role in amelioration of learning and mem-
ory impairment in aluminum-induced dementia; therefore, it
lays the foundation for our future research on aluminum-
induced neuronal loss. In our present study, we exposed mice
to aluminum solution and treated them with Nec-1, Z-VAD-
FMK (a pan-apoptosis inhibitor), or both of them, to observe
which type of cell death aluminum will induce, and explore
possible mechanism.

Materials and Methods
Animals

Male KM mice (supplied by the Laboratory Animal Center,
Shanxi Medical University, Taiyuan, China), weighing 25-30
g, aged 6 months, were kept in a regulated temperature and
humidity conditions, fed with standard diet and drinking water
ad libitum, with 12 h light/dark cycles (light from 8:00 am to
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8:00 pm). This study was approved by the Ethics Committee
for Animal Studies of Shanxi Medical University.

Animals and Treatments

One hundred twenty healthy male KM mice were divided into
three batches randomly, 40 in each batch. The first batch (Al
plus Nec-1) included the following: control group (0.5%
AICl; solution 3 pl and 10 %DMSO solution 2 ul), 0.5%
AICl; solution 3 pl with Nec-1 2 ul in concentrations of 2
mM, 4 mM, and 8 mM (Qinli et al. 2013) treatment respec-
tively. The second batch (Al plus Z-VAD-FMK) was com-
posed of the control group (0.5% AICl; solution 3 pl and 10
%DMSO solution 2 pl) and 0.5% AICl; solution 3 ul with Z-
VAD-FMK 2 ul in concentrations of 75 ng, 150 ng, and
300 ng treatment respectively. The third batch (Al plus Nec-
1 plus Z-VAD-FMK) consisted of the control group (0.5%
AICl; solution 3 pl and 10 %DMSO solution 2 ul), 0.5%
AICl; solution 3 pl and 4 mM Nec-1 solution 2 ul; 0.5%
AICl; solution 3 pl and 300 ng Z-VAD-FMK solution 2 pl;
and 0.5% AIClI; solution 3 pl and 4 mM Nec-1 + 300 ng Z-
VAD-FMK solution 2 pl. The mice received 0.5% AICI; and
Nec-1 or Z-VAD-FMK via intracerebroventricular (i.c.v.) in-
jection once daily for 5 successive days.

Spatial Learning and Memory Functions

The Morris water maze (MWM) task was executed in 14
days after intracerebroventricular injection. Mice from the
different groups underwent the test for 4 consecutive
days. Each mouse was released into water toward the pool
wall at one of the four starting positions of east, west,
south, and north at random. The time of the mice from
entering the water to finding and climbing onto the plat-
form (all limbs climbing onto the platform) was recorded
as the escape latency (LT). If the time mice spend to find
the platform exceeds 60 s, the animal is guided to the
platform by the experimenter and allowed to stay on plat-
form for 10 s. Each animal was trained 4 times a day, with
15- to 20-min interval between training sessions. On the
day after the last acquisition training, the platform was
removed and 60-s probe test was performed. Each mouse
was released into water again from the opposite side of
the original platform quadrant. The time that the animal
spent in the target quadrant (the quadrant where the plat-
form was originally placed) and the number of times it
entered the quadrant were recorded as indicators of spatial
memory. All tests were recorded by a camera located 2 m
above the water; swimming speed, time required to the
hidden platform, time spend in the target quadrant, and
the number of crossings were recorded.
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Sample Preparation

After the learning and memory evaluation, mice were killed
by decapitation. The hippocampus and cerebral cortex were
removed and preserved in refrigerators at — 80 °C for further
analysis. The processes of dissection were all performed on
ice.

Thionin Staining

In order to observe the neuronal death induced by AICl; and
effects of Nec-1 and (or) Z-VAD treatment, thionin staining
was used as follows (Haelewyn et al. 2008): dewaxed slices
were briefly immersed in water for washing 1-2 min, stained
with 0.2% thionin, and placed in a 60 °C incubator for 20 min,
followed by distilled water to wash at 1-2 min. After
decoloration with 95% ethanol, the solution was dehydrated
with serial anhydrous alcohol, cleared with xylene for 8-10
min respectively, and covered with neutral gum.

Immunohistochemical Assay

The brains were removed from the head of mice and immedi-
ately fixed with 4% neutral formaldehyde, followed by paraf-
fin embedding for standby. The paraffin-embedded samples
were serially sectioned; each slice was about 4-um thick.
Sections were detected by using SP immunohistochemical
commercial assay kit (Beijing Zhongshan Jinqiao
Biotechnology Co., Ltd. Beijing, China). The staining was
carried out in accordance with experimental protocol.
Briefly, after deparaffinization, the slides were soaked in
0.01 M/L citric acid buffer and heated by microwave for
13 min to expose the antigen, and then, 3% H,O, inactivated
endogenous protease 10 min. Primary RIP1 antibody (1:100
dilution), secondary antibody (1:200 dilution), and streptomy-
cin avidin-peroxidase solution were added successively and
incubated at 37 °C for 2 h in each step, with PBST for 10 min
x 3 times in each step. Finally, for DAB staining, sections
were observed under optical microscope. PBS was used as
negative control instead of primary antibody.

Western Blot Analysis

Extraction of mouse hippocampal tissue protein was conduct-
ed with a Tissue Protein Extraction Kit (CoWin Biotech Co.,
Beijing, China). The hippocampus was homogenized in ice-
cold Tissue Protein Extraction Reagent and a mixture of pro-
tease inhibitors. The supernatant was obtained after centrifu-
gation at 10,000g for 15 min at 4 °C. The protein concentra-
tions were quantified by using a BCA (bicinchoninic acid)
assay (CoWin Biotech Co., Beijing, China).

Each lane loaded with 50 pg of protein was separated by
8% SDS-PAGE gel, then the proteins were transferred

electrophoretically onto polyvinylidene difluoride mem-
branes, which were soaked in 5% fat-free milk in PBST solu-
tion at 37 °C for 3 h to block non-specific binding and incu-
bated overnight at 4 °C with following antibodies: caspase-3,
LC3-II, RIP, NF-kB 1:500 (caspase-3, LC3-II, RIP, NF-kB;
Santa Cruz, CA, USA), or mouse f3-actin 1:600 (1:600,
CoWin Biotech Co., Beijing, China). After rinsing 3 times
for 10 min each in PBST, the blots were incubated for 2 h with
a secondary antibody: anti-rabbit IgG (1:2000, CoWin
Biotech Co., Beijing, China) or anti-mouse IgG (1:2000,
CoWin Biotech Co., Beijing, China). The signal were detected
using the ECL Western blot detection kit (CoWin Biotech Co.,
Beijing, China) after washing three times for 10 min in PBST.
The blots were quantified using densitometry analysis.

Statistical Analysis

Data are expressed as the means + SEM. Statistical differences
were assessed by one-way analysis of variance (ANOVA). The
post hoc Duncan test was carried out where appropriate. The
level for a statistically significant difference was set at P < 0.05.

Result

Effects of Necrostatin-1 and (or) Z-VAD-FMK
on Learning and Memory in Al-Induced Dementia
Mouse Model

The first batch, as we describe previously, 0.5% Al solution 3
ul, was treated to produce models of dementia, and 2 mM, 4
mM, and 8 mM Nec-1 were administrated respectively to
different groups for 5 days. After 2 weeks of treatment, all
the groups were tested by Morris water maze for evaluating
learning and memory capacity. In Al plus 4-mM and Al plus
8-mM Nec-1-administrated groups, there was a marked de-
crease in escape latency, compared with the only Al-exposed
group. Treatment with Nec-1 in concentrations of 2 mM, 4
mM, and 8 mM significantly improved the spatial probe time
of Al-exposed mice in comparison with only Al-exposed
group. (See in Table 1 and Fig. 1.)

Table 1 The results of Morris water maze test in Al-exposed mice
treated with different concentrations of Nec-1 (X + )

Group Escape latency (s) Time in target quadrant (s)
0.5%A1 50.98 £ 6.63 10.25 +£0.39

0.5% Al + 2 mM Nec-1 46.83 +=5.36 15.25 + 1.45%*

0.5% Al + 4 mM Nec-1 29.26 & 3.39%* 17.24 + 0.85%*

0.5% Al + 8 mM Nec-1 32.91 +9.74%* 15.69 + 0.95%*

*P < 0.05 compared with 0.5% Al group; **P < 0.01 compared with
0.5% Al group
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Fig. 1 The results of Morris water maze test treated with different
concentrations of Nec-1 in mice exposed to aluminum (10 mice in each
group). In the 4-mM and 8-mM Nec-1 administration groups, there was a
marked decrease in escape latency during the 4-day place navigation test,
compared with the 0.5% Al-exposed group (P < 0.01). Treatment with
Nec-1 in concentrations 2 mM, 4 mM, and 8 mM significantly improved
the spatial probe time in comparison with 0.5%Al-exposured group. *P <
0.05 compared with 0.5% Al group; **P < 0.01 compared with 0.5% Al

group

The second batch were as follows: control group (0.5%
AICl5) and 0.5% AIlCl; with Z-VAD-FMK in concentrations
of 75 ng, 150 ng, and 300 ng treatment respectively. We can
see the results from Table 2 and Fig. 2. The effect of the Al
plus 300-ng Z-VAD-FMK-administrated mice demonstrated
obviously shorter escape latency time than the other three
groups, though other groups did not show significant ones.
Meanwhile, administration with Z-VAD-FMK in concentra-
tions of 75 ng, 150 ng, and 300 ng significantly improved the
spatial probe time of Al-exposed mice, as compared with only
Al-exposed group.

Based on the results of Figs. 1 and 2, in the third batch, we
choose 4 mM Nec-1 and 300 ng Z-VAD-FMK, which showed
obvious inhibition effects, to observe the combined effect of
them. This batch included the following: control group (0.5%
AlCl3), 0.5% AICl; with 4-mM Nec-1 group, 300-ng Z-VAD-
FMK group, and Nec-1 + Z-VAD-FMK group respectively.
Nec-1 group and Nec-1 + Z-VAD-FMK group indicated dis-
tinctly increase in escape latency time, compared with the Al-
exposed group. Moreover, the Nec-1 executed more obvious
inhibition on Al-induced behavior deficit than Z-VAD-FMK
did. In spatial probe test, time in target quadrant, combination
of Nec-1 plus Z-VAD-FMK treatment on Al-exposed group
revealed dramatic difference, as compared with the Al-treated
group, which was showed in Table 3 and Fig. 3.

Fig. 2 The results of Morris water maze test treated with different
concentrations of Z-VAD-FMK in mice exposed to aluminum (10 mice
in each group). It demonstrated obviously that the escape latency time of
the 300-ng Z-VAD-FMK group is shorter than the other three groups (P <
0.01). Meanwhile, administration with Z-VAD-FMK in concentrations of
75 ng, 150 ng, and 300 ng significantly improved the spatial probe time,
as compared with 0.5% Al-exposed group (P < 0.01). *P < 0.05
compared with 0.5% Al group; **P < 0.01 compared with 0.5% Al group

Pathomorphology and Thionin staining

In the cortical area of the aluminum-exposed group, the
perinuclear and cytoplasmic vacuoles were degenerated, and
the cell outline was blurred. The number of cells in the hippo-
campus was diminished, and morphology of cells changed great-
ly including messy cell distribution, cell junction loosened, nu-
cleus condensed (characteristics of apoptosis), and ring around
the cell. Some cells showed necrosis characteristics, like nucleus
aggregation, concentration, and dissolution. However, the
abovementioned cell structure impairment was alleviated after
the Z-VAD or Nec-1 alone or in combination administration,
and the effect of the combination is more obvious (Fig. 4).
Nissl, one of the characteristic structures of neurons, can be
clearly identified by thionin staining. Thionin staining of CA3
area of mice hippocampus were presented in Fig. 5. In
aluminum-exposed group, the cells loosely distributed with
blurred cell membrane boundaries, and the number of nissl
body in the hippocampus decreased. With Nec-1 and the Z-
VAD treatment, aluminum-exposed cells distributed orderly
with intact cell membrane, and the number of nissl body was
increased in a dose-dependent manner, especially in the com-
bination of 4-mM Nec-1 and 300-ng Z-VAD group (Fig. 5).
The previous research of our team demonstrated that alu-
minum could cause neuronal apoptosis in morphology (Zhang
et al. 2008a, b, ¢) and proposed possible mechanisms (Zhang

Table 2 The results of Morris

Escape latency (s) Time in target quadrant (s)

water maze test in Al-exposed Group
mice treated with different
concentrations of Z-VAD-FMK 0.5% Al

x5 0.5% Al + 75 ng Z-VAD
0.5% Al + 150 ng Z-VAD

0.5%Al1 + 300 ng Z-VAD

55.69 + 1.41 4.99 £ 0.60

55.61 £3.35 13.02 + 0.55%*
53.11+£343 16.91 +0.81%*
37.90 £ 0.50%* 14.91 £ 0.46**

*P < 0.05 compared with 0.5% Al group; **P < 0.01 compared with 0.5% Al group
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Fig. 3 Results of Morris water maze test in Al-exposed mice treated with
combination of Nec-1 and Z-VAD-FMK (10 mice in each group). There
are four groups, 0.5% AICls, 0.5% AICl; with 4-mM Nec-1 group, 300-
ng Z-VAD-FMK group, and Nec-1 + Z-VAD-FMK group respectively.
Nec-1 group and Nec-1 + Z-VAD-FMK group indicate distinctly increase
in escape latency time, compared with the Al-exposed group (P < 0.05).
Moreover, improvement of Nec-1 on behavior deficit of Al-exposed mice
was more obvious than Z-VAD-FMK did. In spatial probe test, time in
target quadrant in combination treatment group revealed dramatic
difference, as compared with the AlCl3-treated group. *P < 0.05
compared with 0.5% Al group; **P < 0.01 compared with 0.5% Al group

etal. 2014). In this experiment, neuronal cells, originated
from Al-exposed mice with Nec-1 treatment, were ob-
served under electron microscope. The nucleus of the
aluminum-exposed group was pyknotic and the nuclear
membrane was released. With the increase of Nec-1
dose, the aforementioned morphological impairment
was gradually reduced and the nuclear membrane recov-
ered gradually and became intact (Fig. 6).

Effects of Nec-1 and (or) Z-VAD on the Expression
Levels of Cell Death—Related Proteins
in the Hippocampus

To evaluate the effect of the Nec-1 treatment on Al-induced
neuronal cell death, Western blot was used to analyze the
expression of cell death—related proteins in the cerebral cortex
of Al-exposed mice. The RIP protein, which is a key protein in
signal pathway of necroptosis, was obviously declined in 4-
mM Nec-1—treated Al-exposed group than other three groups.
Cleaved caspase-3, as the executer of apoptosis, manifested a
downward trend, especially in 4-mM and 8-mM Nec-1 admin-
istration groups. The LC3-II, an autophagy-specific marker,

demonstrated a downward expression in a dose-dependent
manner in mice exposed with 0.5% Al and treated with 2
mM, 4 mM, and 8 mM Nec-1. By contrast, for expression of
NF-kB, there was no distinct difference in all four groups
(Table 4 and Fig. 7).

Z-VAD is the pan-inhibitor of the apoptosis. The 300 ng Z-
VAD could result in cleaved caspase-3 decrease in Al-exposed
mice cortex treated with 300 ng Z-VAD, while NF-kB re-
vealed a downward expression in a dose-dependent manner
in mice exposed with 0.5% Al and treated with 75 ng, 150 ng,
and 300 ng Z-VAD. The expression of LC3-II and RIP protein
increased significantly in Al-exposed mice treated with 150 ng
and 300 ng Z-VAD respectively (Table 5 and Fig. 8).

When both Z-VAD and Nec-1 in combination administrat-
ed the Al-exposed mice, cleaved caspase-3 in the brain de-
clined distinctly, compared with the Z-VAD and Nec-1 treat-
ment alone (Fig. 9). However, the expression of RIP protein
did not show change with both Z-VAD and Nec-1, as com-
pared with the Al-exposed group, although the separate effects
of Z-VAD and Nec-1 could reduce protein expression of RIP.
Results of immunohistochemical assay to detect RIP protein
expression was shown in Fig. 10. Single treatment of Z-VAD
and Nec-1 could upregulate the expression of NF-kB protein,
but the combination of the two drugs reduced NF-kB protein
expression. LC3-II protein was not statistically significant in
either Z-VAD or Nec-1 alone or in both combination group in
comparison with Al-exposed mice’ brain (Table 6 and Fig. 9).

Discussion

Animal models have been the primary method of studying
various physiological disorders and pathological manifesta-
tions. It is the inevitable research tools for the study of drug
treatment and toxic reactions caused by metals and other
chemicals, especially for assessing nervous system function.
AD is a progressive neurodegenerative disease with deterio-
rating learning and memory functions. A lot of studies con-
firmed that aluminum can cause learning and memory impair-
ment in animals and human (Walton 2012, Qinli et al. 2013,
Silva et al. 2013, Singla and Dhawan 2017). In this experi-
ment, aluminum maltolate was injected into mice by intra-
cerebroventricular injection. After 2 weeks, the mice showed
difficulty in learning and memory, which was similar to the

Table 3 Results of Morris water

Escape latency (s) Time in target quadrant (s)

maze test in Al-exposed mice Group
treated with combination of Nec-
0.5% Al

1 and Z-VAD-FMK (x + s)
0.5% Al + 4 mM Nec-1
0.5% Al + 300 ng Z-VAD

0.5% Al + 4 mM Nec-1+ 300 ng Z-VAD

52.88 + 6.66 9.35+2.27
40.43 +£4.68* 14.83 £2.99
48.54 + 8.76* 13.92 £2.66
38.65 + 6.90* 15.08 + 1.10*

*P < 0.05 compared with 0.5% Al group; **P < 0.01 compared with 0.5% Al group
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Fig. 4 Morphological and
pathological changes of
hippocampal CA3 area in Z-VAD
or Nec-1 alone or in combination
administration in Al-exposed
mice (H&E % 400). After 0.5%
AICI; (a) exposure, the number of
cells in the hippocampus was
diminished; in the meantime,
neuronal morphological damage
includes messy cell distribution,
cell junction loosened, condensed
body nucleus apoptosis, and
necrosis characteristics, like
nucleus concentration and
dissolution. Cell structure
impairment was alleviated after
the 300 ng Z-VAD (C) or 4 mM
Nec-1 alone (b) or in combination
(d) administration, and the effect
of the combination is more
obvious

report of Neha Singla (Singla and Dhawan 2017). The loss of
neurons is one of several possible causes of memory impair-
ment (Serrano-Pozo et al. 2011). Another important cause for
memory damage is free radicals produced in Al-induced de-
mentia (Singla and Dhawan 2013). The free radicals of oxy-
gen, also known as reactive oxygen species (ROS), account

Fig. 5 Thionin staining of CA3
area of mice hippocampus in Z-
VAD or Nec-1 alone or in
combination administration (x
400). a The cell structure was
destroyed by aluminum. The cells
loosely distributed with blurred
cell membrane boundaries, and
the number of nissl body in the
hippocampus decreased. With the
4-mM Nec-1 (b) and the 300-ng
Z-VAD (c) treatment, aluminum-
exposed cells distributed orderly
with intact cell membrane, and
the number of nissl body was
increased, especially in the
combination of Nec-1 and Z-
VAD group (d)

@ Springer

for about 95% of free radicals. Our previous research had
confirmed that a large number of ROS were produced after
mitochondrial destruction in Al exposure neural cells, thus
accelerating cell death (Zhang et al. 2005).

Apoptosis is a typically programmed form of cell death, but
in recent years, emerging evidence has indicated a necrosis
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Fig. 6 Neuronal cells, originated
from Al-exposed mice (A) with
2 mM Nec-1 (b), 4 mM Nec-1 (c¢),
and 8 mM Nec-1 (d) treatment,
were observed under electron
microscope. The nucleus of the
aluminum-exposed group was
pyknotic and the nuclear
membrane was released. The
abovementioned morphological
impairment was gradually
reduced and the nuclear
membrane became gradually

intact in a dose-dependent manner

caused by precise cellular signaling pathways, which was named
“necroptosis” (Cho 2018), which can be inhibited by a small
chemical molecule—necrostatin-1 (Nec-1). In vitro, Nec-1 can
reduce the rate of cell necrosis in SHSY-5Y cell induced by
aluminum (Zhang et al. 2008a, b, ¢). In vivo, Nec-1 also can
alleviate learning and memory impairment caused by Al in mice
(Qinli et al. 2013). In this study, treatment of different concentra-
tions of Nec-1 or Z-VAD-FMK in aluminum-exposed mice
showed that Nec-1 and Z-VAD-FMK could ameliorate the im-
pairment of spatial learning and memory function induced by
aluminum in a dose-dependent manner, more importantly, the
effect of Nec-1 was more obvious than Z-VAD-FMK. At the
same time, the effect of Nec-1 combined with Z-VAD-FMK
was better than that of the Nec-1 alone.

Necroptosis, different from necrosis and apoptosis, is char-
acterized by autophagic activation and necrotic cell morphol-
ogy (Wu et al. 2015), which is regulated by a series of signal-
ing pathways. Degterev et al. (2005) show that necrostatin-1,
as the first type of necroptosis inhibitors, blocks the formation
and occurrence of necroptosis by restraining the dimerization
of receptor interacting protein-1 (RIP1) kinase domain, which

can activate the RIP1; therefore, RIP1 kinase is the key en-
zyme of regulating necroptosis (Degterev et al. 2008).

RIP1 is a Ser/Thr kinase that is required for the integration
of intracellular and extracellular stress signals in various mem-
branes (Degterev et al. 2008). The RIP1 protein consists of
three major domains which have different functions (Degterev
et al. 2008). The C-terminal death domain (RIP1-DD) is im-
portant for the affinity response of death receptors, and the
central region is associated with activation of NF-«B
(Christofferson et al. 2014). The N-terminal Ser/Thr kinase
domain is necessarily required for necroptosis, not necessarily
for apoptosis and activation of NF-kB (Christofferson et al.
2014). Necrostatin-1 can lock the active fragment of RIP1 in
an inactive state, thereby inhibiting the functional activity of
RIP1 and the formation of necroptosis (Degterev et al. 2008,
Xie et al. 2013). Previous studies have found that necrostatin-
1 (Nec-1) can effectively inhibit cell necrosis induced by the
death receptor pathway, rather than apoptosis induced by
TNF-c. Nec-1 mainly inhibits the activity of RIP1 by com-
peting with ATP to bind to RIP1, but Nec-1 does not affect the
activated NF-kB activity stimulated by TNF-« (Degterev

Table 4 Relative expression of

cell death—associated proteins in Group c-Caspase-3 LC3-I NF-«kB RIP1

the cerebral cortex of Al-exposed

mice treated with different 0.5% Al 0.77 £ 0.06 0.97 £0.15 1.66 £ 0.01 1.96 £0.20

concentrations of Nec-1(x + ) 0.5%Al + 2 mM Nec-1 0.64 +0.01 0.64 £ 0.03%* 1.81+0.12 1.89+0.13
0.5% Al + 4 mM Nec-1 0.33 £0.01%* 0.59 £ 0.14%* 1.75 +0.06 1.45 £ 0.29*
0.5% Al + 8 mM Nec-1 0.27 £ 0.03%* 0.40 + 0.09%* 1.52+0.12 1.89+£0.14

*P < 0.05 compared with 0.5% Al group; **P < 0.01 compared with 0.5% Al group
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Fig. 7 Relative expression of cell 1
death—associated proteins in the
cerebral cortex of Al-exposed
mice treated with different
concentrations of Nec-1 (5 mice
in each group). The RIP protein
was obviously declined in 4-mM
Nec-1 plus Al-treated groups than
other three groups (P < 0.05).
Cleaved caspase-3 manifested a
downward trend, especially in 4-
mM and 8-mM Nec-1
administration groups (P < 0.01).
The LC3-II demonstrated a
downward expression in a dose-
dependent manner in mice
administrated with 0.5% Al plus 2
mM, 4 mM, and 8 mM Nec-1 (P
< 0.01). There is no distinct
difference in all four groups for
expression of NF-kB. *P < 0.05
compared with 0.5% Al group;
**P < 0.01 compared with 0.5%
Al group

expression of death protein

et al. 2008, Xie et al. 2013). Nec-1 could decrease the expres-
sion of RIP1 protein in Al-induced neuronal cell death, but Z-
VAD-FMK increased its expression in the same model. When
both Z-VAD and Nec-1 in combination administrated the Al-
induced neuronal cell death, its expression was also decreased.
It might be suggested that Nec-1 enabled the active fragment
of RIP 1 to be locked in an inactive state (Degterev et al. 2008),
while Z-VAD-FMK did not have this function.

Certain members of the cysteinyl aspartate—specific prote-
ase (caspase) family are involved in the molecular signaling of
apoptosis, of which caspase-3 is the last executor of apoptosis
(Green and Llambi 2015). Our previous study proved Al ad-
ministration resulted in inhibition of hippocampal long-term
potentiation (LTP) and the expression of caspase-3 protein
increase (Zhang et al. 2016). In addition to caspase-3, the
expression of caspase-9, caspase-8, caspase-6, and caspase-7
proteins were increased in the aluminum-induced dementia
model (Singla and Dhawan 2015). Z-VAD-FMK is a small
peptide inhibitor designed according to the active structure

B-actin 1: 0.5%Al

RIP 2:0.5% Al+2mM Nec-1

| LC3-II 3: 0.5%Al+4mM Nec-1
c-cas3 4:0.5% AI+8mM Nec-1
NF-xB

B caspase
. I == LC3-1I
H NF-kB
RIP1

of caspase, and its mechanism of action is to inhibit its activity
by alkylating the cysteine residue of the caspase-3 active cen-
ter. Nec-1 and Z-VAD-FMK can significantly reduce the ex-
pression of apoptosis-related protein caspase-3, probably be-
cause Nec-1 blocks the apoptotic pathway by inhibiting RIP1,
while Z-VAD-FMK can specifically block the apoptotic path-
way. It indicates that RIP1 activates caspase-8 and then per-
forms apoptosis (Grootjans et al. 2017. When caspase-8 func-
tion is inhibited, RIP1 and RIP3 form necrotic complex to
stimulate programmed necrosis, and apoptosis is inhibited
(Grootjans et al. 2017).

Autophagy is a metabolic mechanism for the degradation
of large amounts of protein in cells (Kim et al. 2017), and it is
also a caspase-independent cell death (Green and Llambi
2015). During the necroptosis, autophagy is also formed, but
it is a follow-up result of necroptosis, not the cause of
necroptosis (Degterev et al. 2005), because necrostatin-1 in-
hibits the occurrence of autophagy by inhibiting the upstream
of necroptosis signaling pathway, not directly inhibits the

Table 5 Relative expression of

cell death—associated proteins in Group c-Caspase-3 LC3-II NF-kB RIP1

the cerebral cortex of Al-exposed

concentrations of Z-VAD (¥ + 5) 0.5% Al + 75 ng Z-VAD 0.34+0.03 0.21 +0.05 1.23 +0.04%%* 0.27 +0.06
0.5% Al + 150 ng Z-VAD 0.32+£0.02 0.39 £ 0.05%* 0.45 £ 0.06** 0.44 £ 0.07%*
0.5%Al1 + 300 ng Z-VAD 0.12 £ 0.03%* 0.47 £ 0.06** 0.34 £ 0.08%** 0.57 £ 0.14%*

*P < 0.05 compared with 0.5% Al group; **P < 0.01 compared with 0.5% Al group
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Fig. 8 Relative expression of cell
death—associated proteins in the
cerebral cortex of Al-exposed
mice treated with different
concentrations of Z-VAD (5 mice
in each group). The cleaved
caspase-3 and NF-kB revealed a
downward expression. Especially,
the NF-kB decline in a dose-
dependent manner in mice
administrated with 0.5% Al plus
75 ng, 150 ng, and 300 ng Z-VAD
(P < 0.01). The expression of
LC3-II and the RIP protein began
to increase significantly in Al plus
150 ng and 300 ng Z-VAD,
respectively (P < 0.01). *P < 0.05
compared with 0.5% Al group;

1
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Fig. 9 Relative expression of cell death—associated proteins in the
cerebral cortex of Al-exposed mice treated with combined Z-VAD and
Nec-1 (5 mice in each group). When both Z-VAD and Nec-1 in
combination administrated the Al-treated mice, cleaved caspase-3
declined distinctly, compared with the treatment of Z-VAD and Nec-1
alone (P < 0.01). The expression of RIP protein had no change with
both Z-VAD and Nec-1 (P > 0.05), although the separate effects of Z-

TR

VAD and Nec-1 could reduce protein expression of RIP (P <0.01). Single
treatment of Z-VAD and Nec-1 could upregulate the expression of NF-xB
protein (P < 0.01), but the combination of the two drugs reduces NF-«kB
protein expression (P < 0.05). Compared with the Al-exposed mice’
brain, there was no statistically significant in LC3-II protein in either Z-
VAD or Nec-1 alone or in both combination group (P > 0.05). *P < 0.05
compared with 0.5% Al group; **P < 0.01 compared with 0.5% Al group
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Fig. 10 Immunohistochemical
changes of RIP1 in hippocampal
CA3 area of Z-VAD, or Nec-1
alone, or in combined
administration of them in Al-
exposed mice (IHC x 400) (5
mice in each group). The positive
immune response of RIP1 protein
in the hippocampal CA3 region of
mice in each group was localized
in cytoplasm, which presented a
brown-yellow or yellow staining.
The staining of Nec-1 + Al-
treated tissue (b) was weaker than
that of the Al-treated one (a), and
the staining of Z-VAD-FMK +
Al-treated tissue (¢) showed more
brown-yellow color compared
with the Al-treated tissue (a).
There was no significant change
in the Nec-1 + Z-VAD-FMK + Al
combinedly treated tissue (d)
compared with the Al-treated one

(@)

occurrence of autophagy itself (Degterev et al. 2005, Degterev
et al. 2008). LC3 has two types, I and II. When autophagy
does not occur, LC3, which is expressed conventionally in the
cell, is processed into cytosolic soluble type I LC3. When
autophagy occurs, type I LC3 undergoes ubiquitin-like pro-
cessing modification process and binds to phosphatidyletha-
nolamine (PE) on the surface of the autophagic membrane to
form type II LC3. LC3-II is always located on the membrane
of intracellular autophagosomes, and its content is proportion-
al to the number of autophagic vacuoles (Yukiko Kabeya et al.
2000). Therefore, the amount of type II LC3 is proportional to
the number of autophagic vesicles. Nec-1 also significantly
decreased the expression of autophagocytic protein LC3-II,
but Z-VAD increased its expression. It may be that Nec-1
can block necroptosis of cells, reducing autophagy expression,
while Z-VAD inhibited cell apoptosis which had no effect on
the inflammatory response induced by “necroptosis.”

The NF-kB/Rel family exists in the cytoplasm in the form
of'a homodimer or heterodimer in combination with its inhib-
itory protein IkB, which has a dual effect inducing apoptosis

and expression of anti-apoptotic proteins on nerve cells. In
injured neurons, some two way-regulated signal transduction
pathways involved in survival and repair mechanisms are ac-
tivated, and protein kinase cascades are concentrated into tran-
scription factors, which directly regulate gene expression.
Nuclear factor kappa B has been found to play an important
role in neurodegenerative diseases (Barbara Kaltschmidt et al.
1999). Kaltschmidt et al. (Barbara Kaltschmidt et al. 1999)
believe that low concentrations of amyloid 3 protein compo-
nents can activate nuclear factor kappa B to protect neuron,
while high concentrations of amyloid 3 protein have neuro-
toxic effects, suggesting that nuclear factor kappa B may be
involved in both toxic and neuroprotective effects in
Alzheimer’s disease. Neha Singla found that NF-kB protein
and mRNA were obviously elevated after Al exposure (Neha
Singla 2013). Based of Al exposure, Nec-1 can increase the
expression of NF-kB protein in a certain range, but Z-VAD-
FMK can decrease its expression. When Nec-1 and Z-VAD-
FMK are combined, NF-kB expression is significantly de-
creased, which may be related to the regulation of NF-kB

Table 6 Cell death—associated

proteins in the cerebral cortex of Group c-Caspase-3 LC3-II NF-«kB RIPI

Al-exposed mice treated with Z-

VAD-FMK and Nec-1 alone or in 0.5% Al 0.87+£0.11 0.96 £0.27 1.41+£0.37 1.27+0.17

combination (¥ + s) 0.5%A1 + 4 mM Nec-1 0.62+£0.04%% 078 +£0.14  4.04+0.54%F  0.74£0.22%*
0.5% Al + 300 ng Z-VAD 0.54£0.05%*%  1.29+£023* 245+£0.54** 2.56+0.36**
2 mM Al +4 mM Nec-1+300 ng Z-VAD  0.33+£0.10**  1.16 £0.16 0.54 +0.10* 0.99+£0.12

*P < 0.05 compared with 0.5% Al group; **P < 0.01 compared with 0.5% Al group
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itself, because of the duality of its effect on nerve cells, which
was involved in toxic and neuroprotective effect in nerve cells.

As mentioned above, it can be seen that “necroptosis” and
apoptosis are two independent pathways in the death receptor
pathway, and they may have a crosstalk through some regula-
tory factors such as NF-«kB. Besides, it can be inferred that
Nec-1 may improve the Al-induced learning and memory im-
pairment in mice, which may block the “necroptosis” of neu-
ronal cells by blocking RIP1, alleviated the damaged cell
structure, and improved the learning and memory impairment
in Al-exposed mice. These results evidenced necroptosis
existing in Al-induced neurotoxicity. Meanwhile, Z-VAD-
FMK may improve the Al-induced learning and memory im-
pairment by inhibiting caspases, hence reduce neuronal apo-
ptosis, and evidenced apoptosis existing in in Al-induced neu-
rotoxicity too. Both of them reduce neuronal cell death,
though the effect of necrostatin-1 was stronger than Z-VAD-
FMK; the combined effect of them was the best. At the same
time, NF-kB may be involved in the process, but the specific
mechanism remains to be further studied.

In conclusion, aluminum exposure can induce neuronal cell
death, including apoptosis and necroptosis in mice.
Necrostatin-1 and Z-VAD-FMK may have potential therapeu-
tic value for neurodegenerative disease in which neuronal cell
death is a main pathological characteristic.
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