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Role of aluminum-induced necroptosis in learning and memory impairment in rats ZHAO Yu-
qing, LI Ya-gin, WANG Shan, ZHANG Shu-hui, NIU Qiao (School of Public Health, Shanxi Medical
University, Taiyuan, Shanxi 030001, China)

Abstract:

[Background] In recent years, studies have found that aluminum is closely related to the
occurrence and development of various neurological diseases. The neurotoxic effects of
aluminum include affecting the content of central neurotransmitters, causing nerve cell death,
and promoting abnormal phosphorylation and aggregation of Tau protein. Current studies use
cell models to investigate the mechanism of necroptosis induced by aluminum.

[Objective] This experiment is designed to investigate the role of tumor necrosis factor receptor 1
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(TNFR1)-receptor interacting protein 1 (RIP1)/receptor interacting protein 3 (RIP3) signaling pathway in aluminum [Al(mal);]-induced
learning and memory impairment in rats.

[Methods] Forty healthy adult male SD rats were randomly divided into surgical control group, solvent control group, necrostain-1 (Nec-1)
group, Nec-1+Al(mal); group, and Al(mal); group, with eight rats in each group. By intracerebroventricular injection, the Nec-1 group was
given 1.2584 mmol/L Nec-1 at 5 pL, the Al(mal); group was given 50 mmol/L Al(mal); at 5L, the Nec-1+Al(mal); group was injected 5 pL
1.258 4mmol/L Nec-1 1 hour before being given 5uL 50 mmol/L Al{mal);, the solvent control group was given an equal volume of normal
saline, and the surgical control group was treated with the same lateral ventricle cannula without any reagent treatment. They were
treated every two days and continuously for 10 days. The spontaneous learning reaction rate of each group of rats was determined by
Y maze to detect spatial learning and memory ability of rats; the pathological changes of hippocampus were observed after HE staining
under light microscope; the ultrastructure of hippocampus was observed under electron microscope; the expression levels of TNFR1,
RIP1, and RIP3 in hippocampus were measured by Western blot.

[Results] There was no significant difference in the rate of spontaneous reaction alternation among the surgical control group
[(35.88+2.44)%], the solvent control group [(34.38+3.06)%], the Nec-1 group [(35.65+4.48)%], and the Nec-1+Al(mal); group
[(32.01%6.93)%]. Compared with the other four groups, the spontaneous reaction alternation rate of rats in the Al(mal); group decreased
to (21.9642.05)% (Ps<0.05). The light microscope observation showed that the hippocampal neurons of the Al(mal); group had different
degrees of cytoplasmic acidophilia enhancement, shrunk cell body, dark red cytoplasm, disorderly distributed cells, and reduced neurons;
by contrast, the hippocampal neurons of the other four groups had intact and clear structure, clear nuclei, large nucleoplasm ratio,
obvious nucleolus, even color, and neatly distributed cells. The electron microscope observation showed that the Al(mal); group had
ruptured hippocampal neurons, greatly reduced organelles, vacuolated cytoplasm, pyknotic nucleus, perinuclear cavitation, expanded
cell volume, and invisible synapses between neurons; by contrast, the hippocampal neurons in the other four groups had clear structure,
intact membrane, full cytoplasm, clear organelles such as perinuclear mitochondria, endoplasmic reticulum, and Golgi bodies, large and
clear nucleus, obvious nucleolus, and complete and clearly visible synapses between neurons. There was no significant difference in the
expression of TNFR1, RIP1, and RIP3 among the surgical control group, the solvent control group, the Nec-1 group, and the Nec-1+Al(mal);
group. Compared with the other four groups, the expression levels of TNFR1, RIP1, and RIP3 of rats in the Al(mal); group decreased
significantly (Ps<0.05).

[Conclusion] Aluminium may cause necroptosis by triggering TNFR1-RIP1/RIP3 signaling pathway, thereby producing neurotoxicity and
impairing learning and memory ability.

Keywords: aluminium maltolate; neurotoxic effect; learning and memory impairment; necroptosis; tumor necrosis factor receptor;
receptor interacting protein
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T ZE H (TNFR1 associated death domain, TRADD) .
RIP1. Fas HBXFET-E#915ZE A (Fas-associated protein
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IR EEFEAR. BRBEMFZLARNRATZ. HIR
S E BB IEHLFETR 186 (FEIEREAEL
YRS HERAE]) , PVDF R (3£E Millipore) , TNFR1
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E, FRIK/E08mm. RIKEAM 1.5mm A ER
£90.8mmBVINFL, EALRNIEEEE, EAEME 18
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EHERE, RFS5mine RBYInER A X, ¥
Nec-178F&%H 0.1 mol/L BEERER 4% A VA R B 1%DMSO
o, BEAREEH 1.285 4 mmol/L BYA o Nec-1 LA AR
SE5T 5 UL {AFIAY Nec-1 ; Nec-1+Al(mal); B A B & %%
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FITERAAF ST F AT E IR EL K ; FASTERAX ARG
MR =ERE 28 FTERATIAE, F52dER
RE, EELEEF 10d, FEHAE, KRALETEHBEAER,
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HITEY, FEEM, fIREE R, 85, #1T
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1.7 Western blot t&7ZE B &RiAKF
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R, BOIRE, #HAKASmin, BEEER, 12000xg
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ER EWEBH X PVDF fE, TNFR1 A 5%BSA = ;B 7
F2h, RIPLFIRIP3 A 5% AR RE ¥ E B E H2h 5,
MAN— (—IHERELL B2 5179 ¢ TNFRL, 1 : 800 ;
RIP1, 1: 800 ;RIP3, 1: 1000 ;B-actin, 1 :3000), 4°C
H R, TBSTIZE S 8 min 57K, TIANZi (ZHiERELLEI
TNFR1 91 :5000, HRE791:3000), 37°CEE 1h,
TBST Z5E 8 min 5%, 7RIk & Ko F Bio-Rad £ K
BAGEITREFIIAER, Quantity One 4.6.5 34 #1771k

EEND .
1.8 #itFESH

FA SPSS 2.0 RIT MR FITHRITE D M. ITER
K xes /o, RIESHRIEMAETED . HE
FHRRRRAEIM L REBRERERAED, %
¢A|E] R EL IR A LSD-t 3% ; 5 EARTTES R A Games-
Howell 1038, 1250 7K 4 a=0.05,

2 #3
2.1 KE—HRER

FSENABRHTHER. #K BERE. TAF
EXRFERONEET, ZFHE Al(mal) ARBREE
NEETE, EBE—TEENLE, #BALD, R
NOREH, NGB, 1 RAREIME. ZiR&
WMo FAXTERA. AFINTRAMNec- 1 HAREKE
BRRARY, AMRINZFERM. Nec-1+Al(mal); HK
RERRMASE, #HEHKESR, XWERINE. 5
TR Mo
2.2 KEBIELREBYIA

HEBETAW, FAITEA. AFIXTERA. Nec-1
2B Nec-1+Al(mal); 2B K i /8 S A MR 45 1 ST
A, AREZEMR L, REEER, EBYS, %
ZERE, ARSI ETTE R, M Almal); HE85HE
TTHIMAEREENRREREIER, RE%E ), B
ERLE, AASITFRL, METHERLD. I
1o
2.3 HERENRE

B N, FAXERA. BFHXTERA. Nec-1
A Nec-1+Allmal); HA BB HME TS LE T

GE] A FARIGIBL ; B : BFIRTIRLE 5 C : Nec-14H ; D : Nec-1+Allmal)s 28 ; E : Allmal)s 2Ho 1 : x40 ; 2 : x400, BEBHIE : BE ALK ; Bk

ERHEME ; aFEk | REHEM0E.

[Note] A: Surgical control group; B: Solvent control group; C: Nec-1 group; D: Nec-1+Al(mal); group; E: Allmal); group. 1: x40; 2: x400. Black box:

Hippocampal CA1 area; Black arrow: Normal nerve cell; Red arrow: Abnormal nerve cell.

Bl XRTIEARBSARNRKEZL

Figure 1 Histopathological changes of hippocampus in rats of each group under light microscopy
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8, Zhk. AEMEARSREM A W Allmal), His BEE2=/EM, ARSI, BELI=BLEEER
DL, SRR, SRRERER LD, mE  Fo B2

A Sl 5] = : .
e YA % £ B ¥ = 5
P _&&. ~ = g A, L i i

CE] A D FARYHRA ;B D 7BFIITERL ; C i Nec-14H ;D : Nec-1+Al(mal)s 4 ; E : Allmal); 2, 1 :x10000 ;2 :x20000, BESFIE  WEXIY ; TEEk :
HRIE, EAKRIAIEEERL, ShiE=81k,

[Note] A: Surgical control group; B: Solvent control group; C: Nec-1 group; D: Nec-1+Al(mal)s; group; E: Allmal)s; group. 1: x10000; 2: x2 0000. Black box:

Observation area; Red arrow: Mitochondrion. Decreased number of mitochondrial cristae and mitochondrial vacuolization in group E.

E2 SHEXRBDHIETEMER

Figure 2 Ultrastructure of hippocampal neurons in rats of each group

2.4 YKEIoIhsE TNFR1. RIP1 & RIP3E A KRR HE (39P<0.05). H
FARATBAH, AF X IBAH. Nec-14H. Nec-1+ RAABIZSEAREKKEESHEEES, LB 4,
Allmal); BF1 Allmal); A K REVBE R R N R E 5 5

N A B C D E
79 (35.88+2.44) %, (34.38+3.06) %, (35.65+4.48) %,
TNFR1 | —
(32.0146.93) %, (21.96+2.05) %, M & 3, Allmal); 28
AREBARNZERRFHK44E 9P<0.05), RE Pl ———————
A EREER.
RIP3
» ol ————— ——
c
o
B 40
¢ 2.0 A
b § 30 0B abed
= 9] abcd Ooc
c
’U>\( IS < 15| [gp
KE 20 S mE
m 3 2
2 Ko
s o
; 10 % g10
e m 2
0 3
A B C D E & 05
EIA: FAWERA;B: BHINEA; C: Nec-14 ; D : Nec-1+
Allmal)s 48 ; E & Allmal)s o a @ 5FARIFIRALLEL, P<0.05 ;b : 0.0
. - N TNFR1 RIP1 RIP3
5AFINBLALL I, P<0.05; c: 5Nec-14HLEER, P<0.05;d :
5 Nec-1+Al(mal); ZBLEER, P<0.05, CEIA: FAXNEBA ;B: BAFITEEL; C: Nec-14H ; D : Nec-1+
[Note] A: Surgical control group; B: Solvent control group; C: Nec-1 group; Allmal); 28 ; E @ Allmal); 2B, a : SFARITERALLIE, P<0.05;b :
D: Nec-1+Al(mal); group; E: Allmal); group. a: Compared with 5375 BALE, P<0.05; c: 5Nec-1HLEER, P<0.05;d :
the surgical control group, P<0.05; b: Compared with the solvent 5 Nec-1+Al(mal); ZBEEES, P<0.05,
control group, P<0.05; c: Compared with the Nec-1 group, P<0.05; [Note] A: Surgical control group; B: Solvent control group; C: Nec-1 group;
d: Compared with the Nec-1+Al(mal); group, P<0.05. D: Nec-1+Al(mal); group; E: Al(mal); group. a: Compared with
3 ABEBARNRKTEXR the surgical control group, P<0.05; b: Compared with the solvent
Figure 3 Rate of spontaneous reaction alteration control group, P<0.05; c: Compared with the Nec-1 group, P<0.05;

d: Compared with the Nec-1+Al(mal)s; group, P<0.05.

. . El4 BAARBIALTNFRL RIP1RZRIP3EARIA
3 4A40 = A
2.5 BEHAPTNFRL, RIPL, RIP3 ZRABFE Figure 4 Expressions of TNFR1, RIP1, and RIP3 in hippocampus in

S5HM4ALRK, Almal), HEXREZHLAH rats of each group
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BEMREFPE ZER, AJLUBIIFIE. X
BHAHENNGE, IFLEFREMARA, B2 —F
mEsMTE, MYBEsIEBEERA. AR,
TMERIRAT, AT BEFERRMKTE, mMETEE
SRHETIET W, ALRRBUIFERP LI,
Allmal), EXRBESHETHER L, FEER, &
B IR A 5 |2t 4HREFE T, M Nec-1+ Al(mal)s A A R
HESMETTHYIETT, MEFER, RPNec-11ER
R IR TERVF R IEHNF, EASHIHIE 5 IS
RESET, WK T IR A BIZF IR St BIRERER,
£ Allmal); A KRB I MITHBREM T, HEdH
AR SN, ARBIAERL, BRTEK, A%
E4a, ARAETRERK, METzBERMLA 0,
EMEF IR RBAFRARAIIRWL
FRREME S B SH-SYSY AR A S AT M2 IR TE ),
MEZRARA, AMRENMERBRHEREIVET
RYBRBUARE — AT/ ME, #ENRTEES AR R KA
T AR BEMAREES Allmal); IREI G %,

YRS LR F B A F B PEal1EF S,
TEBIZABEIR I8N, B3 FHEohEEEEI0
MM RET MRS AT SR RIF IR
RABRENBEASIY, AREHYF IIMERIFINEKE
FEEE, BEEA M & BRH shXd Fr RIFRAIIR B2
1Z8E e AR LI F, Allmal); AKX BB X RN
REXRPEMFXTERA, M Nec-1+Al(mal); AR B &
REREESBFNRALEESR, BT Allmal),
Ho, BEENAKRNFEIISIZEETH XS, FE
NREFE RN EMNFEINGE. MERRLBLERATW,
Allmal); H AR BESINEZE T —ERENHRG,
Liang & ¢! 11 & 3 Al(mal); BEBE IR K BRI F SE12
IfRE. M Nec-1+Al(mal); 2B K BB AYE S ¥ S22 ThEE
RZ M, FRIANec-1 XS HIBSIEMAEFIEIZTH
B GE=ENEEY €

R MIRIEH—Z 5 DRs 1 Ko TNF-a /T SHIZ
B PSE TN R TNFRLBUE TS B 1% TNFRL BT 2 BR
EEEKIXMAETHNES. EEKIANEEERPL
FANZMER RPEBREB7 TR, BERE
RIPLFIRIPIBI CKRIGE B RIPRIEBEERAER (RIP
homotypic interaction motif, RHIM) 45 #4315, 1B RIP3
HRHME PB4 TN RER Z K ERT MM
PRRIP3SRIPLIVEEER, RABRIPIEB R RIPLAEY

INEEMARA T R ERIRTMEIFIEER, KBS
MWRATEIIRSENEEZF XER 7, AR AIRIPL
BIB&RIA, MRIPIIEFHRAY, BHLEHRAREZN
RP3ZEHAHRAZHTINFoIESARMRITEHNES
o, AR RLE R AW, TNFRL, RIP1. RIP3
BEBRIX (P<0.05), RIBERSHNERFMEIRT
Fr, A& TNFR1I-RIPI/RIP3IE S B A E1ER, M
Al(mal)s+Nec-1 £HBY TNFR1. RIP1. RIP3SEHHIRIX S
SRR ES, H—FIER 7 XMER. e
5IREIEIZTENNGIEZ, SFAMAET. 38
Kiifh. BEFRERILE, BRANGIE BT,
ORELIN MR IR FEX— N A EF TS, Hit
MEEFHE—FRE,

ZE, PHEsEN—IRIES I AHAmRNiER
HIRSE, SHFEIIEIZR%. IBEEEIEIT TNFR1-RIP1/
RIP3 {5 S 1B AR & FZF 4R FE, M Nec-1 XHHIBEF K
HFESEIZIRERAE —ERINEIER. RS
HRZFMEIRSEN SN ERFHE— TR,

B2

[ 1] VANDEN BERGHE T, VANLANGENAKKER N, PARTHOENS E, et
al. Necroptosis, necrosis and secondary necrosis converge
on similar cellular disintegration features [J] . Cell Death
Differ, 2010, 17 (6) : 922-930.

[ 2] GALLUZZI L, VITALE |, ABRAMS J M, et al. Molecular
definitions of cell death subroutines : recommendations of
the Nomenclature Committee on Cell Death 2012 [J] . Cell
Death Differ, 2012, 19 (1) : 107-120.

[ 3] WEGNER KW, SALEH D, DEGTEREV A. Complex pathologic
roles of RIPK1 and RIPK3 : moving beyond necroptosis [J] .
Trends Pharmacol Sci, 2017, 38 (3) : 202-225.

[ 4] KANG K, LEE SR, PIAO X, et al. Post-translational modification
of the death receptor complex as a potential therapeutic
target in cancer [J] . Arch Pharmacal Res, 2019, 42 (1) :
76-87.

[ 5] KERSSE K, VERSPURTEN J, VANDEN BERGHE T, et al. The
death-fold superfamily of homotypic interaction motifs [J] .
Trends Biochem Sci, 2011, 36 (10) : 541-552.

[6] 3KEITN, 467, KIP, . BERMRIES5RBHESH
PR ARRRsE T ALE (1] . RESEFS5FIEFRTE, 2008,
22 (5) : 382-390.

[7] E&& . TNFR1-RIP1/RIP3 {5 SRS TEZ FE SR B PC12 4H

www.jeom.org



724 #545-572 &% | Journal of Environmental and Occupational Medicine | 2019, 36(8)

R IR SRV ERIAR
2017.

[0l . XR : LWAEMKE,

[8] WU W, LIU P, LI J. Necroptosis : an emerging form of
programmed cell death [J] . Crit Rev Oncol Hematol, 2012,
82 (3) : 249-258.

[9]LIJ, MCQUADE T, SIEMER AB, et al. The RIP1/RIP3
necrosome forms a functional amyloid signaling complex
required for programmed necrosis [J] . Cell, 2012, 150 (2) :
339-350.

[10] CHRISTOFFERSON DE, YUAN J. Necroptosis as an alternative
form of programmed cell death [J] . Curr Opin Cell Biol,
2010, 22 (2) : 263-268.

[11] ZHANG T, ZHANG Y, CUI M, et al. CaMKIl is a RIP3 substrate
mediating ischemia- and oxidative stress-induced myocardial
necroptosis [J] . Nat Med, 2016, 22 (2) : 175-182.

[12] ZHANG H, YANG X, QIN X, et al. Caspase-3 is involved in
aluminum-induced impairment of long-term potentiation in
rats through the Akt/GSK-3B pathway [J] . Neurotox Res,
2016, 29 (4) : 484-494.

[13] YIN B, XU Y, WEIRL, et al. Inhibition of receptor-interacting
protein 3 upregulation and nuclear translocation involved
in Necrostatin-1 protection against hippocampal neuronal

programmed necrosis induced by ischemia/reperfusion

injury [J] . Brain Res, 2015, 1609 : 63-71.

[14] SHCHERBATYKH |, CARPENTER D O. The role of metals in
the etiology of Alzheimer’s disease [J] . J Alzheimer’s Dis,
2007, 11 (2) : 191-205.

[15] K&, EF =, XEE=, F. [RUBRRGELSARE
MEFAEFRTHAERAKREX ] . FEFERE, 2009, 23
(3) : 185-189.

[16] LIANG RFL, LI WQ, WANG XH, et al. Aluminium-maltolate-
induced impairment of learning, memory and hippocampal
long-term potentiation in rats [J] . Ind Health, 2012, 50
(5) : 428-436.

[17] MCQUADE T, CHO Y, CHAN F K M. Positive and negative
phosphorylation regulates RIP1- and RIP3-induced programmed
necrosis [J] . Biochem J, 2013, 456 (3) : 409-415.

[18] WONG W W, GENTLE |E, NACHBUR U, et al. RIPK1 is not
essential for TNFR1-induced activation of NF-kB [J] . Cell
Death Differ, 2010, 17 (3) : 482-487.

[19] SHINDO R, KAKEHASHI H, OKUMURA K, et al. Critical
contribution of oxidative stress to TNFa-induced necroptosis
downstream of RIPK1 activation [J] . BiochemBiophys Res
Commun, 2013, 436 (2) : 212-216.

[20] VANDENABEELE P, DECLERCQ W, VAN HERREWEGHE F,
et al. The role of the kinases RIP1 and RIP3 in TNF-induced
necrosis [J] . Sci Signal, 2010, 3 (115) : re4

(EXREE TR ; iR - ERRT ; K3 0 TER)

MOMXKFE (3552 d 3) ZEMEA

WRSBEEN L, ZFa8E %
BEE M BA) =ZAERE, TEREBHERSER. &
TABMRBHESERENS, AL BERINEHARDERE

RENASFRMN, HERE MRS KRR
THREFI BEHNFE,

(5P Res) REMER

wE. FE. REZRIEE—
(#5520 d%) RENREL R,

BEEABAENZ
&5 : JEOM) , BRI R FARFIRELAR S,

HRNEARSPER HIRSAL

- EREE -

YRS

o BTEEEN
Y

E ()

(35T EH) PRIBE

www.jeom.org



