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1. Bemutatkozás

Az alumıńium (Al) a fö ldkéregben a legelterjedtebb fém, az oxigén és a szilıćium utá n a harma-
dik legelterjedtebb kémiai elem. Az Al-ipar intenzıv́ fejlesztése ( Brough és Jouhara, 2020 ) a 
fém széles kö rű felhaszná lá sa miatt a kö rnyezeti Al-szintek jelentő s nö vekedését eredményezte 
( Crisponi et al., 2012 ).

Az emberi Al-expozıćió forrá sai kö zé tartozhat az étrend ( Tietz et al., 2019 ), amely a teljes test 
Al 95%-á ért felelő s ( Goullé és Grangeot-Keros, 2020 ), az ivó vıź ( Krupiń ska, 2020 ), a levegő ( 
Exley, 2013). ), valamint a kozmetikumok ( Crisponi et al., 2012 , 2013 ) és a gyó gyhatá sú 
gyó gyszerek, nevezetesen a savlekö tő k ( Klotz et al., 2017 ). Az Al-feldolgozó iparban való rész-
vet́el a foglalkoza ́si Al-expozı́cio ́t is eredmeńyezheti ( Skalny et al., 2018 ). Kora ́bbi tanulma ́nyok 
kimutatta ́k, hogy a vakcina ́za ́s az Al-expozı́cio ́forra ́sa ́nak tekintheto ̋a jelenleg szeĺes ko ̈r-ben 
haszna ́lt alumı́nium adjuva ́nsok jelenlet́e miatt ( Goulle ́eś Grangeot-Keros, 2020 ).

Mivel nem esszencia ́lis elem, az Al az emberre meŕgezo ̋nek bizonyult ( Exley, 2013 ), ami ka ́ros 
egeśzseǵu ̈gyi hata ́sokat ( Crisponi et al., 2011 ) eredmeńyez, beleeŕtve a csontpatolo ́gia ́t ( Klein, 
2019 ) eś a mellra ́kot ( Darbre et al. , 2013 ). Adataink az elhı́za ́s ( Tinkov eś mtsai, 2019 ), a 
metabolikus szindro ́ma laborato ́riumi markerei eś az Al expozı́cio ́s markerek ( Skalnaya et al., 
2018 ) ko ̈zo ̈tti o ̈sszefu ̈ggeśt is bizonyı́totta ́k. Az Al-expozı́cio ́ka ́ros hata ́saira vonatkozo ́meglev́ő 
adatok azonban korla ́tozottak ( Krewski et al., 2007 ).
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A legújabb vizsgálatok kimutatták, hogy az agy az Al-toxicitás célpontjának tekinthető ( Exley,
2014 ), ami neurodegeneratıv́ ( Exley, 2013 ; Shaw és mtsai, 2014 ) és idegrendszeri fejlődési
rendellenességeket ( Blaylock, 2012 ) eredményez . Exley és a társszerzők legújabb részletes
tanulmányai rávilágıt́ottak az agyi Al-felhalmozódás és a neurológiai rendellenességek, köztük
az Alzheimer-kór, a sclerosis multiplex és az autizmus spektrum zavar közötti összefüggésre (
Exley és Clarkson, 2020 ; Mirza és mtsai, 2017 ; Mold és mtsai, 2018 ). . A kötőjeles technikákat
alkalmazó speciációs elemzés kimutatta, hogy az Al-expozıćió speci�ikus bioligand választ indu-
kál az Al-expozıćiónak kitett neuronális sejtekben ( Połeć-Pawlak et al., 2004 ). Az Al neurotoxi-
citás sajátos mechanizmusai és az Al-asszociált neurológiai rendellenességekben betöltött sze-
repük azonban továbbra is vitatható ( Morris et al., 2017 ). Ez a fejezet frissıt́ést ad az Al neuro-
toxicitás sajátos mechanizmusairól, amelyek a terápiás stratégiák kidolgozásának célpontjaként
használhatók.

A� ltalában az Al-expozıćió neurotoxikus hatását a közös toxikus tulajdonságai közvetıt́ik, bele-
értve a prooxidáns, proin�lammatorikus, proapoptotikus aktivitást, amelyekről beszámoltak
számos sejtvonalra és szövetre, valamint speci�ikusabb „neurotróp” hatásokra, nevezetesen a
neurotranszmitterek metabolizmusára és a neuronokra. citoszkeleton.

2. Oxidatıv́ stressz

Az oxidatıv́ stressz a mitokondriális diszfunkcióval együtt (lásd a következő részt) szerepet ját-
szik az Al számos káros hatásának kialakulásában, beleértve a neurotoxicitást ( Kumar és Gill,
2014 ). Az agyi lipid-peroxidáció meg�igyelt növekedése Al-expozıćió alatt ( Ghorbel és mtsai,
2016 ; Nehru és Anand, 2005 ; Yuan és mtsai, 2012 ) kimutatták, hogy az antioxidáns enzimek,
nevezetesen a szuperoxid-diszmutáz ( Nehru ) aktivitásának jelentős csökkenésével jár. és
Anand, 2005 ), kataláz ( Nehru és Anand, 2005 ), glutation-peroxidáz ( Sánchez-Iglesias et al.,
2009 ), glutation-reduktáz ( Nehru és Bhalla, 2006 ), valamint glutation-S-transzferáz ( Bhal-
lalla-Dwanha) , 2009 ). A glutation rendszer megváltozását az agyi és kisagyi össz-, redukált és
oxidált glutationszint Al-indukálta csökkenése is jellemzi ( Anand és Nehru, 2006 ). A glutation-
nal ellentétben a tioredoxin rendszernek az Al-indukált redox perturbációkban való részvéte-
lére vonatkozó adatok nem elegendőek, bár a közelmúltban végzett tanulmányok a mitokondri-
ális tioredoxin szigni�ikáns csökkenését mutatták ki alumıńium-klorohidráttal kezelt SH-SY5Y
neuroblasztóma sejtekben ( Tsialtas et al., 2020 ).

Kimutatták, hogy az Al-expozıćió csökkenti a mitokondriális Mn-SOD aktivitást is, ıǵy hozzájárul
a mitokondriális diszfunkcióhoz ( Kumar et al., 2009a , b ). Ugyanakkor bizonyos vizsgálatok ki-
mutatták az Al-indukált SOD-aktivitás és génexpresszió növekedését ( Ali et al., 2014 ), ami szin-
tén hozzájárulhat az oxidatıv́ stresszhez a hidrogén-peroxid túltermelése révén, különösen ala-
csony kataláz és GPx aktivitás mellett. Az Al antioxidáns rendszerre kifejtett gátló hatását való-
szıńűleg az Al-indukált Nrf2/Keap1 jelátviteli útvonal leszabályozása közvetıt́i ( Yu et al., 2019a ,
b ), mıǵ ennek a gátló hatásnak a megakadályozása javıt́otta a fém prooxidáns aktivitását (
Wang et al. ., 2017 ).

Az antioxidáns rendszer gátlásával párhuzamosan az Al szerepét az agyi oxidatıv́ stressz kiala-
kulásában közvetıt́heti a prooxidáns rendszerekre gyakorolt   hatása. Különösen kimutatták,
hogy az Al-expozıćió növeli az indukálható ( Bondy és mtsai, 1998 ) és az endoteliális NOS agyi
szintjét ( Mokhemer és mtsai, 2020 ) az agyi NO-szintek egyidejű emelkedésével ( Al-Olayan és
mtsai, 2015 ). . A	NOS	inhibitor	N -nitro- � -arginin-metil-észter (L-NAME) alkalmazása jelentő-
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sen csökkentette az Al-indukált oxidatıv́ károsodást az agyban, ami azt jelzi, hogy a NOS-induk-
ció kritikus szerepet játszik az Al prooxidáns aktivitásában ( Stevanović et al., 2009). ). Kimutat-
ták, hogy a vaszkuláris reaktivitás Al-indukált megváltozása összefüggésbe hozható az aktivált
NADPH-oxidázból származó fokozott szuperoxid-termeléssel ( Schmidt és mtsai, 2016 ), a
NAD(P)H oxidáz 1 és 2 mRNS expressziójának felpörgetése következtében ( Martinez et al. .,
2017 ). Az Al stimuláló hatását a szuperoxid anion másik enzimes forrásában, a xantin-oxidáz-
ban �igyelték meg a májban ( Moumen és mtsai, 2001 ), valamint az agy különböző régióiban (
Sushma et al., 2006 ).

Az enzimes prooxidánsok mellett az Al képes volt a vas prooxidáns hatásának potencıŕozására
neuronális kultúrákban ( Xie et al., 1996 ). Ez a hatás az alumıńium hatásának kitett PC12 sej-
tekben a ferroptózis felé való eltolódás hátterében is állhat ( Cheng et al., 2020 ). Figyelemre
méltó az is, hogy az Al és a 6-hidroxidopamin együttes expozıćiója fokozta a 6-hidroxidopamin
autooxidáció által kiváltott oxidatıv́ stresszét agyi mitokondriális preparátumokban ( Sánchez-
Iglesias és mtsai, 2009 ). Ezenkıv́ül az Al közvetlenül részt vesz a nagy reakcióképességű Al-szu-
peroxid félig redukált gyökös ionok képződésében ( Exley, 2012 ).

O� sszességében a reaktıv́ oxigénfajták fokozott termelése az enzimatikus és nem enzimatikus
prooxidáns rendszerek aktiválódása és a sejtek csökkent antioxidáns kapacitása miatt.1. ábra)
Al-indukálta oxidatıv́ stresszt eredményez, amely befolyásolja a neuronális fehérjék szerkezetét
és redox-érzékeny útvonalakat indukál.
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1. ábra

Az alumı́nium (Al  ) prooxidáns hatásának hátterében álló mechanizmusok. Kimutatták, hogy az Al 

. A szuperoxid termeléshez hozzájáruló másik mechanizmus a xantin-oxidáz (XO) és a NADPH-oxidáz

(NOX) aktivitásának Al-függő növekedése. Az Al  kation közvetlenül részt vesz a nagyon reaktı́v Al-szuper-
oxid félig redukált gyökös ion képződésében amelyről kimutatták, hogy elősegı́ti a Fe  prooxidáns
aktivitását a Fenton-reakcióban hidroxilgyök (HO  ) keletkezésével. Az Al prooxidáns aktivitását az enzimati-

kus antioxidánsok, köztük a szuperoxid-diszmutáz (SOD), a kataláz (CAT), a glutation-peroxidáz (GPX) és a
glutation-reduktáz (GR) gátló hatása is súlyosbı́tja. Ez utóbbi csökkent glutation (GSH) kimerülést eredmé-
nyez. Ezenkı́vül kimutatták, hogy az Al csökkenti a nukleáris faktor eritroid 2-vel kapcsolatos 2-es faktort

(Nrf2), amely az antioxidáns rendszer kulcsfontosságú szabályozója. O� sszességében ezek a mechanizmusok
oxidatı́v stressz kialakulását eredményezik, a lipidek, fehérjék és nukleinsavak fokozott oxidatı́v módosulásá-
val, amelyet agyi/neuronális sejtvonalakban �igyeltek meg Al-expozı́ció mellett.

3. Mitokondriális diszfunkció

A mitokondriális diszfunkció az egyik első kóros válasz az Al-expozıćióra a sejtben, ami megvál-
tozott energiametabolizmust, oxidatıv́ stresszt és apoptózist eredményez. Különösen kimutat-
ták, hogy az Al csökkenti a mitokondriális elektrontranszport láncot az I-es komplex (NADH-de-
hidrogenáz), a II-es komplex (szukcinát-dehidrogenáz) és a komplex IV-es (citokróm-oxidáz)
gátlásán keresztül patkánykéregben és középagyban, valamint a kisagyban ( Sood et al. , 2011 ).
A citokróm-oxidáz aktivitás csökkenését az Arrhenius-enzim diagramjának Al-indukálta jelentős
változásai is kıśérték ( Dua és Gill, 2004 ). Azt találták, hogy a Complex III aktivitását jelentősen
gátolják az Al nanorészecskék, amelyek a mitokondriális membránpotenciál éles csökkenését és
a citokróm c szivárgást is indukálták izolált agyi mitokondriumokban ( Arab-Nozari et al., 2019
). Az Al-kezelt patkányokból származó elektrontranszport lánc komplexek csökkent aktivitását

3+ 3+ befolyá-

solja a mitokondriális elektrontranszport láncot, ıǵy növeli az elektronszivárgást az I. és III. komplexumból, majd szuperoxid anion gyök képződését
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különösen a citokrómok cyt a, cyt b és cyt c csökkenése kıśérte, valamint megváltozott a mito-
kondriális ultrastruktúra a hippocampusban és a striatumban ( Kumar et al., 2008 ). A Complex
V (ATP-szintáz) az elektrontranszport lánc többi fragmentumával együtt szintén leszabályozott
az Al expozıćió hatására ( Sharma et al., 2013a , b ). Ennek megfelelően az Al-expozıćiónak ki-
tett neuronok mitokondriális ultrastruktúrájának elemzése mitokondriális duzzanatot, kavitá-
ciót, megváltozott belső mitokondriális membránt és cristae szerkezetet ( Niu és mtsai, 2005 ),
valamint a cristae elvesztését, a kromatin kondenzációját és a mitokondriumok számának csök-
kenését tárta fel ( Sharma et al. al., 2013a , b ). Ez utóbbi a mitokondriális biogenezis Al-indu-
kálta csökkenését jelzi a peroxiszóma proliferátor által aktivált receptor gamma-koaktivátor 1α
(PGC-1α) és a downstream gének, köztük a Nrf1, Nrf2 és a mitokondriális transzkripciós faktor
A (Tfam) (Sharma) leszabályozása révén . et al., 2013a , b ). O� sszességében ezek az Al-indukálta
változások a mitokondriális transzmembrán potenciál megváltozását és az oxidatıv́ foszforiláció
károsodását eredményezik, ami hozzájárulhat a reaktıv́ oxigénfajták fokozottabb képződéséhez
( Iglesias-González et al., 2017 ). Egy másik tanulmány eredményei azonban azt mutatják, hogy
az oxidatıv́ stressz megelőzi az Al-expozıćiónak kitett futóegér agyában a mitokondriális disz-
funkciót ( Vučetić-Arsić et al., 2013 ).

4. Apoptózis

Az apoptózis indukálása az Al-expozıćiónak kitett sejtekben a közvetlen Al-indukált sejtkároso-
dás egyik mechanizmusa. Pontosabban, az Al képes volt apoptózist indukálni neuronális (SH-
SY5Y), glia (U373MG) és retina hámsejtekben (RPE D407) ( Toimela és Tähti, 2004 ). Az együtt
tenyésztett neuronok és asztrociták Al-nak való kitétele jelentős fémfelhalmozódást eredménye-
zett mindkét sejtvonalon, mıǵ az Al-indukált apoptózist csak az asztrocitákban tárták fel ( Su-
árez-Fernández és mtsai, 1999 ). Ezzel egyetértésben számos in	vivo vizsgálatban fokozott neu-
ronális apoptózist �igyeltek meg ( Çabuş et al., 2015 ; Keshava et al., 2019 ).

Amint azt korábban emlıt́ettük, a mitokondriális diszfunkció citokróm c szivárgást okoz, amely
megköti az Apaf-1-et, majd az Al-indukálta apoptotikus neuronhalál hátterében apoptoszóma
és prokazpáz 9 aktiváció jön létre ( Savory et al., 2003 ), ami az apoptózis mitokondriális útját
jelzi (2. ábra).  prooxidáns hatása a kaszpáz-3 és a Bax agyi
szintjének szigni�ikáns növekedésével járt együtt, mıǵ az antiapoptotikus Bcl2-t az Al-kezelés
csökkentette ( Mesole et al., 2020 ). A kortikális és hippocampális proapoptotikus p53, p21,
Bax, kaszpáz 3 és pJNK szintje megemelkedett az orális Al-kezelés hatására, valamint a Fas-szin-
tek kétszeres-háromszoros növekedése, ami a Fas/FasL által közvetıt́ett apoptózis részvételét
jelzi (Keshava et) . al., 2019 ). A Fas/FasL apoptotikus útvonal szerepét az Al-indukált kaszpáz-8
( Qin et al., 2020 ) és a DAXX up-reguláció ( Kumar et al., 2009a , b ; Lukiw et al., 2020) meg�i-
gyelése is megerősıt́ette . 2005 ), amely köztudottan p53-független ( Wasylishen et al., 2018 ). A
p53-asszociált proapoptotikus jelátvitel Al-expozıćió alatti korábban kimutatott növekedésével
együtt ( Johnson és mtsai, 2005 ) ezek az eredmények azt mutatják, hogy az Al-indukált apoptó-
zis p53-függő és -független útvonalakat is magában foglalhat.

Egy másik tanulmány kimutatta, hogy az AlCl 3

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8276946/figure/F2/
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2. ábra

Az alumı́nium által kiváltott neuronális apoptózis javasolt modellje. Kimutatták, hogy az Al különböző útvo-

nalakon keresztül apoptózist indukál az idegsejtekben. A mitokondriális útvonal közvetlenül kapcsolódik az
Al-indukált mitokondriális diszfunkcióhoz és az ezt követő Bax-közvetı́tett citokróm c felszabaduláshoz. Ez
utóbbit a p53, illetve a Bcl-2 expresszió pozitı́v és negatı́v szabályozása is stimulálja. Kimutatták, hogy az Al

növeli a citokróm c Apaf-1-hez való kötődésének sebességét, majd ezt követően apoptszóma és kaszpáz 9 ak-
tiválódását, majd a kaszpáz 3 hası́tását és az apoptózist elősegı́tő aktiválást. Az Al proapoptotikus hatás másik
útja a Fas/FasL jelátvitel, a kaszpáz 3 aktiválásával a kaszpáz 8 stimulációját követően. Ezenkı́vül a DAXX Al 

által indukált felszabályozása JNK jelátvitelt eredményez, amely szintén stimuláló hatással van a Baxra. 
prooxidáns aktivitása is várhatóan a fém proapoptotikus hatásának hátterében áll a biomolekulák és különö-
sen a nukleinsavak fokozott oxidatı́v módosulása révén.

A necrostatin 1 és a Z-VAD-FMK, egy pán-kaszpáz inhibitor alkalmazása bebizonyıt́otta, hogy az
Al-indukált neuronális sejthalál magában foglalhatja mind a nekrózis, mind az apoptózis aktivá-
lódását ( Hao et al., 2019 ). Ez a meg�igyelés megfelel a nekroptózis javasolt szerepének az Al
neurotoxicitásban ( Zhang, 2018b ). Ez utóbbit �igyelték meg nagy dózisok (450 mg/kg AlCl  )
mellett, mıǵ az alacsonyabb dózisok nagyobb valószıńűséggel indukáltak apoptózist az IL-
1β/JNK jelátviteli útvonalon keresztül ( Zhang et al., 2020 ). Egy másik tanulmány azt is kimu-
tatta, hogy az Al-indukált apoptózis és nekrózis eltérően érintette az ERK, illetve a p38
MAPK/ERK jelátviteli útvonalakat az SH-SY5Y sejtekben ( Jia et al., 2014 ).

Mivel az Al képes apoptózist indukálni az agysejtekben, egyértelműen modulálja a sejtciklust az
agysejtekben. Reichert et al. (2019) kimutatták, hogy az Al  gátolta a neurális progenitor sej-
tek proliferációját az idegi differenciálódás során, és apoptózist indukált a sejtciklus moduláció-
jával együtt a szub-G1 fázis növelésével és a G2/M fázis csökkentésével ( Reichert et al., 2019 ).
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Ugyanakkor a tenyésztett asztrocitákban az Al-indukált apoptózis az S fázisból a G2/M fázisba
való eltolódással járt ( Guo és Liang, 2001 ). Az Al expozıćió növeli a ciklin-dependens kináz 5
(Cdk5) neuronális expresszióját is ( Bihaqi et al., 2009 ), ami alapvető szerepet játszik a neuro-
nális differenciálódás szabályozásában ( Cicero és Herrup, 2005 ). Számos tanulmány igazolta,
hogy a ciklin D1 expresszió szigni�ikáns növekedése Al-expozıćiónak kitett patkányagyban ( Ku-
mar et al., 2009a , b ). Ezzel szemben a PC12 sejtek Al nanorészecskének való expozıćiója szig-
ni�ikánsan növelte a p21-et és csökkentette a ciklin D1 expresszióját, ami végül a G1 sejtciklus
leállását eredményezte ( Liu et al., 2020 ).

5. Neuroinflammáció és mikroglia aktiváció

A meglévő adatok bizonyıt́ják az Al proin�lammatorikus hatásait ( Lukiw et al., 2005 ). Ponto-
sabban, az Al-expozıćióról kimutatták, hogy növeli az IL-1b, IL-6, TNF-a és MIP-1a gyulladást
elősegıt́ő citokinek expresszióját, mıǵ az agyi eredetű neurotróf faktor (BDNF) expressziója je-
lentősen csökkent ( Cao et al., 2016). Kasbe és mtsai, 2015 ; Prema et al., 2017 ). A proin�lam-
matorikus citokinek fokozott expressziója összefüggésbe hozható a nukleáris faktor-kappa béta
(NF-κB) expressziójának fokozásával ( Sood és mtsai, 2012 ; Zhao és mtsai, 2020 ), amely a
gyulladás kulcsfontosságú szabályozója ( Shih et al. ., 2015 ). Különösen az Al-nak szubkután
exponált egerek agyában �igyelték meg az NF-κB inhibitor gén jelentős leszabályozását ( Li et
al., 2017 ). Figyelemre méltó az is, hogy az Al és a higany (szulfátként) együttes expozıćiója je-
lentősen fokozta ezen fémek neurotoxikus hatását önmagában az NF-κB indukció és az azt kö-
vető proin�lammatorikus jelátvitel révén, amint azt a humán neuronális és gliasejtek együttes
tenyésztésében meg�igyelték (Alexandrov et). al., 2018 ). Ezért az NF-κB az Al-indukált neuro-
gyulladás és az amiloidogenezis közötti kapcsolatnak tekinthető ( Alawdi et al., 2017 ). Az 1-me-
til-4-fenil-1,2,3,6-tetrahidropiridinnel (MPTP), egy dopaminerg neurotoxikussal együtt az Al-ex-
pozıćió képes az AP-1 hippocampális expresszióját indukálni ( Li et al., 2007 ), egy másik redox-
érzékeny A gyulladásos válasz szabályozásában szerepet játszó transzkripciós faktor.

Kimutatták, hogy az Al-hidroxid proin�lammatorikus hatása összefügg a gyulladásos aktiváció-
val és az ezt követő IL-1β mikroglia általi szekrécióval ( Gustin et al., 2015 ). Egy másik tanul-
mányban kapott eredmények azt mutatták, hogy az apurin/apirimidin endonukleáz 1 az Al neu-
roin�lammáció negatıv́ szabályozójának is tekinthető ( Zaky et al., 2013 ). Figyelemre méltó az
is, hogy az emelkedett proin�lammatorikus citokin (IL-6, TNF-a) és mikroRNS (miRNS-9, miRNS-
125b és miRNS-146a) szintekkel jellemezhető szisztémás gyulladás indukálása szintén hozzájá-
rulhat az Al-indukált gyulladásos neurodegenerációhoz (Pogue) . et al., 2017 ).

A proin�lammatorikus citokinek túltermelése mellett az Al-expozıćióról is kimutatták, hogy mind
a COX-1, mind a COX-2 aktivitást növeli a kéregben és/vagy a hippocampusban ( Syed et al.,
2015 ). Egyetértve az Al-indukált COX-downstream jelátvitel, amely magában foglalja a megnö-
vekedett prosztaglandin szintáz és receptor expressziót, valamint a prosztaglandin szintet a
hippocampusban ( Wang et al., 2015 ). Figyelemre méltó az is, hogy a szintetikus prosztaglan-
din E1 (PGE1) analóg, a misoprostol alkalmazása javıt́otta az Al-indukált memória- és tanulási
zavarokat a PGES-PGE2-EP jelátviteli útvonal modulálásával és a PGE2, mPGES-1, EP2 és EP4
expressziójának csökkentésével. Guo et al., 2016 ). COX-gátló ibuprofénnel kezelt AlCl  nak ki-
tett egerek azt is kimutatták, hogy az Al-toxicitás a hippocampális neuronális pentraxin 1 (NP1)
túlzott expressziójával függ össze ( Jamil et al., 2016 ), amelyet az Aβ-indukált neuritvesztés
egyik kulcstényezőjének tartanak. szinaptikus diszfunkció ( Abad et al., 2006 ).
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Az Al-indukált (mikro)gliózist a neuroin�lammáció kulcsfontosságú összetevőjének tekintik (
Blaylock, 2012 ). Különösen az Al-expozıćió mutatott ki oxidatıv́ stressz-függő gliaaktivációt pat-
kányagyban ( Akinrinade et al., 2015a , b ), különösen a striatumban és a thalamusban ( Platt és
mtsai, 2001 ). A nanoméretű szilıćium-dioxidról kimutatták, hogy gliaaktivációt indukál a pat-
kány agykéregben és a hippocampusban, amit az ED1-, GFAP- és nesztin-pozitıv́ sejtek számá-
nak növekedésével értékeltek ( Li et al., 2009 ). Ezenkıv́ül Campbell és mtsai. (2002) kimutatták,
hogy az Al-szulfátról kimutatták, hogy az LPS-hez hasonló hatással fokozza a glioblasztóma sej-
tek proliferációját ( Campbell et al., 2002 ). Azt is kimutatták, hogy a gliasejtek szigni�ikánsan
több Al-t és vasat halmoznak fel, bár kevésbé érzékenyek a fémek által kiváltott oxidatıv́
stresszre, mint az idegsejtek ( Oshiro et al., 2000 ). Ezek az eredmények megfelelnek annak a
közelmúltbeli meg�igyelésnek is, amely szerint megnövekedett Al-lerakódás a mikrogliákban, va-
lamint más gyulladásos sejtekben agyi amiloid angiopátiában szenvedő betegeknél ( Mold et al.,
2019 ).

6. Endoplazmás retikulum stressz (ERS) és megváltozott Ca  homeosztázis

Kimutatták, hogy az Al-glicinát expozıćió csökkenti a BiP/Grp78 molekuláris chaperon, valamint
bizonyos Ca-kezelő fehérjék (pl. calnexin, calreticulin, stanniocalcin 2) mRNS expresszióját, ıǵy
gátolja az adaptıv́ választ és hajlamosıt́ja az asztrocitákat az ERS-re (Aremu) . et al., 2011 ). Ki-
mutatták, hogy az Al-indukált ERS, amelyet a CHOP és a kaszpáz 12 expressziójának növekedése
jellemez, p53-független sejthalált indukál SH-SY5Y neuroblasztóma sejtekben, az oxidatıv́
stressz kialakulásával és az Aβ1-40 felhalmozódásával együtt ( Rizvi et al., 2014 ). Hasonlóan, a
fokozott GADD153 transzlokációval jellemezhető ERS kialakulását NF-κB indukció és Bcl-2
down-reguláció kıśérte ( Ghribi et al., 2001 ). Egy későbbi tanulmány az ERS-útvonalhoz kap-
csolódó fehérjék, köztük a PERK, EIF2α és CHOP felszabályozását is kimutatta, mint az Al-indu-
kált neurotoxikus hatás egyik összetevőjét ( Bharathi et al., 2019 ). Feltételezik, hogy a PERK-
EIF2α jelátvitel Al-függő indukciója az ezt követő kibontott fehérjeválaszsal gyulladást indukál-
hat humán neuroblasztóma SH-SY5Y sejtekben ( Rizvi et al., 2016 ).

Tekintettel az ER Ca2+ kezelésben betöltött szerepére, a megváltozott intracelluláris Ca szint is
ER diszfunkcióra utalhat ( Rizvi et al., 2014 ). A megváltozott Ca2+ homeosztázis szerepét az Al
neurotoxicitás mechanizmusaként Julka és Gill (1996) javasolta . Kimutatták, hogy a krónikus
Al-expozıćió a Ca2+-ATPáz aktivitás csökkentésén keresztül növeli a szinaptoszómális Ca szintet
( Kaur és Gill, 2005 ). A mitokondriumok megnövekedett Ca2+-felszabadulásával együtt ezek a
változások az intracelluláris Ca2+-szint növekedését eredményezik ( Gandol�i et al., 1998 ).
Emellett kimutatták, hogy az Al-Aβ konjugátum befolyásolja a neuronális Ca2+ homeosztázist (
Drago et al., 2008 ). Al-expozıćiónak kitett SH-SY5Y sejtekben 35 129 gén microarray elemzése
kimutatta, hogy a Ca2+ homeosztázis megváltozása a neuronális és/vagy szinaptikus diszfunk-
ciót közvetıt́ő kulcsmechanizmus ( Gatta et al., 2011 ). I�gy az Al az intracelluláris Ca2+-koncent-
ráció növelésében betöltött szerepe miatt excitotoxikusnak tekinthető ( Exley, 2013 ).

7. Csökkent szinaptikus plaszticitás és neurotrofin termelés

Ismeretes, hogy a szinaptikus plaszticitás és transzmisszió károsodása áll az Al többszörös ká-
ros neurológiai hatásának hátterében ( Zhang, 2018a ), amelyek mind a preszinaptikus, mind a
posztszinaptikus mechanizmusokat érintik ( Chen et al., 2002 ). Ennek megfelelően a laborató-
riumi vizsgálatok kimutatták az Al szigni�ikáns negatıv́ hatását a szinaptikus plaszticitásra (
Wang és mtsai, 2002 ), ami erősen függ az ontogenetikai periódustól, a legszembetűnőbb ha-
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tást felnőttkorban �igyelték meg ( Wang et al., 2002b ). Az Al-expozıćió a mező gerjesztő poszt-
szinaptikus potenciálok jelentős csökkenését eredményezte nagyfrekvenciás stimuláció után,
ami szinaptikus diszfunkcióra utal ( Qin et al., 2020 ). A szinapszis ultrastruktúrájának Al-indu-
kált megváltozását a posztszinaptikus sűrűség csökkenése, a szinaptikus hasadék szélessége, a
lapos szinapszisok nagy gyakorisága és a perforált szinapszisok számának csökkenése jellemzi
( Jing et al., 2004 ). A szinaptoszómák megnövekedett merevsége Al-expozıćió alatt a membrán
folyékonyságának és a membrán lipidösszetételének redoxfüggő modulációja miatt ( Ahmed és
mtsai, 2020a ) csökkentheti a szinaptikus vezikulák szinaptikus hasadékba való felszabadulását
( Ahmed et al., 2020b ). Azt is kimutatták, hogy az Al gátolja a szinaptikus (Na+/K+)ATPáz aktivi-
tást, és hozzájárul a szinaptikus diszfunkcióhoz ( Silva és Gonçalves, 2003 ). Az al-maltol expozı-́
ció a szinaptikus szerkezet jelentős megváltozását eredményezte, amelyet az axonágak és a
dendrittüskék számának csökkenése jellemez, valamint az idegsejtek sorvadása, ami a PKC és az
NMDAR alegységek mGluR fel- és leszabályozásával jár együtt (Pan et al. , 2020b ). Egy másik
tanulmány a PI3K-Akt-mTOR útvonal Al-indukálta modulációját javasolta, ami a szinaptikus
plaszticitás megváltozását eredményezheti ( Li et al., 2020a , b ).

Az Al-expozıćiónak a szinaptikus plaszticitásra és a neuritok növekedésére gyakorolt   káros ha-
tásait a neurotróf faktorok termelésének negatıv́ szabályozása közvetıt́heti. Az Al-maltol az ideg-
növekedési faktor (NGF) és a BDNF expressziójának jelentős csökkenését idézte elő agysejtte-
nyészetekben ( Johnson és Sharma, 2003 ). A szinaptikus hosszú távú potencıŕozás csökkenése
Al-expozıćiónak kitett patkányokban a BDNF expresszió jelentős csökkenésével járt a hiszton
H3K9 demetiláció (H3K9me2) demetiláz és a növényi homeodomain ujjfehérje 8 (PHF8) modu-
lációja révén ( Li et al., 2020a , b ). ). Más epigenetikai mechanizmusok, amelyek a H3K4me3-at,
H3K27me3-at és H3K9me2-t érintik, szintén a megváltozott BDNF és a korai növekedési válasz
fehérje 1 (EGR1) hátterében állhatnak foglalkozási Al-expozıćió esetén ( Pan et al., 2020a ). En-
nek megfelelően a szinaptikus plaszticitásban köztudottan jelentős szerepet játszó aktivitással
szabályozott citoszkeleton-asszociált fehérje (ARC) gén hippocampális expressziójáról is csök-
kent a méhen belüli Al-expozıćiót követően ( Inohana et al. , 2018 ). Kimutatták, hogy a mögöt-
tes mechanizmus a BDNF-indukálta Arc expresszió csökkenését foglalja magában az ERK jelát-
vitel megváltoztatása révén ( Chen et al., 2011 ). Az Al expozıćió hatására megváltozott szinapti-
kus plaszticitásban szerepet játszó egyéb mechanizmusok közé tartozhat a SIRT1, TORC1 és
pCREB szintek deregulációja ( Yan és mtsai, 2017 ) és a cAMP-PKA-CREB útvonal ( Zhang és mt-
sai, 2014 ).

8. Cytoskeletális patológia

Különösen a citoszkeletont és a mikrotubulusokat tekintették az Al-toxicitás lehetséges célpont-
jainak ( Walton, 2014 ), ami megváltozott axontranszportot és perikariális aggregációt eredmé-
nyezett ( Kushkuley et al., 2010 ). Különösen az Al-expozıćió eredményezte a citoszkeletális fe-
hérjék jelentős aggregációját és szétesését az agykéregben, a corpus striatumban és a hippo-
campusban ( Kaur et al., 2006 ). Hosszabb expozıćió után az Al-ban gazdag piramissejteket a
mikrotubulusok kimerülése jellemzi neuritkárosodással és a szinapszissűrűség elvesztésével (
Walton, 2009 ). Az Al különösen képes gátolni a neuro�ilamentumok axonális citoszkeletonhoz
való összeépülését, a neuro�ilamentumok transzlokációját és lebomlását az axonális neuritok-
ban ( Shea et al., 1997 ). A� ltalában ezek a meg�igyelések megerősıt́ik a gerincvelői motoros neu-
ronok neuro�ilamentum- és tubulingénjeinek éles csökkenésére vonatkozó korábbi adatokat (
Muma és mtsai, 1988 ), ami hozzájárul a neuro�ibrilláris degenerációhoz ( Katsetos és mtsai,
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1990 ). Egy nemrégiben készült tanulmány kimutatta, hogy az Al(III) sokkal hatékonyabban be-
folyásolja a mikrotubulusok összeállıt́ását, mint a vas ( Sevtsov et al., 2016 ). A citoszkeleton Al-
indukált változásai az amiloid β és az α-synuklein felhalmozódását is befolyásolhatják.

8.1. amiloid b

Az amiloidképződés és -felhalmozódás modulációját tekintik az Al-indukált neurodegeneráció
lehetséges útjának Alzheimer-kórban ( Exley, 2005 )3. ábra). A� ltalában ez a javaslat az Al és az
amiloid lerakódások együttállásának meg�igyelésén alapul neurodegeneratıv́ betegségekben (
Mirza et al., 2017 ; Mold et al., 2019 ).

3. ábra

Az Al szerepe az amiloid β képződésében. Az Al-expozı́ció elősegı́ti az amiloidogén útvonalat a β- (BACE1) és

a γ-szekretáz (presenilin-1) aktiválása révén, valamint az α-szekretáz gátlása miatt a nem-amiloidogén útvo-
nal leszabályozását. Az amiloid oligomerizáció és aggregáció elősegı́tése mellett az Al  gátolja a neprilizint
és plazmint is, amelyekről ismert, hogy részt vesznek az amiloid lebontásában. Ezenkı́vül kimutatták, hogy

az Al-expozı́ció károsı́tja az amiloid fehérjék TREM2 által közvetı́tett fagocitózisát a mikroglia által. O� sszessé-
gében az Al-expozı́ció ezen hatásai amiloid plakkok felhalmozódását és az Alzheimer-kórhoz hasonló neuro-
degenerációt eredményeznek.

Kimutatták, hogy az al-maltolát expozıćió növeli az Aβ1–42 expressziót patkány agyban az APP,
β- (BACE1) és γ-szekretáz (presenilin-1) mRNS transzkripciójának és fehérjeexpressziójának
fokozása révén a patkány agy régióiban ( Liang et al. ., 2013 ; Thenmozhi et al., 2015 ). Ezek a
változások az α-szekretáz fehérjék (ADAM9, ADAM10, ADAM17) jelentős csökkenésével is
összefüggenek ( Wang et al., 2014 ). A sejtvonalakon végzett in vitro vizsgálatok azt is kimutat-
ták, hogy az Al jelentős hatással van az amiloidogén útvonal fehérjére. Kimutatták, hogy az Al-
expozıćió növeli a BACE1 ( Li és mtsai, 2012 ) és a BACE2 szintet ( Castorina et al., 2010 ), bár
hosszú távú expozıćió esetén mindkét enzimexpresszió szigni�ikáns csökkenése volt meg�igyel-
hető ( Castorina et al., 2010). ). Bizonyos tanulmányok azt is bizonyıt́ják, hogy az Aβ termelés
növekedésével együtt az Al-expozıćió negatıv́an befolyásolhatja annak lebomlását a neprilizin
expressziójának csökkentésével ( Luo et al., 2009 ). A plazmin kaszkád Al általi gátlása ( Kor-
chazhkina et al., 2002 ) szintén felelős lehet mind az APP α-hasıt́ásért, mind az Aβ lebomláért (
Zhao és Pei, 2008 ). Az Al képes az Aβ42 peptidek mikroglia fagocitózisának gátlására is ( Zhao
és mtsai, 2014 ) a TREM2 leszabályozása miatt ( Alexandrov és mtsai, 2013 ).
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Az Al-expozıćió alatti amiloid β oligomerizáció elősegıt́ése szintén döntő szerepet játszhat az Al-
asszociált Alzheimer-kórban. U� ttörő tanulmányok Exley et al. (1993) és Kawahara et al. (1994)
közvetlen kölcsönhatást mutattak ki az Al és az amiloid β között az utóbbi növekvő aggregáció-
jával. Későbbi vizsgálatok feltárták az Al-amiloid β kölcsönhatás sajátos jellemzőit és a fehérje-
szerkezetre gyakorolt   hatásait ( Narayan és mtsai, 2013 ; Turner és mtsai, 2019 ). Különösen az
Al(III) képes β-lemez képződést és ezt követő Aβ40 aggregációt indukálni ( Zhang et al., 2019 ).
Hasonló hatást �igyeltek meg az Aβ42 esetében, ahol az Al(III) és a Fe(II)/Fe(III) az Aβ42 aggre-
gáció aktıv́abb promoterei, mint a Cu(II) és a Zn(II) ( House et al., 2004 ).

Az Aβ termelés és aggregáció modulálása mellett kimutatták, hogy az Al részt vesz a tau hiper-
foszforiláció indukciójában is ( El-Sebae et al., 1993 ). Ennek megfelelően � � -galaktóz és Al-
klorid kezelésről kimutatták, hogy növeli a foszforilált tau lerakódást az agyi régiókban ( Chi-
roma et al., 2018 ). Az Al-oxid nanorészecskék közvetlenül lépnek kölcsönhatásba a tau fehérje
hidro�il maradékaival, ami citotoxicitást eredményez az SH-SY5Y sejtekben ( Kermani et al.,
2018 ). �� �� �́� � � -galaktóz neurotoxikus hatása a GSK-3β aktivitástól is függ ( Chiroma et al.,
2019 ), amelyről ismert, hogy jelentős szerepet játszik a tau hiperfoszforilációjában AD és agyi
ischaemiában ( Culbreth és Aschner, 2018). ). A GSK-3β aktivitás csökkentése viszont szerepet
játszhat az Aβ termelés és a tau foszforiláció csökkentésében az Al-expozıćiónak kitett PC12 sej-
tekben ( Huang et al., 2017 ).

Bizonyos negatıv́ eredmények azonban arra utalnak, hogy az AβPP és AβPP/tau transzgenikus
egerekben nincs Al(III) hatása az amiloid β és tau felhalmozódására ( Akiyama et al., 2012 ).
Bár némileg ellentmondanak más tanulmányoknak, ezek a meg�igyelések az Al neurotoxicitás
összetett mechanizmusaira utalhatnak, amelyek sokféle mechanizmust érintenek.

8.2. α-szinuklein

Az Al-expozıćió és a PD közötti korábban kimutatott összefüggést legalább részben az Al(III) és
az α-synuclein közötti kölcsönhatás közvetıt́heti. Különösen az Al-kezelés bizonyıt́ottan hatéko-
nyabban növeli az α-synuclein �ibrillumok képződését, mint a Cu(II), Fe(III), Co(III) és Mn(III) (
Uversky és mtsai, 2001 ). Ennek megfelelően a PC12 sejtekben az α-synuclein expressziójának
leállıt́ása javıt́ja az Al-maltolát toxicitást, ami az α-synuclein alapvető szerepére utal az Al neuro-
toxicitásban ( Saberzadeh et al., 2016 ). Emellett kimutatták, hogy az Al(III) szinergetikus hatást
fejt ki a tau oligomer képződésére a GSK-3β-val, valamint elősegıt́i az α-synucleinnel történő tau
koaggregációt ( Nübling et al., 2012 ).

9. Megváltozott neurotranszmitter anyagcsere

Az Al-expozıćió káros neurológiai hatásait legalább részben az Al interferenciája a neurotransz-
mitterek metabolizmusával és jelátvitelével közvetıt́i. Bár a konkrét mechanizmusok még nem
ismertek, a meglévő adatok egyértelműen bizonyıt́ják, hogy az Al expozıćió jelentős hatással
van a glutamáterg, gabaerg, kolinerg, szerotoninerg és dopaminerg neurotranszmisszióra (
Gonçalves és Silva, 2007 ).

9.1. Glutamergikus-gabaerg rendszerek
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A jelenlegi tanulmányok többsége az Al glutamáterg mechanizmusokra gyakorolt   hatásának
vizsgálatára irányult. Kimutatták, hogy az Al-expozıćió csökkenti az NMDA, AMPA és a glutamát
által közvetıt́ett áramokat a hippocampalis neuronokban ( Platt és mtsai, 1994 ). Kimutatták,
hogy az Al-expozıćió csökkenti a GluR-1 és GluR-2 AMPA receptor alegységek hippocampális
expresszióját ( Song et al., 2013 , 2014 ), amit legalább részben az Akt/GSK-3β útvonal modulá-
ciója közvetıt́ ( Zhang et al. , 2016a , b , c ). Dózisfüggő hippocampalis NMDA receptor (NMDAR)
expressziót �igyeltek meg orálisan exponált patkányokban ( Jin és mtsai, 2010 ), amelyekben az
NMDAR 1A és NMDAR 2A/B alegységei érintettek ( Yuan et al., 2011 ). A megváltozott NMDAR
expresszió a csökkent PLC expresszióval is összefüggésben volt ( Jin et al., 2010 ). Azt is kimu-
tatták, hogy az Al súlyosbıt́ja a neuroblaszt-differenciálódás és az NMDAR jelátvitel cukorbeteg-
séggel összefüggő megváltozását ( Nam et al., 2019 ). Ugyanakkor az NMDAR antagonista alkal-
mazása részben megfordıt́otta az Al káros hatásait primer idegtenyészetekben, ami az Al toxici-
tás excitotoxikus komponensére utal ( Atterwill et al., 1996 ). Azt is javasolják, hogy az Al-expo-
zıćió megváltoztathatja az asztrociták azon képességét, hogy megvédjék a neuronokat a magas
glutamátszintek excitotoxikus hatásától ( Sass és mtsai, 1993 ).

Az Al a glutamin-szintetáz növekedésével ( Struys-Ponsar et al., 2002 ) és az asztrociták gluta-
mináz aktivitásának csökkenésével ( Zielke és mtsai, 1993 ) a hippocampalis és a corticalis glu-
taminszint növekedését is indukálta, mıǵ a glutamát felhalmozódása csökkent ( Struys- Ponsar
et al., 2000 ). A HT-29 sejtek bevonásával végzett metabolikus vizsgálat az intracelluláris glu-
tamátszintek Al-indukálta szigni�ikáns csökkenését is kimutatta ( Yu et al., 2019a , b ). Egyet-
értve, a glutamát-NO-cGMP útvonal downregulációját �igyelték meg az Al-kezelés alatt álló neu-
ronokban mind in	vitro , mind in	vivo ( Canales et al., 2001 ).

Ugyanakkor az ip Al beadása a glutamátszint szigni�ikáns növekedését eredményezte a thala-
musban, a hippocampusban és a kisagyban, a glutamát alfa-dekarboxiláz aktivitásának emelke-
désével együtt, mıǵ a GABA transzamináz csökkenését tapasztalták ( Nayak és Chatterjee, 2001
). Kimutatták, hogy az alumıńium kétfázisú hatást fejt ki a GABA által kiváltott áramokra az ala-
csonyabb szinteken meg�igyelt potencıŕozás (<100 μM) és a nagyobb koncentrációnál (≥ 300
μM) csökkenés révén ( Trombley, 1998 ). Az Al GABA transzportra gyakorolt   moduláló hatása a
Ca2+/calmodulin/calcineurin útvonalon keresztül közvetıt́hető ( Cordeiro et al., 2003 ).

9.2. Kolinerg rendszer

A kolinerg rendszer rendkıv́ül sérülékenynek bizonyult az Al-expozıćió hatására ( Yellamma et
al., 2010 ). Kimutatták, hogy az Al-expozıćió csökkenti az agyi acetilkolinészteráz (AChE) aktivi-
tását ( Sharma és mtsai, 2013a , b ) kétfázisú válaszreakcióval, amelyet az enzimaktivitás növe-
kedése jellemez rövidebb expozıćiós periódusok esetén, amelyet egy későbbi depresszió követ
( Kumar, 1998 ). A perinatális Al-expozıćió az utód kisagyi AChE aktivitásának jelentős csökke-
nését eredményezte ( Ghorbel et al., 2016 ). A kolin-acetil-transzferáz expressziója és az azt kö-
vető acetilkolin-szintézis szintén csökkent az Al-expozıćió hatására, még a szubsztrát elérhető-
sége ellenére is ( Farhat et al., 2017 ). Ugyanakkor bizonyos vizsgálatok az agy AChE aktivitásá-
nak Al-indukálta növekedését tárták fel ( Khan et al., 2013 ). Hu et al. , teljes sejtes patch clamp
technikát alkalmazva izolált patkány trigeminus ganglion neuronokon . (2007) meg�igyelték,
hogy az Al  koncentrációfüggő módon potencıŕozza a nikotin által kiváltott befelé irányuló
áramokat. A szerzők arra a következtetésre jutottak, hogy az Al által indukált nAChR fokozott
működése állhat az Al által kiváltott neurológiai elváltozás hátterében ( Hu et al., 2007 ).

3+
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Ezen túlmenően az Al-expozıćió az M1 muszkarin acetilkolin receptorok (M1AChR) ( Harkany
és mtsai, 1996 ), valamint a nikotinos acetilkolin receptor (α7, α4 és β2 nAChR) génexpresszió-
jának csökkenésével is összefügg ( Farhat et al. ., 2019 ). Fontos, hogy a nikotinreceptor gén-
expressziójának ez a csökkenése súlyos neurodegenerációval és csökkent hippocampus-függő
tanulással jár egerekben ( Farhat et al., 2019 ).

A kolinerg diszfunkció a kolin szinaptikus felvételének Al-függő oxidatıv́ stressz által kiváltott
növekedéséből is előfordulhat ( Amador és mtsai, 2001 ). Ennek megfelelően a NOS-gátlók al-
kalmazása kimutatta, hogy az Al-expozıćió alatti megváltozott kolinerg neurotranszmissziót leg-
alább részben az NO-termelés zavarai közvetıt́hetik ( Stevanović et al., 2010 ).

9.3. Dopaminerg rendszer

A dopaminerg neurotranszmissziót szigni�ikánsan gátolja az Al-expozıćió ( Laabbar et al., 2019
). Ennek megfelelően az agyi dopaminszint szigni�ikánsan csökkent az Al-expozıćiónak kitett ál-
latokban ( Bhalla et al., 2010a , b ; Singla és Dhawan, 2017 ). A striatális szinaptoszómákban a
dopaminszintézist is csökkent Al-expozıćió alatt ( Pavandi et al., 2014 ). Ezen túlmenően, az Al
csökkentette a dopamin D1-szerű és D2-szerű receptorok expresszióját elsősorban az agyké-
regben és a rostralis striatumban ( Kim et al., 2007 ). Az Al és a dopaminerg rendszer ezen köl-
csönhatásai ellenére egy 36 éves multicentrikus vizsgálat eredményei arra utalnak, hogy az alu-
mıńium fő toxicitása az Alzheimer-kórhoz, a Down-szindrómához és a dialıźises demencia
szindrómához kapcsolódik, de nem a Parkinson-kórhoz vagy más neurológiai rendellenessé-
gekhez ( Lukiw et al., 2019 )

9.4. Szerotoninerg rendszer

Egyes tanulmányok kimutatták, hogy az Al-expozıćió eltérően befolyásolhatja a szerotoninszin-
tet ( Kumar, 2002 ; Ravi és mtsai, 2000 ; Said és Abd Rabo, 2017 ) és az 5-HT2C receptor reakti-
vitását ( Brus és mtsai, 1997 ) az agyi régiókban. Kimutatták, hogy az Al-expozıćió csökkenti a
keringő szerotoninszintet is ( Zhang et al., 2016a , b , c ). E� rdekes azonban, hogy egy friss tanul-
mány arra a következtetésre jut, hogy az Al-indukált depresszıv́ viselkedés patkányokban a hip-
pokampusz IL-1β/JNK jelátviteli útvonalának aktiválódásának köszönhető, ami neuronhalált
eredményez ebben a régióban ( Zhang et al., 2020 ).

10. Kezelési stratégiák

Az Al neurotoxikus szerként feltárt nagy potenciálja, valamint a neurodegeneratıv́ és idegfejlő-
dési rendellenességek kialakulásában betöltött szerepe miatt számos tanulmány célozta a lehet-
séges védekezési stratégiák vizsgálatát. Az oxidatıv́ stressz, a mitokondriális diszfunkció, a gyul-
ladás, az apoptózis és az endoplazmatikus retikulum stressz Al neurotoxicitásban betöltött sze-
repe miatt a védőanyagok többsége várhatóan antioxidáns és gyulladásgátló aktivitáson keresz-
tül közvetıt́i hatását. Azonban más speci�ikusabb mechanizmusok is közvetıt́hetik a neuropro-
tektıv́ hatásokat. A meglévő védőszerek mechanikailag a következő csoportokba oszthatók: i.
kelátképzők; ii. nyomelemek; (iii) aminosavak; (iv) polifenolok; (v) polifenolban gazdag �itoext-
raktumok; (vi) gyógyszerek és egyéb szerek.

10.1. Kelátképző terápia
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Az Al toxicitás kezelésében a kelátképző terápia célja a fémek biológiai hozzáférhetőségének
csökkentése és a szervezetből való kiválasztódásának elősegıt́ése, ezáltal megelőzve toxikus ha-
tásait. A korábbi vizsgálatok többsége az Al hatékony kelátképzését bizonyıt́ja vaskelátképző
dezferrioxamin vagy deferoxamin (DFO) alkalmazásával ( Kumar és Gill, 2014 ). A DFO-ról kü-
lönösen kimutatták, hogy megakadályozza az agyfehérjék Al-indukálta oxidatıv́ károsodását (
Sivakumar et al., 2012 ). Az etilén-diamin-tetraecetsav (EDTA) ( Fulgenzi et al., 2015 ) és az	N
(2-hidroxi-etil)-etilén-diamin-triecetsav (HEDTA) ( Shrivastava, 2012 ) szintén hatékonynak bi-
zonyult az Al neurotoxicitás csökkentésében. Ugyanakkor nagy szükség van más meglévő Al-
kelátképző szerek ( Crisponi et al., 2012 ) hatékonyságának összehasonlıt́ó elemzésére az Al ne-
urotoxicitás kezelésében.

10.2. Nélkülözhetetlen nyomelemek

A meglévő adatok azt mutatják, hogy a szilıćium (Si), a szelén (Se) és a cink (Zn) neuroprotektıv́
hatással bıŕhat az Al-toxicitás ellen.

Epidemiológiai vizsgálatok kimutatták, hogy a megnövekedett szilıćiumbevitel megakadályoz-
hatja az Al káros neurológiai hatásait ( Davenward et al., 2013 ; Nielsen, 2014 ) az Al-iont al-
kotó alumıńium-szilikáttal való közvetlen kölcsönhatás révén, ıǵy csökkentve az Al biohasznosu-
lását és toxicitását ( Domingo et al., 2011 ). Különösen kimutatták, hogy a megnövekedett Si-be-
vitel csökkenti az agy Al-felhalmozódását egerekben ( Granero és mtsai, 2004 ).

Mivel a szelenoproteinek szerkezeti összetevője, beleértve a glutation-peroxidázt, a szelén vé-
dőhatásait az Al neurotoxicitásával szemben antioxidáns aktivitása közvetıt́heti. Különösen a
szelén kezelés szigni�ikánsan visszafordıt́otta a kataláz és a glutation-reduktáz aktivitás Al-indu-
kált gátlását, valamint a GSH-szintek csökkentését. Ezeket a hatásokat az agyi morfológia, az
izomerő, a mozgás és az acetilkolinészteráz aktivitás javulása is kıśérte ( Lakshmi et al., 2015 ).
Ezenkıv́ül kimutatták, hogy a Se neuroprotektıv́ hatásai Al-expozıćió alatt a gyulladásos válasz
csökkenésével és az NO jelátvitel javulásával járnak ( Cao et al., 2018 ).

A cinkről kimutatták, hogy javıt́ja az Al-expozıćió káros hatásait az agy morfológiájára és redox
állapotára, a dopamin- és szerotoninszintre, valamint az acetilkolinészteráz aktivitásra ( Lu et
al., 2013 ). Különösen a cink növelte szigni�ikánsan a teljes és csökkentette a glutation szintet,
valamint javıt́otta az antioxidáns enzimek aktivitását és a metallotionein szintet, az Al-indukált
neurodegeneráció visszafordıt́ásával együtt ( Singla és Dhawan, 2014 ). A redox állapot javu-
lása a redox-érzékeny transzkripciós faktor NF-κB alacsonyabb expressziójával is összefüg-
gésbe hozható ( Singla és Dhawan, 2013 ). A szerzők a Zn antiapoptotikus hatását is kimutatták
Al-expozıćiónak kitett állatokban a proapoptotikus fehérje expresszió csökkentésén keresztül,
beleértve a Bax, Apaf-1, a 3., 6, 7, 8, 9 kaszpázokat és az agyi Bcl2 szintek javulását ( Singla és
Dhawan, 2015 ).

Bizonyos egyéb nyomelemek hatékonynak bizonyultak az Al neurotoxicitás ellen. Konkrétan, a
lıt́iumkezelés javıt́otta az Al káros hatásait az agy ultrastruktúrájára ( Bhalla és mtsai, 2010a ),
az acetilkolinészterázra és a monoamin-oxidáz aktivitásra, valamint az agy dopamin- és szero-
toninszintjére ( Bhalla és mtsai, 2010b ). Egy másik tanulmány kimutatta a bórsav megelőző ha-
tását az idegsejtek ultrastruktúrájára Al-expozıćió mellett ( Colak et al., 2011 ).

10.3. polifenolok
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A polifenolok antioxidáns és gyulladáscsökkentő hatással rendelkező �itokemikáliák széles cso-
portját képviselik, ıǵy potenciális szerekként használják az Al neurotoxicitás kezelésében. Külö-
nösen kimutatták, hogy a kvercetin növeli az agyi antioxidáns enzim génexpresszióját ( Ali és
mtsai, 2014 ), és javıt́ja az agy mitokondriális biogenezisét és működését Al-expozıćiónak kitett
állatokban ( Sharma és mtsai, 2015 ). A redox státusz javulásával párhuzamosan a mangiferin (
Kasbe és mtsai, 2015 ) és a heszperidin ( Jangra és mtsai, 2015 ) enyhıt́ette az Al-indukált ideg-
gyulladást, mıǵ a �isetin antiapoptotikus hatással és csökkentette az Aβ aggregációt ( Prakash és
Sudhandiran, 2015 ). A naringenin ( Haider et al., 2020 ) és a kurkumin ( Kakkar és Kaur, 2011
) képesek voltak az Al által érintett acetilkolinészteráz aktivitás helyreállıt́ására.

Szigni�ikáns neuroprotektıv́ hatást �igyeltek meg az Al-toxicitás mellett a fenolsavak esetében.
Különösen kimutatták, hogy a klorogénsav javıt́ja a redox állapotot és az antioxidáns enzimakti-
vitást az Nrf2-ARE jelátviteli útvonal felpörgetése révén az Al-expozıćiónak kitett hippocampalis
neuronokban ( Wang és mtsai, 2018 ). Az Al-kezelés agyi AChE aktivitásra gyakorolt   káros hatá-
sait a kávésav ( Khan és mtsai, 2013 ) és a sziringensav ( Zhao et al., 2020 ) enyhıt́ette , mıǵ az
utóbbi a neurogyulladást is csökkentette.

A �itokemikáliák antioxidáns és gyulladáscsökkentő hatása mellett a neuroprotektıv́ hatás leg-
alább részben a fémionokkal való közvetlen kölcsönhatásnak tulajdonıt́ható. Különösen kimu-
tatták, hogy a polifenolok megköthetik az Al(III)-t, ıǵy csökkentve annak biológiai hozzáférhető-
ségét ( Zhang et al., 2016a , b , c ). Az Al-keláció szerepe a neurotoxicitás kezelésében egyértel-
műen igazolódott a klorogénsav esetében, ahol növelte a fémek kiválasztását és csökkentette a
hippocampusban való felhalmozódását ( Wang et al., 2018 ).

10.4. Fitokémiai anyagokban gazdag növények és fitoextraktumok

Egyes �itokemikáliák (polifenolok) Al neurotoxicitással szembeni egyértelműen kimutatott vé-
dőhatása miatt a polifenolokban gazdag növényi kivonatok potenciális hatékonyságát is vizsgál-
tuk. Konkrétan neuroprotektıv́, antioxidáns és gyulladáscsökkentő hatást mutattak ki a zöld (
Jelenković et al., 2014 ) és a fekete tea ( Mathiyazahan et al., 2015 ), az Allium cepa ( Singh és
Goel, 2015 ), a szőlő ( Lakshmi et al.) esetében. ., 2014 ), Ginkgo biloba ( Verma et al., 2020 ) és
sáfrány ( Linardaki et al., 2013 ), hogy csak néhányat emlıt́sünk. Az egyre több bizonyıt́ék bizo-
nyıt́ja az etnobotanikai fajok hasznosságát. Azonban további vizsgálatok szükségesek a �itoext-
raktumok neuroprotektıv́ hatásához hozzájáruló speciális mechanizmusok és hatóanyagok jel-
lemzéséhez Al-expozıćió esetén.

10.5. Egyéb ügynökök

Számos, eltérő hatásmechanizmusú szerről is kimutatták, hogy hatékonyak az Al-neurotoxicitás
ellen, beleértve a melatonint ( Sadek et al., 2019 ), a gyulladáscsökkentő szereket (pl. ibupro-
fen) ( Jamil et al., 2016 ), a liponsavat (2016). Al-Otaibi és mtsai, 2018 ), N -acetilcisztein ( Pra-
kash és Kumar, 2009 ), stb. A kombinált terápia is perspektivikus megközelıt́ésnek tekinthető,
mivel eltérő biológiai hatásmechanizmusú szerek ( Kumar és Gill, 2014 ).

11. Következtetés
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Az egyre növekvő mennyiségű adat azt mutatja, hogy az Al-expozıćió és neurotoxicitása a neu-
rodegeneratıv́ és idegrendszeri fejlődési rendellenességek széles spektrumában hozzájárulhat.
Kimutatták, hogy az Al(III) neurotoxicitás mögött meghúzódó mechanizmusok közé tartozik az
oxidatıv́ és endoplazmatikus retikulum stressz, a mitokondriális diszfunkció, a gyulladás, a sejt-
halál, az Aβ-val és az α-synukleinnel való kölcsönhatás, a citoszkeletális rendellenességek, vala-
mint a szinaptikus plaszticitás és a jelátvitel megváltozása a neurotranszmitter rendszerek. E
mechanizmusok különböző szakaszokban történő megcélzása előnyös lehet az Al neurotoxici-
tás és a kapcsolódó betegségek kezelésében. Vannak azonban bizonyos ellentmondások az Al-
expozıćió in vivo és in vitro mechanizmusait és általános hatásait illetően. Ez utóbbi legalább
részben az analitikai módszertan eltéréséből adódhat, mıǵ a precıź és validált módszerek kidol-
gozása, beleértve a speciációs analıźist és a képalkotó technikákat, jelentősen hozzájárulna az
Al biológiai hatásainak megértéséhez. További vizsgálatokra van szükség az Al-neurotoxicitás
bensőséges mechanizmusainak, valamint a neurológiai rendellenességekhez való különös hoz-
zájárulásának kiemelésére a hatékony terápiás stratégiák későbbi kidolgozása érdekében.
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65. Goullé JP, Grangeot-Keros L, 2020. Alumı́nium és vakcinák: a tudás jelenlegi állása . Med.	Mal.	Infect	50 ( 1 ), 16–21. [
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citoszkeletális elváltozások a központi idegrendszerben intravénás és intravénás alumı́nium-maltollal nyulakban .

Neuropathol.	Appl.	Neurobiol	16 ( 6 ), 511-528. [ PubMed ] [ Google Scholar ]

90. Kaur A, Gill KD, 2005. A neuronális kalcium homeosztázis megzavarása krónikus alumı́nium toxicitás után
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kezelt neuroblasztóma sejtekben . J.	Anal.	Nál	nél.	Spectrom	19 ( 1 ), 41–45. [ Google ösztöndı́jas ]
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patkánymodelljében . J.	Alzheimers	Dis	60 ( s1 ), S209-S220. [ PubMed ] [ Google Scholar ]

155. Qin X, Li L, Nie X, Niu Q, 2020. A krónikus alumı́nium-laktát expozı́ció hatása a neuronális apoptózisra és a
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toxicitás lehetséges magyarázata . Exp.	Neurol	163 ( 1 ), 157–164. [ PubMed ] [ Google Scholar ]

191. Struys-Ponsar C, Guillard O, de Aguilar PVDB, 2002. Effects of Aluminium on Glutamate Metabolism, in: Trace

Elements	in	Man	and	Animals	10 . Springer, Boston, MA, 425–428. [ Google ösztöndı́jas ]
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1. Introduction

Aluminum (Al) is considered as the most abundant metal in the Earth’s crust, being the third
most abundant chemical element after oxygen and silicon. Intensive development of the Al
industry (Brough and Jouhara, 2020) due to a wide use of the metal has resulted in a
signi�icant increase in environmental Al levels (Crisponi et al., 2012).

The sources of human Al exposure may include diet (Tietz et al., 2019), being responsible for
95% of total body Al (Goullé and Grangeot-Keros, 2020), drinking water (Krupińska, 2020), air
(Exley, 2013), as well as cosmetics (Crisponi et al., 2012, 2013) and medicinal drugs, namely
antacids (Klotz et al., 2017). Involvement in Al processing industry may also result in
occupational Al exposure (Skalny et al., 2018). Earlier studies demonstrated that vaccination
could be considered as a source of Al exposure due to the presence of aluminium adjuvants
that are currently not widely used thus reducing the risk of vaccine-associated Al exposure
(Goullé and Grangeot-Keros, 2020).

Being a non-essential element, Al was shown to be toxic for humans (Exley, 2013), resulting in
adverse health effects (Crisponi et al., 2011) including bone pathology (Klein, 2019) and breast
cancer (Darbre et al., 2013). Our data also demonstrated the association between obesity
(Tinkov et al., 2019), laboratory markers of metabolic syndrome and Al exposure markers
(Skalnaya et al., 2018). However, the existing data on adverse effects of Al exposure are limited
(Krewski et al., 2007).
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Recent studies have demonstrated that the brain may be considered as the target for Al toxicity
(Exley, 2014), resulting in neurodegenerative (Exley, 2013; Shaw et al., 2014) and
neurodevelopmental disorders (Blaylock, 2012). Recent detailed studies by Exley and the
coauthors have highlighted the association between brain Al accumulation and neurological
disorders including Alzheimer’s disease, multiple sclerosis and autism spectrum disorder
(Exley and Clarkson, 2020; Mirza et al., 2017; Mold et al., 2018). Speciation analysis using
hyphenated techniques demonstrated that Al exposure induces a speci�ic bioligand response in
Al-exposed neuronal cells (Połeć-Pawlak et al., 2004). However, the particular mechanisms of
Al neurotoxicity and their role in Al-associated neurological disorders are still debatable
(Morris et al., 2017). This chapter will provide an update on the particular mechanisms of Al
neurotoxicity that may be used as targets for development of therapeutic strategies.

Generally, the neurotoxic effect of Al exposure is mediated by its common toxic properties
including prooxidant, proin�lammatory, proapoptotic activity that are reported for a variety of
cell lines and tissues, as well as more speci�ic “neurotropic” effects namely interference with
neurotransmitter metabolism and neuronal cytoskeleton.

2. Oxidative stress

Oxidative stress along with mitochondrial dysfunction (see next section) are involved in
development of a variety of adverse effects of Al including neurotoxicity (Kumar and Gill,
2014). The observed increase in brain lipid peroxidation under Al exposure (Ghorbel et al.,
2016; Nehru and Anand, 2005; Yuan et al., 2012) was shown to be associated with a signi�icant
reduction in antioxidant enzyme activity, namely superoxide dismutase (Nehru and Anand,
2005), catalase (Nehru and Anand, 2005), glutathione peroxidase (Sánchez-Iglesias et al.,
2009), glutathione reductase (Nehru and Bhalla, 2006), as well as glutathione-S-transferase
(Bhalla and Dhawan, 2009). Alteration of glutathione system is also characterized by Al-
induced decline in cerebral and cerebellar total, reduced, and oxidized glutathione levels
(Anand and Nehru, 2006). In contrast to glutathione, data on involvement of thioredoxin
system to Al-induced redox perturbations are insuf�icient, although recent study revealed a
signi�icant decrease in mitochondrial thioredoxin in aluminum chlorohydrate treated SH-SY5Y
neuroblastoma cells (Tsialtas et al., 2020).

Al exposure was also shown to reduce mitochondrial Mn-SOD activity thus contributing to
mitochondrial dysfunction (Kumar et al., 2009a,b). At the same time, certain studies
demonstrated Al-induced increase in SOD activity and gene expression (Ali et al., 2014) that
may also contribute to oxidative stress through overproduction of hydrogen peroxide,
especially at low catalase and GPx activity. Inhibitory effect of Al on antioxidant system are
likely mediated by Al-induced down-regulation of Nrf2/Keap1 signaling pathway (Yu et al.,
2019a,b), whereas prevention of this inhibitory effect ameliorated prooxidant activity of the
metal (Wang et al., 2017).

In parallel with inhibition of antioxidant system, the role of Al in development of cerebral
oxidative stress may be mediated by its impact on prooxidant systems. Particularly, exposure to
Al was shown to increase cerebral level of inducible (Bondy et al., 1998) and endothelial NOS
(Mokhemer et al., 2020) with a concomitant elevation of brain NO levels (Al-Olayan et al.,
2015). The use of the NOS inhibitor N-nitro-�-arginine methyl ester (L-NAME) signi�icantly
reduced Al-induced oxidative damage in brain, indicating a critical role of NOS induction in the
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prooxidant activity of Al (Stevanović et al., 2009). Al-induced alteration of vascular reactivity
was shown to be associated with increased superoxide production from activated NADPH-
oxidase (Schmidt et al., 2016) due to up-regulation of NAD(P)H oxidase 1 and 2 mRNA
expression (Martinez et al., 2017). Stimulatory effect of Al was observed in another enzymatic
source of superoxide anion, xanthine oxidase, in liver (Moumen et al., 2001) as well as various
brain regions (Sushma et al., 2006).

In addition to enzymatic prooxidants, Al was capable of potentiating prooxidant effect of iron
in neuronal cultures (Xie et al., 1996). This effect may also underlie a shift to ferroptosis in
PC12 cells exposed to aluminium (Cheng et al., 2020). It is also notable that co-exposure to Al
and 6-hydroxydopamine enhanced 6-hydroxydopamine autooxidation-induced oxidative stress
in brain mitochondrial preparations (Sánchez-Iglesias et al., 2009). Moreover, Al is directly
involved in the formation of highly reactive Al superoxide semi-reduced radical ion 
(Exley, 2012).

Taken together, increased production of reactive oxygen species due to activation of enzymatic
and non-enzymatic prooxidant systems and reduced antioxidant capacity of the cells (Fig. 1)
result in Al-induced oxidative stress affecting neuronal protein structure and inducing redox-
sensitive pathways.
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Fig. 1

Mechanisms underlying prooxidant effect of aluminium (Al ). Al  was shown to affect mitochondrial
electron transport chain thus increasing electron leakage from Complex I and III with subsequent formation of
superoxide anion radical . Another mechanism contributing to superoxide production involves Al-

dependent increase in xanthine oxidase (XO) and NADPH-oxidase (NOX) activity. Al  cation is directly
involved in the formation of highly reactive Al superoxide semi-reduced radical ion  that was shown
to promote prooxidant activity of Fe  in Fenton reaction with generation of hydroxyl radical (HO ).

Prooxidant activity of Al is also aggravated by its inhibitory effect on enzymatic antioxidants including
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and glutathione reductase (GR).
The latter results in reduced glutathione (GSH) depletion. Moreover, Al was shown to down-regulate nuclear

factor erythroid 2–related factor 2 (Nrf2), being the key regulator of the antioxidant system. Taken together,
these mechanisms result in development of oxidative stress with increased oxidative modi�ication of lipids,
proteins and nucleic acids observed in brain/neuronal cell lines under Al exposure.

3. Mitochondrial dysfunction

Mitochondrial dysfunction is considered as one of the �irst pathological responses to Al
exposure in the cell, resulting in altered energy metabolism, oxidative stress, and apoptosis.
Particularly, Al was shown to decrease mitochondrial electron transport chain through
inhibition of complex I (NADH dehydrogenase), complex II (succinate dehydrogenase), and
complex IV (cytochrome oxidase) in rat cortex and midbrain, as well as cerebellum (Sood et al.,
2011). A reduction in cytochrome oxidase activity was also accompanied by signi�icant Al-
induced changes in enzyme Arrhenius plot (Dua and Gill, 2004). Complex III activity was found
to be signi�icantly inhibited by Al nanoparticles that also induced a sharp decrease in
mitochondrial membrane potential and cytochrome c leakage in isolated brain mitochondria
(Arab-Nozari et al., 2019). Reduced activity of electron transport chain complexes from Al-

3+ 3+

( )O
−∙
2

3+

( )AlO
2+∙
2

2+ •

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8276946/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8276946/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8276946/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8276946/figure/F1/


2024. 03. 20. 15:36 Molecular mechanisms of aluminum neurotoxicity: Update on adverse effects and therapeutic strategies - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8276946/ 5/30

treated rats was accompanied by reduction in particular cytochromes cyt a, cyt b, and cyt c, as
well as altered mitochondrial ultrastructure in hippocampus and striatum (Kumar et al., 2008).
Complex V (ATP-synthase) was also down-regulated along with other fragments of electron
transport chain upon Al exposure (Sharma et al., 2013a,b). Correspondingly, analysis of
mitochondrial ultrastructure in Al-exposed neurons revealed mitochondrial swelling,
cavitation, altered inner mitochondrial membrane and cristae structure (Niu et al., 2005), as
well as loss of cristae, chromatin condensation and decreased number of mitochondria
(Sharma et al., 2013a,b). The latter is indicative of Al-induced decrease in mitochondrial
biogenesis through down-regulation of peroxisome proliferator activated receptor gamma co-
activator 1α (PGC-1α) and the downstream genes including Nrf1, Nrf2, and mitochondrial
transcription factor A (Tfam) (Sharma et al., 2013a,b). Taken together, these Al-induced
changes result in alteration of mitochondrial transmembrane potential and impaired oxidative
phosphorylation that may contribute to increased generation of reactive oxygen species
(Iglesias-González et al., 2017). However, results from another study indicate that oxidative
stress precedes mitochondrial dysfunction in brain of Al-exposed gerbils (Vučetić-Arsić et al.,
2013).

4. Apoptosis

Induction of apoptosis in Al-exposed cells represents one of the mechanisms of direct Al-
induced cell damage. Speci�ically, Al was capable of inducing apoptosis in neuronal (SH-SY5Y),
glial (U373MG), and retinal epithelial cells (RPE D407) (Toimela and Tähti, 2004). Exposure of
co-cultured neurons and astrocytes to Al resulted in signi�icant metal accumulation on both cell
lines, whereas Al-induced apoptosis was revealed only in astrocytes (Suárez-Fernández et al.,
1999). In agreement, intensi�ied neuronal apoptosis was observed in a number of in	vivo
studies (Çabuş et al., 2015; Keshava et al., 2019).

As stated earlier, mitochondrial dysfunction causes cytochrome c leakage that binds Apaf-1
with subsequent formation of apoptosome and procaspase 9 activation underlying Al-induced
apoptotic neuronal death (Savory et al., 2003), thus indicative of mitochondrial pathway of
apoptosis (Fig. 2). Another study demonstrated that prooxidant effect of AlCl  was associated
with a signi�icant increase in cerebral levels of caspase-3 and Bax, whereas antiapoptotic Bcl2
was found to be down-regulated by Al treatment (Mesole et al., 2020). Cortical and
hippocampal proapoptotic p53, p21, Bax, caspase 3, and pJNK levels were increased in
response to oral Al treatment along with a two- to threefold increase in Fas levels, being
indicative of involvement of Fas/FasL-mediated apoptosis (Keshava et al., 2019). The role of
Fas/FasL apoptotic pathway has also been con�irmed by the observation of Al-induced
caspase-8 (Qin et al., 2020) and DAXX up-regulation (Kumar et al., 2009a,b; Lukiw et al., 2005),
which is known to be p53-independent (Wasylishen et al., 2018). Taken together with the
earlier demonstrated increase in p53-associated proapoptotic signaling under Al exposure
(Johnson et al., 2005), these �indings indicate that Al-induced apoptosis may involve both p53-
dependent and -independent pathways.
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Fig. 2

The proposed model of aluminium-induced neuronal apoptosis. Al was shown to induce apoptosis in

neuronal cells through distinct pathways. Mitochondrial pathway is directly related to Al-induced
mitochondrial dysfunction and subsequent Bax-mediated cytochrome c release. The latter is also stimulated
due to positive and negative regulation of p53 and Bcl-2 expression, respectively. Al was shown to increase

the rate of cytochrome c binding to Apaf-1 with subsequent formation of apoptosome and caspase 9 activation
with subsequent caspase 3 cleavage and activation promoting apoptosis. Another pathway of Al proapoptotic
effect involves Fas/FasL signaling with activation of caspase 3 following caspase 8 stimulation. In addition,

Al -induced up-regulation of DAXX results in JNK signaling that also possesses a stimulatory effect on Bax.
Prooxidant activity of Al  is also expected to underlie proapoptotic effect of the metal through increased
oxidative modi�ication of biomolecules and particularly nucleic acids.

The use of necrostatin 1 and Z-VAD-FMK, a pan-caspase inhibitor, demonstrated that Al-
induced neuronal cell death may involve activation of both necrosis and apoptosis (Hao et al.,
2019). This observation corresponds to the proposed role of necroptosis in Al neurotoxicity
(Zhang, 2018b). The latter was observed at high doses (450mg/kg AlCl ), whereas lower doses
more likely induced apoptosis through IL-1β/JNK signaling pathway (Zhang et al., 2020).
Another study also demonstrated that Al-induced apoptosis and necrosis differentially involved
ERK and p38 MAPK/ERK signaling pathways in SH-SY5Y cells, respectively (Jia et al., 2014).

As Al is capable of inducing apoptosis in brain cells, it clearly modulates cell cycle in brain cells.
A recent study by Reichert et al. (2019) demonstrated that Al  inhibited proliferation of neural
progenitor cells during neural differentiation and induced apoptosis along with modulation of
cell cycle by increasing sub-G1 phase and reducing G2/M phase (Reichert et al., 2019). At the
same time, in cultured astrocytes Al-induced apoptosis was associated with a shift from S phase
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to G2/M phase (Guo and Liang, 2001). Al exposure also increases neuronal expression of
cyclin-dependent kinase 5 (Cdk5) (Bihaqi et al., 2009), playing an essential role in regulation of
neuronal differentiation (Cicero and Herrup, 2005). Several studies demonstrated that a
signi�icant increase in cyclin D1 expression in Al-exposed rat brains (Kumar et al., 2009a,b). In
contrast, exposure of PC12 cells to Al nanoparticle signi�icantly increased p21 and decreased
cyclin D1 expression ultimately resulting in G1 cell cycle arrest (Liu et al., 2020).

5. Neuroinflammation and microglial activation

Existing data demonstrate proin�lammatory effects of Al (Lukiw et al., 2005). Speci�ically, Al
exposure was shown to increase expression of pro-in�lammatory cytokines IL-1b, IL-6, TNF-a,
and MIP-1a whereas expression of brain derived neurotrophic factor (BDNF) was signi�icantly
reduced (Cao et al., 2016; Kasbe et al., 2015; Prema et al., 2017). Increased expression of
proin�lammatory cytokines may be associated with up-regulation of nuclear factor-kappa beta
(NF-κB) expression (Sood et al., 2012; Zhao et al., 2020), being the key regulator of
in�lammation (Shih et al., 2015). Particularly, a signi�icant down-regulation of NF-κB inhibitor
gene was observed in brains of mice subcutaneously exposed to Al (Li et al., 2017). It is also
notable that co-exposure of Al and mercury (as sulfates) signi�icantly potentiated neurotoxic
effect of each of these metals alone via NF-κB induction and subsequent proin�lammatory
signaling, as noted in human neuronal and glial cells co-culture (Alexandrov et al., 2018).
Therefore, NF-κB may be considered as a link between Al-induced neuroin�lammation and
amyloidogenesis (Alawdi et al., 2017). Together with 1-methyl-4-phenyl-1,2,3,6
tetrahydropyridine (MPTP), a dopaminergic neurotoxicant, Al exposure is capable of inducing
hippocampal expression of AP-1 (Li et al., 2007), another redox sensitive transcription factor
involved in regulation of in�lammatory response.

Proin�lammatory effect of Al hydroxide was shown to be associated with in�lammasome
activation and subsequent IL-1β secretion by microglia (Gustin et al., 2015). The results
obtained in another study demonstrated that apurinic/apyrimidinic endonuclease 1 may be
also considered as negative regulator of Al neuroin�lammation (Zaky et al., 2013). It is also
notable that induction of systemic in�lammation characterized by elevated proin�lammatory
cytokine (IL-6, TNF-a) and microRNA (miRNA-9, miRNA-125b and miRNA-146a) levels may also
contribute to Al-induced in�lammatory neurodegeneration (Pogue et al., 2017).

In addition to overproduction of proin�lammatory cytokines, Al exposure was also shown to
increase both COX-1 and COX-2 activity in cortex and/or hippocampus (Syed et al., 2015). In
agreement, Al-induced COX-downstream signaling involving increased prostaglandin synthase
and receptor expression, as well as prostaglandin levels in hippocampus (Wang et al., 2015). It
is also notable that the use of synthetic prostaglandin E1 (PGE1) analogue, misoprostol,
ameliorated Al-induced memory and learning dysfunction through modulation of PGES-PGE2-
EP signaling pathway and decreasing PGE2, mPGES-1, EP2, and EP4 expression (Guo et al.,
2016). AlCl -exposed mice treated with COX inhibitor ibuprofen also demonstrated that Al
toxicity is associated with hippocampal overexpression of neuronal pentraxin 1 (NP1) (Jamil et
al., 2016) that is considered one of the key factors of Aβ-induced neurite loss and synaptic
dysfunction (Abad et al., 2006).

3
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Al -induced (micro)gliosis is considered as the key component of neuroin�lammation (Blaylock,
2012). Particularly, exposure to Al was shown to induce oxidative stress-dependent glial
activation in rat brain (Akinrinade et al., 2015a,b), being especially observed in striatum and
thalamus (Platt et al., 2001). Nanoscaled silica was also shown to induce glial activation in rat
brain cortex and hippocampus as assessed by increased number of ED1, GFAP, and nestin-
positive cells (Li et al., 2009). Moreover, Campbell et al. (2002) demonstrated that Al sulfate
was shown to increase proliferation of glioblastoma cells with the effect comparable to that for
LPS (Campbell et al., 2002). It was also demonstrated that glial cells accumulate signi�icantly
more Al and iron, although being less sensitive to metal-induced oxidative stress when
compared to neurons (Oshiro et al., 2000). These �indings also correspond to a recent
observation of increased Al deposition in microglia, as well as other in�lammatory cells in a
patient with cerebral amyloid angiopathy (Mold et al., 2019).

6. Endoplasmic reticulum stress (ERS) and altered Ca  homeostasis

It has been demonstrated that Al glycinate exposure down-regulates mRNA expression of
molecular chaperone BiP/Grp78, as well as certain Ca-handling proteins (e.g., calnexin,
calreticulin, stanniocalcin 2), thus inhibiting adaptive response and predisposing astrocytes to
ERS (Aremu et al., 2011). Al-induced ERS characterized by an increase in CHOP and caspase 12
expression was shown to induce p53-independent cell death in SH-SY5Y neuroblastoma cells
along with development of oxidative stress and Aβ1-40 accumulation (Rizvi et al., 2014).
Similarly, development of ERS characterized by increased GADD153 translocation was
accompanied by NF-κB induction and Bcl-2 down-regulation (Ghribi et al., 2001). A later study
also demonstrated up-regulation of ERS pathway-associated proteins including PERK, EIF2α,
and CHOP as a component of Al-induced neurotoxic effect (Bharathi et al., 2019). It is proposed
that Al-dependent induction of PERK-EIF2α signaling with subsequent unfolded protein
response may induce in�lammation in human neuroblastoma SH-SY5Y cells (Rizvi et al., 2016).

Given the role of ER in Ca2+ handling, altered intracellular Ca levels may be also indicative of
ER dysfunction (Rizvi et al., 2014). The role of altered Ca2+ homeostasis as the mechanism of
Al neurotoxicity was proposed by Julka and Gill (1996). Chronic Al exposure was shown to
increase synaptosomal Ca levels through reduction of Ca2+-ATPase activity (Kaur and Gill,
2005). Taken together with increased Ca2+ release from mitochondria these changes result in
increased intracellular Ca2+ levels (Gandol�i et al., 1998). In addition, Al-Aβ conjugate was
shown to affect neuronal Ca2+ homeostasis (Drago et al., 2008). Microarray analysis of 35,129
genes in Al-exposed SH-SY5Y cells demonstrated that alteration of Ca2+ homeostasis is the key
mechanism mediating neuronal and/or synaptic dysfunction (Gatta et al., 2011). Thus, due to
its role in increasing intracellular Ca2+ concentrations, Al can be considered excitotoxic (Exley,
2013).

7. Reduced synaptic plasticity and neurotrophin production

Impairment of synaptic plasticity and transmission is known to underlie multiple adverse
neurological effects of Al (Zhang, 2018a) affecting both presynaptic and postsynaptic
mechanisms (Chen et al., 2002). Correspondingly, laboratory studies demonstrated a signi�icant
negative effect of Al on synaptic plasticity (Wang et al., 2002), being strongly dependent on the
ontogenetic period with the most prominent effect observed in adulthood (Wang et al., 2002b).
Al exposure resulted in a signi�icant decrease of �ield excitatory postsynaptic potentials after
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high-frequency stimulation, being indicative of synaptic dysfunction (Qin et al., 2020). Al-
induced alteration of synapse ultrastructure are characterized by decreased postsynaptic
density thickness, increased synaptic cleft width, high frequency of �lat synapses, and reduced
number of perforated synapse (Jing et al., 2004). Increased rigidity of synaptosomes under Al
exposure due to redox-dependent modulation of membrane �luidity and membrane lipid
composition (Ahmed et al., 2020a) may reduce the release of synaptic vesicles into synaptic
cleft (Ahmed et al., 2020b). Al was also shown to inhibit synaptic (Na+/K+)ATPase activity and
contributing to synaptic dysfunction (Silva and Gonçalves, 2003). Al-maltol exposure resulted in
a signi�icant alteration of synaptic structure characterized by decreased number of axon
branches and dendritic spines along with neuronal atrophy, being associated with mGluR up-
regulation and down-regulation of PKC and the NMDAR subunits (Pan et al., 2020b). Another
study proposed Al-induced modulation of the PI3K-Akt-mTOR pathway, could result in
alterations in synaptic plasticity (Li et al., 2020a,b).

Adverse effects of Al exposure on synaptic plasticity and neurite growth may be mediated by
negative regulation of neurotrophic factor production. Al-maltol induced a signi�icant decrease
in nerve growth factor (NGF) and BDNF expression in brain cell cultures (Johnson and
Sharma, 2003). The decrease in synaptic long-term potentiation in Al-exposed rats was
associated with a signi�icant reduction of BDNF expression through modulation of Histone
H3K9 demethylation (H3K9me2) demethylase and plant homeodomain �inger protein 8 (PHF8)
(Li et al., 2020a,b). Other epigenetic mechanisms involving H3K4me3, H3K27me3 and
H3K9me2 may also underlie altered BDNF and early growth response protein 1(EGR1) under
occupational Al exposure (Pan et al., 2020a). Correspondingly, hippocampal expression of
activity-regulated cytoskeleton-associated protein (ARC) gene, known to play a signi�icant role
in synaptic plasticity (Korb and Finkbeiner, 2011), was also found to be reduced following in
utero Al exposure (Inohana et al., 2018). The underlying mechanism was shown to involve a
decrease in BDNF-induced Arc expression through alteration of ERK signaling (Chen et al.,
2011). Other mechanisms involved in altered synaptic plasticity upon Al exposure may include
deregulation of SIRT1, TORC1 and pCREB levels (Yan et al., 2017) and cAMP-PKA-CREB
pathway (Zhang et al., 2014).

8. Cytoskeletal pathology

Cytoskeleton and microtubules in particular were considered as the potential targets for Al
toxicity (Walton, 2014), resulting in altered axonal transport and perikaryal aggregation
(Kushkuley et al., 2010). Particularly, Al exposure resulted in a signi�icant aggregation and
disruption of cytoskeletal proteins in cerebral cortex, corpus striatum and hippocampus (Kaur
et al., 2006). After prolonged exposure Al -rich pyramidal cells are characterized by
microtubule depletion with neurite damage and loss of synapse density (Walton, 2009).
Particularly, Al is capable of inhibiting neuro�ilament assembly to axonal cytoskeleton,
translocation and degradation of neuro�ilaments in axonal neurites (Shea et al., 1997).
Generally, these observations corroborate earlier data on sharp reduction in neuro�ilament
and tubulin genes in spinal cord motor neurons (Muma et al., 1988) contributing to neuro-
�ibrillary degeneration (Katsetos et al., 1990). A recent study demonstrated that Al(III) affects
microtubule assembly far more effectively than iron (Shevtsov et al., 2016). Al-induced
alterations in cytoskeleton may also involve modulatory effects on amyloid β and α-synuclein
accumulation.
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8.1. Amyloid β

Modulation of amyloid generation and accumulation is considered as the potential pathway of
Al-induced neurodegeneration in Alzheimer’s disease (Exley, 2005) (Fig. 3). Generally, this
suggestion is based on the observation of cooccurrence between Al and amyloid deposits in
neurodegenerative diseases (Mirza et al., 2017; Mold et al., 2019).

Fig. 3

The role of Al in amyloid β generation. Al exposure promotes amyloidogenic pathway through activation of β-

(BACE1) and γ-secretase (presenilin-1), as well as down-regulating non-amyloidogenic pathway due to
inhibition of α-secretase. Along with promotion of amyloid oligomerization and aggregation, Al  also
inhibits neprilysin and plasmin that are known to be involved in amyloid degradation. In addition, Al
exposure was shown to impair TREM2-mediated phagocytosis of amyloid proteins by microglia. Taken

together, these effects of Al exposure result in accumulation of amyloid plaques and Alzheimer disease-like
neurodegeneration.

Al-maltolate exposure was shown to increase Aβ1–42 expression in rat brain through up-
regulation of APP, β- (BACE1), and γ-secretase (presenilin-1) mRNA transcription and protein
expression in rat brain regions (Liang et al., 2013; Thenmozhi et al., 2015). These changes are
also associated with a signi�icant decrease of α-secretase proteins (ADAM9, ADAM10,
ADAM17) (Wang et al., 2014). In vitro studies in cell lines also demonstrate a signi�icant impact
of Al on proteins of amyloidogenic pathway. Al exposure was shown to increase BACE1 (Li et
al., 2012) and BACE2 levels (Castorina et al., 2010), although a signi�icant decrease in both
enzyme expression could be observed at long-term exposure (Castorina et al., 2010). Certain
studies also demonstrate that along with increasing Aβ production, Al exposure may negatively
affect its degradation by decreasing neprilysin expression (Luo et al., 2009). Inhibition of
plasmin cascade by Al (Korchazhkina et al., 2002) may be also responsible for both APP α-
cleavage and Aβ degradation (Zhao and Pei, 2008). Al is also capable of inhibiting microglial
phagocytosis of Aβ42 peptides (Zhao et al., 2014) due to TREM2 down-regulation (Alexandrov
et al., 2013).

Promotion of amyloid β oligomerization under Al exposure may also play a crucial role in Al-
associated Alzheimer’s disease. Pioneer studies by Exley et al. (1993) and Kawahara et al.
(1994) demonstrated direct interaction between Al and amyloid β with increasing aggregation
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of the latter. Later studies have unraveled the particular features of Al-amyloid β interaction
and its effects on the protein structure (Narayan et al., 2013; Turner et al., 2019). Particularly,
Al(III) is capable of inducing β-sheet formation and subsequent aggregation of Aβ40 (Zhang et
al., 2019). Similar effect was observed for Aβ42 with Al(III) and Fe(II)/Fe(III) being more active
promoters of Aβ42 aggregation than Cu(II) and Zn(II) (House et al., 2004).

In addition to modulation of Aβ production and aggregation, Al was also shown to be involved
in induction of tau hyperphosphorylation (El-Sebae et al., 1993). Correspondingly, �-galactose
and Al chloride treatment were shown to increase phosphorylated tau deposition in brain
regions (Chiroma et al., 2018). Al oxide nanoparticles directly interact with the hydrophilic
residues of tau protein resulting in cytotoxicity in in SH-SY5Y cells (Kermani et al., 2018).
Neurotoxic effect of Al and �-galactose were also shown to be dependent on GSK-3β activity
(Chiroma et al., 2019), that is known to play a signi�icant role in tau hyperphosphorylation in
AD and cerebral ischemia (Culbreth and Aschner, 2018). In turn, reducing GSK-3β activity may
be involved in decreasing Aβ production and tau phosphorylation in Al-exposed PC12 cells
(Huang et al., 2017).

However, certain negative �indings indicate a lack of Al(III) impact on amyloid β and tau
accumulation in AβPP and AβPP/tau transgenic mice (Akiyama et al., 2012). Although being
somewhat contradictory to other studies, these observations may be indicative of complex
mechanisms of Al neurotoxicity involving a wide variety of mechanisms.

8.2. α-Synuclein

The earlier demonstrated association between Al exposure and PD may be at least partially
mediated by the interplay between Al(III) and α-synuclein. Particularly, Al treatment was shown
to increase α-synuclein �ibril formation more effectively than Cu(II), Fe(III), Co(III), and Mn(III)
(Uversky et al., 2001). Correspondingly, knockdown of α-synuclein expression in PC12 cells was
shown to ameliorate Al-maltolate toxicity, being indicative of the essential role of α-synuclein in
Al neurotoxicity (Saberzadeh et al., 2016). In addition, Al(III) was shown to possess synergistic
effect on tau oligomer formation with GSK-3β, as well as to promote tau coaggregation with α-
synuclein (Nübling et al., 2012).

9. Altered neurotransmitter metabolism

Adverse neurological effects of Al exposure are at least partially mediated by interference of Al
with neurotransmitter metabolism and signal transduction. Although the particular
mechanisms are still unknown, the existing data clearly demonstrate that Al exposure has a
signi�icant impact on glutamatergic, gabaergic, cholinergic, serotoninergic and dopaminergic
neurotransmission (Gonçalves and Silva, 2007).

9.1. Glutamatergic-gabaergic systems

The majority of the existing studies were devoted to investigation of the impact of Al on
glutamatergic mechanisms. Al exposure was shown to reduce NMDA, AMPA, and glutamate-
mediated currents in hippocampal neurons (Platt et al., 1994). Al exposure was shown to
reduce hippocampal expression of AMPA receptor subunits GluR-1 and GluR-2 (Song et al.,
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2013, 2014) that may be at least partially mediated by modulation of Akt/GSK-3β Pathway
(Zhang et al., 2016a,b,c). A dose-dependent hippocampal NMDA receptor (NMDAR) expression
was observed in orally exposed rats (Jin et al., 2010) with NMDAR 1A and NMDAR 2A/B
subunits affected (Yuan et al., 2011). Altered NMDAR expression was also associated with
reduced PLC expression (Jin et al., 2010). Al was also shown to aggravate diabetes-associated
alteration of neuroblast differentiation and NMDAR signaling (Nam et al., 2019). At the same
time, the use of NMDAR antagonist partially reversed adverse effects of Al in primary neural
cultures, indicative of excitotoxic component in Al toxicity (Atterwill et al., 1996). It is also
proposed that Al exposure may alter ability of astrocytes to protect neurons from excitotoxic
effect of high glutamate levels (Sass et al., 1993).

Al also induced an increase in hippocampal and cortical glutamine levels through increase in
glutamine-synthetase (Struys-Ponsar et al., 2002) and reduced glutaminase activity in
astrocytes (Zielke et al., 1993), whereas glutamate accumulation was reduced (Struys-Ponsar et
al., 2000). Metabolomic study involving HT-29 cells also revealed a signi�icant Al-induced
decrease in intracellular glutamate levels (Yu et al., 2019a,b). In agreement, down-regulation of
glutamate-NO-cGMP pathway in neurons under Al treatment was observed both in	vitro and in
vivo (Canales et al., 2001).

At the same time, i.p. Al administration resulted in a signi�icant increase in glutamate levels in
thalamus, hippocampus, and cerebellum along with elevation of glutamate alpha-decarboxylase
activity, whereas GABA transaminase was found to be reduced (Nayak and Chatterjee, 2001).
Aluminum was shown to have a biphasic effect on GABA-evoked currents by potentiation
observed at lower levels (<100μM) and reduction at higher concentration (≥300μM)
(Trombley, 1998). Modulatory effect of Al on GABA transport may be mediated through Ca2+/
calmodulin/calcineurin pathway (Cordeiro et al., 2003).

9.2. Cholinergic system

Cholinergic system was shown to be highly vulnerable in response to Al exposure (Yellamma et
al., 2010). Al exposure was shown to reduce cerebral acetylcholinesterase (AChE) activity
(Sharma et al., 2013a,b) with a biphasic response characterized by an increase in enzyme
activity at shorter periods of exposure following by a subsequent depression (Kumar, 1998).
Perinatal Al exposure resulted in a signi�icant decrease in cerebellar AChE activity in the
offspring (Ghorbel et al., 2016). Expression of choline acetyltransferase and the subsequent
acetylcholine synthesis was also found to be reduced in response to Al exposure even despite
substrate availability (Farhat et al., 2017). At the same time, certain studies revealed an Al-
induced increase in brain AChE activity (Khan et al., 2013). Applying whole-cell patch clamp
technique to isolated rat trigeminal ganglion neurons, Hu et al. (2007) observed that Al
potentiated nicotine-evoked inward currents in a concentration-dependent manner. The
authors concluded that the enhanced function of nAChR induced by Al might underlie the
neurological alteration induced by Al (Hu et al., 2007).

Moreover, Al exposure is also known to be associated with reduced binding activity of M1
muscarinic acetylcholine receptors (M1AChR) (Harkany et al., 1996) as well as nicotinic
acetylcholine receptor (α7, α4 and β2 nAChR) gene expression (Farhat et al., 2019).

3+
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Importantly, this reduction in nicotinic receptor gene expression is associated with severen
neurodegeneration and impaired hippocampus dependent learning in mice (Farhat et al.,
2019).

Cholinergic dysfunction may also occur from Al-dependent oxidative stress-induced increase in
choline synaptic uptake (Amador et al., 2001). Correspondingly, the use of NOS inhibitors
demonstrated that altered cholinergic neurotransmission under Al exposure may be at least
partially mediated by disturbances in NO generation (Stevanović et al., 2010).

9.3. Dopaminergic system

Dopaminergic neurotransmission was found to be signi�icantly inhibited by Al exposure
(Laabbar et al., 2019). Correspondingly, cerebral dopamine levels were found to be
signi�icantly reduced in Al-exposed animals (Bhalla et al., 2010a,b; Singla and Dhawan, 2017).
Dopamine synthesis in striatal synaptosomes was also found to be reduced under Al exposure
(Pavandi et al., 2014). In addition, Al reduced dopamine D1-like and D2-like receptor
expression predominantly in brain cortex and rostral striatum (Kim et al., 2007). Despite these
interactions of Al with the dopaminergic system, results of a 36-year multicenter study suggest
that aluminum’s main toxicity is associated with Alzheimer’s disease, Down’s syndrome and
dialysis dementia syndrome, but not Parkinson’s disease or other neurological disorders
(Lukiw et al., 2019)

9.4. Serotoninergic system

Certain studies demonstrated that Al exposure may differentially affect serotonin levels
(Kumar, 2002; Ravi et al., 2000; Said and Abd Rabo, 2017) and 5-HT2C receptor reactivity
(Brus et al., 1997) in brain regions. Exposure to Al was also shown to reduce circulating
serotonin levels (Zhang et al., 2016a,b,c). Interestingly, however, a recent study concludes that
Al-induced depressive-like behavior in rats is due to activation of hippocampal IL-1β/JNK
signaling pathway, resulting in neuronal death in this region (Zhang et al., 2020).

10. Treatment strategies

Due to the revealed high potential of Al as neurotoxic agent as well as its role in development
of neurodegenerative and neurodevelopmental disorders, multiple studies aimed at
investigation of the potential protective strategies. Due to the role of oxidative stress,
mitochondrial dysfunction, in�lammation, apoptosis and endoplasmic reticulum stress in Al
neurotoxicity, the majority of protective substances are expected to mediate their effect
through antioxidant and anti-in�lammatory activity. However, other more speci�ic mechanisms
may also mediate neuroprotective effects. The existing protective agents may be
mechanistically divided into the following groups: (i) chelators; (ii) trace elements; (iii) amino
acids; (iv) polyphenols; (v) polyphenol-rich phytoextracts; (vi) drugs and other agents.

10.1. Chelation therapy
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Chelation therapy in treatment of Al toxicity aims to reduce metal bioavailability and facilitates
its excretion from the organism, thus preventing its toxic effects. The majority of prior studies
demonstrate effective chelation of Al using iron chelator desferrioxamine or deferoxamine
(DFO) (Kumar and Gill, 2014). Particularly, DFO was shown to prevent Al-induced oxidative
damage to brain proteins (Sivakumar et al., 2012). Ethylene diamine tetraacetic acid (EDTA)
(Fulgenzi et al., 2015) and N(2-hydroxyethyl) ethylenediamine triacetic acid (HEDTA)
(Shrivastava, 2012) were also shown to be effective in reducing Al neurotoxicity. At the same
time, comparative analysis of ef�iciency of other existing Al-chelating agents (Crisponi et al.,
2012) in treatment of Al neurotoxicity is highly required.

10.2. Essential trace elements

The existing data demonstrate that silicon (Si), selenium (Se), and zinc (Zn) may possess
neuroprotective effect against Al toxicity.

Epidemiological studies demonstrated that increased silicon intake may prevent adverse
neurological effects of Al (Davenward et al., 2013; Nielsen, 2014) through its direct interaction
with Al ion forming aluminosilicate thus reducing Al bioavailability and toxicity (Domingo et al.,
2011). Particularly, increased Si intake was shown to reduce brain Al accumulation in mice
(Granero et al., 2004).

Being a structural component of selenoproteins including glutathione peroxidase, protective
effects of Se against Al neurotoxicity may be mediated by its antioxidant activity. Particularly, Se
treatment signi�icantly reversed Al-induced inhibition of catalase and glutathione reductase
activity, as well as reduction of GSH levels. These effects were also accompanied by improved
brain morphology, muscle strength, locomotion, and acetylcholinesterase activity (Lakshmi et
al., 2015). In addition, neuroprotective effects of Se under Al exposure were shown to involve
decreased in�lammatory response and improvement of NO signaling (Cao et al., 2018).

Zinc was shown to ameliorate adverse effects of Al exposure on brain morphology and redox
status, dopamine and serotonin levels, as well as acetylcholinesterase activity (Lu et al., 2013).
Particularly, zinc signi�icantly increased total and reduced glutathione levels, as well as
improved activity of antioxidant enzymes and metallothionein levels along with reversal of Al-
induced neurodegeneration (Singla and Dhawan, 2014). Improved redox status was also
associated with lower expression of redox-sensitive transcription factor NF-κB (Singla and
Dhawan, 2013). The authors also demonstrated antiapoptotic effect of Zn in Al-exposed
animals through reduction of proapoptotic protein expression including Bax, Apaf-1, caspases
3, 6,7, 8, 9 and improvement of cerebral Bcl2 levels (Singla and Dhawan, 2015).

Certain other trace elements were shown to be effective against Al neurotoxicity. Speci�ically,
lithium treatment ameliorated adverse effects of Al on brain ultrastructure (Bhalla et al.,
2010a), acetylcholinesterase and monoamine oxidase activity, as well as brain dopamine and
serotonin levels (Bhalla et al., 2010b). Another study demonstrated preventive effects of boric
acid on neuronal ultrastructure under Al exposure (Colak et al., 2011).

10.3. Polyphenols
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Polyphenols represent a wide group of phytochemicals possessing antioxidant and anti-
in�lammatory effects thus being used as the potential agents in treatment of Al neurotoxicity.
Particularly, quercetin was shown to increase cerebral antioxidant enzyme gene expression (Ali
et al., 2014) and improve brain mitochondrial biogenesis and function in Al-exposed animals
(Sharma et al., 2015). In parallel with improvement of redox status mangiferin (Kasbe et al.,
2015) and hesperidin (Jangra et al., 2015) ameliorated Al-induced neuroin�lammation,
whereas �isetin possessed antiapoptotic effect and reduced Aβ aggregation (Prakash and
Sudhandiran, 2015). Naringenin (Haider et al., 2020) and curcumin (Kakkar and Kaur, 2011)
were capable of restoration of acetylcholinesterase activity affected by Al.

Signi�icant neuroprotective effect under Al toxicity was observed for phenolic acids.
Particularly, chlorogenic acid was shown to improve redox status and antioxidant enzyme
activity through up-regulation of Nrf2-ARE signaling pathway in Al-exposed hippocampal
neurons (Wang et al., 2018). Adverse effects of Al treatment on cerebral AChE activity were
ameliorated by caffeic (Khan et al., 2013) and syringic (Zhao et al., 2020) acids, whereas the
latter also reduced neuroin�lammation.

Along with antioxidant and anti-in�lammatory effect of the phytochemicals, neuroprotective
activity may be at least partially attributed to direct interaction with metal ion. Particularly, it
has been demonstrated that polyphenols may bind Al(III) thus reducing its bioavailability
(Zhang et al., 2016a,b,c). The role of Al chelation in treatment of neurotoxicity was clearly
demonstrated for chlorogenic acid where it increased metal excretion and reduced its
accumulation in hippocampus (Wang et al., 2018).

10.4. Phytochemical-rich plants and phytoextracts

Due to clearly demonstrated protective effect of particular phytochemicals (polyphenols)
against Al neurotoxicity, the potential ef�iciency of polyphenol-rich plant extracts was also
investigated. Speci�ically, neuroprotective, antioxidant, and anti-in�lammatory effects were
demonstrated for green (Jelenković et al., 2014) and black tea (Mathiyazahan et al., 2015),
Allium cepa (Singh and Goel, 2015), grape (Lakshmi et al., 2014), Ginkgo biloba (Verma et al.,
2020), and saffron (Linardaki et al., 2013) to name a few. The growing body of evidence
demonstrate the usefulness of ethnobotanical species. However, further studies are required to
characterize the particular mechanisms and active agents contributing to neuroprotective
effect of phytoextracts under Al exposure.

10.5. Other agents

A variety of agents with different mechanism of action were also shown to be effective against
Al neurotoxicity including melatonin (Sadek et al., 2019), anti-in�lammatory drugs (e.g.,
ibuprofen) (Jamil et al., 2016), lipoic acid (Al-Otaibi et al., 2018), N-acetylcysteine (Prakash and
Kumar, 2009), etc. Combined therapy may be also considered as a perspective approach due to
the use of agents with different mechanism of biological activity (Kumar and Gill, 2014).

11. Conclusion
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The growing body of data demonstrate the potential role of Al exposure and its neurotoxicity
as contributors to a wide spectrum of neurodegenerative and neurodevelopmental disorders.
The underlying mechanisms of Al(III) neurotoxicity were shown to involve oxidative and
endoplasmic reticulum stress, mitochondrial dysfunction, in�lammation, cell death, interaction
with Aβ and α-synuclein, cytoskeletal abnormalities as well as alteration of synaptic plasticity
and signal transduction through interference with neurotransmitter systems. Targeting these
mechanisms at different stages may be bene�icial for treatment of Al neurotoxicity and
associated diseases. However, certain contradictions regarding the mechanisms and the overall
effects of Al exposure in vivo and in vitro exist. The latter may at least partially arise from the
difference in analytical methodology, whereas development of precise and validated methods
including speciation analysis and imaging techniques would signi�icantly contribute to
understanding of biological effects of Al. Further studies are required to highlight the intimate
mechanisms involved in Al neurotoxicity, as well as its particular contribution to neurological
disorders for subsequent development of effective therapeutic strategies.
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of nitric oxide synthase on aluminium-induced toxicity in the rat brain. Gen.	Physiol.	Biophys 28, 235–242. [PubMed]

[Google Scholar]

https://pubmed.ncbi.nlm.nih.gov/27591874
https://scholar.google.com/scholar_lookup?journal=Exp.+Biol.+Med&title=Effect+of+aluminum,+iron,+and+zinc+ions+on+the+assembly+of+microtubules+from+brain+microtubule+proteins&author=PN+Shevtsov&author=EF+Shevtsova&author=GS+Burbaeva&volume=161&issue=4&publication_year=2016&pages=451-455&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4683208/
https://pubmed.ncbi.nlm.nih.gov/26733801
https://scholar.google.com/scholar_lookup?journal=Frontiers+in+Molecular+Neuroscience&title=NF-kappaB+signaling+pathways+in+neurological+inflammation:+a+mini+review&author=RH+Shih&author=CY+Wang&author=CM+Yang&volume=8&publication_year=2015&pages=77&pmid=26733801&
https://pubmed.ncbi.nlm.nih.gov/22575537
https://scholar.google.com/scholar_lookup?journal=J.+Trace+Elem.+Med.+Biol&title=Combined+effect+of+HEDTA+and+selenium+against+aluminum+induced+oxidative+stress+in+rat+brain&author=S+Shrivastava&volume=26&issue=2%E2%80%933&publication_year=2012&pages=210-214&pmid=22575537&
https://pubmed.ncbi.nlm.nih.gov/14507470
https://scholar.google.com/scholar_lookup?journal=J.+Inorg.+Biochem&title=The+inhibitory+effect+of+aluminium+on+the+(Na+/K+)+ATPase+activity+of+rat+brain+cortex+synaptosomes&author=VS+Silva&author=PP+Gon%C3%A7alves&volume=97&issue=1&publication_year=2003&pages=143-150&pmid=14507470&
https://pubmed.ncbi.nlm.nih.gov/25940660
https://scholar.google.com/scholar_lookup?journal=Neurotoxicology&title=Neuroprotective+effect+of+Allium+cepa+L.+in+aluminium+chloride+induced+neurotoxicity&author=T+Singh&author=RK+Goel&volume=49&publication_year=2015&pages=1-7&pmid=25940660&
https://pubmed.ncbi.nlm.nih.gov/23420078
https://scholar.google.com/scholar_lookup?journal=Mol.+Neurobiol&title=Zinc,+a+neuroprotective+agent+against+aluminum-induced+oxidative+DNA+injury&author=N+Singla&author=DK+Dhawan&volume=48&issue=1&publication_year=2013&pages=1-12&pmid=23420078&
https://pubmed.ncbi.nlm.nih.gov/25141099
https://scholar.google.com/scholar_lookup?journal=Metallomics&title=Zinc+modulates+aluminium-induced+oxidative+stress+and+cellular+injury+in+rat+brain&author=N+Singla&author=DK+Dhawan&volume=6&issue=10&publication_year=2014&pages=1941-1950&pmid=25141099&
https://pubmed.ncbi.nlm.nih.gov/25381639
https://scholar.google.com/scholar_lookup?journal=Biometals&title=Zinc+down+regulates+Apaf-1-dependent+Bax/Bcl-2+mediated+caspases+activation+during+aluminium+induced+neurotoxicity&author=N+Singla&author=DK+Dhawan&volume=28&issue=1&publication_year=2015&pages=61-73&pmid=25381639&
https://pubmed.ncbi.nlm.nih.gov/26742519
https://scholar.google.com/scholar_lookup?journal=Mol.+Neurobiol&title=Zinc+improves+cognitive+and+neuronal+dysfunction+during+aluminium-induced+neurodegeneration&author=N+Singla&author=DK+Dhawan&volume=54&issue=1&publication_year=2017&pages=406-422&pmid=26742519&
https://pubmed.ncbi.nlm.nih.gov/23085282
https://scholar.google.com/scholar_lookup?journal=Spectrochim.+Acta+A+Mol.+Biomol.+Spectrosc&title=Aluminium+induced+structural,+metabolic+alterations+and+protective+effects+of+desferrioxamine+in+the+brain+tissue+of+mice:+an+FTIR+study&author=S+Sivakumar&author=J+Sivasubramanian&author=B+Raja&volume=99&publication_year=2012&pages=252-258&pmid=23085282&
https://pubmed.ncbi.nlm.nih.gov/29497998
https://scholar.google.com/scholar_lookup?journal=Biol.+Trace+Elem.+Res&title=Hair+trace+elements+in+overweight+and+obese+adults+in+association+with+metabolic+parameters&author=MG+Skalnaya&author=AV+Skalny&author=AR+Grabeklis&author=EP+Serebryansky&author=VA+Demidov&volume=186&issue=1&publication_year=2018&pages=12-20&pmid=29497998&
https://pubmed.ncbi.nlm.nih.gov/29954652
https://scholar.google.com/scholar_lookup?journal=J.+Trace+Elem.+Med.+Biol&title=Assessment+of+hair+metal+levels+in+aluminium+plant+workers+using+scalp+hair+ICP-DRC-MS+analysis&author=AV+Skalny&author=GA+Kaminskaya&author=TI+Krekesheva&author=SK+Abikenova&author=MG+Skalnaya&volume=50&publication_year=2018&pages=658-663&pmid=29954652&
https://scholar.google.com/scholar_lookup?journal=J.+Environ.+Occup.+Med&title=Effects+of+subchronic+aluminum+exposure+on+learning+and+memory+and+the+expression+of+AMPA+receptor+in+rats&author=J+Song&author=Y+Liu&author=LP+Wang&author=Q+Niu&volume=30&publication_year=2013&pages=5-9&
https://pubmed.ncbi.nlm.nih.gov/24625397
https://scholar.google.com/scholar_lookup?journal=Biomed.+Environ.+Sci&title=Effects+of+exposure+to+aluminum+on+long-term+potentiation+and+AMPA+receptor+subunits+in+rats+in+vivo&author=J+Song&author=L+Ying&author=HF+Zhang&author=QL+Zhang&author=Q+Niu&volume=27&issue=2&publication_year=2014&pages=77-84&pmid=24625397&
https://pubmed.ncbi.nlm.nih.gov/21656326
https://scholar.google.com/scholar_lookup?journal=Neurotox.+Res&title=Curcumin+attenuates+aluminum-induced+oxidative+stress+and+mitochondrial+dysfunction+in+rat+brain&author=PK+Sood&author=U+Nahar&author=B+Nehru&volume=20&issue=4&publication_year=2011&pages=351&pmid=21656326&
https://pubmed.ncbi.nlm.nih.gov/22130689
https://scholar.google.com/scholar_lookup?journal=Neurochem.+Res&title=Stress+proteins+and+glial+cell+functions+during+chronic+aluminium+exposures:+protective+role+of+curcumin&author=PK+Sood&author=U+Nahar&author=B+Nehru&volume=37&issue=3&publication_year=2012&pages=639-646&pmid=22130689&
https://pubmed.ncbi.nlm.nih.gov/19893106
https://scholar.google.com/scholar_lookup?journal=Gen.+Physiol.+Biophys&title=The+effect+of+inhibition+of+nitric+oxide+synthase+on+aluminium-induced+toxicity+in+the+rat+brain&author=ID+Stevanovi%C4%87&author=MD+Jovanovi%C4%87&author=A+Jelenkovi%C4%87&author=M+Ninkovi%C4%87&author=M+%C4%90uki%C4%87&volume=28&publication_year=2009&pages=235-242&pmid=19893106&


2024. 03. 20. 15:36 Molecular mechanisms of aluminum neurotoxicity: Update on adverse effects and therapeutic strategies - PMC

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8276946/ 28/30
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