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Tém tit

Bang chung tich lily cho thay amyloid-p sinh ly c6 thé hoat dong nhu mot somnogen dang cytokine, didu blen tinh
hung phén cia synapse va thic day noi moi gide nga. Khi vong lap nay bi gian doan do mét ngl man tinh, hé mién dich
than kinh chuyén sang trang thai hoat hoa qua murc. Dudi diéu kién nay, té bao microglia trai qua qua trinh tai I4p trinh
chuyén hoa dang ke, dich chuyén tir trang thai phosphoryl héa oxy hoa sang trang thai phy thugc vao dudng phan kém
hiéu qua. Qua trinh 1i loan chuyen hoéa ning lugng nay hinh thanh cac quan thé mlcrogha tich tu giot lipid, lam giam
dang ké kha néng thuce bao. Bing viéc tich hop dir liéu da omics va tri tué nhan tao co thé giai thich (XAI), chung t6i phac
thao khuon kho ban sao k¥ thuét s6 nham hudng téi viée xac dinh diém udn ciia sy suy kiét mién dich ndy. Viéc phyc hoi
tinh linh hoat chuyén hoa ciia microglia théng qua y hoc chinh xdc ¢6 thé dai dién cho mot hudng tiép can tiém ning,
gitp chii dong can thiép sém vao co ché bénh sinh thay vi thu dong xir Iy mang bam & giai doan mudn.

Tir khoa: Bénh Alzheimer, somnogen amyloid-p, tai 1ap trinh chuyén hoa, h¢ théng glymphatic, chuyén pha long-ran,
béan sao so than kinh

Abstract

Accumulating evidence suggests that physiological amyloid-B (AB) may function as a cytokine-like somnogen,
modulating synaptic excitability and promoting sleep homeostasis. When chronic sleep deprivation fractures this
regulatory loop, the neuroimmune system enters a state of persistent immune vigilance. Under this stress, microglia
undergo profound metabolic reprogramming, shifting from efficient oxidative phosphorylation (OXPHOS) to a
maladaptive glycolytic state. This bioenergetic failure culminates in the emergence of lipid-droplet-accumulating
microglia (LDAM) and a severe loss of phagocytic capacity. By integrating high-dimensional multi-omics data with
explainable artificial intelligence (XAI), we outline a neurological digital twin framework to pinpoint the exact inflection
points of this immunometabolic exhaustion. Ultimately, restoring microglial metabolic flexibility through precision
medicine offers a powerful strategy for early, mechanism-based intervention, shifting the therapeutic paradigm from
reactive late-stage plaque scavenging to proactive disease modification.

Keywords: Alzheimer's disease, somnogen amyloid-f, metabolic reprogramming, glymphatic system, liquid-to-solid
phase transition, neurological digital twins
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1. Giéi thi¢u

Mot sb khang thé don dong (mAb) khang
amyloid-B (AP), dién hinh nhu lecanemab va
donanemab, dugc phé duyét gﬁn day, dai dién cho
mot budc tién quan trong trong céc liéu phap diéu
tri bénh Alzheimer (AD). Tuy nhién, viéc thanh
thai mang bam dudi tdc dung cua mAb chi mang
lai két qua khiém tén d6i voi qua trinh suy giam
nhan thirc — goi ¥ nhitng han ché cua cac mo
hinh bénh 1y 14y protein lam dich diéu tri trung
tam [1, 2]. Piéu nay doi hoi phai c6 mot su dich
chuyén can ban tir quan niém xem AP hoan toan
1a mot phé pham gay doc than kinh sang cach
nhin da chiéu vé vai tro sinh 1y dong hoc ctia nd.

Céc bang chtrng méi ndi tir sinh hoc than kinh
hé thdng (systems neurobiology) dit ra gia
thuyét rang AP sinh 1y hoat dong nhu mot
somnogen (chat thac day gidc ngu) dang
cytokine (cytokine-like somnogen) — mat cht
trung gian c6 chirc nang két ndi hoat dong than
kinh ¢ trang théi thue voi sy khéi phat ndi moi
ctia gidc ng phuc hoi [3]. Duéi cac diéu kién
sinh 1y binh thuong, AB diéu bién tinh hung phan
clia synapse va thiic ddy can bang ndi méi ctia
gidc ng. Khi vong ldp phan héi tinh vi nay bi
gian doan do rdi loan gidc ngii man tinh, su tich
tu AB s& bi tach roi khoi cac tin higu thac day
gidc ngi. Tinh trang rdi loan nhip sinh hoc
(chronodisruption) nay dong vai tro nhu mot tac
nhan gay stress hé théng manh mé&, budc céac té
bao gac céng mién dich bam sinh cua ndo b, 1a
microglia (vi bao dém), chuyén sang trang thai
canh giac kéo dai [4, 5].

Trong lich su, viéc phan tich dong hoc khong
gian - thoi gian trong qua trinh kich hoat
microglia tirng bi anh hudng boi cac phuong
phap phén tich trung binh héa mé khéi (bulk-
tissue averaging), khién cac dot chuyén doi
chuyén hoa thoang qua bi che khuat. Ngay nay,
su ra doi cua cac cong ngh¢ nhu transcriptomics
khong gian c¢6 dd phan gidi cao, giai trinh tu
RNA nhén don (snRNA-seq) va tri tu¢ nhan tao

c6 thé giai thich (Explainable AI - XAI) d4 cung
cp mot ban d6 phan tir & mirc do chi tiét cao vé
tinh di thé cua té bao microglia [6, 7]. Cac nén
tang da omics (multi-omics) nay di tiét 16 rang,
dudi ap luc cua mét ngu man tinh va tich tu A,
microglia trai qua qué trinh tai 1ap trinh chuyén
hoa dang ké. Ching tir bo qué trinh phosphoryl
hoéa oxy hoa (OXPHOS) hiéu qua sang con
duong duong phan (glycolysis) thich nghi sai
léch, dan dén sur roi loan chirc nang ty thé va xuit
hién ctia cac quan thé microglia tich tu cac giot
lipid (lipid droplet-accumulating microglia -
LDAM) [8, 9].

Bt chép nhiing tién bd vé mat cong nghé,
mot khoang trong tri thirc quan trong van ton tai:
chudi co ché lién két gitra qua trinh mét tin hiéu
somnogen sinh 1y cua AP va qua trinh suy giam
chuyén hoa tién trién khong thé dao ngugc cta
microglia van chua dugc dinh nghia rd rang.
Mic du cac mdi twong quan dich t& hoc giita
chimg mat nga va AD da duoc thiét 1ap viing
chéc, nhung cac diém chuyén tiép phan tir chinh
xé&c (molecular inflection points) — noi cac té
bao microglia chuyén tir trang thai gidm sat mién
dich bao v¢ sang trang thai kiét sttc duong phan
giai doan cudi — vén thiéu sy rd rang vé khong
gian - thoi gian [10, 11].

Bai tong quan nay phac hoa "Chu trinh
somnogen - mién dich - chuyén hoa"
(immunometabolic somnogen cycle), danh gia
cach gidc nga bi gian doan thic day tai két ndi
chuyén hoa & microglia. Bang céach tich hop dir
liéu transcriptomics don bao méi nhit véi mod
hinh héa chuyén héa do Al dan dit, chung t6i
xac dinh céc ranh gidi cia hé¢ mién dich chuyén
hoa ¢ microglia. Cudi ciing, viéc 1am sang t6 nay
nham xoay truc chién luge diéu tri tir viéc don
dep mang bam giai doan cudi sang céc can thiép
dich duoc thiét ké dé phuc hoi tinh linh hoat
chuyén hoa ctia microglia va bao ton chtrc ning
mién dich than kinh truée khi sy sup dd chu tric
khong thé dao nguoc xay ra.
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2. Con dwong somnogen cua amyloid-p va
tinh nhay cam cta nhip sinh hoc

Trong lich str, viéc khéi ni¢m hda A nhu mot
phé pham gy doc than kinh va tro v& mit sinh
hoc trong qua trinh chuyén hoa bat thuong 1a sy
don gian hoa qua mic. Piéu nay di gbp phan
lam giam thanh cong trong nghién ctru chuyén
giao 1am sang (clinical translational success). Dé
x4y dung mot khuon khé kha thi cho can thiép
som, viéc chuyén hudng tir goc nhin hoan toan
liy protein lam trung tim diéu tri sang mot hé
hinh nhip sinh hoc & cdp d6 hé thong (systems-
level chronobiological paradigm) 1a can thiét [3,
4]. Nhitng tién bo gan day trong nghién ctru hé
phién ma (transcriptomics) c6 do phan giai thoi
gian cao va ghi tin hi¢u than kinh khong day in
vivo (in vivo neural telemetry) [12, 13], tao diéu
kién thuan loi dé phan tich chirc nang sinh ly cua
AB. Cac bang ching méi ndi cho thdy can phai
tai phan loai AP sinh 1y hoat dong nhu mdt
somnogen (chat gay ngt) dang cytokine — mot
phan tir tin hiéu diéu hoa da chirc niang, gan chat
v6i ddng hd sinh hoc va bd diéu chinh ndi moi
gidc ngi ciia ndo bo [3]. Tuy nhién, khi cau trac
thoi gian sinh hoc nay bi pha vo, chinh peptide
duoc thiét ké dé kich thich gidc ngii phuc hoi lai
khéi phat mot chudi phan tng bénh 1y dan dén
kiét strc mién dich than kinh [4, 14].

2.1. Ap nhuw mpt somnogen dang cytokine va sw
roi logn dong ho sinh hoc

Trong diéu kién sinh 1y, AB duoc tiét vao dich
k& (ISF) theo mét co ché phu thudc vao hoat dong
va duogc diéu hoa chat ché trong luc thic. Khi
néng do dat dinh, AP hoat dong nham lam giam
su giai phong chat dan truyén than kinh, trc ché
qua trinh van chuyén thu thé kich thich, va cudi
cung thuc day gidc ngt song cham khong chuyén
dong mat nhanh (NREM) thong qua co ché giam
diéu hoa ndi mdi (homeostatic downscaling). Doi
lai, pha gidc ngt sinh 1y nay kich hoat bd may
thanh thai glymphatic [3, 15] dé quét sach peptide
tich ty, khép lai mot vong 1ap phan hdi am tinh
duoc bao ton cao qua tién hoa.

Tuy nhién, duéi ap lyc cta tinh trang mét ngu
man tinh (SD) hodc gian doan nhip sinh hoc cép
tinh (chronodisruption), vong ldp ndi mdi nay bi
duat gdy. Su hién dién lién tuc cua AP, khi mét di
kha niang hd tro gidc ngu, tré thanh mot yéu t6
gay stress sinh hoc, 1am réi loan bo may dong hd
phéan tir cia ndo bg. Cac mo hinh thyc nghiém da
chimg minh rang su tich tu bénh 1y ciia AP lam
thay d6i truc tiép biéu hién nhip nhang trong 24
gio ctia cac yéu td phién ma nhip sinh hoc cbt 151,
dang cht ¥ 13 trc ché BMALI va RORa, dong thoi
lam 1éch pha thoi gian biéu hién cta yéu té dinh
dudng than kinh c6 ngudn gde tir ndo (Bdnf) [16].
Ngoai ra, su tich tu nay phéd v& su biéu hién va
hoat dong nhip nhang ciia cic enzyme chdng oxy
hoa (nhu catalase va glutathione peroxidase) va
diéu hoa ting enzyme nitric oxide synthase cam
tmg (iNOS), duy tri vi méi truong than kinh trong
trang thai suy kiét oxy hoda lién tuc.

Viéc r6i loan gidc ngu ban cép tinh va man
tinh d tai p trinh chuyén hoa protein tién chat
amyloid (amyloid precursor protein, APP).
Trang thai thirc kéo dai 1am ting manh yéu t6 tc
ché nhip sinh hoc PER2, déng thoi 1am 1é€ch qué
trinh cit APP theo con dudng tao amyloid —
dugc ching minh bang sy gia ting rd rét ca
sAPPp va su suy giam nghiém trong ty 1€ bao vé
than kinh sAPPa/sAPPP [5]. Qua trinh dich
chuyén chuyén hoa nay tring hop voi su suy
giam dang ké cua orexin-A, mot neuropeptide
thic day su thre tinh, ma trong diéu kién khoe
manh, thé hién 4i lyc lién két cao voi AP dé ngin
chin su két tu ctia n6 va giam thiéu doc tinh thin
kinh. Do d6, viéc méat tin hiéu orexin-A trong
tinh trang phan manh gidc ngu da lam giam mot
co ché diéu hoa Iy sinh quan trong ddi véi qua
trinh chuyén pha long-rén (liquid-to-solid phase
transitions) cua cac tap hop amyloid [17].

Mic du sy pha huy twong hd giira ciu tric
gidc ngn va kha ning thanh thai Ap di duoc ghi
nhan, nhung chudi co ché phan tir ma qua doé su
ri loan dong ho sinh hoc tryc tiép ddy cac quan
thé vi bao dém (microglia) vao trang thai canh



Nguyén Minh HUng / Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tan 04(77) (2026) 148-160 151

giac viém than kinh man tinh va suy kiét ning
luong sinh hoc van chua dugc dinh nghia dr:iy du
[12]. Chung ta hién dang thiéu cac ban d6 khong
gian - thoi gian c6 do phéan giai cao dé chimg
minh cach thtrc nhiu loan cac gene dong hd cu
thé — ch'fmg han nhu su uc ché dich ddi vai
BMAL1 bén trong microglia — quyét dinh su
chuyén dich mién dich - chuyén hoa tir trang thai
thuc bao sinh ly sang con dudong duong phan
thich nghi sai 1éch va kiét suc [8, 18]. Viéc giai
quyét khoang tréng nay 1a diéu kién thiét yéu dé
xéc dinh chinh xéc ctra s6 thoi gian vang, noi cac
li¢u phap nhip sinh hoc (chronotherapeutics) co
kha ning giai cru qua trinh chuyén hoéa cua
microglia truéc khi sy mat dong bo mang ludi
khong thé dao ngugc xay ra [4].

2.2. Toc dp tién trién bénh ly do mit ngii mang
tinh ddc thu gioi

Céc liéu phap diéu tri than kinh chinh xac
(precision neurotherapeutics) khong con tiép can
AD nhu mét thyc thé dong nhat, dic biét khi dir
liéu dich t& hoc cho thdy phu nit chiém gan 2/3 s6
ca mic trén toan cau. Tinh khac biét gioi tinh
(sexual dimorphism) nay thé hién rd tai giao diém
giita sinh hoc than kinh gidc nga va mién dich
than kinh, nhung van thuong xuyén bi xem nhe
mdt cach hé thong trong ca thiét ké thir nghiém
tién 14m sang va trong viéc kiém ching ddu an
sinh hoc 1am sang [19]. Cac phan tich da omics
va theo ddi hanh vi theo thoi gian (longitudinal
behavioral tracking) gin day cho thiy nhimg khéac
biét gidi tinh rd rét trong dap img véi i loan gidc
ngi. O cac md hinh dong vét chuyén gene mang
bénh 1y tau (vi du: chudt PS19), con cai biéu hién
su gian doan chu ky thirc — ngu tir rit som, dudi
dang hung phin qua muc trong pha tbi (dark-
phase hyperarousal), ngay tir 3 thang tuéi — som
hon dang ké so voi khoang 6 thang tudi & con duc
[20]. Sy tich tu tau bénh Iy tai cac ciu trac dau
vao cua hé théng nhip sinh hoc ¢ than nao, ch'fmg
han nhu nhan parabrachial bén (lateral
parabrachial nucleus — LPB), c6 thé gop phan
thiic day cac rdi loan gidc ngli nay va cac hanh vi

kiéu sundowning (hoi chimg 1 1dn lac chang
vang/hdi chiing hoang hén), qua do tao ra mdt
giai doan dé bi ton thuong véi toc do tién trién
nhanh hon ¢ nit gidi [21].

Hon nira, cac phan trng cia microglia va qua
trinh tu thuc (autophagy) d6i véi mat nga c¢6 su
khac biét gidi tinh rd rét. Sau khi gidc ngu bi gidn
doan, cac mo hinh AD & chudt cai cho théy sur
suy giam rd rét hon trong viéc phuc hoi gidc nga
chuyén dong mét nhanh (REM), cling véi sy suy
giam chic nang cia hé théng tu thuc —
lysosome trong cac nhanh té bao & ving hai ma,
cao hon so voi chudt duc. Diéu nay cho thiy
microglia & chudt cai ¢ thé dé bi tén thuong
chirc nang tu thuc hon dudi stress sinh hoc do
mat ngu [14]. Pang chu ¥, cic phan tich hd so
phién ma (transcriptomic profiling) trén mé nédo
va mau cua bénh nhan AD ciing cung ¢ xu
hudng nay, cho thdy mot dau an rdi loan didu
hoa mién dich dic trung — lién quan dén céc
yéu t6 phién ma thudc ho zinc finger va chju anh
huong manh boi alen APOE g4 — nbi trdi & nir
va it dugc ghi nhan ¢ nam [22].

Pang cha y, mic du su gian doan gidc ngu
man tinh thic déy qua trinh sinh bénh hoc cua
Alzheimer ¢ ¢4 hai gidi, nhung mirc do thoai hoa
than kinh va suy giam nhan thic & giai doan
muon ddi khi lai tién trién nhanh hon & nam gidi,
bat chap viéc nir gioi xuat hién cac réi loan ciu
trac gidc nga sém hon. Nghich 1y nay lam ndi
bat mot mo hinh phan ky hai pha theo gioi
(biphasic sex divergence): mang lu6i than kinh
& nit giGi ¢ thé co kha nang chng chiu ban dau
cao hon d6i voi doc tinh cia tau tai synapse, mac
dii microglia kiét sirc va gidc ngl bi phan méanh
som hon; trong khi d6, & nam gidi, suy gidm
nhan thtc ¢6 xu huéng dién tién nhanh hon khi
dat dén diém udn bénh ly cua su két tu protein
[14, 20]. Su khac biét 1 rét trong cach hé mién
dich than kinh cua hai gi6i phan ing v&i mét nga
cho thdy van t6n tai mot khoang trong dang ké
trong nghién ctru chuyén giao 14m sang. Cac quy
trinh phat trién thudc hién nay van con han ché
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trong viéc tich hop cac ddu 4n chuyén héa dic
thu ctia microglia khi danh gia cac liéu phéap diéu
hoa mién dich hodc phuc hdi gide ngi. Viée tng
dung XAI két hop voi transcriptomics khong
gian (spatial transcriptomics) 1a can thiét dé 1ap
ban dd cac con duong sinh hoc phu thudc vao
gi6i tinh [7, 23]. Chi khi 1am 15 co ché suy giam
c6 chon loc cta qua trinh ty thyc & microglia ni
duéi stress gidc ngi, chiing ta méi c6 thé chuyén
hudng tur cac can thi€p don dep AP khong dac
hiéu sang cac li€u phap nhip sinh hoc chinh xéc
(precision chronotherapeutics), duoc ca thé hoa
theo gidi tinh va mirc d nhay cam nhip sinh hoc
cua tirng bénh nhan [4, 14].

3. Tai 1ap trinh chuyén héa microglia va sw
mét cin bang ndi mai lipid

Trong nhiéu thap ky, linh vuc mién dich than
kinh hoc (neuroimmunology) nhin nhén su kich
hoat cia microglia nhu mdt trang thai nhi phan
tuyén tinh tir trang thai nghi sang trang thai tién
viém. Tuy nhién, sy ra doi cua cong nghé
transcriptomics khong gian va immuno-
metabolomics don bao da cach mang héa quan
diém nay, tiét 16 ring cac trang thai chirc ning
ctia microglia bi chi phi chat ché boi nang luc
sinh ndng lugng (bioenergetic capacity) cua
chdng [4, 24]. Trong diéu kién sinh 1y, nhip diéu
sinh hoc ngay dém cung cip mét cira s6 thoi gian
thiét yéu dé thiét 1ap lai can bang mién dich -
chuyén hoa ctia microglia. Khi nhip diéu nay bi
dut giy do tinh trang mat nga man tinh, sy phoi
nhim lién tyc v4i cac somnogen AB 1am mat di
cac tin hiéu diéu phdi sinh 1y, budc cac té bao
nay duy tri trang thai canh giac viém than kinh
man tinh (chronic neuroinflammatory vigilance)
[8, 12]. Ap luc nay dong vai tro nhu mot yéu td
gay stress hé thong, lam suy giam tinh linh hoat
chuyén hoa (metabolic flexibility) va khoa chit
ndo bd trong modt "cai bay chuyén hoa"
(metabolic trap) cimg nhéc, noi cac chtrc ning
hd trg no-ron bi gat bo dé wu tién cho céc chuong
trinh viém thich nghi sai léch [25]. Cudi cung,
chinh sy ri loan chuyén hoéa nay 1a tac nhan cot

15i gdy sut giam chirc nang mién dich bam sinh
cua nao bo.
3.1. Sw chuyén dich tir OXPHOS sang kiét sirc
duong phdn

Microglia 13 nhitng té bao c6 tinh dong luc
cao, doi hoi ngudn tai nguyén ning lugng 16n va
c6 kha nang huy dong nhanh chong dé thuc hién
cac nhi¢m vu gidm sat nhu mo lién tuc, hoa Gng
dong (chemotaxis) va thuc bao (phagocytosis).
Trong mdt vi méi trudong khde manh, microglia
luén chuyén linh hoat giita qua trinh phosphoryl
hoa oxy hdéa (OXPHOS) va con duong duong
phan dé dap tmg cac nhu ciu chic nang [26, 27].
Phan tmg véi su phoi nhiém AP cép tinh hodc
ton thuong synapse cuc bg, microglia thyc hién
mot budc chuyén dich chuyén héa nhanh chéng
sang duong phan, dugc goi la hi¢u Ung gia
Warburg (Warburg-like effect), nham cung cip
nang lugng cho cac phan g viém va thuc bao
tuc thoi [8, 28]. Tuy nhién, dudi ap luc man tinh
ctia AD va tinh trang mét ngu kéo dai, sy chuyén
dich mang tinh thich nghi tam thoi nay lai bién
thanh mot "cai bdy chuyén hoa" (metabolic trap)
vinh vién, khién nio bd mat kha ning diéu chinh
ning luong linh hoat dé hd trg no-ron [25, 27].

Su thuc thi phan tir ctia qua trinh tai 1ap trinh
bénh 1y nay dugc diéu phdi manh mé béi cac
enzyme duong phan dac hi¢u. Phuong phap hoa
dich da kénh
immunohistochemistry) do phan giai cao trén

md  mién (multiplex
ndo bénh nhan AD cho thiy cac microglia biéu
hién enzyme pyruvate kinase M2 (PKM2) tich
tu day dac xung quanh cidc mang bam A va céac
dam rdi tau phosphoryl hoa [28]. Mic du PKM2
ban dau thic day kiéu hinh microglia lién quan
dén bénh 1y (DAM), sy didu hoa ting
(upregulation) man tinh ciia enzyme nay din dén
su kiét strc thuc bao (phagocytic exhaustion)
tram trong; nhitng té bao nay bao viy cic ton
thuong bénh Iy nhung lai hoan toan tro 1y, thiéu
cac gradient hoa ing dong can thiét dé don dep
cac khoi két tu [28].
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Dong thoi, sy suy kiét ning lugng nay cang
tré' nén tram trong hon khi xay ra sy tai dinh vi
noi bao bt thudng ciia hexokinase 2 (HK2).
Trong vi mdi truong AD, HK2 duoc tuyén mod
dén mang ngoai ty thé, qua d6 1am léch can bang
chuyén hoa khoi OXPHOS va duy tri microglia
trong trang thai phu thudc duong phan qua mtrc,
dan dén suy giam hiéu qua sinh ning luong [26].
Pang chu ¥, cac can thiép thyc nghiém cho thiy
16i loan chuyén hoa nay c6 thé dugc dao nguoc.
Viéc taich HK2 khoi ty thé hoic bat hoat gen HK2
dan d&én ting diéu hoa lipoprotein lipase (LPL).
Co ché bu trir nay giup vuot qua “nit thit duong
phan” (glycolytic bottleneck), cho phép microglia
tang san xuat ATP thong qua chuyén héa lipid
thay thé, tir d6 cai thién dang ké kha nang thuc
bao AP va lam giam ganh ning mang bam trong
mo hinh chudt 5XFAD [26, 29]. Nhitng phat hién
nay nhin manh mot khai niém mang tinh chuyén
dich hé hinh: yéu t6 ¢t 161 dan dén suy giam chirc
nang mién dich than kinh trong AD khong nam &
ban than sy gia ting dudng phan, ma ¢ sy mét di
tinh linh hoat chuyén hoa, khién microglia khong
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thé quay tro lai trang thai OXPHOS mot cach
hiéu qua [25, 27].

3.2. Microglia tich tu giot lipid (LDAM) va vai
tro ciia APOE4

Su phu thudc kéo dai vao con duong duong
phéan tat yéu lam rdi loan qua trinh chuyén hoa
lipid ndi bao, qua do lién két tinh trang suy giam
sinh nang luong voi 1oi loan ndi moi lipid (lipid
dyshomeostasis) nghiém trong. Khi microglia suy
giam kha ning oxy hoa lipid & ty thé, chung tich
iy lipid trong cac giot lipid ¢ bao tuong (Hinh
1). Qua trinh nay dan dén su xuit hién cua cac
microglia tich tu giot lipid (LDAM) — mdt tiéu
quan thé suy giam chirc ning ning, ddc trung boi
rdi loan chure ning lysosome, gia ting stress oxy
héa va suy giam nghiém trong kha nang thuc bao
AB [9]. Su hinh thanh va 6n dinh cta céc giot lipid
nay duoc diéu hoa béi perilipin-2 (Plin2). Péang
cha ¥, viéc bat hoat (knockout) Plin2 bang cong
nghé¢ CRISPR trong microglia lam giam dang ké
su tich tu giot lipid, déng thoi han ché qua trinh
tai lap trinh chuyén hoa do AP gay ra va phuc hoi
mot phan ning luc thyuc bao [30].

"Intrinsic cues”
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= Toxic protein aggregates(AB,aSyn, TDP-43 etc.)
« Inflammatory mediators
« High glucose
* Hypoxia
« Genetic mutation (Grn, ApoE4..etc)
= Lipoprotein particle, Dying cell debris
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"Extrinsic cues®
« LDs transfer from
neuron and astrocyte
» Possibly lipids from
periphery
= Toxic protein aggregates

IL-1B, IL-6, IL-8, MCP1,
GFs, PGE2, NOX, ROS etc.

Hinh 1. Co ché tich ty lipid droplet (LD) va rdi loan chuyén hoa & microglia
Microglia tich tu qua mttc LDs do céc tin hi¢u ndi tai va ngoai lai. Stress ludi ndi chét, tap hop protein ddc tinh, viém,
stress chuyén hoa va cac bién thé GRN/APOE4 lam rdi loan can bang noi méi lipid va thiic day hinh thanh LDs, trong
khi lipid/LDs tir neuron, astrocyte va c6 thé tir ngoai bién tiép tuc thuc day su tich tu. Microglia giau LDs di kém suy
giam van chuyén nhan - bao tuong, t6n thuong DNA kéo dai va réi loan chirc ning ty thé, dic trung boi giam oxy hoa
axit béo va san xuat ATP. Biéu hién GLUT1 c¢6 thé ting nhu mot dap tmg bu trir nham duy tri thu nhan glucose [9].
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Quan trong hon, sy roi loan chuyén hoéa lipid
nay khong chi do yéu t6 méi trudng ma con chiu
anh huong manh mé boi tinh nhay cam di truyén,
ndi bat 1a alen &4 cua gen APOE (APOE &4).
Mic di APOE 1a yéu té nguy co di truyén chinh
ciia AD khéi phat mudn, cac tac dong dang ké
ctia n6 thé hién rd trong hé lipid (lipidome) ctia
microglia. Su biéu hién cua APOE4 trong
microglia thiic ddy qua trinh tai 1ap trinh biéu
hién gen sau rong thong qua mang ludi
PU.1/NF-kB va kich hoat truc SREBP2 phu
thudc vao stress ctia ludi nodi chét. Qua trinh nay
dan &n tich tu cholesterol va cac lipid khac &
murc cao, ddng thoi 1am suy yéu chirc ning cia
hé thdng ndi thé — lysosome (endo-lysosomal
network) [31]. Hau qua la cac microglia mang
APOE4 khong thé khoi phat hiéu qua dap ung
microglia lién quan dén thoai hoa than kinh
(MGnD), va thay vao d6 chuyén sang trang thai
microglia viém giai doan muon (TIM) [32, 33].

Su giao thoa giita sinh hoc than kinh gidc nga
va rbi loan noi méi lipid goi ¥ mot co ché lién
két quan trong trong sinh bénh hoc ciia AD.
Protein déng hd sinh hoc c6t 16i REV-ERBa, ¢6
chirc ning diéu hoa nhip diéu gidc ngt va chuyén
héa lipid trong cac té bao dong tiy, da duogc xac
dinh 1a mot diém nut diéu hoa dé b ton thuong.
Vigc x6a bo diac hiéu REV-ERBa trong
microglia dan dén réi loan chuyén hoa lipid, thiic
day su tich tu bat thuong cac giot lipid va lam
suy giam déng ké kha nang thyc bao tau, qua d6
tai hién mot sé dic diém kiéu hinh gidng AD
quan sat & ngudi cao tudi [34]. Hon nita, bén
canh r6i loan giéc ngu, cac hé qua cua roi loan
chuyén hoa toan than (nhu béo phi hodc khang
insulin) ciing 1am tram trong thém tinh trang nay
thong qua sy tich tu cac axit amin chudi nhanh
(BCAAS) va axit keto chudi nhanh (BCKAs).
Cac BCKAs c6 kha niang canh tranh truc tiép
lién két v6i AP tai thu thé TREM2 [35].

Maic du cac quy dao riéng 1¢ cua sy kiét stic
dudng phan, su tich tu giot lipid do APOE4 thiic

déy va su gian doan nhip sinh hoc da dugc ghi
nhan rd rang, nhung su hdi tu khong gian — thoi
gian cta cac truc co ché ndy van 1a mot khoang
tréng tri thirc quan trong trong céc liéu phap diéu
tri than kinh [36]. Hién tai, chung ta thiéu mot
khung hiéu biét tich hop da omics vé cach thirc
trc ché cac gen dong ho cbt 16i do mat ngi (vi
du: REV-ERBa) hiép dong véi kiéu gene
APOE4 dé day nhanh qua trinh chuyén doi cta
microglia bao vé sang kiéu hinh LDAM suy
giam chire nang [31, 34]. Viéc lap ban d6 chinh
xac “diém khong thé dao nguoc vé mién dich
chuyén hoa” (immunometabolic point of no
return) in vivo 1a diéu kién tién quyét. Cho dén
khi khoang trong nay duoc lap ddy, cac chién
lugc tri li€u chi tap trung don dep amyloid nhiéu
kha ning sé& tiép tuc thit bai, boi chung phu
thudc vao mot hé mién dich bam sinh di b suy
giam ngudn cung ning lwrong chuyén hoa va mat
tinh linh hoat lipid mot cach hé théng [25, 37].

4. Nham dich mién dich chuyén héa va tri liéu
chinh xac dinh hwéng béi Al

Qua trinh chuyén giao 1am sang cac liéu phap
diéu tri than kinh cho AD trong lich str c6 thé da
bi han ché boi kha ning nim bat chua day du
tinh di thé phan tir dac thu cua tung bénh nhan,
dac biét 1a cac trang thai chuyén hoa da dang ma
microglia biéu hién dudi 4p luc cta stress nhip
sinh hoc man tinh [4, 38]. Bé vuot qua nhimg
han ché cta céc liéu phap don tri li¢u tap trung
thanh thai protein két ty, linh virc nay dang trai
qua mdt cudc chuyén dich hé hinh (paradigm
shift) duoc thac déy béi su hoi tu cua sinh hoc
hé théng, cac cong nghé da omics va tri tu¢ nhan
tao (AI) [36, 39]. Su phat trién dot pha cia khoa
hoc tinh toan mang lai mot co héi chua ting cé
dé 1ap ban dd chinh xé4c céac trang thai phan tir
lién quan dén su kiét qué mién dich than kinh, tur
d6 cho phép trién khai cac can thiép diéu tri
chinh xac [40, 41].
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4.1. Gidi ma réi loan diéu hoa tiém dn thong
qua XAl

Tinh da chiéu cua dit liéu trong tuong tac
chéo mién dich than kinh doi hoi cac phuong
phap hoc may tién tién dé chuyén tir dir liéu
tuong quan & muc tong thé (bulk data) sang viéc
giai md cac mang ludi tin hiéu diéu phdi phic
tap. Céc kién tric hoc sdu mdi, ch'fmg han nhu
cic md hinh autoencoder t6 hop (ensemble
autoencoders), hién cho phép phan ra dir li¢u da
omics c6 d6 da chiéu cao thanh cac khong gian
tiém an c6 kha nang giai thich, qua do tiét 16 cac
mo-dun tin hidu riéng biét chi phdi quy dao bénh
ly [42]. Vuot ra ngoai cac du doan kiéu “hop
den”, viéc tich hop XAl — dédc bi¢t thong qua
SHapley Additive exPlanations (SHAP) — véi
sinh hoc hé théng va khai pha dir liéu ho so sirc
khoe dién tir (EHR) dd cach mang héa chién luoc
wu tién cac muyc tiéu diéu tri. Vi du, quy trinh
PRISM-ML gan ddy da xac dinh cac gen nut cb
chai (bottleneck genes) c6 do trung tdm cao
trong mang ludi [43], chi phdi sy rdi loan mién
dich — chuyén hoa, tir d6 wu tién cac tac nhan tai
dinh vi thudc nhu promethazine, von lién quan
dén viéc giam dang ké (57-62%) nguy co mic
AD trong céac thuan tdp bénh nhan thuc té [43].

Viéc ap dung cac phuong phap tiép cdn mang
luGi da omics nay truc tiép vao truc gidc ngi —
AD da gitip xac dinh cac muc tiéu nhan qua dang
tin cdy. Cac phan tich ngdu nhién Mendel
(Mendelian randomization) quy md 16n, tich hop
véi transcriptomics don bao, da xac dinh cac con
duong diéu hoa dic hiéu theo tung loai té bao,
lién két sy suy giam nhan thirc véi rdi loan gic
ngu [44], dong thoi lam ndi bat cic muc tidu
phan tir nhu COX6B1, ¢6 tiém ning phuc hoi
qué trinh phosphoryl héa oxy héa ty thé
(mitochondrial OXPHOS) [44].
4.2. Y hoc nano chinh xdc va tdi lgp trinh in
situ

Viéc chuyén giao cac phat hién in silico nay
thanh cac liéu phap diéu tri chinh xac doi hoi cac

hé¢ dan truyén c6 kha ning xuyén qua hang rao
mau — ndo va diéu bién chon loc cac tiéu quan
thé microglia. Nhimng tién bo gan ddy trong y hoc
nano da chung minh tinh kha thi cua viéc tai lap
trinh phién ma — chuyén hoa ctia microglia in
situ. Cac hat nano lipid mang mRNA tuy chinh
(MERLINSs), mi héa thy thé thuc bao té bao chét
téng hop (synthetic efferocytic receptor — SER),
da dugc chung minh la c6 kha nang tai dinh
hudng chirc nang cua microglia bénh ly. Qua do,
chung tang cuong manh mé qué trinh thuc bao
dic hidu AP, dong thoi giam thiéu kich hoat cac
dap g viém qua trung gian thu thé Fc, von 1a
han ché thudng gip cua cac liéu phap khang thé
truyén thong [45]. Song song v6i cac hudng tiép
can nay, cac chién lugc sang loc 4o dya trén cau
trdc (structure-based virtual screening), két hop
voi md phong dong luc hoc phan tir (molecular
dynamics simulations) dudi sy ho trg cua Al da
thac ddy viéc phat hién cac chat déng van
TREM2 phén tor nho (vi du EN020). Cac tac
nhén nay c6 kha nang tang cuong chirc nang
thuc bao cta microglia mdt cach an toan, déng
thoi vurgt qua cac han ché lién quan dén kha nang
san xuat quy mo 16n va kha ning xuyén qua hang
rao mau-nio cua khang thé don dong [46, 47].
Bét chip nhimng thanh tyu trong dugc 1y va
khoa hoc tinh toan, mot khoang tréng chuyén
giao 1am sang sdu sic van ton tai: sy thiéu ving
cac mo hinh dong hoc lién tuc mé ta quy dao tién
trién ctia bénh theo thoi gian. Cac khung AT hién
tai phﬁn 16n van dua trén céc lat cat tinh theo thoi
diém cua dix liéu omics. Bé dat dugc y hoc chinh
xac thuc su, linh vuc nay doi hoi sy phat trién
ctia Neurological Digital Twins (ban sao sb than
kinh), tich hop cac déu 4n sinh hoc sb theo thoi
gian thuc cta cdu tric gidc ngi v6i hd so mién
dich — chuyén hoa theo thoi gian [48, 49]. Hién
nay, chung ta van chua c6 du cac khung thuat
toan dé xac dinh chinh xac “diém uén” khong
gian — thoi gian (inflection point), noi microglia
ctia tirng ca thé chuyén tir trang thai duong phan
thich nghi sang kiéu hinh tich tu giot lipid giai
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doan cudi. Néu khong lap ban dd duge cira sd
thoi gian then chét nay, ngay ca cac liéu phap y
hoc nano dugc thiét ké tinh vi nhét ciing c6 nguy
co trién khai 1éch pha thoi diém — hodc qué
som, hodc khi sy sup dd cAu trac mang ludi da
tré nén khong thé dao nguoc [50, 51]. Viée thu
hep khoang trdng trong mé hinh héa dong hoc
nay s& 1a budc ngodt quyét dinh dé chuyén
huong cac li¢u phap AD, tir viéc don dep céc
manh v& phan mg sang bao ton chi dong mang
lu6i dich thé — proteostasis ctia ndo [2, 50].

5. Pinh hudng twong lai

Su phat trién cta cac lidu phap diéu trj AD
dang budc vao mdt giai doan chuyén dich hé
hinh mang tinh budc ngodt. Mac du cac khang
thé don dong khang AP da ching minh kha ning
lam thay ddi tién trinh bénh ¢ giai doan som,
nhung hiéu qua han ché cta chung trong viéc
ddo nguoc suy giam nhan thure ¢ giai doan mudn
cho thiy chién lugc chi tap trung vao viéc thanh
thai mang bam 1a chua du. Nhitng bang ching
tich liiy gan ddy cho thiy rang AD can dugc nhin
nhan nhu mot rdi loan hé théng lién quan dén su
tuong tdc dong hoc gitra nhip sinh hoc, dong luc
hoc dich ndo — dac biét 1a hé théng glymphatic
— va mién dich — chuyén héa than kinh.

Tuy nhién, mot khoang tréng chuyén giao
1am sang dang ké van ton tai giita cac mo hinh
tién 1am sang va bénh 1y ¢ nguoi, dic biét trong
bdi canh méat ngu man tinh. Déng thoi, linh vuc
nay van dang roi vao sy phan cuc qua mirc khi
quy két duong phan 13 ¢6 hai va OXPHOS 1a c6
lo1i; trong khi thuc té, su dich chuyén sang duong
phan 1a mot phan tng thich nghi sinh 1y cap tinh
thiét yéu ctia microglia. Ri loan bénh 1y khong
nam & ban than con duong chuyén hoa nay ma &
sy mat di tinh linh hoat chuyén hoa, khién
microglia khong thé quay tro lai trang thai
OXPHOS hiéu qua, tir do roi vao vong X0dn can
kiét nang luong va tich tu lipid. Piéu nay ham ¥
rz‘“mg cac chién luge e ché khong chon loc
duong phan c6 thé gy tac dung ngugc biang
cach 1am suy giam dap Gmg mién dich bam sinh.

Trong bdi canh d6, cac hudng tiép can méi
dang ndi 1én, dic biét 1a viéc ung dung ban sao
k§ thuat s6 than kinh tich hop dit lidu da omics,
déu 4n sinh hoc theo thoi gian thuc va XAlI, cho
phép mo hinh héa quy dao bénh theo timg ca thé
va xéc dinh chinh x4c “diém udn” khong gian —
thoi gian ciia sy suy sup mién dich—chuyén hoa.
Céch tiép can nay mo dudng cho céc thiét ké thur
nghi¢m lam sang thich img va can thi€p dung
“ctra s6 vang”. Song song v&i d6, cac chién lugc
tri liéu ddng muc tiéu dang cho thay tiém ning
vuot trdi, két hop diéu bién mién dich — chuyén
héa cua microglia (nhu cic nén tang nano
mRNA hoic cht dong van TREM2) v&i c4c can
thiép nhip sinh hoc nham phuc hdi gidc nga séng
cham va tang cuong dong chdy glymphatic.
Téng thé, viéc phuc hdi tinh linh hoat, chuyén
hoa va tai dong bo hoa hé thong thoi gian sinh
hoc ¢6 thé dai dién cho hudng di trung tim trong
diéu tri AD thé hé tiép theo.

6. Két luan

Gia thuyét somnogen AP tai dinh hinh AD
khong chi 1a mot roi loan tich tu protein cuc b9,
ma con 1a su sup d6 mang tinh hé thong cta cac
truc nhip sinh hoc, dong luc hoc dich nao (bao
gom hé théng glymphatic) va mién dich —
chuyén hoéa than kinh. Trong bdi canh nay, mat
ngu va rdi loan nhip sinh hoc n6i 1én nhu nhitng
yéu t6 thuc day then chdt, 1am suy giam tinh linh
hoat chuyén hoa cta microglia va qua dé thuc
day tién trién bénh ly. Viéc tich hop cac nén tang
tri tu¢ nhan tao — dac biét thong qua cac ban sao
s6 — v6i cac chién lugc lidu phap nano tai 1ap
trinh t& bao in situ mé ra kha ning chuyén dich
tir cach tiép can duya trén thanh thai mang bam &
giai doan mudn sang cac can thi¢p chu dong
nham bao ton chirc ning ctia mang ludi dich thé
— can bang ndi moi protein. Cach tiép can nay co
tiém nang dinh hinh mét chién luoc trung tam
cho can thi¢p sém va lam cham tién trién ciia AD
& cp do hé thong.
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