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Recurrent Hypoglycemia Alters Level of Neuronal
Death- and Oxidative Damage-Related Proteins

in a Mouse Model of Alzheimer’s Disease
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Table 1. Used primary antibody for western blot.......cccoeevueiiiiiiiiiiriiiie e eeniee 15
Figure 1. Schematic diagram of INS iNJECTION ....ciiiuieiiiiiiiee et eraee e eeaa 16
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1. zstoluy 44w

AAs==E 3-4/MEEe C57BLI6 BFAE o Eglel AMgFlom d=stolmHy
A7 RPEEE 5xFAD (Tg 6799) AF HEZS ARSIl 5xFAD A3 =P AR
gz Qe %] wdy VA <d=3slo|MH(early onset familial Alzheimer’'s
disease)S fr¥she ofdEol= ATt il (human amyloid precursor protein, h APP)}
szl Ald H(presenilin 1, PSEN1)S &t} human APP (Swedish mutation: K670N,
M671L; Florida mutation: 1716V; London mutation: V7171)2} PSEN1 (M146L, L286V), %
AL TS WelE s, 15709 olF A el AR ©HEel A& Hl
2MEA A7 2] A WAl Xy Al uF(gliosis)o] HAYstaL 47]L R ol
Al 2ol A, AAAES AE, JAAA S dojdnt. oo o] whE 1

AT A= 34 E o A oF 3 & gk eSS T 4-5/EH ] AHAE
=AY, AFHe wE]l DNAE  ©]83% PCR (polymerase chain reaction)=
3 (genotype)S A3 3, ok (wild type, WT)Z} 5xFAD AFHE TH31]
AREEIT A= oAl 3kskl 91 9] SPF (specific pathogen free) -9l A 12A]7F
light-dark cycle oz ASgom, A4 dFd 3+ ASAN F HAAs

&3t
2. A==l o3 RH| &

AFgrndle F 370 2, vehicle treated WT mice (WT+V), vehicle treated 5xFAD mice
(5xFAD+V), insulin treated 5xFAD mice (5xFAD+INS)Z U0 H7tgit), &2 d 3l
2 W3k WT+V 253 5xFAD+V 155 Hlulste] Flglon, RH tigh Wsh=
5xFAD+V 133} 5xFAD+INS 1H-S H|asto] H7hsgict. Ql&d-e 1% HCI (Fluka
Chemie GmbH, Switzerland)el =1 ¥ 10 IUkg 7} HE=% 0.9% A2 4G50l
3| ste] Foyg o, vehicle> 1% HCIS 22 3|AH]&o] HES A 4bste] A&t

Fol Axte 18A3F 54 F 1EdS 5 Wl FANEIT 3AIRE ¢ AT St

3



RH Z9o] H7t= l&’l Fof o]F Y= desFds dEsidi. £33 1,8,5,7,

of| 4 ¥ Abe(fasting), Fo] 3A1%F F-(injection), &]=(recovery) A] %<l
“ )

A

7

58 54%o2x AAFFo FEE AL

wE] AWoA 1l APste] =4 7](SD Biosensor, Korea)= =% 5191t}

RHY =7t £ 5 AFe AFE=dte]l gAHAT. Hx24L harvest & FA
WA AaioA sAs] -80 Tol H#AEQITE 1 % lysis buffer [protein extraction
solution (Intron, Korea) + protease inhibitor KJol ¥ Z} 1% 30% &<} homogenizing

kil 2% 30% %<t sonicationdlo] -80 CollA H.33} T},
5. Western blot

1:259] H|&=2 A3k TS BCA (bicinchoninic acid) protein assay kit (Thermofisher,
USA)e.=2 A= 319131, loading Buffer (50 mM Tris-HCI, 100 mM, dithiothreitol, 2 % SDS, 0.
1 % bromophenol blue, 10 % glycerol)ol] ©@uldo] 7z} 18 pug ©] HEF 34351
100Coll A 5% &< A H Ioading‘é‘EE‘r. SDS-polyacrylamide gel electrophoresis
(SDS-PAGE)E ©]-&3ll 8-15% Aol A 2] ¥ polyvinylidene fluoride (PVDF) membrane
(Cytiva, USA)S.2 transferdlt}. Blocking solution [1 % BSA, 5 % skim milk in 1XTBS-T
(Tris-Buffered Saline Tween-20)]oll 4 1A|3F &9F RESA| 7T 12 &A= ZF Table. 1]
FAE HER 8|48kl 4 TolA skt Sk whbgAIZlen, IXTBS-T= 3 4] &
anti-lgG-HRP  (anti-immunoglobulin  G-horseradish peroxidase)E 1:100002] H]&=
A2oa 1Az WkEAZ Y E]al AXTBS-TE $°41 3 ECL €9 (Enhanced
Chemiluminescence Solution; Bio-Rad, USA)¥} WHE-A]# imaging 4] (Davinch-K,

Korea)= &3} T}.



6. =7

WA western blote] 23+ Image J (National Institutes of Health, USA)E o] &3 Z}
chald wl= o] 8- 7} (optical density)E Ao, EAE €3] Prism 9 (GraphPad,
USA)S AH&-3itt. WT+VZ 5xFAD+V, 5xFAD+V ¢} 5xFAD+INS “1&S 717} two-tailed
unpaired t test 2 ®Aglomn, WT+VZ 5xFAD+V 15 o] R4S *, 5xFAD+V

53 5xFAD+INS 19 oA #ow ®AEYT HelHE 3w HHH

AFow Faizl Hitgk £ EF9x (mean = SEM)E FA|SHIaL, p<0.05 ¢ o
frolgt Ao=m T 3% x=d 559 FAC Prism 95 AR&dlown, 54
AZFe] 15 3 ZFe]lE two-tailed unpaired ttest= 74 E T}



. 23}

AFel A d3 150~180 mg/dL (p>0.05)Z ZSAHEAoH, 1847+

o
iz
o

2 70~110 mg/dL (p>0.05)Z2 ZA=AvH(Fig 2B). JEd Fo * P5¢4

o

st Ay, AAZE o2 BE AFH7E A A (stiffness), ¥ 3 3 (convulsion), F o]
HHFig 2A). 7o

2o ¥EY w7t 9 mg/dl otE  7HA8om(p<0.001) EEo] HEoA]
Z(coma) T2 KL, ook &2 FEi7F 6A1%F ol A HATHFig 2). $loF &2

oM vz dEENoH Fad dDd A ATl

3AZF Ao RE

Western blotS &3] RHE =3 EdoA AZAM xS 8 el 2l neuronal nuclear
(NeuN)Z} MM -2 =2Haxon)S ©]F+ microtubule-associated protein 2 (MAP2)<]
S B YHFig. 3). NeuN-2 5xFAD+V EEloll A 7H4 3] © 1 (p<0.01), 5XxFAD+V S}
]

Eay

T
K

W3le] BXFAD+INS EdloA] 7hAad|th(p<0.01). MAP2 %A] 5xFAD+V = dlofA]

b

(p<0.05) dom SXFAD+VS} H]W3te] SXFAD+INS H oA 7+43lth (p<0.01)

o

-

ANH2 AF A synaptophysin (SYP) Al 3 A AAFE wH2E=

-

¢

postsynaptic density protein (PSD95)# o] ¢S FHEIPT. WT+V 9} H] st
5XFAD+V =Eo|4 SYP (p>0.05), PSD95 (p>0.05)0
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R A FojulatA Frhske AS B H(p<0.05).
4. Cyt C, Bax, cleaved Caspase-3¢] % 7}<} Bel29] 74

AdGsold s AE AMEY §8 F AXE A JheAdS BEsr] 99
M A Al s d el o]l cytochrome C (Cyt C), B-cell lymphoma protein 2 (Bcl2),
Bcl2-associated X (Bax), cleaved Caspase-3¢] W3lE A tHFig. 5). WA, AXE
AAHS- A3 anti-apoptotic @ F Bel27F RH R dol A 74 31th(p<0.01). HHH
nEFZ=gole] AAS FEd] AX 2SS FZ8H= pro-apoptotic T Baxts
ol fldleu Srtete A4S Hlth(p>0.05). L3 vEZ =g ol A 1Es}o]
A AAS friesks Cyt C= RH EHolA =7 F7Fst 3l th(p<0.05). ®%F Caspase-
= &3 A] DNA &4 zdsted AxE 2SS {23kt cleaved Caspase-3%
2/ 3te Caspase-39] ¥= Ao, RH o5 F7kst= 2& &< {tH(p<0.05).
5XFAD+VE WT+VS} H i 8ke] Cyt C (p>0.05), Bel2 (p>0.05), Bax (p>0.05)7} Z7}ah=

)
e BYou} fFoAale gllemn, cleaved Caspase-3 (p<0.05)7}F 713k 72

5. A3t AEd A w7 B AE AEYA FA4 G 2y STt

5xFADO A RH %= Al 4bst 2Ed 2 F7lel] 7ojate Q1xpe] WstE geletr] 9fa)

4-hydroxy-2-nonenal (4-HNE), neuronal nitric oxide synthesis (nNOS)<] %2 =7 3l t}(Fig.

6). AFAToNA F A BF d=slolmol Mo FEFS F= AS AR
H

4-HNEx= A& Slo]  Fofste] dixRbESY WY Slnt A AEZ9

3

BFS HA S WHp>0.05) FonlskA] etk AGAE F= EE35= nNOS= ROS
= syl Arsl Hae] el FelstE A, 5xFAD+INS EHolA  f2)u]EH
Z7lete AS 323 H(p<0.05). Hypoxia inducible factor-1a (HIF-1a)E @akskA] 9
IR Qe Abst ~EY A Ao A AAAEY] AMEES FIIAZA 4 glonBEl RH
wdol|A  Z7}3lthp<0.05). Heat shock protein 70 (HSP70)S AlAA X 2z
2Edf 2o oF nkg& FAste ARRE ol &HH, 53] ikst 2E# 2o WitstA

WS EHe B o]tk RH § Z7beht 432 won felvahA ekskrh(p>0.05).
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Fig. 6% #2 A¥+= RHZF A4St 2E# 29 Frte 7|osth= As BoFrh oF

A AFESY] Thede BolARE ARG whjdo] g E o
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!
N

GarsAls AR J)AelA abs ~Eds

Ll

HdaATE sES 2o,
%3} 8ko] & (superoxide), #HFEF=A(hydrogen peroxide)E $F38] f 2t Z(free
radical)o] ¥ o.7]= A3l 2AEAZS F3}3t) Western blot o2 W Al A A Eof &

ksl AIQl glutathione peroxidase 4 (GPx4), superoxide dismutase 2 (SOD2), nuclear
factor erythroid 2-related factor 2 (Nrf2) ©ruld o] =55 A& cHFig. 7). 2 A3}
A4 #iksh(lipid peroxidation)E A < (lipid alcohol)Z FUAA Ax U =2
Farzte] £2E oAlsE GPx47F 5xFAD+V (p<0.01), 5xFAD+INS (p<0.01)= 2 oj A
TP o2 ATk SOD2+  5xFAD+VOlA 743l 91 (p<0.05) S5xFAD+INSO) A
Hadts A BATHp>0.05). Nrf2 94 BA% Fo42 filoy #asts 4ol

e THp>0.05). o]+ WHEE = Aty ~Ed sz A8 ditsiAle] G Ao
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Abstract

Alzheimer's disease (AD) patients are more likely to experience hypoglycemia than
people who do not have AD, due to cognitive impairment, a characteristic of Alzheimer's
disease, and difficulty in blood sugar control. Hypoglycemia is a condition in which blood
sugar is below 54 mg/dL, and if it persists for a long time, it can cause non-convulsive
seizures, coma, and rigidity, and lead to death. It also induces neuronal cell death due to
mitochondrial dysfunction and increased oxidative stress, and causes synaptic loss, leading
to cognitive decline. This study investigated the effects of recurrent hypoglycemia (RH) on
neuronal damage by administering insulin to 3-4-month-old Alzheimer's disease animal
models every other day. The control group was a model with Alzheimer's disease only, and
the experimental group was a model with Alzheimer's disease and recurrent hypoglycemia,

in which severe hypoglycemia was induced by insulin.

As a result, it was confirmed that the brain that experienced RH had increased oxidative
stress and proteins associated with neuronal damage compared to the brain of existing
Alzheimer's disease. When the overall protein levels in the brain were compared after RH
by western blot, the proteins that make up the nucleus and axon of neurons decreased,
and the protein levels of synaptic vesicles and postsynaptic neurons decreased. Reactive
astrocytes, which have pathological characteristics and are involved in the homeostasis
and function of the brain along with neurons, increased. Proteins that contribute to
apoptosis increased, and proteins that inhibit apoptosis decreased. In addition, proteins
that contribute to lipid oxidative stress and the production of nitric oxide (NO), and factors
that indicate the external stress level of neurons were increased. On the other hand,

antioxidants that reduce the level of oxidative stress decreased.

These results suggest that repeated energy deficiency in the brain increases the level of
oxidative stress in addition to suppressing antioxidant function, leading to neuronal damage.
RH also contributes to gliosis, one of the symptoms of Alzheimer's disease. Therefore, it
suggests that RH can be a risk factor for accelerating the progression of Alzheimer's
disease. The results of this study, which were obtained by investigating the changes in the
protein levels of the whole brain, will be used as important information for research on the
clear signaling pathways between related proteins and functional symptoms. It is also
expected to contribute to delaying or preventing the progression of cognitive decline

caused by hypoglycemia.
Keyword: Alzheimer’s Disease (AD), Recurrent Hypoglycemia (RH), Neuronal damage
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Abbreviation Full name Dilution Cat. no Company Country
NeuN (FOX3) Neuronal nuclear protein 1:1000 200-301-X09 Rockland USA
MAP2 Microtubule associated protein 2 1:500 4542 Cell signaling USA
SYP Synaptophysin 1:5000 SC-9116 Santa cruz USA
PSD95 Postsynaptic density 95 1:1000 51-6900 thermo USA
B-actin Beta actin 1:1000 SC-47778 Santa cruz USA
GFAP Glial fibrillary acidic protein 1:1000 MAB360 MILLIPORE USA
4-HNE 4-Hydroxynonenal 1:500 BS-6313R bioss USA
HIF-1a Hypoxia-inducible factor 1-alpha 1:500 MAB1536 R&D SYSTEM USA
HSP70 Heat shock protein 70 1:500 ADI-SPA-810 Enzo USA
GPx4 glutathione peroxidase 4 1:500 sc-166570 Santa Cruz USA
SoD2 Superoxide dismutase 2 1:500 sc-137254 Santa cruz USA
Nrf2 Nuclear factor erythroid 2-related factor 2 1:1000 PA5-88084 Thermo USA
Cyt C Cytochrome C 1:1000 5¢-8385 Santa Cruz USA
Bcl2 B-cell leukemia/lymphoma 2 protein. 1:500 sc-7382 Santa Cruz USA
Bax Bcl2 Associated X 1:1000 sc-7480 Santa Cruz USA
Cleaved Caspase-3 1:1000 96615 Cell Signaling USA

Table 1. Used primary antibody for western blot
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Figure 1. Schematic diagram of INS injection

Mice were fasted for 18 hours, then injected with 10 IU/kg insulin intraperitoneally.

Behavior was observed for 3 hours, then mice were allowed to eat freely for ~21 hours to

recover. This cycle was repeated for a total of 13 RH episodes. The mice were sacrificed

after the 13th injection.
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Figure 2. Blood glucose level and behavioral changes caused by hypoglycemia

(A) The four images show the behavior of Alzheimer's disease mice after induction of
hypoglycemia. The behavior was observed with the naked eye. The symptoms began
within 30 minutes of induction and were characterized by rigidity and convulsions, followed
by a coma that extended for more than 6 hours. (B) The above line chart shows descent of
INS treated group’s blood glucose level. X-axis means situation in each injection number-
the number. Y-axis means blood glucose levels (mg/dL) of mouse. All animals showed a
decrease in blood glucose levels to below 9 mg/dL after injection (p<0.001), indicating

hypoglycemia. Data are presented as mean = SEM.
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Figure 3. Diminished protein level of neuronal and synaptic activity

(A) Changed level of NeuN, MAP2, SYP, PSD95 and B-actin in whole brain lysate of
WT+V, 5XxFAD+V and 5XFAD+INS mouse model by western blot. (B) The optical density of
NeuN, MAP2, SYP and PSD95 in western blot result. Graph shows that slightly decreased
level of NeuN, MAP2, SYP and PSD95 protein in 5XxFAD+INS compared with 5XxFAD+V. All
results are triplicated and normalized with a loading control. The bar graphs in (B)

represent the mean + SEM values (*#p <0.05, ***p <0.01).
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Figure 4. Effect of RH on GFAP expression

(A) Image shows GFAP expression level in whole brain lysate of WT+V, 5xFAD+V and
5xFAD+INS mouse model by western blot. (B) The optical density of GFAP in western blot
result. Graph shows that GFAP level after RH increased by nearly two compared with prior
to. All results are triplicated and normalized with a loading control. The bar graphs in (B)

represent the mean + SEM values (p <0.05).
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Figure 5. Effect of RH on apoptosis-related proteins expression

(A) Western blot images representing the expression of cleaved Caspase-3, Bcl2, Bax,
Cyt C and B-actin. (B) The optical density of cleaved Caspase-3, Bcl2, Bax and Cyt C in
whole brain lysate of WT+V, 5xFAD+V and 5xFAD+INS mouse model by western blot result.
Graph shows that Cyt C and cleaved Caspase-3 were increased in 5XxFAD+INS model,
Bcl2 was declined in 5xFAD+INS model. Bax was prone to increase (p>0.05). All results

are triplicated and normalized with a loading control. The bar graphs in (B) represent the

mean = SEM values (*#p <0.05, #p <0.01).
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Figure 6. Protein levels of 4-HNE, nNOS, HIF-1a, HSP70 after RH

The above figure shows the expression of factors related with oxidative stress response.
(A) Western blot images representing the expression of 4-HNE, nNOS, HSP70, HIF-1a and
B-actin. (B) The optical density of 4-HNE, nNOS, HSP70 and HIF-1a in whole brain lysate
of WT+V, 5xFAD+V and 5xFAD+INS mouse model by western blot result. All results are
triplicated and normalized with a loading control. The bar graphs in (B) represent the mean
+ SEM values (*#p <0.05).
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Figure 7. Reduction of antioxidant after RH

GPx4, SOD2, Nrf2 and B-actin in whole brain lysate of WT+V, 5xFAD+V and 5xFAD+INS
mouse model by western blot. (A) Western blot images representing the protein expression
of GPx4, SOD2, Nrf2 and B-actin. (B) The optical density of GPx4, SOD2 and Nrf2 in
western blot result. The antioxidants were gradually diminished in 5xFAD+V and
5xFAD+INS. All results are triplicated and normalized with a loading control. The bar graphs

in (B) represent the mean + SEM values (*p <0.05, **#p <0.01).
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