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Hile Fik AAEHT Apg VEFISE S 3L | T2DM B/ N A5 s A8 FE R, BOSE 4, 5 43 (R E A T 2R
FUEAESTHT, DAVID 5048 2 24T ZEFE A4 (GO) DB Fn mt AR 3k 5 Fn 2L R 40 55048 2 (KEGG) B4 #r. i
10 A4 SPF 2% [ &M 2 BOBEFRIR KKAY /N, AR EE (36 + 3)g, KKA'/INRAT R 441 : T2DM A EIA] (Model 41,
10 FO; AR A1 SRR Apg T4 (Apg ME HEEST, IR0 3. 6. 12 me/kg, FF2H4% 10 H); 10 H C57BL/
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0.01 ], IL-1 B[ (60.4 + 13.6)pg/ml, H(28.7 £ 7.1)pg/ml, 1=6.56, P < 0.01 ], IL-6 fXF EEE [ (3.4+0.5)
Fb(1.8+0.3), 1=5.58, P< 0.01 ] fITP53 [(4.4+0.9) [£(23+0.4), 1=6.18, P < 0.01 | ()3 ik; ¥ /P Bax
[(2.74 +0.60) H(1.60 +0.30), 1=5.18, P < 0.05 ] il Caspase-3 [ (3.14 + 0.60) [£.(1.80 = 0.40), 1=5.58, P <
0.05 ]2 F14635 ; 38N Bel-2 B 1 EE [ (0.61 £0.10) H(0.78 +0.10), 1=4.46, P < 0.05 ], g/ g oo T
[(30.4 £5.6)% F1.(18.0 £2.1)%, 1=6.56, P< 0.01 ], 51 Apg FIREEMPIR (FAKTNF-« |\ [L-18 | IL-6). BT
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[ Abstract] Objective To investigate the effects of apigenin (Apg) on cognitive impairment in KKA”
mice, a model of type 2 diabetes (T2DM), and explore its potential mechanisms. Methods Bioinformatics

analysis was performed to identify overlapping target genes of Apg, T2DM, and cerebral small vessel disease
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(CSVD). Protein-protein interaction (PPI) analysis, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment were conducted using the DAVID database. Ten-week-old SPF grade
spontaneous type 2 diabetic KKA® mice weighing (36 + 3) g were selected. KKA’ mice were randomly divided
into four groups (n=10 per group) : T2DM model group (Model group), and low- (3 mg/kg), medium- (6 mg/ke),
and high-dose (12 mg/kg) Apg intervention groups (intraperitoneal injection). Additionally, 10 C57BL/J mice
served as the blank control group (Control group). Cognitive function was assessed using the Morris water
maze test. The Apg group, which showed the most significant cognitive improvement, was selected for further
experiments, including RT-PCR, inflammatory factor detection, and Western blotting. Neuronal apoptosis,
tumor protein 53 (TP53), interleukin-6 (IL-6), tumor necrosis factor- o (TNF- o ), IL-1 8, B-cell lymphoma-2
I'NF-a

and TP53 were identified as key target genes, with downstream interactions mainly involving Caspase and Bid

(Bel-2), Bel-2-associated X protein (Bax), and caspase-3 expression levels were measured. Results

family proteins. The MWM test showed that mice in the high-dose Apg group exhibited significantly increased
platform crossings [ (4.42 + 0.76) vs. (1.80 = 0.41) times, t=9.59, P < 0.05 ] and longer residence time in the
target quadrant [ (33.5 £6.1) vs. (16.1 £4.1)s, t=7.49, P < 0.05 ] compared with the Model group, indicating
improved cognitive function. Thus, the high-dose group was selected for subsequent studies (named as Apg
group). Further experiments showed that compared with the Model group, Apg intervention significantly reduced
the expression of TNF- a [(50.4+9.6)vs.(293+7.1) pg/ml, t=6.28, P<<0.01 1, TL-1 B [(60.4 +13.6)vs.(28.7
7.0 pg/ml, 1=6.56, P <001 ], IL-6[ (3.4 +0.5)vs. (1.8 £ 0.3), 1=5.58, P < 0.01 Jand TP53[ (4.4 £ 0.9) vs.(2.3 + 0.4),
1=6.18, P < 0.01 ] in mouse hippocampus. It also decreased the expression of Bax [(2.74 +0.60) vs. (1.60 = 0.30),
t=5.18, P < 0.05 Jand Caspase-3 proteins [(3.14 + 0.60) vs. (1.80 = 0.40), :=5.58, P < 0.05 ], increased Bel-2
protein expression [(0.61 £0.10) vs. (0.78 £ 0.10), t=4.46, P < 0.05 ], and reduced neuronal apoptosis
[(30.4 £5.6)% vs. (18.0 £ 2.1)%, t=6.56, P < 0.01 ]. Conclusions Apg may exert neuroprotective effects
against T2DM-induced cognitive impairment through anti-inflammatory (downregulating TNF-« , IL-1 8 , IL-6),
anti-apoptotic (regulating Bax/Bcl-2/Caspase-3), and TP53 signaling pathway modulation mechanisms.

[ Key words ] Apigenin; Type 2 diabetes mellitus; KKA' mice; Cognitive function; Cerebral
small vessel disease; Neuroprotection
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LA Venn diagram(https: //bioinfogp.cnb.csic.es/tools/
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STRING (https: //en.stringdb.org/) £ 4 PR A T8 1 5T B
’f/lf(protein—protein interaction, PPI) 43 #7, {# F DAVID
BUAE PE (https : //david. nciferf.gov/) #E47 & R A fK
(Gene Ontology, GO) HjfE . 5L #fs 3 PR A1 5L A 41 %5 40
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AR
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AR AERE: 10% HEME . 10% 81T, shi)scue 4G 3h
WIS PR (S 42 2022SDL021) .

4 8D E R PCRIUE HSEE A pplied Biosystems
ol BER SR R G H L REEA R, AR
KA A 2 [E Bio-Rad 24w, Y22 i BRI H H AR
Olympus 23 Al

5385 Apgll) A g AR A BRA ],
P& G 55 = 52 508 A, Trizol £V RNA $EHUA
K& . RIPA 246 2 PMSF I [ bt 2SR RHE A
Hl, TNF-« FIIL-1 3 ELISAKF] & W 3 I ff 5¢
YR AN, TL-6 FITPS3 B4 LA TAEY T
TR F G . RNA SRBGRF | 0% 45 &
DL R rtPCR Y8 30500 &0 H i P R AR R
Al TNF-o FITL-1 8 RS H & AT o538 =
KAEYBHEA RAF], BIKELA R 2(Bel-2) FHE X
5 H (Bax) FIIR A2 R - e & R 8 F 1 3(Caspase-3)
— 3t B 3& [E Abcam 2 F], Bel-2 —$1 g B 3¢ [H
Sigma /A ], B-actinPiRE H3EE CST /A H], 31
FEY R G, W AL R S A ARE RA
Al o A i o AU Y BR T RS A 51 dUTP 85 11 R i
#5128 (TdT-mediated dUTP nick-end labeling, TUNEL)
PAT AR & H 72 E Roe 24 F] .

() S8y ik

130020 Ko 4525 . 10 2 CSTBL/ /N BRAE 2
FIXF A ZH (Control £H), 10 H KKA' /INEAE Jy T2DM 5575
2H (Model 1), 457 KKA'/INRAG L o L @35 Ape fE R
T GR350 3 me/kg. 6 me/kg., 12 mg/kg, XJ
A B, CH4, F4HA 10 K)o Model 2 2 T i 5% Fi
YT BRI 2 (2 me/ke) FRIAUBE, 1Y% /d, HEE 4
2y, F5e7 Ao T IAE I Apg, 17R/d, FE452%
7d, LS F G AT T 2R

2. Morris KK ETS28y: BAE T B ACSG T,
SCG AR [ E O IR 4 112 W G BR) A E IR
(22 + DCIEE T AT, KIRAEFFEQ2 2 DC, F &
HAA10 em, BT B ZBREMIE 1 emib, 1 & 755
ASSLE T R R REARAS . SEERIRARANS - E AT
S (NI, /NS IR R AUK, 1E S H Rk R
JHF- 5 AR IR [R] GIE Sk VAR 30T) o 45 /INBRTE 60 s PR 3
T, WHEEE 10 s IF R I8 s R4 R & & thsg
BRSISREYE, HEE 10 s HEBR %Y, i
PIR6EET R, A 2 2T RE S P EM bR . SEERHF
226 d, ZERRELIGETR) BEREE, Bl
— ARV, E AR 60 s N -5 2R IR
B BARZ BRI B B R R AR i) o -5 FEHRIREL:
INER e B 5 067 B R B, o zs [alE A2 B

HAn g BR 45 R 1) /NERAE BAR R BRI B9 B,
SIS [BICAZ AR RFRE ST o AE T T Hh s O el
B A —2H N Apg ZH A 75 S50 8

3R AT KR B LI 45 S , Control
2 Model 2 2 Apg 417N B2 G Jis v B bR . %
DRSS, [ 2202 VST 0.2 ml 0 19% IF R4, X5
WA AOERARE . HFAO0HE, H0.9% 5k
PV W PR IS . H 4% 2 T H I #(0.01 mol/L
PBS. 4°C . pH 7.40) BEVERIE . BEf5, B IF IR
— AL 2 PCRAGIN , 57— i 2 2L A 22 5
e, e BioK A aEsmy s, #17r
Yea b B,

4. TUNEL ¢ . BUfE S 0) F, BidiokAL, $2he
A U 4507 B AT TUNEL Y 0, R HLEEHR 54>
BT T 9O A TS, 43 iiE AT ph 248004
A T e B (B BOFISE), A TR, T
TR = VAT T8 I 2 BT x 100%

5. rtPCR & TP53 . IL-6 /KF: F|JH Trizol $2
BUE RNA, 30056 5 cDNA, 51 %) 51 A IL-6 | i
5-ACTTCCAGCCAGTTGCCTTCTT-3", T % :
5'-TGGTCTGTTGTGGGTGGTATCC-3'; TP53 I+ iiif:
5'-GCCTCTGTCATCTTCCGTCC-3", T Ii%:
5'-GACAGGCACAAACACGAACC-3', PCRIEFF A
95°C TS M 2 min, 95°CAEPE15 s, 60°CiR K 1 min,
TE75°C FIE(H 1 min Ji5 , #4740 IRAGFR, R 2724
AER R By A i i

6. TNF-« | IL-1 8 M%E : 17 R#5L 5 ilm , 45
TS FUNER, BUNZHZYS , A B PBS I
VR Y3k, BEJS A SR, IF 47 5 Ak
P, ST, RS BCE 7R VK b, 246 30 min,
FFLA 12 000 v/min A3 BE7E 4°CF B0 10 min, B0
AR 10 em, WE FVE R, He BRI 5 A BRR
ELISA B8 TNF- o . IL-1 B 3871 &5 40 A4S I 46 i
AF TNF- o . IL-1 B 7K,

7. 7R BT B A I A T AR S ER 1 B ZH 2k
AVKIKIE 218 ZR i, A 243 B (1 ml/mg), I3
AL, ARG AE4°C R B0 10 min, BEJS A
215 2% w5 min, L ERE100 wegfEH,
FFE 30 mA 5 T TRIK B B E AR R
PVDF JIi |, % EFA] k40 min, i FH 5% RS 4
B AR, 7650 T RERFESh 2 h, B3 I 7E Bel-2
—3i(1 : 500).Bax—Fi(1 : 500)\Caspase-3(l : 800),
B -actin(1 : 2 000) HF 4CHFF L%, 7EHAR 2 &
Y RERRIC ) PRI E 1 h, ZadBvs , InALE
o A % 363 57 (enhanced chemiluminescence, ECL)
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i AR 22 RO AT AR, ] Image-J 31 TE H
s 2k I G 2% AL

8. 40 120 i SRR T B ab B, 3
%R 45 5% T Shapiro-Wilk K6 560 #5417 1E 2840 A3 46
By, £ A IEAS A0 A BT B EORER B = A 22
(% = 5) R, WIALA] LR FH A ST BEAS oK 56, 2240
) L3 ok B R 2 07 22 50 i, e 2 E LLECR
LSD: . BN, P < 0.05 HESA ST FE X,

— 4t
.

L AT A3 BT R DG AR A 5 0 20 Wi 328 1) R G
B 5 K TNF-ac, TP53(JE] 1), 28 String B85 7% 73 A
B 5 A2 H A, (8 DAVID 304 15 #E 4T GO Th fig
FKEGG & % 43 #1, i%ﬁ%&%(biological process,
BP) 41 & XFER G A S0 . RNA ATl 11 )3 3h 7t
pri-miRNA F% 5% [ IEJH$E  TNF 4151 HoiEg. K
WRFE N 2 5 15538 [ 3223 B B 5 53l i | 4
MR T L GRS DN 1 5 S ko RERE L . PPTI 4%
[R)H .0 22 4 Caspase . Bid RIEHE A, SAETHT-%
YIAHE(#12),

2. 4520/ BAA I BE : Morris 7K 28 25 032 A6
W25 /N RIAE 22 R LG 124 B X(F=0.72, P>
0.05), Control 41 - 15 ¢ 42 K %k }9(5.19 £ 0.59) X,
Model 2 2(1.80 £ 0.41) ¥K, - 5 % 182 I £ 2 2 3
D (1=14.92, P < 0.01), Control 41 H ¥r 4 FR 15 B4 it
6] }(38.0 = 5.1)s, Model £ H(16.1 +4.1)s, H x4
PR 155 87 1 ) 25 46 %6 (=10.58, P< 0.01), 44T
3 mg/kg., 6 me/kg. 12 me/ke AN[FF & Apg )5, 341/

Apigenin T2DM

70

2

CSVD

BT 5 R B 530 (2.81 +0.56).(3.70 + 0.66)
(4.42 £0.76) I%, 3 Model 4 %2 (1=4.60 . 7.73 . 9.59,
BIP<0.05), HFrGFR45 8 B[] 73591 R (24.1 £ 5.6),
(30.2 £5.1).(33.5 £ 6.1)s, F Model 134 £ (1=3.65 .6.81 .
7.49, ¥ P <0.05), WK 3,

3. Apg X #5 41 /)N BV S DX 40 6 O T 9 R )
DL 12 mg/ke ) & () C 241 A Apg 2H 17 J5 28 52 55
TUNEL ¥R 7R , Model ZH /N SR ICIHT-F Ny
(30.4 +5.6)%, ¥ T Control 41 [ (4.9 + 1.4)%), 1=13.93,
P<0.01], Apg AWML ITIHT %R (18.0 £2.1)%, ik
F Model 4 (t=6.56, P < 0.01), W& 4,

4. Apg X} TNF-« | IL-1 B . TP53 IL-6 A9 5 M ;
ELISA VEF I 2 P2 F TNF- o L IL-1 B, 45 9 & BH,
Model 2H ¥ & [X I TNF-o | IL-1 B B K F & T
Control 21 (1=10.2, 11.17, ¥ P < 0.01), Apg4l /)
o TNF-a | IL-1 B 7K SF X T Model 21 (1=6.28 |
6.56, ¥JP < 0.01), LLqPCR¥ZEKMIL-6, TPS3, 5
Control /MR, Model 417N TP53 | IL-6 #H X ik
T Control 2H 7 (1=9.21 . 6.18, ¥J P < 0.01); 1%
Apg TT7 dJ5, ApgH TP53 . IL-6 [{AH R &35 K
T Model 41 (1=6.18 .5.58, ¥ P < 0.01), W% 1.

5. Agp RFHJR T HH OCHE H R I B 52 : Model 2H
I 71 241 Bax , Caspase-3 #H Xf & i& & & T Control
2 (1=5.18 . 5.58, P < 0.01), Bel-2 f X F ik K T
Control 1 (1=5.67, P < 0.01), Apg#H ifF & 4 41 Bax,
Caspase-3 # X} 3 15 & Ik T Model £ (1=5.18 | 5.58,
¥ P < 0.05), Bel-2 % 35 & 3 & T Model 41 (1=4.46,
P<0.05). VKI5, %2,
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2 EABHEAEMT
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Bt IE LA TVF- o FITPS3, 3B SEHE 24 1S OB IR E S, T2DM R H & kA4 45/
SR, Y PPIOMT RS P E IS 2 MR AR, e B A RS | ot A A v 1 SR
Caspase . BID G . LIRS R, Apg AMUBE AW THSE, HETCESE T2DM 24 CSVD [0 7 51
ok 3% KKAY /N BN ARE )1, B 7643 T/ B3 &L T2DM Al sd it Z AL m CSVD, 35155
TSR MMM TR LN E R AR e N AR M A BE R S A s X
s, R T HZ s ER AP A AN AN 2 S B I LR R AR SR 2R e
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1 FTUH7 EEA/DNAINF-« AL-1B -6, TP5S3KFHE (x + 5)

205 R TNF- « (pg/ml) 1L-1 B (pg/ml) IL-6 FHXT R IR TPS3MIX Feik it
Control 1| 10 149+54 10.9+3.4 1.0£0.2 1.0£02
Model 10 50.4 £9.6" 60.4 +13.6" 34+05" 44+09°
Apg 4l 10 203+7.1" 287+7.1" 1.8+03" 23+04
FiH 183 39.5 30.4
PAl <0.01 <0.01 <0.01 <0.01

T TNF- o FERAEIN T o 5T-1 B A 1 B 3 1L-6 FIAIAEA 2K 6, TPS3 IEERE 14 53; 5 Control £ H#K, P < 0.01 55 Model 41 H 482 ,"P < 0.01

ContnolZl  Model4l  Apg#l

Bel-2

Caspase-3

B -actin

T Bel-2 [11L5% 2 25 115 Caspase-3 21 B 2 2 K 4 2% 25 111 /i -3 ; Bax
Bel-2 HHC X
5 Western-blot &l 4541/ FREE (&5 7K -

F2 SUA/PMATAHREARBIE G +5)

2H 51 H¥ Bel-2 Caspase-3 Bax
Control £ 10 1.00£020  1.00£0.14  1.00+0.14
Model 41 10 0.61+£0.10°  3.14£0.60"  2.74 +0.60"
Apg4 10 0.78+0.10°  1.80+040"  1.60+0.30"
F{& 11.1 129.1 62.3
PAE <0.01 <001 <0.01

1 : Bel-2 FA M5 2 5 1 ; Caspase-3 2 Jht &R KA R R E il -3

Bax Bel-2 156 X 2 [ 5 5 Control 4H 045, "P < 0.01; 5 Model 21 Fb %5,
"P <0.01

il E4 L R, E— AR E NI AE L A, B
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5 H Caspase-3, 512 2 UM I8 1=, 2 152 i DA
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S350 A T 7 AR e R, e
BAFHINTAE . T T2DM AR i — A
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