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W OE: ALEEF LRI & (high fat diet, HFD)f 2745 /R (type 2 diabetes mellitus, T2DM)/I BB [ AR A 7] LA
JeHFDXHE AR A A G 8% B R BRI Th AE M . 25 T CSTBL/6/N B IEH IR (NC41)EKHFD (HFD41) 0. 4. 8. 12. 16120
A, RIS R R A & R R, VA T2DME A R (B ) 8 R B R A MR A T R A I LA 2 iR
JiR AFAEHES (A b i U < 88 B I ThRE R BE G A . S5 R G, HNCAAALL, HFDAEHFD 8J& o fA E A 4 2 & 7t
s {EHFD 161, HFDZLH B2 I8N &2 41; {EHFD 20, HFDAL/NRIABIERFDIRA,  H B0 4 FE N & 52 5080 i
SR, BRSNS R A A M O, AN UK R, AT 2H 2L AMPK B R AL KT 2 2 T
J6 B B AEAE N B AR RSP AT Tk DO REFERS . FINCZHARLL, HFDAL/N R E AT B3N, iR B4R, H4iHFDF 520
JE AT I FE SET2DM/N R, Y (REE IR B 2R KT R iR e A ThRE S . B DhREHI 5 DL A B i A
SHM A B R A, ST2DMEESE AL, FIE3AE I T2DM BT ST A R
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Construction of a mouse model of type 2 diabetes induced by high fat diet alone

and evaluation of pathological changes
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'School of Basic Medical Sciences, Henan University, Kaifeng 475000, China; *School of Basic Medical Sciences, Zhejiang University,
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Abstract: The purpose of the present study was to investigate the modeling time of type 2 diabetes mellitus (T2DM) mouse model
induced by high fat diet (HFD) alone and the effects of HFD on the pathology and function of organs related to glucose and lipid
metabolism. C57BL/6 mice were fed with normal diet (NC group) or HFD (HFD group). The time of successful T2DM modeling was
evaluated by measuring body weight, fasting blood glucose and glucose tolerance at time points of 0, 4, 8, 12, 16 and 20 weeks. The
functional and pathological changes of glucose and lipid metabolism related organs were evaluated by detecting insulin tolerance,
plasma lipid levels, vascular function, as well as HE staining of pancreas and liver. The results showed that compared with the NC
group, the HFD group had significantly increased body weight after 8 weeks of HFD. After 16 weeks of HFD, the HFD group exhibited
impaired fasting glucose tolerance. After 20 weeks of HFD, the HFD group mice reached diabetic state, showing impaired glucose toler-
ance and insulin resistance, islet volume reduction and vacuolar degeneration; Large number of lipid droplets appeared in liver cells,
and the level of AMPK phosphorylation in liver tissue was significantly increased in the HFD groups, compared with the NC group;
There was endothelial dependent diastolic dysfunction in the thoracic aorta of the HFD group; Compared with the NC group, the HFD
group mice showed a significant increase in urinary protein levels. These results suggest that T2DM mouse model can be successfully
established by HFD induction alone for 20 weeks. The model is characterized by insulin resistance, fatty liver, hyperlipidemia, vascular

dysfunction, renal dysfunction and pathological changes of islet and liver cells, which are similar to those of T2DM patients. Therefore
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it can be used as an ideal animal model for T2DM research.
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BEE NATAEGE T Ak IR B R e s, &
BRYG B N BRE PR B NS HARSE. 4E 2021 4F
[ Br b R B B 4 1, AE AR ER 20~79 5 (1 A B,
ZIH SAACHINE IR B, THE] 2030 AR K 2
6.4 2., BEIRWEE N 1 AURERA . 2 BB IR
(type 2 diabetes mellitus, T2DM). #F 4z 4% FR 55 1
FERRSIRE PR, IR b8 WL T2DM, (5 B
A3 B FR IR 1 1K) 90% LA E P, T2DM & — Fifr g 4
S ZREREAT S, o IR 2 R
B 4M AT fik g AN A1 A g & KB B Y. T2DM N
JERER RS, ZAEA R MAR RS . FETR A
J B I R MR BT AR IR AU R AL R AR G,
T2DM ()5 BRAF i 30 32 AR I 4 B if 8 AR B S 43
F, AL O A B . AR B R
AAI PRSI () A RS i R S 7~ A PR s I
B IE R AW PR Bk e AN T 3 s A T I 2
JEE

H 8 Ifw R X T2DM 196 97 32 2208 i A 4k %
BE. BENR. SGER S RIS, BIREEE
RS I SR H 1 PR S HOR RE R R A KRB,
DAL S AR B A 9 PR S HG I R ) R ML IR R &R
BT R, RASICNIEY]. AT A OCR
I Hr, LA, RoER, HSERH T2DM
SEE IR BN oy

H A7 T2DM /)y R Y 32 2 B R A VE /N R
HIER/NR . BENRME B & (streptozotocin, STZ) BEA
& R (high fat diet, HFD) % S/ &%, A AR
BN, LA ob/ob /NER. db/db /)N BT KK/
Ta /N, EANXLCHIR E GG AR S
ek, H R E R RS N B R0 K [F) 3 B B
LR, HAFE S ANRBEIRm A ER Y, B
XN AR T A BE AN ZHL A AR 22
PR 1 T 2 S b R 0, B R/ R
PR 1 A 2 —, SR i BE PR /N BRABE 2 52 3
NN Z (A AR 3 AR AU 22 e ) BRI, HL
LA TR 17 1 R R A U . STZ i T b IR
S AR T T N, STZ i iR ik & B 4 g,
R S R WAL, T35 G774 = i pE 2. HFD
A STZ 5 F 2 ) iz M. 5 5 T2DM [ 77 1%

z— W BRI AL 5T HE. s
%, (B2 STZ FUExEifEhl, M A2/ A
ZE VR K, 255 51 K a B R B R,k
Mmool ApERmEET ", B TIEREEES
T2DM K EEZ P fa R w2 —, Fitsa HFD
B FANRLEL Je  AERE, f JE 3k Dy T2DM,
BRAIRR T2DM g ot ae 1% SR, H
I K XK H HFD 5 58 JR 0 /N BRUASE B 1) J&] 3R
8~22 i A& 20 HFD % S () I A % A 48—
Pt o

R, ASHF 78K A B 48 HFD 5 5 J7 ok @ or
T2DM /SRR, 7E 1F 5 1K £ 5 HFD AN [F] B[] 2
I AS I N B AR EE L s I R AR A T, F
fii T2DM B % Th R e £ IS R], FF i@ A AR AR T A
KA E WA REAT I, 2 BT FI PP A AR 2 5 11
PR T2DM [P AR FE, ik 75 & I R T2DM 4§
A B AR S0 B P A L S R AR A

1 #RFGE

1.1 FE{URBFRF Eppendorf Centrifuge 5430
REOHL (HEE), WEVI AN (kR Et), 4
AL /K ML (DIAPATH, 7 KA ), Pannoramic MIDI
U1 1354 (3DHISTECH, &1 F ), A4 fif 1
BE (Olympus, HA), BEARGULE 5K 10 E R 5
(DMT, F+52), & HAES A CRYINE A b
%l + ) ; Bio-Rad ChemiDoc MP 4 Rt B! i 1% & 4t
(Bio-Rad, ¥ifn¥%), SCIENTZ-48L 4 V471 i i &
MRS (TR Z EM R R AR A A ),
J1JEARHE YP10002B H - K (_Lifg Iy R IR VU 4%
BIHEARAF ), = GA-3 MFE SR A0 (HE
SRR B A B IR AR ), AR S (W
JERHME LA IR AR ), B E ( LiEE s RAEY
FARGWR AR ), WM O JFEH (BRI ZE 4k /R
EWHARA W~ F ), Fi AMP IF AL H H#EE o
(AMP-activated protein kinase o, AMPKa) F1471 p-AMPKo.
(Thr172) $ii & (Cell Signaling Technology), FDbio-Dura
ECL RIGH (BN s s AR R A ), /MR
$iL GAPDH # 5 B A ( L3 = RAEWH ARG IR
AT, B A EEFRIC B W SE BT R AT A



ARIREE: R AR T 22 R/ BB R R R S SR B R R P 387

BRI E ALY BE AR iC 1 L E B R PR (AL A E
WAEDHEARARAF] ).

12 SEBFHMBESLE  6~8 J& Y SPF 2% I 1tk
C57BL/6 /INER 50 L, I H Ak 5t 4k 3d R 42 52 560 3 1)
FARARA A, LWL UES « SCX-
K( 3% )2021-0006, 1A% T F RS 8h)5 .« B R4E
FF 24 h FBAPEOLIE, WFRREAIEIR 25 °C £ 4,
FEXHRE N 55%. 56 3 HUNR, BFRIE E B
KA, HoRMg HER—IR. BT A s 3R & s
6 58 1 I PR 25 71 % 2 S VT R OK 2 S G B ) B O
i, I HIE I AR B S ik HE (No. HU-
SOM2023065).

C57BL/6 /N & MR IR — E f5, Bl bL2> A IE
W (NC 40, 20 2 ) B HFD 4 (30 X ), WA
HA A TR AR — 2. B AR RN B VL5 36 e AR
AV R A A, 85 N MDI12033 (60% fat
keal%), B so kAR 5.24 keal, %5 &
W% 1,

1.3 FRMGE. SEEEMESRHEKLN

MR MOBEAS I - 7E I KR ECHFD 0, 4. 8, 12,
16 F120 AR, /NRAEE 12 h %, AEEK. Y
JIES /AN EEREZ 1~2 mm, BEFIEREE,
FEEE WA, B T I I BRI
T SRR A R B AG « 7EIE R K& Ek HFD 0. 4. 8
120 FEIRTHEAT, SRIGRT/NREE R 4 h, AEEK. 4
/NIRRT 1 g/kg BN, AR S A b
SEEEFS I 0. 30, 60, 90 min PYANE A] £ 43 S B/
B RE 2 IS 0 I W AR 5 o 5 R S - SR AT
INEREER 6 h, AR BT /ANRIERES 1 unit/

F 1. SRR RS
Table. 1. Components of high fat diet

Component Proportion (%)
Casein 25.84
L-cystine 0.39
Corn starch 0
Maltodextrin 16.15
Saccharose 8.89
Cellulose 6.46
Soybean oil 3.23
Lard 31.66
Composite minerals 5.81
Multivitamin 1.29
Choline bitartrate 0.26

kg ES 2, 7EVESEEZEE 0. 30, 60, 90 min Y
ANEFA] S 23 AU SRR I, ARSI i A
1.4 MmAE, WELmMBEER, REGFAEK LN
/N B IE B &5 HFD 20 F 5, H 2% 5@kt
SRR/ BR,  PUIE I R — IR BRCR A MM, R
ZEEEE 2h 5, 3000 r/min 2.0 15 min, H _E
Mg, —80 °C fRAF4H . 4 E B i
K 2H /8 BRI H i = Hg . SIEE B, RS R
wHH. mEEREA. B ES. REFEMYL
P K-
L5 pREREBRM /R IEF IR HFD 20
B g, B AR RN BRI, (R4 B
IR BT BGHAT IR B 2P 8 = AT -
1.6 BFREFNERER HE 3 H 2% = b AR
/NGRS SRR B FT AR BT, 7 BRIV B E e A
FURERR, HEATH A AIEY) A R,
B B W RS KA, 48 HE 4 tty, 1 )5 OB B 2 B
WEEAT WK, W I 3 v, 48] Pannoramic
MIDI 7Y Fr 23 0GHEAT BUS R HT .
1.7 EFPKHLI O e 4 O oo TAERMAL
il BUECHLH, B 4r O JRi 5 4k 4% 3:2 LL iR &
EIFE 10 min, HRAH G IESFML O TIE
W, R TAEM B IRATE . EBIMCREE « /MR
A 20 J Ja, 2% e SR /N R, SIOAE
FIAb At KN BRAPENML B E T A &, Lz i
Ji s FEVESERER Sk B O AREE AT ) PBS, 4T
AP HERL, R EIE AR R . RS
B T R OIEEEN E Ak S . [E
KZRHL, RAyBRBEFINKD RHE=KSL, N
B AS = AR5 ANk v B Wr, 7RI Ok R B
FikBY BT, R i S S Bl ik M Bk, E R R
Sk 4357 . A AR AR BY 5 HR BB 25 Bk i 4 7 L 1 i
WiZHE . BB O Jett : R BIKIRN 4% %
S FHEE ] 72 10 min, [& 2 455K 5 H PBS ik 2 X,
BEX S min, PR TR M ER. B F 3Nk
W7 AR N RRFEY, 9 2 s ik S oK ez v 4
Bk 5 B e A SL R FITF 2 B RSk AL, SR A
/NS0 oz i A 1 35 T REAS Bk KR
Sk A _ERIF, R EAAAN 0.25 mm 4T R
[ 8 T 2R F, ) 2R LR I NV AL O TAE MR,
WM RE, FHinE TRKREEELEE 2 h.
FERML O Y, FH 60% S P4 IE b ok 3 AT i 2,
FEIEF AT, F PBS #ik 5 min PLERR R
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W, fiE A .

1.8 MERNEEFHKINGEREA 2% #aibi <
PRIREE /NS, BN, e ES K, BT
TA 4°C A SR R IR RSB, SRS
FA ) S AR 2 mm Bk A, K E T
DMT 620M UL E 5K JJIE R4 b, b RFgE
A 95% O, f1 5% CO, {19 & A - f# H LabChart 8
B SER R M Tk 7145 k. Al 1 % 107 mol/L #
¥ | it 2 (phenylephrine, PE) il Ui 4% ¥ #h ik, 4%
HgifasE G, 1 x107°~1 x 107 mol/L . &k JH i
(acetylcholine, ACh) fK X FH T- F 5l ik, MEIFid
Sk NC 411 HFD 41 /)> B 3= 2 ik ACh (1 1fiL % Py
FeAR P &7 5K N 5 [RIBE PE Tl s X8 k)G, 1 %
107°~1 x 10~ mol/L f§ &4} (sodium nitroprusside, SNP)
WIRAE R T F 30k, WME2FFid 5k NC 4181 HFD 4
/I BRI 3 B fikonr SN LA P Rz A AR 1 R 5k
S o

1.9 GyEENEE (Western blot)  FH 2% Sk fk
PRI /N BRUFS,  Z00AE Mot A A B0 i B T 2 2R,
VL LRSI R ST RIRON 4 °C ZURE T, Sd 2R
MIHEARAHR, W EIEW, H BCAENER mEH
JRAFE . B B R 5 BF i NN FLVK A 347 SDS-
B EE s Fa vk (SDS-PAGE) 7 B 25 11, LAV
1L MRS % PVDF B I, S S A 1.5h, A TBST
IR, BB (1 1:1 000 Fik ) 4 °C i B
H, ¥ (1:5000 FikE ) =EME 1.5h, TBST =
JEIEYE 3 % 10 min, ] ECL 7 &7 b2 KO &
5%, H Imagel 77 #7 8 H %77, H GAPDH fE N
ZEH, TR HRE AR RIEK

1.10 G Hds 45 3278 N mean + SD,
F GraphPad Prism 7.0 % {4 i3 17 4o it 7 #r K AF B,
FABRSEREAS ¢ kn 50 LB 28 1) 1) 22 S Pk, O 2%
B (PR & B 5 ) A1 Tukey’s £ 5 H RG22
M A2, Fra R AR ). P < 0.05 I\
NEFBGIEE L.

2 H#R
2.1 AEEEHFDFR /R ERF N

N T B3 HED /) B B B 52, At i (e
Y5 P IEH & ei# HFD 0, 4. 8. 12, 16 A120 &
I H3 5% 7 NC 41F1 HFD 41 ik 484k (£ 2).
g R W oR, 5 NCA /A, HFD A/ R A7E
HFD 4 J iR EAG R &%, 7& HFD 8~20 J& i 4
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DT (¥ P<0.000 1),
2.2 AR EHFDFFR% /) bR 22 R L% Fn 8 2
BHIRI

N T B FL4E HFD 175 5 T2DM /) BRBE Y 1)
B[R], AHFFAEL T IEHE R B HFD 0, 4. 8.
12, 16 120 B 43 7id 3% 7 NC 4/ HFD 2H i) =
JIE R A2 4k (3% 3). 453 Eo~, HFD 4145 HFD
7SRRI E i, IR MRS . 5 NC 4
/NEAHEL, HFD 4/ B 2 I8 B 7 HED 12 F i A
Wi, H2RARZER ; /£ HFD 16 J& i
B 30 (P < 0.000 1), H7&F 6.1 mmol/L, #/R
I R B i B 2 40 s 7E HFD 20 J& I35 0
(7.6 £0.3) mmol/L, 7T 7.0 mmol/L, ZFHJ/NEik
BIREPRIIRAS . FEARBE T, WA/ RN AFRY
9 100%, B IR /N BRIE LI 90%.

N7 BN RBEAC AR, AL
HFD 0. 4. 8 20 A B, 45 /)y 5 IS i v 5 7 2 bk
HBEAT AR S, SR RN, 5 NC4IM L,
HFD #H % %) ¥ i} & 76 HED 8 J& I 5 A% (1) #a 34,
HRBA Gt %2 5% 5 e HFD 20 JiiF, HFD 4
il 28 N AR R 3 T (P < 0.001)( Bl 1), £ H] HFD

& 2. RF) B 1R & A 4R & (HFD) T #xd s R £ 69 %00
Table. 2. Effects of high fat diet (HFD) intervention for different
time on body weight of mice

Time (week) NC group (g) HFD group (g) P value
0 21.9+0.7 22.5+0.9 0.246 2
4 26.1 £0.8 27.6 1.7 0.0757
8 28.5+1.2 334+1.8 0.000 3
12 27.6+1.4 38.6+3.3 <0.000 1
16 29.7+1.6 41.6+£2.7 <0.000 1
20 31.5+1.0 474+33 <0.000 1

The data are expressed as mean + SD. n = 10. NC: normal control.

F 3. R B I 8 R AR A (HFD) F B8 s 572 L 4 64 o
Table 3. Effects of high fat diet (HFD) intervention for different
time on fasting blood glucose in mice

Time (week)  NC group HFD group P value
(mmol/L) (mmol/L)

0 4.1+04 44+03 0.2709
51+03 44+0.8 0.1802
4.6+0.6 50+13 0.593 3

12 5.0+04 5.7+0.8 0.1802

16 3.8+03 63+03 <0.000 1

20 50+04 7.6+0.3 <0.000 1

The data are expressed as mean + SD. n = 6. NC: normal control.
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Fig. 1. Effects of high fat diet (HFD) intervention for different time on glucose tolerance in mice. 4: Blood glucose at different time

points in glucose tolerance test. B: Area under curve (AUC). NC: normal control. The data are expressed as mean = SD. n=6. P <

0.001.

/N BROBE TN 22 52 453

2% b, {E HFD 20 J& i}, HFED 40/ H L] 5
FIPRE I, 2= BE A KT 7.0 mmol/L Rl 2 (1) 5
MM A2, $E8 T2DM /N SRR R 3
2.3 HFD 208 %} /)\ R B R FNER AR R ER RO M

N7 BRI HFD 20 & 257 /() T2DM /) i
PR g B T BB A 75 25T T2DM B3, AHE R AE
HFD 20 J& i kAT i 5 22 52 12 56 A0 F3 MR 73 22 23 A
SEREOR, 5 NC AL, HFD 41/ BRAE I8 ek 5t
JREZ G, /NI B8 Bt gk, H
FERE T VESS RIS 25 60+ 90 min F HKE /K ST 2 &
T NC 41 (P < 0.05) (E 24. B), % HFD 41/
HVEIL T2 R A

JE R4 23 HE e o 45 B8R, NC /DR S
A EHE HAN, R B AT, AR
Z, MMEEIER, MAZEYG. 1M HFD 4/ &%
By IR, TR HUN, 5 5 4 P 5 I 4y 28
) N IR S A A 1 TR O A S R
WARYE (WL 2C Bt gisk ), BRBAERE/N, wI
DEAEET (E20).

DLl &5 5268, HFD 20 &% 5% T2DM /) B
ik 5% 955 3R 1) BB AR A S5 AR A B T2DM B35 AR B
2.4 HFD 20/ 33 FF B Fn M0 A5 B RN

T2DM 35 2 NARREAARRL, & & IARB S5 & 1E
A, JRHRFEEA RN . N T K0 HFD
20 JE R LR PRI /N BRBE AL B A R AR AE,
AHF ST 0T NC 20 A HFD 20/ B8 AT T 1 Jig A% i i

BT ER 3B . &5 SR B7R, 5 NC dAHE, HFD 4
I35 e JE [T KT o AR %6 2 i 2 1 7K T v 5 R IR
RAEKFYEZE T & (K 34~D) 5 JTFF HE Jeta s
REIR, NCH/NR M ZREW BH506 7, Ha
MO HEF % 55 B 4n B A% S i 5 i HED 28 ¥ i &< 25 L
JH AR MR ARAR K, B A I S DT 2, AT LK
2 EEHSINARR (WK 3E Bafik), RE HFD
20 JE 175 5 (PR PR /0N B BT s i ILRE A T s
SRR T2DM BEARGEAL. BeAh, AR
T IE 4H 23t AMPKa Thrl72 A7 55 B % 4L 7K ~F.
AMPK J&—FoCBEMEE R R A, EVEREMA. HE
st MR PR B R AT s AR . 4
BEIR, 5 NC AL, HFD AMFIE4 24 AMPKa
Thr172 {7 f IR BR Ak /K P 2 25 T & (P < 0.001)( &
3F. G).
2.5 HFD 208 %t I ELE#IFTh RSN

T2DM & IR M DIRe 5, 4k 75 &K O
M B I 45 U IR ACRE . O 13— 2Bl HED
20 JE B8 ST AR PR /S BB Y 2 3t P A I D e
W, AHEFEXT NC 481 HFD 40 /) 5L AT 5 3 ik o
21 O Yett, YEALBhAKIEREREILRE R, M F AR AN
M 5K 77 R Gekil L DI RER 324k . T4 O Befhsh
BEIR, 5 NC4AHEL, HFED 201 30 bk 3
BB RK R FEAE AL B (18] 44). ARSI 5K 7
R gt R, 5 NC AL, HFD 4B 7 E
(1) ML P 2 AR R P T 5K D) RE B AG (P < 0.01) 5 PHAH
/I BRI PRI P R AR A 7 ik Th G 2 (A1 A0 I 6t 22
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Fig. 2. Effects of high fat diet (HFD) for 20 weeks on insulin resistance and pancreatic pathology in mice. 4: Blood glucose at
different time points in insulin tolerance test. B: Area under curve (AUC). The data are expressed as mean + SD. n = 6. P < 0.05 vs
NC group. C: Representative microscopic images of pancreatic tissue detected by HE staining. Black arrows indicate vacuolar degen-

eration of islet cells. NC: normal control. Scale bar, 50 um.
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Fig. 3. Effects of high fat diet (HFD) for 20 weeks on blood lipid levels, liver pathology, and AMPK phosphorylation in mice.
A: Triglyceride (TG). B: Total cholesterol (TC). C: Low density lipoprotein (LDL). D: High density lipoprotein (HDL). E: Representative
microscopic images of liver tissue detected by HE staining, and the black arrows indicate the lipid droplets in the liver cells. Scale bar,
50 um. F, G: Thr172 phosphorylation level of AMPKa in liver tissue detected by Western blot. NC: normal control. The data are
expressed as mean + SD. n=3. P<0.05, P<0.01, P <0.001 vs NC group.
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o DL ESERELE, HFD 20 F5 S 005 R /N &
LA ThREM 2R EL,  ARIILAE ML P R A6 1
EFIK T AE R B REAS .
2.6 HFD 2085 SThEERIR M

BRI B A KW s RS T 2 S 805 1)
Redifh, RICHEARULIE /NeRiEd % T, ™
A AT S SR R B ALET T . N T 25
i HED 20 J& £ 37 (88 PRI /) BB 2 75 4 HE 30
B IhRESZ AR, ASHE ST R NC 4180 HED 41 /)8 i3k 47
TIERER NEAREA SRR, 4RE
N, 5 NC 4L, HFD 41/ BURE A& Bk
MEEABEET G (B P <005 (K54, D): 5
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R T2DM 2518 A U 0 195 B A= 7 2 5 Y,
SR, H AT K A HED 55 S0 JR I /0 5B 7Y 1) ) 44
SN 8~22 JEIRAE W S AT g A () HFD (¥ i i
MR A P N R P AN R BT SR &R
5%, 10 HFD i S48 JR % /s BB R ) i 18] B R 4
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Fig. 4. Effects of high fat diet (HFD) for 20 weeks on vascular structure and function in mice. 4: Aortic oil red O staining staining
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