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Ketogenic essential amino acid replacement diet ameliorates
nonalcoholic fatty liver disease in high-fat diet mice”

Ling Xu!, Hong-yan Ma?, Bin Xiac? Chen-lin Gao!
(1. Department of Endocrinology, the Affiliated Hospital of Luzhou Medical College, Luzhou,
Sichuan 646000, China; 2. Department of Biochemistry, College of Basic Medical Sciences,
Sichuan Medical University, Luzhou, Sichuan 646000, China)

Abstract: Objective To reveal the effects of ketogenic amino acid (KAA) replacement diet in the high-fat
diet-induced nonalcoholic fatty liver disease in mice. Methods C57BL male mice were randomly fed with a
conventional diet (NC group), high-fat diet (HFD group) or KAA-fortified HFD (HFDKAAR group); and 8
weeks after HFD initiation, the HFD-fed mice were randomly divided into two groups: one group of mice was
fed the same HFD, the other group was fed HFDKAAR (HFD—HFDKAAR). The metabolic status and bio—
chemical evaluations were performed 16 weeks after the initiation of experimental food. Blood glucose was
measured by intraperitoneal glucose tolerance test. Insulin levels in plasma were measured using ELISA, the
insulin resistance index (IRI) and area under curve (AUC) were calculated. The mesenteric and epididymal fat
tissues and liver were weighed. Frozen liver sections were used for evaluation of hepatic steatosis and accu-—
mulation of Kupffer cells labeled by f4/80 via Oil Red O staining and immunofluorescence method respectively.
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The expressions of TNF-« and IL-13 mRNA were measured by real-time gPCR. Results All the mice ate

almost similar calories. Compared to the NC group, the HFD-fed mice displayed significantly heavier body
weight and intra-abdominal fat weight, severer hepatic steatosis, deterioration of glucose tolerance, and signifi—
cantly-enhanced macrophage accumulation in liver; interestingly, these changes were reversed after rich-KAA
diet administration. Furthermore, real-time gPCR showed hepatic TNF-« and IL-18 mRNA expressions were

up-regulated in the HFD fed mice
diet

(P<0.05), these changes were dramatically ameliorated by taking rich-KAA
(P<0.05). Conclusions Our data demonstrate that rich-KAA diet could significantly ameliorate HFD-

induced hepatic steatosis, obesity and glucose intolerance via normalizing the macrophage accumulation. KAA

replacement diet could be a potential nutritional intervention for treatment in patients with metabolic defects.

Keywords:
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i 5 ZEARTHE B RS B O RRURD I 5 e 4 A i
FERBEIN T - o (tumor necrosis factor- o , TNF-a ),
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1.1 —fgdret

111 kst WM 8 R 20 ~23 g
(%) C57BL MEPE/INEL (1)1 R K 2% 3h 1 52 5 2 2
HE), SR H A Ajinomoto 23 7] )

112 EZFIRMA SLRPOEE &R A RS RY
(real-time quantitative polymerase chain reaction,
Real-time qPCR )il & ( H 4 TaKaRa A w] ), K
P/ B sE R FA/80 HLiA(FE[E AbD Serotec A7),
B PFHFRIC 2t —Pr (3£ [E Jackson Immuno Re-
search 2\ ), [ &% 22 WK 502 W BfH2: (enzyme-linked
immunosorbent assay, ELISA)i 7 & ( H A MIoBS 2%
DR eIk RGO DN

1.2 KWHE

121 it ¥ 32 HUNRBEDL4, 53 45 T
L5E@ K (normal control,NC)(n=8) . B 1K £[52%

amino acid; non-alcoholic fatty liver disease; metabolic syndrome

Ag Wi (high fat diet, HFD)](n=16) . & & A= i 2 FE R
() R K (8% i 2 5L 1R +52%) i HFD**®) (n=
8)MEFE s MR FE 8 Jil 5 P R k2 /N BRBE AL 53
WL, —HAR SRS IR IR R IR (n=8), 55— 41 ¥
B A A 22 5 R 5 AR TR MR (HFD—HFDY®) (n =
8). HARIRERL 2 MSCHR[1], 43 JE 0 i 4 5 Rk
O[5 8,12 J B PN A v S A B i A 6 (in-
traperitoneal glucose tolerance test, IPGTT )i f5= il i3t
], IR FE 16 .

1.2.2  dodE kB FEKFa N KH/NEESE 16
JlJG A5 6 h, WA ER F5 R s P9 i S R A (L g/kg),
Sy SIAE TS AT O SR A S S 15.30.60 901
120 min W Mk, 22 th 8RR A A A 4T T
F(area under curve, AUC)[mmol/(L-h)]=(0 min IfiL
BE(E +30 min MUBHE) x 0.5/2+(30 min IUF#{E +60 min
MUHE) x 0.5/2+(60 min MBE +120 min IUHEE) x
1/2; RIS AR VA S A A W T S 4 B8 S 15.30 A1
60 min FE##IKIL, F ELISA 75 10 4% Bt ] o5 /1N B il
S ZE R AR M R 2R BT
P8 E (insulin resistance index, IRI), A=
IRI= A% (mmol/L) x [ 5 28 (mIU/L)/22.5,

1.2.3 44 O F &I wpe s it AbFE/NERER
JFEHE AR 90 A iR (opti-mum - cutting temper-
ature,OCT) LIV ARYI - (8 wm), 10% HIE[E5E
60% 5% N BEAL F S 1 TIM 4T O Y4 20 min, 70% H i
R, WA T WS A AR BT

1.2.4 Real-time qPCR # M AT 2a o X 52 B F
TNF—a #= IL-18 mRNA &k AFE/NE, Trizol
PEIFIE L RNA, 323870 Sah i Si il B4 I A2 A%
iz (complementary DNA,cDNA). 5% Gkt H A
TaKaRa A Al & hi. K cDNA #% Real-time gPCR {4
F(20pw DN, 18 S VERERIEH . TNF- o : IE 7]
5|4 5'-GTTCTATGGCCCAGACCCTCAC-3', & [f1] 5|
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¥ 5'-GGCACCACTAGTTGGTTGTCTTTG-3;IL-18 :
iE 16 51 ¥ 5'-TCCAGGATGAGGACATGAGCAC-3',
KI5 5|9 5'-GAACGTCACACACCAGCAGGTTA-3';
18 S: 1[5 14 5'-TTCTGGCCAACGGTCTAGACAAC
-3', /[ 3]4) 5'-CCAGTCGTCTTGGTGTGCTGA-3',
J2 A - 95 C T M 30's,95°C A8 5's,60°CE k.
30 s, 474 40 MIEFR S WA B R 2 il ) 1 2E th £k
B CHE, P8 B 3K, W44 HER CtH 5%
FIEN CEMIAS A Ct, PR 4L A Ct 5 1EH# X
HEZH 1Y A CLAHIRAS A ACE, f o AR 2722l kAT
St o3 .
1.25 % 9% 9% % F & ¥ ml AT JE F4/80 E o tm e
(kuffer cells,KCs) #i&  AbFE/NFUHUITZH Y, OCT
AU R (S am), B BEVLIE 4 5KV1 A, TS
AbFL 294 L3 11 AR 18 PR R BBt/ B F4/80
HTEREPTAR (L  100), FIRIFEF , B4 TRITC %%
FRiCH B IR N (12 200),4',6- —fpkIE -2-
RN WA e, G siE o ' U SR TR F4/80 FH
P KCs $iim: , A4 FEHLE 10 ~HUEFAT F4/80 FHYEZN
MG T e o
1.3 FitFEFE

KM SPSS 13.0 Gt T4 43 #r , 1T A
P LAIEL + AR 2 (x = 5) 3o, A 85000 He i
J5 25508, IR LL A 7 2253 BT 1) SNK - q K, P<
0.05 NESAGITFE L.

2 HR

21 FHNMNBHHRELLR

5 NC 4 % ,HFD \HFD**® % HFD—HFDR
/N RS A0 5 T HFD (HFD*® J& HFD
—HFD*® 3 4[]/ FURE i i B AR — B & AN [F]
TR T IE G, 25 4/ R R A 25
SIG L (F=1.703,P=0.212). WA 1.
22 HBANMNRKE.FHEEE . NFEHEES. N
BERG | MEE S LE L3

HFD 2 /N R 5 X B8 41 e 5 1k 7 48 Jin , HFDYAR
2} HFD—HFD**® 21/ [RAA 4 HFD ZH0i4% , 48
SNK-q ki iy 25530 , 2555 A geit=# 2 L (P=0.000,
0.032 il P=0.000). HFD Z1/)> & LR BT (7 2
FIBRE 52 i i 20 20 o i S N ERR T 1 AR EE A 4 L
T NC 44 (P=0.001 1 0.002) ., & A i 22 5 2 Tk £ M
3% 16 JAJ5 , A2 HFDMR 4342 HFD—HFD R 44
/N RV £ L R 7 2 i A I ERR I 1 IR

4765 HFD LB TR, ZRA G FE L. W
%= 1.
23 FHNMBREMERFEDEZMMALLE

IPGTT 453 W/~ , 5 NC 4 Hed , HFD 4/ Fl 4%
I 57 IR B 5% B MR IR T, S R M A T o
SEE MRS R IPL. 5 HFD 4 L%, HFDMR ¢
HFD—HFD W & /[N SRS B[R] AR . B 2Rk
IR BIFRA , 45 1] HEDXA® 20 v 5 78 25 % 30 min J5
Ji 5 ZE Mk B [(0.78 + 0.46 )ng/ml]%% HFD £H[(1.24 +
0.38)ng/ml] T K& , 1 59 4 %5 B 60 min 5 HFD® 24
I A [(13.96 +3.08)mmol/L] # HFD 41 [(21.35 +
4.36)mmol/L] F &, 28 SNK-q K556 )5 2250 W) , 2 5+
F4iit7 X (P=0.035 1 0.034), HFD ZH/)Mil AUC
[(37.93 £ 2.17)]4% NC 4H[(24.73 + 1.42)13% )11 41.25%
(P=0.000); 5 HFD ZH/NER L3, HFD® 2 /)N (]
AUC[(28.22 + 1.38)] T [ 23.73%( P =0.000), HFD—
HFD*R 25 /N fL AUC[(31.49 + 1.17)] R 13.91%( P=
0.002). ULKE 2
2.4 RH/NEIFE TNF-o #11L-1F mRNA &
kb

Real-time gqPCR %57~ , 5 NC 41 Hb4:, HFD
20 /N BT IE 20 8 48 0E I TNF-o AT IL-18
MRNA 2355351380 2.56 F1 3.29 1% ; 5 HFD 4H 1
5, HFD*® ZF 1 HED—HFD*® 21 /)N il JIT Ji: 41 24
TNF- o F1IL-18 mRNA & A AR gl . W3
2 fiE 3,
2.5 KHNRIFRE FA/80 KCs RixrIEL %

FREE N (8 7 FA/80 7EIT U KCs F2TH3
ik NC 4H/NERUITIE F4/80 PR AN Mu %l (2.33 =
0.75)/ HLEF ,HFD 21 /)N EUH-IE F4/80 FH 1 41 M 0
(9.70 +1.96)/ #LEF ,HFD £H /) BUITFIE KCs ik %
NC £ /1 ( P=0.000); 5 HFD 41 [t4% , AN & HFD-
KAR 211 [FA/80 PHAE: 4R %5 (3.40 + 0.84)/ HLET]IL 2
HFD—HFD"? 41[F4/80 BH 441 g %5 4 (4.00 + 0.82)/
L], /NERAFAE KCs Ik I, ZRASIT¥E
X(P=0.000), WK 4,
2.6 HAENBIFEEAERTARLLE

NC 20 /)N BT 40 i B B T AR 4 2 HFD 21 /)N R
AN g BT S NC 2136, ikt K 5 HFD
HHE, ANE R HFDR 4138 & HFD—HFD® 4,
/N R4 AR B TR 4080, BT 4R/ . DLIEL 5.
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A B

A B /N A R R LU B &4/ B2 45 8 AR HE#RS; NC 4.0 keal/g; HFD 5.1 keal/g; HFD*® 5.1 keal/g, 1kcal=4.184 kJ
1 EHNRHHEERE
P<0.05 P<0.05

P<0.05
P<0.05
25 P<0.05 |_ P<0.05 P<0.05 P<0.05 —— NC 4
. P<0.05 17 P<0.05 _o HFD#4I
o ! - P<0.05 HFD** 2]
€ ll.'-| oJd =] = _ A HFD—HFD'*" 4]
S 15 o 3=, = F o g
£ ' ¥ T~ i 513 - LI . P<0.05
=} ; e e = < ] ———
= 10+ e : = s
g ~E_E x H &1
= 5T|P<O.05 “hﬁ‘-' £z 09 X
®
0 1 1 1 1 05 .
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fi 18] /min M fE] /min
A
P<0.05
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it My
P<0.05 45 ’
404
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T 304 T
_ < 25
= £ 20
£ 151
= 104
T" = 5
0 a i 0
0 30 60 NCZl  HFD#l HFD%4] HFD—HFD"* 4
fistA] /min
c D

A/ N IPGTT IV LR 5 B 2 4541 /N B IPGTT ISR M ) 2 VR J3E U C - 452/ IRT ERASE; D2 454/ R AUC H AR
2 BH/NRIMYEFESERERI K AUC LbEg

47 1) 4
L 3 & 3
g !
1)2 1)2
= 2l )2) _) ) ﬁ )
= =
= =
z = -
1 I = 1 1
i L i N 0 ‘ ‘ i i i
NC 4 HFD 41  HFD*®* 4 HFD—HFD"“® 2 NC 21 HFD 41 HFD"* 4] HFD—HFD"“® 2|
A B

A:JHFAE IL-18 mRNA H3 ;B JFFIE TNF- o mRNA FA851) 5 NC 41 H#8, P<0.05;2)5 HFD 41 %, P<0.05
3 &LHNFRFFRE IL-1p 1 TNF- o« mRNA FRiktbi
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®1 SHNRAEFHEHESE. NERBHESR MR/ FEE5 MR (n=8,x+5)

285 T g JFHEEE 5 g A IE A Vs B 2 /g PIIERRIDT /AR 45 L 1%
NC 30.41+0.63 1.35+0.04 0.80 £0.13 2.61£0.42

HFD 35.87 + 1.177 1.40 +0.07 1.78 £ 0.32Y 4.95 +0.78"
HFDX#R 31.50 + 3.017 1.24 +0.10? 1.07 + 0.34? 3.36 £ 0.81?
HFD—HFD® 27.13 £ 0.62Y? 1.16 + 0.08"? 0.59 +0.16? 2.16 +0.55?

F{H 18.195 8.740 17.269 14.493

P{E 0.000 0.002 0.000 0.000

H:1)5 NC 4{ kb4, P<0.05;2)5 HFD 4 b, P<0.05

R2 KHANFEIFHE TNF-o F11L-1p mRNA RiLtbE (n=6,xzxs)

285 TNF- o mRNA Ct {& IL-18 mRNA Ct f& 18 S mRNA Ct {§ TNF- o mRNA 2-24¢ IL-1B MRNA 2-24¢
NC 32.29+0.32 25.53+0.22 18.76 + 0.18 1.00 + 0.45 1.00+0.38
HFD 31.25+0.34 24.25+0.23 18.38+0.42 2.56 +0.87" 3.29+137Y
HFDM® 31.87+0.41 2478 +0.32 18.47 +0.30 1.24 +0.39? 1.67 +0.40"?
HFD—HFD*® 31.94+0.24 2472 +0.24 18.66 + 0.24 1.34+0.26? 1.73+0.33%2
F{& 13.032 7.627

P 0.000 0.002

1) 5 NC 4 %8, P<0.05;2)5 HFD 4 45, P<0.05

A B C D

A:NC 41 ;B:HFD 4 ;C:HFD**? 4 ; D : HFD—HFD"*® £}
4 RLA/INFEBFRE F4/80 KCs FRiktbi  (FrErdytduft x 400)

; g S RELTINVG g TETIE NI L Bl T ; i
A P ] T W by o gt A pit | T
. B i b i X g O \
N R #h ) TG R :
a ol 5 Ty ] L s n o, | :
E 2 nl- _:" (] + -"':I" 5 : A .‘:-"I‘I o g
el e c w St e ol L
o oA -l'.:l':;; s Iy’ ',"Ih'il:":;.i E--.' et ¥ .'-I.ql'._’: e . ..‘_ .
e SR B S TR Y Lo N oL ¥
x e AR T SR e ot % Lo ¥
A B C D
A:NCgﬂ;B:HFDgﬂ;C:HFDKMRgﬂ;D:HFDA’HFDKAARgﬂ
5 FE/NRATHBEAERITAR LS (JHL O YLt x 400)
3 iTig B ZRARPT . i NAFLD BB VR AVl ER S AETEATIIE

. N ‘ = IS, oA A R AL R 58 e WIHf . Anfel A
B N ATAETE 7 A kAE ,NAFLD B RN P 5 TA NAFLD S fe il HEpe R — B R BT (4

BB B0 W PERFAS , AL AR T 9 22575 KAA & fi 45 i £ 3 32 T e A PR 6 2
A KMFEETE . NAFLD A AT ke R fFad ki, i G R A AR GER RN
W GHUARR S R 2 BB IOW S ESOR % B AR AR . XS R N REE AR A B,
YIAHOCE, 2N NAFLD g3 AE BIUEAZ OO I E B T 56 e . AR & LW AU = % 5 NAFLD
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SR R R R ROk A2 B . A
IR T I 7 S I e T AR AN BRI N B UL 4
AR 3, EC /N R AR A, BT RO K A R
AT DU AR AL 2 B R A 7K, el AT TR S g 17 e
JiF 468, SOLERTE Z5M% B 171 IR S5 G A 25 A1 il i
TR TR A 1 37 B Bl 3 S5 AF 2 RUBH R G JBE 15 R IEPL .
YASUSHI %51 % B A= i 22 J Rk B g S 35 4 il /) B
JHFRIE B 54 B 035 i F R J 5 BT 1 e A
] P R SCHL S BRGE , Brai AE R LA I I AR
IRV E A, Ll A . e RUAEN
K IR R S 0 SD K B NAFLD JiT 9 2 H 5
H2FBEE TN IR R T AR . MR EFNL iz
B NAFLD K BRIl 32 s 28 L e b7, 07 & i
FIETR A R R, DI RE I g i% . M5 Z M,
NEWGARD % M IR 52 & FL MR 7 & m i 1s 1k
mTOR 3 i 17 T 80k 5 Rkt , 2L Aginfr =
5 NAFLD R & R AR 5 2,
BB LH5T

KCs & Ji T T I 52 19 PRAZ B Wi 4 e, 2 1A
KB L EANIRE . AR AR R A 0 IR A 22 i
SRVR, PG ) KCs 7= A= ZF0 240 i R 40 TNF- o
frF -6 5. KCs 7E NAFLD Z& A5 & LE LI
VR FH B R i 32 21 G ER, F4/80 f& KCs Y HF
SEPEFR IR R PR, AWFFEFF F4/80 Pk Xt T4
TR PEDE YL A AT KCs %R SRR

AT P 2 B, /N S IR IR R 8 JRI T4
BN T 1 5 5 MU IR B AR, B AR 58 T LA
HFD ZH A1 HFD—HFD"® 2, B7E M%< & KAATKEBE
e iR s T 0 /N ERIB I, RISt g2 2
2 BRI AT /N, PR S KAA IRETRE 7 2l ol
WA . AR 2B, AR B RS IR AR
P, KCs I 2 AL, SNE 318 W 1, 5 i
PAFH i NAFLD FUB Bt ,KCs EL 4 2 L 4 it
WO EL AR ML B TNF- o 25 485 PR W 388
— B AT KB, IR 0 A R R
A/ BB AR AR B R R % B AR TR RS
TEOLT ,ANE & HFD"R 4] 16 /& HFD—HFD"R 41 /)x
SUTF IR AR e e 5 AT T S 44 B dp i b
Wil I ARAERF TNF- o« F11L-1 8 mRNA 45
FEIR P BRI, o] RE S0 D = IR IR BN R
/NEUTFHE KCs iR EE S VIMIE

g LR, ERE B REfg i NAFLD /N RUBEARY,
R A A T A R R £ T B IE KCs 193
T B O T R IR BT S AR R R K
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