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Limonin inhibits apoptosis, promotes autophagy and improves
non-alcoholic fatty liver disease by promoting oxidative metabolism
of fatty acids through PPARa
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a very common chronic liver disease in clinic, which
can further develop into liver fibrosis, cirrhosis, eventually hepatocellular carcinoma and liver failure. Limonin is a
natural triterpenoid compound containing furan rings. Previous studies have found that limonin has good anti-
inflammatory, analgesic and liver protective functions. However, the mechanism of action of limonin on NAFLD
has not been clarified. Based on the background, C57BL/6] male mice were fed with high fat diet (HFD) to
establish NAFLD model (the experiment was approved by the Animal Ethics Committee of Hefei University of
Technology, the approval number is HFUT20220429001), and limonin was added to the mice for administration by
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intragastric administration (i.g.). The results showed that HFD can induce typical NAFLD phenotypes, including

impaired liver function, increased fat accumulation, and increased serum aspartate amino transferase (AST),

alanine transaminase (ALT) and alkaline phosphatase (ALP) levels in mice. Mice were treated with limonin (50

and 100 mg-kg') for 10 weeks, and it was found that limonin could restore dyslipidemia and improve fat

accumulation in liver cells of mice. In addition, we conducted in vitro experiments with human hepatoma cell line

HepG2 cells, and found that limonin can promote the expression of oxidative metabolism and autophagy related

genes and inhibit apoptosis in HepG2 cells. Mechanistically, limonin improves high-fat food-induced NAFLD by

promoting the expression of oxidative metabolism genes transcriptional coactivator of peroxisome proliferator

activating receptor y (PPARy) (PGCla) and carnitine palmitoyl transferase 1 alpha (CPT1a) through peroxisome

proliferator activates receptor alpha (PPARa). These results indicate that limonin can inhibit apoptosis, promote

autophagy and improve NAFLD by promoting oxidative metabolism of fatty acids through PPARa.
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A 8 K% 1 i 05 7 BF 9% (non-alcoholic fatty liver
disease, NAFLD) J& — i Jo ik &SIl s o DA 48 B o g
07 HE R A die Y 25 AR AIE ) I PR B 2R B AR, L 32 R AR
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P PR 38 AR D, AT & R A A T 3R BT B A DR
TR AEJFIECR A 7 T, A7 2R AT R D R
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A ALUE (5 HFUT20220429001).
mAik A ArEE R (185 E101247) W E F
Aladdin 2 &, F45# 0018 1 Fros; MEM B 37 2 Al
G 28 I (FBS) W H 3£ [H Gibeo 2 w5 i i 1 Al
(HFD, %5 : MD12033) i AL 75 £t &Rk LV E A H
PR W 7R F R 41 4 R B (CMC-Na, 185 : C8620) 14
HAL W R ERHA R A A MM (MTT, 525
EZ5679C133) I [ 1% [F BioFroxx 2 & ; i 4k ¥ B 14
14 58 W) B35 % AR o (peroxisome proliferator activates
receptor alpha, PPARa) I fill 7 (GW6471, % 5 :
880635-03-0) I [ 3% [# Selleckchem A . it 4/i-PPAR«
($2%5: A6697) . NLRP3 (1% 5 : A5652). f-actin % ¥. 31
(B-actin, 575 : AC026) —Hi ¥4 B 7L Abclonal A 7] ;
G 470 B 41 A2 4k B2 98 -2 (B-cell CLL/lymphoma 2, BCL2,
1752 12789-1-AP). B 2 g bk B2 983 -2 2 IR #H 5% )3 8l 1
(BCL2-associated agonist of cell death, BAD, 1% 5 :
10435-1-AP). BCL2 % J#% 41 Jfa 9 T 2 i3k K F (BCL2
family of apoptosis-promoting factors, BAX, %% 5 :
50599-2-Ig) B 4 ffd 3k E2 98 -2 2 3 A ELAE Ao 25 b
JEHEEL 1 1 (B-cell lymphoma-2-interacting myosin-like
coiled-coil protein 1, Beclin-1, §% 5 : 11306-1-AP)iZ &
¢t & # M (ubiquitin-binding protein, P62/SQSTMI, 1%
5 18420-1-AP). B b 2% F1 4 1l 2F % 4T 1gG (HRP-

conjugated affinitive goat anti-rabbit IgG, & 5 :

SA00001-2) #18 H i =& W HE ARG R A A, &
Pt — A B B A AE BE 2L ¥ F2 B 1o (carnitine palmitoyl
transferase 1 alpha, CPTla, %5 : DF12004). & 115 &
IR A (mammalian target of rapamycin, m-TOR, % 5
AF6308). H Wi 74 & AH ¢ 8 1 %% 5% 3 H14K (autophagy
microtubule-associated protein light chain 3 antibody,
LC3B, #t %5 : AF4650) . i % 16 ¥ i 14 14 5 ¥ 0%
24K y (PPARy) [ %% 5% %t B & 4k [B T [transcriptional
coactivator of peroxisome proliferator activating receptor
y (PPARy), PGCla, %5 : AF5395] —Hi 34 H 3
Affinity Biosciences A ) .
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Figure 1 The chemical structure of limonin (M, = 470.53)

7 2l (L50, HFD + 50 mg-kg™ limonin) ¥ 4% % & =
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7T DMSO H I il #5728 )5 F CMC-Na #2477 B
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100 mg kg Fr i 75 R FFEE 10 8, S200 45 d AT, B4k
12 hjE B0/ RIF IR A L Mg . SL3 i 2 iR .
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Figure 2 The schedule of in vivo experiment. C57BL/6] mice
were randomly divided into four groups (n = 5 each). Ctrl group
and HFD group were given placebo once daily; HFD group, L50
group and L100 group were fed with high-fat diet; L50 group and
L100 group were given limonin 50 and 100 mg-kg", respectively,
after 2 weeks of high fat feeding, daily gavage for 10 weeks. Ctrl:
Control group; HFD: High fat group; L50: Limonin low-dose
group; L100: Limonin high-dose group
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FRHC 2353 pg 47 B & F M R T DMSO H ¥ i
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TR AN AR 24 ho 3@ ISR I PPARa HIHH 71 GW 6471
SRR TURT 15 v 35 A 75 e 1o g s R S A A R 5 g s
FIMLEN I 410 R O XFHRZL (Ctrl): #5001 DMSO 15 A

GW6471 A2 24 h; @) X HEZG 440 + #0141 (CPL50):
X B CZH W 0 50 pmol L AT B 77 & R 0.24 umol-L
GW6471 AL HEZ il 24 h; @ B2 (FFA): ¥ il FFA K&
DMSO 4k HE 40 il 24 h LA 5 5 NAFLD B AL, ©) BiAY +
I ZH (FP): B 7Y 40 78 i1 0.24 pmol-L' GW6471 4k B
24 h; ® R Zj )4 + 4 (FPL50): ¥ il FFA.
50 pumol-L™ ¥715 7 2 A1 0.24 pmol-L"' GW6471 4b 3 41
fitl 24 h.
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KB RE I B E (aspartate amino transferase, AST)
45 TN ¥ % (alanine transaminase, ALT). B P filf fi2
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BT ARSI P A B A S YR
P+ bt 2= T AR R, K GraphPad Prism 3 £F
BAT e R GETE a0 b, s o b 7 R R R
Z 3 M (one-way ANOVA), ¥ P < 0.05 & X N HA &
EER.
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FH Masson %2 2 .y 21 O Y (0 1 H&E J% 8 SR A I/ iR,
AR B AR A . 45 R BoR, A7 2 O T HFD 5
510705 BRUFF U A o 2 AN L 453405 R R I 41 4 Ak, RIN
FrAGE 5 R AL BG40 B T A58 5e 48, TG s 25 Vs b, iF
28 2 A T AR R 3 R, TR0 19 B B BT R (81 3E);
BEAh, b7 AR 75 2 36 A] L2 R HED % 5 19/ & i
ASTALT Al ALP 7K1 (1 34 0, 2503 HF 4% (Bl 3F~
H); [F A H, #7455 3= Bk & 7 HFD 512 1/ i Glu.
TG A1 CHO & & 13 i (B 31~K)s.

2 IEEZEEEWBINE HFDIES /BT MAET

N1 — DR AR T R AE NAFLD I 1E
AW SR /N BROFFE D) 34T TUNEL 48, 25 L 18
7, HED 512 /N BOFF AT AR T4l fe 2 B 0 2, #r
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Table 1 Primer sequence used for RT-qPCR: PGCla: Peroxisome proliferative activated receptor gamma coactivator 1 alpha; PPARa:

Peroxisome proliferator-activated receptor alpha; CPT/o: Carnitine palmitoyl transferase 1 alpha; BCL2: B-cell CLL/lymphoma 2; BAD:
BCL2-associated agonist of cell death; BAX: BCL2-associated X protein; NLRP3: NOD-like receptor protein 3; m-TOR: Mammalian target

of rapamycin; P62/SOSTM1: Autophagy flux index; Beclin-1: B-cell lymphoma-2-interacting myosin-like coiled-coil protein 1; f-actin:

Beta-actin; M: Mouse primers; H: Human primers

Gene (M/H) Forward primer Reverse primer
PGCla (M) 5-GATGACCCTCCTCACACCAA-3’ 5“AGTTGTGGGAGGAGTTAGGC-3'
CPTla (M) 5-GGGCTACTCAGAGGATGGAC-3’ 5-TGCCAAAGGTGTCAAATGGG-3'
PPARa (M) 5“ACCTTGTGTATGGCCGAGAA-3' 5-AAGGAGGACAGCATCGTGAA-3'
NLRP3 (M) 5-CTCGCATTGGTTCTGAGCTC-3’ 5-AGTAAGGCCGGAATTCACCA-3'
BAD (M) 5"TCCTGGGGAGCAACATTCAT-3' 5-ACCCTCAAACTCATCGCTCA-3’
BCL2 (M) 5“CTTCAGGGATGGGGTGAACT-3’ 5-ATCAAACAGAGGTCGCATGC-3'
BAX (M) 5-GAGACACCTGAGCTGACCTT-3' 5-CCCCAGTTGAAGTTGCCATC-3’

P62/SOSTMI (M)

5-CCAGTGATGAGGAGCTGACA-3’

Beclin-1 (M) S"AGCTTTTCTGGACTGTGTGC-3'
m-TOR (M) 5“CGCTACTGTGTCTTGGCATC-3'
f-actin (M) 5-"ATGGAGGGGAATACAGCCC-3'
PGCla (H) 5-AGCCTCTTTGCCCAGATCTT-3'
CPTla (H) 5-“CAGCATATGTATCGCCTCGC-3’
PPARa (H) 5-CCCTCCTCGGTGACTTATCC-3'
NLRP3 (H) 5-GTTTGACCCCGATGATGAGC-3'
BAD (H) 5-GAGGACGACGAAGGGATGG-3'
BCL2 (H) 5-GCCTTCTTTGAGTTCGGTGG-3'
BAX (H) 5-"AAGAAGCTGAGCGAGTGTCT-3'
m-TOR (H) 5-CCTGCCTTTGTCATGCCTTT-3'

P62/SOSTM1 (H)
Beclin-1 (H)

f-actin (H)

5-CCCAATGTGATCTGCGATGG-3'
5-GACACTCAGCTCAACGTCAC-3'
5-CTCCATCCTGGCCTCGCTGT-3'

5-CCGTTGCAACCATCACAGAT-3’
5-CTTGAGCGCTTTTGTCCACT-3'
5"GGTTCATGCTGCTTAGTCGG-3'
S"“TTCTTTGCAGCTCCTTCGTT-3’
5-GGCAATCCGTCTTCATCCAC-3’
5-CTGGACACGTACTCTGGGTT-3'
5-CACCAGCTTGAGTCGAATCG-3'
5-CTTGTGGATGGGTGGGTTTG-3’
5“AAGTTCCGATCCCACCAGG-3'
5-GAAATCAAACAGAGGCCGCA-3'
5“GTTCTGATCAGTTCCGGCAC-3’
5-CTGGGTTTGGATCAGGGTCT-3'
5-GTGTCCGTGTTTCACCTTCC-3'
5-“CTGCCACTATCTTGCGGTTC-3'
5-GCTGTCACCTTCACCGTTCC-3’

B FRIRIT G AR T A AT B T B3 NGE (B4A).
1 G S S ) N O N 2 12/ 0 5 | ) D RN W
T N YRR BB L, frig s R H N B
FHEPU T HED 512 (108 1240 G 5E K BAD A BAX KI5
() Ei (B 4B.C)o FEHSRAKCE b, A & ml DL HE
PUIE TR K BCL2 1 R IE (K] 4D), BEARAR 98 12 2 A
BAX W BAD )15 (K 4E.F). HETEE A, BAX
(1) 2 15 75 M N 25 5 52 B 4h F 5 e i AR Ak, 17 S
BCL2 # B /15, SRR T g A, Bk rl LLd i
BCL2/BAX [ Lk I bt T 1% L . BCL2/BAX
bR, Hpui ToRe JulkaE, WK 4G T LB Y, #758
7 % 0] LU = HFD 2/ RBT I8 T 88 77, Wi $0 fil)
T, 3% /N B NAFLD A AR o
3 IrEEREBEITRHAFRESAAE EEEAERKE
HFD i S# NAFLD

MU A i J53 P 85 A4 0 T g B B0 N A I S
JIg 5 S8 Ak IR 5 o0 s HE T 4 AN LR BT . A 9T AR
HR T A 2R 0T LAk 2D i R 33 T 98 21 20 NAFLD FIAE
FHUT, SR 72 75 B8 1 15 i o1 A 326 17 2403 NAFLD
B —IPIRA . 45 R R, HFD #1H] 7/NBUHF
JIFE B4 IR R AR 38, 2 BN PPARa CPT1a 1 PGCla 25 fig
AR o T RIA 0 B2 R R, AT RIRIT R /D
BT AR 2 T B E SGE (B 5A); FRE, A0 7R

FH RT-qPCR J7 92 % i J5 A% 151 5 [H] i) mRNA 7K F 3 47
Ky, 4 & 5C~F Fi7x, HFD /) R7E & b b i =04
JT7 J5, PPARa CPT1o A1 PGCla 25 58 AL A i A 56 %
W BRI NLRP3 55 98 0 PR - #H DG B R 3R 08 T %,
BT AGE 1 2 nT DLd I 2 T DT R AR A AR I B AR 4%
JiE SN SR D TR Th G . b4, 45 3 878 HFD #0] 1
/IN BRI W A G R TR ) 3Rk, T AT AR R VBT i X
W AE T H W 3 [ Beclin-1. P62/SQSTM1. LC3B #l
m-TOR [ 7KF (& 5B); [HHf, #8457 /KF EFrdgss &=
Al M HE Beclin-1 B3R 15 (B 5G), B A WdE & 18 b
P62/SQSTM1 1 4 1 25 K ¥ m-TOR W1 K 1E5 (K SH. D),
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Figure 3 Limonin can improve HFD-induced weight gain, liver fat accumulation and liver fibrosis in mice. A: Weight changes of mice in

Ctrl, HFD, L50 and L100 groups at 12 weeks; B: Photo of mice liver; C: Changes in liver weight to body weight ratio in mice; D: Changes

in epididymal white fat weight to body weight ratio in mice; E: Oil red O staining of mouse liver tissue. Scale bar: 50 pm; Masson staining

of mouse liver tissue. Scale bar: 100 pm; H&E staining of mouse liver tissue. Scale bar: 20 um; F-H: Mice serum were collected and
determined AST (F), ALT (G) and ALP (H) levels; I-K: The serum levels of Glu (I), TG (J) and CHO (K) were determined. n=5,x+5. P <
0.05, ""P < 0.001 vs Ctrl group; "P < 0.05, P < 0.01, P < 0.001 vs HFD group. AST: Aspartate amino transferase; ALT: Alanine
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Figure 6 Limonin can improve HFD-induced NAFLD by promoting oxidative metabolism of fatty acids and enhancing autophagy in vitro.

A: HepG2 cells viability detection (OD 490 nm absorbance); B: HepG2 cells were stained with oil Red O staining to explore the effect of
limonin on fat. Scale bar: 50 pm; C: The expression levels of PPARa, CPT1a, PGCla and NLRP3 in HepG2 cells were detected by Western
blot; D: The expression levels of Beclin-1, P62/SQSTM1, LC3B and m-TOR in HepG2 cells were detected by Western blot; E—H: The
expression levels of PPARa, CPTla, PGCla and NLRP3 in HepG2 cells were detected by RT-qPCR; I-K: RT-qPCR was used to analyze the

expression levels of Beclin-1, P62/SOSTM1 and m-TOR in mouse liver tissues. n =5, x £ s. "P<0.05,"P<0.01,""P<0.001 vs Ctrl group;

"p <0.01, "P < 0.001 vs FFA group. FFA: Free fatty acid group; CL50: Ctrl group was supplemented with 50 pmol-L™" limonin; FL50:
FFA group was supplemented with 50 yumol-L™' limonin
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expression of BAD, BCL2 and BAX in the cells was detected by Western blot; C: Statistical ratio of protein gray scale of BCL2 and BAX;
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Figure 8 Limonin can regulate fatty acid oxidative metabolism through PPARa to improve lipid accumulation in cells. A: The location and

content of PPARa in HepG2 cells were determined by immunofluorescence assay. Scale bar: 50 um; B: The expressions of PPARa, PGCla
and CPTla in the cells were detected by Western blot; C: RT-qPCR was used to analyze the expression levels of PPARa, CPT1a and PGCla
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