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Improvement of Lipid Homeostasis Through Modulation of Low-density
Lipoprotein Receptor Family by Functional Ingredients
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Abstract

Dyslipidemia, defined as elevated triglyceride (TG), total- and LDL-C, and/or decreased HDL-C levels, is considered
a principal risk factor for cardiovascular disease. The low-density lipoprotein receptor (LDLR) family has been con-
sidered a key player in the prevention of dyslipidemia. The LDLR family consists of cytoplasmic membrane pro-
teins and plays an important role not only in ligand-receptor binding and uptake, but also in various cell signaling
pathways. Emerging reports state that various functional ingredients dynamically modulate the function of the LDLR
family. For instance, oats stimulated the LDLR function in vivo, resulting in decreased body weight and improved
serum lipid profiles. The stimulation of LRP6 by functional ingredients in vitro activated the Wnt/B-catenin pathway,
subsequently suppressing the intracellular TG via inhibition of SREBP1, PPARy, and C/EBPa. Furthermore, the
extract of Cistanchetubulosa enhanced the expression of the mRNA of VLDLR, followed by a reduction in the
serum cholesterol level. In addition, fermented soy milk diminished TG and total cholesterol levels while increasing
HDL-C levels via activation of LRP1. To summarize, modulating the function of the LDLR family by diverse func-
tional ingredients may be a potent therapeutic remedy for the treatment of dyslipidemia and cardiovascular diseases.
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LDL <& (low-density lipoprotein receptor, LDLR)3}
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=thWillnow et al., 1999). LDLR &3¢ ojg
AEL 7|12 S F LDLRE] 2-g HE] 9} 75S Ffrst
A SAl 7] 559 Y e A s8S 2 dth
LDLR F&A|#e] Sr8A= 354 72 dHds
F3t=d 1) LDLR type A repeats, 2) %3 d7<!
(epidermal growth factor, EGF)-f-A} =H|<l, 3) &35 9
o] (transmembrane domain), 4) AlXEZ A (cytoplasmic
domain)°] thix 2 o]t} LDLRZ} VLDLR®] 7%= F7}
Aoz Mxut vtz 9o O-link T =HdS s,
LRP1Z} LRP2 (megalin)= JthZ o= Augh Azt &
2 wHels z+ 9tiJeon & Blacklow, 2005). LDLR
type A repeatst= NH,-Zetoll 9]X]51# ApoE2t ApoB100
< xgshe grieste] 494 gt 334880 -F
Ab =912 o2 B-propeller = 1¥} RHEE 3]/ 74<1
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o] B EJTHYe et al, 2012; Go, 2015). ©] =
VLDLR, LRP1, LRP2, LRP6 52 S 2HE 44
AAA - A4 A S grh(Ishibashi et al.,
1993).

LDLR F&A#E &8 F=A Alx Wl 439l 28 7]
A e Ao giake] olalle] AR A A4S AlF
g om, ojzfgt LDLRS] A2 oA ddF ¢ A4
e dovl= ZEAQL AF 84de] g AT HAA
Aol ot At ¥l F 7P & HSE AR EE 4%
AERAS gk qxd A =2 dF LDL-C
20| thHRoger et al., 2011). LDLR¥} A& 32 gko] )3t
A= ZEA AP JA T, T LDLR FEA 749 A
B 9 A FgFA ol e A FH oA of Bl
ATHMani et al.,, 2007). LDLR =& 2ol 2|3t S| 2H|
E I o] A HE S AR S =R Pt 71A
THE 3] A3 Foll vk =3 HZ Aol Ui F
8ol AxEWAM AFEE HHO 2 sl HAEofFo] of

A FelA Fefd 71eAd

284S o]&3 o AFolA
o] A% de7t FEEAL glom, o|2 Qs 7l =4

o 23 LDLR &7 2de

BRAN FLAHL A mep, B =R o yx 4y
3 AgBAne) e ¢ A

o] ggtel] it A ARE A3t} s g
A 7154 =2 93 LDLR &A17 22 tsf 2
3.

LDLR
LDLRES A Zute] ¢z 3k

FHE AunAEL

Fedeyn Fd 2

3HH(Goldstein & Brown, 1974). 217}9]
2 UlF% LDLRS 53 o]HA]7] wjiol o]} &
LDLR?| 7|5 A& FH s 13 = A K Goldstein &
Brown, 1974). 3}¢] LDL-CE 3+ 7H] ApoB100 Tz
S 7t3 glon, o]Eo] LDLRY} dUld =z Agsle] &5
HTHWiklund et al., 1985). T8A-2|7t= E3HA = Alx
ul 19] = FEEY 9E 4 F(clathrin-coated pit)ol] T3]
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o7 EAsted], FEE FUE AXE HE S5 LRP6
9 g 94 2 2HEES @ A (autosomal
recessive hypercholesterolemia protein, ARH)2} 722ty
Aol gl o3 dEFo R o] Fdtt dwFo] Adx7d
o] =Z=o F4E A E 5FAE AT,
g Al MERO R HEolrt ABEEHI gtes Ba
FO 2 o]Fste] Bl oal FalE o] thg I A
< AEol AFs "ok AZFERZ o538 LDL-CE U
Al 7FA] B8-S ZZA171H 1) 3-hydroxy-3-methylglutaryl
CoA reductase (HMGCR)®] 37} Hd-g AAAA Z3
2" E9] AFAE S TAAIFIH, 2) acyl-CoA cholesteryl
acyl transferase (ACAT)S &/4stAA 2 FHZEHEH
AAEE o =H 8} Al 0 2=A M 5448 Al g} BEg
3) sterol regulatory element binding protein 2 (SREBP2)
JAE Fsi LDLR®] 945 £ §< LDL-C9|
A 7+3k1] 71 THBrown & Goldstein, 1976).

F42 Al ¢ LDLRY] 75 &42 % LDL-C

[e}{e) e)
e

2 4#A TH(Hobbs et al., 1992; Goldstein et al., 1974;
Brown & Goldstein, 1974). ol 7154 IZZH2HE &
% (familial hypercholesterolemia, FH)o|2t= WH o2 dz]
dHA O™ (Brown et al., 1974), o1FH A= 1:5002]
52 FIHETAE 1:1,000,0000] FE= Ty = 2
TH(Hobbs et al., 1992). BRI AN A& HFAEANM =
LDL-C¢} LDLR#e] ZAgte] &3t A o= 75
=d wel, 7 1FY2HEES FRAA A s
ksl A-GA E A= LDL-CO) A A 7)50] £4%0] ¢
g AE W 55 JPsHA] XY THGoldstein et al.,
1974). FJHJTA 45 7 74 1ZHZHEE S
3xl= 85 LDL-C $%7F 800 mg/dLE X0} #4%F
@odsH, A sol B o] AU o]
FHTAE 49 7EA 1ZY2EEEE S gyt
Ao d% LDL-C &7t 5 o 74 S7hste] A8
AdE FEEE 7 Wl 7HEF 52 212 YEsTHBrown
& Goldstein, 1974). thH-iE2] A3 A= B35
AP8A F F 7HA o] AFTE Hole A9 A4

T T
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8% LDL-C 3|& 100 mg/dL ©]3}
skaL 9lom, ojm| o] WAk Algke] el 70
mg/dL ©]3t2 #elstes WAt Sl o|n| o] FH A
7F E4E A AZHEEHEE S $AE T 50%e 40-
50 ool Zhg Fejo] APAAAS ] Wgsh= Blo=
YEFtH(Goldstein & Brown, 1973). LDLRY] 7|5 &4
< & @A) 715A 54 wEt ZA ol 71 ¢
dej 2 27 4 9de), 1) LDLR #4484 4 4
2) LDLR®] Al=wtzte] Absd AT 3) LDLRY &
E AdeY A3 4) FHEAIRLTHY] e
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el o Fred A 5) AeFe] M Fa ol £
Ao g e B53A7E g HA e AHEE
A% 5] ATh(Hobbs et al., 1990).

LDLR®] 2HA| € (LDLR™) WH-2=ol|A] 1.5%<] ZLZH 2|
g 2ols FoT 45 aXGTH ST 3A St
e B AEHA AxEC] AFHEHU S H(Lauzier et al,
2011), LDLR" mhg-2=0]A] oftl= niolel F¢f 7&S
&3l LDLR 325 AEAA7]H €% LDL-CZ VLDL-

9] F=7F 743k th(Ishibashi et al.,, 1993). Proprotein
convertase subtilisin/kexin type 9 (PCSK9)= ZHA| 3ol A
o5 E w @24 LDLRY 2§38l LDLRE] EiE
Tat=dl, RNAi 7|5 &3 PCSK9E #7sA]7]9
EAES AEAY BFoA F vl We] LDL-
o] F&=7F 728 tH(Jones et al., 2007). FFARSE A=
}¢-220l A PCSK9S JAIA 71 7he] LDLR A 2
sl o] gde] Sk, €% LDL-C 7] B3k 3has)
= Aoz ZAFUtHIones et al, 2003). Ao Z
LDLRZ ZE|ZHE 34 A Ao Z=s AE
W= F5dhe dAA 0 w84 uldoln, LDLRE] 7]
So] &4E A9 €% LDL-C 5%7F 3538t 2= A
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A Aol 71edsk e, LDLR 29 o8] yehdes
TFA AR EF= Table 10 HEatadct vp-g-2o
(phellodendron amurens)= 30 mgkge] T2 Fo43 2
7 LDLR® mRNA W@ o] F7hstdem PCSK99]
mRNA & Fe 743 o|eh FASHA e F

3t FEo|AlA SREBP2 ¥ LDLRe| @iz udtaaro] =
7vettt. olol wet 5 T84, 8 2HE, LDL-CY
FEE 74 on, HDL-CE F71eF th(Xiao et al.,
2012). P20 A EEF(375 mL/day)S 857+ T3 24
7}, SREBP2¢} LDLRS] mRNA WaZHe Z7}80
ACAT2 9 PPARyS] mRNA HHHFE 7HAsllon o=
A3 PF FAHAE, FHZEHES Tt A TH(Lee
et al,, 2013). A=A UAFE 15 ¢& FAHUS ), 7H
o] #3l= LDLR2] mRNA @3 o] F7iglon o=
ola) &% F4A2, VLDL-C, LDL-C®] 7}43}31tHChen
et al., 2006). F=E A 757 IX A ol9} HEFE
(brassica oleracea var. italic) 7] FEE< 10 mgkg &
L2 Fojd Az 7+ Ul LDLR mRNA @ o] Z7})s}
o dF FEzEHES F9XAY w27 gast

N ofN 4 ;

&

S A F
e Aol Wy W2, ol wt 7he] FelzElE BEE A
st JA 7154 E4o] LDLR 4o 93 A2 CHRodriguez-Canta et al, 2011). PFZo 2] (avena

Table 1. The beneficial effects of functional ingredients on LDLR* in vivo and in vitro

Functional ingredient ~ Species Concentration Effects Reference
Berberine C57BL/6 mice 30 mg/kg Eﬁsliln:/;g};g’1;/]21L<;§s¢fngDlgz_,CJDLRT, PCSKOL Xiao et al., 2012
Broccoli sprout Hamster 10 mg/kg qu]as]ilng ?;g’elT onJiDLRT, SREBP, HMGCR, FAS, ApoB1004 Cantu et al., 2011
Fuzhuan brick teas  SD rats 300 mg/kg i(;{dgzvleé%}eli[ g?%f;g;iﬁig?g&g%&c’ LDLY Lietal., 2013
Guar gum Pigs 10% gi‘;‘)ﬁgﬁ ESéngléngz, LOLRY Rideout et al., 2007
D GATI HMOCRL, LDLR?
Red wine polyphenol ICR mice 375 mg/day ;1;15312 Il;g’e;r()cf’ S]“R%I;gi LDLRT, HMGCRY Lee et al., 2013
Rice bran oil SD rats 15 g/kg Eﬁsli]n: };S’elv (;?IEE;BIESLLR_ Chen et al., 2006
Taurine SD rats 1 g/kg qug:g?{lgi: r;glAc;?&)lesterol, TG Chou et al., 2012
Catechin HepG2 200 uM g;gf‘ecifl”l‘:j‘erlcohfofgfg’+¢’ LDLR activity? Bursil et al., 2001
Genistein/Daidzein  HepG2 50, 100 uM Qlﬁ(;\?i’lzsglu é?:&%yi%&i?ﬁﬁgg& MTP, ACAT1/24 Borradaile et al., 2002
Lupin peptides HepG2 2.5 mg/mL E%)E:_lg f;?kZ%SREBPL LDLR, HMGCR-, HMGCR activity Lammi et al., 2014
Red wine polyphenol HepG2 0.4 mg/mL Intracellular TC, TG Lee et al., 2013

“LDLR, low density lipoprotein receptor; SREBP1/2, sterol responsive element binding protein 1/2; PCSK9, proprotein convertase subtilisin/kexin type 9;

TG, triglyceride; TC, total cholesterol; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein; FC, free cholesterol; ApoB,
apolipoproteinB; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; MTP, microsomal triglyceride transfer protein; ACAT1/2, acetyl-CoA
acetyltransferase 2; VLDL, very low density lipoprotein; FAS, fatty acid synthase; GPAT1, glycerol-3-phosphate acyltransferase 1; C/EBPa, CCAAT/
enhancer-binding protein a; PPARo, peroxisome proliferator-activated receptor o
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23t} B3k FAS, GPATI, HMGCR 5 A& A §HA
chalz) o] ke gko] 7hAEk Whd, LDLR whje] uhe
| st 3 FY2HE, $4AZ, LDL-CY &
HDL-C9] F%+ %7183 th(Peng et al.,
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FHZHE TR AAslon, AT B 10% Has)
A THChou et al., 2012). A NAl AFRL] 10%0]] lF3h=
Fol FordE 36¥ T FoIsiS wl, SREBP2%
LDLR®] ©d wd o] Frletion, o8 i g%
ZY 2H =, LDL-CY F=7} 7+4 8% tHRideout et al.,
2007).

Abehe]l ZHM|EZ S HepG2ol| genistein®} daidzein (100

mRNA 28 & 714351921 LDLR 3o G4s:
Z71akd . olell wEt HepG2 Al Yo Zd|2=HE0] 7+
43+ tH(Borradaile et al., 2002). HepG2 Al 50| 7} %)
(200 pM)S =23k A3}, LDLRO] S = Z7tslon,
SAEY I oz MR SREBP29Y| ]3] = Al
U 8 2HE 2 LDLR A4S 743 chBursill et al.,
2001). A EZEFA FZall polyphenol (0.1, 0.2, 0.4
mg/mL)S HepG2 Al EFol 24417+ 59t A g|std S u,
Z}z7ko] FEO|A B HepG2 ME W SAAAF} g2
HEo0] 7143l th(Lee et al. 2013). Rupin peptide (2.5
mg/mL)S 48A17F F9F HepG2 Ao A 2&AS o,
SREBP2, HMGCR, LDLRS] mRNA @& o] 75392
™ HMGCR @ 2o S =E= 7402 22 Q)
LDL-C®] & nx7IA 2 Z718F tH(Lammi et al.,
2014). )43 LDLRS] mRNA % whiz w&gko thok
g HA AE A B 71 oAl os) 2EE, Ve
d 2415 F3 LDLR &8l E5 ZezEHE 2 &
ARG MAA T, FFH o2 ATAAAS 3y g

LRP6

LRP6= LDLR +&A| o] T4 U S = LRP5%} §H| vi
T 55 728} 71sS 2 9l Wnt 3 LDLR 2
gol F5HQl wgAo]th(Mi & Johnson, 2005). LRP6
A 9] domaine Al7HA] o2 olFA E=H, 1)
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LDLR type A repeats, 2) EGF-like domain, 3) YWTD-
type B-propeller®]t}. LDLR¥ VLDLRS 3 7ll9] 27t=
A% SHZEE 2L Qo] Aduid A Holx|v
LRP6= 371¢] 7= AF Fe2E F2E 7 3o
Wnt, DKK1, A&t @z 24zt Agke 5= Qlvk. Wat7} Al
Fo] FHFEA Frizzled (Fzd), 28] 35584 LRP6
o} AgstH, LRP6°] A4 W 3] casein kinase 1
(CK1)3# glycogen synthase kinase 3B (GSK3p)oll <] <l
2bslEh o]# gk 28-S dishevelled segment polarity
protein 1 (Dvll) T A3} AXIN E3Hdo] 43S Fx3)
3 B-catenine SHHSAIZITE H o2 o] 53t B-catenine
ZAAFIAL T cell factor (TCF)/lymphoid enhancer factor
(LEF)$} AgtetA =] Aapaor A7 9 ahdol ofst
= 98 FHAES] $dHS AFSTH(Niehrs & Shen,
2010).

LRP62] EGF domain®]l 312} ¥ole] o] 7]5<&7d]
WA IAEF, S, IS, L8, AgaAE
3 5o o] EZIEHMani et al., 2007). LRP6y, . =
WA 248 A9 dF LDL-C 371 60%
SAAAL A 3 7HE SHRleH, 357
ol A F7ket] A71HegE A, 5
, AN T 7 Ak I Eo] Bk U1
TH(Tomaszewski et al., 2009). ©]*H LRP69} thFgt 2
Wate] Aa/do] HalsE= A1 LRPO7F A WA 4
Vs HAFE 279
EYHoZ LDL-CY &5
xAste=d], EAWHolol o5 LRP69] 7|50] &4 75
LRP69} LDL-C®] A2 A sA Aste™ &5 LDL-C
o] FA= AFdaS AT F AtHLiu et al, 2012).
TS LRP67} oA Z &4¥ djA M E M= LDL-
Col &7} Solx th(Liu et al,, 2008). LRP62] 7]50] &
FE rhe2e] A9 dF SHAAE, FEWSHE, LDL-C
o] FA7F Feom Aol WA o]= LRP67}
445 Wl Spl-AKT-mTOR-SREBP1/22] 7] o] Z31
o] de novo lipogenesis7”t S 7Fe ZAFo]thGo et al.,
2014). LRP67} BIY=-&4 AWz Zgte] Whate A
o] ATh= AT A e YR Yed AR T2
9] HepG2 Al 0| LRP6Z shRNAE ©|-&3}o] o953k
A, LIRS AT A5 AJAAER] protein
kinase ¢ o/p (PKCo/p), transforming growth factor Bl
(TGFBI1), ras homolog gene family member A (RhoA),
rho associated coiled-coil containing protein kinase 2
(ROCK2) =g dhgFo] Z718t9l 2™, LRP67F 2HA1 |
LRP6™~ m}-$-29] 7holM &= mE7kx 2 PKCo/p, TGFpI,
RhoA, ROCK2 & & go] F7hste] LRP67}F HI Y=L
<4 AN AR FHAA AeS gl
(Wang et al., 2015). LRP6= #4452 Saw A4

3 BgH 9US 32

LRP6= LDLR} 3HA 32
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7} EAst=H], LRP67F 4 =H AP LA X
Z+od 3l transcription factor 7-like 2 (TCF7L2)<]
aete] FHH e o] o] A7IA W o= <ls)
ol $ho] WY 314 E UH(Srivastava et al., 2015).
st A 7154 220l A AF g ol Fost=
LRP6Z 43}y By EQom, LRP67} ZdHd ujz}
e &3+ Table 200 BElstict. A7 o] HejE7]
o)A FZ3F 6-ginerol (15 pg/mL)yS 3T3-L1 AEFA| £
o] E3l3g 717§t A skS w, B-catening A3}
Al71= DvI2¢} LRP6S] mRNAS} ©Thld kel ko) Z7h=
&3l Wnt/B-catenin 7] o] &4stE= AL IS
olZ sl AWEste] #Host= PPARye C/EBPu?
mRNAS} T Yol T o|EF 02 THAST
w3 A a2l FAS B ACCE] T o] w% oF
o7 Zhadte] Aol A HATHLI & Zhou,
2015). & (scutellaria baicalensis)ol] EA3l= A SR
0] =21 baicalin (200 pM)= 3T3-L1 AW -FA 2] #
s34 5k A2sleS wl, Dvl2, DvI3, LRP62] mRNA
rE 3 Z7HE 538 Wnt/B-catenin 21 & 7] 0] S EE
AL FQlstlal o] 2 18| PPARy, C/EBPq, fatty acid
binding protein 4 (FABP4), lipoprotein lipase (LPL)<]
mRNASE T2 3 o] Zhaw o] At S 7o) A
3 tH(Lee et al., 2010). 1| FZ=E(oryza sativa)ys P
229 Fgol A FE gk C3HI0TI2 ZHFE 71 2Tl 40
ng/mL F=2 %2]5t%1-S u LRP6, Fzd2] mRNA H& 3
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A 71543 EZ (Functional Ingredientsye -85t LDL 8412} 283 Ad3d WA 5

o] Z7tstem, o] <3| PPARy, C/EBPS, C/EBPa<]
mRNA & Zo] 7HAEJTHKim et al., 2016). HS E7
Z(trifolium pratense)®l] =4 3H= coumestrol LRP6S] &
Wz W 23l Wnt/B-catenin pathway A& 7] #o s}
= T s SAYS FUMF O o] <3l PPARy,
C/EBPa, FAS, AP29] T d W 7haw o] A4 o
2 AEHS JAAZ T(Jang et al, 2016). FL 3} A2
of o] gfxo] AdE AEAISFITS] delphinidin (100
uM)S A A A E 3T3-L1o 2447 &<t A8 &S
o}, Wntl, Wntl0b, Fzd2, LRP62] mRNA & o] Z7}
somn, o]& olsf AWM E] Ealayg 7)o #ost
£ PPARy, C/EBPo, C/EBPP2] mRNA 2& Fo] 7HAx o]
A upE=2 S oA A Z thRahman et al., 2016). 313l )
S} fucosylated chondroitin sulfate (200 pg/mL)E A%
A 3T3-L1e]l #3717 &<t A2 stae o Fzde}
LRP62] mRNA &l #Fo] ZF7lstaiom, 22 Qlal A
slzpgell #edsk= PPARy®} C/EBPa2] mRNAS} Thalz
Wy o] ghaste] Ate] A o] ZEUTHXu et
al, 2015). E8tR o= & FHF< isorhamnetin (50
uM)S A A A E 3T3-L1o 2447 FeF A& 9S
o] LRP6S} Fzd1/4/6/7¢] mRNA & #o] 7+astdar, n}
Z7FA 2 PPARy 2 C/EBPa2] mRNA & #-e 714319
om, o]z <l AE W F L Zo] 74T THLee et
al., 2010). AT B 23 =0] =21 kirenol (40 uM)S AW
AFAE 3T3-L1o] 24A17F 5 2281992 wl, LRP6,

Table 2. The beneficial effects of functional ingredients on LRP6* in vivo and in vitro

Functional ingredients Species  Concentration Effects Reference
Wnt/B-catenin pathway T
6-gingerol 3T3-L1 15 pg/mL  mRNA level of LRP6, DvI2T, PPARy, C/EBPay Li & Zhou., 2015
Protein level of LRP6, DleT, PPARYy, C/EBPa, FAS, ACCY
Wnt/p-catenin pathway T
Baicalin 3T3-L1 200 uM mRNA level of LRP6, DVl2/3T, PPARYy, C/EBPa, FABP4, LPLY Lee et al., 2010

Protein level of PPARy, C/EBPa, FABP4, LPLY

Black rice extracts C3H10T1/2 40 pg/mL

mRNA level of LRP6, FzdT, PPARy, C/EBPS, C/EBPo, FAS)  Kim et al., 2016
Lipid accumulationd, Wnt/B-catenin pathway T

Protein level of LRP6T, PPARy, C/EBPa, FAS, AP2{

Lipid droplet accumulation

mRNA level of Wnt1/10b, Fzd2, LRP6-, PPARY, C/EBP(x/BxL
Lipid droplet accumulationy, Wnt/p-catenin pathway T
mRNA level of LRP6, Fzdt

Protein level of PPARy, CEBPa, SREBPI, FASY

Jang et al., 2016

Rahmanetal., 2016

Xu et al., 2015

Intracellular cholesterold

mRNA level of LRP6, Fzd1/4/6/7, PPARY, CEBPoy

Lee et al., 2010

Lipid accumulationd

mRNA level of LRP6, DvI2, B-catenin, Cyclin dit, PPARYy,

Kim et al., 2014

CEBPa, SREBPI, FAS, ACCY
Lipid accumulationd, Wnt/B-catenin pathwayT

Coumestrol 3T3-L1 40 uM
Delphinidin 3T3-L1 100 uM
Fucosylated chondroitin

sulfate 3T3-L1 200 pg/mL
Isorhamnetin 3T3-L1 50 uM
Kirenol 3T3-L1 40 uM
Platycodin D 3T3-L1 10 pM

mRNA level of Lrp6<s, DvI2T

Lee etal., 2011

Protein level of DvI2T, AXIN, PPARy, C/EBPa, FABP4d

*LRP6, low density lipoprotein receptor-related protein 6; DvI2/3, segment polarity protein dishevelled homolog 2/3; PPARY, peroxisome proliferator-
activated receptor y; C/EBPa/B, CCAAT/enhancer-binding protein a/f; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; FABP4, fatty acid
binding protein 4; LPL, lipoprotein lipase; AP2, adipocyte protein 2; Fzd 2, frizzled 2; SREBP1/2, sterol responsive element binding protein 1/2
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Dvl2, B-catenin, Cyclin d12] mRNA & o] T= <
=xoz Z}elglon, o] <3| PPARy 2 C/EBPu
mRNA Z& o] FE o|EH o2 hAago N A=
Aol AAEAHKim et al, 2014). =2}X|(platycodon
grandifloras)?l| A $%3%t platycodin D (10 uM)E A=
TAIE 3T3-L1o] #3t78 717F 5 A 2sisls o, B-
catenin®] £ & FZdl= AXING] ©h A wkd o] 7ha
gk BHA, B-catening HE3HA7]1= DvI2®] mRNAS} il
2 o] S7hskArh. Wb Wnt/B-catenin 415717 0]
g3l elon o]& <ls] PPARy, C/EBPu, FABP4¢] &
W o] faste] ANEAE AT 2
LRP6S] mRNA 372 W37 flAth(Lee et al., 2011).
olxd A 7154 EFEC] LRP6S] E o #Hofsin o]
A A 2dol| 71t Al

VLDLR

VLDLR-> LDLR ¥ LRP13} 7 ApoEE 33k At
NAg A28t 53t 8 F8Aoth. VLDLRS A

2, ZAZ, A%, BAERS 22 T YIjAx
=7 S A2 LDLR L& Fo] =& 7hA| FojA
WH 5 x] F=THPoirier et al., 2008). XA o F
VLDLR3} 50%9] ‘5792 ZH= LRP8 (ApoER2)E =2
>, A4, "t 5ol @& B th(Frank-Kamenetsky et al.,
2008). VLDLR> = 2+ £]9] ZZ| oA Fdx]do] FH
Sk A o] tiALE -3, L FFE LDLRY wl§-
&AFSItE VLDLRS LDLRI = €] MX Y2 fdd
VLDL-Col| ¢]3F uj=u) zt&o] whgslx] ke E4o] 3l
o, PPARyel 9&ll ZHH2 o7 VLDL-C §3x 23lo]
24 ¥ tHGraham et al., 2007). W&FA, PPARyS] 2H&-A]91
pioglitazone-e "2 A-F-AEQ] 3T3-Lio| AT H5
VLDLR mRNA®} @iz e] wao] w7 Z7igct E

S .

mh--2o Al pioglitazoneS A& A5 5 SHAZE
7 Az o2 2o £315 %=1, VLDLRS
2bA| gk VLDLR ™ nR9-Zof| A= o]ejsh X2 52 ddo]
AZ ¥ %] eF9kth(Takahashi et al., 1992).

VLDLRE A} & 2453l= CM3 VLDL-CS =%
Z4% Qo] A JTe 43t} VLDLRE &2
| &e LPL vl-¢- fAKl LPLE miZiA 2 ske 44

1

o [

C

AR 3] Aaet oo wet €5 FAAEY s=7F 27
<7k VLDLR™ wh9-2=9] 34 25 34429 5%
7 A% mhe-2ell el 2508 7HE E=A Ve, CM9
7+ 7+ 430 BH(Goudriaan et al., 2004).

o]x¥8 VLDLRS FAA|Zo] F73 VLDL-C¥ CM2]
AW E4E dste] 22 279 thale] a3k oyx]

£ AlFdte= 71%5S Stk VLDLR” rhe-2% A A o] 3
agteE B stal 5 Adud 24 & wsht gl
=], ol& w29 A9 Al g Avd S HDL-
Ce] HlFo] Y =7] wWjEo|th(Yagyu et al., 2002). o}
= Hlo]#AE 53] VLDLR cDNAS vh$-20)A] F93t
749 ApoEE FF3 Adwde] % vxvF AP
(Takahashi et al., 2004). ¥&-7]°ll= FABP%} acetyl CoA
synthase (ACS)9} Tl E-0] VLDLR®] & F3F Z7}13l=t|
ol AT ¥ e T8 7 TS AURAE M A
S 2 AF3t7] W] th(Tao et al., 2010).

2EA et ohst A 7154 &A1& VLDLR
S 2dste] AAGPIE S MAsE AoE AN,
VLDLR ZZ9l| o]t A A1 7| & 3= Table 39 A2
SHATH mh-2ell 135:7F A2 o]e} SR FEE
(panax ginseng)S 1357+ 10 gkg 32 Fos A 7¢
o]A] VLDLR] mRNA Z& o] 7+As3th o] = <3|
ANz, AT 7t & AWFe] FoH o2 st

Table 3. The beneficial effects of functional ingredients on VLDLR® in vivo and in vitro

Functional ingredient Species Concentration

Effects Reference

Alfalfa saponin extract Hy-line brown hens 120 mg/kg
3%, 5%, 7%

Cholesterol in egg yolkd
mRNA level of VLDLRY

Body weight!, epididymal fat{,, plasma TCY
Protein level of VLDLR, ANGPTL4, ApoB48/1 00T

mRNA level of VLDLR, cytochrome P450 SCC,
Body weight, weight gain, total fat{, serum TC, LDL-C,

mRNA level of VLDLR{
mRNA level of VLDLR, LPLY

Zhou et al., 2014

Liu et al., 2012

Shimoda et al., 2009

Song et al., 2012

Gudbrandsen et al., 2006

mRNA level of ApoB, VLDLR, cytochrome P450 SCCTShimoda et al., 2009

Chitosan SD rats .
chitosan
. Serum cholesterold
Cistanche tubulosa DDY mice 400 mg/ke
extract HMGCR?
Korean red ginseng .
extract C57BL/6J mice 10 g/kg
Soya protein Zucker rats 6.7% Plasma TG
Cistanche tubulosa
extract HepG2 30 pg/mL

*VLDLR, very low density lipoprotein receptor; TC, total cholesterol; ANGPTL4, angiopoietin-like 4; ApoB48/100, apolipoproteinB 48/100; HMGCR,
3-hydroxy-3-methylglutaryl-CoA reductase; LDL-C, low density lipoprotein cholesterol; LPL, lipoprotein lipase
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(Song et al., 2012). EolA A7 A2] (medicago sativa)ell
Al FZ3 AFEU(120 mgkg bw)S 778 FoF T3 4
Pl E4)5H= VLDLRE mRNA & ko] 7H43A
3L o2 )| o] FH|2EE F4 Fo] A THZhou
et al., 2014). A=ol|A T A (fabaceae)S AlE FEHF
o] 6.7%4 127 &< Fogk A3}, 7HA1 €] VLDLRE]
mRNA 3l go] FojEnh. 2 A3 xwko] 748kl
3 87 F/4A 4] S7FsHtHGudbrandsen et al., 2006).
uhg-2~of] AFERIAF BE]FEE(400 mygkg bw.)S 1447
Folgk A3 7hollA VLDLR®| mRNA W& o] F71slaL
olg2 Q3] dF FYXLHE T=E 745 tH(Shimoda
et al,, 2009). A% FHe] F|”oA AL T EARS H o
A A8 FEHEF 3%, 5%, %% 16577 F93 A3t &
Z 2] VLDLR, ANGPTL42] whid k& o] Z7}35l
T} o] 2 QI8 AFo] fFeH R Hrsaer 5 29
ZHE & 3 7489 tH(Liu et al., 2012). HepG2 Al
EFo AlERIA BE]FEE (30 pg/mL)S 244 7F Foi gk
Z3} VLDLR, ApoB2] mRNA & #Fo] 27} th(Shi-
moda et al.,, 2009). °]H Y 2]FNA {3 At 7F

/\é %;ﬂo] 270 Eo]x% ©Z VLDLR a]’?ﬂ% }_;(4 o]—OE] ;q
A YL 2A Obi‘:]' E_O] x]l:ﬂ— _7,\_1}01]/\1 VLDLR°]

aagoz AAY FHS AT 5 JoH, 7
A2 A VLDLRE Z7MA A 3 1AL 7 }‘}iv}

LRP1
LRPI (a2- macroglobulin receptor == CD91C.2 A& F)
° zﬂLHOM FH S wE s = aFlA e 7kt oo
HA A HPE} LRP1Z iAoz Avgh k= 2

3‘ TE TES 7R 9lo] 4070 o el Eit=et A
e 4 gtk LRP1S 7oA CM Z-h&E A A, ollA
7ro g2 o] XFo| olF& FHT Wt ofe} 71, I,
WA E FolM ApoES e A de] 45 =4
3tHGo & Mani, 2012). LRP1-S HE3F ujolr} wra-éle
717k Eetell de] W §4 HEE 98 T3 9T

|r1

F

283} LDL =8AlZHk}) 283 2@ A

~

A= ApoE®] JJr‘:'L
& *l3t, HDL- C°l 7% o] st FH7dst
W o] kAo o3t ‘3_1 3S S7MA1F tH(Basford et al.,
2011). th2 FES o83 A= LRPIS E&43}
A7 oA dF 3 w7 skEo] W Eo] FUlehe A
o2 Y HGordts et al., 2009). iaﬂ*ﬁﬂi CIgAS
9= LRP1S AW <o #ojsl=d], LRP17
A= ALte] 47 Ao 2 Qs d5 fAW
o Hx 2 7ho)re] o] Z7}3thTerrand et al,
2009). Z=EtE-S x| gt wlp-2o| A= SREBP2 &35
&3l LRP13} LDLRE] 2dS ZXIAA T st ojgh
A g o] &= A TtHMoon et al., 2011).

2EoA st A 7154 &A7F LRP1S 2H3te
202 ga g on, LRPIo] 28| wet Yehs F7t
Al BFHEL Table 49 FE 3T A=A 6+ 7+ &
ETFRE AR Tl FHZHE A, 57 2 oy
A tiakel AE AFE AYsiAT AT A 1] Fd|
2HE 342 xdshk= LRP1Z LDLRY mRNA 23 &%
o] F7igt whH AA AFPAH S XHs= SREBP2
HMGCR, SCDI1, FASE 7F43&lgith. olo) wat E5 &4
A4, FE A H4astal HDL-C= S 7Fskainh. B9t
oY E} ADIPOQ, UCP1, PPARe, CPT1%¢] F7tste] 7]
2 2bstE o] F7Fsl A tHKim et al, 2014). ApoEE A| 7]
S ApoE” PI9-Z=ollA] Atol Al 2457 Fos At ¥
= $4A4, LDL-Co =& zji—éswr HDL-CS] F=&
Z7V8FA AL, LRP1 f-37be] 7ol Frhebsich gt o
7 HEZ A EAME LRP1S T HS F7MAA HE

rz 40 o

5 W
A s ZtHMa et al, 2011). 23YFEE
(ginkgo biloba)> 7+o] S| ZEE S JAlste] 7+ W
FYZEHE FAE F4eA7H HDL-CO 7155 MAAA

A

Table 4. The beneficial effects of functional ingredients on LRP1" in vivo and in vitro

Functional ingredinet Species Concentration Effects Reference
. . Serum TC, TG, LDL-CY
/- 0 s
Capsaicin ApoE™ mice 0.01% MRNA level of LRP1T Maet al., 2011
Fermentation of Serum TG, FFAJ, HDL-C-mRNA level of LDLR, LRP1,
meﬂk entation Ot S0y gy rats 10% ADIPOQ, UCP, PPARq, CPT17T Kim et al., 2014
mRNA level of SREBP1/2, HMGCR, FAS, SCD1{

. Vascular smooth Intracellular lipid dropletd
Capsaicin muscle cell 1 nM/L mRNA level of LRP1T Ma etal., 2011
Ginkgo biloba HepG2 200 g/mL Intracellular TCY, cholesterol influxJ Xie et al., 2009

mRNA level of LRP1, HMGCRY, ABCA1™T

*LRP1, low density lipoprotein receptor-related protein 1; TC, total cholesterol; TG, triglyceride; LDL-C, low density lipoprotein cholesterol; FFA, free
fatty acid; HDL-C, high density lipoprotein cholesterol; LDLR, low density lipoprotein receptor; ADIPOQ, adiponectin; UCP, uncoupling protein;
PPARGo, peroxisome proliferator-activated receptor a; CPT1, carnitine palmitoyltransferase 1; SREBP1/2, sterol responsive element binding protein 1/2;
HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; FAS, fatty acid synthase; SCDI1, stearoyl CoA desaturase 1; ABCA1, ATP-binding cassette

transporter



8 AR% - 7gAl
CH(Xie et al, 2009). Wt HA 7154 Ao 93
LRPI ZZo] 5 Zu2dHE % SAAXNZAE 74 A 4

A
=
FH ot o PAAYFL ANT & Urh

LRP5
LRP59] &% LRP6} -9~ FAFSHH Wnt/B-catenin
As 7170 FA st HolXE LRP69F A3 AR S
ZH=Th LRPS= 2=, Wo F7)siel o] glom,
LRP59] 7]50] & 3% ZThesol A gtk (Narumi
et al,, 2010). ©]¢} ¥IHE LRP59] #&ddo] =2 A4
Z0 57} A5FATHCui et al, 2011). =3+ LRPSE 97
sl WRle] FEs) 9 Asle 7dshs AoE dEA ATk
(O’Brien et al., 1995). ApoEE 2}A| g ApoE™~ m}-9-229]
A & ZEEF 42%7F AgelA =™, 02%E o=
HE2 2% IX 2olE F43S Aol LRPSS]| &3
Zgol Z71EIth Su|FAE IAW 2o]E Fofg ApoE”
nhg-2eof| A A 3lskE EEke] o] F71sk WA ApoE
o} LRP5E Ao A AT FEAAE A3 sld HHo
HEHA ¢kt thRajamannan, 2011). ]9} f+AFsHAl LDLR
< A|AT LDLR™ wh-29] 7% ARk 2o] 7ot 3L
A o] 2F EFo|A LRP5S wd o] 73t
(Awan et al, 2011). E=3F LRP5S" vl$-2oM= 7o 2 &
FEE CM o Eo] gaglon, 5 FY2H o] A
st ol e Fulol] Ao} AYZ thFujino et al., 2003). &}
A%k LRP59}F 2t PA] e = A3 sle) Ak
Fed 71d ] g AT oFF] ulH| g A ol
2 EAA FH 7154 EZo] LRPSE Zdsle] A2
e MANZ T A7 JE e, F4 7]
4 Edol 93 LRP5 2H G 3= Table 59 FA o=
Akt oAl FE3F epigallocatechin (200 M)
A A A QD 3T3-L1 Al EFo] 847 A2 S o,
LRP52] mRNA @& o] Fristlon oo ule} g-
catenin®] T W o] Fr1sitt. ol g A vl ujet
AGA 3 Fslabg 27 #o3t= PPARy ¥ C/EBPa®]
A gro] sk ol wet Al W AW &
Zo]EStHLee et al, 2013). 347 (acaudina

49

S .

molpadioides)S 3T3-L1 A9 847} 200 pg/mL 5=
2 X239S wl, LRP52] mRNA && #Fo| F7lst9 o
WS B-catenin®] mRNAS} Teld & o] F7stSt).
o|2 Q3 &3tg Z7]oll #dst= PPARy$} C/EBPa]
mRNA Z& o] 7HAatqint, gk XA 4 o Hef st
£ ZAe1AFe] SREBP1S] mRNASF whadd ke 2k ra)
FA3199 2™, GPAT13} FASS] mRNA & &2 7h43}
colell wep Al o A FAEe] A F
A 2t F7HE o7 At vk 135
mg/kg FEZ FoI8l3lS W LRP5S] mRNA 2& o
stlom, ofo wet w2 ol FSkA Fel 60%
QAL A7 ) A ko] 50% HAsiRon,
ST 40% 7HAFATHXu et al., 2014).
7152 Aol 2lsl LRP57F A= o] A
o] H=d FF o] A Hth= ARt HuEI 9o

o]t LRP5 Z&o| o] XA =S oq}

oo
ox 32 ¢

N
-~

¢

—

N
~
B>
ol
-
>‘O

4 =

ZHUEEE] AE W o]FS tiF-E LDL &A1 ¢
TEAE B3l o|FA 7] Wil oo} AHE Art B
AatA R =AU 2 A3 LDL 58A 7 28 E0]
AR Shs} A HAA A S-S o istar X F5 5ol o] wi§-
8% FAolge Aol BT AAAF R THE
EF2 AMES ARG e A FAA S s #Alo]

A <

LRP6= S| ZHIE A, SR E AEA,
3 5 ook Ay
[e]

Table 5. The beneficial effects of functional ingredients on LRP5* in vivo and in vitro

funcﬂ{mal Species  Concentration Effects Reference
ingredient
Acaudina C57BL/6] Subcutaneous fat, perirenal fat, eididymat fat{
molpadioides  mice 80 mg/kg mRNA level of LRP5T Xuetal, 2014
Acaudina Intracellular lipid droplet, TGY
molpadioid 3T3-L1 200 pg/mL mRNA level of LRP5, p-cateninT, PPARy, C/EBPa, SREBP1, GPAT1, FASY Xu et al., 2014
olpadioldes Protein level of B-catenin®T, SREBP14
. . Intracellular lipid dropletd
Epigalloatechin 3T3-L1 200 uM mRNA level of LRP5, DvI2/3-Protein level of p-cateninT, PPARy, C/EBPay Leeetal, 2013

“LRP3, low density lipoprotein receptor-related protein 5; TG, triglyceride; PPARy, peroxisome proliferator-activated receptor y; C/EBPa, CCAAT/
enhancer-binding protein o; SREBP1, sterol responsive element binding protein 1; GPAT1, glycerol-3-phosphate acyltransferase 1; FAS, fatty acid

synthase; DvI2/3, segment polarity protein dishevelled homolog 2/3
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