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Medium-chain fatty acid enriched-diacylglycerol (MCE-DAG) accelerated
cholesterol uptake and synthesis without impact on intracellular
cholesterol level in HepG2
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Abstract The effects of medium-chain enriched diacylglycerol (MCE-DAG) oil on hepatic cholesterol homeostasis were
investigated. HepG2 hepatocytes were treated with either 0.5, 1.0, or 1.5 ug/mL of MCE-DAG for 48 h. There was no
evidence of cytotoxicity by MCE-DAG up to 1.5 pg/mL. The level of proteins for cholesterol uptake including CLATHRIN
and LDL receptor increased by MCE-DAG in a dose-dependent manner (p<0.05). Furthermore, proprotein convertase
subtilisin/kexin type 9, an inhibitor of LDLR, was dose-dependently diminished (p<0.05), indicating cholesterol clearance
raised. MCE-DAG significantly increased 3-hydroxy-3-methylglutaryl-coenzyme A reductase and acetyl-CoA
acetyltransferase2 (p<0.05), required for cholesterol synthesis, and their transcriptional regulator sterol regulatory element-
binding protein2 (p<0.05). These findings suggest that given conditions of prolonged sterol fasting in the current study
activated both hepatic cholesterol synthesis and clearance by MCE-DAG. However, total intracellular level of cholesterol
was not altered by MCE-DAG. Taken together, MCE-DAG has the potential to prevent hypercholesterolemia by increasing
hepatic cholesterol uptake without affecting intracellular cholesterol level.
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A& tHHan 5, 2003; Liberato 5, 2012). B3+ T2 4218 4
AN A=A FHARAE FAZ A8 7 Ad 2 Y=
o] MAEIeH 7+ W FEANAY FHZEHE TiFo] i
3 th(Sung &, 2018).

tjoldZ] A S (diacylglycerol, DAG)S F 72 AHksto
HE2 Ao FTAE 4= de F2o A%S
th. DAGE HI7FE A&-fAlolle 2 o] vl Al o]
FAFANA FEAZ Y AREEI ok EfordZEAl
(triacylglycerol, TAGYS AJolx|ollA 7 glufolAlo] 2J3)] F
Mol FrelA Wik (free fatty acid)Z} 2-monoacylglycerol (MAG)Z
7heslE & AWE FEo] TAGE AP Wi 13-
DAGE I-MAGE 7FrEdl o] AHER FEet, 578
I-MAGE= TAGE A=A ¢d=TthLlo &, 2008; Yasukawa¥}
Yasunaga, 2001). ©]213} o] o E 28] 13-DAGS AFE A%
5 F4AA F5s AAlst] AEAAAES Asta, @
ERA A5 o) PR AP Z(dyslipidemia) 7140 =28 &
Aok BRI EKTada 5, 2001; Tada 5, 2005).

B A7HE A8 A7l MCE-DAG (@IAWAr 733} tio}
AFYM St vl WA B (white adipose tissue) T3S &
8o A A W(brown adipose tissue)2] & A (non-shivering
thermogenesisys S7MA AR FHES JASHASS HiLs%
THKim &, 2017). ©]$} H&o], d¥se] 5 S84, &
Z¥&HE, LDL S &EEo| ashe 5 AAAbe] 7o)
A=A AT SiFATollAl MCE-DAGe <3t 7ke] e
ZHE 3/ (homeostasis) =8 % FH ARV FHEA
ottt wEbd, B Aol A MCE-DAGe] 93t 1WA U 29
ZHE P F5E B8R e, ol S Fd2HE P
doll vlA= FEFS FHEIA
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MCE-DAG M=

MCE-DAG®] AzZZ 9] 7F=2H3-(MSM Milling, Manildra,
Australia)®} S| A]W4HKo Gook Trading, Seoul, Korea)2 ¢
Atk 7hRsEHE TAG 96.80%, DAG 2.73%, MAG 0%, 2]
ZAAE 047%0.2 FAAE] o, XHMAE 248 oleic acid
(C18:1) 60%, linoleic acid (C18:2) 22%, linolenic acid (C18:3)
8%, palmitic acid (C16:0) 5%, stearic acid (C18:0) 2%=Z XA
o ATt FHAA WA caprylic acid (C8:0) 55%%} capric acid
(C10:0) 45%% FA=S AAT 7h=k-5 7IeRssle] 85
o FEAEH SHAAGLLE dzdHE2sEt] A8 FAE A
Akslgion, HEAog B Ao AM-3 MCE-DAGE 1,3-DAG
55%, 12-DAG 25% % TAG 20%=Z A== 31

M= ik % MCE-DAG X{2|

AZF FEl W] HepG2e $H=iAI 25238 (Korean Cell Line
Bank, Seoul, Korea)ollA] 3 A3t} Minimum essential
medium (MEM, Welgene, Gyeongsan, Korea)] 10% fetal bovine
serum (FBS), penicillin 50 units/mL, streptomycin 100 pg/mL
(Welgene)Z 713+ Al Zujgdol 37°C, 5% CO, AR wj%¥
stk AME7E 70-80% H= AW 0.25% trypsin-EDTA (Wel-
gene)= 2-3e]l ¥ ¥ Althul it X-8-44%] MCE-DAG=
oehEe] gz oH, SANELS TS BE g F ol
Be FRE 02%% A2tk MCE-DAGE F8% wjgo]

0.5, 1.0, 1.5 ug/mL (Wi)2E 48A7F A2 atdtt.

MIZZ (cytotoxicity)

MCE-DAG?] A|Z=4 55 ER1sH7] 918l 3-(4,5-dimethylth-
iazol-2-y1)-2,5-diphenyl tetra-zolium bromide (MTT, Sigma Ald-
rich, St Louis, MO, USA)E &&3t A XANES H7HE A
ot} olE Yall 5.0x10° cells/wellZ 96-well platecl] #F3F3At}.
MCE-DAG #g]7} £ § MTT solution (5 mg/mL)S Al ZH| %
Aol 20 3|4 3te] 37°C AMZEHIF7]IA 24]7F Ft wfFst
th AlZujdaE AAG T MTT S 23] g 24gA<
formazan< 100% dimethyl sulfoxide (Daejung, Siheung, Korea)
2 FF3L 540 nmollX FREE FAst] AEAE AxE &
I3k

Immunoblotting

HepG29ll phosphatase inhibitor®} protease inhibitor (Quartett,
Berlin, Germany)7} 271l RIPA bufferS ¥3 @27|E ©]&3}
o dids FEIAth FE53 9 ELS Bradford o2
A = =73}, Laemmli buffer (Bio-Rad, Hercules, CA,
USA)SF E8Hated 95°Ce] 2ol 29l F 2hds] 28] ARE-st
Ak A F=e] WAS SDS-PAGER #7|9E3k] vy
o] Ex HE EEg F polyvinylidene fluoride or polyvi-
nylidene difluoride (PVDF, Bio-Rad)®™2.Z ©]&A|Zt}. PVDFZ:
£ tris-buffered saline, 0.1% Tween 20 (TBST) £o] 5%2]
bovine albumin serum (BSA, Gendepot, TX, USA)S =<1 £
© 2 blocking®t § 12} @A WA L) o5 23} A (Bio-
Rad)E 2004 wh&A1Z1 - 54sh WgA|oF ECL (Bio-Rad)o2
il wrE S IRIETh T A o) o RS
ImageLab software (Bio-Rad)Z #1383}

CLATHRIN, sterol regulatory element-binding protein cleavage-
activating protein (SCAP), acetyl-CoA acetyltransferase2 (ACAT2),
proprotein convertase subtilisin/kexin type 9 (PCSK9), B-actin®]
A= Cell Signaling Technology (Cambridge, MA, USA)ol|A],
LDL receptor (LDLR), insulin-induced gene2 (INSIG2), 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR), sterol regula-
tory element-binding protein2 (SREBP2)2] &A= Santa Cruz
Biotechnology (Santa Cruz, CA, USA)°lA, LDL receptor
adapter proteinl (LDLRAP1) Abcam (Cambridge, UK)SIA -
yste] AMESIEE ZH Al 1:1,000 = 1:5009] HlE&= 34
3 ARSI, 7t T e] RS B-ACTING] WAHORE B
Aste] =3l
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M= W & S2HE &2 (intracellular cholesterol)

MCE-DAG”} HepG2 AIX W ZHZEHE ol mX= 9F
S A3 ol 28] 6-well platedl] 1.5x10° cells/well2
Faloith. ¥ = MCE-DAG A7F ¢ Mol 21712 DPBS
(Welgene)Z A&t 3 cell scraperg ©]8-3ll AEZE AT ©]
% 12,000 RPME. 2 A4 Eejstd olgle Al=xw sttt
E2" HE pellet> 5% NP-40 (Sigma Aldrich)yS ©]-&3l A|X
v FY2HES FEs9H & FH2HE 54 7|E(Asan
Pharmaceutical, Seoul, Korea)S ©]-83] 7]Eol] AA|E WHoz
AZ W & Zu2EE TS S8 txas vlas v
&2 T3
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SHEHN

7y Aol AsEL Had BEFAE BASL BAEA
< Prism 5 (GraphPad Software, San Diego, CA, USA) Z271
e ol8ste] LAMAZAHEA (ANOVAYS AATSI3AAL, Fisher’s
LSD H5a4E ol&st 27 2 Afele] SAA Felds A
pikel 0.05 PIRERl 7ol FAX R Folsirial &

An g
MCE-DAGO| 2|st S|AHE &=7|8(clearance)?| FZ
Zh 25, AWz FoA FEZHEY] AX W olyEE
(endocytosis)oll Z&3sh= o] FrlstH dF FHZHES
Zagtt}(Ishibashi 5, 1993; Ye 5, 2012). 7#|2 22 LDLRZ
Alzer ez 2x LDL FHZHE] A2 W o]Ys T3t
g% LDL ZY2HZ2Y 552 243 KDietschy 5, 1993;
Goldstein?} Brown, 1977). LDLRe] 7]5°] fAXoE &4 7
$ 7154 228 28285 (familial hypercholesterolemia)’} & o]
U AgdAdSe g 27 bgshs o2 UK tH(Norman 5,
1999). CLATHRINS A3 ff o]gz-8-2] 37+ EE A3t
€ Aze deidEx LDLRFEAS H3AE FA s LDL
FezeEd 2 A B4 F4E5 WAHFETHGo, 2015;
Goldstein 5, 2016). LDLRAPI-> autosomal recessive hypercho-
lesterolemia protein (ARH)EH= ©|Fo 2% d#i#] JoH, LDL-
LDLR- CLATHRIN E3A9] 125 Fgs}s}e] l=F (endosome)
7HA €] o]F& wizi gtk Mishra &, 2005). ¥HF LDLRAP1®] &
ARl 7150l olide] B4 79 % LDL FHEHESY +A
7t Z7¥ehe 5 AEAAES H5/d0] Z7FscH(Jones &, 2007).
LDLRE] 2F474d-& PCSK9ell <Jsll 2 ==ul, LDLR-PCSK9 &
FA7E F9=H LDLRS |4 (lysosome)Q 2 o] F3te] 3=
3, 2 A3 8% LDL FH&HES S/l EthBenjannet 5,
2004; Maxwell} Breslow, 2004; Park 5, 2004). ®+F PCSK92]

-
C

0 2 E4o] AEH 2 U] LDLR 34 9 whize] 3
’dol Z7ketH, FHUZHE S5 7 B3 % FHlHES
a5t Ak
7P EF HepG2E ©|-835l] MCE-DAG7F S 2HE S5
NAHRl e sk T Fe] W nX= JFS A8
. A MCE-DAG7} HepG2ell Bl Al EEAS gHolaly)

(Fig. 1A). MCE-DAGE 0.5, 1.0, 1.5 pg/mL=E A3k 3% Al
A& fFo4 wske #FHA] AUTHp=0.34). °|1& <7
ol AYdME T v A&tk MCE-DAG 2 ¥

Y 2EHE F<=¢12} CLATHRIN, LDLRAP1, LDLR, PCSK9¢]
e ke 2 v w459 ohFig. 1B). CLATHRINS MCE-
DAG 0.5, 1.0, 1.5 pg/mLell ©J3] iz thv] ¢F 116, 132, 166%
} Z718F3 tHp<0.05). LDLRS MCE-DAG 0.5, 1.0, 1.5 ug/mL
o ©J3) 122, 142, 208% F7}3tSiTh(p<0.01). LDLR inhibitor?]
PCSK9-S MCE-DAG 05, 1.0, 1.5 pg/mLoll 2J&] 30, 32, 54%
223k THp<0.001). ©]A ¥ CLATHRIN, LDLR, PCSK9°]
MCE-DAG F=2&4l 35 123l A 42 LDLRAPIS
MCE-DAG®] 2J3l WslslA] ekgitt. weps, & Aollx szke
MCE-DAG®]| ¢]$ CLATHRIN=Z} LDLR &8¢ Z7F ¥ PCSK9
o] JAl= AE U olYPES T8 LDL FY2HE] F5E
=18 Aoz dAdEn HA A3E FEAF A3 MCE-DAG
E Fog wule2A dF FE2EHE0] ooz gk A
© 2 YepgthKim E, 2017).

(EUR ]

N

MCE-DAGO 2|5t S|AHE & St

oA e SHHES 5 FEZEE $E9 °F 10%
£ 2A e 2ol2 HHAE FHEZEHEET AHAA TS
2 AdaAge] X5 gl "t FE&HE F42 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR)ZFE %240 £=x4
A (rate limiting enzyme)oll 9]3l] W=t} HMGCR2 &
Ab 7179 AHA GAR HMG CoAS WEEitoz A3hA)7]
£ Z1] g0tk Burg®}t Espenshade, 2011). ©] 4F 433
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Fig. 1 Effects of MCE-DAG on hepatic cholesterol uptake in HepG2 cells. Data expressed as the meantstandard error. The cytotoxicity
of MCE-DAG on in HepG2 cell line (A) and the expression of proteins involved in hepatic cholesterol uptake in HepG2 (B). The letters indicate
the statistically significant difference between groups with a different letter, analyzed by Fisher’s LSD multiple comparisons at p<0.05.
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3.0
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0.0

il | IS

[J MCE-DAG 0[] MCE-DAG 0.5 MCE-DAG 1 MCE-DAG 1.5
b

HMGCR ACAT2

Fig. 2 Effects of MCE-DAG on hepatic cholesterol synthesis in hepatocytes. Data expressed as the meantstandard error. The letters indicate
the statistically significant difference between groups with a different letter, analyzed by Fisher’s LSD multiple comparisons at p<0.05.

25
MCE-DAG (ug/mL) ] MCE-DAG 0[] MCE-DAG 05[] MCE-DAG 1Bl MCE-DAG 15
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[7]
SCAP _A_A_-l E’ 1.5F b
INSIG2 [ s o B
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0.0
SCAP INSIG2 SREBP2

Fig. 3 Effects of MCE-DAG on the regulators for hepatic cholesterol homeostasis. Data expressed as the mean+standard error. The letters
indicate the statistically significant difference between groups with a different letter, analyzed by Fisher’s LSD multiple comparisons at p<0.05.

A X 8AQ Statin®] 2E TAE 2 dEiA Jon oA A
g% LDL SH=HES 2442412 5 Ak(Stancu®} Sima, 2001).
S E Z9 2Bl S (free cholesterol)> ACAT20 oJaf X|ukala)l &
Y2E|E of|2<E(cholesteryl ester)S A5t el ez uj
Z57Y bl & Hr.

MCE-DAGe] 2|3t HepG2e] Fd|ZH|E 3437179 Wale
Fig. 20 AA=Atk. HMGCRE MCE-DAG #& Al 0.5, 1.0,
1.5 pg/mLolA ZHzh 144, 157, 154% 27182 THp<0.05). ACAT2
£ MCE-DAGE A3t ZE 2FollA iz div] oF 133, 172,
216% FE=IEE Z718 JERIATH(p<0.05). ©|21gt 3= MCE-
DAGe] 93l 7k W FEZEHE o] FIES HoET) vy
25 o] &3t AolA= ZARIAL SREBP2E '8 (over-expres-
sion)gtol] wel ZHAHE Ao IHE T4AE9 mRNAYE 5
7Feliet, 2 % 7P & 7k 23 Zlo] HMGCRE HiH
AthHorton 5, 1998). WA MCE-DAG #E]d] w2 HMGCR
e Z71e} SREBP29] S Eish] {8 o 48S ¥
ReA=g

MCE-DAGO] 2|st SAHE Saty =H

F2HE §520AF LDLRZ FE2HE F4920% HMGCR
o] Wy gl @2 w5 HdARRIAF SREBP2 oJaf xdEEth
(Horton 5, 2002; Horton 5, 2003). SREBP2E 423 A 2o A
INSIG-SCAPS} 5512 FAs) Alx W FH=elE v W
3IE ARG Al U FY2HE st wold 73 SCAP
< SREBPE AXAA FAAR ol FAI7|LL, HIAS AFHe]
SREBP (~125 kDay= T2 #3824 S1Pz S2Pel oJ3) 14
© 2 Htk(cleavage)d tHLoewens} Levine, 2002; Sakai %, 1997;
Yang 5, 2002). 2717} Zo}xl &% (mature) SREBP (~68 kDa)
& 8 Qto 2 o]Fsled HARIAEA] DNAS] SREBP responsive
element (SRE)Y| A slal, o] Fe2HE §5 ¢ 4 &

oJk= LDLR®} HMGCR 5¢] f42 4S8 S3IAZItH(DeBose-
Boyd %, 1999; Nohturfft %, 2000). SREBP2 &43}= HMG-
CoA synthase (HMGCS)2} HMGCRS 413t A3 FA]ol
LDLRY @¥E = 7+ f FY2HES 7% FFAUY
(Horton &, 2002).

2 AFexe= MCE-DAGe 93t S ZEE tiAl Wste] 4
9] z4d91x}¢] INSIG SCAP, SREBP2¢] W3ls =Alsl9]thFig.
3). 2 A3z €43 SREBP2E MCE-DAG 0.5, 1.0, 1.5 ug/mL
A2l Al 141, 145, 159% 7V F=E4 S7HE Jepdoh
(p<0.001). SCAPS] T WL Fxof we} F7lsks A
S BPou BAA o2 UERA &%kth INSIG29] o
A g Fels wshyt e eFkth. MCE-DAGO] 2] gt
SREBP2 &7h= AL & WM& WA (post-translational modification)
oM 2Ese ZeE BIth g AT % betulin INSIG2
284 (agonist) 24 SCAP-SREBP129] ©]5 o A% AAE A
o3 & W ¥43 SREBP12E ZAAZTHTang &, 2011). T3
fatostain, xanthohumol, nelfinavir, phenanthroline, PF-429242 -5<]
EREL HY F A& S FATo2H HARIA SREBPL
g8 2d3IATHCheng 5, 2018).

2 AN gl 54490 43 ¥ shve MCE-DAGZF &
S

il

HE F49 34 B5E2 S/ Holth webd 2 Al
= ZHE U F ZH2HEY e ST 1 A 7
Z U SH2EHE S MCE-DAGO oJ&l 9as wA] ek
ThFig. 4). olgigt @il isire vt 22 7|dez My
. $41 MCE-D

AN A SHEHE &
MCE-DAG #]2]7]7} B¢t SREBP2/HMGCRS £3F Wz)2 =3
2HE FAE S/ AR o3 e Al A AL <l
Aol Aelskd B8 ADsA wkdsR] £33k A7 ok A

AGE 7HM| o4 SREBP2/LDLR=
T5 FX5T) o] & 48A17F X &H
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1.5

(ratio)

05F

Intracellular cholesterol

0.0

0 0.5 1 15

MCE-DAG (ug/mL)

Fig. 4 Intracellular total cholesterol contents on MCE-DAG. Data
expressed as the meantstandard error. The letters indicate the
statistically significant difference between groups with a different
letter, analyzed by Fisher’s LSD multiple comparisons at p<0.05.
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w2, Alge] 9 dF FYzEEe sEE 124
X FolA o= WletA] QLA 24X 7HTE A4
Hadlo] 4841710 ] Ei oF 50% HEZ 7AEtH(Langsted
, 2008). whEtA] AR QIAlQ] e e AlE A T
ARl FHzEE «1 Y A2 dASA ko, F
FHoR 3 FH2HE P A7 FAEAREEYG A
9& o =gt} o]E FukAsl= 272 SREBP2Y| 54
+ LDLR$} HMGCR®] %j_‘xﬂ AR T Eee) A
M 4Ee 2lolE Bt Holth. LDLR mRNAS]
Hli Y SH2HE 55 14 A 2ZFos g
g2] HMGCR §-A%le] Z2wEE Hr} ©S SREBP2E
Q] Wi g £x2 dde] PFE oz Yehtth
(Rong 5, 2017). webA 73Rl JFdeholr= LDLRE] 28
o2 Ax J ZFY2HE vt VRN 24EEHY 2942 <
3 SREBP29] 93 =4 A7k xpo]lE T FH| 22l
HMGCRY] & zm] W@E]Zl A Hck ol st Aolrt &
Asts BZAQ olf& A FelzHE T4 Al °F 100 ATP
7t ARnEE Al Hlsﬂ FH2HE &5 A & /1] LDL 4AF
oA <F 2,000 FZEES 3|5 4= 7] WlEo|th (Brown,
2019). WetA JA= FEAHE 24 ddd §142 2
o] IAY A 2HEZS T WFH FFo] ol 58
2ol FE=HE P4 FAE sl HMGCRe] obd LDLR
° %ﬁﬂi zﬂuq_zg nog b= =5 o|#3t yz-& Nfﬂﬂo

N
H
1

d
imN

1E o ob o BN flo off O PN o

et 2 oot gy
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HIE deficient serum2
AMEHEAE 2 FFFHR
= %"%??} %ﬂ’\Eﬂe H—’F "E]EO] gdad 7oz A7t
FTHeNEH, MCE-DAGE A gt 7 ZolA] Sl
—/F% ?a”“ 714 0] E-Cr Z7¥sldtt. ob&d Sl 7]7‘45
FAF QIAFe] W gt ZUsAT oA " FH &
394 —g"?ﬂ ol Al STt AL SHEEHE %‘T}O] A
W A AE AF Aol 71918 AR setum, I FF
g5 FolzH g0l fXEE dA A& ’\] A 714

Tl

¢

o
=

IIA gon] 5 SN S 9 Ao Bed,

o ok
S =

4 71de] BEYE st Al sHch LDLRYG 2 &
g S5 #H Axpe] wdo] MCE-DAGY s %ﬂf‘& Elil
LDLRS A|sl= PCSK99] Tde 7hAsiSic) Tl Zal~

£ 94 #¥ ARl HMGCRE| @ée] MCE- DAGoﬂ s
7Vl AL, AARRAIAQ] SREBP29] Wao] Z7felatt. oy
AREL FE2EEe PG S BAl SN ES
gl &, 7F O ZeEl2EE de ikl S| we, 7
ZY2HE T 2 F5E A S zHE IS
ek 71do] EXEJSS onlsitt siIRE 7 AE U] F
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