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Enzymatic Synthesis of Functional Oil from Rice Bran QOil and
Dietary Effects on Hepatic ACAT Activities of
High Cholesterol and High Fat Fed Mice

Song-Hyun Kim, Phuong-Lan Vu and Ki-Teak Lee'

Dept. of Food Science and Technology, Chungnam National University, Daejeon 305-764, Korea

Abstract

Monoacylglycerol (MG) and diacylglycerol (DG), as the components of enzymatically synthesized functional
oil, were produced by glycerolysis of rice bran oil and glycerol using IM60 (immobilized lipase) in a stirred—
batch reactor at 60°C for 72 hours. After glycerolysis, the contents of triacylglycerol (TG), DG and MG in
the produced functional oil were 41.71%, 46.19%, and 11.15%, respectively. The functional oil also contained
phytosterols (2.04+0.17 mg/g), r —oryzanol (1.06+0.04 mg/g) and @ —tocopherol (0.13+0.04 mg/g). In animal ex-
periment the dietary effects of functional oil on hepatic acyl-CoA :cholesterol acyltransferase (ACAT) activities
of the high cholesterol and high fat (HCHF)-fed mice were investigated. In functional oil-fed group, the liver
ACAT activity was significantly lowered than in HCHF and corn oil-fed groups (p <0.05). This results suggested
that the synthesized functional oil may have an atheroprotective effect by inhibiting ACAT activity.
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oF B SAE Ak ol M Fr3hAl o} 22 Aol oz AlE-E
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dietary DG, MG2] o &f] tigt & A9 gl Ao}
3H f43F glycerolysis M2 ©] 4% DG, MG ¥4
] Bold ¥k opv e} Al 2FAHF Y F-2H4-o] A7) o
off A E-9] 75T A& e o 33h4 A b
t} o] AA ojr}(13).

upepy B AP FAvlFRYE DG MGE
7154 FAE #AA8 L, o] 7154 219 o)3}ekA
dulf 2 SFeiet vin FAsE e, 71548 A7
I ZH 8B 3 A Aol & AHT A5 9] lipoprotein-
associated phospholipase A2(Lp-PLA2)¢} acyl-CoA: chol-
esterol acyltransferase(ACAT)9] activityol] 7] &&= <3 3&-&
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E Ao o] 45 vl f= F4]3 AL A& (Searim Co,,
Daejon, Korea)oll A A Z8 71-& Ab8-3tl o, S55
HEfe A QZY EelstE(EDAA Fskgth DG,
MG 34 ol AH8-3F IMB0 & 4= Rhizomucor miehei 25-€]
%) =3} lipase(EC 3.1.1.3)F macroporous anion exchange
resin®ll 24 347 A4 24 Novo Nordisk Biochemistry
(Danbury, USA)ellA] Fd3tgdch

Z1sd #X9 #3Y o 24

Au)fok FEAHEE 2: 1 mo)R £EFT T £ 7|9
5% swd3les BAE A/ obS 324 bl &
£ 60°C, @HH4E 300 rpm &7 2.2 72417+ 2h-gA1 A
DG, MGE ANz 4% 7154 4+ sodium sul-
fate column, 41 &8, AF #Ad5F € ALFY] AAH L
53 AAsEA 71548 7219 TG, DG ¥ MG 2494
& normal phase-HPLCE o] 43} 243t} 7154 +
A} 30 ILE 10 mL*2} hexarie® Z 3] A7) % PTFE sy-
ringe filter(25 mm, 0.2 tm, whatman, USA)& ©]& o3}
A E4717) 4] F4lsld ). 7] 718 HPLC(Yonglin SP930D,
Anyang, Korea)Z AM&-3l9l o™, 21&7] 2% evaporative
light scattering detector(ELSD;Sedex 75, Alfortvill, France)
£ AadH 22 bar, 5 40°C A 22 AHF 5 ALg3}
gt} Ae-2 Hypersil BDS CPS 5 pm(250 X 4.6 mm, Bel-
lefonte, PA, USA)S& o] 83} 2 o] B4 acetic acid(0.1%)
£ 77} 3718 hexane} methyl t-butyl etherS 7]-27]
L2z HA% H 29 1 mLE FHFU04).

6% ate] 34 of&r-& 3 mlLe} A& 100 mgS 25 mL

F%3FE4 4 heptadecanoic acid(1

22k ¥l gas chromatograph(Hewlett-Packard 6890 series,
Avondale, PA, USA)E AHg-3te] At #4& A A3t
T} 24 ol A4 fused-silica capillary column(Supelco~
waXTM—IO, 60 m>x0.25 mm X 0.25 tm film thickness, Bell-
efonte, PA, USA)S A|zbell ot} 28 3H100°C 5 min —
4°C/min — 220°C 20 min)& F¢ peak®] ¥ £8< =4
2.9, flame ionized detector(FID)& %3t 7 &3t} o]
EAS ALt AE o] 4319 1, injector?) detector € =+
747} 250°C, 260°C2 A A stodeh ==, dvlfol 7154 &
21l TG A4 W sn-2 91x)9] Ak 24 S 93l pan-
creatic lipase(extracted from hog pancreas, Sigma Chem-
ical Co., USA)E ol-&3tef 7k=¥3sh9dvh14).

Phytosterol, tocopherol®}t 7-oryzanole| &2t 3

Phytosterol &5 ¥4 X238 v| 33 4% 33
%+ ¥ GC(Yonglin, M600OD, Anyang, Korea)& ©]§-5}o 7
% 2 gk =439 ch15). Tocopherold 2] > FFE4
{a-, v-, 6 -tocopherol)& ©]43}4] external standard
curveZ FHFE SA3toch 4o Al8-8 A 8(60 mg)=
hexane 10 mLE 3|4 A7) F A4 X] A 7]7]el| F-<f st el
7171+ Chromsep Catridge LiChrosorb Diol column(5 pm
X 3x100 mm, Chrompack, Raritan, NJ, USA)e] &&=
HPLC(SP930D dual pump, UV830 detector, Yonglin, An-
vang, Korea)& ©]&3l5l.ow 4 205 nmell A 7 &34
t}. o] TA-E hexane™} acetic acidS 1000 : 1.8 &3}3}lof o]
£-3}9tH16). ¥ -Oryzanol ¥=F 3} external standard
curveE |83t ol aw] Ao AHE-R 779 AP
$19] tocopherol F#E-A A} o] -3 A3} £UI Ao
ELSDE A& 3te] 43t 7187 S A5 8842
A line(hexane with 0.1% acetic acid)3} B line(2-propanol)
+ 100:0(v: V)22 &8 F F 28, 3¢ AR 4 OB
15,100 022 HEAA o 587 7187 4815 A4
At 71&7) HAAL flow rate 1.0 mL/min 24 Au-
tochro-2000 software(Yonglin, Anyang, Korea)& ©]-£-3}

o Aojstelr},

= A

A 25 AF 655 mice(C57BL/E]) 357+2] & nor-
mal chow(powder diet) 2 1597t A-LA 7] & 5050
Vi 5 437 ad libitum o 2. AFSsh gtk AgAle] LR s
22E1°CE, Y2 1247 712 2284k Mice=5g9]
diet/day® AFS= 2, AF-E 15 4 A slgdvl
Ayl F 3 FH2HE, 3 Ao (HCHF)+ 1.25%
FH 28 &5} 15% A HH7.5% cacao butter +7.5% lard+
0.5% Na-cholate) & ZZ3AE AZ2HR L, ¥ LFEL ©]
Ao} o)) 5%2] & v f-(palmitic acid: 20.4, stearic acid: 1.9,
oleic acid: 46.6, linoleic acid: 31.4 mol%), 5%9} 7154 &4

(palmitic acid: 19.6, stearic acid: 2.0, oleic acid: 48.2, lino-
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leic acid: 30.0 mol%) 2 5% = (palmitic acid: 11.4,
stearic acid: 1.3, oleic acid: 32.6, linoleic acid: 53.5, linolenic
acid: 1.2 mol%) & 22} 74 A ZA 3k ch(Table 1).

ACATS2} Lp-PLA2 24

45-2] A3 717 £ 8.9 capillary tube(Sigma 02-668-
66)2- o]-83}°] mouse?] retro-orbital sinusellA} ¥ A=
-4 A F 3 & lipoprotein-associated phospholipase Az(Lp-
PLA2)9Y activityE &3 vH17). Mice®] liver micro-
somal fractiong ultracentrifugeZ o]-&%te Balg F
ACAT activity® #4185 cH(18).

it A =E o] XM =Y BY

& Folch-£ 9 (CH:Cl: MeOH, 2: 1)ol] AR A7 & 2.&
3} sonicator(5 min)¢} 32 W2 (2 hr, 175 rpm)-E ©) &
sl ZAHE &3t} 3% 98 F 10% NaClE 7}s}
o CH:Cl3-% MeOH3-$ #8] Al A CH:CIF 2248 23]
g H53)qdch 7oA £ A171 2348 BFs-methanol
(3 mL)z} W% %% 874 (heptadecanoic acid, 50 UL)& &
A2 F 90°C ovenoll A 100¥-2F v A AT}, o F E¢4
A (water 1 mL, pentane 2 mL)& A7}8l9 methylationd}
5 A9}k (pentane layer)& 2] A 7] t}g A 25 o] £-314
¥4t o] F A 2E hexane(150 mL)22 t}A} £3)X)
7 ¥ A A4S A AR GCl 719 AP L 7]5A
FA 8 Auak 4 A AR A FdeEe 2 2=
(140°C 1 min, 10°C/min, 220°C 55 min)Z- A| 7t v}e} ¥z}
A Ak A} 23 (adipose tissue)®] AW &% 9o} &
Ak uby o 2 Al A]3}9 29 methylationd} A1 HFAE 2A B
& 7)1 A At 24 24 I 5L A AA
shol et

ZEEF 2| CIXE 22| W R =M 24

ZFoll A 3223k F2)¥}9) phosphatidyl ethanolamine(PE)
2} phosphatidyl choline(PC)& £2l3}7] ¢ olES g
ZX 8- A AR F, DSl 147 S A AA AR
2] (1,500 rpm, 10 min)3lgic}. o] 9} 22w & 23] WkE3)
¥ AL o] §3)e] o} A EL k4 3] A AR v}E, folch 4
Bo g 3Asle] TLC silica gel plate(10x20 cm Merck,

N

Table 1. Experimental design of diet

Z 3 X4}t

Z, Alol7} Al 7 ACATZA A vlale d 805
Germany)$} 7049 (CHsCl : MeOH : acetic acid : water
=100:75:7:4)% o]&3le] PCe PES 247 Eejslgir)
PE%} PC8] methylation® ¥4 24 £4F g2 7t 24
h BAs) 2l o g AAlsg.

EAX2|

AAE JF EF932 Jepdid e 2 Y
2] A & SAS(statistical analysis system, version 8.01) pro-
gram® Duncan’s multiple range testE A A13}e] p<0.05
T A=A 3

#n ¥ oE

7ls4 7% DG, MG, TG =4

HPLCE o] &3lo] #rifro} o] & 52 g4 7154
A (AR el TG, DG 2 MG £35)¢9 444
=4 A4 A#}E Table 20 debisict. dolf+ drE
TG(94.69%)2 T4 =) A2 vl=ke] {28 A4t} DG,
MGE 3t slgdeh. FAAA 5 995%°] TGE &3t
= EFPfd e DG, MGZF AH-d #4245t HE
2 ¥t 49 7154 A5 DGA46.19%)%F MG
(11.15%)9] deFo) % 57.34% = TGHH(41.71%)B.c} F7
vebga, o] vlgke] Aukate] R-AE )

S, WY, 7154 SA9 Aa 24 B4 A
(o]
=

o (Table 2), ¥4 8 vl f2] At 242 A= 2 A7
A o] ZAn e f-ARt ). Al f-e 7154 5419 A
A 3} Ak AL 7H7 22.2 mol%, 21.5 mol% 2 #A =l
9131 &3] palmitic acid®] ZAI8](rice bran oil 20.4 mol%,
functional oil 19.6 mol%)7} vl A Esket. B23} Aukit
& Al 154 % EF oleic acid®} linoleic acid”}

B B9 22|38} a1, ]2 palmitoleic acid®} linolenic acid
7} vligF EA = S92 total linoleic acid &2
vt 715472 et 22 72%9F 80%7F o] F2 AL
2 B4 % 5lt} Pancreatic lipaseS £3F 4 X & 2] 9]
w2 Akt 24 FAZE, drliE sn-2 A A 22

Group n Diet description

Control 7 Normal powder CRF-1V

HCHF? 7 High cholesterol and high fat (HCHF)-diet based on CRF-1
RBO 7 5% of rice bran oil in the HCHF~diet (wt/wt)

Functional oil® 7 5% of functional oil in the HCHF-diet (wt/wt)

Corn oil 7 5% of comn oil in the HCHF~diet (wt/wt)

YThe CRF-1 was purchased from Oriental Yeast Co. (Tokyo, Japan), and its fatty acid composition is palmitic acid, 26.6; stearic

acid, 23.1; oleic acid, 35.1; linoleic acid, 15.2 mol%.

CHF diet was supplemented with 1.25% cholesterol, 15% fat (7.5% cacao butter and 7.5% lard) and 0.5% sodium-cholate based

on CRF-1.

3)Enzymatically synthesized rice bran oil including DG and MG.
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Table 2. Neutral lipid and fatty acid compositions of rice bran oil, functional oil, and corn oil

Rice bran oil Functional oil” Corn oil
- TG DG MG FFA TG DG MG FFA TG DG MG FFA
Neutral t‘_lpld( o Sn-13 Sn-12 Sn-13 Sn-1,2 Sn-13 Sn-1,2
compostion 1area’e) 9169 116 237 025 063 4171 2416 2203 1115 095 995 nd nd nd 050
Fatty acid s ~ Total fatty _ ~ Total fatty _ B Total fatty
composition (mol%) Sn-1,3 Sn-2 acids Sn-1,3 Sn-2 acids Sn-1.3 Sn-2 acids
Carbon No.
Ciso Palmitic acid 24.61 11.95 20.39 1951 19.73 1958 16.64 1.03 11.44
Cie1 Palmitoleic acid  0.38 nd” 0.25 0.36 nd 0.24 0.24 nd 0.16
Cigo Stearic acid 1.98 163 1.86 148 2.92 1.96 1.82 0.17 1.27
Ciga Oleic acid 4266 5278 46.04 4786 4893 4822 3251 3264 3255
Cig2 Linoleic acid 2989 3364 31.14 30.43 28.19 29.68 47.45 65.73 53.54
Ciss Linolenic acid 0.48 nd 0.32 0.36 0.23 032 1.34 0.43 1.04

1)Enzymatically synthesized rice bran oil including DG and MG.

26n-1,3 (%) = (3TG — sn-2)/2.

9nd stands for the content that is less than the limit of detection.

v]-8-2] 8¥3} ®ukik(oleic acid, 52.78 mol%,; linoleic acid,
3364 mol%)e] AEH 94, 7154 A& E3R 94k
palmitic acid®] ¥]-€(19.73 mol%)°] &) $-(11.95 mol%) 1.
o} =gkl &5ER sn-20lA e O EE BE3 A4l

(99 mol%)e] ZHE= gctHTable 2).

Phytosterol, tocopherol, oryzanol2| &zt

AA Aolfre} 7154 FA e TR AR A4S
A sle] Table 39 Yelglv}. Phytosterol 884 A
Al §-A] 25 B-sitosterol 3+ (rice bran oil, 1.19£0.04; func-
tional oil, 1.25+0.15; corn oil, 252+0.13 mg/g oil)e] 7}&
E9to ] campesterol(rice bran oil, 0.48+0.06; functional
oil, 0.44£0.10; corn oil, 0.68£0.06 mg/g), stigmasterol(rice
bran oil, 0.34+0.06; functional oil, 0.35=0.09; corn oil, 0.30
+0.08 mg/g) T2 & &S B9} & phytosterol I
ol Qi = Arifet 7154 A4 47 2.0210.08 me/g,
2041017 mg/g g B F {2 23] Ao)= ¢l
QA L, $54/(35010.11 mg/g) Rk FHdo2 e
Aoz z2AE A tHp<0.05). Tocopherol-> v, 7154

u

A 2% a-tocopherol®te] gk A& E gl on 72}t 0.13
£0.01 mg/g, 0.13+0.04 mg/g T3t AL, S5l
Z3+e total tocopherols+ o] ¥t} =2 1.2610.11 mg/g&
vhepytol vl o] oj 24 <l g4 B3l v ~oryzanol
o s vl 71554 A (rice bran oil, 1.38+0.05;
functional oil, 1.060.04 mg/g)l A F+994 zeo]l&= g2
M (p<0.05), STFFHAdE HEHA] &gkt dubd o
AA DA G AR A & Arlf= He@HS A3 &
A& 45% A= FH3ta ot AAZ A== A
o= FAkT) 22 A FA Fol dAE EAs Y 1 3
o] wi-¢- ArH(1,19,20).

= MY Zzt

452} A)o}7]7}F & 7kl ACATY] A2 2 F 4] 7}
A FoA o= A el on, 7 Fe e E a1 2]} Ao]
(HCHF)E & vl & FollA 7154 #7] 2] ](349.6 pmol/
min/mg)3} #w9lf 4ol F(316 pmol/min/mg)e] S5+
Alo] Z7 HCHF Alo) Zx el 2 A 0 2 J2 activityE B
GrHp<0.05)(Fig. 1). Serum®] lipoprotein-associated phos-

Table 3. Content of phytosterols, tocopherols and 7 -oryzanol in rice bran oil, functional oil, and com oil

Rice bran oil Functional oil” Corn ail
mg/g oil

Total 2.02+0.082%% 2.04+0.17° 350+0.117

Campesterol 0.48*£0.06° 0.44+0.10° 0.68+0.06°
Fhytosterol Stigmasterol 0.34+0.06° ©0.35+0.09° 0.30£0,08"

B-sitosterol 1.19+0.04° 1.25%0.15" 252+0.13°

Total 0.13i0.012 0.13io.o4s 1.260.11°

a —tocopherol 0.13+:0.01 0.1320.04 0.20%0.01°
Tocopherol 7 ~tocopherol nd” nd 0.39%0.03

8 —tocopherol nd 0.67x0.10
y —oryzanol 1.38£0.05% 1.06%0.04* nd

l)Enzymatically synthesized oil including DG and MG.
“Mean+SD.

®Means with the different letter in a same raw are significantly different (p<0.05).
“nd stands for the content that is less than the limit of detection.
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pholipase Ax(Lp-PLA2)8) activity® 7154 F3A] AlolF
(72045 pmol/min/mg)°ll A 7} YA, HCHF (7716 pmol/
min/mg)ol A= 71 A vhelhyke s, # el 2e](7578.2
pmol/min/mg)3} &-4F A ¢)T(7517.5 pmol/min/mg)*]
Lp-PLA; activityt HCHF Fx.rl& wohor}, Alo|# 7t
9] HojA el Aol Holx] kghrh(Fig. 1). ACATS free
cholesterol 2% cholesteryl ester(CE) §Alol] 283 &
224, ACAT #3217t 4%" A3 (knockout mice)7} o
Z 7o vla)] FWAsle] YAdo] FrAaH Ao YA A,
A¥EH A fAA F 3R A E T 9leh21). =3,
Lp-PLAxE= 443 LDLIA] phospholipid& 3] 3}, ly-
sophosphatidylcholine(lyso-PC)$} free oxidized fatty acids
E A3k, ol 5 #3) 4HE-2 o} Al macrophage 3 3 &
2 g A u-E 3, AL VAT AR
dAmA, Lp-PLA = $AEYA5] S5i=iql ¥ e
Q122 A=z JIeh22). o], TN A5 X7 T2 oy
2] B2 o 2 o)kt ACAT =+ Lp-PLA; A& Al Eo] 2A}

450

400 |

350 |
%

30 |

250

200 |

ACAT (pmole/minimg)

Cormn oil

Control HCHF RBO Functional oil

T

Hu gsel gioh ¥ $EAY A9, L FH2HE 2
j8} Ao} & 3 C57BL/6] micell A, DG, MGE 233 715
] frxle 53] ACATE AH#sle A2 Hogdln.
Miced] 2t} 2| 9p22) o] 2 it 24 £4 234, 2 3
2818 31 A Alo] & & ) Fell e 2 A A e A
kAt A o] AR Ag-g Wt &, oleic acide] o]
744 3= 31(40 ~ 47 mol%), palmitic acid, linoleic acid®] o2
2 2z} 9 tH(Table 4). ¥k, mice®] ztllA4 PCeo} PEE
Fel3 F o] Auiat A S wlws ¥ A, PCel PES)
FAd o] tha A vepytci(Table 5). & PCE ZE o]
A palmitic acid”} 7}F% =k}, PEo| A& oleic acid?}
control¥} HCHF A ool F1 23kt A E0)92, 9
f, 7154 A, Segf 2o Fell A & stearic acid?} 7HE
S FEE sz Aok 7154 FAe el Aol
A& 71e] PCS} PE A4l A4 o] fAbstal o o] &
25 S55F Aol T vlas & dis, 7k PC AY
Al ZA A E5gF Ale]Fo] ¥-2 palmitic acid &

N

>

F

7500 | i

HH

7000

6500

6000

Lp-PLA: (pmole/min/mg)

5500 L

5000 —— A— A

Control HCHF RBO Functionat oil  Corn oil

Fig. 1. Effects of rice bran oil, functional oil and corn oil on liver acyl-CoA cholesterol acyltransferase (ACAT) and serum
Bpoprotein-associated phospholipase A2 (Lp-PLA2) activities in high cholesterol high fat fed C57BL/6] mice.
HCHF, high cholesterol high fat; RBO, refined rice bran oil; Functional oil, enzymatically synthesized oil including DG and MG.

Table 4. Fatty acid composition of liver and adipose tissues in experimental groups

Liver (mol%)

Adipose tissue (mol%)

3 . 4) . 4)

Fatty acid ol  HCHF®  RBOY F”“C;f"al Comn i Control! HCHF?  RBO” Fum;;’“al Corn oil®
C14:0 093 1.14 125 nd® 121 0.56 0.24 nd 151 033
C16:0 22.83 21.11 2279 22,42 21.15 31.81 21.70 25.94 24.28 2272
c161 4m 418 5.32 2.28 451 2.81 2.66 1.37 6.08 251
C18:0 2,52 714 552 1039 517 12.66 9.22 1154 595 11.69
c1g1 3381 47.03 43776 4357 41.41 2027 4512 39.53 4361 4185
C18:2 34,61 19.14 21.05 16.69 26.55 2973 15.99 18.54 17.93 18.15
C20:4 0.54 0.26 031 465 nd 9.16 507 3.08 0.64 275

iControl (normal mice chow).

“High cholesterol and high fat diet (7.5% cacao butter+7.5% lard+0.5% Na-cholate) feeding group.

*High cholesterol and high fat diet (7.5% cacao butter+7.5% lard+0.5% Na-cholate) with 5% rice bran oil feeding group.
“High cholesterol and high fat diet (7.5% cacao butter+7.5% lard+0.5% Na-cholate) with 5% synthesized rice bran oil feeding
group.

*High cholesterol and high fat diet (7.5% cacao butter +7.5% lard+0.5% Na-cholate) with 5% corn oil feeding group.

%nd stands for the content that is less than the limit of detection.
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Table 5. Fatty acid composition of phophatidyl choline and phosphatidyl ethanolamine in liver

Phophatidyl choline (mol%)

Phosphatidy] ethanolamine (mol%)

4 . 4) . 4)

Fatty acid -, o’  HCHF®  RBO F“mg;’“al Comn oi®  Control” HCHF?  RBOY Funcgi;mal Comn oil®
C14:0 0.36 051 nd® 052 nd 0.8 117 nd nd nd
C160 3714 3807 4690 4459 53.68 1706 2044 3258 3089 3465
Ci6:1 143 1.35 162 1.44 0.48 1.61 141 nd nd nd
Ci80 1358 1094 1255 1328 1647 1819 2275 3351 326 4393
cig1 1709 2962 3406 3303 1791 3021 3791 2621 2384 11.28
C182 2413 1676 485 7.14 1146 159 1039 7.70 10.02 10.14
C20:4 6.16 2.19 nd nd nd 1268 558 nd nd nd

DControl (normal mice chow).

Z)High cholesterol and high fat diet (7.5% cacao butter+7.5% lard+0.5% Na-cholate) feeding group.
3)High cholesterol and high fat diet (7.5% cacao butter+7.5% lard+0.5% Na-cholate) with 5% rice bran oil feeding group.
4)High cholesterol and high fat diet (7.5% cacao butter+7.5% lard+0.5% Na-cholate) with 5% synthesized rice bran oil feeding

group.

“High cholesterol and high fat diet (7.5 cacao butter+7.5% lard+0.5% Na-cholate) with 5% com oil feeding group.
®nd stands for the content that is less than the limit of detection.
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