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Table 1. Therapeutic strategies in the treatment of NAFLD (Anderson, 2008)

Therapeutic Strategy Prototypic Agent Putative Mechanism of Action References
Weight loss Orlistat Pancreatic lipase inhibitor; inhibits Zelber-Sagi et al., 2006; Hussein et al.,
gastrointestinal fat uptake, reduces 2007
lipid overload via reduction of plasma
lipids
Insulin sensitizing Pioglitazone PPAR~y agonist; redistribution of Bajaj et al., 2004; Promrat et al., 2004;
hepatic lipids to peripheral organs, Sanyal et al., 2004; Jung et al.,
reduced intrahepatic fat 2005; Belfort et al., 2006; Reynaert
et al., 2005; Balas et al., 2007;
Lutchman et al., 2007; Merat and
Malekzadeh, 2007; Ratziu et al.,
2008
Lipid lowering Atorvastatin HMG-CoA reductase inhibitor; reduces Horlander et al., 1997; Kiyici et al.,
serum cholesterol, reduces lipid 2003; Hatzitolios et al., 2004;
overload via reduction of plasma Antonopoulos et al., 2006; Athyros et
lipids al, 2006; Gémez-Dominguez et al.,
2006
Antioxidant strategies Vitamin E ROS scavenger, reduces oxidative stress Harrison et al., 2003a; Vajro et al.,

Antiapoptotic strategies

Antiinflammatory
strategies

Antiplatelet strategies

Antifibrotic strategies

Others

188-Glycyrrhetinic Acid

Infliximab

Ticlopidine
Losartan

Exenatide

Dietary n-3 PUFAs

Unknown mechanism, prevention of
lipotoxic effects (lysosomal and
mitochondrial pathways), in vitro and
animal models

TNF-a antibodies; inhibition of TNF--
mediated activation of leukocytes and
effects on other cell types

ADP receptor inhibitor, inhibition of
platelet aggregation

Inhibition of AT II receptor, reduces
stellate cell proliferation and collagen
production

Glucagon-like peptide (GLP-1) analog,
stimulation of IR, reduction of
intrahepatic fat

Activation of fatty acid oxidation,
reduced De novo lipid synthesis, ROS
scavenger, antilipotoxic effects
(improvement of hepatic and
peripheral insulin resistance)

2004; Loguercio et al., 2007;
Yakaryilmaz et al., 2007; Machado

et al., 2008
Wu et al., 2008

Li et al., 2003; Barbuio et al., 2007;

Koca et al., 2008

Fujita et al., 2008

Yokohama et al, 2004; Georgescu and

Georgescu, 2007

Tushuizen et al., 2006

Sekiya et al., 2003; Capanni et al.,
2006; Le Foll et al., 2007; Allard et
al., 2008; Machado et al., 2008
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Anpatel A A3

4

PPAR a (peroxisome proliferator activated receptor
alpha) & AAgzt=e] &gt z=o] ®EGSte] DNA o 574 it

AgFos fA4 WHS zAdE ® FEAA PPAR o @

A F4e Adllets a3s 7H =
Zre| A o] AAakstE T2 WERESE (B —oxidation) el
ofsf wiZRE k. HlERAstE vEIZEgol dield FE Ao,
g 2 T A 2y AR e Akl s
nEZEo YR YT - glorne nEFseol gute]] EA)sh=
a9 CPT1A (carnitine palmitoyltransferase 1la)2] Z&&
2o v CPTIA = AgAdSd g diab A 2=2d
CoA (malony—CoA)ell 9l&f &/do] Asfjdrt. viRte® <l <&y
AgFo]l fFEd AE ol Z2Y CoA o F&27F FobA CPTIA ¢
gdo] A&Rta (Rasmussen et al, 2002), °]= ZQ3st wE9
AR S SES] dojubA] FeHAl oA AnEAs
o}
MEZEgol YRS HERbst A2 A aisol

i

7H53t sk ) 71ol s

iy

& FE. 1 % ACADL  (long—chain  acyl—CoA
dehydrogenase) ¥} HADHe (hydroxylacyl-CoA dehydrogenase

alpha subunit) &= WERIS IS Z2H-s= FL3 HEA% a4

(rate—limiting enzyme) 50|t} nEZ =g ol ol g} AT A=
-13 -
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A5 HEREstE dojub=d, o] e wislehs T2 a4+ ACOXI
(acyl—CoA oxidase 1)o]t}. 1 x|H} Alo]o] Az 9l 7o wpE v
ARl = 2 el sk A o] EAfgto R Qs Tef whE X[Hakst
Fo] F7tekAl EHH, olE Zo]7] 93] CYP4A10 (cytochrome P450
family 4 subfamily a polypeptide 10) Sol &3] wlola=z%
(microsome) A2 Qw|7}itks} 7]do] &/ 3l

o AArE s P ANEAS Eol7] fsh Fest
Bl 7]dolA gk stHorE myd Aualslr < SEE A
AEHAZE I £ Fo3 dlew A& JsAE k. SOD2
(superoxide dismutase 2)+ tEZEZ=go} 7|Ho EAs= aAZEA
nEF=dol A4S HFares AAEE 2SR
(superoxide) & 1XHt} wEgAo] @3t 4bA e HAatksta4 (hydrogen
peroxide) 2 H¥A|7]= @iolnk, WASFAE oA ol
(catalase) o] #gof o&] E¥ 2txz @deEch UCP2 (uncoupling
protein 2)+ WEZE=g ol et EAlets Sl A RA], 4FsHA Q1AES)
g Foll FAA FF (proton leak) & Fate] wEZ=g ol uhs
El= =

Frole TR Qd FAE wHvt ATP FHOE olo]x]H|
I
AN

AAZ FPR Frole FETHE dAAE P

o

SHA o= Pl gAabE sk, ol @44 AAF (reactive
oxygen species)? RS =0l A3} AEYAZEEE AIXE

B33+ 7l5S $tof (Diano et al., 2012).
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PPAR y (peroxisome proliferator activated receptor
gamma) &= $A AHd PPARe &} #Zo]l AA FtEe] whgahes
FE&AL PPAR o & U2 T olH, AW A F2 THHE
PPARy + AWAIE7F E3bst= o 4 &85 b Al A4
€& 4 A sHE FAINE BFeE B fAxE dds
Z743ttt (Evans et al, 2004). PPARy & ZFlA = A9 XA
A RE, AR ] A9 ghell Al mRNA FFo] FrhettheE Havt
oAt (Pettinelli et al., 2011).

CD36 (cluster of differentiation 36)+ &3] XA A XE U
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x
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B
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X
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el Al fredo]l FaEo ofYy AT FAAW FA o] dAASHA
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B 37k it (Makowski et al., 2005).
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SREBF1 (sterol regulatory element—binding transcription
factor 1) Qledel &3] Wdo] FR¥w, A4 Fe= A=

432 A (endoplasmic reticulum) ol EAjstthrt &dstEd 3 =

ol Fste] AT U B5stE diabe] #oJsts AR WS
=73t 429 CoA ZHE palmitic acid (16:0) S 84 3= FASN

(fatty acid synthase)©] SREBF1 ¢ ojx&<l g7l fF-4#fo|t},
SLC25A1 (solute carrier family 25 member 1)< ©njEZEZZ=3g o}
wielld TCA 3=7F X3gge] we} IAH= S i A=

TAA (citrate) = AIE 7|AR Rbels 848, SREBF1 9 & v
Bl Fztelt. wEFZEgolz R E AlX VAR @ukE AR
obAdld CoA (acetyl-CoA)E g o] A3t o] ol gHtt

(Shimano, 2001).
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FTorFE FIdd. o T Yyl AMEHE= FFS Pous
koraiensis ©1™ (Wolff et al., 1995), &gt gJolx T, d& A

of HEx] o]

9. e ARE AR, A6 5o @ 0§ Ao Al

x2

gxo] g& ¥ ooty dul, T35, AF, A, J4 Sof fkgo=
2o 7] & 31th (Yoon, 1987).

AEFAAET (201D w=w o] duk AR A4S AW

of AMAS Feta Ades & F vk wEkM, AS7kA B AR
ek o] A4 FAER] A tieto] o] FolA gt

sk=rAb 347]52 palmitic acid 4%, oleic acid (18:1, 49) 28%,
linoleic acid (18:2, 49,12) 47%, pinolenic acid 14%E X338t A2

Z B1u¥Y. ©] < pinolenic acid + 45—UPIFA (45—unsaturated

—

polymethylene—interrupted fatty acids)?] sty =, Jg49 o T+=

FTHARRY 42 A Foldor EAsks AAatoltt (Lee et al,

A

2004; Wolff et al., 2000). Pinolenic acid & ¥4 18 7]& o] Fo]x &
 AgAare] stuE 5, 9, 12 W A Ao £ 3 e ExE3 A%
3233y —linolenic acid (18:3 46,9,12) 2} a —linolenic acid (18:3
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49,12,15) %] $A] o] & Ao]7]

s
a-

st} (Figure 2).
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5 COOH

Pinolenic acid (18:3, A5,9,12)

JRVVVVou VNV VN VauVin
] COOH COOH
Taxoleic acid (18:2, 45,9) ylinolenic acid (18:3, A6.,9,12)
14 11
5 COCH _15 _12 _9 COOH

Sciadonic acid (20:3, A5,11,14)
a-linolenic acid (18:3, A6,9,12)

14 1 8 3 COOCH

17 14 1 ] 5 COOH

Eicosapentaenoic acid (20:5, A5,8,11,14, 17)

Figure 2. Structures of pinolenic acid, A5-unsaturated fatty acids, and
positional isomers of pinolenic acid (A) pinolenic acid, (B) A5-unsaturated
polymethylene- and methylene-interrupted fatty acids, (C) positional
isomers of pinolenic acid.
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STC-T o AHgsle o, Wz Azs< #& CCK

(cholecystokinin) =8 o] #H]|E #HA 3] S7/MAHU= A A7t B

rL
ok
2

159t (Pasman et al., 2008). o] A&l X AgzEA e

2 oleic acid, linoleic acid, « —linolenic acid, capric acid (10:0) 9],

B ARS AFHE R BIN FEF Aol AgHAY. A7

LN A

A A7) Eol= 14% 7F2] pinlenic acid ©] EgE o] Q= whH, X F
A A7) S0l &= pinolenic acid 7F 1% H¥roll X8tz o] Q1A ¢k}, ulz}t

A JH] AXES CCK-8 #Hlo] &S ujx= AFS pinolenic

flo
o
Iz
~
al
e
by
fio
2
ol
ol
2
T
O

>
>

s
i)

X
©
N
v
4
rlr
>
|o

YUERSth (Hughes et al, 2008). 18]y 37159 218 24 F 3}

=
#ak 7hg H2o Aol = (Verhoef et al., 2011), ISz A 3+
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=
oh ZFAAE Z715 A 2L sk 371 vlugls W g
5—UPIFA ZAelA ozt zkolE HRlY d=At 37|52 45—
UPIFA % pinolenic acid & 15%=% 7F¢ @2 oF ¥3st3ty Q1 &
45-UPIFA ¢ 33 Are vvs vbd, TP 37152 7%9
pinolenic acid 2} 7%°] sciadonic acid (C20:3, 45,11,14)& *3}star

ATt (Asset et al., 1999b). ZFAAF 27|52 gol= U sjule}rA

7153 ¥aPe w apo E ZAF nerod dF F ZHAdHE U
VLDL =3 ~H TE s 9, 8% F AW 2 VLDL 4

AR Fee 23y =val BT (Asset et al., 1999a). HE3t
A9 apo A—1 B+ apo B & 2Wdste= v~ 2dloAN, Z+7)F glol=
2} FFY7|E wvl& #A7]Eo] LDL (low—density lipoprotein) @

HDL (high—density lipoprotein) FAHE F55 25 A3HA7]+
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of A+ 4

o7 ettt (Asset et al., 2001; Asset et al., 2000).

g3 Zd A

AN ©
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fi%e)

HDL Z#HAHZE 2%
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o HH7 4% A4 Zz)
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o] AS S7F A 9 An

=
=]
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3t} (Ferramosca et

o] &

/?)]—

B

A
fite)

A =7t

3]

X

Hroh Aol

[e)

v

ol

Aol 71+

o]

al.,, 2008b).

(conjugated linoleic acid) ol 2]

st A7} $35 et (Ferramosca et al., 2008a). CLA BE2 A

o] A=

% AAE o] g},
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&
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¥ CLA, #7153 CLA
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™
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Py A S kel w
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JOE
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CLA & B3T3 ToMe 28182753 CLA & EF3t -1 7hoA 9

Slic25a1 mRNA =5 % ACC (acetyl—CoA carboxylase) 2} FASN 2]
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2 shol, AAIARA wHgo] dHo® Ay
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o 4+ =4

1. 49 24 2 438 = M5

5 F% 47 C57BL/6 w9~ 88 nlglE @ 94 A8 &

(Seoul, Korea) ol it} Mzthstu Folatthst 49 w& AlE9

A3k AL 7be AR F, 7 B Aol fFARIES 10~12 v
A g el Ao wiAdskelth. Ay A W AN 72 Figure 3 o 7EF
&

e @ AlolA g @ whed Relse] Abg

o
2
|o
H
>~
B
Ho
~N
o
offt
l-«O
>~
B
Ho
12
1o
et
o,
rlo
o
kit
o
W
-+
w
o
ofy
H
o
o

? Q]93] (Seoul National University Institutional Animal Care and
Use Committee; SNU IACUC) & &<l& Wgrow, iAo wpe} +3h 5]

9rtt (53 SNU-101029-1).
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SC (10% sovbean oil), n=10

I— control

$10 (10% soybean oil+35% lard), n=11
$20 (20% soybean o0il+25% lard), n=11 I‘high—fat
530 (30% soybean oil+15% lard), n=12
PC (10% pine nut oil), n=11 |- control
P10 (10% pine nut oil+35% lard), n=11
P20 (20% pine nut oil+25% lard), n=10 }~high-fat
P30 (30% pine nut oil+15% lard), n=12
0 week 12 week
I | I I I I I | I I I
I I I I I I I | I I |
A A A
3 dlajrs [I'f Feeding period
acclimation
C57BL/6 Group Euthanization
male mice || assignment
n=88
Figure 3. The experimental design
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2. 43 4o

A9 Holi= AIN-76A Al Aol 242 nlgo= st A
wds F, LAY o] o, A HojoAe FUIE W AV|E
A dmell wet F 8 TR AAels A FHE FE AlAstal
t}t (Dyets, PA, USA). #7|5< DubioCo., Ltd. (GyeongGi—do,

Korea) ol A Al ekt Ad 2ole] AA 242 Table 2 o YeERYS]

ok duk Aols dA 2R F 10%E AWoE Fgste, AW w4
< 7% (SO Ex 375 (PO L= ity A Aol A

A 22 F 45%F AWOZRE FustH, o] F 10% (S10, P10),

20% (S20, P20), 30% (S30, P30)E Z7|& = A7|Eo =2 fA s

[

a2 yuAE Fet=R gkl A71E 5ol#<¢ &3= pinolenic
acid o 71918 7}s/do] =S 2 E pinolenic acid & A&t & A7
A 2ol AER M AR FVIES Ul A RE ARSI 2
d Aole] At =S E4%F A= Table 3 o WebSIt. A¢
Aole= Ad s=olA AFH7] A7tA 47 C oA Busiglen A

Aojel Hid 3a & o]l&fe= BT 2§ Fo] (ad libitum) 3+t
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Table 2. Composition of the experimental diets (g)®

Control diet High-fat diet
10O 5ot g 42508 Lard #1594 Lo
Casein 200 200 200 200
L-Cystine 3 3 3 3
Sucrose 350 172.8 172.8 172.8
Cornstarch 315 72.8 72.8 72.8
Dyetrose 35 100 100 100
PNO" or SBO 45 45 90 135
Lard 0 157.5 112.5 37.5
t-Butylhydroquinone 0.009 0.009 0.018 0.027
Cellulose 50 50 50 50
Mineral mix* 35 35 35 35
Vitamin mix* 10 10 10 10
Choline bitartrate 2 2 2 2
Total 1045 848.1 848.1 848.1
kcal/g diet 3.7 4.6 4.6 4.6

*Resource: Dyets, Inc, Bethlehem, PA, USA.

’PNO was a gift from DubioCo., Ltd. (GyeongGi-do, Korea)

‘Thirty-five grams of mineral mix (Dyets, #210099) provides 5.1 g calcium, 4 g
phosphorus, 3.6 g potassium, 1 g sodium, 1.6 g chloride, 0.5 g magnesium, 0.3 g
sulfur, 59 mg manganese, 46 mg iron, 25 mg zinc, 5 mg copper, 0.2 mg selenium,
0.2 mg iodine and 4.2 g sucrose.

“Ten grams of vitamin mix (Dyets, #300050) provides 4000 IU vitamin A, 1000 IU
vitamin D3, 50 IU vitamin E, 30 mg niacin, 16 mg pantothenic acid, 7 mg vitamin
Bs, 6 mg vitamin By, 6 mg vitamin B,, 2 mg folic acid, 0.8 mg menadione, 0.2 mg
biotin, 10 pg vitamin By, and 9.8 g sucrose.
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Table 3. Fatty acid composition of experimental diets (% of fat)

Soybean oil diet

Pine nut oil diet

Control diet High-fat diet Control diet High-fat diet
SC S10 S20 S30 PC P10 P20 P30
Myristic acid (C14:0) 0.9 0.7 0.4 0.9 0.7 0.4
Palmitic acid (C16:0) 11.9 18.9 16.4 14.0 7.0 17.8 14.5 10.5
Stearic acid (C18:0) 4.8 11.1 8.8 6.9 3.6 10.7 8.5 6.2
Total SFA 16.7 30.9 25.9 21.3 10.6 29.4 23.7 17.1
Palmitoleic acid (C16:1 A9) 14 1.0 0.6 14 1.3 0.7
Oleic acid (C18:1 A9) 21.1 34.7 31.3 27.7 274 36.0 335 31.7
Total MUFA 21.1 36.1 32.3 28.3 27.4 374 34.8 324
Linoleic acid (C18:2 A9,12) 54.9 30.3 37.7 44.9 47.2 28.6 34.0 39.7
a-linolenic acid (C18:3A9,12,15) 7.4 2.8 4.2 55 0.8 1.3 1.1 1.0
Pinolenic acid (C18:3 A5,9,12) 14.0 3.3 6.5 9.7
Total PUFA 62.3 33.1 41.9 50.4 62 33.2 41.6 50.4
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2000 rpm, 4° C A 20 & &< dAdEgst 3= Zskih

welE dHS B4 A7HA =807 CellM Eassith

saline) &= A & FAE AU AW 242 Fag, Al

F gl $54, dste] BHHol gle AE wHsglon v R
PBS §eloz AHs Y. 242 4 d7kA —80° C <A 33l
ct.
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L1 AF Holvy A4 3 L AP 24 573

o
o
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ol
$3%7
5
o)
=k
(@]

j=n

Folch W& &850 2ol FH A4
et al., 1957). &= o] 2o ol 7}F Y E WE A8 50 mg

1 EF2EIXE 1 mLe dWEE 0.5 mLe H7EsE & AFLo

o
4
|z
2
ot

A ek 16 AZF o wHkslglth 2000 rpm, 10 & 7oA AR sk
£

A3l Al FEE ST 0.9% ASIUHEF T

>
ol
2
)_l
8
gn
o
A
of

5
T, o

(0.9% NaCl) 0.2 mL& H7Fskal ¢F 30 + &<t wyskith. 2000 rpm,

10 & xelA] d4elst §, v a5 0.5 mLS FHall Al FEE
7130 A kAR GulE 2R

Al S Sl FEE AA AEE vdstele] AHAE HE
~E (FAME; fatty acid methyl ester) S A&t W& Z=o] 0.5
N vgtgd F4ks YEEF €9 (0.5 N NaOH in methanol) 0.4 mL&
A7rakal, 1007 CollAl 5 & &<k QltHlold alth. 52+ & FE
= ¢ds] AP F 14% WeEd AEstes 89 (14% BF; in
methanol) 0.4 mL& F7betal thA] 1007 ColA 5 & &<k QlftHlolAd
st 225 Eo FHEE ¢4ds] A9 & At (hexane) 0.5 mL¥}
= 8.5 mL& H7IE & 10 & &<F A2olA wwksteith 1000 rpm,

ol

e x2elM 5 2 T 44 Bk, e § 2 Asd

ofj
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9 #4S Fa +=ulE AlE 1 plE split ratio 1:10 2HAC 2
7V~ AzutE 13 717 (Agilent 7890A; Agilent, CA, USA) ol F¢
o] A WAF 2 S BEASERA Y. A9 2 DB—Carbowax (0.32 mm X

25 m, 0.2 pm) (Agilent), HZE7|= EZo|3H=7] (flame

o
k
rir
1
<
(@)
=2
x
>
2
O
o
2

ionization detector)& ©]&3}%th Q&

B4 W= o]gst T4 As YAl AHAte R wEejista, A

AE SYAES AASIE BFoA FAsts PYAsFAE 7ol A
A2 Agslo] v Aaksl= W olth. 96—well plate 9 7z well o

Y ARG EFE ARE 2 4L A BFE F 1A 300 xL A

F7t2 253t 370 ColA 10 % ¥k AZl 3 550 nm oA 33
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gow dA AR AT =S AAtsith

44 & 2U2UE 23S QAL MHIE F FdadE

=48 Al T—CHO 7]E (Asan pharmaceutical) & AFg3t3ch a4
-85 o] &3slo] ZHAHE oJAHEZE Fdste] ZdAHES 214

[e)
a
7i, o] el ANE BAHFEE HAY Ay Arz Adstol

w4 st ol 96-well plated] 7} welle] 43 Ausl £2

>,
il
il
\)
S
-
1%
M
-\
r (
o

g4 fFYAgAa 546l SICDIA NEFAZYME 7]E (Shin
Yang Chemical, Busan) & ARttt a4 WESS &3l f2AdAt
ZHE ofd a4 A (acyl coenzyme A)E A3 RAAAFE oA %
22a A E O] ASAITIE 3ol s kst E Ao T
= AR AFAA v AFeks gelth 96—well plate €] 7+ well
of 8 A5 BF AEE 4 LA 53 F, NEFA A¢F 1& 200
pL A F7tE FFstal 38" C oA 5 WESAIZT o] ) ohA
NEFA A2k 2 & Z} well o] 100 L 2 E53F3L 38° C oA wk-gA[ 7]

9 546 nm oA E3F3FEA (Spectramax 190) & o] &3 &3 %

9% AR fUAR FED A,

S aanAeF 3008 pLA FI7ME EF58kal 37°



4.3 84 leptin 3% =74
g3 leptin & %+F Quantikine® Mouse Leptin kit (R&D

Systems, MN, USA)= ©]&3dto] SA33th k%2 leptin o So]4]
ol A7 mHE 96—well plate 2 ZF well o] 2 A5 % 20 Hj 3
Mgt 3% 50 pL 9 AN 50 L & 258 F AoA 2 At &
QF Aol AT 2 AlZFo] AW ¥ well & B]-$-3L wash buffer =

well & 5 3] A &3t o] & HRP (horseradish peroxidase) 7} 23t

L
2
ot

o} 9l P2 leptin 5014 A &S 100 L A 7+ well o

BabT ThAl elA 2 A7 B el A ahith 2 Alzke] Ay

% well & 8]91 wash buffer 2 53] A3 & HRP 29 7|4 £HS
100 pL A ZF well o &F3F5ltr A2olA 30 QF QlsFHo] A

H %5 30 & ol F3-4 450 nm, F3H 570 nm oA EFFE

i)

Al (Spectramax 190) & o]&3sty] SHEE S48, I+ A EZEFH

Frt

=9 YF FAS vE O R A|59 leptin 3EE AL T

ke

4.4 4 fetuin—A T%

|\
o

d3 fetuin—A &%+ mouse Fetuin—A/AHSG Duoset (R&D
systems) = ©] &3l SA3F T 96—well plate & Z} well o vF§¢-~
fetuin—A o 5ol#<l &A &d& 100 pL A FF3FaL Ad2oA oF

16 A1 ZF =<k QdFHo]A 3kttt ZF well S B2 & wash buffer 2 3
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3] AFEstal A de 300 LA T dZollA 1 AR B3t <l
FHol A 3o, well & H]® ¥ UhA] wash buffer & 3 3] A& s}
EE AR 5000 #f B4 IS 100 pL A ZF well o £53ka

A2olA 2 AZE <QIFFHol A kgt o] ¥ well & H]-$1l wash

)
(=
olo
o
ofN
iib)
(i,
ay

30 & oo =34 450 nm, 3% 570 nm I
A B335 A (Spectramax 190) & o] &3t FHES ZHsla, BF

PE EEE BE FAS MPOR ARY fetuin-A FEE A

Folch WHl& §838te] 1+ ZFO=ERYH AAS FZ30
(Folch et al,, 1957). 2 mL /3] 60 L PBS €43 25 mg & 7t
A2 Ya gAstellty. @ ss oo FEEXF 800 pL & H
B2 400 £L & F7F $ AF2olA oF 16 AxF &<t AfH|o] kA
th. 2000 rpm, 10 &, A& oA AR & Fgd s

Hell A FEE HA @t wBRO F4S A el F=elA oF 3

=34 -

A L) ¢



3] w9t FhoA FEE AAZHE FAAAYY FYAHE SHS
4.1 oA} #2 WHo gz F3yE I}

4.6 & RNA %, cDNA 34 ¥ real—time PCR

2 mL FHel| 7+ 22 50 mg ¥ TRIzol (Life technologies co.,
CA)E 1 mL & ¥ #As et #&dstst &5 1.5 mL FH|
A He F e 5 s el shal EREFEF 200 gL
= A7resinh Aol 3 & &<k <ltHleld  F 12000 g, 47 C

24 15 & &¢F ARy stk Y dsds A A w

BHol A ©il o]AZEFE 500 pL & FH7FsEth A2elA 10 &
ZF elsfujo]l A 3tk 12000 g, 4° C 274 10 ol A Fg] s}

A w74l &= F 7500 g, 47 C oA 2 &

oAl Al AHZ 10 & FF WAsk] A V15 AT 0.2%

DEPC & 7t 3 2 S/ 20 pL 2 ARE =91 § L3335
DU530 (BECKMAN, CA, USA)E ©|&ste] 260 nm dolA FH%=
= 5743t RNA v=2 430

PrimeScript™ II 1st strand ¢cDNA synthesis kit (Takara Bio
Inc., Japan) & AFg3lo] 53 F RNA ZHE cDNA & A3
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RNA A& 2 pg, oligo dT primer (50 M) 1 gL, dANTP mixture

(10 #M) 1 xL, RNase—free dH-O 3 pL & &3%3}o] 65° ColA] 5
o oFok effHlold 3 F A5 A 2¥uh o] ¥ PrimeScript'
II buffer (6x) 4 pL, RNase inhibitor (40 U/pxL) 0.5 uL,
PrimeScript™ II RTase (200 U/xL) 1 pL, RNase—free dH,O 4.5
pL = H7tele]l HE BFyuE 20 ¢l 2 9WE % Applied Biosystems
Thermal Cycler 2720 (Life technologies co., CA, USA)°lA 42° C

o4 50 &, 957 C oA 5 & &< AHE vk AZ T §A € cDNA

&3to] real-time PCR & #dsklth. 94d% cDNA 2-5 ng %
forward, reverse primer ZF 0.4 pL, ROX dye (50 x) 0.4 uL,
SYBR Premix Ex Taq (2x) 10 L, 3# <75 7.8 L& =33}
T 20 pL B3E 9+ % Applied Biosystems StepOne Real—time
PCR system (Life technologies co.) oA WESAIFTE 2ol AFE-3F
primer 9] 947] A& Table 4 o YeERUSATE 95° C oA 30 = &<t
Z7] WgA1Z &, 95° C oA 5 %3+ WA (denaturation), 60° C o A]
30 %3t A% (annealing) ¥ 417 (extension) & 40 3] ¥H& A

Fakgiek o] & 95° C oA 15 %, 60° C oA 1 &, 95° C o4 15

2
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Table 4. Primer sequences used in real-time quantitative PCR

Gene

Function

Forward primer (5* - 3”)

Reverse primer (5’ - 3°)

Ahsg/fetuin-A
Ppara

Cptla

Acadl

Hadha

Acox1
Cyp4al0
Sod2

Ucp2

Pparg

Srebfl

fatty liver indicator
transcription factor
mitochondrial B-oxidation
mitochondrial B-oxidation
mitochondrial B-oxidation
peroxisomal B-oxidation
microsomal m-oxidation
anti-oxidative defense
anti-oxidative defense
adipogenesis

de novo lipogenesis

TTGCTCAGCTCTGGGGCT

GCAGTGGAAGAATCGGACCT

GATGTTCTTCGTCTGGCTTGA

TCGCAATATAGGGCATGACA

CCCTTTGAACACTTGCTGCT

GTCAAAGGCATCCACCAAAG

CAGAAAGGAGGGAAGATGGAG

TTAGAGCAGGCAGCAATCTGT

CAGGTCACTGTGCCCTTACCA

CAGCAGGTTGTCTTGGATGTC

GTCTCCACCACTTCGGGTTT

- 38 -

GGCAAGTGGTCTCCAGTGTG

CAACCCGCCTTTTGTCATAC

CTTATCGTGGTGGTGGGTGT

ACTTGGGAAGAGCAAGCGTA

GCCCAGGTCTCTGTGGATAA

GAGGGGAACATCATCACAGG

CATGGTCTCCAAAATCCAAGG

GCGTGACTTTGGGTCTTTTG

CACTACGTTCCAGGATCCCAA

AGCCCTTTGGTGACTTTATGG

CGACTACATCCGCTTCTTGC



Fasn de novo lipogenesis

Slc25al de novo lipogenesis
Fabpl fatty acid transport
Cd36 fatty acid transport
Gapdh endogenous control

GCGGTGTGAAAACGAACTTT

TTCCCTTTAGCCCTTGTTCC

GAACTCATTGCGGACCACTT

CCAAGCTATTGCGACATGATT

GGAGAAACCTGCCAAGTA

CTGTCTGGGCATAACGGTCT

TGACCAGACTTCCTCCAACC

CATCCAGAAAGGGAAGGACAT

TCTCAATGTCCGAGACTTTTCA

AAGAGTGGGAGTTGCTGTTG

Ahsg/fetuin-A, alpha-2-HS-glycoprotein; Ppara, peroxisome proliferator activated receptor alpha; Cptla, carnitine palmitoyltransferase 1a;
Acadl, long-chain acyl-CoA dehydrogenase; Acox1, acyl-CoA oxidase 1; Cyp4al0, cytochrome P450 family 4 subfamily a polypeptide 10;
Hadha, hydroxyacyl-CoA dehydrogenase alpha subunit; Sod2, superoxide dismutase 2; Ucp2, uncoupling protein 2; Pparg, peroxisome
proliferator activated receptor gamma; Srebfl, sterol regulatory element-binding transcription factor 1; Fasn, fatty acid synthase; Slc25al, solute
carrier family 25 member 1; Fabpl, fatty acid binding protein 1; Cd36, cluster of differentiation 36; Gapdh, glyceraldehyde-3-phosphate

dehydrogenase
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4.7 F w3 F= 4 western blot

2 mL FHe] ¥33 AW 24 500 mg 7 RIPA &9 500 ¢L
S Y gA3EIg T AREE RIPA £99 AL v @k 50
mM Tris—Cl (pH 7.4), 1% NP—40, 0.25% Na—deoxycholate, 150
mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM Na3zVO,, 1 mM NaF, 1
mM sodium pyrophosphate, 1 mM pB —glycerophosphate, 10%

glycerol, protease inhibitor cocktail 1tablet/10 mL (Roche). ¥ 23}

rlo

g 10 224 3 glo AH olFolfoem FH= 3 39 #Ast %A
Abole] 1 & o] Aol BaAEHIT o] $ d&olA 30 & <k A5
ol sk & 12000 g, 4° C A 20 &+ &< A8 shsich &
B gl T2 FHsk] Al FERE &I F Bradford W o® wwd
EE U a8tk 96—well plate ° BSA & Almg 1F A elA
T @A AEE 7 well o]l 5 pL A 53 5, 5 v 3|48}
4] 3%t Bradford assay reagent (Bio—rad, CA, USA)E 200 xL A

HA7VeFA T Ao 3 1 FF HHSAIZl ¥ B33 =4 (Spectramax

FE W gole B4 A7H 80 ColA musAT

I
Y
(A
7]
=
N
lo
(22

qF

v

LS western blot & 3] a5}

B —mercaptoethanol ©] 5% +

o

H2 ¥3¥ 2X sample buffer
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(Bio—rad), ©&¥A A7 3 2 THFFE =335t 50 pg protein/25
pLEEE THE F 1007 C oA 5 & AHle]dste] AlsE Alxskal
oh AZS AlRE 7 well o 25 L A 253 3 10% SDS—PAGE
Al2Elel A 50 V oflA] 15 &, 100 V oA 90 ¥ o=z F]33ith.
71950l ¥k § PVDF #lH#Rle] 50 V o4 90 & 2oz Ho]
Al AT, Aol7t 7 ¥ F ponceau S £N o7 AAMEe] PVDF HH H ¢
Al Aol WMEE #lsta 3% BSA FHoR 1 AR F Ad
(blocking) 3Fith. o] F, 3% BSA 9o 1000 # 343 anti—
mouse SIRT3 &4 (Cell signaling technology, MA, USA)E 4° C 9

16 AZF HESAIFH T 9ESAlZl "B els TBST €9 (0.1%

Tween—20 in TBS)C. & 10 2 3 3] Alx3 3 HRP 7} dg% 2
Z} A anti—mouse IgG & 1 A|7F E<F vk A FTh HES-A1 7] W H g

1S tiA] TBST €402 10 &4 3 3] Az & 714 95 5 &

it
2
=

A7 G X-ray BE Aol FYAA WEF sHelshgl

*
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5. B4 4

IR ol g, TAY Holg A B Fa

o
SEAAtE W 7H] AT #AE dolrY] §sfA = Pearson correlation

o] AFEH Y BE Ay H £ ¥F 2% (mean £ SE)
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V. 238 a3

ZF 7o A 2 AT SUFE 9 AW FA, Y B Aol
AHF 9 2R AFATS A 4 ZAdsel @7 Table 5
UERfQITE A 2] AFH TS Auk o] AF T foFow
AT S7FF (P < 0.001) B wiay =uk A (P < 0.001)7F @okow,
Ve AT FE AFT vE foFor e AT T (P
<0.00D)% WA Au A (P<0.001)E BRIk AE 250 Hus
Al&gs Ay, uA 2ol# F P10 (P = 0.01), P20 (P = 0.01),
P30(P = 0.02) & 77} S10, S20, S30 ol nis 47 fo8o=
AL A T7He B Ao FHTh WA AW A 9] P10
(P = 0.04), P20 (P = 0.07), P30 (P = 0.02) FA =% S10, S20,
S30 wHET Arh ol 1AW AolE fFEF H|WE mpp-AofA
7150l F715el vlE A S7F 9 oA A F4E AN eS
BolFEth E3h PC vk SC ol uls] WA Auk FA7F Aol (30%
less, P = 0.05), gut 2ojo| A 7]Fo] M Ak 28 A s
ZaRE Btk 2 FAE 1A o] AAe wE fFoAA FFS

e kol 72 dFH oA S8 o7 vkt (P < 0.001).
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W 1E3F vla Ay, oA E Ao AHT F P10 (P = 0.002), P20
(P = 0.007), S30 (P = 0.025) +©°] S10, S20, S30 +xv} 247+ 7+
FAZE ATk Aol dFHHS AW o] HFHTol vt 9]
AFALHTG Aoy (P < 0.001), 1AH Aol W FAG
ZH2E7F 9 Forg ZRy AF+= AW o] AFH o] dxk o]
A+ Bl =9t (P < 0.001). 38, A7ES AFHFS Awrdo=w
F7E AFHTLEYG Ao AFHFEFE (P = 0.001)°] A, xo uwzt
Zr2e AHA%E (P = 0.01) 94 Ak /1¥E 15 1 vl A3, P30

Fol $30 ¥ mrb felgow Aol ¥ dmel HAPe] AL

g8y 19 P10, P20 T3 A]E dRE Aol AHI PC 2 7

eyt Zee] A3l ez ol o7k A
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Table 5. Body weight, white adipose tissue weight, liver weight, food intake, and caloric intake of mice fed control or high-fat diets containing
pine nut oil or soybean oil*

Soybean oil Pine nut oil
Fat Fat .
Control High-fat Control High-fat Interaction,
amount,  type,
SC S10 S20 S30 PC P10 P20 P30 P value

P value P value
(n=10) (n=11) (n=11) (r=12) (n=11) (n=11) (n=10) (n=12)

Body weight 17.3 17.0 17.1 16.8 16.7 17.0 16.9 16.7
0.92 0.54 0.91

at Owk (g) +0.5 +04 +03 04 +0.4 +03 04 +0.4

Body weight 32.8 38.5 394 38.0 30.5 34.6 354 34.6
, ) . . o .. <0001 <0001  0.88

at 12wk (g) +1.0% +1.4%  +1.1° +1.2% +0.6° 14" 1.1 +1.2%

155 21.5 22.3 21.2 13.8 17.5 18.5 17.8

Weight gain (9) +0.8°  +1.4% +1.0° +09%  +0.6° +1.3°  +1.0%  +11°

<0.001 <0.001 0.71

White adipose 3.1 53 5.4 5.3 2.2 44 4.6 4.2

. . ) b d d q . . o . <0.001 <0.001 0.99
tissue weight (g) +0.2 +0.4° +0.3" 0.3 +0.2 +0.4 +0.4 +0.3

1.18 1.21 1.20 1.13 1.09 1.01 1.02 0.99

Liver weight () 0.33 <0.001 0.68
+0.05° +0.06° +0.06° +0.04> +0.03*° +0.04® +0.03* +0.03°
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Liver weight % 3.81 326 318 311 3.82 309  3.02 3.00 0001 005 0.62
<0. . .
(9/100 g body weight) +0.06°  +0.10° +0.12® +0.05® +0.06° +0.06® +0.05*  +0.05°
Average daily 3.20 2.82 286 289 3.20 276 277 2.68 000l 001 011
<0. . .
Food intake (g/d)®>  +0.06°  +0.05™ +0.03" +0.05° +0.03" +0.04® +0.03*° +0.05°
Average daily caloric  11.8 13.1 13.3 134 11.8 12.8 12.9 12.4 0.001 0.01 0.08
<0. . .
Intake (kcal/d) +0.2°  +02% £0.1% +02%  +0.1° 0.2 +0.2"¢  +0.2°

Values are presented as mean + SE.

Two-way ANOVA was used to determine the main effects of fat amount and fat type and was followed by LSD post-hoc test. Means in a row without a

common superscript significantly differ (P < 0.05).

White adipose tissue weight is the sum of weights of epididymal, subcutaneous, and perirenal-retroperitoneal depots.
®Average daily caloric intake (kcal/d) = Average daily food intake (g/d) x Calorie of g diet (kcal/g diet)
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2. 84 leptin &

A Aol AFS ANk Aol Aol wis] dA leptin &
=7F oA ew w3 (P < 0.00D), A7E AAEe FVE AAT

o Hl&l A leptin ¥E7F SAoz Ikt (P < 0.001). ZF 79
A leptin % =% A= Figure 4 o Yehch 7E 18 vw
Ay, P10 o] S10 wHY Fod o2 I leptin X7} @t &
% leptin X AAY FAH o FABAE THAE AREEA, 3]
5 AFATA EF leptin ¥=7F W e FTE AFHTAA B

A 7k A maprh AALE gael V1A AdE AARET o

Avke 94 AE 2 AR SRl 15 s A &
Ag oAk Gah 9es molEth
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Figure 4. Serum leptin level in mice fed control or high-fat diets containing
pine nut oil or soybean oil

Values are presented as mean = SE (n=10-12/group). Two-way ANOVA was used
to determine the main effects of fat amount and fat type and was followed by LSD
post-hoc test. Labeled means without a common letter significantly differ (P <
0.05).
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Figure 5. Serum lipids level in mice fed control diets or high-fat diets containing
pine nut oil or soybean oil (A) serum TG, (B) serum cholesterol, (C) serum NEFA
(non-esterified fatty acid)

Values are mean + SE (n = 10-12/group). Two-way ANOVA was used to determine
the effects of fat amount and oil type and was followed by LSD post-hoc test.
Labeled means without a common superscript represent significant difference (P <
0.05).
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Figure 6. Hepatic lipids level in mice fed control diets or high-fat diets containing pine nut oil or soybean oil (A) Liver TG concentration, (B)

Liver cholesterol concentration
Values are mean = SE (n = 10-12/group). Two-way ANOVA was used to determine the effects of fat amount and oil type and was followed by

LSD post-hoc test. Labeled means without a common superscript represent significant difference (P < 0.05).
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5. 8% fetuin—A % 9 7t ZF A fetuin— A mRNA

==

T
AgRE g gl ekst RS ®Wu B3] gelsty] ffE,
fetuin—A & A%2 AdAsto] uAY 2ol Ul ZVE AV €5

fetuin—A FE9 7F ZZF oA fetuin—A FHAA T v|x= FIF
S Hrlekodeh 2 7o dF fetuin—A % 7 2Z A9 fetuin—
A mRNA +F 574 A= Figure 7 o YERY AT

Ao 7+ 2F o -9 fetuin—A mRNA FF& 1AW 2]
o] AFHoA FHoRE EROoY (P = 0.02), EF fetuin—A FE
5 543 Aol s A 2o] Ao wE {FoA1 JFFo] vERY
2 ekskth, 23]d, dF fetuin—A §5+E AT (r = -054, P =
0.006) @ WAl xu 2A (r= —0.46, P = 0.02) ¢ 29 4% #A=

Bt EE, 2718 HATIAE B AWFel vehid e

Frl

Esta, A7E AF A 2 24 fetuin— A mRNA FF0] &

ol,

gFo]l gt (1.4—fold, P = 0.1). 7tol A9 fetuin—A mRNA T+ A
d A 2= mRNA FF3 4o A3 A4S Uebilltt (Ppar
@, r = 0.56, P=0.005;, Acadl, r = 0.84, P < 0.001; Hadhe, r =

0.70, P<0.001; Acoxl, r=0.49, P=0.02).
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Figure 7. Serum fetuin-A level and relative fetuin-A mRNA level in mice fed
control diets or high-fat diets containing pine nut oil or soybean oil (A) Serum
fetuin-A level, (B) relative fetuin-A mRNA level

Values are mean = SE (n=10-11/group). Two-way ANOVA was used to deteremine
the effects of fat amount and oil type and was followed by LSD post-hoc test.
Labeled means without a common superscript represent significant difference (P <
0.05).
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edr
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- 55 -

A& gk



OO OO
ERSEEEEEEEEEK

SIS
soatoteleieletalotoleleletatotolelele

PR R R AR IR RARK
Refeloeteleto0t0%e e 002020 e 0202020 e 020202 02020

929292920-0-0-0-0-9-9-9-9-9-9-9-9-9

R R R R R

2620220262020 %0 %0 %020 %%
=

2.5

~ - e S

0.0

[2A3] YNYW 2ARe|9Y

Ucp2

Sod2

Acox1

Hadha

Cptia

Cyp4a10

Acad|

Ppara

Figure 8. Relative mRNA level of genes involved in fatty acid oxidation in mice fed control diets or high-fat diets containing

pine nut oil or soybean oil

hoc test. Labeled means without a

The mRNA expression level was measured by realtime PCR method. Values are mean + SE (n = 6/group). Two-way ANOVA

was used to determine the effects of fat amount and oil type and was followed by LSD post

common superscript represent significant difference (P < 0.05).
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Figure 9. Relative mRNA level of genes involved in lipogenic pathways in mice fed control diets or high-fat diets containing

pine nut oil or soybean oil

6/group). Two-way ANOVA

The mRNA expression level was measured by realtime PCR method. Values are mean = SE (n

P <0.01).

Hk

was used to determine the effects of fat amount and oil type. Student’s t test was used for comparison between PC and SC

groups or P10 and S10 groups because the interaction effect was significant (
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Figure 10. Epididymal SIRT3 protein expression in mice fed control diets or high-fat diets containing pine nut oil or soybean
oil

The intensity of SIRT3 band was densitometrically measured and normalized to the protein expression level of B-actin. Values
are mean = SE (n = 5-6/group). Two-way ANOVA was used to determine the significant effect of fat amount and oil type and
was followed by LSD post-hoc test. Means without a common superscript significantly differ (P < 0.05).

- 60 -
A2 gkw



K

o

2] 5%

AR A E

A

d

=

3tt} (Fabbrini et al., 2010).

e

A2l

nk

N

o] A

o] A Aol (45%

5%% WA ek, whebd, Aol 12

Zee A AdFH= 7

g vhend

A7io]

=
o

o
=

pie

& e Aol =

= A9

NJo

=0

A]

f
o

d,

T
i

]_

fite)
g

_]

#t}  (Fabbrini,

g8y 2 Ao A

2010).

O% Holm® I+ W ALHAHL %

4

o] & 10, 20, 30%

ZHo] Ao 10% thAl Aol

Cl

o Bz ANBEA AR

=
=1

A dERs o 2]

d|

i

3 A

A S e s

- 61 -



ErolA| A Ak,

A F el A

=

H7t Q= Aoz delx 9t (Lottenberg et al., 2012). w

7

L —
T

5

A 7 A2 Al FEQl 10%91A4 252
[¢)

o

o

)

Aol A A

o
¢

0

N

™

Ly

0

€}
a

1
i

H
Qr

}

A
ful

H}

o &£&A

_‘1

g

uEF T gofol A Hf A

A2A WEMEE 9
Fasn 2] mRNA S5°] P10 oA

-62 -

x=N

o

2715 AFTANA Acadl mRNA FF0]
s t—test, P = 0.02).

L

T

]_

Z P10 TolA S10 Rt}

°©

T
=,
&uﬂ

=

_i'%
It} Acadl

AR

°©

Al
H
o

]

(e}
Q9]

X
=
1t

2

=

918

st 49 A dAE
S10 #xof @3k (Student’

Aol
}‘\l_



Wy AEE=EAS g A7) q¢loz #gsitt (Postic et al,

[\
(@]
(@]
*
=
kD
X
rc
0
4l
2,
>
J
—
(@]
3t
o
0P}
—_
(@]
ol
t
o

Fasn mRNA I

b w2 RRRG Fasn mRNA o] Ao, 1 o A52]o] A5
A=) RaEQtt (Ferramosca, 2008a). o]&

2, AR Byl 27 dANA AT =H 7 A
o] TS AAFSIH. S, 2 Aol = 1F W FUAHE Ao
IAY Aol AF|LolA dnt Ao] el vls| 235 AA YR
2 AFolA AREE A Aolol= wE FHAHES HUbsHA 2%k
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Appendix 1. Impact of pine nut oil on weight gain and immune responses in high-

fat diet-induced obese mice

1. Introduction

Pine nuts, which are oily seeds of the pinus species, have been used for
culinary purposes around the world for centuries. Pinus koraiensis, a native plant
of eastern Asia and commonly called the Korean pine nut, is one of the main types
of commercial pine nuts. The lipid content of the Korean pine nut comprises 62%
of the total weight of the nut [1]. Pine nuts contain fatty acids with an unusual
structure, e.g., A5-unsaturated polymethylene-interrupted fatty acids (A5-UPIFAS).
These fatty acids are the characteristic components of lipids obtained from conifer
seeds and leaves [2]. Pinolenic acid (18:3, A5,9,12) is a major A5-UPIFA present in
pine nuts. Korean pine nut oil (PNO) contains 4% palmitic acid (16:0), 28% oleic
acid (18:1, A9), 47% linoleic acid (18:2, A9,12), and 14% pinolenic acid [2, 3].

The health benefits of PNO have been investigated in several studies. Asset
et al. [4, 5] reported that PNO lowered total cholesterol and triglyceride levels in
animal models. In a study by Sugano et al. [6], consumption of PNO (22% energy)
alleviated high blood pressure in spontaneously hypertensive rats after five weeks
of feeding. Hughes et al. [7] showed that providing a PNO capsule prior to an ad-
libitum buffet lunch resulted in reduced food intake in overweight female subjects.

Pasman et al. [8] observed that cholecystokinin and glucagon-like peptide-I
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secretion were higher in the subjects who received the PNO capsule than in those
who received placebo, thereby supporting the findings by Hughes et al. [7].
Dietary fatty acids, especially polyunsaturated fatty acids (PUFAS), play a
major role in regulating immune function by modulating the production of lipid
mediators involved in a variety of signaling pathways. In general, n-6 PUFASs are
known to promote hyperactive immune responses by providing substrates for pro-
inflammatory lipid mediators, whereas consumption of n-3 PUFAs results in the
alleviation of pro-inflammatory responses [9]. However, y-linolenic acid (18:3,
A6,9,12), which is an n-6 PUFA, was reported to suppress chronic inflammation by
increasing the cellular levels of dihomo-y-linolenic acid (20:3, AS8,11,14) [10].
Dihomo-y-linolenic acid can compete with arachidonic acid (20:4, A5,8,11,14) as a
substrate for cyclooxygenase and lipoxygenase, and it is also a precursor of anti-
inflammatory lipid mediators.
Pinolenic acid, which is the positional isomer of y-linolenic acid, can also
be taken up and elongated to form eicosatrienoic acid (20:3, A7,11,14) [11].
Chuang et al. [12] reported that pinolenic acid taken up by cells modified the fatty
acid composition of cellular phospholipids, resulting in decreased production of
pro-inflammatory eicosanoids in a murine macrophage cell line. In contrast to the
in vitro results, production of pro-inflammatory lipid mediators was elevated in
animals fed PNO [6, 13]. In a study that examined the effects of a five-week PNO
diet (22% energy) on immune parameters [13], the relative proportion of splenic
CD4" T lymphocytes, the splenic production of immunoglobulin G and E, and the
leukotriene B, released from peritoneal exudate cells were higher in rats fed PNO

compared with rats fed safflower oil (a source of linoleic acid; n-6, 18:2, A9,12) or
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evening primrose oil (a source of y-linolenic acid; n-6, 18:3, A6,9,12). Therefore,
pinolenic acid has the potential to modulate the immune response via a mechanism
that may be different from that of other n-6 PUFAs in vivo. However, information
regarding the effect of PNO on immune function is limited.

A study by Ferramosca et al. [14] showed that PNO consumption led to
less weight gain in mice that were fed a 29% energy fat diet containing PNO (17%
energy). Here, we investigated whether PNO reduced weight gain in high-fat diet
(HFD)-induced obese mice and whether this effect led to an improvement in
immune function. To observe a dose-dependent effect, 10, 20, and 30% of energy
was provided by PNO in the HFDs (45% energy fat). The effect of PNO
replacement in the control diet (10% energy fat) on immune responses was also
investigated. To the best of our knowledge, this is the first study to examine the
effect of PNO in a HFD on immune function after long-term feeding in an animal

model.

2. Materials and methods

2.1. Animals and diets

Five-week-old male C57BL/6 mice were purchased (Central Lab Animal
Inc., Seoul, Korea) and randomly divided into 8 groups after 3 days of acclimation.
Mice were fed the experimental diets for 12 weeks ad libitum. Control diets
contained 10% kcal fat from PNO or soybean oil (SBO), e.g., 10% PNO or SBO
(PC, SC). The following six different HFDs contained a total of 45% kcal from fat:

10% kcal from PNO or SBO + 35% kcal from lard (P10, S10), 20% kcal from PNO
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or SBO + 25% kcal from lard (P20, S20), and 30% kcal from PNO or SBO + 15%
kcal from lard (P30, S30). PNO was a gift from Dubio Co., Ltd. (GyeongGi-do,
Korea). The composition of the experimental diets is shown in Table 1. Mice were
housed individually and maintained in an animal facility with controlled
temperature (23 = 3°C) and humidity (55 + 10%) and a 12 h light/12 h dark cycle.
SBO was chosen as the control oil because its fatty acid composition is similar to
that of PNO, except for its pinolenic acid content. Body weight was recorded once
a week, and food intake was measured 4 times a week. At the end of the
experimental period, mice were fasted for 12 hours and euthanized by asphyxiation
with CO,. Blood was collected via cardiac puncture. Serum was separated and
stored at -80°C for later analysis. Epididymal, subcutaneous, and perirenal-
retroperitoneal fat pads were dissected and weighed. Spleens were aseptically
removed and placed in sterile RPMI 1640 media (Lonza, Walkersville, MD)
supplemented with 100 KkU/L penicillin (Gibco, Carlsbad, CA), 100 mg/L
streptomycin (Gibco), 2 mmol/L L-glutamine (Gibco), and 25 mmol/L HEPES
(Sigma Aldrich, St Louis, MO) (complete RPMI). This study was approved by the
Animal Care and Use Committee at Seoul National University (approval no. SNU-

101029-1).

2.2. Isolation of splenocytes

Spleens were minced with the frosted ends of microscope slides (Fisher
Scientific, Waltham, MA) in complete RPMI. After centrifugation, red blood cells
were lysed using Gey’s solution, and the remaining leukocytes were washed twice

with complete RPMI. Viable cells were counted by trypan blue staining on a
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hemacytometer (Fisher Scientific). Isolated splenocytes were resuspended in
complete RPMI containing 10% heat-inactivated fetal bovine serum (Gibco) for

culture.

2.3. Lymphocyte proliferation

Lymphocyte proliferation was determined using a [°H] thymidine
incorporation assay. Splenocytes (4x10° cells/well) were cultured in triplicate with
concanavalin A (Con A) (Sigma Aldrich) at 0.5 or 1.5 mg/L (final concentration) or
lipopolysaccharide (LPS) (Sigma Aldrich) at 5, 15, or 30 mg/L (final concentration)
in a 96-well flat bottomed plate (Becton Dickinson, Franklin Lakes, NJ) for 72
hours at 37°C in the presence of 5% CO,. Each well was pulsed with 18.5 kBq of
[*H] thymidine (Perkin Elmer, Boston, MA) for the last 4 hours of the incubation.
Cells were harvested on filter paper using a cell harvester (FilterMate; Perkin
Elmer), and radioactivity was measured using a liquid scintillation counter
(MicroBeta; Perkin EImer). The results are reported as corrected counts per minute
(ccpm), which is the average ccpm of the mitogen-stimulated wells minus the

average ccpm of the unstimulated wells.

2.4. Cytokine and prostaglandin E, (PGE2) production

Splenocytes (5x10° cells/well) were stimulated with 5 mg/L of Con A for
48 hours or 10 mg/L of LPS for 24 hours in 24-well plates at 37°C in a 5% CO,
atmosphere. Cell-free supernatants were collected and stored at -80°C. Levels of
interleukin (IL)-2, interferon (IFN)-y, IL-6, and IL-1B were measured by ELISA

(BD OptEIA set; BD Pharmingen, San Diego, CA) according to the manufacturer’s
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instructions. Levels of PGE,were measured using a competitive ELISA kit (PGE,

EIA kit; Cayman Chemicals, Ann Arbor, MI).

2.5. Serum leptin
Serum leptin levels were determined by ELISA (Quantikine® ELISA Kkit;

R&D Systems, Minneapolis, MN).

2.6. Statistical analysis

Statistical analysis was performed using PASW Statistics 18 (SPSS Inc.,
Chicago, IL). Two-way ANOVA was used to evaluate the overall effects of the fat
amount and type used in the diets and the interaction between these parameters.
When the effects were significant, an LSD multiple-comparison post-hoc test was
performed. A Pearson correlation was used to determine the association between
body weight, adipose tissue weight, and serum leptin level. The results from all the
comparisons were considered significant at P < 0.05. Data were reported as the

mean + SE.

3. Results

3.1. Weight gain, white adipose tissue weight and energy intake

Weight gain, white adipose tissue weight, and energy intake were
significantly affected by the amount and type of fat used in the diets. No significant
interaction was observed (Table 2).

Replacement of SBO with PNO resulted in less weight gain and less white
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adipose tissue in mice fed the HFDs. Mice in the P10 (P = 0.01), P20 (P = 0.01),
and P30 (P = 0.02) groups gained less body weight than the mice in the S10, S20,
and S30 groups, respectively, after 12 weeks on the diet. Mice in the P10 (P = 0.04),
P20 (P = 0.07), and P30 (P = 0.02) groups had less white adipose tissue than those
in the S10, S20, and S30 groups, respectively. PNO consumption also led to less
white adipose tissue in mice fed the control diets (P = 0.05). A significantly
positive correlation was observed between weight gain and white adipose tissue
weight (r = 0.91, P < 0.001).

Inclusion of PNO in the HFD resulted in less energy intake than the
inclusion of SBO in the HFD, and this was due to less food intake. Mice in the P30
group consumed significantly less energy than those in the S30 group (P < 0.001).
In mice fed the control diets, there was no significant difference in energy intake
between the PC and SC groups. These data indicate that the reduced weight gain in
the mice fed the PNO-containing HFDs was mainly due to a decrease in adiposity

and might be partly mediated by a reduction in food intake.

3.2. Serum leptin

Overall, serum leptin levels were higher in mice fed the HFDs than those
fed the control diets (P < 0.001), and PNO replacement resulted in lower serum
leptin levels (P < 0.001) (Figure 1). Mice in the P10 group had significantly lower
serum leptin levels than those in the S10 group (P = 0.04). The serum leptin level
showed a significantly positive correlation with weight gain (r = 0.88, P < 0.001)
and white adipose tissue weight (r = 0.90, P < 0.001), supporting the contention

that PNO decreased adiposity.
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3.3. Lymphocyte proliferation

Overall, the proliferative response of splenocytes to Con A at 0.5 mg/L
tended to be higher in mice fed the HFDs compared with mice fed the control diets
(P = 0.08), and consumption of PNO generally resulted in higher proliferative
responses of splenocytes to Con A at 0.5 mg/L (P = 0.09) (Table 3). The
proliferative response of splenocytes to Con A at 1.5 mg/L or to LPS at 5, 15, and
30 mg/L was not significantly affected by the amount or type of fat used in the

diets.

3.4. Cytokine and PGE, production

Overall, the production of IL-1B by splenocytes stimulated with 10 mg/L
of LPS was significantly higher in mice fed PNO (P = 0.04), whereas the amount
of fat did not have a significant effect (Table 4). There was no significant influence

of the amount or type of fat on the production of IL-2, IFN-y, IL-6, or PGE,.

4. Discussion

PNO has been reported to have beneficial effects on lipid metabolism [11,
15], blood pressure [6], appetite control [7, 8], and eicosanoid production [12].
However, few studies have been conducted to determine the effects of PNO on
immune function [13]. We focused on whether PNO consumption could influence
weight gain and whether the impact of PNO on reduced weight gain resulted in an
improvement in immune function in HFD-induced obese mice. We showed that
mice fed a PNO-containing HFD gained less body weight and had less adipose

tissue than mice fed an SBO-containing HFD. Dose-dependent effects of PNO on
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weight gain and white adipose tissue weight were not observed among the different
doses of PNO tested in this study.

PNO consumption tended to increase lymphocyte proliferation when the
cells were stimulated with Con A at 0.5 mg/L, but it did not have any significant
influence on lymphocyte proliferation when the cells were stimulated with Con A
at 1.5 mg/L or with LPS at 5, 15, or 30 mg/L. Thus, it is inconclusive whether
consumption of PNO resulted in improved lymphocyte proliferation. Additionally,
we cannot conclude that the higher lymphocyte proliferation observed upon Con A
stimulation at 0.5 mg/L in mice fed PNO was due to less weight gain and lower
adipose tissue weight because obese mice tended to have higher lymphocyte
proliferation upon treatment with Con A at 0.5 mg/L as well.

Obesity has been linked to immunosuppression [16]. It was reported that
the proliferative response to T cell mitogens was significantly lower in both diet-
induced and genetically obese models [17, 18]. However, reports have been
inconsistent on whether obesity results in a reduced proliferative response of
immune cells. Boissonneault and Harrison [19] demonstrated that splenocyte
proliferation in response to T cell mitogens in young or adult genetically obese
mice was greater than that in lean mice. In a study by Mito et al. [20], proliferation
of splenocytes to T cell mitogens in diet-induced obese mice was higher than that
in lean mice, although the difference was not significant. It was also observed that
peripheral blood mononuclear cell proliferation in response to T cell mitogens was
not significantly different in young (24- to 34-year-old) obese human subjects who
did not have metabolic disorders [21]. In the current study, we did not observe

diminished proliferative responses in lymphocytes from obese mice. Instead, the
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lymphocyte proliferative response to Con A at 0.5 mg/L tended to be higher in
obese mice compared with the lean control mice. There is a possibility that the
higher proliferation of lymphocytes from obese animals could be a result of T cell
prematuration [19], especially at early adulthood.

Ahmed et al. [22] reported that energy restriction enhanced T cell-
mediated immune responses in the obese. Tanaka et al. [23] reported that the
altered T cell function observed in the obese was corrected after adequate weight
reduction. In the current study, mice fed the HFD with PNO gained 17% less
weight than mice fed the HFD with SBO. However, reduced weight gain did not
result in an overall improvement in lymphocyte proliferative responses to T cell
mitogens. It is worth noting that the beneficial effects of energy restriction on
immune responses have been observed to be in the range of 20% to 60% in most
studies using animal models [24]. The magnitude of the reduction in energy intake
in this study was insufficient to have a significant influence on lymphocyte
proliferation because mice fed the HFD with PNO consumed 4% less energy than
those fed the HFD with SBO. The beneficial effects of energy restriction are more
prominent in autoimmune disease and aging models because the beneficial effects
are associated with low production of pro-inflammatory cytokines and enhanced
activity of antioxidant defense enzymes [24]. However, the reduced production of
inflammatory cytokines observed during energy restriction impaired natural killer
cell activation and led to greater host susceptibility to influenza infection [25]. The
latter data suggest that energy restriction can result in distinct consequences
depending on the condition of the host and the type of infection. Further study is

needed to better define the effect of the PNO-mediated energy restriction in the
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HFD during immune challenge.

Splenocyte production of IL-1B was significantly higher in mice fed PNO
than in mice fed SBO. IL-1B is a pro-inflammatory cytokine that facilitates T cell
proliferation and activation [26, 27]. In a study by Matsuo et al. [13], consumption
of PNO (22% kcal) for five weeks resulted in higher leukotriene B, release from
rat peritoneal exudate cells when compared with other oil groups. These results
suggest that PNO might have an immunoactivating effect by facilitating the
inflammatory response, which is a mandatory process for promoting appropriate
immune responses, although the mechanism remains to be delineated. PGE; levels
were not significantly different between the two oil groups, although IL-1p is
known to induce PGE, production. The lack of a difference in PGE; levels may be
due to substrate competition; the plasma membrane of splenocytes of mice fed
PNO contains pinolenic acid, which counteracts the effect of IL-1B-induced PGE,
synthesis. The latter speculation is supported by a previous study [12].

In the current study, we showed that consumption of a HFD partially
substituted with PNO for 12 weeks led to reduced weight gain, which was mainly
due to less white adipose tissue in the mice. The effect of lower weight gain did
not result in an overall enhancement of the proliferative responses of splenocytes.
As the production of IL-1p by splenocytes was higher in mice fed PNO, there is a
possibility that PNO can activate the immune response, but further studies are
needed to determine the mechanisms of the effect of PNO on IL-1p production

and whether PNO affects the production of other inflammatory markers.
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Figure. 1. Serum leptin levels in mice fed control diets or high-fat diets containing pine
nut oil or soybean oil (SC, n=10; PC, n=11; S10, n=11; P10, n=11; S20, n=11; P20, n=10;
S30, n=12; P30, n=12)

Values are presented as the mean + SE. Two-way ANOVA was used to determine the
effects of fat amount and type, followed by an LSD post-hoc test. Labeled means without a
common letter represent significant differences (P < 0.05). Serum leptin levels were
determined by ELISA.
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Table 1. Composition of the experimental diets (g)*

Control High-fat
(10% kcal Fat) (45% kcal Fat)
10% Oi 10% Qil 20% Oil 30% Qil
o Oil
+35% Lard  +25% Lard +15% Lard
Casein 191 236 236 236
L-Cystine 2.9 35 35 3.5
Sucrose 335 204 204 204
Cornstarch 301 86 86 86
Dyetrose 33 118 118 118
PNO® or SBO 43 53 106 159
Lard 0 186 133 80
t-Butylhydroquinone 0.009 0.01 0.02 0.03
Cellulose 48 59 59 59
Mineral mix* 33 41 41 41
Vitamin mix‘ 10 12 12 12
Choline bitartrate 1.9 2.4 2.4 2.4
kcal/g diet 3.7 4.6 4.6 4.6

®Resource: Dyets, Inc, Bethlehem, PA, USA.

®PNO was a gift from Dubio Co., Ltd. (GyeongGi-do, Korea).

‘Thirty-three grams of mineral mix (Dyets, #210099) provides 4.9 g calcium, 3.8 g
phosphorus, 3.4 g potassium, 0.9 g sodium, 1.5 g chloride, 0.5 g magnesium, 0.3 g sulfur,
55 mg manganese, 33 mg iron, 28 mg zinc, 6 mg copper, 0.2 mg selenium, 0.2 mg iodine
and 3.9 g sucrose.

“Ten grams of vitamin mix (Dytes, #300050) provides 4,000 IU vitamin A, 1,000 U
vitamin D3, 50 1U vitamin E, 30 mg niacin, 16 mg pantothenic acid, 7 mg vitamin B¢, 6 mg
vitamin B;, 6 mg vitamin B,, 2 mg folic acid, 0.8 mg menadione, 0.2 mg biotin, 10 pg
vitamin B, and 9.8 g sucrose.
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Table 2. Body weight, weight gain, white adipose tissue weight, food intake and energy intake of mice fed control diets or high-fat diets

containing pine nut oil or soybean oil

Soybean oil Pine nut oil
Control High-fat Control High-fat amlz)autnt t;s; Interaction,
sC SI0  S20  S30 PC PO P20 P30  pyaue Pualie P Value
(n=10) (n=11) (n=11) (n=12) (n=11) (n=11) (n=10) (n=12)
Body weight ~ 17.3 170 171 168 167 170 169 167
at 0 wk (g) +05  +04 03 +04  +04 %03 04 +04 092 04 0.91
Body weight 328 385 394 380 305 346 354 346
at12wk (g)  #1.0°  #1.4%  £11° #12%  £06°  #1.4% 110 #qpw <0001 <0001 088
Weightgain 155 215 223 212 138 175 185  17.8
© £08%  +14% +10° 09  +06  +13 +10° +11° <0001 <0001 071
White adipose
. ! 3.1 53 54 53 2.2 44 46 42
Eg)sa“ewe'ght £0.2°  +04% 037 #03°  #02°  +04° +04% 0z <0001 <0001 099
Average daily
( 320 28 286 289 320 276 277 268
(F;/E? Intake 10060 +0.05™ +0.03% +0.05° +0.03° +0.04® +003 +005° 0001 001 0.11
Average daily
; 118 131 133 134 118 128 129 124
energy INtake 550 4020 401  +020  +01°  £02%° 02 0g> <0001 001 0.08

(kcal/d)®
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Values are presented as the mean + SE. Two-way ANOVA was used to determine the effects of fat amount and type, followed by an LSD post-hoc test. Means
in a row without a common superscript represent significant differences (P < 0.05).

®White adipose tissue weight is the sum of the weights of epididymal, subcutaneous, and perirenal-retroperitoneal depots.

bAverage daily energy intake (kcal/d) = Average daily food intake (g/d) x Calories per g diet (kcal/g diet).
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Table 3. The proliferative responses of splenocytes from mice fed control diets or high-fat diets containing pine nut oil or soybean oil (x 10°

ccpm).
Soybean oil Pine nut oil
Control High-fat Control High-fat Fat Fal | teraction,
sC S10 S20  S30 PC P10 P20 P30 ot P P value

(n=10) (n=11) (n=11) (n=12) (n=11) (n=11) (n=10) (n=12)
Con A, mg/L
0.5 134+22 194+20 191+17 18920 180+17 220+19 209+21 198+24 0.08 0.09 0.83
15 158+27 201+28 198+19 188+24 202+16 195+17 152+23 194+26 0.75 0.98 0.30
LPS, mg/L
5 70+10 7248 83+9 147 83+8 66+10 71+8 63+11 0.66 0.48 0.50
15 7411 80+8 86+9 78+9 89+10 75+10 78+9 70+12 0.83 0.87 0.61
30 68+14 82+12 84+11 73+13 84+12 69+13 7612 66+14 0.85 0.74 0.68

Values are presented as the mean + SE. Two-way ANOVA was used to determine the effects of fat amount and type.

Splenocytes (4x10° cells/well) were stimulated with Con A or LPS in 96-well flat bottomed plates for 72 hours at 37°C in the presence of 5% CO,. Final
concentrations of mitogens were 0.5 and 1.5 mg/L for Con A and 5, 15 and 30 mg/L for LPS. Lymphocyte proliferation was measured by assessing [*H]
thymidine incorporation during the last 4 hours of incubation. The results are reported as ccpm, which is the average cpm of the mitogen-stimulated wells
minus the average cpm of the unstimulated wells.
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Table 4. The production of cytokines and PGE; by splenocytes from mice fed control diets or high-fat diets containing pine nut oil or soybean

oil

Soybean oil Pine nut oil
Control High-fat Control High-fat Fat . Fattype, Interaction
amount, !

SC S10 S20 S30 PC P10 P20 P30 Pvalue T value , P value

(n=10) (n=11) (n=11) (n=12) (n=11) (n=11) (n=10) (n=12)
Con A, 5mg/L
erle) 217437  292+54 287+59 237+48  189+26  223+33 239+60 199+24 0.47 0.15 0.97
EE;-LY) 1.9+1.0 1.4+06 1.6+0.7 1.2+04 1.7+0.6 1.1+04 29+23 1.2+0.4 0.66 0.76 0.82
LPS, 10 mg/L
zt;L) 1.7+0.2 1.9+0.2 2.2+0.1 20+0.1 2.0+01 2.1+0.2 2.1+0.2 2.0+0.2 0.36 0.43 0.78
Erl;g}f) 38+9°  52+18% 41+11% 53+18®  53+13* 71420 72+16%® 82+15° 0.55 0.04 0.95
E’nGg/ELZ) 683+171 63781 644+97 475+81  451+73  563+66 864+399 597+159 0.57 0.94 0.54

Values are presented as the mean + SE. Two-way ANOVA was used to determine the effects of fat amount and type, followed by an LSD post-hoc test. Means
in a row without a common superscript represent significant differences (P < 0.05).

Splenocytes (5x10° cells/well) were stimulated with Con A (5 mg/L, final concentration) for 48 hours or LPS (10 mg/L, final concentration) for 24 hours in 24-
well plates at 37°C in a 5% CO, atmosphere. Cell-free supernatants were collected, and the levels of IL-2, IFN-y, IL-6, IL-1B, and PGE, were measured by
ELISA.
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Abstract

The effect of pine nut oil on
the development of hepatic steatosis
In high-fat diet-induced obese mice

Soyoung Park

Department of Food and Nutrition
The graduate School

Seoul National University

Non-alcoholic fatty liver disease (NAFLD) has been becoming a major
public health problem with obesity epidemic. Thus, development of an
effective dietary approach is required for prevention of NAFLD. Korean
pine nut oil (PNO) has been reported to have some influence on appetite
control and lipid metabolism. PNO also has the potential as a food
component that can be used for the NAFLD prevention by its beneficial
effect on weight management and lipid metabolism, but the information
regarding the role of PNO on NAFLD prevention is still limited. We

examined whether PNO replacement in high-fat diet (HFD) can ameliorate
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HFD-induced hepatic steatosis compared to soybean oil (SBO). Five-week-
old C57BL/6 mice were fed control diets consisting of 10% calorie fat from
either PNO (PC) or SBO (SC) or HFDs consisting of 45% calorie fat from
10% PNO or SBO and 35% lard (P10, S10), 20% PNO or SBO and 25%
lard (P20, S20), or 30% PNO or SBO and 15% lard (P30, S30) for 12 weeks.
We measured body weight, food intake, liver lipids level, mRNA level of
genes involved in lipid oxidation and lipogenic pathways, and protein
expression of SIRT (sirtuin) 3. Mice in P10, P20, and P30 group gained less
body weight and had less white adipose tissue compared to those in S10,
S20, and S30 group. It indicates PNO suppressed body weight gain and
white adipose tissue accumulation in HFD-induced obesity. Mice in PC
group also had less white adipose tissue than those in SC group. Mice in
P30 group had significantly less caloric intake than those in S30 group, but
caloric intake of mice in PC, P10, and P20 group was not significantly
different from those in SC, S10, and S20 group. P10 group had significantly
lower hepatic triglyceride (TG) level than S10 group. Further experiments
were performed to examine mechanisms responsible for the effect of PNO
on hepatic TG reduction in 4 groups, which was SC, PC, S10, and P10
group. Overall, hepatic Acadl (long-chain acyl-CoA dehydrogenase) mRNA
level was higher in PNO-fed mice, which might mediated the lower
accumulation of hepatic TG in P10 group by increasing p-oxidation of fatty

acid. Hepatic Pparg (peroxisome proliferator activated receptor gamma)
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MRNA level was lower in PC group compared to SC group. Protein
expression of SIRT 3 in white adipose tissue was downregulated in S10
group and was restored in P10 group to the level of control lean mice. These
results suggest that PNO could alleviate mitochondrial dysregulation or
damage by restoring SIRT3 protein expression in HFD-induced obese mice.
In conclusion, PNO consumption resulted in less body fat accumulation and
attenuated hepatic steatosis in HFD-induced obesity, which seemed to be a

result of caloric restriction-mimetic response.

Keywords: Pine nut oil, high-fat diet, hepatic steatosis, SIRT3
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