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EXBHE

Several studies indicate that inflammation and endothelial cell dysfunction are
important initiating events in atherosclerosis. Intercellular adhesion molecule 1
(ICAM-1), an inflammatory biomarker, plays a pivotal role in cardiovascular disease
(CVD) progression. Dietary intake of fish oil rich in n-3 polyunsaturated fatty acids
(PUFAs), such as docosahexaenoic acid (DHA), has been associated with reduced
CVD risk. In this study, we investigated the effect of DHA on the tumor necrosis
factor-alpha (TNF-a)-induced ICAM-1 expression in EA.hy926 cells and the possible
mechanisms involved. The results showed that DHA (50 and 100 uM) inhibited
TNF-a-induced ICAM-1 protein, mRNA expression, and promoter activity. In
addition, TNF-a-stimulated IKK phosphorylation, IxkB phosphorylation and
degradation, p65 nuclear translocation, and NF-kB and DNA binding activity were
attenuated by pretreatment with DHA. Furthermore, DHA significantly increased the
protein expression of heme oxygenase 1 (HO-1) and nuclear factor erythroid 2-related
factor 2 (Nrf2), induced Nrf2 translocation to the nucleus, and up-regulated
antioxidant response element (ARE)-luciferase reporter activity. HO-1 expression is
primarily regulated by DHA at the transcriptional level. Transfection with HO-1
siRNA knocked down HO-1 expression and partially reversed the DHA-mediated
inhibition of [CAM-1 expression. In conclusion, these results suggested that DHA
inhibits TNF-a-induced ICAM-1 expression is through attenuation of NF-xB
signaling pathway and stimulation of Nrf2-dependent HO-1 expression in EA.hy926
cells. The anti-inflammatory effects of DHA may implicate its CVD-protective

potential.

Key words: DHA, HO-1, ICAM-1, inflammation, NF-kB, Nrf2, TNF-a
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oA BEREE ()&% N R 3 E (intimal thickening) 5 (2)h5 By & (fatty streak) ; (3)
¥ J gkt (intermediate lesion) 5 (4)4k 4 32 3%, (fibrous plaque) ; (5)48 38 14 7% 4t
(complicated lesion) (Hegele, 1996) « £ * Z oy mika 230 A hRossiz ey ',
R B % 15745 2 R B3R | (The response to injury) (Ross, 1993) » i i M & 4m i
BeyR AR S 045 ik ¥ LDL&G 3 v B A% 1545 ~ B & A (free radicals) ~ % & & ~
Ik R ~ 8% & 3 (herpesviruses) Bk 3 ~ KRR 82 Bk 4 (Chlamydia pneumoniae) % >
% it mR N K 4 BB 3 AE %k A (dysfunction) o £ EpBkAEALANER » 2 BEEW N K la

248 0w EARERRIE » 28 T % a6 18 Tk f& (homeostasis) » & 2

NEREBEN - NE BB o 17— Ry TFWEEHEE > &
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ox-LDL (Steinberg et al., 1989) = B P9 & 4m fiL % 2] R 3505 - & H 2035 % M4ty
% R % & B F(growth factor)# #2 1 > &.3£MCP-1 (monocyte chemotactic
protein-1)~MCSF (monocyte-colony-stimulating factor)~ TGF-f (transforming growth
factor-beta) » G RE MBRBRE FHEBHKMEN TR > EHITERNATERM -
Bk @ $MCSF% % M 51t i B 7% 48§ (Qiao et al., 1997) » £ 5748 % &)
oxX-LDL » {45 K 2 649 W Bl 8% ~ A5 H e A 4 4a IR Y M 715 AR, 764 7K 4a s (foam cell) » 3
ik KB B9 AT A X 4= B %%k & (proinflammatory cytokines) » )4 : IL-1
(interleukin-1) ~ TNF-a (tumor necrosis factor-alpha) ~ IFN-y (interferon-gamma) »

iE b dm i & € Bl &£ & B F 0 )4 : VEGF (vascular endothelial growth factor) ~
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TR BNBRESNERERFGIR S T5E HRZEARR SN EHE
Be > £ &5 4 A =48 © selectins ~ IgSF #Fu integrins (& 2.1) (Blankenberg et al.,
2003)  #8 % 7% 3 & & 4 F(Immunoglobulin-like molecules or Immunoglobulin
superfamily, IgSF) 2 4m f B _E &4 8% & G 3 % 35 (glycoprotein receptor) > 5 7 4a it 41

&4 Ig domain R 5] » A 7 [ &9 isoform » 4540 ICAM ~ VCAM ~ PECAM -



* 2.1 %-¥ )Rk Hk 521t 2 %k Mt 5 F (Blankenberg et al., 2003)

Description of adhesion molecules imvolved in atherosclerosis, their main ligands, their functions, and their tissue distribution

Adhesion molecules  Other names Ligands Functions Tissue distribution Soluble form

Endoth Leuko Platelets

Selectins/ligands

P-selectin CD62P, GMP140 PSGL-1, Lewis X, CD24 Rolling/tethering + + +

E-selectin CD62E, ELAMI ESL-1, Lewis X, PSGL-1, L-set Rolling/tethering + +

L-selectin CDe2L Lewis X, CD34, PSGL-1, GlyCAM  Rolling/tethering + +

E-selectin ligand 1 ESL-1 E-selectin Rolling/tethering +

P-selectin ligand 1 CDI162, PSGL-1 P-, L-, E-selectin Rolling/tethering + +

Immunoglobulins

ICAM-1 CDs54 alp2, aMB2, aXp2 Firm adhesion + + +

ICAM-2 CD102 alB2, aMB2 Firm adhesion + + + +

ICAM-3 CDs50 alp2, aDR2, DC-SIGN Firm adhesion + + +

VCAM-1 CD106 adBl, adB7, aDB2 Firm adhesion + +

PECAM-1 CD31 PECAM-1, VB3 Endothelial integrity, + + + +
leukocyte extravasation

Integrins

Integrin a2/B1 CD49b/CD29, VLA2 Collagen, laminin Platelet receptor +

Integrin a4/l CD49d/CD29, VLA4 VCAM-I1, FN Firm adhesion +

Integrin aL/B2 CD11a/CDI18, LFAL  ICAMs Firm adhesion +

Integrin aM/B2 CDI11b/CDIR, Macl ICAMSs,iC3b, FX, FG Firm adhesion +

Integrin aX/B2 CD11e¢/CD18 ICAM-1, FG, iC3b, CD23 Firm adhesion +

Integrin aD/B2 CD11d/CD18 ICAM-3, VCAM-1 Firm adhesion +

Integrin a2B/o3 GPIIb/IITa vWEFE, FN, FG, VN, thrombospondin  Platelet receptor +

Integrin aV/B3 VNR, CDSI/CD61 PECAM-1, VN, FN, FG, vWF Proliferation, migration + +

Integrin aV/B3 VN Proliferation, migration ~ +

The last column refers to the demonstrated existence of a soluble isoform. FG, fibrinogen; FN, fibronectin; FX, Factor X; VN, vitronectin; vWF, von
Willebrand factor.

4m i, Fa] 25 [t 4 T (Intercellular Adhesion Molecules, [CAMs) i A & F& 22 A
(subtypes) » H F & ¥ R 89% ICAM-1 (X 45 CD-54) » £ & tm B ~ b & bm B2 ~ 4§,
Hektaf PR s GRRFHA KRR FREFERKNESE > EREA
% % tm i % % (TNF-a ~ IL-1 ~ IFN-y) ~ LPS (lipopolysaccharide) ~ ox-LDL ~ &/t /&
71 (oxidative stress) ~ J& # Bk 3¢ & Rl > & K& &R 3.3 M 5 F(k 2.2) (Roebuck
& Finnegan, 1999) » % @ & m ¥k b % integrins & 4 R ZAFF » 18 G 3K T E L
fit(firm adhesion)# M g 4= i, b (Blankenberg et al., 2003) - #] F Hu8¢ ra 7 ICAM-1
YA 24k &7 ICAM-1 knockdown # X% F : [CAM-1 £ & KRB FEN R R
R ATIBRE PREE I8 5 € £ ¢ A & (Reiss & Engelhardt, 1999; Lehmann et al.,
2003) - A#A ICAM-1 & R &4 B - (promoter) /- ] €44 1% 58 (clone) i 4k » 3 % 3%
4% A F(transcription factor) @ £ #13Hx ICAM-1 %3, » 3% AP-1 (activator

protein-1) (Son et al., 2006) ~ Sp1 (Berendji-Grun et al., 2001)#2 NF-xB (nuclear



factor-kB) (Zhou et al., 2007; Lian et al., 2010) ~ STAT (Janus kinases (JAK)-signal
transducers and activators of transcription) (Audette et al., 2001) - TNF-a ~ IL-1 £ &
& % 1B 7541 NF-xB R #Ex ICAM-1 > 4o © f£ A TNF-a 354 AFEMF L & e
(human pulmonary epithelial cells) & 23, ICAM-1 9 X+ > HFEF 7T NFxBoy€ &
M (Oh et al., 2010) ; M IFN-y 8] &% i& STAT 4% 3§ #4& R 3 iE ICAM-1 (B 2.2)
ICAM-1 %7 8 #E e aROBTERR T ey kA 5 Rt > ICAM-1 &
W %8 KRR A M 94w R (asthma) ~ Bk 38 71k 28 1t (atherosclerosis) ~ & 4
"% % i8 JiE 1% 2% (acute respiratory distress syndrome) ~ &z o P4 &2 A, FBE R IB 15
(ischemia reperfusion injury) ~ & %% %,7% 7= /% (autoimmune disease) % (Roebuck &

Finnegan, 1999) -

* 2.2 3% ICAM-1 & 3,89 & [ #] % (Roebuck & Finnegan, 1999)

Table 2.2  Cell Type-Specific Induction of [CAM-1 Expression

Cell type Stimuli

Endothelial cell TNF-a, IL-1, IL-6, thrombin, X-ray, PDTC,
IFN-v, endothelin-1, substance P, estradiol,
shear stress, UV, TPA, LPS, measles virus
oxidized LDL, H505, melal ions

Epithelial cell TNF-a, IL-1, LPS, TPA, histamine, EBV, CMV,
RSV, parainfluenza virus, rhinovirus

Fibroblast TNF-a, IL-1, TL-4, TFN-vy, retinoic acid,
mycoplasma, PGE,

Keratinocyte TNF-a, histamine

Hepatocyte TNF-au, -1, TFN-y, 11.-6

Leukocyte TNF-au, IL-1, IFN-y, IL-3, GM-CSF, TPA

Smooth muscle cell TNF-a, PDCF

Abbreviations: TNF-a, tumor necrosis factor «; IL, interleukin; 1TFN-vy,
interferon-y; GM-CSF, granulocyle-monocyte colony-stimulating factor; LPS,
lipopolysaccharide: PMA, phorbol 12-myristate-13-acetate; RSV, respiratory
syncytial virus; CMV, eytomegalovirus; UV, ultraviolet light A; LDL, low-
density lipoprotein; PDGF, platelet-derived growth factor; EBV, Epstein-Barr
virus; PGE, prostaglandin E; PDTC, pyrrolidine dithiocarbamate.
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TNF-R] ? I-1R FN-R
. NIK

TRAF-2 TRAF-6 JAK-1 JAK-2
IKKa/B
Signalsome
I-kB STAT
NF-kB
RelA/RelA
Reltyc-Rel ¥ STAT-1/STAT-1
RelA/NFKB] STAT-1/STAT-3
—>
| ICAM-1 ]
NF-xB IRE TATA

2.2 TNF-o~IL-1B~IFN-y 3= ICAM-1 &) 5 F1% 4% 342 (Roebuck & Finnegan, 1999)

3. BRI B T RS ARG KR AEZ B 4
Ji£ 78 3 & B F(Tumor Necrosis Factor-alpha, TNF-a) {2 & 7% 4 12 & % i 42

PIrEEERNAL > Qi@ A - 51~ AT AR X RIE(Gaur & Aggarwal,
2003; Liu, 2005) - TNF-o 3 da fota s & @ ey X S &6 M & £ £ MiEt  REHF
FHARE T A% % A TNFRI1 (tumor necrosis factor receptor 1) (55 kDa) &
TNFR2 (75 kDa) - TNFR1 /7 A #6804 ta J B L 4R A R 3L 0 4o & TNF-0 £ &4
% % TNFR2 8] & A %.7% 4a f B M A 4= i (Gaur & Aggarwal, 2003) < TNF-a
AT AT i K mi s F RaB AR A A REX ZAMAFFOLE
W fe  BE BRI RARACAR G R 7T 45 3¢ 09 HeHF(Sana et al., 2005) - TNF-o
G R BN B 4a Bl R 3 EE R 5 F (39 ICAM-1 ~ VCAM-1 ~ E-selectin) » R ik & fn
¥k %6 M AE A (Zhou et al., 2007; Oh et al., 2010) » M sb3% 2 &k 2245 A T
NF-«B #)7&b- £ X &R TF > TNF-o @ Ah® X 2GE N R @R =58
WFE A RIEA SR el AR XRIENHERX -
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4. 4% ® F NF-xB A &R B R

4-1. NF-xB

NF-«xB (Nuclear factor-xB);& #2155 ¥ & %, 7% 48 I 69 3245 B F » /B Rel £5% 8y
—H%& 8% - B AT O NF-xB %% & B8 B Fr 4 : p65 (RelA) ~ c-Rel ~RelB »
p50/p105 (NF-xBy) ~ p52/p100 (NF-xBy) » LA ] & # 4 %% (homodimer) &, & & 4 & 8%
(heterodimer) &y # K, 77 4 (Jost & Ruland, 2007) : K3} % NF-«xB #5 & 5% £ tm B 5
kB i# %5 8% & 7% 18 A 4 B4 P9 0 48] o pSO/p65 & A 4 NF-«B 45 482 : 4 £ NF-«B
B A8 0 4o pS2/RelB » R¥L IkB i & > B AE A AN Mm% - M pl05S ¥ pl00
4 C 3% 7% Ankyrin domain (ANK) » -85 2 4568 f£ 4a B 8 79 > & /K AR AR pSO #2 p52
B F B A A% e ae 71 (B 2.3 ~ B 2.4) (Perkins, 2000) - 5% & 4 A A
— B AR B KR BR T 7 #%2 % Rel homology domain (RHD) » & &5 7] 4 &
dimerization domain ~ nuclear localization signal (NLS) - DNA-binding domain » 4~
)77 4% NF-kB £ 5% i 47 % 52 fb(dimerization); & IxB $2 NLS 4 & 8% & #p %] NF-xB
8975 0 # 0k 4T4% #2431 (nuclear translocation) ; #1 B 4Z & F (target genes) k% &
BBy F(#52 % «B site) & 4 FA¥E B A2 K B &Y & 3 (May & Ghosh, 1998; Papa et al.,
2006)

NF-xB % R85 16 X & pS0/p65 B E#H A8 - E¥E T > NFxB &R &
LB G el E 0 B & NF-«B #4939 4] %& & inhibitor kB (IkB)> € % & 124 NF-«xB
W% P 0y B BE T FI(NLS) » 4% NF-kB i G tafo 8 F o & mfs B3 X
I pseF(k 2.3) 0 IkB &% 2 L35 % & IkB kinase (IKK)&#: B8 1L > #:% IkB &
#%7% % {t(ubiquitinated) 3 1 A & & &4 £ (proteasome) ¥ 42 » i % & NF-xB &4
A EEAN @A P F DNA &4 0 B X AR &I bl E
ZM > F % (B 2.5~ % 2.4) (Barnes et al., 1997; Ghosh & Karin, 2002; Hayden et al.,

2006; Sun & Karin, 2008; Rahman & McFadden, 2011) - #F %45 % » £ AZEM 8 L
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& %= §i(human alveolar epithelial cell) ¥ » TNF-o € 4& &y 71L& & % & C (protein
kinase C, PKC) » /&4t c-Src » 754t 8y c-Src & & b a8 1t IKK fmE/b IKK 5 % —
# @ » IKK <, € %& &g NF-xB-inducing kinase (NIK)33 1% 1% #5-1& ¢ 8] 7% {t(Huang

et al., 2003) -

v Cleavage
{ Cleavage

060000

et

Dimerization

_ RelB

L

Mucleus Retained in Binds to IxB
cytoplasm and is

retained in

cytoplasm

B 2.3 NF-«kB #a sz & X (Perkins, 2000)



A) NF-xB subunits

RelA RF TAD =
RelB = "R =
c-Rel TAD
Processing
p105/p50
p100/p52

B) IxB Proteins
IxB-a
IxB-p
IkB-y
IxB-¢
Bel-3

C) IKK Proteins
NBD

OG- Kirase Domain' s~ 117 s S

NBD

IKKf

KKy e CCCOEE:

Figure 2.4 Structural organization of NF-kB, kB, and IKK proteins. (A) NF-xB
subunits. NF-kB comprises a group of 5 related transcription factors that share a
highly conserved amino-terminal Rel homology domain (RHD), which is responsible
for dimerization, nuclear translocation, DNA binding, and interaction with inhibitory
|kB proteins. RelA, RelB, and c-Rel additionally possess a carboxy-terminal fransac-
tivation domain (TAD) that initiates transcription from NF-kB—binding sites in target
genes. The ankyrin repeat (A) containing NF-kB1 and NF-xkB2 precursor proteins
p105 and p100 can be proteclytically processed to pS0 and p52. (B) IkB proteins. The
|kB proteins are characterized by the presence of 6 or 7 ankyrin repeats (A) to
mediate protein-protein interactions. The ankyrin repeat motif can bind to the nuclear
localization sequence of NF-kB proteins and is important for the retention of NF-kB in
an inactive state in the cytoplasm. The mammalian kB family members are IkB-«,
IkB-B, IkB-v, IkB-¢, and BCL-3. In addition, NF-kB1 and NF-kB2 precursor proteins
p100 and p105 can also function as IkBs. (C) IKK proteins. The IKK complex contains
the catalytic kinase subunits IKKx and IKKR, as well as a regulatory subunit IKK~y
(NEMO). IKKax and IKKE possess a helix-loop-helix region (HLH) and a leucine zipper
(LZ), which are responsible for both homodimerization and heterodimerization of
|IKKo and IKKB. The catalytic subunits interact through their NEMO-binding domain
({NBD) with IKK~, which contains a coiled coil (CC) domain and a leucine zipper (LZ).
lliustration by Kenneth Probst.

2.4 NF-kB ~ IkB & IKK # #%(Jost & Ruland, 2007)
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Classical pathway Alternative pathway

OO

Diverse ‘
s = TNFRS e . i I £ Antigen Lin - P00
and IL-1Rs |.., microbial __, receptors 'I):(u‘_(] Immune cytokine receptors T

inducers

N
Adaptors @

IKK complex

) +Inflammation
* Cell survival
. Cytol:lncjl = Cell proliferation
* Chemokines ——p | * Cell differentiation
* Enzymes * Cell cycle arrest
* Adhesion molecules * Innate immune
responses
= Adaptive immune

Nature Reviews | Microbiology

2.5 NF-«B 3 5 1% ¥ % 4@ (Rahman & McFadden, 2011)
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% 2.3 /&4t NF-«B &) #] % (Barnes et al., 1997)

Table 2.3 StTiMULI THAT AcTIvaATE NF-kB.

Cytokines
Tumor necrosis factor a
Interlenkin-18
Interleukin-17

Protein kinase C activators
Phorbol esters
Platelet-activating factor

Oxidants
Hydrogen peroxide
Ozone

Viruses
Rhinovirus
Influenzavirus
Epstein—Barr virus
Cytomegalovirus
Adenovirus

Immune stumubl
Phytohemagglutinin
Anti-CD3 antibodies (by means of T-lymphocyte

acuvation)

Antigen

Other
Lipopolysaccharide
Ultraviolet radiation

4-2. IKK

%* 2.4 % NF-xB ¥ 49 % & 4 (Barnes et al., 1997)

Table 2.4 ProTeINS REGULATED BY NF-xB.

Proinflammatory cytokines
Tumor necrosis factor a
Interleukin-18
Interleukin-2
Interleukin-6
Granulocyte—macrophage colony-stimulating
factor
Macrophage colony-stimulating factor
Granulocyte colony-stimulating factor
Chemokines
Interleukin-8
Macrophage inflammatory protein la
Macrophage chemotactic protein 1
Gro-a, -8, and -y
Eotaxin
Inflammatory enzymes
Inducible nitric oxide synthase
Inducible cyclooxygenase-2
5-Lipoxygenase
Cytosolic phospholipase A,
Adhesion molecules
Intercellular adhesion molecule 1
Vascular-cell adhesion molecule 1
E-selectin
Receptors
Interleukin-2 receptor (e chain)
T-cell receptor (B chain)

NF-«B R & 1% £ 42 % & L #5649 NIK 55816 IKK » IKK complex & & IkB

kinase a (IKKa) ~ IkB kinase B (IKK)#Fu IkB kinase y (IKKy> X #% 2 NEMO, NF-xB
essential modulator) & casein kinase II (CK II)Af 8 5,  IKKa / IKKB Fo IKKy # #&,
# A4 > IKKa #v IKKP /& # serine-specific kinase » F & » %] & 85 kDa & 87
kDa > B B A 52% 2 484t £ (homology) - IKKo & 745 18 Bz 2 & Fr 48 ik, IKKP R
B 756 18 Bz HA B A4 Ak, 2 4548 A N 3% Kinase domain ~ Leucine zipper (LZ) region
A C 3% Helix-loop-helix domain (HLH) (B 2.4) - 4 NF-kB 7&4ti@& 2 ¥ » IKKa /
IKKp F= IKKy %8 &4 & 1¢ [kBa 7 N 3% serine 32 #Fv 36 #4943 B &5 1t > H 3% IkBa
ARG E RS E 0 3% E 26S-proteasome #> IkBa & lysine 21 $1 22 i
ATHERRAE R 5 T IkBP RIS ser-19 Fo ser-23 43 B ik Bi AL 0 12 IKBP 44 5 ARk B 3

IkBa 412 ; F it > IkBo ¥ NF-kB /E/L & ik ma ey > M IkBP R &R A8 59 4 45

12



£ 4 ° IKKa/IKKB & &% £ & kB isoform (IkBe)x serine resides i# 4T#E§ 1L -
casein kinase II (CKII)*T #% IxB &% & % C # PEST 5 7| &5 ib » — & F 04 @
BN E IkB&E B Y Cuir g maiitit £ a3 % kB & 8 % N3wshiitib(May &

Ghosh, 1998; Karin & Delhase, 2000; Jost & Ruland, 2007) -

4-3. IxB

IkB % & & ) 5z B &3 [kBa~IkBp ~IkBy -~ IkBe Fu Bcel-3(2k#% IKAP) (B 2.4)°
IkB & & & 3 & Ankyrin domain Fv C 3% PEST (Proine-, Glutamio acid-, Serine- and
Threonine-rich) 5 %] #1 NF-kB # RHD &4 - #: k3 sk G E ZRAE R .E NF-xB i
Néafa > B RE 8 IkB A L5 AFRE % > 6l IkBa 7 245 2 4463
p50/p65 Fu p65/p65 > 1B R A F 244 2] p50/p50 ;M IkBp & £ — M ey &4 2]
p50/c-Rel & 4 45 452 1xBe B & 4 A %] p65 & c-Rel & [ ' 48 452 IBy #0 Bcl-3
Rl F— M43 pS0 R p52 B EA R L - 3 NF-«B F£A K b & 58
p50/p65 £ #8483 a2 IxBo & 4 3] pS0/p65 t4 3,40 7 (affinity) Lk & 4 2] p65/p65
B0 11 % 27 4% t#E 43| pS50/pS0 ey Fu /1 % 60 4% o IxkBa A H 69 B ) F L A
# kB site 37| 0 B b NF-kB b F 3% kBa K& 6 * 76 R4 kBa &
ANt F o &4 NF«B LT EMmind o 12 kBp 3R % &1bey NF-xB A7 2R
1 Rt kBB 2 42 9] LA 4 F NF-xB 8 & &) 7& /b8 i (May & Ghosh, 1998;

Christman et al., 2000; Wertz & Dixit, 2010) °
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=~ BB R EE R Z AR

1. &odmd
BIEEN AW A A n-3 4 569 ALA (a-linolenic acid » =k 25 Fi ik #8) ~ EPA

(eicosapentaenoic acid ° =+ &% & M B% ) & DHA (docosahexaenoic acid * =+ —#% 55
MiBk) o BN B TR B AR TR AR R MENBRTY > K&
Iy ALA g BHEE mitbn3 250K - MEA LN - BP L EHE A K
Ay o M &0k ey n-3 BsRhER 0 £ % A EPA v DHA - s Ko 89 ALA JF+]
e NS PN $R 3% 5y, Hb n-3 RS By B 0 42 43tk ds] [ A+ 4 2 —(Siddiqui et al.,
2008) c RARM PR EIE > wEE Mo HRE LHESARSEN

EPA % DHA » Ff LA — f& 4o £ 2% % EPA & DHA » 3B 2 0L &0 5 it FO0R -

2.n-3 % TR g0 B B R

% 7R 41 %0 S 15 B (polyunsaturated fatty acids, PUFAs)#% n 435 4 % 1R 45 &
— B S AT AR B A3 B TR R Ao BE BT BR o A v A8 %A A 0 PP n-3 ~ n-6 ~ n-7 Fv n-9
2% 2B F EEZAMPE R n-3 Fon-6 PUFAs o A& 7% B 476 A n-3 v
n-6 Reafo e i Eg - LIAK R T AEMHE > B A AL FREEL 0 LEX
-2k 25 Ji vt B (n-3, a-linolenic acid, ALA)#v 25 i i & (n-6, linoleic acid, LA)
(SanGiovanni & Chew, 2005) - B AT & & &89 n-3 fs#5 8 A ALA ~ EPA v DHA =

# > 7 ALA > EPA #v DHA @ ¥ G AN R LB P o

2-1. &#
n-3 % 7U7R fe e fi5 B 8% (n-3 PUFAs) & &4 S8 X LR fafo bk oy RS iy 880 B 4
F— A R AR F AR B =B BT L AT A n-3 AL > &

4 ©-3 REWTER © 4B 2.6 $TLAE %] 0 DHA A @48t ~ —+ @R F -
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22 20 19 17 16 14 13 1 10 8 7 5 4 2

COOH
21 18 15 12 9 6 3

Docosahexaenoic Acid (CooHa05, 22:60-3, MW: 328.448)

2.6 DHA % #(SanGiovanni & Chew, 2005)

2-2. A& BAHER

0~k 35 Jif. i1 &% (a-linolenic acid, ALA)f® & n-3 fsiik ey AKX % » ©F =18
ot o ALARBARBEIFRFTERY BN EARTREESSR B
ARG A —HE L B RS W B (BFA) o ALA =T £ 18 4 #5085 (desaturase) Fo 5 4 3¢ B

B (clongase)wy M ILVE A » 5 4% & s EPA #v DHA » %4% A n-3 % 7| Bs i B4

omega G omega.3
Linoleic series alpha-Linolenic series

(18:2 n-6 Linoleic acid (18:3 n-3 alpha-Linolenic acid
A6 desaturase A6 desaturase

(C18:3 n-6 gamma-Linoleic acid C18:4 n-3
elongase elongase

(C20:3 n-6 dihomo-gamma-Linolenic acid C20:4 n-3
Ab desaturase A5 desaturase

C20:4 n-6 Arachidonic acid 020:5 n-3 Eicosapentaenoic acid— C24:5 n-3
elongase elongase

C22:4 n-6 022:‘5 n-3 Docosapentaenocic acid (n-3)
A4 desaturase ‘ A4 desaturase

(C22:4 n-6 Docosapentaenoic acid (n-6) C22:6 n-3 Docosahexaeneic acid C24:6 n-3
k\—.__ _.——“"/

betagidation

2.7 % Uk Fu Bis B Bk 6 & 4 A A (De Caterina & Basta, 2001)
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3. DHA s9 4 2R /shiE

&b P E A n-3 % U E8F Bs B B2 (n-3 PUFASs) > 5]+ EPA v DHA > % &%
EMRS  BREEEEMNE  REANBRREERGELE  BRLEE MK
HkARAL > LS KR T R E IR RS E % 4.0 f 30U (Kris-Etherton et al.,
2002) - HF F 8o~ 0 3w n-3 PUFAS 694 B7T LA3E 38 LA T 3R 48 MRS o B 5 % 89
A E (DD IEE B M TR BAIRRRARILRE ) & K 5 QMR F =8+
MBS IR E 0 3 AR 2 & K HHE 1% 2 69 1% JL(Schmidt et al., 1992; Jiménez-Gémez et al.,
2010) ; Q)FERy dAR BT A, AR » BRIl d MREEE F/ER
N B F 6 Eob T4 TXA2 P47 & A ] 77 ) 8% 4 (Umemura et al., 1995) 5 (4)38
By R B a2 A 0 IR EE T R AR BRAE JE 84 B (Bucher et al., 2002; Leaf et
al., 2003) ; (5)FfR /B © DHA 7 2A3% 38 % 4 o B 5 AR 4 T & A T8 1K B 6 15
(Diep etal., 2000) ; (6)F 4 X RIE > Treads | OB E -+ 5 aitds
(eicosanoids)#y & ax, * ##]4w n-6 PUFAs # A8 % & 4 s Al 7182 £ (PGI2)~ & = &
(LTB4)Fo fn A2 5 (TXA2) » 4858 &% 3R A8 k6 do MR B MEFo g X RE » M 3]
AR B X % o BB mBE A ¥ o4 n-3 PUFAs B A3 41 33 s 48 B 69 % ¥ R JE(Calder,
2006) @1 B mx, 3 A& 28 0 %% B R 8P (Chen et al., 2007; Chapkin et al.,
2008) - 3% % 4 i ik £ ¢4 - #k(von Schacky, 2007) - @34 £ F ¢4 % £ : PUFAs
W LA B 35 N\ fm BB A% ML A% % B2 (nuclear receptor) S iR 4k H F &4 0 M B ENF S
BRI ER A ; 4  n-3 PUFAs TH#p#] NF-xB /& > s # NF-xB A #
o ol A — g KR JE 0 Y FE I 4 F 89 &£ A (SanGiovanni & Chew, 2005;
Chen et al., 2005; Chapkin et al., 2009) ; n-3 PUFAs 4. & peroxisome proliferators
activated receptors (PPARs)#4 A 2R Befi F(ligands) » PPAR <, & i i® % % NF-«kB &
4% i 4p 4] %5 £ R E(Delerive et al., 2000, 2001; Moraes et al., 2006) » A gt n-3
PUFAs #1738 NF-kB A EREH AL EL WAL ORELZLEBELEMN §
4 n-3 PUFAs 2 & 7 3% @ 5 3 L AL BE R 2 & 3 R4 4] ApoE Ik & Bk
1o % By Bk 3K AR AR AL BE 2 Ak (Wang et al., 2004) - (7)) & o & 79 & 4= i 3 45 (De
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Caterina et al., 2000; Brown & Hu, 2001) -

£ 2.5 03 A5 ER I A o % 75 % JEURR 89 T A A4 (Kris-Etherton et al., 2002)

Table 2.5 Potential Mechanisms by Which Omega-3 Fatty
Acids May Reduce Risk for Cardiovascular Disease

Reduce susceptibility of the heart to ventricular arrhythmia
Antithrombogenic

Hypotriglyceridemic (fasting and postprandial)

Retard growth of atherosclerotic plaque

Reduce adhesion molecule expression

Reduce platelet-derived growth factor

Antiinflammatory

Promote nitric oxide-induced endothelial relaxation

Mildly hypotensive

#* 2.6 n-3 A5 By B4 #1356 Mt 5 F 2 B 44 (Brown & Hu, 2001)

Table 2.6

In vitro studies of n—3 fatty acids and endothelial cell adhesion properties’

Reference Year

Fatty acid and
concentration

Methods

Outcome

De Caterina et al (57) 1994

Weber et al (58) 1995

Khalfoun et al (59) 1996

De Caterina et al (60) 1998

DHA., EPA, oleate,
and AA: 10 pmaol/L

DHA, EPA. and
AA: 20 pmol/L

DHA, EPA, and
AA: 100 mg/L

DHA and ricinoleic,
oleic, palmitoleic
stearic, and palmitic
acids: 25 pmol/L

Adhesion molecule surface and mRNA
expression in cytokine-stimulated HSVEC

Monocyte adhesion assays

Adhesion molecule surface and mRNA
expression in cytokine-stimulated HUVEC

Monocyte adhesion assays

Adhesion molecule surface expression in
cytokine-stimulated HUVEC

PBL adhesion assays

Adhesion molecule surface and mRNA
expression in cylokine-stimulated HSVEC

DHA reduced VCAM-1 cell surface and
mRNA expression

DHA decreased monocyte adhesion

DHA reduced VCAM-1 cell surface and
mRNA expression

DHA reduced monocyte adhesion

DHA and EPA decreased VCAM-1 cell
surface expression

DHA and EPA reduced PBL adhesion

DHA reduced VCAM-1 cell surface and
mRNA expression

"DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; AA, arachidonic acid; HSVEC, human saphenous vein endothelial cells; HUVEC, human
umbilical vein endothelial cells; PBL, peripheral blood lymphocytes; VCAM-1, vascular cell adhesion molecule 1; mRNA, messenger RNA.

% B B2 € (American Heart Association)i 35 i F A JE 2B BGE 2 @58 %

HEREREELRL  FREDRARBALN o #E - 2B E DT AFR

MLk RASHESESE » B A & A F &) R0 g B B =T il b S R~ Tl S R 1R

B 4% OB R B 4a B £ 1B (Kris-Etherton et al., 2002; Hu et al., 2002; Farzaneh-Far

etal., 2010)
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% 2.7 n-3 B5 By B 3 35.4% B & (Kris-Etherton et al., 2002)

Table 2.7 Summary of Recommendations for Omega-3 Fatty
Acid Intake

Population Recommendation

Patients without Eat a variety of (preferably oily) fish at least twice a

documented CHD week. Include oils and foods rich in a-linolenic acid
(flaxseed, canola, and soybean oils; flaxseed and
walnuts)

Patients with Consume =1 g of EPA+DHA per day, preferably from
documented CHD oily fish. EPA+DHA supplements could be considered
in consultation with the physician.

Patients needing Two to four grams of EPA+DHA per day provided as
triglyceride lowering capsules under a physician's care

18



= ~ ;3 H §.1t #8(Heme oxygenase, HO)

1. 3 H AAbEZ 48R

B AT 4o £ H £.1LB5(Heme oxygenase, HO)H =4 F)sh R #%85 > » R A %
— A o B H B ALBR(HO-1)» 5 F &4 %4 32kDa; % =—A q 4§ /L 8(HO-2) > 4
FE4 A 36kDa; LA E =R q L H AL B5HO-3) > 5 F & £ % 33 kDa (Farombi
& Surh, 2006) - HO-1 B E X2 RAWEEE » €23 5 AR RHE KA
25 ho it X RE ~ B3Rk f(ischemia) ~ i# £ (hyperoxia) ~ #& & (hypoxia) ~ & 2
(hyperthermia)fo ¥ #b & 4§ (ko4& ~ 47 ~ #) (Farombi & Surh, 2006; Idriss et al.,
2008)% - HO-1 & iz 5 M3 B ik ~ AP A4k M K 4 % F 5 HO-2 #v HO-3 A &
BFHEBANE AR @IET > o~ AP4EF S~ TR ~ BB~ £ AR i 40 8,
% (Siowetal, 1999) - HO-2 R A KRBT EEHF MK > ek BT LR A £/
i (Rajuetal, 1997) 12 HO-3 % ¥ — 845 & 4 K5 M 883 67 HO-1 F» HO-2
(Hayashi et al., 2004) » B A7 #7 HO-3 A8 RIER S > AL EAAHEY
A &bk o HO-1 #2 HO-2 ey e A B - 5 A 43% #9481t - d HO-3 & — 4%
2 HO-2 J # 304 4 I7) oy Big > B e A 8% 5 7 12 HO-2 44 90%84 48 5L 14 (Siow et al.,

1999; Hayashi et al., 2004) °

# — A i 3L E AALER(Heme oxygenase-1, HO-) R4 N £ 2 9L ALEE £
HO-1 s F 42 1964 4 Wise FAM min P H ot R CTEB ML LT
(heme) 7 #% & %4 BE % % (biliverdin) - 1968 % Tenhunen % A7 Xk & HFHE ~ B2 ~ B &Y
Mok B (microsome) ¥ 3 F T o A H A LB 74 - HO-1 A EFAEKRETRA
b8 ki 0 A HO-1 A B (hmox-1)fr# 4 &4 22q12 4 & » LB 2K 6.8kb
(Lavrovsky, 1993) » £ &R 2| EALE S ~ X MF ~ E48 F 0% FE8AE

antioxidant response element (ARE) M 34 £ K & & 3 > &7 HO-1 7T % | # 4k 5,
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RJEEAL » B b X 4% & 2k #%& & 32 (heat shock protein 32, Hsp32) » & — & N iR

P A% 2% & & % (Farombi & Surh, 2006) °

2HO-1 242 A8

HO-1 KRR AL —HEBMAREEILHEAR > LXBATERRE RS
BEFFRAREESG » HO-1 KB KE AW X244 £ BHEK(Alam &
Cook, 2003) - 2 AR5t > T A R BR N EALE /1 RIBEEH I BT
FEHO-1 &R A H MY — R RIE > 4 8 3 o iR BB A 72 G4 4L
DA 4 45 28 A -4 4 B 42 (Gruber et al., 2010) » % A k45 > RARGFA AL
#y(4n quercetin ~ resveratrol ~ curcumin #2 sulforaphane % )75 € % i3 HO-1 %k
B, &4 M ey A 4ER # (Balogun et al., 2003; Lin et al., 2004; Juan et al., 2005;

Farghali et al., 2009) -

HO-1 A 4aE £ 69 £ 32/ER » S (DI X v HO-1 R CHET

o1 (AR ¥ R E A B (Takahashi et al., 2007; Kim et al., 2007; Lee et al., 2009) » %

W FEARAN K a2 35 M T 9LABALA) B 69 R B 0 Bk Sk Bl 4 X
(Vachharajani et al., 2000; Soares et al., 2004; Lin et al., 2005; Yu et al., 2010) - & &
MATEGRBABFEARIR > F— 1 $:2 HO-1 2R &3 L8 KR
(Kapturczak et al., 2004; Tracz et al., 2007) » % = : HO-1 #: % B E 95 X E KR A%
R HE e 8y B B 2 —(Kawashima et al., 2002; Koizumi, 2007) - 2)#iéa i A - 4
N B ARAT b B 4B 45 45 X T 2 38 v HO-1 & 3A Bh 7 H1 4a B 8 < (Zuckerbraun et
al., 2003) = (3)#i4m i 3¢ 4 (Morse & Choi, 2002) (41 & % 5 a5 B 242 8
HO-1 84 & 4 CO T 4E 1% i@ [5 1K p38 MAPK % & 1t & 37, > 3t #p ] calcineurin/NFAT

4% 8 7E AL R D S WLAE K &Y %5 4 (Tongers et al., 2004); Ishikawa % A (2001)%5 38,
E BRI E P 0 FE HO-1 3pHl ok F A5 H BRI ER > RAS
fis fnE 3% & 69 HO-1 H B ARSI ARAL e T R A A 1REAEA - ETHREBYE NO
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RAERAAEMER - (D) % 5 THAMEIEF RIE 3840 HO-1 7T By ks i 8 2 3
By B4k o/ B 7% R (ischemia/reperfusion) 8945 £ » )40 HO-1 9 L4 i@ 3 & NOS
(nitric oxide synthase) & 3R & & M R AR Jk o R RS BLER & B 7 TR 2 4815
(L'Abbate et al., 2007; Abraham & Kappas, 2008) ° (6)38 42 % ez 38 £A (cell cycle) :
HO-1 & #p 4] fo % F 7% W4 i (vascular smooth muscle cells, VSMC) & % i 38 £7 »
¥z tm B4 AR GL/S B8 0 ) B4 @ 34 cyclin kinase inhibitor p21Cip (Duckers et
al.,2001) ; 42 VSMC ¢ CO 93 /m > @ ¥#p#] E2F-1 89 & s, > E2F-1 {2 a8 H7
- E P c-myc ~ cyclin = DNA polymerase 4 £ &,(Morita & Kourembanas,

1995) o (NP4 7% ta fo 2 Ao bl 4% © B K 3%F HO-1 45341 L% ta B 2 B fo 2 45
BYHE S B AF A M g g ) MMP-9 (Matrix metallo- proteinase-9) 4 R £/t 4 B
(Lin etal., 2008) - (8)F2 7 ik A ¥ shat 2 s » R 2E B Rl R EHLAALEE S -
A AEHO-1 RRRERMEMZAFR > HHEBNEICBRREZE R » F&
e AACR ) Ao A8 S e AR R R B S R R R RBRFHFEEZNAL

(Slebos et al., 2003; Hwang & Jeong, 2008; Lee et al., 2009) -

3. HO-1 R#t A ¥ m Bty bR 4E A

HO-1 &£ &% F(0,) ~ NADPH ~ % j@ &, % P450 & & &g (cytochrome P450
reductase)ty £ 1T > 7T 41k o 2 Y (heme) [ 42 A JE %k % (biliverdin) ~ — & 1b#
(carbon monoxide, CO) ~ #5#4i(Fe’") » A AT KABBR PR ERIEE > &
RESHAEMBNEBER BT > AFEEHEEHA(E 2.8) (Farombi &
Surh, 2006) * ¥ % #t %4 3H, - HO-1 R HE R4 2T £ F B EHE X - A
A ~ 4] 4 B2 8 Fo 2L E 40 BRARAE 3R 18 A (Ryter et al., 2007) - HO-1 X 34t 48 Bf] 2

M AR R T

3-1. B& & % (biliverdin, BV)/# 4z % (bilirubin, BR)

HO-1 ) #% 34 & 4 #e 4 % (biliverdin) =T & — % 42 % 4 % 12 & 84 (biliverdin
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reductase) &g/ A > $& 4% B fE 4 % (bilirubin) - L F AR BT BR A —HEEY
NRMEILEALS T A BRRGILAALRE N e A BEFHR A 8 b A& FIRAALE
71 (Baranano et al., 2002) ; %3 < o B %7 5 2 &8 289 15 £ (Clark et al., 2000;
Ollinger et al., 2007) ; #p#] LPS %4835t o F 894 A > K% X R J&(Vachharajani
etal., 2000) ; 42 24 LPS 3548 R B AR SUAIE X T @ 43 BV T & 7 AT 45 X 4o
#% B B (Sarady-Andrews et al., 2005) ; BR .7 i i 4 4] E-selectin o VCAM-1
F 3R AR K 4 B 6 75 16 4E A (Soares et al., 2004) 5 5 5b » BV/BR #9408 ¥ 4F
A o] A& #2249 22 NF-xB % 7& % Bf (Soares et al., 2004; Sarady-Andrews et al.,

2005) °

3-2. — &1t (carbon monoxide, CO)

FEARAE L RN — BB (CO) T A — SRR 5 F » BT M
B ¥ B 3% 1L B (soluble guanylate cyclase, sGC) » sGC & i — % ¥4 GTP /&4t &,
B H & 8 H (cGMP) (Morita et al., 1995) » 4 M 28 4E & 2 09 A A h AL » LI
B B 4FIR ~ X REIRTR © A0 B d MRERE R D T AR~ R IE s B R E
15 B 34 dn %8 - 75 WL 4a B 3 2 24 A (Slebos et al., 2003; Piantadosi, 2008) & % #%
£ % 4% 2% 84 “F-#87(Suematsu & Ishimura, 2000) » CO #3324 % & & HO-1 K& 4
Fuis R AF A 89 B F(Ryter et al., 2006) : £ E % 4migd » CO & ¥ p38 skiph
ATES K 4m ik & TNF-a 89 & 4 (Otterbein et al., 2000) ; 7~ & XEkds & > CO Ti% B
MAPK i 4& (Otterbein et al., 2003)3p )] 45 4 5 4m fa(fibroblast) 2k, /9 & 4a fe
(endothelial cells) A > @i A @B HE X RIE > LERRATHLEN Lol
FTRIB A > Bk CO i ATER L EER Y+ EZ2 - EART
tmhe > CO Z@¥p#] ERK 848 R MK IL-2 5 it R tm B K 2 3% 4 (Pae et al,,
2004); £ B %t P > CO @i &3 C/EBP Fv NF-xB R 3p 4] A7 % £ 8 & INOS
Fo COX-2 t4 % 3,(Suh et al., 2006) ; fe AJA& B £ & fm gy > CO % iB A $E NF-«B
AP-1~C/EBP~#» MAPK #%4& % 4] INOS % 35,24 & 1L-6 4k (Megias et al., 2007)°
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3-3. &3k F(Fe’)/8 & & (ferritin)

#57%& G (ferritin) #2 HO-1 #9 & 3.3% 4o B A — itk (Balla et al., 2005) » #2K &

AEEHREEGATHEHO-1 9 XER 4B B > 2 R4REZ G ayrE A —HE A A8
HLEAL T (Arosio et al., 2009) - —fR4KAZ — 4 5 ALy & BokT > K5 7l A8 X
RJE 5 g HO-1 Rt NG i @ B4 — B8 — 248 L > eHs%ka
ik BN 0 B AoARBE R 05 E 0 BIL R ISR B T R BAL/ AT R AEH 0 A
B NRBETREZE T el NEEa s ERHFTTHRILANGE &
& 4 B 71338 (stress adaptation) ¥ 2| 1% % 4= iy 2 1F Al (Balla et al., 2005) ; R4E &

BEoT 0 3% HO-1 R 3R €38 mél & 8 & k> ##)% ¥ RJE Z 4 (Schaer et al., 2006)

Heme

3 NADPH
HO-1
3 NADP*

Fe(ll)

4

Ferritin NADPH
Biliverdin /

l reductase |}
NADP*
Vasoregulation

Cytoprotection Bilirubin A:t:tlir:l ::;:Toa:il :n

Anti-proliferation

CO

s

Anti-oxidant
defence

2.8 HO-1 2 4% F A X34t & #(Farombi & Surh, 2006)

4. A¥E HO-1 AR A RZ A LA ERE
W XEkTE d 0 4813 HO-1 AR & 3 2 31 8 1% & %42 (signal transduction
pathways) > E % &35 MAPKSs (mitogen-activated protein kinase) ~ PI3K

(phosphoinositide 3-kinase) /Akt ~ PKC % (Owuor & Kong, 2002; Lee & Johnson,
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2004 ; Xu et al., 2006; Ryter et al., 2006; Paine et al., 2010) ; b4} > 547 HO-1 X R
89 BBy F(promoter) B 3% » B EAHF S ERWHR THLEESME » 845 NF-E2
(nuclear factor-erythroid 2)~ AP-1-NF-kB % > A 3f# HO-1 &) & 3.(E 2.9) (Farombi

& Surh, 2006; Alam & Cook, 2007; Gruber et al., 2010) °

4-1. & 4% A+ Nrf2

Nrf2 (nuclear factor erythroid 2-related factor 2) % 2 & 38442 — > B Nrf2
& LA bBE £ AR Loy — 3 A 5] Antioxidant Response Element (ARE)
4 BB E # HO-1 89 &3 A F 1 k14 (Xu et al., 2006; Kim et al., 2007;
Johnson et al., 2009) - Nrf2 /& # Cap’n’Collar / basic leucine zipper (CNC-bZIP)#2 5%
FREG—ERE o £RF R #AHE AT > Nrf2 3% & 82 Keapl (Klech-like
ECH-associated protein 1)& & > #fast £ g F 5 — B E]7E1L > @K EGY
N FOAR - AR 69 Nrf2 45 A3 5 3 Nt o 4% N > 3 M $2 small Maf % 3% 64 a&
8 (i.e., MafK ~ MafG - MafF)#a 4 mk, & & — % 52 (Motohashi et al., 2002, 2004;
Katsuoka et al., 2005) = & 7 small Maf 3% &)k B > Nrf2 45T 4£ #2 c-Jun 2,
activating transcription factor 4 (ATF4)#; s, & '@ — # §2 (heterodimers) > 3% 7%
ARE/EpRE (electrophile response element)-driven #k & & F /& 4 - {2 # HO-1 a9 4%

%#k(Venugopal & Jaiswal, 1998; He et al., 2001; Mann et al., 2007) o
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Anti-oxidation,

} Anti-apoptosis
Figure 2.9

Regulation of HO-1 by transcription factors and their upstream kinases. Under normal conditions, transcription factors, such as

NF-kB, AP-1 and Nrf2, are located in the cytosol. Upon external stimuli, the active forms of these transcription factors translocate to

the nucleus where they bind to the specific DNA sequence leading to the transcription of HO-1 gene.

2.9 ¥ HO-1 £ 3 3 8 1% 3 % 48 (Farombi & Surh, 2006)

4-2. B ¥ #4&(PI3K/AKkt ~ MAPKSs - PKC)

A3 5 A AR 5 ENrf27E AL 6930 & (R 3548 » 9] 40 PI3SK Ao PKC T 4 Nrf2
25k Bh AL W PI3K 3 %) (LY -294002) 3t PK C3p 41 ] (Ro-32-0432) 42, 7T /X ARE
luciferase$f 3 & F ¢4 7% 1§ & stk > Nrf2 2 5 L PI3K Ao PKCoy 7% ML A B (Lee
& Surh, 2005; Farombi & Surh, 2006; Keum et al., 2008) - st 4t » MAPKs# 4% 35 &
2 N2 7% 1t4E B (Kong et al., 2001; Lee & Johnson, 2004; Xu et al., 2006) > B AT &
%o % F& LA 4 1275 M ey b4 (phytochemicals) » 4o £ 57 £ 8L Y5 48
(isothiocyanates) ~ 3] % (indoles) ~ =} & & 271t #(diallyl sulfides) ~ & &R 381654
(flavonoids) ¥ & 3 % (curcuminoids) % - #[ A 42 & K IpHIN24E A 24289 K
promoter t &54F A (Jeong et al., 2006) - £ HepG24m B #k 4% X, T » $k# & (capsaicin)
] % i 7% {LPI3K/AKt:R & 1% 2542 » 3% N2 2 ARE 84 £5 4 > i f iE ) 342 HO-1
# B % #.(Joung et al., 2007) ; Carnosol 25 2 HO- 184 & 37,444 32 & B PIBK 3 & 4%

# B (Martin et al., 2004) -
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# K 1R % 44 phytochemicals #35 F 7T S35 45 HO-1 & 3 B B A 4% 3 4a Jo 15 A
(cytoprotection) » 42 B #7 % ik » DHA 34 HO-1 A BL&H KA $HE - EHR
&k P FE &5 DHA 9734 BV-2 microglia % 3, HO-1 (Lu et al., 2010) » H #% ]
T 482 Akt fo ERK £ Bl ° 5 #b » DHA ¥ i 8 Nrf2-dependent 3 6. 1% 3§ 4 35 %
mouse peritoneal macrophages % 3, HO-1> # fmH#p 4] LPS 352 69 % ¥ R JE(Wang et
al., 2010)°Gao % A(2007)% 3%, DHA E@ B8 /LR G AE AN AWM A BA HH
Nrf2 %& 3R 40716 ARE 2] 694F A - i BA6r] 48] DHA S & & =T st & 82

Keapl 1F A i& M /& 4L Nrf2 o
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=% BIRBEH

WRIBHEZNGRI > hERER—EGERN T RERGATE S » HARHK
AL dn B R R B — A& o B R B 2B > BRI IR AR AL R — AR M Kk
J 0 B R A B BRI A R MBI AR S B R B e R T
8 & E BRI AL R R A BRIy EEZ WA S o T — ICAM-1 7
A — 15 R AR RAR G 0RAN K i P 2 HER o TNF-a £ —
FE T sty AT Rt F > ® A BF LR T NF-«B RRSS M2 ToORR

PROAFH A RAF A SR i B A R RIEHHEK -

T BB R AR R S R B A TAR R B AT A B2 E 2 RB 2 — % %
XRRIEdH BB R A ELEM Ry DHA BA LU XFA » T H @R BF LRER
MR EREmEAE S M HO-1 TN ELNIANEET 2 XE AL
BASEXREY - E2BERBFEMRS AL SR —HEHHEERE A
Pria ek Rt R B e A AL DA B P AT RSt - AT R E R AT AR
LA s 38 P9 B5 78 5% 32 HUVECS B EA.926 % it » o] LA 44| TNF-o 77 3% %5 49 ICAM-1
#%#,(Chao et al., 2011) o B st A KB A TNF-o 35 % P & 4 e EA.hy926 & 4
BHRRBaHHE K o K3 DHA &5 T 23 by 35 4 NF-«B 318 A% 9 3542 40 41
TNF-o ff 3% 45 69 ICAM-1 &3 > 3t BR3¢ DHA A3 469 HO-1 & & £ #3414

KB o BT IED] TR KRR
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Induction of Heme Oxygenase 1 and Inhibition of
Tumor Necrosis Factor a-Induced Intercellular Adhesion Molecule 1

Expression by Docosahexaenoic Acid in EA.hy926 Cells

1. Introduction

Fish oils, rich in long-chain n-3 polyunsaturated fatty acids (n-3 PUFAs),
especially eicosapentanoic acid (EPA, 20:5) and docosahexanoic acid (DHA, 22:6),
are well known for their anti-inflammatory (Mullen et al., 2010), immunoregulatory
(Simopoulos, 2002), anti-aging (Jicha et al., 2010), and anti-tumor (Ghosh-Choudhury
et al., 2009) properties. Additionally, EPA and DHA were shown to possess
anti-arrhythmic effect (Leaf et al., 2005). Epidemiological studies have provided
evidence indicating that n-3 PUFAs supplementation regulates inflammation partially
via improvement of endothelial functions (Brown & Hu, 2001). DHA was shown to
significantly decrease the cytokine-induced adhesion molecule expression (Chen et al.,
2003), diminish the adhesion of leukocytes to the activated endothelial cells (De
Caterina et al., 2000; Mayer et al., 2002), and inhibit production of cytokines by
endothelial cells (Novak et al., 2003; von Schacky, 2007). It has been demonstrated
that treatment with n-3 PUFAs suppressed ICAM-1 and VCAM-1 expressions in
TNF-a, IL-1, and VEGF-stimulated endothelial cells (Chen et al., 2005), with DHA
being more potent than EPA (Weldon et al., 2007). It is reported that DHA affects
several target genes via inhibition of the NF-kB activation (Chapkin et al., 2009;

Wang et al., 2011). Dietary intake of n-3 PUFAs is associated with a reduced risk of
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atherosclerosis (Kris-Etherton et al., 2002; Paulo et al., 2008), and this is considered

to play a pivotal role in the prevention of cardiovascular disease (CVD).

In recent years, it has been recognized that inflammation is a major contributing
factor to many cardiovascular events (Blake, 2001). Atherosclerosis, a chronic
inflammatory disease of the vasculature, is characterized by infiltration of leucocytes
(Blankenberg et al., 2003), deposition of lipids and thickening of the vascular wall in
response to cytokines (Ross, 1999; Lusis, 2000), and it increasingly threatens human
health worldwide (Hansson & Libby, 2006). Leukocyte recruitment is a multistep
process and this process is predominantly mediated by cellular adhesion molecules,
such as intracellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1
(VCAM-1) and selectins, which are expressed on the surface of epithelial and
endothelial cells in response to several inflammatory stimuli, including oxidized LDL,
free radical species, lipopolysaccharide (LPS), and cytokines, such as tumor necrosis
factor- alpha (TNF-a), interleukin-1p (IL-1B), and interferon-gamma (INF-y)
(Roebuck & Finnegan, 1999; Blankenberg et al., 2003). Studies have shown that
TNF-0, the pro-inflammatory cytokine, is commonly found in atherosclerotic lesions
and can induce expression of ICAM-1 and VCAM-1, which are critically dependent
on the activation of nuclear factor-xB (NF-«kB) (Liu, 2005; Oh et al., 2010). NF-kB is
an important transcription factor regulating the expression of many inflammatory
response genes such as adhesion molecules and cytokines (Luo et al., 2005). In
quiescent cells, NF-kB is sequestered in the cytoplasm through its interaction with the
inhibitory kappa B (IkB) family (Sun & Karin, 2008). In response to stimulation,
IxB-a is phosphorylated at Ser32 and 36 by the IkB kinase (IKK) complex (May &
Ghosh, 1998; Karin & Delhase, 2000) and subsequently degraded by the

ATP-dependent 26S proteasome complex (Chen et al., 1995; Wertz & Dixit, 2010).
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IxB degradation frees NF-kB and allows NF-kB translocation to the nucleus, where it

can bind to the kB element of promoter of target genes (Rahman & McFadden, 2011).

Heme oxygenase (HO)-1 is an inducible enzyme responsible for the rate-limiting
step of heme degradation and produces carbon monoxide (CO), free iron and
biliverdin (BV), which is further converted into bilirubin (BR) via biliverdin reductase
(Farombi & Surh, 2006; Abraham & Kappas, 2008). HO-1 can be triggered by a
variety of stress-related cellular stimuli, including its substrate heme, heavy metals,
oxidative stress, UV radiation, inflammatory cytokines, hypoxia, and
ischemia-reperfusion (Farombi & Surh, 2006; Idriss et al., 2008). The physiological
relevance of the HO-1 expression has been reported in several pathological states such
as atherosclerosis and inflammation, wherein it confers cytoprotection (Morita, 2005;
Idriss et al., 2008; Lee et al., 2009; Paine et al., 2010; Kim et al., 2010). HO-1
induction reduces atherosclerotic lesion size in Watanabe heritable hyperlipidemic
rabbits (Ishikawa et al., 2001a) and in LDL-receptor knockout mice (Ishikawa et al.,
2001b). Moreover, transgenic mice deficient in HO-1 of an apolipoprotein E null
background (Yet et al., 2003) exhibited accelerated and more advanced atherosclerotic
lesion formation in response to a Western diet. Nevertheless, recent evidence suggests
that by-products of HO-1, alone or in concert, mediate the protective effects of HO-1
(Kirkby & Adin, 2006; Ryter et al., 2006, 2007). Bilirubin is an endogenous radical
scavenger with recently recognized antioxidant, anti-inflammatory, anti-proliferative
properties (Ollinger et al., 2007). The release of free iron is rapidly sequestered into
the iron storage protein, ferritin, leading to additional antioxidant and anti-apoptotic
effects (Arosio et al., 2009). CO exerts several biological functions, including
anti-apoptotic, anti-inflammatory, and vasodilatory effects (Kirkby & Adin, 2006;

Ryter et al., 2006, 2007). HO-1 expression is primarily regulated at the transcriptional
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level (Alam & Cook, 2003), and its inducibility by diverse inducers is linked to the
transcription factor nuclear factor erythroid 2-related factor 2 (Nrf-2) (Shan et al.,
2006; Kim et al., 2007). Under basal conditions, Nrf2 is sequestered in the cytoplasm
by binding to Kelch-like ECH-associated protein 1 (Keapl) (Itoh et al., 2004; Kaspar
et al., 2009). When disrupted by electrophilic antioxidants, Nrf2 is released from
Keap1 and translocates to the nucleus, dimerizes with Maf, and activates transcription
of genes containing the antioxidant response element (ARE) sequences in the
promoter regions (Owuor & Kong, 2002; Katsuoka et al., 2005; Kobayashi &

Yamamoto, 2005; Kensler et al., 2007).

Although anti-inflammatory effect of DHA (n-3, 22:6) has been studied before,
the molecular mechanism underlying DHA-mediated inhibition of TNF-a-induced
ICAM-1 expression in human vascular endothelial cells still remains unclear. The aim
of this study was to evaluate the effect of DHA on the adhesion of monocytes to
TNF-a-activated endothelial cells which is mediated by adhesion molecules such as
ICAM-1, as well as the molecular mechanisms underlying DHA inhibition of ICAM-1

expression.
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2. Materials and Methods

2.1 Chemicals

Dulbecco’s modified Eagle medium (DMEM), RPMI 1640, RPMI-1640 (without
phenol red), OPTI-MEM, and penicillin/streptomycin were from GIBCO/BRL (Grand
Island, NY); 0.25% trypsin-EDTA was from BioWest (Miami, FL); fetal bovine
serum (FBS) was from HyClone (Logan, UT); docosahexaenoic acid (DHA) was
from Cayman Chemical (Ann Arbor, MI); 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), sodium bicarbonate, human tumor necrosis
factor-alpha (TNF-a) and anti-f-actin antibody were from Sigma-Aldrich (St. Louis,
MO); Z-Leu-Leu-Leu-CHO (MG-132) was from Boston Biochem (Cambridge, MA);
2',7"-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF-AM) was from
Molecular Probes (Eugene, OR); H,DCFDA and TRIzol reagent were from Invitrogen
(Carlsbad, CA); antibody against HO-1 was obtained from Calbiochem (Darmstadt,
Germany); antibodies against Nrf2, [kBoa, IKKo/IKKf, JNK, phospho-JNK, ERK,
and p38 were from Santa Cruz Biotechnology (Santa Cruz, CA); antibodies against
ICAM-1, phospho-IkBa (Ser32/36), phospho-IKKa (Ser180)/IKK (Ser181), PARP,
phospho-ERK, and phospho-p38 were from Cell Signaling Technology (Boston, MA);

antibody against p65 was from BD Bioscience (San Jose, CA).

2.2 Cell cultures

The human endothelial cell line EA.hy926 was a kind gift from Dr. T. S. Wang,
Chung Shan Medical University, Taichung, Taiwan, and was cultured in DMEM
supplemented with 3.7 g/ NaHCO3;, 10% FBS, 100 units/mL penicillin, and 100
ug/mL streptomycin at 37°C in a 5% CO, humidified incubator. Human leukemia

promyelocytic cells (HL-60) were obtained from Bioresources Collection and
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Research Center (BCRC, Hsinchu, Taiwan). The HL-60 cells were cultured in T-75
tissue culture flasks in RPMI-1640 medium supplemented with 10% FBS, 100
units/mL penicillin, and 100 mg/L streptomycin at 37°C in a 5% CO, humidified

incubator.

2.3 Fatty acid preparation

DHA samples were prepared and complexed with fatty acid-free bovine serum
albumin at a 6:1 molar ratio before addition to the culture medium. At the same time,
0.1% butylated hydroxytoluene and 20 uM a-tocopheryl succinate were added to the

culture medium to prevent lipid peroxidation.

2.4 Cell viability assay

Cell viability was assessed by the MTT assay. The MTT assay measures the
ability of viable cells to reduce a yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide to a purple formazan by mitochondrial succinate
dehydrogenase. EA.hy926 cells were grown to 70-80% confluence and were then
treated with different concentrations of DHA (0-100 uM) for 24 h followed by
incubation with 1 ng/mL TNF-a for an additional 6 h. Finally, the medium was
removed, and the cells were washed with PBS. The cells were then incubated with
MTT (0.5 mg/mL) in DMEM medium at 37°C for an additional 3 h. The medium was
removed, and 2-propanol was added to dissolve the formazan. After centrifugation at
14,000%g for 5 min, the supernatant of each sample was transferred to 96-well plates,
and the absorbance was read at 570 nm in an ELISA reader. The absorbance in control

group was regarded as 100% cell viability.

34



2.5 Nuclear extracts preparation

After each experiment, cells were washed twice with cold PBS and were then
scraped from the dishes with 1,000 pL of PBS. Cell homogenates were centrifuged at
2,000xg for 5 min. The supernatant was discarded, and the cell pellet was allowed to
swell on ice for 15 min after the addition of 200 uL of hypotonic buffer (10 mM
HEPES, 10 mM KCI, 1 mM MgCl,, | mM EDTA, 0.5 mM DTT, 0.5% NP-40, 4
pg/mL leupeptin, 20 pg/mL aprotinin, and 0.2 mM PMSF). After centrifugation at
6,000xg for 15 min, pellets containing crude nuclei were resuspended in 50 pL of
hypertonic buffer (10 mM HEPES, 400 mM KCl, 1 mM MgCl,, 0.2 mM EDTA, 0.5
mM DTT, 4 ug/mL leupeptin, 20 ug/mL aprotinin, 0.2 mM PMSF, and 10% glycerol)
at 4°C for 30min. The samples were then centrifuged at 10,000xg for 15min. The
supernatant containing the nuclear proteins was collected and stored at -80°C until the

Western blotting and electrophoretic mobility shift assays.

2.6 Western blotting analysis

After each experiment, cells were washed twice with cold PBS and were
harvested in 150 pL of lysis buffer (10 mM Tris-HCI, pH 8, 0.1% Triton X-100, 320
mM sucrose, 5 mM EDTA, 1 mM PMSF, 1 mg/L leupeptin, 1 mg/L aprotinin, and 2
mM dithiothreitol). Cell homogenates were centrifuged at 14,000xg for 20 min at 4°C.
The resulting supernatant was used as a cellular protein for Western blotting analysis.
The total protein was analyzed by use of the Coomassie Plus protein assay reagent kit
(Pierce Biotechnology, Rockford, IL). Equal amounts of cellular proteins were
electrophoresed in a sodium dodecyl sulfate (SDS)-polyacrylamide gel, and proteins
were then transferred to polyvinylidene fluoride membranes (Millipore, Billerica,
MA). Nonspecific binding sites on the membranes were blocked with 5% nonfat milk

in 15 mM Tris/150 mM NaCl buffer (pH 7.4) at room temperature for 2 h.
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Membranes were probed with antibodies. The membranes were then probed with the
secondary antibody labeled with horseradish peroxidase. The bands were visualized

by using an enhanced chemiluminescence kit (PerkinElmer Life Science, Boston, MA)
and scanned by a luminescent image analyzer (LAS-4000, FUJIFILM, Japan). The

bands were quantitated with ImageGauge software (FUJIFILM).

2.7 RNA isolation and RT-PCR

Total RNA of EA.hy926 cells was extracted by using TRIzol reagent. After
treatment, cells were washed twice with cold PBS and scraped with 500 pL of TRIzol
reagent. Cell samples were mixed with 100 pL of chloroform and centrifuged at
11,000%g for 15 min. The supernatant was collected and mixed with 250 uL of
isopropyl alcohol. After centrifuged at 11,000xg for 15 min, the supernatant was
discarded and the cell pellet was stored in 70% ethanol or dissolved in deionized
water for quantification. We used 0.2 pg of total RNA for the synthesis of first-strand
cDNA by using Moloney murine leukemia virus reverse transcriptase (Promega) in a
final volume of 20 pL containing 250 ng of oligo-dT and 40 units of RNase inhibitor.
PCR was conducted in a thermocycler in a reaction volume of 50 uL containing 20 pL
of cDNA, BioTaq PCR buffer, 50 umol of each deoxyribonucleotide triphosphate,
1.25 mmol/L MgCl,, and 1 unit of BioTaq DNA polymerase (BioLine).
Oligonucleotide primers of ICAM-1 (forward,
5’-TGAAGGCCACCCCAGAGGACAAC-3’; reverse,
5’-CCCATTATGACTGCGGCTGCTGCTACC-3"), HO-1 (forward,
5’-CTGAGTTCATGAGGAACTTTCAGAAG-3’; reverse,
5’-TGGTACAGGGAGGCCATCAC-3’), and glyceraldehyde-3-phosphate
dehydrogenase (forward, 5’-CCATCACCATCTTCCAGGAG-3’; reverse,

5’-CCTGCTTCACCACCTTCTTG-3’) were designed on the basis of published
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sequences (Meagher et al., 1994). Amplification of ICAM-1 and GAPDH were
achieved when samples were heated to 95°C for 5 min and then immediately cycling
32 times through a 1-min denaturing step at 94°C, a 1-min annealing step at 56°C, and
a 1-min elongation step at 72°C. Amplification of HO-1 and GAPDH were achieved
when samples were heated to 95°C for 5 min and then immediately cycling 39 times
through a 1-min denaturing step at 95°C, a 1-min annealing step at 55°C, and a 2-min
elongation step at 72°C. The glyceraldehyde-3- phosphate dehydrogenase cDNA level
was used as the internal standard. PCR products were resolved in a 1% agarose gel
and were scanned by a Digital Image Analyzer (Alpha Innotech) and quantitated with

ImageGauge software.

2.8 Electrophoretic mobility shift assay (EMSA)

EMSA was performed according to our previous study (Cheng et al., 2004). The
LightShift Chemiluminescent EMSA Kit and synthetic biotin-labeled double-stranded
NF-«B consensus oligonucleotides (forward, 5’-AGTTGAGGGGACTTTCCCAGGC
-3’; reverse, 5°-GCCTGGGAAAGTCCCCTCAACT-3) were used to measure the
NF-«B nuclear protein-DNA binding activity. Nuclear extract (4 pg), poly (dI-dC),
and biotin-labeled double-stranded NF-kB oligonucleotides were mixed with the
binding buffer (to a final volume of 20 pL) and were incubated at 27°C for 30 min. In
addition, the unlabeled and mutant double-stranded NF-kB oligonucleotides
(5’-AGTTGAGGCGACTTTCCCAGGC-3’) were used to confirm the protein binding
specificity, respectively. These oligonucleotide primers were synthesized by MDBio
Inc. (Taipei, Taiwan). The nuclear protein-DNA complex was separated by
electrophoresis on a 6% TBE-polyacrylamide gel and then were transferred to
Hybond-N" nylon membranes (Amersham Pharmacia Biotech, Inc., Pisscataway, NJ).

Next, the membrane were cross-linked by UV light for 10 min and treated with
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streptavidin-horseradish peroxidase, and the nuclear protein-DNA bands were
developed with Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL).

The bands were scanned by a luminescent image analyzer.

2.9 Plasmids, transfection, and luciferase assay

A p2xARE/Luc fragment containing tandem repeats of double-stranded
oligonucleotides spanning the Nrf2 binding site, 5’-TGACTCAGCA-3’, as described
by Kataoka et al. (2001) was introduced into the pGL3 promoter plasmid. The
ICAM-1 promoter-luciferase construct (pIC339, -339 to 0) was a gift from Dr. P. T.
van der Saag (Hubrecht Laboratory, Utrecht, The Netherlands). pIC339 contains
NF-«B (-187/-178), AP-1 (-84/-279), AP-1 (-48/-41), and Sp1 (-59/-53, -206/-201)
binding sites (van de Stolpe et al., 1994). All subsequent transfection experiments
were performed by using nanofection reagent (PAA, Pasching, Austria) according to
the manufacturer’s instructions. EA.hy926 cells were transiently transfected with 0.4
pg of pIC339 or pGL3 plasmid and 0.2 pg of B-galactosidase plasmid by using 1 pL
of nanofectin in OPTI-MEM medium for 8 h. After transfection, cells were changed
to DMEM medium and treated with DHA for 16 h before being challenged with
TNF-a for an additional 6 h. Cells were then washed twice with cold PBS, scraped
with lysis buffer, and centrifuged at 14,000%g for 3 min. The supernatant was
collected for the measurement of luciferase and [B-galactosidase activities by using a
Luciferase Assay Kit (Promega, Madison, WI) according to the manufacturer’s
instructions, and the luciferase activity was measured by a microplate luminometer
(TROPIX TR- 717, Applied Biosystems). The luciferase activity of each sample was
corrected on the basis of B-galactosidase activity, which was measured at 420 nm with

O-nitrophenyl-beta-D-galactopyranoside as a substrate.
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2.10 RNA interference by small interfering RNA of HO-1 and Nrf2

Predesigned small interfering RNA (siRNA) against human HO-1, Nrf2, and
non-targeting control-pool siRNA were purchased from Dharmacon Inc. (Lafayette,
CO). EA.hy926 cells were transfected with HO-1 and Nrf2 siRNA SMARTpool by
using DharmaFECT1 transfection reagent (Thermo) according to the manufacturer’s
instructions. The four siRNAs against the human HO-1 gene are (1)
AUGCUGAGUUCAUGAGGAA, (2) ACACUCAGCUUUCUGGUGG, (3)
CAGUUGCUGGUAGGGCUUUA, and (4) AGAUUGAGCGCAACAAGGA. The 4
siRNAs against the human Nrf2 gene are (1) UAAAGUGGCUGCUCAGAALU, (2)
GAGUUACAGUGUCUUAAUA, (3) UGGAGUAAGUCGAGAAGUA, and (4)
CACCUUAUAUCUCGAAGUU. Non-targeting siRNA construct (NC) was used as
negative control. Specific silencing was confirmed by at least three independent

Western blotting assays with cellular extracts 8 h after transfection.

2.11 Peroxide measurement

Detection of intracellular oxidative states was performed by using the probe
2,7-dichlorofluorescin diacetate (H,DCF-DA) (Molecular Probes Inc., Eugene, OR)
(Bae et al., 1997). Briefly, cells were grown to 60-70% confluence and then
serum-starved in DMEM supplemented with 0.5% (v/v) FBS for an additional 2 days.
The cells were then stabilized in serum-free DMEM without phenol red for at least 30
min before exposure to DHA or TNF-a for the indicated time periods. Cells were then
incubated for 10 min with the ROS-sensitive fluorophore H,DCF-DA (10 uM).
Cells were immediately observed under a laser-scanning Confocal microscope (Leica
TCS SP2). DCF fluorescence was excited at 488 nm using an argon laser, and the

evoked emission was filtered with a 515-nm long pass filter.
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2.12 Monocyte adhesion assay

EA.hy926 cells in 12-well plates were allowed to grow to 80% confluence and
were then pretreated with 50 and 100 uM DHA for 16 h followed by incubation with
I ng/mL TNF-a for an additional 6 h. The human monocytic HL-60 cells cultured in
RPMI-1640 medium with 10% FBS were labeled with 1 uM 2,7-bis(2-carboxyethyl)-
5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM). At the end of the DHA
and TNF-o treatment, a total of 1x10° BCECF-AM-labeled HL-60 cells were added to
each well, and the cells were co-incubated with EA.hy926 cells at 37°C for 30 min.
The wells were washed and filled with cell culture medium, and the plates were
sealed, inverted, and centrifuged at 100xg for 5 min to remove nonadherent HL-60
cells. Bound HL-60 cells were lysed in a 1% SDS solution, and the fluorescence
intensity was determined in a fluoroscan ELISA plate reader (FLX800, Bio-Tek,
Winooski, VT) with an excitation wavelength of 480 nm and an emission wavelength
of 520 nm. A control study showed that fluorescence is a linear function of HL-60 cell
density in the range of 3,000-80,000 cells/well. The results are reported on the basis

of the standard curve obtained.

2.13 Statistical analysis

Data were analyzed by using analysis of variance (SAS Institute, Cary, NC). The
significance of the difference among mean values was determined by one-way
analysis of variance followed by Tukey’s test and the difference between mean values
was determined by student’s t-test; P values <0.05 were taken to be statistically

significant.
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3. Results

3.1 Cell viability

The MTT assay was used to test whether the concentration of DHA used in the
presence of TNF-a caused cell damage. As shown in Fig. 1, there were no adverse
effects on the growth of EA.hy926 cells up to a concentration of 100 pM DHA in the
presence of 1 ng/ml TNF-a, which was used to induce the expression of ICAM-1. The
highest concentration of DHA used in the present study was 100 pM, and thus the

effects of DHA observed were not due to its cytotoxicity.

3.2 DHA inhibits TNF-a-induced ICAM-1 expression, promoter activity and
HL-60 cell adhesion

To examine whether the TNF-a-induced ICAM-1 protein and mRNA expressions
were affected by DHA in EA.hy926 cells, 50 and 100 uM DHA were used. The
protein expression of ICAM-1 was significantly suppressed by DHA pretreatment in
dose-dependent as well as time-dependent manners (Fig. 2A). In parallel, DHA also
inhibited TNF-a-induced ICAM-1 mRNA expression (Fig. 2B). To investigate the
role of DHA in TNF-a-induced ICAM-1 gene transcription, promoter activity assays
were performed with a human ICAM-1 promoter-luciferase construct, pIC339 (-339
to 0). TNF-a-induced ICAM-1 promoter activity was inhibited by 50 and 100 pM
DHA, and a significant effect was observed at 100 uM (Fig. 2C). Also, DHA
decreased the adhesion of HL-60 cells to TNF-a-stimulated endothelial cells (Fig.

2D).

3.3 DHA inhibits TNF-a-induced NF-kB signaling pathway

Previous studies have shown that TNF-a induces ICAM-1 and VCAM-1
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expressions through NF-«B signaling pathway in human epithelial and endothelial
cells (Kim et al., 2001; Zhou et al., 2007; Oh et al, 2009, 2010; Wang et al., 2011).
There are several putative recognition sequences for a variety of transcriptional
activators, including AP-1, retinoic acid-response element (RARE), C/EBP, NF-«xB,
Ets-1, interferon-stimulated response element (IRE), Sp1, and AP-2, in the human
proximal ICAM-1 promoter-enhancer region (-346 to -24) (Huang et al., 2005).
Among these, NF-kB binding to the kB binding site in the promoter plays an
important role in TNF-a-induced ICAM-1 expression by activating IKKa/p.
Accordingly, we next determined whether NF-«xB activation was inhibited by DHA.
As shown in Fig. 3A, TNF-a induced both IKKa and IKKP phosphorylation, and the
activation of IKKa and IKKf} was significantly attenuated by DHA pretreatment. In
addition to the activation of IKKa/p, TNF-a caused the phosphorylation and
degradation of IkBa at 5, 10, and 15 min, respectively. However, the phosphorylation
induced by TNF-o was attenuated by pretreatment with DHA at 5 and 10 min, and the
degradation was decreased by pretreatment with DHA or MG132 (a proteasome
inhibitor) (Fig. 3B). To investigate the effect of DHA on TNF-a-induced NF-kB
activation, the nuclear translocation of p65 was determined by Western blotting.
Nuclear translocation of p65 was induced by TNF-q, and this effect was attenuated by
50 uM DHA pretreatment (Fig. 3C). A significant effect was observed for
pretreatment 8 h and thereafter. EMSA further revealed that TNF-a increased NF-kB
nuclear protein-DNA complex formation, and that pretreatment with DHA resulted in

the inhibition of NF-kB nuclear protein-DNA binding activity (Fig. 3D).

3.4 DHA increases HO-1 expression in the presence of TNF-a
The stress-responsive gene encoding HO-1 has been recognized to be a

protective gene in EC (Soares et al., 2004). To evaluate whether the inhibition of the
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TNF-a induced expression of ICAM-1 by DHA was associated with the up-regulation
of HO-1, EA hy926 cells were pretreated with DHA for 8 h before exposure to TNF-a
for an additional 6 h. As shown in panels A and B of Fig. 4, TNF-a did not affect
either protein or mRNA expression of HO-1. However, DHA pretreatment
significantly enhanced both protein and mRNA levels of HO-1 in a concentration-
dependent manner.

Furthermore, to investigate whether the induction of HO-1 expression by DHA
arises from increased mRNA or protein synthesis, actinomycin D (Act D), an inhibitor
of transcription or cycloheximide (CHX), a protein synthesis inhibitor, was added to
the cells before the addition of DHA. The results revealed that Act D blocked both
HO-1 mRNA and protein levels, whereas CHX attenuated HO-1 protein expression
(Fig. 4C). This suggested that DHA induced HO-1 expression at the transcriptional
level, which was in agreement with previous studies (Hill-Kapturczak et al., 2000; Lin
et al., 2008; Hwang & Jeong, 2008) showing the induction of HO-1 expression

including both de novo transcription and translation.

3.5 DHA induces Nrf2 protein accumulation, nuclear translocation and the
ARE-luciferase reporter activity

The majority of genes encoding phase II xenobiotic detoxifying and antioxidant
enzymes have an enhancer region that contains an ARE sequence (Lee & Johnson,
2004). Nrf-2 is the major transcription factor that regulates ARE-driven gene
expression (Nguyen et al., 2004). Thus, we attempted to verify whether DHA could
activate Nrf2 in association with HO-1 up-regulation. The results showed that DHA
increased protein levels of Nrf2 in a dose-dependent manner; however, Nrf2 mRNA
expression was not affected by DHA (Figs. SA and B). This indicated that the

increased Nrf2 accumulation by DHA was possibly due to decreased Nrf2 degradation
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instead of de novo synthesis of Nrf2. In order to clarify the decreased Nrf2
degradation by DHA, we assayed the effect of DHA on Nrf2 ubiquitination and
proteasome activity. In addition, DHA treatment increased Nrf2 accumulation in the
nucleus as early as 0.5 h, and this accumulation was sustained until 6 h (Fig. 5C).
Afterward, we used cells transfected with luciferase reporter vectors carrying the
ARE sequence of HO-1 to ascertain the specificity of DHA for this activation. DHA
(25-100 uM) potently induced the ARE-luciferase activity in a dose-dependent
manner (Fig. 5D). This demonstrated that DHA-stimulated HO-1 gene expression
through Nrf2/ARE signaling. Zhang and Gordon (2004) substantiated that an increase

in the Nrf2 nuclear level is required for the activation of ARE.

3.6 HO-1 siRNA alleviates the inhibition of TNF-a-induced ICAM-1 expression and p65
translocation by DHA

The role of HO-1 in the inhibition of TNF-a-induced ICAM-1 expression by
DHA was confirmed by using the siRNA system to create a HO-1 knockdown model.
EA hy926 cells were transfected with siHO-1 plasmids for 8 h, followed by treatment
with 100 pM DHA for 16 h and TNF-a for an additional 6 h. Control cells were
transfected with nontargeting siRNA constructs (NTC). The efficiency of the siRNA
system to silence HO-1 was ascertained by Western blot and RT-PCR assay. As shown
in Figs. 6A and B, HO-1 siRNA partially abolished the inhibition of TNF-a-induced
ICAM-1 expression by DHA. These findings implicate that the induction of HO-1 by
DHA plays a role in the suppression of TNF-a-induced ICAM-1 expression. To
further identify whether HO-1 inhibited ICAM-1 expression is through suppressing
NF-«B activation, we took the advantage of HO-1 siRNA to determine its effect on
NF-kB activation. The results indicate that DHA-mediated suppression of p65 nuclear

translocation was partially reversed (Fig. 6C).
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3.7 PI3K/Akt and ERK1/2 pathways are involved in DHA-induced HO-1
expression

To further elucidate the upstream signaling pathways involved in DHA-mediated
induction of HO-1, we examined the activation of PI3K/Akt and MAPKSs in EA.926
cells. Cells were incubated with 100 uM DHA for the indicated times. As shown in
Fig. 7A, induction of Akt and phosphorylation of p38 and ERK were detected in
DHA-treated cells by Western blot analysis.

To corroborate the role of individual Akt and MAPKs pathways in HO-1
expression by DHA, we examined the effects of LY294002, PD98059 and SB203580,
specific inhibitors for the PI3K/Akt, ERK and p38 pathways, respectively, on
DHA-induced HO-1 expression. Inhibitor of p38 had no effect on DHA-induced
HO-1 expression; however, the inhibitor of the PI3K/Akt and ERK pathways
significantly reduced DHA-induced HO-1 expression (Fig. 7B). The results suggest

that HO-1 induction by DHA is via PI3K/Akt and ERK pathways.

3.8 DHA triggers early-phase reactive oxygen species (ROS) production in
EA.hy926 cells

Electrophile responsive element (EpRE)/ARE-mediated gene induction plays a
critical role in cellular defense against the toxicity of electrophiles and reactive
oxygen species (ROS). Nrf2, which belongs to the cap-n'-collar family of basic
region-leucine zipper transcription factors, has been recognized as an essential
component of an EpRE/ARE-binding transcriptional complex (Itoh et al., 2004). With
regard to the induction of HO-1 expression which is regulated by Nrf2, we next
testify whether this would be the result of oxidative stress imposed by DHA. An

increase of cellular ROS began at 5 min of cells treated with 100 uyM DHA, and a
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peak increase was observed at 20 min as measured by the DCF probe (Fig. 8). These
results imply that short-term exposure to DHA leads to oxidative stress which may be

involved in the activation of Nrf2.
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Figure 1. Effect of DHA on the cell viability of EA.926 cells in the presence of
TNF-a.

Cells were pretreated with 50-200 uM DHA for 24 h followed by incubation with 1
ng/ml TNF-a for another 6 h. Cell viability was measured by using the MTT assay.
Values are expressed as mean = SD of three independent experiments. Values not

sharing the same letter are significantly different (p <0.05).
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Figure 2. DHA decreases TNF-a-induced ICAM-1 expression, promoter activity
and HL-60 cell adhesion.

(A) Cells were pretreated with 50 and 100 pM DHA for the indicated times and then
stimulated with 1 ng/ml TNF-a for another 6 h. Aliquots of total protein (20 pg) were
used for Western blot analysis. (B) Total RNA was isolated from cells and subjected
to RT-PCR with specific ICAM-1 and GAPDH primers as described in Materials and
Methods. (C) Cells transfected with the pIC339 luciferase expression vector were
pretreated with 50 and 100 pM DHA for 16 h followed by incubation with 1 ng/ml
TNF-a for an additional 6 h. Cells were then lysed and analyzed for luciferase activity.
Luciferase activity was assayed as described in Materials and Methods. Induction is
shown as an increase in the normalized luciferase activity in the treated cells relative
to the control. (D) Cells were pretreated with 50 and 100 uM DHA for 16 h before
being challenged with 1 ng/ml TNF-a for an additional 6 h. Values are mean &+ SD of
three independent experiments. Values not sharing a letter or symbol are significantly
different (p < 0.05). One representative picture out of three independent experiments
is shown. Asterisk represents significant difference between 50 and 100 uM DHA

treatments at the same indicated time.
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Figure 3. DHA inhibits TNF-a-induced activation of NF-kB.

(A) Cells were pretreated with 50 pM DHA for 16 h followed by incubation with 1
ng/ml TNF-a for the various time periods. Aliquots of total protein (20 pg) were used
for Western blot analysis, and the expression of IKK was assessed. Fold activation is
shown as an increase in the normalized phosphorylation in the treated cells relative to
the control. (B) Cells were pretreated with 50 uM DHA for 16 h or 1 pM proteasome
inhibitor, MG132, for 1 h followed by incubation with 1 ng/ml TNF-a for the various
time periods. Aliquots of total protein (20 pg) were used for Western blot analysis,
and the expression of I[kBa was assessed. (C) Nuclear extracts (10 pg) were used for
Western blot analysis. (D) Aliquots of nuclear extracts (10 pg) were used for EMSA.
One representative picture out of three independent experiments is shown. From (A)
to (C), the levels in control cells were set at 1. Values are mean + SD of three
independent experiments. Values not sharing a letter are significantly different (p <

0.05).
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Figure 4. DHA induces HO-1 expression in EA.hy926 cells.

(A) Cells were pretreated with 50 and 100 pM DHA for 8 h followed by incubation

with 1 ng/ml TNF-a for another 6 h. (A) Aliquots of total protein (20 ug) were used

for Western blot analysis. (B) Total RNA was isolated from cells and was subjected to

RT-PCR with specific HO-1 and GAPDH primers as described in Materials and

Methods. (C) Cells were pretreated with either 0.1 pg/ml actinomycin D (Act D) or 5

UM cycloheximide (CHX) for 4 h followed by incubation with 50 uM DHA for an

additional 16 h. One representative picture out of three independent experiments is

shown. Values are mean + SD from three independent experiments. Values not sharing

a letter are significantly different (» <0.05).
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Figure 5. Effect of DHA on Nrf2/ARE signaling pathway.

Cells were treated with 50 and 100 uM DHA for 8 h. (A) Aliquots of total protein (20
pg) were used for Western blot analysis. (B) Total RNA was isolated from cells and
was subjected to RT-PCR with specific Nrf2 and GAPDH primers as described in
Materials and Methods. One representative picture out of three independent
experiments is shown. (C) Nuclear extracts [N] and cytosolic extracts [C] from cells
were prepared after treatment with 100 uM DHA for the indicated time periods.
Immunoblots of nuclear extracts from treated cells were then probed with

Nrf2-specific antibody. PARP is a housekeeping gene which was used as internal
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nuclear loading control. (D) Cells were transfected with the ARE-luciferase construct
(ARE) for 8 h and were then stimulated with 25-100 uM DHA for an additional 16 h.
The cells were then lysed and analyzed for luciferase activity. Induction is shown as
an increase in the normalized luciferase activity in the treated cells relative to the
control. Values are mean = SD from three independent experiments. Values not

sharing a letter are significantly different (p <0.05).
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Figure 6. Effect of HO-1 siRNA on the DHA-mediated inhibition of ICAM-1
expression and p65 translocation.

An HO-1 siRNA system was used to silence HO-1 mRNA and to create an siRNA
knock-down model in EA.hy926 cell. Cells were transfected with HO-1 siRNA for 8
h, and then treated with 100 uM DHA for 16 h before being challenged with 1 ng/ml
TNF-a for an additional 6 h. (A) Aliquots of total protein (20 pg) were used for
Western blot analysis, and expressions of HO-1 and ICAM-1 were assessed. (B) Total
RNA was subjected to RT-PCR with specific HO-1, ICAM-1 and GAPDH primers.
(C) Aliquots of nuclear extracts (10 pg) were used for Western blot analysis, and the
expression of p65 was assessed. One representative immunoblot of three independent
experiments is shown. Values are mean + SD of three independent experiments.

Values not sharing a letter are significantly different (» <0.05).
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Figure 7. PI3K/Akt, p38 and ERK1/2 pathways are involved in DHA-induced

HO-1 expression.

(A) Cells were incubated with 100 pM DHA for the indicated time periods.

Immunoblots of total protein extracts from treated cells were then probed with Akt

and MAPKSs specific antibodies. One representative picture of three independent

experiments is shown. (B) Cells were pretreated with 20 uM PD (PD98059), SB

(SB203580) and LY (LY294002) for 1 hr before induced by 100 uM DHA for another

16 hr. Immunoblots of total protein extracts from treated cells were then probed with

HO-1 specific antibody.
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Figure 8. Effect of DHA on ROS generation.

EA .hy926 cells were treated with 100 uM DHA for the indicated time periods, and
followed by incubation with 10 uM ROS-sensitive fluorophore H,DCF-DA. DCF
fluorescence, reflecting the relative levels of ROS, was imaged with a confocal laser
scanning fluorescence microscope. Quantitative induction is shown as an increase in
the treated cells relative to the control. Data are expressed as mean = SD of three
independent experiments. Values not sharing a letter are significantly different (p <

0.05).
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Figure 9. Model showing pathways that mediate the inhibition of expression of
ICAM-1 and adhesion of HL-60 cells to EA.hy926 cells by DHA under
inflammatory conditions.

DHA causes the dissociation of Nrf2 from Keap1 and its nuclear translocation. Nrf2
then binds to the ARE, which leads to an induction of HO-1 expression and inhibits
ICAM-1 expression and subsequent HL-60 cell adhesion. DHA also inhibits
TNF-a-induced IKK/NF-xB activation, I[CAM-1 expression and eventual HL-60 cell

adhesion. There is a crosstalk between HO-1 and NF-«xB.
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4. Discussion

In this study, we demonstrated that DHA effectively inhibited TNF-a-induced
inflammatory responses in EA.hy926 cells and this suppression was likely associated
with an up-regulation of Nrf2-dependent HO-1 and a down-regulation of IKK/NF-xB

signaling pathway.

The specific mechanisms underlying the anti-inflammatory effects of n-3 PUFAs
have been intensively sought for decades. Several possible mechanisms have been
suggested, including the displacement of the major substrate for the synthesis of
proinflammatory eicosanoids, arachidonic acid (20:4 n-6), from the sn-2 position in
membrane phospholipids; direct activation of the nuclear receptors, such as
peroxisome proliferator-activated receptors (PPARs) (Delerive et al., 1999, 2000; Li
et al., 2005); or modification of specific plasma membrane domains called lipid rafts
or caveolae (Chen et al., 2007). Meanwhile, the anti-atherogenic properties of fish oil
(FO) were thought due to its capacity to inhibit the adhesion molecule expression and
cytokine production induced by inflammatory stimuli (Novak et al., 2003; Chen et al,
2005). Furthermore, Casos et al. (2008) reported that administration of an FO-rich
diet to apoE—/— mice, the reduction of atherosclerotic lesions was associated with
decreased expression of endothelial adhesion molecules and NF-kB activation. Some
clinical studies have shown that intake of FO decreases plasma levels of soluble
ICAM-1 and P-selectin in patients with atherosclerosis (Paulo et al., 2008).
Accumulating evidence indicates that dietary n-3 PUFAs may help reduce
atherogenesis (Jung et al., 2008; Harris et al., 2008); however, the molecular
mechanisms underlying the anti-atherosclerotic effect of n-3 PUFAs were not fully

clarified. In this study, we used DHA to represent the FO source and explored the
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possible mechanisms involved in the inhibition of TNF-a-induced ICAM-1

expression in EA.hy926 cells.

It is suggested that TNF-a can induce the expression of adhesion molecules
including VCAM-1, ICAM-1 and E-selectin, and this is responsible for
transendothelial migration of leukocytes, which is a central feature underlying the
inflammatory process (Lawson & Wolf, 2009). Inflammation plays a key role in the
pathogenesis of atherosclerosis; the increased interaction between activated vascular
endothelial cells and circulating monocytes via adhesion molecules (Lusis, 2000), is a
critical initial step in atherosclerosis. Increased expression of adhesion molecules has
emerged as an important mediator in vascular inflammation (Glass & Witztum, 2001).
The importance of adhesion molecules in atherosclerosis has been examined in many
studies; for example, knockout of ICAM-1 results in attenuation of atherosclerotic
plaques in the apoE knockout mice (Collins et al., 2000; Bourdillon et al., 2000), and
levels of soluble adhesion molecules have been implicated to be risk predictors for
cardiovascular events (Paulo et al., 2008). These observations collectively indicate
that regulation of adhesion molecule expression (e.g. ICAM-1) is therefore a potential
target for the development of new therapeutics in the prevention and treatment of
atherosclerosis. The present study showed that TNF-a-induced ICAM-1 expression
and ICAM-1 luciferase reporter activity were inhibited by DHA pretreatment (Figs.
2A, B, and C). Moreover, the inhibition of adhesion of HL-60 cells to activated
EA.hy926 cells by DHA pretreatment was demonstrated in the present study (Fig. 2D).
The results indicate that DHA has the potential to prevent vascular inflammation.
Data of the current study are consistent with the findings of previous studies showing

that DHA is an anti-inflammatory agent (Saw et al, 2010; Mullen et al., 2010).
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It has been reported that transcriptional regulation of ICAM-1 gene by TNF-a in
human endothelial cells is dependent on NF-kB activation (Zhou et al., 2007; Oh et al.,
2010). The essential role of the NF-xB pathway in TNF-a-induced expression of
adhesion molecules has been convincingly demonstrated by several studies (Jiang et
al., 2004; Kuldo et al., 2005). NF-kB is a redox-sensitive transcription factor that
activates inflammation through regulating the gene expression of a large number of
cytokines and adhesion molecules (Karin & Greten, 2005). Disruption of NF-«kB
activation has been shown to delay or prevent atherogenesis (Lopez-Franco et al.,
2006). As described earlier, the dissociation of NF-xB from [kB requires
phosphorylation of IkB, which results in rapid and ubiquitous degradation of IxkB. A
study by Denk et al. (2001) showed that overexpressing dominant negative kB,
which is resistant to proteolysis, completely blocked TNF-a-induced expression of
ICAM-1, VCAM-1, and E-selectin. Numerous natural components and therapeutic
agents have been shown to inhibit NF-kB activation by preventing IxBa
phosphorylation and degradation (Kim et al., 2006). Kaileh et al. (2007) recently
reported that withaferin A inhibited TNF-a-stimulated NF-kB activation through
blocking the activity of IKK[ kinase. Our data indicated that DHA not only inhibited
the upstream IKK and IxBa phosphorylation but also IkBa degradation (Figs. 3A and
B). In addition, we found that TNF-a-induced NF-kB and DNA binding activity and
nuclear translocation of p65 were attenuated in response to DHA pretreatment (Figs.
3C and D). This provides evidence that DHA antagonizes adhesion molecule
expression by attenuating NF-kB signaling pathway in TNF-a-activated EA.hy926

cells.

The cytoprotective capacity of compounds has been partially attributed to their

induction of antioxidant enzymes. Among the antioxidant enzymes, HO-1 expression
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was considered to be an adaptive and beneficial response to oxidative stress in a wide
variety of cells (Alam and Cook, 2003; Takahashi et al., 2004). Quercetin and
theaflavin have been reported to provide specific HO-1-dependent anti-inflammatory
protection in an apoE knockout mouse model of arteriosclerosis (Loke et al., 2010). In
this study, our results revealed that DHA dose-dependently up-regulated HO-1 mRNA
and protein expression in EA.hy926 cells (Figs. 4A and B). Induction of the HO-1

gene by DHA is primarily regulated at the transcriptional level (Fig. 4C).

Recent evidence has implicated that transcription factor Nrf2 is required for the
activation of the HO-1 gene (Johnson et al., 2009). Nrf2 is a basic leucine zipper
(bZIP) transcription factor (Kaspar et al., 2009), which is involved in cellular
protection against oxidative stress through ARE-mediated expression of various phase
II detoxifying and antioxidant enzymes, including HO-1 (Zhang & Gordon, 2004).
Nrf2 is negatively regulated by association with the cytosolic inhibitor Keap1
(Kobayashi et al., 2005; Kaspar et al., 2009). Keap1/Nrf2/ARE signaling is thought to
play a significant role in protecting cells from endogenous and exogenous stresses
(Kensler et al., 2007). A previous study indicated that puerarin increased HO-1 mRNA
and protein expression through Nrf2-mediated ARE activation in Hepalclc7 cells
(Hwang & Jeong, 2008). In this study, DHA enhanced Nrf2 nuclear translocation and
ARE-luciferase activity (Figs. 5C and D). Moreover, DHA increased protein levels of
Nrf2 in a dose-dependent manner (Fig. 5A). The increased Nrf2 protein accumulation
by DHA can be due to increased Nrf2 protein synthesis or decreased its degradation.

As shown in Fig. 5B, the Nrf2 mRNA expression was not affected by DHA.

HO-1 has been shown to possess the anti-inflammatory endothelial protective

action via reduction of TNF-a-induced expression of various adhesion molecules
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(Soares et al., 2004). Brunt et al. (2009) found that overexpression of HO-1 reduced
NF-«B promoter activity and NF-kB and DNA binding activity in response to H,O; in
HL-1 cardiomyocytes. Other studies suggest the major transcription factor Nrf2
mediating HO-1 expression suppresses inflammation by inhibiting NF-«xB activation
through regulation of redox balance (Thimmulappa et al., 2006). Several
anti-inflammatory or anti-carcinogenic phytochemicals suppress NF-kB signaling and
activate the Nrf2-ARE pathway (Li et al., 2008), suggesting that NF-kB and Nrf2 may
crosstalk with each other. On the basis of these findings, the possibility that DHA
inhibits TNF-a-induced ICAM-1 expression is via suppression of NF-kB activation,
and that is regulated by HO-1 induction cannot be excluded. The importance of HO-1
in the inhibition of ICAM-1 expression was further confirmed by using HO-1 siRNA.
In cells transfected with siHO-1, the inhibition of TNF-a-induced ICAM-1 expression
by DHA was partially abolished (Figs. 6A and B), suggesting a pivotal role of the
antioxidant enzyme. We also ascertained that HO-1 inhibited [CAM-1 expression
through attenuation of NF-kB activation by transfection with HO-1 siRNA. The
results show that DHA-mediated suppression of p65 nuclear translocation was
partially reversed as excepted (Fig. 6C). The cytoprotective actions of HO-1 were at
least partially attributed to the attenuation of ICAM-1 expression, and NF-kB
appeared to be the target. In this study, DHA inhibits TNF-a-induced ICAM-1
expression is via two distinct mechanisms. One is inhibition of IKK/NF-kB signaling

pathway, and the other is activation of Nrf2/HO-1 pathway.

Previous studies have suggested that several signaling pathways, including
mitogen-activated protein kinases (MAPKs) (Gong et al., 2004; Kong et al., 2001),
protein kinase C (PKC) (Numazawa et al., 2003; Kim et al., 2010), and

phosphatidylinositol 3-kinase (PI3K) pathways (Nakaso et al., 2003; Hwang & Jeong,
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2008), are involved in Nrf2 activation and subsequent HO-1 induction. Among these,
contribution of PI3K/Akt and MAPKSs in the regulation of HO-1 in various cell types
is well appreciated (Wu et al., 2006; Alam & Cook, 2007; Choi & Kim, 2008). Our
results supported the role of PI3K/Akt and ERK pathways in DHA-induced HO-1
expression (Fig. 7). The Keap1-Nrf2 complex is a closest ROS receptor in mammals,
modification of Keapl1 is proposed to affect Nrf2 stability and nuclear accumulation
(D'Autréaux & Toledano, 2007). ROS causes Keapl modification is through different
pathways including cysteine oxidation, Zn release and phosphorylation by PKC, PI3K,
and ERK (D'Autréaux & Toledano, 2007). In this study, 100 pM DHA was found to
increase cellular ROS and peak effect was observed at 20 min after DHA treatment
(Fig. 8). This result suggests that the early-phase generation of ROS by DHA might be
involved in activation of signaling pathways that led to Nrf2 nuclear translocation and

eventual HO-1 induction.

In summary, as depicted in Fig. 9, DHA significantly inhibits TNF-a-induced
ICAM-1 mRNA and protein expression and the subsequent adhesion of HL-60 cells to
activated EA.hy926 cells. Two working mechanisms by which DHA inhibits [CAM-1
expression are identified, one is inhibition of IKK/NF-kB pathway, and the other is
activation of Nrf2/HO-1 pathway. Taken together, these results support the beneficial

role of DHA in cardiovascular-protection as an anti-inflammatory agent.
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