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Abstract － The pro-oxidative and pro-inflammatory pathways in vascular endothelium have been implicated 
in the initiation and progression of atherosclerosis. In fact, inflammatory responses in vascular endothelium 
are primarily regulated through oxidative stress-mediated signaling pathways leading to overexpression of 
pro-inflammatory mediators. Enhanced expression of cytokines, chemokines and adhesion molecules in 
endothelial cells and their close interactions facilitate recruiting and adhering blood leukocytes to vessel wall, 
and subsequently stimulate transendothelial migration, which are thought to be critical early pathologic events 
in atherogenesis. Although interleukin-4 (IL-4) was traditionally considered as an anti-inflammatory cytokine, 
recent in vitro and in vivo studies have provided robust evidence that IL-4 exerts pro-inflammatory effects on 
vascular endothelium and may play a critical role in the development of atherosclerosis. The cellular and 
molecular mechanisms responsible for IL-4-induced atherosclerosis, however, remain largely unknown. The 
present review focuses on the distinct sources of IL-4-mediated reactive oxygen species (ROS) generation as 
well as the pivotal role of ROS in IL-4-induced vascular inflammation. These studies will provide novel 
insights into a clear delineation of the oxidative mechanisms of IL-4-mediated stimulation of vascular 
inflammation and subsequent development of atherosclerosis. It will also contribute to novel therapeutic 
approaches for atherosclerosis specifically targeted against pro-oxidative and pro-inflammatory pathways in 
vascular endothelium.
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IL-4 AND ATHEROSCLEROSIS

    Cardiovascular disease (CVD) including atherosclerosis 
is one of the leading causes of illness and death world-
wide. In the United States, an estimated 81,100,000 Ame-
rican adults have one or more types of CVD and the esti-
mated cost of CVD for 2010 is $503.2 billion (American 
Heart Association Statistics Committee and Stroke Statis-
tics Subcommittee, 2010). Although the exact cause of this 
disease remains unsolved, the pro-oxidative and pro-in-
flammatory vascular environments are fundamental con-
tributors to the initiation and progression of CVD (Hennig 
and Chow, 1988; Ylä-Herttuala, 1992; Ross, 1993; Hennig 

et al., 1996; Bouloumie et al., 1999; Heitzer et al., 2001; 
Sorescu et al., 2002; Guzik et al., 2006; Thomas et al., 
2008).
    Although the contribution of T-helper 1 (Th1) and T- 
helper 2 (Th2) cell responses to the development of athe-
rosclerosis remains unclear, pro-inflammatory cytokines 
secreted by Th1 cells (Th1 cytokines) have been im-
plicated in atherogenesis. It is commonly believed that in-
terferon-γ (INF-γ), a typical Th1 cytokine, exerts pro-in-
flammatory and pro-atherogenic action (Tedgui and Mallat, 
2006). However, the development of atherosclerosis was 
not completely abolished even though disruption of INF-γ 
gene diminished the severity of this disease in low density 
lipoprotein receptor (LDLR)-deficient mice (Buono et al., 
2003). These studies raise the possibility that other path-
ways may also contribute to the disease progression. 
Indeed, there is increasing evidence that Th2 cells might 
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play a role while little is known concerning the possible 
contribution of Th2 cytokines to the vascular inflammation 
and atherosclerosis (Masinovsky et al., 1990; Paul, 1991; 
Rollins and Pober, 1991; Galéa et al., 1993; Rocken et al., 
1996; Barks et al., 1997; Blease et al., 1998; Lee et al., 
2001a; Lee et al., 2001b; King et al., 2002; Davenport and 
Tipping, 2003; Lee et al., 2003; Lee et al., 2004b; Lee and 
Hirani, 2006; Walch et al., 2006; Hong et al., 2008; Lee et 
al., 2010a; Lee et al., 2010b).
    Interleukin-4 (IL-4) is a pleiotropic immunomodulatory 
cytokine secreted by Th2 cells (Th2 cytokines) and was 
traditionally considered as an anti-inflammatory cytokine 
(Paul, 1991; Rocken et al., 1996). A growing body of evi-
dence, however, has indicated that IL-4 is a pro-in-
flammatory cytokine and plays a critical role in the pro-
gression of atherosclerosis. For example, IL-4 induces 
pro-inflammatory environments by overexpressing a num-
ber of inflammatory mediators in vascular endothelial cells 
(Rollins and Pober, 1991; Galéa et al., 1993; Lee et al., 
2001a; Lee et al., 2001b; Lee et al., 2003; Lee et al., 
2004b; Lee and Hirani, 2006; Tedgui and Mallat, 2006; 
Walch et al., 2006; Huang et al., 2007; Hong et al., 2008; 
Huang et al., 2009; Lee et al., 2010a; Lee et al., 2010b). In 
addition, IL-4 synergistically increases interleukin-1β (IL-1
β)-, tumor necrosis factor-α (TNF-α)-, or lipopolysaccha-
ride (LPS)-induced vascular cell adhesion molecule-1 
(VCAM-1) expression in vascular endothelium (Barks et 
al., 1997; Blease et al., 1998). Additionally, IL-4 increases 
endothelial cell turnover by accelerated apoptosis, the 
event which may alter the function of the vascular endothe-
lium and thereby promote atherogenesis (Lee et al., 2000). 
The pro-atherogenic effects of IL-4 have also been inves-
tigated in animal models of atherosclerosis. King et al. 
(2002) demonstrated that transplantation of bone marrow 
stem cells collected from IL-4-deficient mice led to de-
creased atherosclerotic lesion formation in LDLR-deficient 
mice. Furthermore, a significant reduction in atheroscle-
rotic plaque area was observed in IL-4-deficient/ApoE-de-
ficient mice compared to ApoE-deficient mice (Davenport 
and Tipping, 2003). These findings suggest that there may 
be potential, novel pathways by which IL-4 exerts its 
pro-atherogenic effects. The cellular and molecular mech-
anisms responsible for IL-4-induced atherosclerosis, how-
ever, remain largely unknown. Therefore, the present re-
view specifically focuses on the oxidative mechanisms by 
which IL-4, a relatively unstudied cytokine, induces vas-
cular inflammation that will provide insights to novel pre-
ventive and therapeutic approaches for atherosclerosis 
specifically targeted against pro-oxidative and pro-in-
flammatory pathways in vascular endothelium.

IL-4 AND VASCULAR INFLAMMATION

    It is generally accepted that atherosclerosis is a chronic 
inflammatory disease of the vessel walls (Ross, 1999; 
Clark, 2002; Libby et al., 2002; Shishehbor and Bhatt, 
2004; Marx and Grant, 2007). The development of in-
flammatory reactions in vascular endothelium is a normal 
defense mechanism in response to the blood vessel 
injuries. The physiological significance of such reactions is 
to maintain and repair normal structure and function of the 
vessel wall. Excessive inflammatory reactions, however, 
are associated with vascular pathophysiology such as pro-
gression of atherosclerotic plaque formation (Berliner et 
al., 1995; Toborek and Kaiser, 1999). Previous studies 
have demonstrated that inflammatory responses in vas-
cular endothelium are primarily regulated through pro-
duction of pro-inflammatory mediators (Ross, 1999; Lee et 
al., 2004a). In fact, enhanced expression of cytokines, 
chemokines and adhesion molecules in vascular endothe-
lial cells and their close interactions facilitate recruiting and 
adhering blood leukocytes to vessel wall, and subsequent-
ly stimulate transendothelial migration, which can be con-
sidered an early atherogenic process (Davies et al., 1993; 
Reape and Groot, 1999; Tedgui and Mallat, 2006).

Effect of IL-4 on IL-6 expression in vascular endothelium
    The crucial role for pro-inflammatory cytokines in the ini-
tiation and progression of atherosclerosis has been widely 
recognized. IL-1β and TNF-α are well known pro-athero-
genic cytokines, and the pathophysiological roles of these 
pro-inflammatory cytokines in atherosclerosis have been 
extensively investigated both in vitro and in vivo (Kirii et al., 
2003; Ohta et al., 2005; Tedgui and Mallat, 2006). In addi-
tion, interleukin-6 (IL-6) plays an important role in the me-
diation of inflammatory and immune responses initiated by 
infection or injury. Elevated expression levels of IL-6 have 
been reported in patients with cardiovascular diseases in-
cluding atherosclerosis (Ross, 1999; Ridker et al., 2000a; 
Ridker et al., 2000b; Libby et al., 2002; Cesari et al., 2003; 
Kishimoto, 2005). Both mRNA and protein expression of 
IL-6 have been detected in human atherosclerotic lesions 
(Kishikawa et al., 1993; Seino et al., 1994). IL-6 has also 
been found in the atherosclerotic plaques of ApoE-defi-
cient mice aorta (Sukovich et al., 1998), and treatment of 
ApoE-deficient mice with exogenous IL-6 greatly ex-
acerbated atherosclerotic lesion formation (Huber et al., 
1999). Further, the underlying molecular and cellular 
mechanisms how IL-6 contributes to atherosclerosis have 
been reported. A number of in vivo and in vitro studies 
have shown that IL-6 augments atherogenesis by perpetu-
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ating vascular inflammation through induction of endothe-
lial activation/dysfunction and recruitment of inflammatory 
cells (Schuett et al., 2009). Srinivasan et al. (2004) demon-
strated that IL-6 directly mediated glucose-stimulated 
monocyte adhesion to vascular endothelial cells. It was al-
so found that IL-6 was a direct mediator of T cell migration 
(Weissenbach et al., 2004). These studies strongly sup-
port the idea that overexpression of IL-6 in vascular endo-
thelium plays a critical role in the initiation and progression 
of atherosclerosis.
    The stimulatory effect of IL-4 on IL-6 expression in vas-
cular endothelium has been documented. For example, 
Chen and Manning (1996) showed that treatment of hu-
man umbilical vein endothelial cells (HUVEC) with IL-4 re-
sulted in a significant increase in the basal levels of IL-6 
expression. In addition, several reports demonstrated that 
IL-4 synergistically amplified the TNF-α-, IL-1β- or LPS-in-
duced production of IL-6 in HUVEC (Colotta et al., 1992; 
Paleolog et al., 1992; Chen and Manning, 1996). We have 
also demonstrated that IL-4 significantly and dose-de-
pendently up-regulates mRNA and protein expression of 
IL-6 in HUVEC (Lee et al., 2004b; Lee et al., 2006). 
Although HUVEC have been traditionally used, they may 
not be appropriate for in vitro model of atherosclerosis 
because they are endothelial cells isolated from vein. 
Therefore, we employed human aortic endothelial cells 
(HAEC), primarily isolated and purified from human aortas, 
to provide more physiologically and clinically relevant cell 
culture model of atherosclerosis research. Our recent data 
showing that IL-4 significantly induced the expression of 
IL-6 mRNA and enhanced IL-6 protein production appear 
to be the first to document the stimulatory effect of IL-4 on 
IL-6 expression in HAEC and mice (Lee et al., 2010a). The 
molecular basis for the induction of IL-6 by IL-4 in vascular 
endothelium, however, remains unclear and to be further 
investigated.

Effect of IL-4 on MCP-1 expression in vascular endothe-

lium
    The recruitment of blood leukocytes and their migration 
throughout vascular endothelium are thought to be critical 
early pathologic events in atherogenesis. These proc-
esses are directly facilitated by enhanced expression of 
pro-inflammatory chemokines and chemokine receptors 
from activated endothelial cells and leukocytes (Rollins, 
1997; Gu et al., 1999; Bursill et al., 2004; Sheikine and 
Hansson, 2006; Braunersreuther et al., 2007). Monocyte 
chemoattractant protein-1 (MCP-1) is the best charac-
terized member of the CC chemokine family and plays a 
key role in recruitment of monocytes into the arterial wall 

and transmigration into the subendothelial regions of the 
vessels. MCP-1 is expressed and released by various 
types of cells within the vessel wall, including endothelial 
cells and smooth muscle cells, in response to a number of 
extracellular stimuli such as cytokines and platelet-derived 
growth factor (Strieter et al., 1989; Rollins and Pober, 
1991; Taubman et al., 1992; Wung et al., 1997; Bouloumie 
et al., 1999; Lee et al., 2003). A number of previous studies 
demonstrated the pivotal role of MCP-1 in the patho-
genesis of atherosclerosis. Both MCP-1 mRNA and pro-
tein expression were detected in early atherosclerotic le-
sions (Nelken et al., 1991; Ylä-Herttuala et al., 1991; 
Takeya et al., 1993). Additionally, MCP-1 deficiency sig-
nificantly reduced atherosclerosis in LDLR-deficient mice 
and human ApoB-expressing transgenic mice (Gu et al., 
1998; Gosling et al., 1999), and the deletion of MCP-1 re-
ceptor (CCR2) markedly decreased atherosclerotic lesion 
formation in ApoE-deficient mice (Boring et al., 1998). It 
was also found that enhanced expression of MCP-1 by 
transplantation of MCP-1 overexpressing bone marrow 
cells accelerated atherosclerosis in ApoE-deficient mice 
(Aiello et al., 1999). Furthermore, patients with coronary 
artery disease had significantly elevated MCP-1 serum 
levels (Martinovic et al., 2005). Finally, anti-MCP-1 gene 
therapy successfully attenuated atherosclerosis in ApoE- 
deficient mice (Ni et al., 2001; Inoue et al., 2002), suggest-
ing MCP-1 as a potential therapeutic target in athero-
sclerosis. These studies clearly demonstrate that MCP-1 
plays a fundamental role in the pro-inflammatory pathways 
in vascular endothelium and serves as a contributing factor 
to atherosclerosis.
    Rollins and Pober (1991) reported for the first time that 
IL-4 induced the synthesis of MCP-1 mRNA and secretion 
of MCP-1 protein by HUVEC. It was also found that treat-
ment with IL-4 amplified the production of MCP-1 in TNF-
α- or IL-1-activated HUVEC (Colotta et al., 1992; Paleolog 
et al., 1992). In addition, recent studies by our group have 
demonstrated that IL-4 significantly up-regulates mRNA 
and protein expression of MCP-1 in vascular endothelium 
in vitro and in vivo (Lee et al., 2003; Lee et al., 2004b; Lee 
et al., 2010b). The functional integrity of MCP-1 induced by 
IL-4-treated human vascular endothelial cells was further 
verified by monocyte migration assay showing that the 
conditioned media collected from IL-4-activated HAEC sig-
nificantly enhanced the migration of monocytes (Lee et al., 
2010b).

Effect of IL-4 on VCAM-1 expression in vascular endothe-

lium
    Enhanced expression of adhesion molecules such as 
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E-selectin, intercellular adhesion molecule-1 (ICAM-1) and 
VCAM-1 facilitates adherence of circulating blood leuko-
cytes to vascular endothelium and their transendothelial 
migration which is directly linked to an early phase of athe-
rosclerosis (Khan et al., 1995; Price and Loscalzo, 1999; 
Huo and Ley, 2001; Blankenberg et al., 2003). VCAM-1 is 
a member of the immunoglobulin gene superfamily first de-
scribed as a cytokine-inducible endothelial adhesion pro-
tein (Osborn et al., 1989) and is expressed primarily on en-
dothelial cells. Other cell types such as macrophages, my-
oblasts and dendritic cells are also capable of expressing 
VCAM-1 (Simmons et al., 1992; Barks et al., 1997; Bla-
nkenberg et al., 2003). It mediates cell-cell interactions via 
binding to its integrin counter receptor, integrin α4β1 or 
very late antigen-4 (VLA-4), which lead to the recruitment 
of mononuclear leukocytes to the vascular lesions in early 
atherosclerosis and the firm adhesion of blood leukocytes 
to the surface of vascular endothelium (Elices et al., 1990; 
Cybulsky and Gimbrone, 1991; Schleimer et al., 1992; 
Libby and Galis, 1995). Compelling evidence has indicated 
that VCAM-1 is one of the most important adhesion mole-
cules involved in leukocyte infiltration to atherosclerotic 
lesions. Increased level of VCAM-1 expression has been 
detected on human arteries with atherosclerotic lesions 
(Davis et al., 1993; O’Brien et al., 1993) as well as on es-
tablished lesions in animal models of atherosclerosis (Li et 
al., 1993; Sakai et al., 1997; Nakashima et al., 1998; 
Iiyama et al., 1999). In addition, blockade of VCAM-1 by 
monoclonal antibody abrogated monocyte adhesion on 
early atherosclerotic endothelium (Huo et al., 2000) and 
the monoclonal VCAM-1 antibody treatment inhibited neo-
intimal formation after carotid artery injury in ApoE-defi-
cient mice (Oguchi et al., 2000). Lumsden et al. (1997) al-
so demonstrated that blocking VCAM-1/integrin α4β1 
pathway by use of an anti-VLA-4 antibody significantly re-
duced the number of intimal macrophages, intimal cell pro-
liferation, and intimal hyperplasia in injured carotid arteries 
in adult baboons. These data strongly support an im-
portant role of VCAM-1 in the development of athero-
sclerosis. 
    Several reports have indicated that IL-4 stimulates the 
adhesiveness of blood leukocytes to vascular endothelium 
via overexpression of VCAM-1. For example, enhanced 
VCAM-1 expression and adherence of peripheral blood 
lymphocytes on endothelial cells were observed in IL-4- 
stimulated HUVEC (Galéa et al., 1992; Galéa et al., 1993). 
In addition, Masinovsky et al. (1990) demonstrated that 
IL-4 alone or in combination with IL-1β promoted lympho-
cyte binding to endothelium by induction of VCAM-1 on mi-
crovascular endothelial cells. A significance increase in 

VCAM-1 expression also mediated eosinophil adhesion 
on cultured human lung microvascular endothelial cells 
(HLMVEC) treated with IL-4 alone or combined with LPS 
(Blease et al., 1998). Moreover, treatment of HUVEC with 
IL-4 and TNF-α synergistically induced VCAM-1 expre-
ssion which resulted in enhanced adhesiveness of HUVEC 
to T lymphocytes (Paleolog et al., 1992). Furthermore, we 
have demonstrated that IL-4 significantly and dose-de-
pendently induces VCAM-1 expression in HUVEC and in-
creases the adherence of human monocytes to HUVEC 
monolayer (Lee et al., 2001a; Lee et al., 2004b). Our most 
recent real-time reverse transcriptase-polymerase chain 
reaction (RT-PCR) analyses further confirmed a significant 
up-regulation of VCAM-1 expression in HAEC and mouse 
aortas (Unpublished data).

OXIDATIVE MECHANISMS OF IL-4-INDUCED 
VASCULAR INFLAMMATION

    Cardiovascular risk factors increase reactive oxygen 
species (ROS) generation in vascular endothelium that 
plays an important role in the development of athero-
sclerosis (Hennig et al., 1996; Bouloumie et al., 1999). It 
has become apparent that endothelial dysfunction is close-
ly associated with an increased risk of atherosclerosis and 
vascular endothelial cells are particularly sensitive to intra-
cellular oxidative stress (Hennig and Chow, 1988; Thomas 
et al., 2008). In fact, enhanced production of superoxide 
anion was observed in human atherosclerotic coronary ar-
teries (Sorescu et al., 2002; Guzik et al., 2006). Heitzer et 
al. (2001) also demonstrated that elevated production of 
vascular ROS was linked to impaired endothelial function 
and progression of atherosclerosis in patients with coro-
nary artery disease. Additionally, oxidative stress up-regu-
lates the expression of pro-inflammatory mediators such 
as cytokines, chemokines, and adhesion molecules in vas-
cular endothelium, which is one of the earliest steps in the 
development of atherosclerotic lesion formation (Ylä-Her-
ttuala, 1992; Ross, 1993; Bouloumie et al., 1999; Lee and 
Hirani, 2006).

Involvement of ROS in IL-4-induced vascular inflamma-

tion
    IL-4 may be considered a pro-oxidative cytokine which 
increases the oxidizing potential of target cells. For exam-
ple, Park et al. (2008) reported that IL-4 induced oxidative 
stress in microglia and subsequently led to the death of 
hippocampal neurons in vivo. The crucial role of IL-4-in-
duced oxidative stress in neurotoxicity was further con-
firmed by observations that IL-4 neutralizing antibody 
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Fig. 1. Schematic diagram of pathways generating reactive 
oxygen species (ROS) in endothelial cells. COX: cyclooxygenase,
LOX: lipoxygenase, SOD: superoxide dismutase.

treatments significantly inhibited ROS generation and in-
creased the survival of hippocampal neurons in rats (Park 
et al., 2008). In addition, the levels of the intracellular ROS 
were determined by dihydroethidium (DHE) and dichloro-
fluorescein (DCF) staining to examine whether IL-4 in-
duces ROS generation in vascular endothelial cells. When 
DHE is oxidized to ethidium by superoxide anion, ethidium 
intercalates within the cell’s DNA and stain its nucleus a 
bright fluorescent red. Dichlorofluorescin diacetate (H2DCF- 
DA) is a stable, non-polar compound that readily diffuses 
into the cells and is converted to a non-fluorescent polar 
derivative dichlorofluorescin (DCF-H) by intracellular este-
rases. DCF-H is oxidized to the highly fluorescent com-
pound DCF by hydrogen peroxide or other peroxides pro-
duced by the cells. The levels of DHE and DCF fluo-
rescence were significantly increased after exposure of 
HUVEC (Lee et al., 2001a; Lee and Hirani, 2006; Walch et 
al., 2006) or HAEC (Lee et al., 2010a; Lee et al., 2010b) to 
IL-4, indicating that IL-4 treatment induces the generation 
of ROS such as superoxide anion and hydrogen peroxide 
in vascular endothelial cells. Effects of antioxidants on 
IL-4-induced expression of pro-inflammatory mediators 
have also been examined in endothelial cells. Pre-treat-
ment with antioxidant such as pyrrolidine dithiocarbamate 
(PDTC), N-acetylcysteine (NAC) or epigallocatechin gal-
late (EGCG) resulted in a marked attenuation of IL-4-medi-
ated overexpression of IL-6 (Lee et al., 2010a), MCP-1 
(Lee et al., 2003; Walch et al., 2006; Lee et al., 2010b), 
and VCAM-1 (Lee et al., 2001a) in human vascular endo-
thelial cells. These studies provide robust evidence that in-
tracellular ROS generation is associated with IL-4-induced 
vascular inflammation.

Effect of IL-4 on ROS-generating pathways and vascular 

inflammation
    Several distinct pathways generating ROS, including 
NADPH oxidase, xanthine oxidase, arachidonic acid me-
tabolism, and mitochondrial electron transport chain (Fig. 
1), are known to be involved in the signal transduction cas-
cade of vascular inflammation and progression of athero-
sclerosis (Basta et al., 2005; Thomas et al., 2008). Recent 
in vitro and in vivo studies have described the intracellular 
sources of IL-4-induced ROS generation in vascular endo-
thelium. NADPH oxidase (NOX) is a membrane-asso-
ciated enzyme complex and catalyzes the transfer of elec-
trons from NADPH to molecular oxygen to generate super-
oxide anion in vascular endothelium. It is a key source of 
enzymatic generation of ROS in a variety of cell types in-
cluding endothelial cells (Brandes, 2003; Basta et al., 
2005; Bedard and Krause, 2007; Thomas et al., 2008; 

Goettsch et al., 2009; Guzik and Griendling, 2009). Walch 
et al. (2006) demonstrated that gp91ds-tat, a selective 
NOX inhibitor, significantly attenuated ROS generation 
and MCP-1 overexpression in IL-4-stimulated HUVEC. 
Pre-treatment of HAEC with other NOX inhibitors such as 
apocynin and diphenylene iodonium (DPI) also markedly 
suppressed IL-4-induced ROS generation and overex-
pression of pro-inflammatory mediators such as IL-6 and 
MCP-1 (Lee et al., 2010a; Lee et al., 2010b). The crucial 
role of NOX-mediated ROS generation in IL-4-induced 
vascular inflammation was further confirmed by using 
NOX-2 knockout mice (NOX gp91phox−/− or B6.129S6- 
Cybbtm1Din/J) and matched wild-type controls with the same 
genetic background (C57BL/6J). The disruption of NOX-2 
(NOX gp91phox) gene markedly attenuated IL-4-induced 
IL-6 and MCP-1 expression in NOX-2 knockout mice (Lee 
et al., 2010a; Lee et al., 2010b). These studies provide ro-
bust evidence to suggest that NOX plays a pivotal role in 
ROS generation and overexpression of pro-inflammatory 
mediators in IL-4-stimulated vascular endothelium. Since 
NOX-2 was first discovered as a major innate immune de-
fense mechanism, other homologues (e.g., NOX-1, NOX- 
3, NOX-4, NOX-5, Duox-1, and Duox-2), p22phox, and sev-
eral regulatory subunits (e.g., p47phox, p67phox, p40phox, and 
rac proteins) have been identified in a variety of cells and 
tissues (Bedard and Krause, 2007; Thomas et al., 2008; 
Goettsch et al., 2009; Guzik and Griendling, 2009). There-
fore, other NOX components may also be involved in 
IL-4-induced ROS generation in vascular endothelium and 
remain to be further investigated.
    It has become increasingly apparent that metabolic 
pathways of arachidonic acid (AA) by several enzymes, in-
cluding cyclooxygenase (COX) and lipoxygenase (LOX), 
are associated with the generation of ROS in vascular en-
dothelium (Oltman et al., 2003; Thomas et al., 2008). Our 
recent findings suggest the potential involvement of COX 
and LOX in IL-4-induced ROS generation and vascular 
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Fig. 2. Schematic diagram of the oxi-
dative mechanisms of IL-4-induced va-
scular inflammation and development of 
atherosclerosis. ROS: reactive oxygen 
species, NOX: NADPH oxidase, 5-LOX: 
5-lipoxygenase, IL-6: interleukin-6, MCP-1:
monocyte chemoattractant protein-1, 
VCAM-1: vascular cell adhesion 
molecule-1.

inflammation. Pre-treatment of HAEC with 5, 8, 11, 
14-eicosatetraynoic acid (ETYA), a combined inhibitor of 
COX and LOX, or nordihydroguaiaretic acid (NDGA), a se-
lective inhibitor of 5-LOX, significantly and dose-depend-
ently attenuated IL-4-induced mRNA and protein ex-
pression of MCP-1, while N-2-(cyclohexyloxy)-4-nitrophe-
nyl-methanesulfonamide (NS-398), a selective inhibitor of 
COX-2, did not exert any inhibitory effect (Unpublished da-
ta). Interestingly, none of these inhibitors had significant 
effects on IL-4-induced IL-6 expression in HAEC (Lee et 
al., 2010a). These results indicate that 5-LOX-mediated 
ROS generation may play a role in IL-4-induced vascular 
inflammation via MCP-1-dependent pathway. 
    Another enzymatic source of ROS generation in vas-
cular endothelium is xanthine oxidase (XO). XO is a form 
of xanthine oxidoreductase and produces ROS such as 
superoxide anion and hydrogen peroxide by catalyzing the 
metabolism of NADH, oxygen, and hypoxanthine/xanthine 
(Basta et al., 2005; Thomas et al., 2008). The contribution 
of XO-mediated ROS generation to pro-inflammatory path-
ways in IL-4-activated vascular endothelium was exam-
ined by pre-treatment of HAEC with allopurinol, an inhibitor 
of XO, which did not affect IL-4-mediated up-regulation of 
IL-6 (Lee et al., 2010a) and MCP-1 expression (Walch et 
al., 2006; Lee et al., 2010b). These studies indicate that 
XO is not associated with IL-4-mediated pro-oxidative and 
pro-inflammatory pathways in vascular endothelium.
    It has been widely known that mitochondria generate 
ROS during normal respiration. Indeed, mitochondrial 
electron transport chain is one of the major sources of in-
tracellular ROS production in vascular endothelium (Corda 
et al., 2001; Basta et al., 2005; Thomas et al., 2008). The 
role of mitochondrial electron transport chain in ROS- 
mediated vascular inflammation in response to IL-4 was 
determined with various pharmacological inhibitors such 

as rotenone, thenoyltrifluoroacetone (TTFA), and anti-
mycin A which selectively block the electron flows between 
mitochondrial respiratory chain complexes. Rotenone was 
employed as an inhibitor of complex I which blocks the 
electron flow from NADH dehydrogenase (complex I) to 
ubiquinone, TTFA as a complex II inhibitor which interferes 
with the electron transport from succinate dehydrogenase 
(complex II) to ubiquinone, and antimycin A as a selective 
inhibitor of the electron flow at complex III. Recent studies 
by our group and others demonstrated that inhibitions of 
mitochondrial electron transport chain did not exert any 
significant effects on IL-4-induced IL-6 (Lee et al., 2010a) 
and MCP-1 expression (Walch et al., 2006; Lee et al., 
2010b) in human vascular endothelial cells. These results 
suggest that mitochondrial electron transport chain-medi-
ated ROS generation is not involved in IL-4-induced ex-
pression of pro-inflammatory mediators in vascular 
endothelium.

CONCLUSION

    Although IL-4 was traditionally believed to be an anti-in-
flammatory cytokine, a growing body of evidence from our 
group and others has raised possibility that IL-4 may play 
an important role in the initiation and progression of athe-
rosclerosis via induction of oxidative stress and inflam-
mation in vascular endothelium (Fig. 2). 
    Since atherosclerosis is a major public health problem 
and the exact cause of this disease remains unsolved, un-
derstanding the potential, novel pathophysiological mech-
anisms involved in atherogenesis is highly significant. Most 
previous in vivo and in vitro studies have exclusively im-
plicated the Th1 cell-dependent mechanisms in this pro-
cess. Therefore, the potential role for Th2 cell-dependent 
inflammatory responses will provide an excellent balance 
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to the more extensive studies on Th1 cell responses in the 
pathophysiological processes of atherosclerosis. In addi-
tion, it will provide novel insights into a complex in-
flammatory process of atherosclerosis. A clear delineation 
of novel cellular and molecular signaling mechanisms by 
which IL-4, a Th2 cytokine, induces oxidative stress and in-
flammation in vascular endothelium will contribute to new 
early, preventative therapies for atherosclerosis.
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