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Abstract
Reactive oxygen species (ROS) and oxidative stress 

are closely associated with the development of atheros-
clerosis, and the most important regulator of ROS 
production in endothelial cells is NADPH oxidase. 
Activation of NADPH oxidase requires the assembly 
of multiple subunits into lipid rafts, which include 
specific lipid components, including free cholesterol and 
specific proteins. Disorders of lipid metabolism such 
as hyperlipidemia affect the cellular lipid components 
included in rafts, resulting in modification of cellular 
reactions that produce ROS. In the similar manner, 
several pathways associating ROS production are 
affected by the presence of lipid disorder through 
raft compartments. In this manuscript, we review the 
pathophysiological implications of hyperlipidemia and 
lipid rafts in the production of ROS.
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Core tip: Lipid raft is a membrane microdomain in 
which specific combinations of lipid components such 
as free cholesterol and proteins function to mediate 
and amplify a variety of cellular signals. The platform 
has a significant impact on the cellular reactions such 
as the production of reactive oxygen species, however, 
there are limited articles on the clinical relevance of 
this platform. Lipid disorder, such as hyperlipidemia, 
is one that significantly affects the platform, with the 
modification of associating cell functions in various 
ways. We focused on the effect derived from this 
platform in hyperlipidemia in this manuscript.
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REACTIVE OXYGEN AND VASCULAR 

INJURY
Reactive oxygen species (ROS) and oxidative stress 
are considered key mediators of atherosclerosis[1]. 
ROS are involved in the progression of endothelial-cell 
dysfunction, which is accompanied by inactivation of 
endothelial nitric oxide synthase (eNOS) and decrease 
of nitric oxide (NO) levels[2]. Oxidative stress results 
from overproduction of ROS, failure of host antioxidant 
defense, or both. The effects of ROS-associated signal 
pathways have a meaningful impact on cellular function 
in endothelial cells. The most important modulator of 
ROS in endothelial cells is NADPH oxidase[3], and ROS 
metabolism is constantly modified by the surrounding 
environment. Pathological conditions associated with 
hyperlipidemia may be derived from these pathways 
of ROS, and the suppression of ROS may block the 
progression of those pathology[4]. 

RAFT PLATFORMS AS A REGULATOR OF 

ROS
Lipid rafts or membrane rafts are membrane micro-
domains in which specific combinations of lipid com-
ponents and proteins function to mediate and amplify 
a variety of cellular signals[5]. Rafts are dynamic 
assemblies of cholesterol and lipids with saturated acyl 
chains, such as sphingolipids and glycosphingolipids in 
the exoplasmic leaflet of the membrane bilayer; and 
cholesterol in the inner leaflet. Intracellular reactions 
that produce ROS in endothelial cells can occur in 
lipid rafts, as a plasma membrane-associated NADPH 
oxidase complex exists within that compartment[6]. 
Clustering of lipid rafts in the cell membrane of endothe-
lial cells causes the aggregation and activation of NADPH 
oxidase, thereby forming a redox signaling platform[7].

Raft structure and composition differ in various 
pathological states. Extracellular free cholesterol can 
be directly incorporated into the plasma membrane, 
leading to increase in cellular cholesterol levels[8]. Fang 
et al[9] showed that hypercholesterolemia increased 
the level of cellular free cholesterol approximately 
two-to four-fold in vascular endothelial cells[8]. The 
presence of very low-density lipoprotein (LDL) can 
cause a 50%-100% increase in total-cell unesterified 
cholesterol[10]. Indeed, endothelial cells are more likely 
to accumulate free rather than esterified cholesterol due 
to low ratio of hydrolysis to esterification. As a result, an 
increase in free cholesterol in endothelial cells causes a 
change in plasma membrane cholesterol content and 
may contribute to alterations in membrane function[11]. 
Similarly, hypercholesterolemia is also reported to alter 
the composition of lipid rafts and affect cell function in 
smooth muscle cells[12].

These pathological modifications of raft components 

affect ROS production. For example, a reduction of free 
cholesterol in rafts attenuates ROS production, leading 
to the suppression of ROS-associated downstream 
pathways[13]. By contrast, increase of plasma membrane 
free cholesterol leads to the modification of associated 
reactions that enhance ROS production[9]. Other con-
ditions are known to affect the lipid components of rafts. 
For instance, aging has been associated with changes in 
sphingolipid and cholesterol, leading to the production 
of long-chain ceramides in plasma membrane[14] and 
the resulting enhancement of membrane-associated 
oxidative stress contributes to the progression of 
Alzheimer disease.

Not only lipid content of rafts but also specific pro
teins influence the behavior of associated reactions. 
Caveolin is an essential protein component of caveolae, 
which are unique raft compartments in the plasma 
membrane of endothelial cells[15]. Caveolin interacts 
with both lipids and lipid anchors on the raft proteins, 
and it functions as a scaffolding protein to organize and 
concentrate specific lipids and lipid-modified signaling 
molecules within the rafts[12,16]. In the presence of 
hypercholesterolemia, caveolin binding to eNOS is 
enhanced, leading to eNOS inactivation[17]. The resulting 
decrease in NO production has a significant impact on 
ROS metabolism. Hypercholesterolemia thus affects the 
production of ROS by a caveolin-associated pathway. 
Lobysheva et al[18] demonstrated that Caveolin-1 
modulated the ROS behavior by regulating the balance 
of eNOS-derived NO. An increase in caveolin and eNOS 
interactions that occur with hyperlipidemia, may act 
to decrease NO production and promote endothelial 
dysfunction and atherosclerotic lesion formation[17].

The spatial compartmentation of eNOS in the raft 
compartment also has a significant impact of the be-
havior of ROS, in especially the cross-talk between NO 
and ROS. Under normal conditions, eNOS is associated 
with cholesterol-enriched caveolae in endothelial cells, 
where its activity can be closely regulated. However, 
in hyperlipidemia, lipoprotein particles modulate 
the activity and subcellular distribution of eNOS[19]. 
Incubation of endothelial cells with LDL, particularly 
oxidized LDL (ox-LDL), causes an increase in the 
binding of eNOS to CD36, which attenuates its activity 
and causes displacement of the protein from endothelial 
caveolae. In addition, the spatial interaction between 
eNOS and NADPH oxidase determines net NO and 
ROS production because the NO produced adjacent to 
NADPH oxidase is scavenged by the ROS[20]. Therefore, 
the pathological condition affects localization of ROS-
associated molecules, resulting a change in the output 
from these pathways.

Rafts can also be platforms that enhance the 
production of reactive nitrogen. Yang et al[21] reported 
that TNF-α enhanced ROS production within these 
membrane compartments concomitant with recruitment 
of the p47phox regulatory subunit of NADPH oxidase 
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subunit domains. In addition, TNF-α induced activation 
and phosphorylation of eNOS present in plasma mem-
brane raft compartments. The dual activation of super-
oxide-generating and NO-generating systems within the 
same membrane domains provided a spatially favorable 
environment for formation of peroxynitrite.

Conversely, raft compartments are also susceptible 
to the oxidative reactions, resulting the oxidation of lipid 
components and modifying the associating reactions. 
For instance, 7-ketocholesterol, one oxidized form of 
cholesterol, was reported to deplete cholesterol from 
the raft domains and disrupt it[22,23]. However, the 
exact results of membrane injury by oxidized lipids are 
uncertain and are beyond the scope of this manuscript.

RAFT CONDITIONS AND ASSOCIATED 
REACTIONS 
The association of rafts and the actin cytoskeletal 
network has been reported to affect the endocytic 
pathway. For instance, when the vacuolating cytotoxin 
(VacA), a major virulence factor of Helicobacter pylori, 
was continuously associated with raft compartments 
it was routed to early endosome antigen 1-sorting 
endosomes and then sorted to late endosomes[24]. We 
previously reported that intracellular vesicle structures 
in endothelial cells act as a raft-like domains that move 
along the actin cytoskeleton network (Figure 1)[13].

The most common raft protein, caveolin, can also 
be found in these endocytic pathways, such as late 
endosomes and lysosomes. Once it is ubiquitinated, it 
is transferred into intraluminal vesicles in endosomes 
for degradation using the endosomal sorting complex 
required for transport machinery[25]. During this trans-
location, caveolin is also recruited by accessory mem-
brane compartments that affect its interactions with 
other intracellular compartments. Changes in lipid 
raft-based membrane compartmentation can involve 
movement of key molecules that modify intracellular 
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dynamics. ROS production is one of the activities 
affected by the translocation of raft compartments. 
Indeed, NADPH oxidase-dependent ROS production 
in endosomes is seen as a proinflammatory immune 
response. Li et al[26] have demonstrated that interleukin-
1β (IL-1β) stimulation promotes endocytosis of the IL-1β 
receptor (IL-1R1), leading to NADPH oxidase-dependent 
ROS production in early endosomes and subsequent 
redox-dependent activation of transcription factor NF-
kB. 

Previous reports demonstrated that visfatin activated 
lysosomal acid sphingomyelinase (ASM), the formation 
of raft redox signaling platforms, and consequent local 
oxidative stress[27]. Lysosome-associated molecular 
trafficking and the resulting ceramide accumulation 
in the cell membrane may mediate the assembly of 
NADPH oxidase subunits and their activation in response 
to adipokine visfatin in coronary artery endothelial 
cells, thereby producing endothelial dysfunction in the 
coronary vasculature.

In addition to intercellular vesicle structures, 
extracellular vesicle structures have been reported to 
associate with raft components[28]. Characterization of 
human B-cell-derived exosomes showed an abundance 
of membrane raft-associated lipids, including chole-
sterol and sphingomyelin[29]. Indeed, we found that 
modification of raft lipid components affected changes 
of molecules in vesicle structures (unpublished data). 
In addition, endothelial microparticles induced by 
angiotensin II through the NADPH oxidase pathway, 
have been shown to associate with lipid raft[30]. These 
findings suggest that cholesterol metabolism affects the 
behavior of extracellular vesicles that can have an effect 
on pathological conditions. However, the physiological 
and pathological role of extracellular vesicles had not 
yet been elucidated. Further study of the mechanisms 
underlying the relationships of raft compartments and 
the extracellular vesicles produced by endothelial cells is 
warranted.

A B

Figure 1  Immunohistochemistry of actin, and visualization of vesicle structures after free cholesterol loading and angiotensin II in cultured human aortic 
endothelial cells. The cells were loaded by cholesterol-saturated methyl-b-cyclodextrin (Sigma, St. Louis, MO) (Chol/MBCD) and angiotensin II (Wako, Tokyo, Japan) (200 nmol/
L). Following treatment, cell were fixed, and stained using Alexa 546-conjugated phalloidin (Invitrogen, Carlsbad, CA) for visualization of F-actin and oil red O for visualization of 
vesicle structure. Oil red O-positive vesicles formed, and moved along the F-actin filament in the setting of actin remodeling induced by angiotensin II. B is a magnified view of 
the white square in A. 

Red: Oil red O

Green: F-actin

5 mm
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prostate cancer cells. On the other hand, cholesterol 
elevation also promoted tumor growth, increased 
phosphorylation of Akt, and decreased apoptosis in the 
xenografts.

We also observed that free cholesterol loading-
induced vesicle structures were significantly suppressed 
by statin pretreatment (Figure 2). Intracellular vesicle 
structure was considered an intracellular raft platform, 
and statin affected the behavior of these platforms. 
As a result, the activity of platforms where key ROS-
producing molecules are assembled may be decreased, 
with reduction of intracellular oxidative stress[13]. 
However, there had been little reports about the clinical 
effects of raft modifying agents other than statin. 
Further studies investigating about it is warranted. 

CONCLUSION
This review described how ROS production is affected 
by the modification of lipid raft compartments in 
hyperlipidemia. The concept of lipid rafts may stimulate 
the development of novel therapeutic strategies for 
hyperlipidemia-associated pathologies. However, there 
had been little reports that demonstrated the clinical 
implication and importance of lipid raft compartments 
in lipid disorder. Further studies investigating about the 
associations between raft compartment and pathologic 
changes are needed. 
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