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their actions affect the retina and the retinal pigment epi-
thelium (RPE) ( 8–10 ). One particular oxysterol, 7-keto-
cholesterol (7KCh), has been found more abundantly than 
other oxysterols in the retina ( 9, 10 ). This oxysterol is 
known to have potent pharmacological properties that 
lead to infl ammation and cell death in a variety of cell 
types ( 1–10 ). This review will focus on what is known about 
this molecule and the potential implications of its pres-
ence in the retina. 

 The retina is a light-capturing tissue that contains at least 
5 cell classes and more than 50 different cell types, each 
performing unique functions that ultimately provide the vi-
sual centers in the brain the information to achieve image 
formation and visual perception. The retina faces a unique 
photooxidative environment that generates challenges not 
encountered by other neurological tissues or organs. Pho-
totransduction requires the retina to have a high metabolic 
rate ( 11 ) and multiple and complex membrane structures 
( 12 ). The photoreceptor outer segments are enriched in 
the highly photosensitive docosahexaenoic acid and other 
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 In the past year, numerous reviews have been published 
that extensively discuss the multiple functions of oxysterols 
and their complex relationships to diseases ( 1–7 ). How-
ever, the formation and function of oxysterols in the ret-
ina has not been well studied. Emerging studies are 
beginning to reveal how oxysterols are formed and how 

 Manuscript received 11 December 2009 and in revised form 18 June 2010. 

  Published, JLR Papers in Press, June 18, 2010  
  DOI 10.1194/jlr.R004820  

  Thematic Review Series: Lipids and Lipid Metabolism in the Eye  

 Cholesterol oxidation in the retina: implications of 7KCh 
formation in chronic infl ammation and age-related 
macular degeneration 

  Ignacio R.   Rodríguez   1   and  Ignacio M.   Larrayoz  

 Mechanisms of Retinal Diseases Section, Laboratory of Retinal Cell and Molecular Biology,  National Eye 
Institute , Bethesda,  MD  20892 

 Abbreviations: ABCG1, ATP binding cassette transporter G1; 
AMD, age-related macular degeneration; apo, apolipoprotein; CE, 
cholesteryl-ester; CETP, cholesterol-ester transfer protein; CNV, cho-
roidal neovascularization; 5, 6-epoxCh, 5,6-epoxycholesterol; ER, endo-
plasmic reticulum; ERK, extracellular signal-regulated kinase; 7HCh, 
7- �  � -hydroxycholesterol; 24HCh, 24(S)-hydroxycholesterol; 25HCh, 
25-hydroxycholesterol; 27HCh, 27 or 26-hydroxycholesterol; HPBCD, 
hydroxypropyl- � -cyclodextrin; 11 � -HSD1, 11 � -hydroxysteroid dehy-
drogenase type 1; IPM, interphotoreceptor matrix; 7KCh, 7-ketocholes-
terol; 7KChS, ketocholesterol-3-sulfate; LCAT, lethicin-cholesterol 
acyltransferase; LDLR, LDL receptor; IL, interleukin; LXR, liver X re-
ceptor; MAPK, mitogen-activated protein kinase; NF � B, nuclear factor 
 � B; NOX-4, NADPH oxidase 4; 7OOCh, 7- �  � -hydroperoxides; OSBP, 
oxysterol binding protein; oxLDL, oxidized LDL; PLA 2 , phospholipase 
A 2 ; RPE, retinal pigment epithelium;   ROS, reactive oxygen species; 
SRBI and II, scavenger receptors I and II; UPR, unfolded protein re-
sponse; 5,6-triol, 5,6-dihydroxycholesterol; VEGF, vascular endothelial 
growth factor; VSMC, vascular smooth muscle cell. 

  1  To whom correspondence should be addressed.  
   e-mail:  rodriguezi@nei.nih.gov  

thematic review

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2848 Journal of Lipid Research Volume 51, 2010

environmental factors also play a very important role in 
the etiology of this disease ( 19, 20 ). The general consen-
sus among vision scientists is that AMD is a disease that 
initially affects RPE function ( 19, 20 ). Chronic infl amma-
tion is suspected in being involved in RPE stress and dam-
age ( 20–22 ), but the precise mechanisms remain to be 
elucidated. 

 In this context, we will discuss how 7KCh and other re-
lated oxysterols are formed in the retina and the pharma-
cological implications of their presence, especially in 
age-related diseases such as AMD. 

 WHAT IS 7KCH? 

 7KCh is an oxidized form of cholesterol commonly 
found in oxidized LDL (oxLDL) associated with athero-
sclerotic plaques ( 1–7, 23–25 ). 7KCh has been shown to 
have potent proinfl ammatory and cell death properties 
and has been implicated in foam cell formation in macro-
phages ( 2, 4, 7, 23–25 ). These processes result in the for-
mation of the atheromatous plaques ( 23–25 ). 7KCh is 
highly toxic to cultured RPE cells and also has been shown 
to account for most of the cytotoxicity associated with ox-
LDL ( 26 ). In the oxLDL deposits, 7KCh is also found in 
the form of oxysteryl esters, covalently bound to oxidized 
unsaturated fatty acids ( 27, 28 ). 

 CHOLESTEROL OXIDATION IN THE RETINA 

 Cholesterol can be oxidized by nonenzymatic and enzy-
matic pathways ( 28, 29 ). The nonenzymatic pathways form 
mainly B-ring oxysterols like the epimeric 7-hydroxycho-
lesterol (7HCh), 7KCh, and epimeric 5,6-epoxycholesterol 
(5, 6-epoxCh) (  Fig. 1A  ). This occurs readily in lipoprotein 
deposits and atherosclerotic plaques. The enzymatic path-
ways can form both B-ring and side-chain hydroxylated 
oxysterols depending on the enzyme and the tissue ( 5, 7, 
30–32 ) ( Fig. 1B ). 

 Nonenzymatic oxidation 
 There are two well-known nonenzymatic mechanisms by 

which cholesterol may be oxidized to 7KCh and other oxys-
terols: singlet oxygen and free radical mediated ( Fig. 1A ). 

 Singlet oxygen.   The singlet oxygen mechanism is char-
acterized by the formation of the epimeric 6-hydroperox-
ides (main product), which readily rearrange to form 
epimeric 7-hydroperoxides (7OOCh) ( 28 ). 7OOCh is re-
active and will oxidize other molecules and rearrange, be-
coming epimeric 7HCh and 7KCh ( 33–35 ). The singlet 
oxygen mechanism requires light and a suitable photo-
sensitizer to capture the light and oxidize the cholesterol. 
Hematoporphyrin is a particularly good photo-sensitizer 
for cholesterol ( 36 ) and is often used to synthesize 7-keto 
derivatives of other oxysterols. 

 Free radical.   The free radical-mediated mechanism 
forms a different group of intermediates ( 27–30 ) ( Fig. 1A ). 

easily oxidized polyunsaturated fatty acids ( 13 ). Thus, the 
retina seems to have developed unique mechanisms for 
lipid uptake and metabolism to adapt to this photooxidative 
environment. The retina has been shown to uptake circulat-
ing LDL ( 14, 15 ), providing blood-borne lipids to all the 
cellular layers of the retina. The retina can also synthesize 
cholesterol to maintain its dynamic steady-state lipid com-
position ( 16 ). To perform these tasks, the retina expresses 
the same molecules used in the systemic reverse cholesterol 
pathway to uptake and transport lipids internally ( 17 ). Mon-
key retina has been found to express apolipoprotein (apo)
A1, apoE, apoB, ABCA1, LDL receptor (LDLR), scavenger 
receptors I and II (SRBI and II), CD36, cholesteryl-ester 
(CE) transfer protein (CETP), and lethicin-cholesterol acyl-
transferase (LCAT) ( 17 ). The particular location of these 
molecules in the retina suggests a blood-borne lipoprotein 
uptake and an intraretinal lipoprotein-based lipid transport 
process ( 17 ). 

 The retina of humans and other primates contains a 
specialized structure called the macula, which is highly en-
riched in cone photoreceptors and ganglion cells ( 12, 
18–20 ). The macula provides primates with exceptional 
color vision and visual acuity not enjoyed by other mam-
mals. Human function is highly dependent on a healthy 
macula and diseases that affect this structure have devas-
tating consequences on the quality of life. There are two 
general types of diseases affecting the human macula: the 
juvenile dystrophies (e.g., Best’s and Stardgardt’s, etc.) 
and the age-related macular degenerations (AMDs). The 
juvenile dystrophies usually follow clear genetic patterns 
of inheritance, whereas AMD is complex, involving multi-
ple types of risk factors. AMD is a complex group of dis-
eases that lead to the degeneration of the macula in 
individuals older than 60 years of age and is the leading 
cause of legal blindness in developed nations ( 19, 20 ). 
One of the earliest clinical signs of AMD is the formation 
of drusen deposits. These deposits generally form between 
the RPE and Bruch’s membrane and are composed of 
many different proteins and lipid components that origi-
nate both from inside and outside of the retina. There 
are two major forms of AMD: wet or exudative and dry or 
atrophic. The wet form of the disease is characterized by 
choroidal neovascularization (CNV). CNV forms when 
choroidal blood vessels behind the retina grow through 
Bruch’s membrane into the macula, pushing aside the 
RPE. These bloods vessels tend to be malformed and 
prone to leakage, causing blood to come in contact with 
photoreceptors and other retinal cells ( 19, 20 ). Unless 
promptly treated, this causes massive damage to the macu-
lar photoreceptors. Although wet AMD composes only 
10% of the total cases, it accounts for 90% of the cases that 
progress to legal blindness. The induction of vascular en-
dothelial growth factor (VEGF) seems to be crucial in the 
CNV formation ( 21, 22 ). Anti-VEGF therapies have proven 
to be effective at regressing CNV and preserving vision 
( 22 ). Dry AMD by contrast is much more common (90% 
of total cases) but usually progresses very slowly and the 
extent of the vision loss is generally less severe. The most 
important risk factor in AMD is aging, but genetics and 
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Iron (Fe +2 ) and/or copper (Cu +2 ) are particularly effective 
at catalyzing this reaction ( 27–30 ). Both types of reactions 
(singlet oxygen and free radical) are very effective at oxi-
dizing CEs and can oxidize the cholesteryl as well as the 
fatty acyl moieties ( 10, 27, 28 ,  38 ). 

 Enzymatic oxidation 
 There are a number of enzymes that generate biologi-

cally active oxysterols ( Fig. 1B ). The most important 
enzymatically generated side-chain oxysterols are 24-
hydroxycholesterol (24HCh) and 27-hydroxycholesterol 
(27HCh), which are formed from cholesterol by the cyto-
chrome P450’s CYP46A1 and CYP27A1, respectively ( 5 ). 
These oxysterols are found more abundantly then other 
oxysterols in the blood and originate mainly in the brain 
( 5 ). 27HCh is also found abundantly in atheromatous le-
sions ( 38 ). CYP27A1 may also be involved in cholesterol 
elimination in macrophages ( 39, 40 ). The majority of the 
enzymatic B-ring hydroxylations of cholesterol take place 
in the liver by CYP7A1 and CYP3A4, which can oxidize 
cholesterol to form 7 � -hydroxycholesterol (7 � HCh) and 
4 � -hydroxycholesterol, respectively ( 32, 39 ). These en-
zymes oxidize cholesterol for the purpose of synthesiz-
ing bile acids and cholesterol elimination. Neither 
CYP7A1 nor CYP3A4 have been previously reported in the 
retina. Another enzyme of interest is the cholesterol 25-
hydroxylase ( 41 ), but its expression has also has not been 
previously reported in the retina. There are two other 7 � -
hydroxylases that may also be of interest, although they 
do not directly hydroxylate cholesterol or 7KCh. These 
are CYP7B1 and CYP39A1. CYP7B1 preferentially hydrox-
ylates 25- and 27HCh ( 42 ), whereas CYP39A1 prefers 
24HCh ( 43 ). CYP7B1 is broadly expressed in many tissues 
and has high expression in tissues of neurological origin, 
but it has not been previously reported in the retina. 
CYP39A1 is mostly expressed in the liver but has also been 
reported in the bovine ciliary nonpigmented epithelium 
of the eye ( 44 ). The expression of CYP39A1 in the neural 
retina has not been previously reported. The potential 
role of these enzymes in metabolizing 7KCh will be dis-
cussed below. 

 Levels of oxysterols in the retina.   To our knowledge, there 
are no published studies reporting comprehensive oxys-
terol levels in the retina. 27HCh has been found in high 
levels in macrophage foam cells and atherosclerotic 
plaques ( 39, 40 ), but its presence in the retina has not 
been previously reported. 24HCh was reported in the ret-
ina in one study ( 45 ), and this will be discussed in more 
detail below. Our laboratory measured signifi cant levels 
of 7KCh in monkey retina ( 9 ) and rat retina ( 10 ) but did 
not report the levels of the side-chain hydroxylated oxys-
terols, because they were present only in trace amounts. 
In monkeys, the levels of 7KCh are between 0.5 and 1.5 
pmol/nmol of cholesterol ( 9 ). In albino rats (not photo-
damaged), the levels are between 1 and 4 pmol/nmol of 
cholesterol ( 10 ). The levels of other oxysterols were 
below our limit of detection or <100 fmol/nmol of 
cholesterol. 

The main intermediates are epimeric 7OOCh, 5, 6-epoxCh, 
and 7HCh. As mentioned above, 7OOCh will become 
7HCh and 7KCh, and 7HCh may also further oxidize to 
7KCh, albeit more slowly ( 24, 30 ). 7OOCh is very reactive 
and may also oxidize other molecules. The epimeric 5, 
6-epoxCh will also further oxidize to the 5, 6-dihydroxy-
cholesterol (a triol), which also has considerable toxic prop-
erties ( 37 ). This free radical-mediated mechanism requires 
a transition metal catalyst. This is known as the Fenton 
reaction (initially described in 1894 by H.J.H. Fenton). 

  Fig.   1.  Potential cholesterol oxidation pathways in the retina. A: 
Nonenzymatic mechanisms are singlet oxygen and free radical ox-
idations. The singlet oxygen mechanism requires a photosensitizer 
to generate singlet oxygen (O 2 ). In the retina, A2E and ATRA 
could potentially serve as photosensitizers but are extremely inef-
fi cient. The singlet oxygen attack on cholesterol generates three 
hydroperoxides: 3 � -hydroxy-5 � -cholest-6-ene-5-hydroperoxide 
(5 � -OOCh), 3 � -hydroxycholest-4-ene-6 � -hydroperoxide (6 � -
OO Ch), and 3 � -hydroxycholest-4-ene-6 � -hydroperoxide (6 � -
OOCh). 5 � -OOCh is the main product. The 5 � -OOCh, 6 � -OOCh, 
and 6 � -OOCh readily convert to the diols 5 � -HCh, 6 � -HCh, and 
6 � -HCh. The 5 � -OOCh may also partially rearrange to 7 � -OOCh, 
which can then become 7HCh and 7KCh. The free radical-medi-
ated mechanism is essentially the Fenton reaction. This reaction is 
characterized by the need for a transition metal catalyst (e.g., Fe +2  
and Cu +2 ). Two epimeric cholesterol hydroperoxides and two epi-
meric cholesterol epoxides are generated during free radical 
oxidation of Ch: 3 � -hydroxycholest-5-ene-7 � -hydroperoxide 
(7 � -OOCh) and 3 � -hydroxycholest-5-ene-7 � -hydroperoxide (7 � -
OOCh) and the 5,6-epoxide epimers. These rearrange to form 
7 � HCh, cholest-5-ene-3 � ,7 � -diol (7 � -HCh), and 7KCh. A few other 
minor oxides are also formed. The 7 � - and 7 � -OOCh are reactive 
intermediates, whereas the other species are usually end-products, 
although the epimeric 5,6-epoxides will further oxidize into the 
epimeric triols. CEs are more sensitive to free radical oxidation 
than cholesterol. In CEs, both the cholesteryl and the fatty acyl 
moieties are readily oxidized via this mechanism. In both mecha-
nisms, 7OOCh leads to the formation of 7HCh and 7KCh. At this 
time we are unaware of any scientifi c evidence to support the exis-
tence of the singlet oxygen mechanism in the retina; only the free 
radical seems to occur during light damage ( 10 ). B: The enzymatic 
mechanisms for cholesterol oxidation in the retina are speculative. 
Only CYP27A1 and CYP46A1 are known to be expressed in the ret-
ina, although the mRNA for some of the other enzymes can be 
detected by RT-PCR.   
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lipoproteins were found to deliver benzoporphyrin to the 
RPE ( 57, 58 ). In RPE cells, Hayes et al. ( 59 ) originally dis-
covered LDL and scavenger receptor activities. Others also 
later found LDL was taken up by the LDL receptor ( 14, 15 , 
 60 ). One of these studies used a blue fl uorescent choles-
terol analog to visualize and quantify the cholesterol up-
take and turnover in the retina ( 15 ). Cholestatrienol 
[cholesta-5, 7, 9(11)-trien-3 � -ol] ( 61 ) was incorporated 
into human LDL and injected in the circulation of rats 
( 15 ). By following the human apoB using a specifi c anti-
body and by imaging the retina to localize the cholesta-
trienol, the uptake of the LDL was visualized and quantifi ed. 
These results suggested that blood-borne cholesterol turns 
over in the retina in 6–7 days ( 15 ). This is considerably 
faster than local synthesis, which was reported to be around 
17 days ( 16 ). 

 Circulating cholesterol is taken up by the RPE in lipo-
protein particles containing a conglomerate of other lip-
ids. The LDL receptor does not seem to be regulated in 
primary or in RPE-derived cells ( 14, 60 ), and this suggests 
constant lipid uptake by this tissue. This rapid lipid turn-
over may be an adaptation to photooxidation, because lip-
ids are the most light sensitive of all of the macromolecule 
classes. Additional evidence for the importance of lipopro-
tein uptake by the retina has come indirectly from the 
knockout mice for the LDL ( 62 ) and VLDL receptors ( 63 ), 
which both exhibit retinal abnormalities. The LDL recep-
tor knockout mice deposit large amounts of lipids in 
Bruch’s membrane, and this seems to lead to photorecep-
tor loss and retinal degeneration ( 62 ). The VLDL recep-
tor knockouts exhibit extensive neovascularization in the 
neural retina ( 63 ). 

 Cholesterol transport in the retina.   The uptake of circulat-
ing LDL via LDL receptors in the RPE suggests that addi-
tional transport mechanisms must be active to maintain 
lipid homeostasis. These observations lead to a second 
study that measured and localized the reverse cholesterol 
pathway proteins in the retina ( 17 ). In this study, key pro-
teins in this pathway were localized in monkey retina, lead-
ing to a hypothesis for the retinal lipid transport pathway 
( 17 ). The location of the HDL receptors SRBI and SRBII 
in the photoreceptors coupled with the presence of apoB, 
apoA1, LCAT, and CETP in the interphotoreceptor ma-
trix (IPM) suggests a lipoprotein-based outer retina lipid 
transport or lipid exchange. Assuming that these proteins 
will generally perform their known function, their pres-
ence in those specifi c locations in the retina provide an 
insight into the overall lipid transport mechanism. 

 Another important aspect of the retinal lipid transport 
that has not been well studied is the role of the Müller 
cells. Unlike the choriocapillary endothelial cells, which 
are fenestrated and allow direct access of blood compo-
nents to the RPE, the inner retina capillaries are tightly 
junctioned and surrounded by Müller cells ( 18 ). We know 
from studies with rhodamine- ( 14 ) and cholestatrienol-
labeled LDL ( 15 ) that the Müller cells participate in the 
LDL uptake. However, the relative uptake and the rate of 
lipid exchange from RPE and Müller cells to the rest of the 

 Formation of 7KCh in the retina.   The singlet oxygen-
mediated mechanism seemed to be a logical candidate for 
the formation of 7KCh in the retina. However, careful 
analyses of retina extracts in monkeys ( 9 ) and photodam-
aged rat retinas ( 10 ) found no intermediates to link to this 
mechanism. The retina seems to lack a suitable photosen-
sitizer to generate 7KCh by this mechanism. Molecules 
like A2E ( 46 ) and all- trans  retinoic acid (ATRA) ( 47 ), al-
though relatively abundant in the retina, are extremely 
poor photosensitizers ( 46–48 ). In our hands, A2E and 
ATRA were able to photooxidize cholesterol to 7KCh at 
<1% the effi ciency of hematoporphyrin. A recent study 
demonstrated that in photodamaged albino rats, 7KCh 
levels were greatly increased in areas of the retina enriched 
in mitochondria ( 10 ). The unequivocal identifi cation of 
the oxidized intermediates by LCMS ( 10 ) indicates they 
were produced via a free radical-mediated mechanism 
( Fig. 1A ). This means that iron, which is abundant in the 
neural retina, was likely involved in catalyzing the oxida-
tion. The source of the iron was not determined, but ferri-
tin and/or cytochrome c are suspected. Ferritin (heavy 
and light chains) localizes to the mitochondria and is 
abundant in the retina ( 49, 50 ). But most importantly, fer-
ritin is known to release its iron when exposed to bright 
visible light ( 51 ). Ferritin in the presence of light can in-
duce lipid peroxidation in purifi ed photoreceptor outer 
segments ( 52 ) and in LDL ( 10 ). The mitochondrial pro-
tein cytochrome c is also a potential candidate as a source 
of iron. Recently, it has been demonstrated that oxidation 
by hydrogen peroxide can cause cytochrome c to release 
iron and oxidize cardiolipin via a free radical-mediated 
mechanism ( 53 ). Therefore, the data suggest that light 
was involved in mediating the oxidation of cholesterol to 
7KCh in the retina but not by a singlet oxygen-mediated 
mechanism. The immunolocalization of 7KCh in the pho-
todamaged rat retina to cell layers rich in mitochondria 
(RPE, photoreceptor inner segments, and outer plexiform 
layer and ganglion cells) also supports an iron-catalyzed 
free radical oxidation. 

 Cholesterol uptake and reverse cholesterol transport 
pathway in the retina 

 How is cholesterol transported in the retina? How does 
the retina maintain cholesterol homeostasis? These two 
questions are extremely important to the understanding 
of 7KCh formation and metabolism. The specifi c topic of 
cholesterol transport will be discussed in greater detail in 
other reviews in this series. Therefore, to avoid redun-
dancy, we will limit our discussion mainly to two studies 
that identifi ed the reverse cholesterol pathway molecules 
in the retina ( 15, 17 ) and a lipid transport hypothesis 
based on this and other supporting work. 

 Cholesterol uptake in the retina.   Considerable evidence 
suggests that LDL uptake seems to be the main source of 
lipids in the retina ( 14, 15, 17, 54–60 ). Initially, it was 
observed that lipoproteins were involved in mediating 
the uptake of docosahexaenoic acid and omega-3 fatty 
acids ( 54–56 ). Later, during photodynamic therapy studies, 
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The fresh lipids are then delivered to the photoreceptors 
and other cells by selective uptake via the SRBI and SRBII 
scavenger receptors. The LCAT and CETP may also serve 
to move oxidized lipids out of the membranes into HDL-
like lipoprotein particles, which return to the RPE and 
Müller cells via CD36 receptors and other scavenger re-
ceptors. The oxidized lipids are then returned back to cir-
culation via ABCA1/G1 and/or other transporters. This is 
speculative on our part, because there is no published data 
demonstrating how oxidized lipids exit the retina. 

 Metabolism of 7KCh 
 There is no published scientifi c evidence supporting a 

detoxifi cation pathway for 7KCh in the retina. To our 
knowledge, the only cytochrome P450s reported in the 
retina that are capable of hydroxylating 7KCh are CYP27A1 
( 39, 65 ) and CYP46A1 ( 45 ). CYP27A1 is a mitochondrial 
protein that can be readily detected in the retina by immu-
noblot and has been localized by immunofl uorescence 
( 65 ). Defi ciency of CYP27A1 is known to cause a rare auto-
somal recessive disease called Cerebrotendinous Xan-
thomatosis ( 66 ). This disease is characterized by cataracts 
as well as a series of neurological and systemic abnormal-
ities ( 66 ).These patients also exhibit retinal abnormalities 
such as optic disc paleness and retinal senescence ( 67 ). 
CYP46A1 has been localized by immunofl uorescence in 
bovine retina ( 45 ) and by immunohistochemistry in mouse 
retina ( 68 ). No immunoblot for CYP46A1 in the retina has 
been published. The immunohistochemistry in the bovine 
retina ( 45 ) was diffi cult to interpret, but the study in mice 
( 68 ), using frozen sections, does demonstrate a clear local-
ization of CYP46A1 in retinal ganglion cells as well as cells 
at the edge of the inner nuclear layer, possibly amacrine 
cells as well as the RPE. The role of CYP46A1 is unclear, 
because its levels in the retina are very low. Using quantita-
tive RT-PCR (qRT-PCR), we have determined that the 
copy number for CYP46A1 mRNA is approximately 6-fold 
less than CYP27A1 in human and monkey retina RNA ex-
tracts. CYP46A1 mRNA is expressed 10-fold less in the 
retina than in the brain of monkeys (unpublished observa-
tions). We also have found discrepancies between the lev-
els of 24HCh reported in bovine retina ( 45 ), 3.4 µg/mg 
cholesterol (3.25 pmol/nmol Ch), and the levels we have 
observed during the studies in monkey and rat retina ( 9, 
10 ). Provided care is taken to avoid blood contamination, 
the levels of 24HCh and 27HCh we have detected are <0.1 
pmol/nmol of cholesterol. We cannot explain the reason 
for this discrepancy, but clearly additional studies are 
warranted. 

 Although CYP27A1 and CYP46A1 can readily hydroxyl-
ate 7KCh in vitro ( 69 ), as mentioned above, the metabo-
lites formed by these enzymes, 24-hydroxy-7-ketocholsterol 
and 27-hydroxy-7-ketocholesterol, were not detected in 
monkey retina ( 9 ) or in the photodamaged rat retina ( 10 ). 
In the photodamaged rat retina, the levels of 7KCh and 
7HCh rose to 6- and 50-fold above controls, respectively. 
These levels dropped signifi cantly to 2- and 4-fold in 48 h 
after the cessation of the light treatment ( 10 ). However, 
no side-chain hydroxylated metabolites of 7KCh and 7HCh 

retina are unknown. These studies in rats ( 14, 15 ) suggest 
the presence of some form of transcytosis mechanism 
through the retinal capillary endothelium cells (  Fig. 2  ). 
This transcytosis mechanism has been described for vascu-
lar endothelium cells ( 64 ) but are unknown in the retina. 

 Our overall hypothesis proposes that lipids enter the 
retina from two locations and two different mechanisms 
(  Fig. 3  ). In the back of the eye, LDL particles are taken up 
via LDL receptors located in the basal layer of the RPE. In 
the neural retina, LDL and VLDL are taken up via VLDL 
receptors in a transcytosis mechanism ( 64 ) through the 
vascular endothelial cells ( Fig. 2 ). The RPE expresses 
ABCA1 predominantly on its apical side and secretes 
apoA1, apoB, LCAT, and CETP into the IPM. HDL-like 
lipid particles are formed via the ABCA1 transporter and 
released into the IPM. The LDL-like particles made by the 
RPE (apoB is also detected in the IPM) transfer lipids to 
the HDL-like particles with the help of LCAT and CETP. 

  Fig.   2.  Müller cell LDL uptake. A: Image of a rat capillary endo-
thelial cell surrounded by a Müller cell. The rat was injected with 
human LDL ( 14, 15 ). The capillary endothelial cell was stained 
with Alexa488-labeled isolectin IB4, and the human apoB was de-
tected with a human-specifi c anti-apoB antibody and developed 
with a Cy5-labeled anti-human secondary antibody (red). The nu-
clei were stained with DAPI (blue). This is an unpublished image 
from previously published studies ( 14, 15 ). B: Cartoon depicting 
the suspected role of the Müller cell in the LDL uptake and excre-
tion 7KCh and oxCEs. This uptake mechanism is speculative.   
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  Fig.   3.  Hypothesis for lipid transport and 7KCh metabolism in the retina. Cholesterol and other fresh unoxidized lipids enter the retina 
via LDLR and VLDLR in the RPE and capillary endothelial cells/Müller. In the RPE, the clathrin-coated vesicles are formed and fused with 
lysosomes. In the capillary endothelial cells/Müller, the lipids enter by transcytosis ( Fig. 2 ). The LDLR and apoB are degraded and the 
lipids are separated into droplets. The RPE then makes fresh LDL particles with endogenous apoB. HDL-like particles may also be formed 
via ABCA1 (apical side). The lipoprotein particles are then released into the IPM. The HDL-like particles deliver the fresh lipids to the 
photoreceptors (and other retinal cells) via the SRBI and SRBII HDL receptors. LCAT and CETP in the IPM probably perform similar 
functions as in the blood, with LCAT forming CEs and CETP transferring them from LDL to HDL. We speculate that LCAT/CETP may also 
serve to sort oxidized lipids from outer segments and other membranes into HDL-like particles. The oxidized lipid-enriched HDL particles 
are then internalized by the RPE via CD36 receptors and the lipid reprocessed for excretion and/or exchange with blood lipoproteins via 
ABCG1 on the basal side of the RPE. The main source of 7KCh is most likely lipoprotein deposits in Bruch’s membrane. 7KCh may also be 
formed at or near the mitochondria from Fe +2  released from ferritin and/or cytochrome c by light exposure. Although A2E is a poor pho-
tosensitizer, the large amount of it in the lipofuscin granules could theoretically generate 7KCh if they were to fuse with lipid droplets. 
Unlike cholesterol, some polyunsaturated fatty acids like docosahexaenoic acid can be photooxidized directly without the need for iron or 
a photosensitizer and could generate oxidized lipids in the photoreceptor outer segments. We speculate that oxidized lipids are carried by 
HDL-like particles back to the RPE for processing and excretion back into circulation via ABCG1 (and possibly other transporters) through 
Bruch’s membrane. This is a modifi cation from the cartoon published in Tseretsoodol et al. 2006 ( 17 ).   
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culating lipoproteins in macrophages ( 77–79 ). It is known 
that once 7KCh is in circulation, it will be quickly metabo-
lized and cleared by the liver as bile acids ( 84, 85 ). Thus, 
there is no signifi cant toxicity associated with ingested or 
intravenously delivered 7KCh ( 84, 85 ) in animal models. 
Thus, this effl ux process may be extremely important to the 
retina, because it may help avoid the infl ammatory and/or 
cytotoxicity responses associated with 7KCh accumulation. 
This lipid effl ux mechanism and the potential transporters 
involved need further investigation. 

 Sulfotransferases and sulfation of 7KCh.   Another poten-
tial detoxifi cation pathway that has been proposed for 
7KCh is sulfation ( 7, 86 ). One study demonstrated that 
transfected 293T cells overexpressing SULT2B1b could 
form 7-ketocholesterol-3-sulfate (7KChS) when incubated 
with 7KCh ( 86 ). Cells overexpressing SULT2B1b showed a 
slight resistance to 7KCh-medited toxicity ( 86 ). However, 
the scientifi c evidence to support this pathway in the ret-
ina is essentially nonexistent. There is no published evi-
dence to demonstrate expression of SULT2B1b in retina 
or RPE cells. Our laboratory has failed to detect the forma-
tion of 7KChS in cultured RPE cells treated with 7KCh or 
during the oxysterol analyses in monkey ( 9 ) and photo-
damaged rat retina ( 10 ). Moreover, qRT-PCR analyses in 
monkey and human retina RNA determined that the copy 
number for SULT2B1b in neural retina is essentially nil 
(unpublished observations). In addition, to our knowl-
edge, there are no published reports measuring choles-
terol sulfate or 7KChS in the retina. However, SULT2B1b 
is one of the few enzymes known to detoxify 7KCh ( 86 ) in 
vitro. Hence, it may be interesting to investigate the poten-
tial of this enzyme to detoxify 7KCh in vivo, especially in 
tissues like the skin, where it is highly expressed ( 87 ). The 
skin is also susceptible to photooxidation and this could 
provide information potentially useful to the retina. 

 Pharmacological properties of 7KCh 
 There are two major categories of pharmacological 

properties generally attributed to 7KCh: infl ammation 
and cell death (apoptosis and/or necrosis) ( 1–7 ). These 
two properties seem to be dose related and mechanisti-
cally connected. The signaling molecules involved in me-
diating these processes are not fully understood, and most 
of what is known has been done in cultured macrophages 
and vascular endothelial cells (  Fig. 4  ). There are at least 
three known types of proteins that have been reported to 
directly bind 7KCh: the caveolins [Cav-1 ( 88 )], the OSBPs 
[OSBP1 ( 89 ) and OSBP2 ( 81, 90 )], and the LXRs ( 75 ). 
Although 7KCh is generally a poor ligand for LXRs ( 75 ), 
we have found that it can signifi cantly induce the expres-
sion of ABCA1 and ABCG1 (known to be regulated by 
LXRs) in cultured RPE cells (unpublished observations). 
These 7KCh-binding proteins may play unique roles in 
mediating the pharmacological properties of 7KCh. 

 Infl ammation.   Among the oxidized lipids present in 
oxLDL, 7KCh seems to be the most potent in initiating 
infl ammatory and cytotoxic responses ( 9, 21, 91 ,  92 ). 

were detected, although a similar (but not as soluble) triol 
(5, 6-dihydroxycholesterol) derived from 5, 6-epoxCh was 
clearly detected ( 10 ). The metabolism of 7KCh by CYP27A1 
has been previously demonstrated in HepG2 cultured cells 
( 70 ), and 27-hydroxy-7-ketocholesterol has been detected 
in very low levels in atheromatous plaques ( 71 ). The over-
all data suggest that metabolism of 7KCh by CYP27A1 (or 
CYP46A1) is likely a minor process in the retina. However, 
hydroxylated metabolites of 7KCh have a marked increase 
in solubility and this decreases their effi ciency of extrac-
tion and detection. This may be further complicated if 
these or other cytochrome P450s can cause multiple 
hydroxylations that enhance effl ux by diffusion and avoid-
ing detection. This is another area that needs further 
investigation. 

 Another possible pathway for the metabolism of 7KCh is 
by reduction to 7 � HCh by 11 � -hydroxysteroid dehydroge-
nase type 1 (11 � -HSD1) as previously suggested ( 72 ). This 
metabolic route, to our knowledge, has not been previ-
ously investigated in the retina. In addition, the expres-
sion of 11 � -HSD1 has also not been previously reported in 
the retina. We have detected very low levels of 11 � -HSD1 
expression in human neural retina by qRT-PCR (unpub-
lished observations). 

 There is one other enzyme that could potentially metab-
olize 7KCh in the retina, the above-mentioned cholesterol 
25-hydroxylase ( 41 ). However, we are not aware of any re-
ports demonstrating 7KCh as a substrate and it is detected 
in very low levels in the retina by qRT-PCR (unpublished 
observations). 

 CYP27A1 and CYP46A1 are known to play an important 
role in maintaining cholesterol homeostasis in the brain 
( 73, 74 ). However, unlike the retina ( 15, 16 ), the brain has 
a very slow turnover of cholesterol ( 73, 74 ). Therefore, 
CYPs are probably not oxidizing cholesterol for the pur-
pose of maintaining cholesterol homeostasis in the retina. 
They may play a minor supporting role in this regard, but 
their main function may be to generate small amounts of 
side-chain oxysterols for the purpose of gene regulation 
( 40 ). Liver X receptors (LXRs) are known to be regulated 
by oxysterols ( 75, 76 ) and are abundantly expressed in the 
retina (unpublished observations). LXRs are also known 
to regulate key transporters such as ABCA1 and ABCG1 
( 77–79 ). Other potential targets for the side-chain oxys-
terols are the oxysterol binding proteins (OSBPs), which 
are also abundantly expressed in the retina ( 80, 81 ) and 
are known to mediate numerous and complex cellular re-
sponses ( 4, 10, 82 ). These OSBPs likely play an important 
role in mediating the pharmacological responses of oxys-
terols, but little is known about their function in the 
retina. 

 Still another potential mechanism for the metabolism of 
7KCh is its removal from the retina into circulation by the 
RPE and Müller cells via the ATP-binding cassette trans-
porters such as ABCA1 and ABCG1 ( 77–79 ) or by some 
other unknown mechanism. The HDL-mediated lipid ef-
fl ux from the RPE has been previously reported ( 83 ). These 
transporters have been shown to facilitate the exchange 
and/or excretion of 7KCh and other oxidized lipids to cir-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2854 Journal of Lipid Research Volume 51, 2010

has been shown to increase the stability of cytokines and 
infl ammation-related mRNAs and thus promotes infl am-
mation ( 103, 111 ,  112 ). Calcium is also suspected of medi-
ating the 7KCh infl ammation ( 110 ). oxLDL and 7KCh 
have been shown to cause the translocation of the calcium 
channel TRPC1 to the caveolin lipid rafts, increasing the 
intracellular Ca 2+  concentration ( 113 ). This in turn acti-
vates MAP kinases and cytokine formation and release 
( 113 ). Naito et al. ( 110 ), using U937 monocytes, reported 
that the new calcium channel blocker Azelnidipine was 
able to reduce the infl ammatory response elicited by 
7KCh. The observed effects were not due to the blockage 
of the calcium channel, because Nifedipine, another cal-
cium channel blocker, was ineffective, but to the scaveng-
ing properties of Azelnidipine, which were able to reduce 
the activation of NOX-4. In addition, they reported that 
NF � B translocates to the nucleus in response to ROS in-
duction and independently of Ca 2+  activation. Activation 
of the Jak/STAT pathway by 7KCh has also been reported 
in mouse fi broblasts and astrocytes ( 94, 99 ). This pathway 
plays a critical role in the signaling of a wide array of 
cytokines. 

 In RPE-derived cells, studies investigating 7KCh-medi-
ated infl ammation are few ( 8, 9, 100, 101 ) but suggest a 
different pathway. In cultured RPE cells, as in other cell 
types, 7KCh is able to induce the formation and release of 

The infl ammatory role of 7KCh has been studied in a vari-
ety of cell types, such as monocytes/macrophages ( 92, 93 ), 
astrocytes ( 94 ), vascular endothelial cells ( 95, 96 ), vascular 
smooth muscle cells (VSMCs) ( 97, 98 ), fi broblasts ( 99 ), 
and retinal cells ( 8, 9, 100, 101 ) from different mammals. 
In culture, 7KCh is able to induce the transcription and 
release of proinfl ammatory cytokines such as VEGF ( 9, 97 , 
 102 ), interleukin (IL)-1 ( 95 ), IL-6 ( 103 ), and IL-8 ( 8, 9, 
104–106 ) in different cell types. The mechanisms for this 
induction appear to be shared between monocytes/mac-
rophages ( 102, 105–107 ), aortic and VSMCs ( 98, 108 ), 
and endothelial cells ( 95–97 ). In these cells, 7KCh induces 
reactive oxygen species (ROS) by a mechanism involving 
the upregulation of NADPH oxidase 4 (NOX-4) ( 108 ). 
The ROS are then suspected of inducing the proinfl am-
matory pathways by activating nuclear factor  � B (NF � B) 
and the phosphorylation of kinases such as p38 mitogen-
activated protein kinase (MAPK), extracellular signal-
regulated kinase (ERK), and c-Jun N-terminal protein kinase 
( 109, 110 ), which lead to the increase in transcription of 
proinfl ammatory molecules. The role of ROS in these cells 
has been supported by studies that used antioxidants to 
abolish their action ( 8, 109 ,  110 ). Another mechanism de-
scribed for the proinfl ammatory role of 7KCh in VSMCs is 
the translocation of the HuR protein from the nucleus to 
the cytoplasm ( 103 ). HuR is an RNA-binding protein that 

  Fig.   4.  Signaling pathways described in macrophages and vascular endothelial cells (mainly). This cartoon 
depicts some of the major pathways described in the published literature and described in the text. Most of 
the published literature suggests an NOX4/ROS-mediated activation of NF � B.   
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as those that induce infl ammation, except more acute and 
prolonged. Low concentrations of 7KCh induce proin-
fl ammatory responses that are usually associated with pro-
survival mechanisms that protect the cell. Only when the 
concentrations of 7KCh are high enough to overwhelm 
the cell do the death pathways seem to supersede the 
proinfl ammatory pathways. This may also explain the ROS 
formation in some studies but not others. It may be that 
ROS forms when the 7KCh levels are high enough to cause 
extensive membrane damage. However, there are no pub-
lished studies that have specifi cally addressed this ques-
tion. As mentioned above, in monocytes and macrophages, 
7KCh induces the expression of NOX-4, which in turn in-
creases the intracellular levels of ROS. ROS formation 
downregulates antiapoptotic genes such as Bcl-2, Bcl-xL, 
and AKT ( 121 ). Simultaneously, ROS upregulates proapop-
totic genes like p53, p21, and Bax ( 121 ). This has been 
reported to cause mitochondrial damage and the release 
of apoptosis-inducing factor ( 122 ) and caspases ( 96, 123 ), 
promoting apoptosis. In mouse fi broblasts, the induction 
of p21 through STAT has also been shown to increase the 
activation of caspases after treatment with 7KCh ( 99 ). In 
VSMCs, 7KCh causes the release of caspases by increasing 
the intracellular calcium levels after causing the transloca-
tion of the TRPC1 calcium channel to the plasma mem-
brane ( 113 ). 

 Another apoptosis and infl ammatory mechanism for 
7KCh that has been studied in macrophages is the translo-
cation and activation of phospholipase A 2  (PLA 2 ) and ara-
chidonic acid release ( 124–128 ). oxLDL and 7KCh have 
been shown to induce the translocation of PLA 2  to the 
plasma membrane and to cause the formation of choles-
teryl- and oxysteryl-esters ( 124–128 ). Moreover, in macro-
phages, 7KCh has been found to not only activate PLA 2  
but to also become sterifi ed to arachidonic acid by the ac-
tion of acyl-CoA:cholesterol acyltransferase ( 127 ). The 
7KCh-arachidonic acid ester is then suspected of being 
highly toxic and initiating apoptosis via some undeter-
mined pathway ( 127 ). Arachidonic acid is known to lead 
to the formation of 20-hydroxyeicosatetraenoic acid, which 
can activate NF � B and cytokine release via p38MAPK and 
ERK pathways ( 124, 128 ). This pathway may be the key to 
understanding the infl ammatory properties of 7KCh and 
needs further investigation. 

 In RPE-derived culture cells, the mode of cell death 
does not seem to involve caspase activation. In ARPE19 
cells, caspase inhibitors were unable to prevent cell death 
from 7KCh ( 123 ). The mode of cell death seems to re-
semble that of ECV304 cells ( 129 ) in which 7KCh did not 
activate caspases or cause cytochrome c release or DNA 
laddering. DNA laddering, which is characteristic of 
caspase-3 activation, was not observed in ARPE19 cells 
exposed to menadione, a quinone that generates intracel-
lular ROS ( 122 ). By contrast, in the same study, DNA lad-
dering was observed in menadione-treated U937 leukemic 
monocytes ( 122 ). The addition of exogenous cytochrome 
c and ATP to a cell-free system also resulted in cleavage of 
caspase-3 and -9 in extracts of U937 but not ARPE19 cells 
( 122 ). Similarly, when ARPE19 cells were subjected to 

VEGF and IL-8 ( 8, 9 ). However, the pathway by which 
these cytokines are induced does not seem to involve ROS 
( 8, 9, 100 ,  101 ). Porcine primary RPE cells treated with 
7KCh demonstrated an increase in ROS as well as a signif-
icant IL-8 induction ( 8 ). These authors concluded that the 
ROS was not involved in the NF � B activation, because 
treatment with vitamin E (an ROS scavenger) did not sup-
press the production of IL-8. These authors also specu-
lated that the oxysterol-binding LXRs may be involved 
in the cytokine induction ( 8 ). Our laboratory recently 
reported that the 7KCh-mediated VEGF induction in 
ARPE19 cells was independent of HIF-1 �  but partially me-
diated by LXRs ( 9 ). Cholesterol sulfate and 7KChS, which 
are LXR antagonists ( 114 ), were found to attenuate but 
not eliminate the 7KCh-mediated VEGF induction ( 9 ). In 
ARPE19 cells, the 7KCh-mediated IL-8 induction involved 
NF � B but was independent of ROS production ( 9 ). The 
lack of involvement of HIF-1 �  in the VEGF induction ( 9 ) 
also indicates that ROS is not involved in the infl ammatory 
process in RPE-derived cells. ROS formation is known to 
be required to prevent HIF-1 �  degradation and sustain 
the VEGF induction via the HIF pathway ( 115, 116 ). 7KCh 
is capable of directly binding to LXRs ( 75 ), which are 
known to modulate VEGF expression in macrophages ( 76, 
94 ), although, as mentioned above, 7KCh is not a potent 
LXR agonist. 

 A more recent study has shown that 7KCh induces the 
cytokines VEGF, IL-6, and IL-8 via three different kinase 
signaling pathways, AKT-PKC � - NF � B, p38MAPK, and ERK 
( 117 ). By using a series of specifi c kinase inhibitors, it was 
determined that 7KCh infl ammation is mediated by NF � B 
primarily via Akt and PKC � . The MAPK/ERK pathways do 
not seem to directly participate in the activation of NF � B. 
Instead, they seem to activate other downstream transcrip-
tion factors that work in combination with NF � B to en-
hance the cytokine induction. Only the complete inhibition 
of the I � B kinase complex was able to ablate the 7KCh-
mediated cytokine induction ( 117 ). This study used rela-
tively low concentrations of 7KCh (10–20 µM) to induce 
infl ammation. At this relatively low concentration, no ROS 
was detected in any of the cell lines tested. The upstream 
effectors that triggered these infl ammatory pathways were 
not identifi ed. However, it seems unlikely that 7KCh could 
activate such a broad range of cell surface receptors. Thus, 
it seems that 7KCh is acting as a nonspecifi c activator per-
haps by forming membrane-disrupting microcrystals as 
previously demonstrated ( 118, 119 ). These types of com-
plex interactions between oxysterols, protein, and mem-
branes have been previously proposed ( 120 ) but not fully 
investigated. 

 Cell death.   The cell death pathway induced by 7KCh is 
also complex and not fully understood. Dose seems to be 
an important factor in the infl ammation versus cell death 
pathways. The doses required for an infl ammatory re-
sponse are in the low micromolar range (5–15 µM) ( 9, 
117 ), and the doses for cell toxicity are relatively high (25–
100 µM) ( 8, 9, 95–101, 106, 108, 110 ). The mechanisms by 
which 7KCh induces cell death may be essentially the same 

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2856 Journal of Lipid Research Volume 51, 2010

 The main caveat regarding the in vitro work discussed 
above are the high concentrations of 7KCh needed to ini-
tiate infl ammation and cytotoxicity in these cultured cells 
(20–150 µM). In our opinion, there are two main reasons 
why such high concentrations are warranted: one is tech-
nical, and the other physiological in nature. 

 The technical reasons why high concentrations of 7KCh 
are needed in these cultured systems are the ineffi cient 
methods used to deliver the 7KCh. Most of the in vitro 
published work used 7KCh dissolved in ethanol or di-
methyl sulfoxide. This is a very ineffi cient method of deliv-
ery, because most of the 7KCh will precipitate once added 
to the culture media. The 7KCh will then adhere to the 
plastic surfaces of the culture dishes or fall unevenly on 
the surface of the cells. This results in great variability be-
tween experiments. Delivery of 7KCh complexed with 
hydroxypropyl- � -cyclodextrin (HPBCD) resolves the pre-
cipitation problem but is also ineffi cient. 7KCh will not 
dissolve in HPBCD in a 1:1 molar ratio, and approximately 
15–30 molar excess of HPBCD is needed to sustain 7KCh 
in solution after dilution in culture media. Unfortunately, 
HPBCD is also very effi cient at removing 7KCh from the 
plasma membrane ( 132 ). This creates a mass-action com-
petition between the membranes and the HPBCD for the 
7KCh and increases the effective dose needed to observe 
the pharmacological effect. HPBCD does not enter the 
cell, so the 7KCh is delivered to only the plasma mem-
brane. Another method for delivering 7KCh is by com-
plexing it with LDL ( 26 ). This delivers the 7KCh internally 

7 � HCh, an oxysterol structurally related to 7KCh, the cells 
displayed a caspase-3-independent mode of cell death 
( 130 ), which resembled the damage caused by endoplas-
mic reticulum (ER) stressors ( 131 ). In ARPE19 cells, 7KCh 
treatment causes the activation of a number of compensa-
tory cell survival pathway genes, such as Akt, ERK, NF � B, 
and p38MAPK ( 117 ). These are ER stress markers. 

 ER stress has been identifi ed as a caspase-dependent 
and -independent pathway for cell death ( 23, 24 ). ER 
stress has been demonstrated to develop an integrated 
stress response referred to as unfolded protein response, 
or UPR. This is characterized by disturbances in the redox 
environment of the ER and the formation of misfolded 
proteins. This UPR is considered to be protective but can 
trigger cell death if overstimulated ( 24, 131 ). Thus, the 
UPR may increase the expression of the transcription fac-
tor C/EBP homologous protein. This factor is protective 
in the short term, but with prolonged expression it pro-
motes apoptosis through the increase of ER calcium re-
lease. This in turn increases ROS and STAT activation and 
decreases the compensatory Akt-mediated cell-survival sig-
naling ( 24 ). 

 A cartoon summary of the pathways that have been im-
plicated in 7KCh infl ammation and toxicity in macro-
phages and monocytes is depicted in  Fig. 4 . A cartoon 
summary of the pathways reported mainly in ARPE19 cells 
is shown in   Fig. 5  . Please note that the PLA 2  pathway de-
picted in  Fig. 5  has been demonstrated in macrophages 
only. 

  Fig.   5.  Signaling pathways described in ARPE19 cells. This cartoon depicts some of the pathways described 
in ARPE19 cells ( 9, 117 ) and photodamaged rat retina ( 10 ). The PLA 2 -acyl-CoA:cholesterol acyltransferase-
20-hydroxyeicosatetraenoic acid activation by oxLDL/7KCh has been described only in macrophages in 
relatively few articles ( 124–128 ). However, this pathway may help to explain the activation of the various 
NF � B-related pathways observed in ARPE19 and other cell types ( 117 ).   
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 7KCh and AMD 
 Although there is no direct published evidence linking 

7KCh to the pathogenesis of AMD, there is considerable 
circumstantial and indirect evidence that suggest a pos-
sible connection. First and foremost is the chronic age- 
related process by which 7KCh is formed and accumulates 
( 2, 5, 7, 23–25, 38, 89, 91, 120 ). Most 7KCh is formed by a 
process of LDL deposition in the vascular system followed 
by iron and/or copper free-radical mediated oxidation of 
cholesterol and CEs in the LDL particles ( 27, 28 ). This 
process of deposition and oxidation exists in a form of 
equilibrium with the macrophages that clean up these de-
posits ( 24, 25 ). As humans age, this process either becomes 
less effi cient and/or is slowly overwhelmed, resulting in 
more frequent and more highly oxidized deposits that 
contain increasing levels of 7KCh. The macrophages that 
encounter these highly oxidized deposits are unable to 
process them and become intoxicated by the high levels of 
7KCh and other oxidized lipids. During this process, 7KCh 
may elicit infl ammatory responses from the macrophages 
and the surrounding vascular endothelial and smooth 
muscle cells. The macrophages become foam cells and 
eventually die, forming large atheromatous plaques that 
eventually kill the underlying tissues and dislodge, causing 
cardiac arrest, cerebral infarcts, etc. ( 7, 24 ,  25 ). In the ret-
ina, the role of macrophages in this process is less clear, 
because they are rarely seen in Bruch’s membrane where 
the lipids accumulate. However, the RPE, choroid, and 
possibly other scavenging cells such as astrocytes are likely 
to play a role in the infl ammatory process. 

 One question that is often heard is: why is there no 
strong correlation (epidemiologically) between athero-
sclerosis and AMD? AMD and atherosclerosis are both 
complex diseases with multiple genetic and environmen-
tal risk factors. Although, in our opinion, both diseases are 
mechanistically related, the physiological and environ-
mental differences between the retina and the cardiovas-
cular system can statistically disconnect these two diseases 
in epidemiological studies. In other words, the lack of per-
fect synchrony in the medical symptoms between these 
two diseases should not be interpreted as being mechanis-
tically unrelated. The systemic deposition-oxidation pro-
cess mentioned above also seems to occur in the back of 
the eye with considerable deposition of oxidized lipopro-
teins in Bruch’s membrane, choriocapillaris, and inner 
retinal capillaries ( 9, 14 ,  15 ). Lipids are known to accumu-
late in Bruch’s membrane as a consequence of aging, es-
pecially around the macular region ( 137–141 ). This lipid 
deposition affects the permeability of Bruch’s membrane 
( 138 ) and if suffi ciently oxidized may elicit infl ammatory 
responses in the RPE and the choroidal vascular endothe-
lium ( 9, 117 ). Lipoprotein deposits containing 7KCh can 
be observed even in young monkeys ( 9 ). The retina faces 
additional and unique challenges not experienced by the 
systemic cardiovascular system. This is basically the pro-
cessing of visible light and the subsequent lipid oxidation 
caused by the light exposure and the release of iron ( 10, 
52 ,  53 ). This can lead to the formation of 7KCh from 
sources other than lipoprotein deposits ( 10, 52 ,  53 ). The 

and may provide different insights into 7KCh effl ux, me-
tabolism, and infl ammation. The caveat is that this works 
well only with cells that readily uptake LDL and there is a 
lag-time while the LDL is processed and the 7KCh re-
leased. This increases variability in responses between dif-
ferent cell types. 

 The physiological reasons why micromolar amounts of 
7KCh may be needed to initiate infl ammation/cell death 
are not well understood. We speculate that one potential 
reason may be that 7KCh works nonspecifi cally ( 117 ). As 
mentioned above, 7KCh may be needed in concentrations 
suffi ciently high to interact with cell surface receptors. 
For example, the MAPK/ERK pathways are activated by 
G-protein coupled receptors that respond to steroid hor-
mones, which, like 7KCh, are keto-sterols. Another possibil-
ity is the formation of membrane-disrupting microcrystals 
( 117–120 ) that in turn nonspecifi cally activate these re-
ceptors or the receptor-linked tyrosine kinases ( Fig. 5 ). Yet 
another potential explanation is that the activation of the 
intracellular PLA 2 , which may be the rate-limiting step in 
the infl ammation cascade, requires micromolar amounts 
of 7KCh ( 124–128 ). At this time, there are no published 
studies that conclusively demonstrate how 7KCh activates 
these infl ammatory pathways. 

 This leads to another important question: can 7KCh 
reach micromolar levels in vivo? 7KCh is not a particularly 
poisonous substance when taken orally by rodents ( 84, 
85 ). The toxicity of 7KCh seems to be due to its ability to 
form and reach very high concentrations in lipoprotein 
deposits. The levels of 7KCh in atherosclerotic plaques 
have been measured at >100 µM ( 38, 39 ,  71 ), although 
most of it is esterifi ed to oxidized forms of different fatty 
acids, most likely 18:1 (oleic) and 18:2 (linoleic). There is 
also very convincing evidence demonstrating that Fe +2  
and/or Cu +2  can rapidly and thoroughly oxidize the cho-
lesterol and the CEs in LDL deposits to 7KCh, 7HCh, and 
others mentioned above ( 27, 28 ). The published scientifi c 
literature to support this is quite extensive and too numer-
ous to cite. Thus, we can safely assume that in any given 
oxidized lipoprotein deposit, the concentrations of 7KCh 
or 7KCh esters could easily reach micromolar levels. The 
more important question is: can 7KCh in these oxLDL de-
posits reach the plasma membrane of cells at a high 
enough concentration to induce chronic infl ammation? 
To our knowledge, there is no published literature that 
has specifi cally answered this question. However, a recent 
study by Riazy et al. ( 133 ) has shown that oxLDL particles 
can induce VEGF expression via the AKT-PKC � -NF � B 
pathway without lipoprotein uptake. This suggests oxLDL 
deposits may induce infl ammatory responses just by being 
in contact with the cellular membranes. Cells expressing 
scavenging receptors like CD36 ( 134 ), LOX-1 ( 135 ), and 
SRBI/II ( 136 ) as well as other related receptors could po-
tentially enhance the 7KCh levels by internalizing these 
oxidized lipid deposits, although in this situation, metabo-
lism and effl ux may play a role in mitigating the 7KCh 
accumulation, thus requiring higher doses to induce in-
fl ammation. Ultimately, the challenge to investigators is to 
demonstrate that 7KCh causes these effects in vivo. 
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tory pathways causes the synthesis and release of cytokines. 
This pathway also shuts itself down by synthesizing I � B. 
Therefore, cells chronically exposed to 7KCh will be un-
der a considerable stress cycle that will also stress adjacent 
cells. The stress cycle caused by the activation/deactiva-
tion of the NF � B pathways may result in the loss of certain 
cellular functions, which could eventually lead to apopto-
sis. This may not necessarily require an increase in the 
doses of 7KCh. In some cell types, 7KCh-mediated infl am-
mation may result in the overproduction of certain types 
of oncogenes, which could result in permanent transfor-
mation if suppressor genes are not functioning perfectly. 
These are processes observed during the chronic nature of 
aging. Lipid oxidation should be considered as a major 
infl uence in the chronic infl ammation associated with the 
aging process. 

 How may this affect the retina? 7KCh accumulation is 
likely to affect the choriocapillaris and RPE. Loss of func-
tion in the RPE and choriocapillaris could have devastat-
ing consequences on the photoreceptors. Induction of 
VEGF especially in combination with loss of RPE/cho-
roid function may weaken Bruch’s membrane (lack of 
maintenance) and lead to the formation of CNV and wet 
AMD. The role of the choroid and its interactions with 
the RPE are also not well-understood but are likely to 
be involved in any 7KCh-mediated infl ammatory pro-
cess. Whether 7KCh is involved in this process or is 
part of a more complex group of factors remains to be 
demonstrated. 

 The questions for future research regarding the ret-
ina are many, but four main areas should be considered 
regarding 7KCh: 7KCh metabolism/effl ux, cholesterol 
transport and oxidation, 7KCh-interacting proteins, 
and 7KCh-mediated infl ammation. The relationship be-
tween metabolism and effl ux is very obscure, especially 
in vivo. The potential role of the cytochrome P450s, es-
pecially in protecting the mitochondria from high doses 
of 7KCh, is particularly interesting. The effl ux mecha-
nism and the roles of HDL and ATP-binding cassette 
transporters are mostly unknown in the retina. The ties 
between lipid uptake-effl ux and the reverse cholesterol 
pathway need further investigation. Aside from its basic 
description ( 17 ), little is known about this pathway in 
the retina. However, the association of some of these 
genes by genome-wide association studies with AMD 
( 146, 147 ) suggests this may be a very productive area of 
investigation. There is also remarkably little known about 
the proteins that bind and interact with 7KCh, espe cially 
in relation to the infl ammatory pathways. These proteins 
may be the key to understanding how 7KCh triggers the 
above-mentioned infl ammation. These areas of investi-
gations should also be considered with the overall goal 
of moving from in vitro systems to in vivo models.  
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