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Abstract
Basic research, exploring the hypothesis that 2-(ω-carboxyethyl)pyrrole (CEP) modifications of
proteins are generated nonenzymatically in vivo is delivering a bonanza of molecular mechanistic
insights into age-related macular degeneration, autism, cancer, and wound healing. CEPs are
produced through covalent modification of protein lysyl ε-amino groups by γ-hydroxyalkenal
phospholipids that are formed by oxidative cleavage of docosahexaenate-containing
phospholipids. Chemical synthesis of CEP-modified proteins and the production of highly specific
antibodies that recognize them preceded and facilitated their detection in vivo and enabled
exploration of their biological occurrence and activities. This investigational approach –from the
chemistry of biomolecules to disease phenotype – is proving to be remarkably productive.
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INTRODUCTION
We anticipated that a fundamental understanding of the biomolecular chemistry of oxidized
(ox) phospholipids (PLs) would provide critical insights into disease processes. Basic
research on protein modification by 4-hydroxy-2-nonenal (HNE), a γ-hydroxyalkenal
product of phospholipid oxidation, led to the discovery that it forms covalent adducts in vivo
that incorporate the ε-amino group of protein lysyl residues in pentylpyrrole modifications
(PP-protein in Fig. 1) that accumulate in neurons in the brain of individuals with
Alzheimer’s disease and in the blood of individuals with atherosclerosis.1 Analogous
reactions of polyunsaturated fatty acyl (PUFA)-derived γ-hydroxyalkenal oxPLs were then
shown to produce ω-carboxyalkylpyrrole modifications of proteins after lipolysis of
intermediate PL adducts.2 The two most abundant PUFAs in low-density lipoprotein (LDL)

*Corresponding Author: Phone: 216-368-2592, fax: 216-368-3006, rgs@case.edu.
DISCLOSURE
The authors declare competing financial interests. Anti-CEP antibodies and antigens and their use for clinical assessment of CEP and
CEP autoantibody levels, and the mouse model for age-related macular degeneration described in this review are protected for
commercialization by the Cleveland Clinic. The inventors include R.G.S. and J.G.H.

NIH Public Access
Author Manuscript
Chem Res Toxicol. Author manuscript; available in PMC 2012 November 21.

Published in final edited form as:
Chem Res Toxicol. 2011 November 21; 24(11): 1803–1816. doi:10.1021/tx200206v.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



are linoleate and arachidonate. For example, oxidation of 1-palmityl-2-linoleyl-sn-
glycerophosphocholine (PL-PC) in LDL delivers carboxyheptylpyrrole (CHP)-protein
modifications and oxidation of 1-palmityl-2-arachidonyl-sn-glycerophosphocholine (PA-
PC) gives carboxypropylpyrrole (CPP)-protein modifications (Fig. 1). Antibodies raised
against in vitro CHP and CPP modified proteins were exploited to detect them in oxLDL,
and elevated levels of CHPs were detected in blood from individuals with end-stage renal
disease or atherosclerosis.2

PART 1: CARBOXYETHYLPYRROLES: FROM HYPOTHESIS TO SYNTHESIS
TO DETECTION IN VIVO
The carboxyethylpyrrole hypothesis

In view of these findings, it seemed reasonable to anticipate that oxidation of 1-palmityl-2-
docosahexanoyl-sn-glycerophosphocholine (PD-PC) would give rise to carboxyethylpyrrole
(CEP) protein modifications (Fig. 1). Although pursuit of CEPs was not directed at
understanding a particular disease process, it seemed noteworthy that, although
docosahexaenoyl phospholipids are only minor components of lipoproteins and most
membranes, they are particularly abundant in certain cells of the brain3 and retina.4, 5 Thus,
we anticipated that CEPs might be useful markers for oxidative injury of those tissues.

As will be described in this review, the discoveries of CEPs and their numerous and varied
pathological and physiological involvements were not the result of investigating the
molecular basis of a particular disease. Rather, they arose from the application of an
investigational approach – from basic research on biomolecular chemistry to disease
phenotype – that complements the more common opposite paradigm. The resulting studies
have now delivered a rich harvest of molecular mechanistic understanding of involvements
of lipid oxidation in human diseases including age-related macular degeneration, autism, and
cancer, as well as insights into a physiological role of CEPs in wound healing.

Immunological detection of carboxyethylpyrrole protein adducts
Incubation of the γ-hydroxyalkenal HOHA-PC with proteins at 37 °C in pH 7.2 phosphate
buffered saline (PBS) generates CEP-modifications of lysyl residues (Fig. 1).6 However, γ-
hydroxyalkenals also react with cystine and histidine residues to generate other, i.e.,
“Michael”, adducts.7 Polyclonal rabbit antibodies specific for CEP-modifications were
required to enable their detection in biological samples. Such antigens could be generated by
the Paal-Knorr condensation.8 The reaction of 4,7-dioxoheptanoate with proteins produced a
relatively low level of CEP modification owing, presumably, to interference by the free
carboxylate. Ultimately, we found that condensation of proteins with the 9-
floureneylidenemethyl ester of 4,7-dioxoheptanoate, followed by removal of the 9-
floureneylidenemethyl group by treatment with 7,11-diazabicyclo[5.4.0]undec-11-ene,
delivers higher levels of modification (Fig. 2).9

Despite the close chemical similarity of CEPs and CPPs, antibodies exhibiting extraordinary
structural discrimination were obtained.8 Those raised against a CEP-protein modification of
keyhole limpet hemocyanin bind with the CEP-modified human serum albumin (HSA) 1000
times more strongly than they bind with CPP-HSA. Those raised against a CPP-protein
modification bind with CPP-HSA 80 times more strongly than they bind with CEP-HSA
(Fig. 3). Binding of either anti-CEP or anti-CPP antibodies with CHP-HSA is negligible and
neither shows any affinity for pentylpyroles.
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CEPs accumulate in the DHA-rich photoreceptor outer segments of the retina
To test the hypothesis that CEPs are generated in vivo, evidence for their presence was
sought in photoreceptor rod outer segment (PhROS) tissue where phospholipids rich in
docosahexaenoic acid (DHA) are concentrated (Fig. 4). The detection of light by
photoreceptor rod cells is triggered by a photoinduced conformational change in rhodopsin,
a protein that is embedded in the lipid bilayer of the photoreceptor PhROS disk membranes.
Each rod cell contains a stack of double membrane disks that are organized like a stack of
coins surrounded by the PhROS plasma membrane. DHA accounts for more than 80% of the
PUFAs in photoreceptor disk membranes. Autoxidation of DHA and consequent formation
of CEPs was expected to occur readily because the retina is bathed in a high oxygen tension
supplied from the choriocapillaris. Radical initiators of autoxidation can be generated by
photosensitization, or as a consequence of the high level of metabolism required to generate
the Ca+2 ion gradient that is needed to propagate visual signals. Furthermore, DHA is
especially susceptible to free radical-induced oxidation.

The first confirmation of the hypothesis that CEPs are generated in vivo was provided by
immunohistochemical staining of mouse retina with rabbit polyclonal anti-CEP antibodies.8
As predicted, CEP immunoreactivity is especially prominent in the PhROSs. In summary, a
hypothetical natural product, a CEP-modified protein, was generated through a non-
biological chemical synthesis. An immunological tool, created with the aid of this synthetic
antigen then provided evidence for the natural occurrence of CEP-modified proteins in vivo.

The paradoxical evolutionary choice of phospholipids rich in the highly oxidizable DHA is
apparently dictated by the desirability of the high fluidity engendered by abundant
unsaturation. Perhaps, the high fluidity of the disk membranes facilitates rapid lateral
diffusion and consequent efficient activation of a cascade of disk membrane-associated
enzymes leading to hyperpolarization of the photoreceptor cell plasma membrane.
Specifically, many molecules of a G-protein, transducin, must laterally diffuse to be
activated by photoactivated rhodopsin that also is mobile. Activated transducin then must
laterally diffuse to activate many molecules of a phosphodiesterase that catalyzes the
hydrolysis of cyclic GMP, a ligand for plasma membrane Ca+2 channels that close when
cGMP levels drop. Ca+2 pumps can then create an action potential by depleting intracellular
Ca+2.

CEPs also accumulate in the retinal pigmented endothelium
Prominent CEP immunoreactivity is also apparent in the retinal pigmented endothelial
(RPE) cell layer. This is understandable because RPE cells endocytose shed tips of PhROSs
that contain old photoreceptor disk membranes (Fig. 4). New disks are assembled at the
nuclear end of the stack. In this manner, the entire stack of disks is replaced every 10 days.
Thus, the evolutionary strategy of orderly loss of the older disk membranes from the tip of
the PhROS is coupled to the continuous assembly of new membranes at the PhROS base.
This allows the benefits of a highly fluid DHA-rich membrane to be exploited, in spite of its
high susceptibility to oxidative damage, to achieve a valuable capability, vision.

Oxidation of HOHA-PC competes with protein adduction to generate CEPs
Further oxidation competes with protein adduction of 4-hydroxy-7-oxo-5-heptenoyl-
phosphatidylcholine (HOHA-PC) and homologous γ-hydroxyalkenal-PCs, i.e., HOOA- and
HODA-PC, to produce carboxyalkylpyrroles (CAPs in Fig. 5). A previous study established
that HOOA- and HODA-PC, as well as the more oxidized derivatives referred to
collectively as oxPCCD36 (Fig. 5), are high affinity ligands for the scavenger receptor CD36
that mediates endocytosis of oxidized low-density lipoprotein (oxLDL) by macrophage
cells.10–12
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HOHA-PC and more oxidized derivatives promote endocytosis of oxidatively damaged
photoreceptor rod outer segments by RPE cells

The biological significance of γ-hydroxyalkenal phospholipids is not limited to their role as
precursors of CEPs and homologous carboxyalkylpyrroles. Rather, the γ-hydroxyalkenals
and their more oxidized derivatives, collectively called oxPCCD36 (Fig. 5), also promote
accumulation of CEPs in RPE cells. Plasma LDL and oxLDL are delivered to the basal side
of the RPE from the choriocapillaris (Fig. 4). RPE cells express both LDL receptors and
CD36 scavenger receptors13 that mediate endocytosis of LDL and oxLDL respectively.14 It
seemed reasonable to presume that endocytosis of oxidatively damaged PhROSs by RPE
cells can also be promoted by oxPCCD36. Each RPE cell interacts with the tips of about 50
PhROSs, and 10% of each outer segment is shed daily and phagocytosed by the RPE.
Clearance by the RPE of shed rod PhROS tips is critical to the maintenance and normal
function of the retina. Using a panel of analytically pure oxidatively truncated
phospholipids, available through chemical syntheses6, 15, 16, oxPCCD36 were shown to serve
as endogenous ligands on PhROSs for uptake by RPE via CD36.17 LC-MS/MS comparison,
with authentic analytically pure samples, of retinal lipids recovered from dark-adapted rats
following physiological light exposure demonstrated in vivo formation of oxPCCD36. Uptake
studies using RPE cells isolated from wild-type versus CD36 null mice suggest that CD36
plays a role in engulfment of PhROSs via oxPCCD36. Thus, light exposure apparently
promotes “oxidative tagging” of photoreceptor outer segments with structurally defined
oxidatively truncated choline glycerophospholipids that serve as a physiological signal for
CD36-mediated phagocytosis under oxidant stress conditions (Fig. 6). It should be noted
that, to be recognized by RPE cells, oxPCCD36 must be located in the PhROS plasma
membrane. Apparently, oxidative damage in photoreceptor cells is not limited to the DHA-
rich disk membranes. This may be because lipid hydroperoxides generated during oxidation
of the disk lipids can release hydroxyl radicals (•OH) that diffuse to and promote oxidation
of the PhROS plasma membrane, especially at the tip that interacts with the apical process
of RPE cells.

CEP-modified protein levels are elevated in AMD retina and blood
Having secured evidence for the production of CEPs in vivo in tissues rich in DHA, the most
pressing question was their role, if any, in human disease. Age-related macular degeneration
(AMD) is the most common cause of legal blindness in the elderly population in developed
countries18, with about 35% of people 75 years or older having some degree of AMD.19 A
recent clinical trial20 showed that the progression of AMD could be slowed in some
individuals by high daily doses of antioxidant vitamins and zinc. This and other
observations21 suggested that oxidative stress contributes to the pathogenesis of AMD
resulting in the accumulation of CEP. Therefore, CEP levels in retina tissue from individuals
with AMD and from controls with no eye disease were assessed. Separation of protein
extracts from RPE/Bruch’s membrane/choroid tissues by SDS-PAGE followed by Western
blot revealed massive accumulations of CEP-modified protein in retinas from individuals
with AMD but not in those from age- and sex-matched individuals with no eye disease (Fig.
7). Elevated CEP immunoreactivity was also detectable in blood from by enzyme-linked
immunosorbent assay (ELISA) in 916 AMD and 488 control donors. Mean CEP adduct
levels were found to be elevated in AMD plasma by ~60%.8, 22

CEP-modified proteins are present in drusen that are a risk factor for AMD
Immunocytochemical analysis demonstrated CEP immunoreactivity in extracellular
deposits, called drusen and Bruch’s membrane.23 The RPE forms an integral part of the
blood-retinal barrier and is responsible for vectorial transport of nutrients to the
photoreceptor cells and waste products to the blood. Presumably, CEPs accumulate in the
RPE cells because oxidative damage impairs their ability to process and degrade waste
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products from the photoreceptors. Increased deposition of CEP-modified proteins in the
choriocapillaris interface with the circulatory system and in drusen, behind the neural retina
on Bruch’s membrane (Fig. 4) may be a consequence of such impairment. An abundance of
drusen in the macula, the small portion of the central retina responsible for high-acuity
vision, is considered to be a significant risk factor for the development of AMD.23 Perhaps
the normal protective mechanisms against oxidative stress are compromised in AMD.

CEP-modified proteins are associated with neurofilaments in autistic brain
Besides their extraordinary abundance in photoreceptor disc membranes, docosahexaenoyl
phospholipids are also exceptionally plentiful in certain cells of the brain.3 Oxidative stress
is implicated in neuronal damage in many neurodegenerative diseases24, and the developing
brain appears at increased risk for oxidative damage because of the immaturity of
antioxidant defenses.25 Therefore, we anticipated that CEP-modified proteins might
accumulate in autistic brain where oxidative injury might contribute to aberrant neuronal
development.

Although direct evidence was sorely lacking for oxidative injury in autistic brain, there was
ample evidence of oxidative injury in autistic peripheral tissues.26, 27 Under normal
conditions, reactive oxygen species (ROS) are cleared from cells by the action of superoxide
dismutase (SOD), catalase, and glutathione peroxidase (GPx). SOD removes superoxide
anion by converting it into hydrogen peroxide (H2O2). Catalase promotes the dismutation of
H2O2 to water and O2 and GPx promotes the reduction of H2O2 and hydroperoxides to
water and alcohols, respectively. Erythrocytes from autistic individuals contain significant
elevations in ZnCuSOD28 and severely depressed levels of GPx (-44.4%) compared with
controls.29, 30 As a result, the H2O2 formed by the action of SOD would not be efficiently
removed owing to diminished levels of GPx. The imbalance is exacerbated by the low
plasma levels of reduced glutathione (GSH) in ASD patients (4.1 ± 0.5 μmol/L)31, 32

compared with healthy controls (7.6 ± 1.4 μmol/L), p < 0.001, because GSH is a cosubstrate
needed for the GPx-mediated reduction of H2O2. In the presence of redox active Cu or Fe,
SOD can promote oxidative injury owing to Cu-catalyzed Haber-Weiss or Fe-catalyzed
Fenton reactions of H2O2 to generate •OH, a potent ROS.

Immunohistochemical studies with anti-CEP antibodies provided the first direct evidence of
increased oxidative stress in the autistic brain.33 Significant CEP-related immunoreactivity
in the white matter, often extending well into the grey matter of axons, was found in every
case of autism examined with white matter being most intensely labeled. White matter
consists primarily of axons serving to connect different sections of the brain. In fact,
anatomical studies revealed abnormal alterations in white matter in autistic brain. Depending
on specific regions, the white matter abnormalities in autism include smaller white matter
volumes in some regions such as corpus callosum29, 30 but also dysregulation and larger
white matter volumes in other regions such as cerebellum.34–38 Prominent staining by anti-
CEP antibody was observed in all cases of autism examined (n = 5), but not any of the
control specimens as shown in representative cortical staining patterns from 3 of the autism
cases aged 9, 7, and 5 years (Fig. 8D, E, F) and 3 control cases aged 5, 6 and 11 years (Fig.
8A, B, C). Often, cell bodies were also labeled (Fig. 8D). A striking thread-like localization
of CEP appears to be a hallmark of the autistic brain. Immunoprecipitation with anti-CEP
followed by SDS-PAGE and Western blot with SMI32, an antibody against neurofilament
heavy chain, shows an intense immunoreactive band at approximately 200 kDa, confirming
that neurofilament is a major protein target for CEP-modification in autistic brain.

Notably, no significant increase in levels of CEP was detectable by ELISA of total tissue
protein extracts.33 Thus, the dramatic local accumulation of CEPs observed
immunohistochemically represents a subtle, albeit potentially important oxidative
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modification in the autistic brain. This situation is reminiscent of a localized dramatic
elevation of oxidative damage (assessed by the reaction of free carbonyls with 2,4-
dinitrophenylhydrazine) in the cell bodies of neurons of Alzheimer’s disease brain that
contrasts with barely detectable differences between levels of this oxidative modification in
total tissue protein extracts from Alzheimer’s versus age-matched control brain.39

CEPs are abundant in melanoma and accumulate in ageing vasculature and healing
wounds

As will be detailed in part 2 of this review, the accumulation of CEPs in AMD retina led to
the hypothesis and subsequent demonstration that CEPs induce the angiogenesis into the
retina that is associated with advanced stages of AMD (vide infra). We next examined the
association of CEPs with other vasculature including that associated with tumor growth –
because it is promoted by angiogenesis, and it seemed reasonable to expect that stimulation
of angiogenesis by CEP would be general. CEP levels were found to increase with the extent
of tissue inflammation and vascularization, as well as with ageing of vasculature.40 Thus,
CEP is present in melanoma, showing excessive vascularization and inflammation (assessed
by CD31 and CD68 staining, respectively), at levels elevated six fold over normal skin (Fig.
9a). CEP is also present in mouse arteriolar smooth muscle cells, and levels increase with
ageing (Fig. 9b). CEPs are transiently present during wound healing in mouse skin, reaching
a maximum 3 days after injury, in parallel with intense wound vascularization (assessed by
CD31), before returning to original levels when the wound has healed (Fig. 9c).

PART 2: BIOLOGICAL ACTIVITIES OF CARBOXYETHYLPYRROLES
A. Age-related macular degeneration

A1. Autoantibodies against CEP-modified “self proteins” are abundant in
AMD plasma—RPE cells are located immediately adjacent to the blood-retinal barrier. By
carrying CEP-rich oxidatively damaged PhROSs into RPE cells, HOHA-PC and other
OxPCCD36 induce the transport of these antigens into perilously close proximity to the
blood-retina barrier. Leakage of that barrier could deliver CEP modified-self proteins into
the choroidal vasculature. Alternatively, HOHA-PC could slip through the barrier and then
generate CEP-modified proteins in the blood. Our results show that serum albumin is the
most abundant CEP-modified protein present in blood.22 It seemed plausible that CEP-
modified proteins might trigger an immune response resulting in an immune-mediated attack
on and destruction of RPE and photoreceptor cells that are abundantly decorated with CEP
modifications. A pilot clinical study confirmed the predicted association of CEP
autoimmunity with the AMD phenotype. Plasma from the AMD donors exhibited a 2-fold
higher average CEP autoantibody titer (3.4 ± 3.1 S.D., n = 19)) than plasma from age-
matched normal controls (1.5 ± 0.4 S.D., n = 19), and the difference was statistically
significant (p = 0.02). Notably, a large fraction (63%) of the AMD donors exhibited both
elevated CEP immunoreactivity and high anti-CEP autoantibody titer, i.e., above the mean
for non-AMD controls, compared with only 5% of age-matched controls.8

A2. CEP autoantibody levels parallel those of retinal pathology in a mouse
model of dry AMD—The finding of elevated levels of CEP autoantibodies in AMD
plasma was congruent with previous suggestions that immune-mediated events may be
associated with the pathogenesis of AMD.41–43 As noted above, CEP-modified proteins are
more abundant in AMD than in normal Bruch’s membrane and were found associated with
drusen proteins.23 Proteins associated with inflammation and immune-mediated processes,
e.g., complement components C3, C5, and C9, Ig kappa, and Ig lambda, are prevalent
among drusen-associated constituents.23, 41, 42, 44 Mutations/polymorphisms in genes coding
for complement pathway proteins and its regulators are present in approximately 50% of
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AMD patients.45–50 Furthermore, dendritic cells, potent antigen-presenting cells, are
intimately associated with drusen development, and complement activation is a key pathway
that is active both within drusen and along the RPE-choroid interface.

To test the hypothesis that CEPs might be the inflammatory signal generated in the outer
retina that directs the immune system to attack this tissue in AMD, mice were immunized
with CEP-modified mouse serum albumin (CEP-MSA) and Freunds’ adjuvant in an attempt
to raise the level of sensitivity to endogenously generated CEP.51, 52 Our hypothesis was
that immunized mice would generate a stronger immune response to CEP adducts, making
the outer retina more vulnerable to immune-mediated damage. Titers of antibody were six to
eight times higher in the CEP-MSA-immunized mice compared to naive and control mice
immunized with MSA or Freund’s adjuvant alone. The outer retina pathology included
vesiculation and swelling of individual or multiple adjacent cells, cell lysis, and the presence
of monocytes (Fig 10b–g, i) in the interphotoreceptor matrix, some of which were identified
as macrophages. Although macrophages were found near some RPE lesions, it is unclear
whether they initiate the pathology observed or are only a response to it, as many lesions
occurred in the absence of these cells. Macrophage movement into this compartment may
occur due to the release of cytokines from lysed cells. Indeed, melanin-containing
macrophages were observed, suggesting that there is debris removal after RPE lysis (Fig.
10c). In some regions the RPE was missing (Fig. 10j). Notably, the severity of the pathology
observed was closely correlated with the antibody titer.

A3. CEP-MSA-immunized mice exhibit many characteristics of “dry” AMD—
The most prevalent form of AMD, known as “dry” AMD is characterized by geographic
atrophy. The CEP-MSA-induced mouse model also exhibited another characteristic of “dry”
AMD, a drusen-like sub-RPE deposition that accumulated with ageing. Thus, 12–14 months
after a single CEP-MSA immunization, an approximately 3–5 μm thick “dry” AMD-like
sub-RPE basal laminar deposit accumulated that was not observed in the control eyes or in
mice given multiple immunizations during 2–3 months. Thus, an immune response to a
CEP-adducted self-protein is sufficient to cause localized AMD-like lesions in mice without
the need for genetic, dietary, or lighting stress that had been shown previously to result in
similar sub-RPE deposits.53–56 In addition, immunohistochemical analysis revealed the
deposition below the RPE of C3d, a degradation product of C3b, a key complement protein.
CEP-MSA immunized mice showed ten times more immunoflourescence indicative of C3d
in Bruch’s membrane than did control mice (Fig 11). Immunized mice also showed an
AMD-like decreased a- and b-wave amplitudes in response to light.52

A4. CEPs promote choroidal neovascularization into the neural retina—
Choroidal neovascularization (CNV, also called “wet” AMD) is characterized by new blood
vessels that break through Bruch’s membrane. When these new blood vessels hemorrhage, a
blood clot accumulates between the RPE and foveal photoreceptors causing immediate
blindness 57, 58. In view of the massive accumulation of CEPs in photoreceptor outer
segments, RPE cells, and drusen on Bruch’s membrane, it seemed plausible that they may
contribute to the pathogenesis of “wet” AMD (Fig. 12). No evidence for CNV was observed
in the mouse model of “dry” AMD described above. Presumably this is because damage of
the blood-retina barrier is needed to initiate CNV. To determine whether the increased levels
of CEP-HSA in Bruch’s membrane of individuals with AMD might contribute to the
development of CNV, the effect of CEP-MSA was examined in a different mouse model.59

Mice with laser-induced rupture of Bruch’s membrane were given a subretinal injection of
PBS, MSA, CEP-MSA, or vascular endothelial growth factor (VEGF). CEP-MSA
significantly augmented the CNV area (Fig. 13c) when compared with injections of PBS
(Fig. 13a) or unmodified MSA (Fig. 13b) and was similar to that obtained with injections of
VEGF (Fig. 13d) that has been known to contribute to CNV in AMD. Subretinal injections

Salomon et al. Page 7

Chem Res Toxicol. Author manuscript; available in PMC 2012 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of CEP-MSA, MSA, or VEGF in the absence of laser injury did not induce any CNV.
Treating primary RPE cells or ARPE19 cells with CEP-HSA did not induce VEGF
secretion.59 Thus, CEP induces angiogenesis through a unique pathway not involving
VEGF.

B. Corneal vascularization
CEPs promote corneal vascularization—Corneal vascularization is a risk factor for
transplant rejection because it compromises the immune privilege of this normally avascular
tissue. A dramatic demonstration of the angiogenicity of CEPs was achieved in a corneal
micropocket assay.59 Hydron/sucralfate pellets containing test compounds were implanted 1
mm from the limbus of rat cornea. CEP-HSA stimulated limbal blood vessel growth towards
the pellet (Fig 14A) while unmodified HSA (Fig. 14B) or dipeptide (Fig. 14C) did not. To
further test the specificity of the angiogenic response, the assay was repeated with pellets
containing premixed antibody and CEP-HSA or CEP-dipeptide. Control nonimmune mouse
antibodies did not show inhibition of CEP-HSA mediated corneal neovascularization (Fig
14D) while monoclonal anti-CEP antibody almost completely neutralized the formation of
new blood vessels from CEP-HSA implants (Fig. 14E). Modification of proteins with γ-
hydroxyalkenal phospholipids, e.g., HOHA-PC, promiscuously generates a complex mixture
of biologically active CEP modifications in vivo. To assess the importance of the protein
moiety on activity, the angiogenicity of a CEP-dipeptide (CEP-modified acetyl-Gly-Lys-O-
methyl ester) and the unmodified dipeptide were also assessed. Although the dipeptide is
inactive, the CEP-dipeptide is strongly angiogenic (Fig 14F).

C. Cancer
CEPs promote tumor angiogenesis and growth—The abundance of CEPs in
melanoma, the importance of angiogenesis for tumor growth, and the angiogenicity of CEPs
suggested that they might promote tumor growth. VEGF-induced angiogenesis promotes
tumor growth, and anti-VEGF mAb or VEGF receptor inhibitors, e.g., AAL-993, are
clinically useful to block tumor growth. The ability of anti-CEP mAb to block the
angiogenic action of CEPs suggested that they similarly might have medicinal utility for
inhibiting tumor growth. Tumor size and vascular area (as indicated by anti-CD31 staining)
generated ten days after subcutaneous implantation of murine melanoma cells into mice
were compared (Fig. 15) to those produced with simultaneous intraperitoneal injection of
AAL-993, anti-CEP mAb or isotype control IgG2a.40 Inhibition of endogenous CEP or
VEGF decreased tumor size and vascularization. The effects were additive, i.e., the
combination of anti-CEP mAb with a VEGF receptor inhibitor caused a 50% decrease
(p<0.001) in vascularization over the level achieved with the VEGF inhibitor alone.40

D. The cell biology of CEP- and CPP-induced angiogenesis
D1. CEPs and CPPs stimulate endothelial cell adhesion and migration in vitro
—Integrin-dependent adhesion and migration of endothelial cells (ECs) are major cellular
events mediating new vessel formation.60 To further characterize the angiogenic activities of
carboxyalkyl pyrroles, cell adhesion induced by CEP-MSA, CEP-dipeptide, CPP-HSA, and
for comparison VEGF, was examined using an established assay with human umbilical vein
ECs.61 Low concentrations of CEPs and CPPs, e.g., 0.5 μg/ml of CEP dipeptide, were
sufficient to produce a 50% increase in adhesion over control.40 A Boyden chamber assay
demonstrated induction of EC migration that was 100% over control. Preincubation with the
tripeptide RGD inhibited adhesion confirming integrin dependence. Induction of EC
migration during angiogenesis requires activation of Rac1, a small G protein, by conversion
into the GTP-bound form. Treatment with CEP resulted in generation of a substantial
subpopulation of Rac1 in complex with GTP.40
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D2. CEPs induce angiogenesis by activating TLR2—As previously found for
VEGF receptor-mediated angiogenesis, CEPs induce endothelial cell proliferation,
migration, and tube formation (Fig. 16).40 Although signaling through the VEGF receptor
(R) resulting in angio-genesis also involves activation of Rac1, in contrast to VEGF,
stimulation of ECs with CEP did not result in phosphorylation of the VEGFR. Furthermore,
CEP-induced angiogenic activities in vitro (tube formation, proliferation, or migration) and
in vivo were not decreased by the VEGFR inhibitor AAL-993 at a concentration sufficient to
block VEGF effects.40 Notably, signaling through the pattern recognition scavenger receptor
(SR) CD36 or SR-B1, for which the phospho-lipid precursors HOHA-PC and HOOA-PC of
CEPs and CPPs (see Fig. 1) are high affinity ligands, also involves Rac1 activation.62, 63

However, the involvement of CD36 or SR-B1 in the angiogenic activities of CEPs was ruled
out because the responses of ECs from both CD36 and SR-B1 knockout mice were not
diminished compared with those from wild type mice.

The pattern recognition Toll-like receptors TLR2 and TLR4 also signal through Rac1
activation64–66, are expressed on the endothelium, and TLR2 was recently implicated in
angiogenesis.67 Antibodies against TLR2, but not TLR4, inhibited CEP-induced, but not
VEGF-induced EC tube formation and migration.40 In contrast, ECs from TLR2 knockout
mice did not respond to treatment with CEP in several in vitro assays, whereas VEGF-
triggered responses were not affected by the lack of TLR2. TLR2 often functions in concert
with TLR1 or TLR6 through heterodimerization. The possible involvement of TLR2/TLR1,
but not TLR2/TLR6 heterodimers, in CEP recognition is suggested by the ability of anti-
TLR1, but not anti-TLR6, to diminish the CEP-induced angiogenic EC tube formation
response (Fig. 16). Activation of TLR2 signaling by CEP was shown to be mediated by
MyD88 and to result in Rac1 and NF-κB activation40 that lead to cytokine secretion, the
inflammatory response, and angiogenesis. In contrast, VEGF-induced angiogenesis does not
require MyD88.

E. Wound healing
CEP-induced angiogenesis promotes wound healing—As noted above, CEP is
transiently present during wound healing, reaching a maximum 3 days after injury before
returning to original levels when the wound has healed. Since high levels of CEP coincide
with intense wound vascularization and CEP is angiogenic, it appeared that CEP promotes
wound healing and administration of CEP-dipeptide might have therapeutic utility. This
hypothesis was tested by unilateral femoral artery ligation and excision, resulting in hind
limb ischemia in wild type (TLR2+/+) mice followed by treatment with CEP-dipeptide in
PBS every other day after ischemia or the same amount of PBS as control.40 After 4 weeks
of wound healing with injection of CEP-dipeptide, the excision area was reconnected and
dendritic growth resulted in more vascular branches (Fig. 17). In contrast, no obvious
reconnection or new vascular branches were noted with injection of PBS. A significant
increase of hind limb blood flow, measured by a Doppler near-infrared laser, was confirmed
in the CEP-dipeptide treated but not the PBS treated mice. In contrast, CEP-dipeptide was
ineffective in restoring blood flow in transgenic mice lacking the Toll-like receptor
(TLR2−/−).

CONCLUSIONS
It is becoming abundantly clear that lipid oxidation contributes to the pathogenesis of many
diseases, and may have important roles in physiological processes as well. An especially
effective approach to unraveling these processes on a molecular level exploits: (1) the
prediction of products of lipid oxidation and their reactions with biomolecules; (2) chemical
synthesis of the putative oxidized lipids and their adducts with biomolecules, and their
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exploitation to guide and enable the development of analytical methods for their detection in
vivo; (3) exploitation of these insights and tools to clinically establish biomedical relevance;
and (4) cell biological and animal studies to unravel the biological mechanisms involved.

Studies evolving from the carboxyethylpyrrole hypothesis have now established that these
lipid-derived oxidative protein modifications occur widely in vivo; in the retina of
individuals with AMD, in the brain of autistic children, in human melanoma, in ageing
vasculature, and in healing wounds. In a murine model, a single immunization with CEP-
MSA suffices to induce autoantibody production, dry AMD-like retinal atrophy, decreased
a- and b-wave amplitudes in response to light and deposition below the RPE of a
degradation product of C3b, a key complement protein. CEP-MSA also promotes a wet
AMD-like CNV, i.e., angiogenesis from the choriocpillaris into the retina. CEP is generated
in tumors and wounds where it promotes tumor growth and wound healing by fostering
angiogenesis.

FUTURE PERSPECTIVES
Although both VEGF and CEP both promote the angiogenesis associated with wet AMD
and tumor growth, they do so through orthogonal signaling pathways, i.e., through VEGF
and Toll-like receptors, respectively. Therapeutic modalities targeted against the VEGF
pathway, i.e., anti-VEGF antibodies or VEGF receptor inhibitors, have proven clinically
beneficial for the treatment of wet AMD and cancer. Similar approaches targeted at the CEP
pathway, i.e., anti-CEP antibodies or Toll-like receptor inhibitors, seem likely to have
clinical utility. Because blocking one of these pathways may lead to compensation by the
other, combination therapies may be most effective for inhibiting pathological angiogenesis
as well as for achieving optimal control of the precarious balance between the pathological
and physiological roles of these signaling pathways since angiogenesis can either promote
host defense and tissue repair or exacerbate organ dysfunction resulting in disease.
Furthermore, CEP derivatives may have clinical utility for promoting wound healing
through TLR2-mediated angiogenesis.

Besides the obvious therapeutic potential of inhibiting CEP-induced angiogenesis for
preventing tumor growth or the choroidal neovascularization of “wet” AMD, anti-CEP
antibodies and TLR2 inhibitors may have utility for treatment of other oxidation-driven
pathologies such as atherosclerosis, in which arterial thickening can depend on its
microvasculature. Notably, TLR2 knockout mice are protected from atherosclerosis68 and
expression of TLR2 is markedly enhanced in human atherosclerotic plaques.69 It is tempting
to speculate that TLR2-mediated activation of innate immunity promotes the deposition of
C3d in AMD retinas. TLR2-mediated activation of adaptive immunity70 by CEP may also
contribute to the pathogenesis of “dry” AMD.

Two threads of our chemistry hypothesis-driven research on CEPs converge on neuronal
pathology. First, as noted at the outset, our basic research on protein modification by HNE
led to the discovery that it forms covalent adducts in vivo that incorporate the ε-amino group
of protein lysyl residues in pentylpyrrole modifications (PP-protein in Fig. 1), and we found
that PPs accumulate in neurons in the brain of individuals with Alzheimer’s disease.1
Because of their structural similarities and mechanisms of formation (see Fig. 1), the co-
production of CEPs with PPs is highly likely. Furthermore, we detected CEPs in brain from
autistic individuals.33 In the second place, TLR2 expression is increased in cerebral cortical
neurons in response to ischemia/reperfusion injury71 that coincidentally involves oxidative
damage of lipids and proteins. The amount of brain damage and neurological deficits caused
by a stroke are significantly less in mice deficient in TLR2 compared with wild-type control
mice. Furthermore, TLR2 is expressed on microglial cells72, and activation of microglial
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cell TLR2 by a clinically relevant bacterium, Group B Streptococcus, causes the generation
of NO that induces neuronal death in neonatal meningitis.73 TLR2 also mediates signaling in
microglial response to putative “endogenous ligand(s)” generated consequent to axonal
injury.74 In an in vitro model in hippocampal slices, ischemia upregulates the expression of
TLR2 that then promotes neuronal cell death by fostering the excessive generation of the
pro-inflammatory cytokine interleukin-1β.75 Since CEPs are also TLR2 ligands, it seems
reasonable to anticipate that CEPs, generated under conditions of oxidative stress, contribute
to brain injury, e.g., through activation of microglial TLR2.
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ABBREVIATIONS

AMD age-related macular degeneration

CAPs carboxyalkylpyrroles

CEP carboxyethylpyrrole

CEP-HSA CEP-modified human serum albumin

CEP-MSA CEP-modified mouse serum albumin

CHP carboxyheptylpyrrole

CNV choroidal neovascularization

CPP carboxypropylpyrrole

DHA docosahexaenoic acid

ECs endothelial cells

ELISA enzyme-linked immunosorbent assay

GPx glutathione peroxidase

HNE 4-hydroxy-2-nonenal

HOHA-PC 4-hydroxy-7-oxo-5-heptenoyl-phosphatidylcholine

HSA human serum albumin

LDL low-density lipoprotein

ox oxidized

PA-PC 1-palmityl-2-arachidonyl-sn-glycerophosphocholine

PBS phosphate buffered saline

PD-PC 1-palmityl-2-docosahexanoyl-sn-glycerophosphocholine

PLs phospholipids

PL-PC 1-palmityl-2-linoleyl-sn-glycerophosphocholine
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PhROS photoreceptor rod outer segment

PUFA polyunsaturated fatty acyl

ROS reactive oxygen species

RPE retinal pigmented endothelial

SOD superoxide dismutase

TLR Toll-like receptor

VEGF vascular endothelial growth factor
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Figure 1.
Covalent adduction of γ-hydroxyaldehydes with proteins generates alkyl and carboxyalkyl
pyrrole modifications.
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Figure 2.
Chemical synthesis of CEP-modified proteins.

Salomon et al. Page 18

Chem Res Toxicol. Author manuscript; available in PMC 2012 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Left panel: molecular structures of CEP and CPP derivatives of proteins. Right panel:
ELISA comparison of CEP-, CPP-, CHP- and PP-protein modifications with antibodies
raised against a CEP-modified protein (DOHA-KLH, left column) or a CPP-modified
protein (DOOA-KLH, right column). Data from Table 1 in J Biol Chem (2003) 278, 42027–
42035. This research was originally published in The Journal of Biological Chemistry. J
Biol Chem. 2003; 278: 42027–42035. © the American Society for Biochemistry and
Molecular Biology.
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Figure 4.
Immunohistochemical analysis of mouse retinal sections with a polyclonal anti-CEP
antibody is shown in the left panel and a control tissue section detected with non-immune
serum in the right panel.8 Staining indicating CEP is most prominent in the rod
photoreceptor outer segments (OS) and retinal pigmented endothelial (RPE) cells. Less
intense staining is evident in the inner plexiform layer (IPL), and little if any staining is seen
in the outer limiting membrane (OLM), outer nuclear layer (ONL), outer plexiform layer
(OPL), inner nuclear layer (INL), or ganglion cell layer (GCL). Based on Fig 1 from Chem
Res Toxicol (2006) 19, 262–271 and Fig 5A from J Biol Chem (2003) 278, 42027–42035.
This research was originally published in The Journal of Biological Chemistry. Gu, X.,
Meer, S. G., Miyagi, M., Rayborn, M. E., Hollyfield, J. G., Crabb, J. W. and Salomon, R. G.
Carboxyethylpyrrole protein adducts and autoantibodies, biomarkers for age-related macular
degeneration. J Biol Chem. 2003; 278: 42027–42035. © the American Society for
Biochemistry and Molecular Biology.
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Figure 5.
Oxidation competes with covalent adduction of γ-hydroxyalkenals, i.e., HOHA-PC and
homologs, with proteins to deliver carboxyalkylpyrroles (CAPs). The γ-hydroxyalkenals and
their more oxidized derivatives, collectively called oxPCCD36, are also ligands for CD36.
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Figure 6.
Endocytosis of shed packets of photoreceptor rod outer segment (PhROS) tips by an RPE
cell is promoted by binding of oxidized lipids, especially oxPCCD36 that protrude from the
surface of oxidatively damaged photoreceptor outer segment plasma membranes, with CD36
scavenger receptors on RPE cell plasma membranes. Illustration by David Schumick, BS,
CMI. Reprinted with the permission of the Cleveland Clinic Center for Medical Art &
Photography © 2011. All Rights Reserved.
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Figure 7.
Western analysis of proteins from AMD and normal retina. Human Bruch’s membrane/RPE/
choroid from the macular region of AMD and normal donor eyes was subjected to SDS-
PAGE, electroblotted to poly(vinylidene difluoride), and probed with the rabbit polyclonal
anti-CEP antibody. CEP-modified human serum albumin (CEP-HSA) was used as a positive
control. The age and sex of the donor eyes are listed at the top of each lane. More
immunoreactivity is evident in the AMD samples than in the normals. This research was
originally published in PNAS. Crabb, J. W., Miyagi, M., Gu, X., Shadrach, K., West, K. A.,
Sakaguchi, H., Kamei, M., Hasan, A., Yan, L., Rayborn, M. E., Salomon, R. G. and
Hollyfield, J. G. (2002) Drusen proteome analysis: an approach to the etiology of age-
related macular degeneration. Proc Natl Acad Sci U S A 99, 14682–14687. © The National
Academy of Sciences of the United States of America.
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Figure 8.
CEP-modified protein is detected in the brains of all autism cases while no specific labeling
is seen in controls. Representative cases of autism aged 9, 7, and 5 years (D, E, F) and
controls aged 5, 6, and 11 years (A, B, C) are shown. In some autism cases, CEP is also
present in neuronal cell bodies (D). Scale bar = 50 μm. This research was originally
published in Am J Biochem Biotech. Evans, T. A., Siedlak, S. L., Lu, L., Fu, X., Wang, Z.,
McGinnis, W. R., Fakhoury, E., Castellani, R. J., Hazen, S. L., Walsh, W. J., Lewis, A. T.,
Salomon, R. G., Smith, M. A., Perry, G. and Zhu, X. (2008) The Autistic Phenotype
Exhibits a Remarkably Localized Modification of Brain Protein by Products of Free
Radical-Induced Lipid Oxidation. Am J Biotech Biochem 4, 61–72. © Science Publications.
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Figure 9.
Immunostaining of CEP (green), of CD31 endothelial cells (red) or CD61 macrophage cells
(red) in (a) human skin and melanoma, (b) mouse arteriolar, and (c) wound tissues. This
research was originally published in Nature. West, X. Z., Malinin, N. L., Merkulova, A. A.,
Tischenko, M., Kerr, B. A., Borden, E. C., Podrez, E. A., Salomon, R. G. and Byzova, T. V.
(2010) Oxidative stress induces angiogenesis by activating TLR2 with novel endogenous
ligands. Nature 467, 972–976. © Nature Publishing Group.
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Figure 10.
Several inflammatory cells immediately adjacent to the RPE or in the interphotoreceptor
matrix (large arrows). Large empty vacuoles are also evident (C–I), some of which appear to
be intracellular (I). In (J) the RPE has degenerated (asterisks). Bar in lower right of (J)
represents 25 mm.
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Figure 11.
Immunocytochemistry of the outer retina of mice immunized with CEP-MSA (a–c); mice
immunized with MSA (d–e); and an age-matched naïve mouse probed with C3d antibody
(green) and propidium iodide (red). (f). Arrows indicate Bruch’s membrane. Bar length
represents 10 μm. With kind permission from Springer Science+Business Media: Mol.
Neurobiol., A hapten generated from an oxidation fragment of docosahexaenoic acid is
sufficient to initiate age-related macular degeneration, 41, 2010, 290–298, Hollyfield, J. G.,
Perez, V. L. and Salomon, R. G., Fig. 3.
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Figure 12.
Choroidal neovascularization in “wet” AMD. Illustration by David Schumick, BS, CMI.
Reprinted with the permission of the Cleveland Clinic Center for Medical Art &
Photography © 2011. All Rights Reserved.
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Figure 13.
Exacerbation of CNV lesions (light green) by CEP-MSA in a mouse model of CNV.
Representative photographs of mouse choroids at 14 days after laser photocoagulation and
subretinal injections of (a) PBS, (b) MSA (1 μg), (c) CEP-MSA (1 μg), and (d) VEGF (20
ng). This research was originally published in PNAS. Ebrahem, Q., Renganathan, K., Sears,
J., Vasanji, A., Gu, X., Lu, L., Salomon, R. G., Crabb, J. W. and Anand-Apte, B. (2006)
Carboxyethylpyrrole oxidative protein modifications stimulate neovascularization:
Implications for age-related macular degeneration. Proc Natl Acad Sci U S A 103, 13480–
13484. © The National Academy of Sciences of the United States of America.
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Figure 14.
CEP-HSA as well as CEP-dipeptide (CEP adduct of Ac-Gly-Lys-OH) induces angiogenesis
in a rat corneal micropocket assay. Shown are representative photographs of mouse corneas
at 7 days after implantation of pellets containing (a) HSA, (b) HSA, (c) dipeptide (d) CEP-
HSA + nonimmune IgM, (e) CEP-HSA + anti-CEP IgM, (f) CEP-dipeptide.
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Figure 15.
The effects of AAL-993, anti-CEP mAb, or isotype control IgG2a on tumor size (left panel)
and their vascularization (right panel). This research was originally published in Nature.
West, X. Z., Malinin, N. L., Merkulova, A. A., Tischenko, M., Kerr, B. A., Borden, E. C.,
Podrez, E. A., Salomon, R. G. and Byzova, T. V. (2010) Oxidative stress induces
angiogenesis by activating TLR2 with novel endogenous ligands. Nature 467, 972–976. ©
Nature Publishing Group.
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Figure 16.
CEP-induced angiogenesis is triggered by binding to TLR2, possibly as a heterodimer with
TLR1, resulting in activation, migration, proliferation, and tube formation. Illustration by
David Schumick, BS, CMI. Reprinted with the permission of the Cleveland Clinic Center
for Medical Art & Photography © 2011. All Rights Reserved.

Salomon et al. Page 32

Chem Res Toxicol. Author manuscript; available in PMC 2012 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 17.
Wound healing 4 weeks after surgery at the site of mouse artery ligation and excision of the
artery and vein between the caudally branching deep femoral artery and the tibial artery
branching. The tissues were treated with CEP-dipeptide or vehicle (PBS, as control) by
intramuscular injections distal to the ligation site, with injections every 48 h starting at the
day of operation. On the right-magnified view of the artery excision area indicated on the
photograph on the left; scale bars are 500 μm. This research was originally published in
West, X. Z., Malinin, N. L., Merkulova, A. A., Tischenko, M., Kerr, B. A., Borden, E. C.,
Podrez, E. A., Salomon, R. G. and Byzova, T. V. (2010) Oxidative stress induces
angiogenesis by activating TLR2 with novel endogenous ligands. Nature 467, 972–976. ©
Nature Publishing Group.
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