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INTRODUCTION
A link between cyclooxygenase (COX) 

and Alzheimer disease (AD) has been sug-
gested by several lines of evidence. A con-
tribution of COX activity to the pathogen-
esis of AD may be inferred from 2 large 
prospective studies of individuals with no 
baseline dementia that found 60% to 80% 
reduction in the risk of developing AD as-
sociated with the use of non-steroidal anti-
inflammatory drugs for at least 2 years (18, 
30). Moreover, a 5-fold elevation of PGE2 
in the cerebral spinal fluid of patients with 
AD reflects increased COX activity in the 
disease (26). A relationship between COX 
activity and loss of cognitive function also 
is consistent with data from animal mod-
els of dementia. Transgenic mice over-ex-
pressing human COX-2 (hCOX2) in brain 
developed an age-related loss of cognitive 
function (3) that is reversed by celecoxib 
(Melnikova and Andreasson, unpublished 
results). In a transgenic model of AD with 
mutations of the amyloid precursor pro-
tein (APPSwe) and presenilin-1 (A246E), 
amyloid plaque formation is increased by 
over-expression of hCOX-2 (34). More-
over, treatment with the non-specific COX 
inhibitor, ibuprofen, suppresses amyloid 
plaque formation in an APPSwe (Tg2576) 
mutant mouse (24). This concerted evi-

dence prompts consideration of the conse-
quences of COX activity in brain.

LEVUGLANDINYL-LYSINE LACTAM 
ADDUCTS ARE FORMED FOLLOWING 
COX ACTIVITY

The product of both COX isoforms is the 
endoperoxide PGH2, which then may serve 

as a substrate for synthases and a reductase 
that yield prostaglandins and thromboxane 
A2 as products (Figure 1). PGH2 also rapid-
ly undergoes non-enzymatic rearrangement 
to PGE2 and PGD2, and via ring cleavage, 
to secoprostaglandins that are γ-ketoalde-
hydes. These γ-ketoaldehydes have been 
designated levuglandin (LG) E2 and LGD2 
and constitute ~20% of the rearrangement 
products of PGH2 (5, 29). The γ-ketoal-
dehyde structure confers a high degree of 
reactivity on the LGs, which readily form 
adducts with amine groups. 

Salomon et al (20) demonstrated that a 
pyrrole adduct is formed from the reaction 
of levuglandin E2 with protein-based lysyl 
ϵ-amino groups, and Brame et al showed 
that oxidation of the pyrrole intermediate 
leads to formation of the more stable lac-
tam and hydroxylactam structures (8). We 
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Figure 1. Prostaglandins and levuglandins are formed from prostaglandin H
2
. PGH

2
 is a substrate for several 

enzymes that metabolize it further into prostaglandins and thromboxane A
2
 (blue pathway). PGH

2
 

rearrangement in aqueous solution will yield levuglandins (red pathway) as well as PGE
2
 and PGD

2
.
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characterized a Schiff base that is formed 
more rapidly than the lactam when both 
LGE2 and PGH2 are reacted with free lysine 
in solution (5).

Levuglandins also can react with the gua-
nidio group of arginine to form a bis-ad-
duct that undergoes hydrolytic cleavage to 
yield bis-(levuglandinyl)urea (BLU) and or-
nithine (35). Although formation of BLU 
adducts using a synthetic peptide required 
a concentration of LGE2 in excess of the 
concentration of lysine, BLU adducts are 
formed by reaction of LGE2 with human 
serum albumin with a molar ratio of LGE2 
to free amines of 0.04. These results sug-
gest that protein microenvironment could 
modify the reactivity of certain arginines, 
leading to the formation of BLU adducts 
in conditions where levuglandins are gener-
ated in small amounts. The reaction of LG 
with arginine residues in proteins provides 
the basis for a hypothesis that substitution 
of an ornithine for arginine as the result of 
cyclooxygenase activity or lipid peroxida-

tion would produce a novel post-transla-
tional modification of proteins.

The reactivity of LGE2 with proteins ex-
ceeds that of 4-hydroxynonenal (8). Char-
acterization of the pyrrole-derived LG-ly-
sine lactam as a major adduct of this amino 
acid in proteins provided a basis for the 
development of an LC/MS/MS method for 
its analysis by stable isotope dilution in pro-
teolytic digests of proteins (8). Utilizing this 
analytical approach, we have demonstrated 
formation of LG-lysine adducts on COX-1 
and COX-2 following the oxygenation of 
arachidonic acid as well as with proteins co-
incubated with COX and arachidonic acid 
(4). The reaction of LGs with the COX en-
zymes is rapid, essentially complete within 
2 minutes after the addition of arachidonic 
acid as substrate. These findings formed the 
basis for the hypothesis that levuglandinyl 
adducts of proteins could be generated in 
cells following acute or chronic activation 
of COX.

LEVUGLANDINYL-LYSINE LACTAM 
ADDUCTS FORM IN CELLS AND TISSUES 
EXPRESSING COX

LG adducts in cells. To determine wheth-
er LG adducts could be formed in cells in 
the presence of enzymatic metabolism of 
PGH2, we analyzed the formation of LG 
adducts of proteins during platelet activa-
tion by arachidonic acid (6). We demon-
strated formation of these adducts, which 
is inhibited by the COX inhibitor indo-
methacin, and is enhanced by an inhibitor 
of thromboxane synthase. These data estab-
lished that LG-lysine adducts are formed 
via a COX-dependent pathway in whole 
cells, even in the presence of an enzyme 
that metabolizes PGH2. Formation of LG 
adducts of protein also following activation 
of platelets by thrombin indicates that a 
physiological stimulus is sufficient to lead 
to lipid modification of proteins through 
the levuglandin pathway.

LG adducts in tissues. To extend these 
observations to whole animals and because 
COX activity has been associated with the 
progression of AD, we determined the levels 
of LG-adducts of cerebral protein in trans-
genic mice that overexpress human COX-2 
in brain under control of the Thy-1 pro-
moter. In these transgenic mice, behavioral 
studies point to an age-related loss of cogni-
tive function in association with neuronal 
apoptosis and inflammatory changes (3). 
We have demonstrated a marked increase in 
LG-lysine lactam in proteins isolated from 
hemispheres of these mice expressing hu-
man COX-2 compared to non-transgenic 
animals (Figure 2). 

LEVUGLANDINS AND AMYLOID β

Levuglandins also can form intermolecu-
lar crosslinks. Importantly, the initial lysyl-
levuglandin adducts themselves are also 
highly reactive; the Schiff base adduct with 
lysine can undergo nucleophilic attack (15) 
and the oxidation of the pyrrole adducts 
generates sites of electrophilic reactivity (1, 
2). Thus, lysyl-LG adducts can form cova-
lent bonds with other nucleophiles leading 
to intermolecular crosslinking. Such cross-
linking has been demonstrated for adducts 
derived from synthetic levuglandin E2. 
LGE2 can avidly induce protein-protein 
cross-links (19), as well as protein-DNA 

Figure 2. hCOX-2 overexpression in mouse brain increases the formation of LG-lysine adducts in brain. 
Transgenic mice (Tg) overexpressing hCOX-2 with a Thy-1 promoter (line 303) have increased levels 
of COX-2 in brain neurons (3). Proteins from brains of these transgenic and wild-type (nTg) mice were 
digested to single amino acids by step-digestion with pronase and aminopeptidase M. The LG-lysine 
lactam adducts were purified by chromatography on Oasis™ cartridge followed by a reverse phase HPLC, 
then analyzed by LC/ESI/MS/MS in the positive ion mode. Selected reaction monitoring of precursor 
ion at m/z 479 (LG-lysine lactam) produces daughter ions at m/z 84.1 and 332.1. An internal standard, 
[13C

6
] LG-lysine lactam, was added to the brain sample prior to the isolation procedure. Selected reaction 

monitoring of precursor ion at m/z 485 ([13C
6
] LG-lysine lactam standard) produces daughter ions at m/z 

89.1 and 332.1. The peak for the daughter ion at m/z 332.1 was integrated in each sample. The amount of 
LG-lysine lactam present in tissues was determined using the area of the internal standard and corrected 
to the amount of protein. The values represent the mean ± S.E.M. The statistical analysis was performed 
using two way ANOVA (p<0.01; n = 9 for transgenic and n = 5 for non transgenic animals).
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crosslinks (27). We have formed time-de-
pendent cyclooxygenase-derived protein 
that will not enter into or migrate on poly-
acrylamide gels, which probably results 
from formation of cyclooxygenase multim-
ers (4). The reactivity of the initial lysyl-LG 
adducts also is clearly demonstrated by the 
evidence that spermine will react covalently 
with COX-2 molecules that have been ad-
ducted by oxygenated products of arachi-
donic acid (4). 

Acceleration of Aβ1-42 oligomerization 
by LGE2. Aggregation of proteins, par-
ticularly amyloid-β (Aβ), is a pathologic 
hallmark of AD. Since LGE2 can crosslink 
proteins, we examined the effect of LGE2 
on Aβ. We demonstrated that addition of 
PGH2 or LGE2 to Aβ markedly accelerates 
formation of soluble oligomers that have 
the ultrastructural features of Aβ-derived 
diffusible ligands (ADDL) (7). Oligomer-
ization of Aβ by LGE2 occurs with ratios 
of LGE2:Aβ of only 1:10. The incorpora-
tion of more Aβ molecules into the oligo-
mers than molecules of LG indicates that 
crosslinking is not the sole basis for the 
intermolecular bonding in these oligomers. 
These findings invite speculation that either 
crosslinking to form a dimer or formation 
of an LG adducted monomer with altered 
lipophilicity could initiate or “seed” an 
oligomerization process (28) that proceeds 
via a different type of intermolecular bond-
ing (21). Analogous mechanisms have been 
described for the lipid modification of Aβ 
by GM1 ganglioside (17) or by cholesterol-
derived molecules (36).

Increased concentrations of the soluble 
oligomers of Aβ are present in brains of pa-
tients with AD (14). Levels of ADDLs in 
cerebral spinal fluid are elevated in patients 
with AD compared to non-demented age-
matched patients (13). Soluble oligomers of 
Aβ have been shown to produce neurotox-
icity as well as impaired neuronal function 
(9, 16, 23, 25, 28, 32, 33). These effects 
on neurons have been demonstrated with 
dimers and trimers of Aβ purified from 
brains of patients with AD, from soluble 
oligomers generated from Aβ in vitro and 
from Aβ oligomers in conditioned medium 
of cultured CHO cells transfected with the 
APP V171F mutant gene. Aβ oligomers 
have been found to be directly toxic to pri-
mary cultures of embryonal neurons and to 
cells in hippocampal brain slices. Microg-

lial-dependent neurotoxic effects were pro-
duced in embryonal hippocampal neurons 
by Aβ dimers and trimers. In addition to 
cell toxicity, there is evidence for inhibition 
of hippocampal long-term potentiation in 
mice in vivo by oligomers of Aβ. Recently, 
it has been suggested that the functional 
disruption of specific synapses by ADDLs 
may constitute the molecular mechanism 
for memory loss in early AD (22).

Formation of LG adducts of Aβ and oth-
er proteins inhibits the catalytic function 
of proteasomes (10). This finding is of par-
ticular interest in the context of evidence 
that the proteasome exerts a neuroprotec-
tive function (11, 12), that proteasome 
function is impaired in AD (11), and that 
Aβ oligomers accumulate in the neuronal 
endosomes in AD (31). Lipid modification 
of proteins is known to alter the targeting 
and function of proteins, and this knowl-
edge provides a framework for considering 
the potential consequences of LG adducts 
of proteins.

SUMMARY
Levuglandins are highly reactive prod-

ucts of the cyclooxygenases that form cova-
lent adducts and crosslinks of proteins. LG 
adducts are present in the brains of mice 
that overexpress COX-2 and have age-de-
pendent loss of cognitive function. PGH2, 
via LGs, accelerates oligomerization of am-
yloid β, producing a species of Aβ that has 
been associated with neurotoxicity. A con-
sideration of the consequences of COX ac-
tivity in the brain includes this novel form 
of lipid modification of proteins.
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