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Genetic, clinical, and pharmacological studies implicate
elevated levels of LDL in the pathogenesis of atheroscle-
rotic vascular disease, the leading cause of death in indus-
trialized societies (1). Paradoxically, native LDL fails to
exert potentially atherogenic effects in vitro, suggesting
that it must be modified to promote vascular disease. In-
deed, many lines of evidence support the LDL oxidation
hypothesis, which suggests that oxidative damage to LDL
is one important mechanism for rendering lipoproteins
atherogenic (as reviewed in Refs. 2, 3).

In contrast to LDL, HDL, the beneficial form of blood
cholesterol, protects the artery wall from atherosclerosis.
Even in individuals whose LDL levels are low, HDL re-
mains a strong independent predictor of coronary artery
disease (CAD) risk (4, 5). The strong relationship between
low levels of HDL and the risk for atherosclerosis and CAD
has been attributed to several distinct mechanisms. More
than 30 years ago, Glomset (6) proposed that HDL trans-
fers cholesterol from peripheral tissues to the liver, where
metabolites of the sterol are excreted into the bile. Subse-
quent studies showed that HDL accepts cholesterol from
macrophage foam cells, the cellular hallmark of the athero-
sclerotic lesion. Therefore, HDL might be cardioprotective
because it prevents cholesterol accumulation in cells of the
artery wall (7).

Animal and human studies have raised the possibility
that HDL also slows vascular disease by blocking inflamma-
tion (8). For example, hypercholesterolemic mice deficient
in apoA-I develop systemic inflammation, and recombinant
HDL blocks vascular inflammation in rabbits (9–11). One
potential mechanism involves detoxification of lipid hydro-
peroxides, which are potentially atherogenic. Enzymes car-
ried by HDL, including paraoxonase-1 (PON-1), LCAT, and
lipoprotein-associated phospholipase A2, have been pro-
posed to degrade lipid oxidation products (12–14). Collec-
tively, these observations suggest that HDLʼs antioxidant
properties may make important contributions to its anti-
atherogenic and anti-inflammatory properties.

Lipid hydroperoxides are the initial products when
lipids are damaged by 1-electron oxidants, such as tyrosyl
radical and nitrogen dioxide radical. In plasma, HDL is
their major carrier (15, 16). Several factors might account

for the fact that HDL contains more lipid hydroperoxides
than LDL, including: i) the greater susceptibility of HDL
lipids to oxidation in vivo, ii) preferential accumulation
of lipid hydroperoxides in HDL, and iii) impaired ability
of HDL to degrade lipid-oxidation products.

Lipid peroxidation can also generate advanced products
of oxidation, such as alkanes, aldehydes, and isoprostanes
(17). Isoprostanes are prostaglandin-like compounds
formed through peroxidation of arachidonic acid, and they
contain F-type prostane rings. Quantifying F2-isoprostanes
is often considered the most accurate way to measure oxi-
dative stress in vivo, and isoprostanes levels have been used
extensively as biomarkers of lipid peroxidation as a risk fac-
tor for atherosclerosis and other diseases (18, 19).

These observations suggest that HDL might play major
roles in the transport and metabolism of lipid hydroper-
oxides in vivo and that these processes contribute to its
cardioprotective effects. Indeed, as reported in this issue
of the Journal of Lipid Research, Proudfoot et al. (20) found
that HDL is the major lipoprotein carrier of plasma F2-
isoprostanes. Using GS-MS, a sensitive and specific technique,
they quantified F2-isoprostanes levels in different lipopro-
tein fractions. Levels of F2-isoprotanes were approximately
twice as high in HDL as in LDL and were 50% higher than
in VLDL (normalized to cholesterol). Moreover, levels in
light HDL2 and dense HDL3 subfractions were respectively
2- and 3-fold higher than in total LDL. When lipoproteins
were isolated by high-resolution size exclusion chromatog-
raphy, the results were even more striking: F2-isoprostanes
in small and large HDL (corresponding roughly to HDL2

and HDL3) were 4- to 6-fold higher than in LDL; HDL3-
sized particles contained ?50% more F2-isoprostanes than
HDL2. Importantly, the amount of arachidonic acid (the
precursor of F2-isoprostanes) was significantly higher in
LDL than in HDL. Thus, increased availability of substrate
(a factor that might contribute to increased susceptibility to
oxidation) could not account for the different F2-isoprostanes
levels in LDL and HDL. Together with the pioneering work
of Bowry, Stanley, and Stocker (15), these observations in-
dicate that HDL is the major carrier of both early and late
products of lipid oxidation.
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Platelet-activating factor acetylhydrolase (PAF-AH) can
degrade F2-isoprostanes (21). Proudfoot et al. (20) found
that LDL accounted for 88% of the PAF-AH activity mea-
sured in plasma, whereas the HDL2 fraction accounted for
only 12%. Moreover, HDL3 had essentially no PAF-AH ac-
tivity. PON-1, another enzyme carried by HDL, has also
been proposed to degrade lipid oxidation products. The
authors found that PON-1 activity associated mainly with
the HDL2 fraction, which may partly account for the lower
level of F2-isoprostanes in HDL2 than in HDL3. Thus it is
possible that PAF-AH and PON-1 activities are important de-
terminants of F2-isoprostanes distribution in LDL and HDL.

These observations suggest that discrepant levels of en-
zymes that degrade lipid oxidation products account in
part for the excess of oxidized lipids in HDL. To further in-
vestigate this issue, the authors monitored F2-isoprostanes,
lipid hydroperoxides, and PON-1 activity during oxidation
of HDL or LDL by 2,2′-azobis(2-methylpropionamidine)
dihydrochloride (AAPH). In this model system, the spon-
taneous breakdown of AAPH subjects LDL or HDL to a
continuous radical flux, which promotes lipid peroxida-
tion. The authors detected increased hydroperoxide levels
in LDL andHDL, but accumulation in HDL was more rapid.
Similarly, the levels of F2-isoprostanes were significantly
higher in HDL. Thus, despite containing less oxidizable
substrate (arachidonic acid), HDL that was continuously
bombarded with peroxyl radicals accumulated more lipid
oxidation products than did LDL. One important factor
is likely to be increased enzymatic scavenging of lipid per-
oxides in LDL. Another may be lower levels of lipid-soluble
antioxidants in HDL (15).

The transfer of lipid hydroperoxides between HDL and
LDL appears to be too slow to substantially influence the
distribution of these compounds in plasma (15). More-
over, plasma is rich in antioxidant defense mechanisms,
and LDL and HDL turn over rapidly in that compartment
(half-lives of 3–4 days). These observations make it unlikely
that either lipoprotein is oxidized in plasma or that LDL
directly transfers lipid hydroperoxides to HDL in plasma.

So how might HDLʼs lipid oxidation products originate?
One intriguing possibility is that HDL acquires them at
sites of inflammation and then transports them back into
plasma (22). Recent studies demonstrate that both macro-
phages and endothelial cells export 7-ketocholesterol (a
cytotoxic cholesterol oxidation product) to HDL by a path-
way involving the cholesterol transporter ABCG1 (23, 24).
Also, model system studies indicate that hepatocytes can
efficiently extract lipid hydroperoxides from HDL (15).
Moreover, macrophages are the cellular hallmark of the
atherosclerotic lesion, indicating that atherosclerosis is a
chronic inflammatory disease. These observations suggest
that HDL protects endothelial cells and macrophages
from lipid-oxidation products by transporting those toxic
substances to the liver, as originally proposed for cholesterol.

It is noteworthy that HDL isolated from humans with es-
tablished CAD contains much higher levels of chlorotyro-
sine than does HDL of apparently healthy control subjects
(22, 25). Chlorotyrosine is a specific oxidation product of
the heme protein myeloperoxidase (26), and macrophages

in human atherosclerotic lesions express high levels of that
enzyme (27). Myeloperoxidase can trigger lipid peroxida-
tion by a variety of pathways, by generating tyrosyl radical,
for example (28). When apolipoprotein A-I (apoA-I), the
major protein in HDL, is chlorinated by myeloperoxidase,
it loses its ability to remove cholesterol from cells by the
ABCA1 pathway (29), which normally is an important con-
duit for cholesterol efflux from macrophages (7). These
observations suggest that macrophages could generate a
dysfunctional form of HDL that contains oxidized lipids
and proteins. Thus, the inflamed atherosclerotic lesion is
one potential location where oxidation could be biologically
and clinically important.

In future studies, it will be important to determine whether
levels of F2-isoprostanes in HDL can identify CAD subjects
more effectively than total plasma F2-isoprostanes levels.
This possibility was suggested by studies of subjects with
low HDL and established CAD (16). It will also be interest-
ing to identify the tissue source(s) of F2-isoprostanes and to
establish whether so-called “antioxidant” treatments, such
as dietary vitamin E (30), affect levels of lipid oxidation
products in HDL. Another key issue is whether lipid oxi-
dation products negate HDLʼs cardioprotective effects.
Indeed, acrolein, a reactive carbonyl generated by lipid
peroxidation, blocks apoA-Iʼs ability to promote cholesterol
efflux by the ABCA1 pathway (31). Finally, it is tempting to
speculate that F2-isoprostanes might exert cellular effects
(32) that partly account for the proposed atherosclerotic
properties of dysfunctional HDL.

REFERENCES

1. Brown, M. S., and J. L. Goldstein. 1992. Kochʼs postulates for cho-
lesterol. Cell. 71: 187–188.

2. Witztum, J. L., and D. Steinberg. 1991. Role of oxidized low density
lipoprotein in atherogenesis. J. Clin. Invest. 88: 1785–1790.

3. Heinecke, J. W. 1998. Oxidants and antioxidants in the pathogene-
sis of atherosclerosis: implications for the oxidized low density lipo-
protein hypothesis. Atherosclerosis. 141: 1–15.

4. Gordon, D. J., and B. M. Rifkind. 1989. High-density lipoprotein–the
clinical implications of recent studies.N. Engl. J. Med. 321: 1311–1316.

5. Rader, D. J., and E. Puré. 2005. Lipoproteins, macrophage function,
and atherosclerosis: beyond the foam cell? Cell Metab. 1: 223–230.

6. Glomset, J. A. 1968. The plasma lecithins:cholesterol acyltransferase
reaction. J. Lipid Res. 9: 155–167.

7. Oram, J. F., and J. W. Heinecke. 2005. ATP-binding cassette trans-
porter A1: a cell cholesterol exporter that protects against cardio-
vascular disease. Physiol. Rev. 85: 1343–1372.

8. Barter, P. J., S. Nicholls, K. A. Rye, G. M. Anantharamaiah, M.
Navab, and A. M. Fogelman. 2004. Antiinflammatory properties
of HDL. Circ. Res. 95: 764–772.

9. Zabalawi, M., S. Bhat, T. Loughlin, M. J. Thomas, E. Alexander, M.
Cline, B. Bullock, M. Willingham, and M. G. Sorci-Thomas. 2003. In-
duction of fatal inflammation in LDL receptor and ApoA-I double-
knockout mice fed dietary fat and cholesterol. Am. J. Pathol. 163:
1201–1213.

10. Moore, R. E., M. Navab, J. S. Millar, F. Zimetti, S. Hama, G. H. Rothblat,
and D. J. Rader. 2005. Increased atherosclerosis in mice lacking apo-
lipoprotein A-I attributable to both impaired reverse cholesterol
transport and increased inflammation. Circ. Res. 97: 763–771.

11. Nicholls, S. J., G. J. Dusting, B. Cutri, S. Bao, G. R. Drummond, K. A.
Rye, and P. J. Barter. 2005. Reconstituted high-density lipoproteins
inhibit the acute pro-oxidant and proinflammatory vascular changes
induced by a periarterial collar in normocholesterolemic rabbits.
Circulation. 111: 1543–1550.

12. Van Lenten, B. J., M. Navab, D. Shih, A. M. Fogelman, and A. J.

600 Journal of Lipid Research Volume 50, 2009

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Lusis. 2001. The role of high-density lipoproteins in oxidation and
inflammation. Trends Cardiovasc. Med. 11: 155–161.

13. Vohl, M. C., T. A. Neville, R. Kumarathasan, S. Braschi, and D. L.
Sparks. 1999. A novel lecithin-cholesterol acyltransferase antioxi-
dant activity prevents the formation of oxidized lipids during lipo-
protein oxidation. Biochemistry. 38: 5976–5981.

14. Macphee, C. H., J. J. Nelson, and A. Zalewski. 2005. Lipoprotein-
associated phospholipase A2 as a target of therapy. Curr. Opin. Lipidol.
16: 442–446.

15. Bowry, V. W., K. K. Stanley, and R. Stocker. 1992. High density lipo-
protein is the major carrier of lipid hydroperoxides in human blood
plasma from fasting donors. Proc. Natl. Acad. Sci. USA. 89: 10316–10320.

16. Kontush, A., and M. J. Chapman. 2006. Functionally defective high-
density lipoprotein: a new therapeutic target at the crossroads of
dyslipidemia, inflammation, and atherosclerosis. Pharmacol. Rev.
58: 342–374 (PubMed).

17. Moore, K., and L. J. Roberts 2nd. 1998. Measurement of lipid per-
oxidation. Free Radic. Res. 28: 659–671.

18. Roberts, L. J., and J. D. Morrow. 2000. Measurement of F2-isoprostanes
an index of oxidative stress in vivo. Free Radic. Biol. Med. 28: 505–513.

19. Lawson, J. A., J. Rokach, and G. A. FitzGerald. 1999. Isoprostanes:
formation, analysis and use as indices of lipid peroxidation in vivo.
J. Biol. Chem. 274: 24441–24444.

20. Proudfoot J. M., A. E. Barden, W. M. Loke, K. D. Croft, I. B. Puddey,
and T. A. Mori. 2009. High density lipoprotein is the major lipopro-
tein carrier of plasma F2-isoprostanes. J. Lipid Res. 50: 729–735.

21. Stafforini, D. M., J. R. Sheller, T. S. Blackwell, A. Sapirstein, F. E. Yull,
and T. M. McIntyre. 2006. Release of free F2-isoprostanes from esteri-
fied phospholipids is catalyzed by intracellular and plasma platelet-
activating factor acetylhydrolases. J. Biol. Chem. 281: 4616–4623.

22. Bergt, C., S. Pennathur, X. Fu, J. Byun, K. OʼBrien, T. O. McDonald,
P. Singh, G. M. Anantharamaiah, A. Chait, J. Brunzell, et al. 2004.
The myeloperoxidase product hypochlorous acid oxidizes HDL in
the human artery wall and impairs ABCA1-dependent cholesterol
transport. Proc. Natl. Acad. Sci. USA. 101: 13032–13037.

23. Terasaka, N., N. Wang, L. Yvan-Charvet, and A. R. Tall. 2007. High-
density lipoprotein protects macrophages from oxidized low-density
lipoprotein-induced apoptosis by promoting efflux of 7-ketocholes-
terol via ABCG1. Proc. Natl. Acad. Sci. USA. 104: 15093–15098.

24. Terasaka, N., S. Yu, L. Yvan-Charvet, N. Wang, N. Mzhavia, R. Langlois,
T. Pagler, R. Li, C. L. Welch, I. J. Goldberg, et al. 2008. ABCG1 and
HDL protect against endothelial dysfunction in mice fed a high-
cholesterol diet. J. Clin. Invest. 118: 3701–3713.

25. Zheng, L., B. Nukuna, M. L. Brennan, M. Sun, M. Goormastic, M.
Settle, D. Schmitt, X. Fu, L. Thomson, P. L. Fox, et al. 2004. Apo-
lipoprotein A-I is a selective target for myeloperoxidase-catalyzed
oxidation and functional impairment in subjects with cardiovascu-
lar disease. J. Clin. Invest. 114: 529–541.

26. Gaut, J. P., G. C. Yeh, H. D. Tran, J. Byun, J. P. Henderson, G. M.
Richter, M. L. Brennan, A. J. Lusis, A. Belaaouaj, R. S. Hotchkiss,
et al. 2001. Neutrophils employ the myeloperoxidase system to gen-
erate antimicrobial brominating and chlorinating oxidants during
sepsis. Proc. Natl. Acad. Sci. USA. 98: 11961–11966.

27. Daugherty, A., J. L. Dunn, D. L. Rateri, and J. W. Heinecke. 1994.
Myeloperoxidase, a catalyst for lipoprotein oxidation, is expressed
in human atherosclerotic lesions. J. Clin. Invest. 94: 437–444.

28. Savenkova, M. L., D. M. Mueller, and J. W. Heinecke. 1994. Tyrosyl
radical generated by myeloperoxidase is a physiological catalyst for
the initiation of lipid peroxidation in low density lipoprotein. J. Biol.
Chem. 269: 20394–20400.

29. Shao, B., C. Bergt, X. Fu, P. Green, J. C. Voss, M. N. Oda, J. F. Oram,
and J. W. Heinecke. 2005. Tyrosine 192 in apolipoprotein A-I is the
major site of nitration and chlorination by myeloperoxidase, but
only chlorination markedly impairs ABCA1-dependent cholesterol
transport. J. Biol. Chem. 280: 5983–5993.

30. Heinecke, J. W. 2001. Is the emperor wearing clothes? Clinical trials
of vitamin E and the LDL oxidation hypothesis. Arterioscler. Thromb.
Vasc. Biol. 21: 1261–1264 (PubMed).

31. Shao, B., X. Fu, T. O. McDonald, P. S. Green, K. Uchida, K. D.
OʼBrien, J. F. Oram, and J. W. Heinecke. 2005. Acrolein impairs
ATP binding cassette transporter A1-dependent cholesterol export
from cells through site-specific modification of apolipoprotein A-I.
J. Biol. Chem. 280: 36386–36396.

32. Hou, X., L. J. Roberts 2nd, D. F. Taber, J. D. Morrow, K. Kanai, F.
Gobeil, Jr., M. H. Beauchamp, S. G. Bernier, G. Lepage, D. R. Varma,
et al. 2001. 2,3-Dinor-5,6-dihydro-15-F(2t)-isoprostane: a bioactive
prostanoid metabolite. Am. J. Physiol. Regul. Integr. Comp. Physiol.
281: R391–R400.

Commentary 601

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

