
Myeloperoxidase, Inflammation, and Dysfunctional HDL

Jonathan D. Smith, PhD
Department of Cell Biology, Cleveland Clinic, Cleveland, OH 44195

Abstract
HDL has many protective activities against atherosclerosis including its role in reverse cholesterol
transport, and its antioxidant, anti-inflammatory, and endothelial cell maintenance functions.
However, all HDL is not functionally equivalent. Recent studies have shown that infection,
inflammation, diabetes, and coronary artery disease are associated with dysfunctional HDL. HDL
can lose its protective activities through a variety of mechanisms including, but not limited to,
altered protein composition, oxidative protein modification mediated by the enzyme
myeloperoxidase, and lipid modification. Studies using bacterial endotoxin in humans and mice
have directly demonstrated changes in HDL composition, loss of HDL’s cholesterol acceptor
activity, and decreased hepatic processing and secretion of cholesterol. Although, a routine clinical
assay for dysfunctional HDL is not currently available, the development of such an assay would be
beneficial for a better understanding of the role that dysfunctional HDL plays as a risk factor for
coronary artery disease, and for the determination of how various drug therapies effect HDL
functionality.
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HDL-cholesterol is called the “good cholesterol” due to its inverse correlation with coronary
artery disease (CAD) in epidemiological studies.1 HDL possesses several properties that
protects against atherosclerosis, most prominently its role in mediating reverse cholesterol
transport (RCT).2 In this pathway, cholesterol and phospholipids in arterial wall macrophage
foam cells can be taken up by extracellular apolipoprotein A-I (apoAI), the major HDL
protein, via the cell membrane protein ATP binding cassette protein A1 (ABCA1) to
generate nascent HDL. HDL can accept more cholesterol from foam cells via the membrane
protein ATP binding cassette protein G1 (ABCG1). Cholesterol in HDL can be converted
into cholesterol esters by the plasma enzyme lecithin cholesterol acyl transferase (LCAT) to
form mature spherical HDL. HDL can then deliver cholesterol ester directly to the liver
through the receptor scavenger receptor BI (SR-BI), or indirectly through the action of
cholesterol ester transfer protein (CETP) that transfers cholesterol esters to apoB containing
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lipoproteins, which can then be taken up by the hepatic LDL receptor. Once delivered to the
liver, cholesterol can be excreted into the bile directly or first converted into bile acid for
eventual excretion in feces. HDL also possesses antioxidant, anti-inflammatory,
antithrombotic, and endothelial cell maintenance activities.

In Vitro Assays for HDL Function and the Emergence of the Concept of
Dysfunctional HDL

HDL is heterogeneous in size and composition and one question that has arisen is whether
all HDL is equally protective against atherosclerosis. Several in vitro assays can be used to
assess HDL function. Alan Fogelman and colleagues developed both cell-based and cell-free
assays to examine HDL’s anti-inflammatory and antioxidant activity.3,4 And through these
studies, they’ve championed the concept that HDL can become dysfunctional. For example,
LDL addition to endothelial cells co-cultured with smooth muscle cells induces cellular
secretion of monocyte chemotactic factors leading to monocyte binding. While the addition
of normal HDL is anti-inflammatory and can impede this monocyte chemotaxis, HDL from
patients undergoing an acute phase reaction did not inhibit monocyte chemotaxis but
actually increased it, demonstrating pro-inflammatory activity.5 Similarly, HDL from
nondiabetic CAD subjects also has less anti-inflammatory activity compared to normal
HDL.6

A simple assay related to plasma, HDL, or apoAI’s function in RCT is their ability to act as
acceptors of cholesterol from cholesterol loaded macrophages. In this assay a subject’s
plasma, or purified HDL or apoAI, is incubated with [3H]cholesterol loaded cultured
macrophages, and cholesterol efflux is calculated as the % of the cellular [3H]cholesterol
that appears in the media.7 For examples, plasma and HDL from sepsis patients have
decreased cholesterol accepting activity, indicating that sepsis is associated with
dysfunctional HDL.8

Assays related to HDLs endothelial maintenance and anti-inflammatory activities include
the ability of HDL to promote NO production by cultured endothelial cells, the protection of
cultured endothelial cells from apoptotic stimuli such as exposure to ultraviolet light, and the
ability of HDL to reduce endothelial cell expression of the pro inflammatory adhesion
protein VCAM-1 after treatment with an inflammatory cytokine.9,10 For example, HDL
isolated from type 2 diabetic patients has reduced levels of these endothelial protective
activities demonstrating HDL dysfunction.10

Mechanisms of apoAI and HDL dysfunction and the Role of
Myeloperoxidase

There are many ways in which HDL and apoAI can become dysfunctional. For example
inflammation changes hepatic gene expression and leads to changes in the protein
composition of HDL (also called the HDL proteome). During inflammation or in
experimental models where lipopolysaccharide (LPS), a bacterial endotoxin, has been
utilized, the levels of apoAI and CETP on HDL are decreased, while the levels of the acute
phase reactant proteins serum amyloid A (SAA) and secretory phospholipase A2 (sPLA2)
on HDL are markedly increased; and, these changes are associated with decreased
cholesterol acceptor activity of HDL11. Proteomic HDL studies have shown that the
antioxidant activity of HDL is associated with the levels of paraoxonase proteins.12 After
apoAI, the second most abundant protein in HDL is apolipoprotein A-II (apoAII), and, Lusis
has described that HDL from transgenic mice that over express apoAII has diminished anti-
inflammatory activity.13 Similarly, HDL derived from influenza virus infected mice also has
diminished anti-inflammatory activity.14
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In addition to altering the protein content of HDL, enzymatic alteration of HDL lipids can
also alter its function. For example, treatment of HDL with 15-lipoxygenase reduces HDL
lipid acceptor activity and its anti inflammatory activity.15

Enzymes can also modify HDL proteins. Myeloperoxidase (MPO) is found in neutrophils
and monocytes and it plays an important role in killing microorganisms. It performs this
activity by using chloride ions and cell generated hydrogen peroxide to create hypochlorous
acid, the same chemical that is in household bleach. Bleach is an efficient antibacterial
agent, but it can also perform many damaging reactions against host proteins by covalently
modifying the amino acid residues cysteine, methionine, tyrosine, tryptophan, and lysine. In
collaboration with Hazen, we discovered that plasma apoAI is a selective target for MPO
mediated protein modification yielding high levels of covalent modifications compared to
other plasma proteins.16 This selectivity can be accounted for by the direct binding of MPO
to apoAI, with the highly reactive MPO derived oxidants formed locally and reacting with
the adjacent apoAI. An important observation was made by Alan Daugherty and colleagues,
who showed that MPO is present at high levels in human atheroma, the site where HDL
needs to retain full functionality in order to remove cholesterol from the lesion in the first
step of the RCT pathway.17

Hazen and colleagues have shown that the MPO levels in blood are higher in patients with
heart disease than controls.18 And furthermore, stratification of blood MPO levels in
consecutive patients presenting with chest pain was a dramatic predictor of who was going
to have a subsequent major adverse coronary event within the next 6 months. Those in the
top quartile of MPO levels were at 4.7-fold risk compared to those in the lowest MPO
quartile.18 Among these subjects, MPO levels were more predictive than C-reactive protein
(CRP) levels, with those in the highest CRP quartile having 1.8-fold increased risk
compared to those in the lowest CRP quartile.18

Thus, MPO may be a risk factor for CAD, and it can bind to and modify apoAI. The MPO
mediated modifications of apoAI include apoAI cross linking that can be observed on SDS
denaturing gel electrophoresis, with MPO altering apoAI from a small monomer form to
dimer and multimer cross linked forms19 Other MPO products of apoAI modification are the
formation of chlorotyrosine and nitrotyrosine from tyrosine residues, methionine sulfide
from methionine residues, mono- and di-hydroxytryptophan from tryptophan residues, and
amino adipic acid and chlorolysine from lysine residues.16,19–22 The level of apoAI
chlorotyrosine levels can be used as a fingerprint of MPO reactivity, because chlorotyrosine
is only formed by the activity of MPO and not by any other enzymatic or nonenzymatic
activities.23 Thus, one can use the chlorotyrosine content in apoAI to assay its extent of
MPO modification and to determine whether the extent of modification is correlated to
apoAI function. We identified chlorotyrosine modified apoAI in human plasma, and even
higher levels of this modification in apoAI isolated from atheroma.16,20

Work by the Hazen and Smith groups in Cleveland, and independently by Heinecke’s group
in Seattle, have determined that apoAI chlorotyrosine levels are higher in subjects with CAD
than in control subjects.16,24 Furthermore, both teams have shown that MPO modification of
apoAI in vitro leads to loss of apoAI cholesterol acceptor activity.16,25 And, for apoAI
isolated from human plasma, there is an inverse correlation between its chlorotyrosine
content and cholesterol acceptor activity, such that the apoAI preparations with higher
chlorotyrosine contents have less ability to act as cholesterol acceptors from cholesterol-
loaded macrophages.16 Thus, apoAI becomes dysfunctional in its ability to mediate RCT by
either in vitro or in vivo modification by MPO.
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Although the Cleveland and Seattle groups agree on the finding that the MPO interaction
with apoAI is selective and leads to apoAI loss of function, there are differing opinions in
the precise apoAI modification that leads to apoAI dysfunction.26 Heinecke’s findings imply
that tyrosine-192 chlorination and methionine modification combine to make it
dysfunctional. They reached this conclusion through the use of a recombinant apoAI isoform
in which tyrosine-192 was converted to a phenylalanine. Although this variant was
susceptible to loss of function by MPO treatment, if the modified apoAI was then treated
with a bacterial enzyme, methionine sulfide reductase, the native methionine was
regenerated and the cholesterol acceptor activity of apoAI was restored.26

On the other hand, the Cleveland group came to a different conclusion based on the study of
a series of site directed recombinant apoAI isoforms. First, we created an apoAI variant in
which all seven tyrosine residues were replaced by phenylalanine, a hydrophobic residue
that is relatively resistant to MPO oxidation. This variant has full cholesterol acceptor
activity, but when treated in vitro with MPO, we observed loss of function at the same dose
response as the wild type isoform, accompanied by protein cross linking, implying that
apoAI tyrosine modification cannot be responsible for its loss of function by MPO
treatment.19 Next we made an apoAI variant in which the three methionine residues were
replaced by valine residues. Again, this variant had full cholesterol acceptor activity. When
it was treated with increasing strengths of MPO modification in vitro, this variant was more
sensitive than the wild type isoform in its loss of cholesterol acceptor activity, implying that
the methionine residues are protective against apoAI’s loss of function.21 This data agreed
with an earlier study which reported that the formation of methionine sulfoxide residues on
apoAI does not impair its function.27 We then chemically modified apoAI lysine residues by
reductive methylation, turning lysine’s primary amines into secondary and tertiary amines,
which retain their positive charge but are less reactive to MPO oxidation than unmodified
lysine.28 This methylated apoAI retained its cholesterol acceptor activity; and, it was equally
susceptible as wild type apoAI to the MPO mediated loss of function, implying that lysine
modification is not responsible for the MPO mediated apoAI dysfunction.21 Then we
created apoAI variants in which the four tryptophan residues were replaced by either leucine
or phenylalanine residues. We tested these variants for their ability to act as cholesterol
acceptors and found that the leucine variant lost its activity while the phenylalanine variant
retained its activity; thus, only another bulky aromatic residue could be substituted for
apoAI tryptophan residues.21 When the variant with four tryptophan residues replaced with
phenylalanines (called the 4WF isoform) was treated with increasing strengths of MPO
modification, it was apparent that the 4WF isoform was highly resistant to losing its
cholesterol acceptor activity.21 Thus, we demonstrated that MPO mediated tryptophan
modification to its hydroxylated products is primarily responsible for apoAI’s loss of
function. We speculated that the 4WF isoform of apoAI might be useful as a therapeutic to
promote atherosclerosis regression, as it would be resistant to the abundant MPO in the
atheroma, and thus be better able to mediate RCT in this environment.21

MPO can not only make lipid free apoAI dysfunctional (as described above), it can also
make reconstituted HDL (rHDL) dysfunctional and proinflammatory. Hazen has shown that
rHDL’s ability to accept cellular cholesterol, which is mediated by ABCG1, SR-BI, and
passive diffusion, is also impaired by MPO treatment.9 We demonstrated that MPO binds to
apoAI in helix 8 (residues 190 to 203).16 Plasma LCAT binds to and is activated by apoAI.
LCAT converts HDL cholesterol to cholesterol ester, in the process of forming spherical
mature HDL, and allows HDL to absorb more cholesterol from peripheral cells. Hazen
mapped the LCAT binding site on apoAI in rHDL to residues 159–180, just adjacent to the
MPO binding site. rHDL treated with MPO loses its ability to activate LCAT, which is
associated with apoAI tyrosine 166 modification.29 Heinecke has demonstrated that rHDL
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made from an apoAI variant in which methionine-148 was replaced with a leucine is
partially protected from the MPO mediated loss of LCAT activation.30

HDL and rHDL possess anti apoptotic and anti inflammatory activities on endothelial cells
that are mediated via the HDL receptor SR-BI. When rHDL was incubated with MPO,
Hazen and colleagues demonstrated these activities were diminished accompanied by the
loss of SR-BI binding.9 Even more striking, as rHDL is modified at increasing doses of
MPO, it gains a proinflammatory activity, inducing the expression of the adhesion molecule
VCAM1 in endothelial cells, which is mediated by activation of the transcription factor
NFκB.9 Endothelial VCAM1 expression promotes atherosclerosis by participating in
monocyte entry into the artery wall during atherogenesis.

Inflammation and Dysfunctional HDL: Human Studies
There have been several studies in humans that examine the effect of inflammation on RCT.
First of all, one needs to establish which fractions of human plasma contain the major
cholesterol acceptors that can extract lipids from cholesterol-loaded macrophages. Rothblat
and colleagues determined that the small lipid-poor pre-beta HDL, which migrates on native
gels the same as lipid-free apoAI, possesses the major cholesterol acceptor activity when
incubated with macrophages; and, this process is mediated by the membrane protein
ABCA1.7 These results imply that cholesterol efflux via ABCA1 to lipid-free apoAI may be
a key pathway in RCT from macrophages. When either human or mouse macrophages are
treated with the bacterial endotoxin LPS in vitro, their ability to efflux cholesterol is
inhibited due to down regulation of the transporters ABCA1 and ABCG1.31,32 These studies
lend support to the hypothesis that inflammation due to LPS or other mediators that use
similar cellular signaling pathways would inhibit RCT. Reilly and colleagues tested this
hypothesis directly by administering low doses (3ng/kg) of LPS to human volunteers.31 As
expected, they observed increased plasma levels of the acute phase reactant proteins serum
amyloid A and CRP, with HDL remodeling. The HDL recovered from these subjects had
decreased cholesterol acceptor activity, thus demonstrating in humans that that inflammation
impairs the ability of HDL to act as a cholesterol acceptor. Tietge and colleagues studied
human sepsis patients, and found that this severe inflammation was associated with a 73%
reduction in the plasma cholesterol acceptor activity, compared to normal control plasma,
and that this reduced cholesterol acceptor activity of the patient plasma substantially
improved 3 weeks after resolution of the sepsis.8 The reduction of plasma cholesterol
acceptor activity during sepsis was accompanied by decreased HDL levels and HDL
remodeling with increased plasma levels of SAA, sPLA2, and MPO. They isolated HDL
from the patients with sepsis and found that it had decreased cholesterol acceptor activity
compared to the HDL isolated after the patients recovered, again demonstrating
dysfunctional HDL associated with inflammation. Landmesser and colleagues found that
HDL isolated from type 2 diabetic patients, compared to normal subjects, has less activity to
promote endothelial cell nitric oxide production, endothelium dependent relaxation, and
endothelial progenitor cell dependent endothelial repair.10 These impairments were
associated with increased HDL lipid peroxidation and MPO content. All these activities of
HDL were improved upon treatment of the diabetic subjects with extended-release niacin.
Thus, some treatments that raise HDL, such as niacin, may also improve HDL functionality.

Inflammation and Dysfunctional HDL: Animal Models
Mouse models are increasingly useful to study disease pathogenesis and mechanisms. Dan
Rader and colleagues first described a simple but elegant way to assay RCT in vivo in mice.
33 Cultured macrophages are cholesterol loaded with [3H]cholesterol, which are then
injected i.p. into recipient mice. The [3H]cholesterol radioactivity is followed over time as it
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enters the plasma, liver, and bile compartments, and then enters the feces. In the initial
description of this protocol, Rader demonstrated that over expression of apoAI led to higher
levels of HDL and increased [3H]cholesterol flowing from the macrophages to the plasma,
liver, bile and feces.33 Both Reilly’s and Tietge’s groups injected mice with LPS in order to
induce inflammation, and then studied the effects on RCT.8,31 Four and 24-hours after LPS
injection, they found decreased [3H]cholesterol mobilization from the labeled macrophages
to the plasma compartment. This effect on RCT to the plasma compartment resolved by the
48 hour time point. The reduction in RCT to the plasma was associated with reduced
cholesterol acceptor activity of the HDL from those early time points. However, the major
block in RCT that they observed at later time points was not at the level of the plasma.
Instead, there was a dramatic decrease in the ability of the liver to excrete cholesterol,
synthesize bile acids, and excrete the bile acids. These hepatic changes are associated with
decreased levels of the mRNAs encoding ABCG5 and G8 (sterol excreting transporters),
ABCB11 (bile acid excreting transporter), and CYP7A1 (bile acid synthesis enzyme).8,31

However, a major drawback of these studies is that the LPS injections make the mice quite
sick, with reduced feeding and a 34 percent decrease in fecal output.8 Thus, any conclusion
about the effects of LPS in RCT to the feces must be considered in the light of the
significant inhibition of feces production. Tietge’s group performed an experiment in which
MPO was directly injected i.v. into mice.8 This led to a small reduction in plasma HDL
levels and the appearance of cross linked apoAI. The MPO injections also led to significant
reductions in RCT to the plasma and fecal compartments, thus demonstrating a direct effect
of MPO on RCT in vivo.8

We wondered if other mediators of inflammation would also impair RCT. We used
zymosan, a polysaccharide derived from yeast cell walls, which induces inflammation and
also activates neutrophils to undergo a respiratory burst and release reactive oxygen species.
We were able to titrate the zymosan dose such that the mice had reduced food intake and
fecal output on the first day, but completely recovered total fecal output by the second day;
and, RCT could be assessed up to five days later. Zymosan treatment led to a 25 percent
decrease in RCT from the macrophages to the liver, plasma and feces.34 But unlike the
effects of LPS where the major block was in the liver, the major block with the zymosan
model of inflammation occurred in the first step, getting the cholesterol from the
macrophage to the plasma. Zymosan treatment was associated with HDL remodeling. We
observed an increase in SAA, a small decrease in apoAI levels, and a significant 35 percent
decrease in the cholesterol acceptor activity of the plasma. Thus, it appears that different
models in inflammation can create dysfunctional HDL and block RCT by partially
overlapping mechanisms.

The in vivo assay for RCT in mice, developed by Rader, is an excellent assay and has been
adapted by many groups.33 However, it does have a limitation in that it can only study the
unidirectional trafficking of the labeled cholesterol from the macrophage foam cells to the
plasma, liver, and feces. This unidirectional view of RCT may not be reflective of what’s
occurring in the foam cell, as cholesterol trafficking is bidirectional, going both into and out
from the cells. Thus, we developed a novel foam cell regression/progression assay that
combines the [3H]cholesterol RCT assay with an assay in which we can directly measure
foam cell cholesterol content.35 We borrowed methodology from the angiogenesis field by
using Matrigel, a protein mixture that is liquid at 4°C and gels at >22°C. By implanting
[3H]cholesterol loaded macrophages in matrigel s.c into mice, we were able to measure the
[3H]cholesterol over time as it goes into the plasma, liver, and feces; and, we were also able
to retrieve the cells from the matrigel plug 3 to 5 days later for assay of cellular cholesterol
content. In this way we could determine if cellular cholesterol decreases, indicative of foam
cell regression, increases, indicative of foam cell progression, or remains stable. We
validated this novel assay using apoAI-deficient, wild type, and apoAI transgenic mice. We
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found that RCT and foam cell cholesterol content were apoAI gene dosage dependent. The
cholesterol content of the cells recovered from apoAI-deficient mice had not changed, while
there was a small net decrease in the cells recovered from the wild type mice. The cells
recovered from the mice over expressing apoAI had the largest reduction in cellular
cholesterol, demonstrating the robust foam cell regression. We are now using this assay to
discover more features of dysfunctional HDL and RCT. This 3 to 5 day assay might be
useful in preclinical studies during drug development, and serve as a surrogate for
atherosclerosis studies that take many weeks to complete.

Conclusions and Future Directions
In summary, apoAI and HDL are susceptible to modification during inflammation and
diabetes that is accompanied by a loss of their protective activities (Figure 1). There are
many steps in which inflammation and diabetes can impair HDL function and RCT,
including the inhibition of macrophage cholesterol transporters, the loss of apoAI/HDL
cholesterol acceptor activity, impaired hepatic sterol metabolism and excretion, and
impaired HDL endothelial protective activities. Presently, assays for dysfunctional HDL are
only available in research laboratories. The development of clinical assays for HDL
dysfunction, perhaps based upon antibody mediated recognition of apoAI covalent
modification or HDL proteomics would be very useful in order to further pin down the role
of HDL dysfunction in CAD risk and in the development of specific therapeutic
interventions to improve not only HDL abundance but also its protective activities.

List of Abbreviations

CAD coronary artery disease

RCT reverse cholesterol transport

apoAI apolipoprotein A-I

ABCA1 ATP binding cassette protein A1

ABCG1 ATP binding cassette protein G1

LCAT lecithin cholesterol acyl transferase

SR-BI scavenger receptor B-I

CETP cholesterol ester transfer protein

apoAII apolipoprotein A-II

LPS lipopolysaccharide

SAA serum amyloid A

sPLA2 secretory phospholipase A2

MPO myeloperoxidase

CRP C-reactive protein

rHDL reconstituted HDL
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Figure 1.
Mechanisms associated with the production of dysfunctional HDL by inflammation,
infection, or diabetes are shown in red. FC, free cholesterol; CE, cholesterol esters; TG,
triglycerides. Illustration by David Schumick, BS, CMI. Reprinted with the permission of
the Cleveland Clinic Center for Medical Art & Photography © 2010. All Rights Reserved
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