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The anti-inflammatory effects of high-density lipop-
roteins (HDL) are well documented and include 
inhibition of low-density lipoprotein (LDL) oxidation, 
reduction of inflammatory cytokines and vascular leu-
kocyte adhesion molecules, and participation in innate 
immunity. However, certain conditions, including coro-
nary disease, diabetes mellitus, systemic inflammation, 
and a diet high in saturated fat, are associated with 
modification of HDL such that it paradoxically enhances 
LDL oxidation and/or vascular inflammation. Treatment 
with statins and/or apolipoprotein A1 mimetic peptides 
improves HDL’s anti-inflammatory functions, and these 
as well as other medications may represent a novel 
pathway through which to target atherosclerosis.

Introduction
The inverse relationship between high-density lipoprotein 
(HDL) cholesterol and coronary heart disease (CHD) 
reflects many of the atheroprotective effects of HDL [1]. 
In the absence of systemic inflammation, HDL enhances 
reverse cholesterol transport, inhibits thrombosis, slows 
oxidation of low-density lipoproteins (LDL), and decreases 
production of inflammatory cytokines and adhesion 
molecules within the vascular wall [2–5]. HDL can also 
moderate acute inflammation as well, as evidenced by the 
attenuation of an inflammatory response to either acute 
ischemia or septic shock following infusion of HDL [6–8].

In response to systemic inflammation, however, HDL 
can itself be modified to become either less functional 
or frankly proinflammatory. This conversion can occur 
in response to an acute inflammatory process, such as 
influenza infection or elective surgery, or it can reflect 
conditions that are characterized by a chronic acute phase 
response such as coronary disease, diabetes mellitus, 

infections, and some rheumatologic diseases [9]. Previ-
ously in this journal, we reviewed the varying functions 
of HDL and their relationship to systemic inflammation 
[10••]. In this review, we address proven and emerging 
means by which HDL’s anti-inflammatory functional 
capacity can be modified.

Dysfunctional and Proinflammatory HDL
Proinflammatory HDL 
A systemic inflammatory stimulus can generate HDL 
that paradoxically promotes, rather than inhibits, vas-
cular inflammation (ie, proinflammatory HDL). This 
is even grossly visible in the setting of Group A strepto-
coccal infection. A streptococcal virulence determinant 
known as serum opacity factor binds apolipoprotein A-I 
(apoA-I) and apoA-II in HDL, inducing a disruption of 
the usual helical structure of these apolipoproteins that 
causes release of tiny lipid droplets, leading to serum 
opacification [11]. Courtney et al. [11] proposed that this 
conformational change and lipid depletion contributes to 
the development of proinflammatory HDL. 

In addition, the acute phase response generated by 
an infection leads to increased concentrations of the pro-
 oxidant enzyme ceruloplasmin, along with decreased 
activity of the iron-binding antioxidant transferrin, both 
contributing to increased oxidative stress within HDL 
[12]. Van Lenten et al. [13] reported that intranasal 
administration of influenza virus in mice was associated 
with decreased levels of the HDL-associated antioxidants 
paraoxonase and platelet-activating factor acetylhydrolase, 
along with increased concentrations of ceruloplasmin and 
apoJ. These changes peaked 3 days after inoculation and 
were associated with impaired abilities to inhibit monocyte 
chemotaxis in an artery wall cell co-culture model [13]. 

A noninfectious acute phase response is associated with 
similar changes within HDL. Kumon et al. [14] reported 
that levels of paraoxonase and lecithin-cholesterol acyl 
transferase fell by 76% and 56%, respectively, in the days 
following elective laparoscopic cholecystectomy in 12 
study patients. These changes coincided with increased 
serum levels of the acute phase reactants C-reactive pro-
tein (CRP) and serum amyloid A (SAA) [14].
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Navab et al. [15] have suggested that a chronic form 
of the acute phase response described by Gabay and 
Kushner [16] can develop into atherosclerosis and other 
forms of chronic inflammation, which lead to proinflam-
matory changes in HDL. Ansell et al. [17•] reported that 
HDL isolated from most patients with CHD and/or its 
risk equivalents promoted vascular inflammation. In a 
group of patients with clinical CHD despite very high 
HDL cholesterol (HDL-C) levels (≥ 84 mg/dL), the addi-
tion of their HDL uniformly increased LDL-mediated  
monocyte chemotaxis in the co-culture model and 
enhanced phospholipid oxidation in a cell-free HDL 
functional assay. Such proinflammatory HDL was seen 
in 77% and 96% of a different group of 26 subjects 
with CHD risk equivalents with average HDL-C levels 
using the monocyte chemotaxis and cell free assays, 
respectively [17•]. None of the healthy controls that were 
tested showed evidence for proinflammatory HDL, as 
their HDL consistently inhibited monocyte recruitment 
and phospholipid oxidation [17•]. 

In addition to coronary disease, other chronic inflam-
matory states are often characterized by abnormally 
functioning HDL. Impaired antioxidant capacity has 
been described in several studies of HDL in diabetes mel-
litus and metabolic syndrome [18–20]. 

Morena et al. [21] found that HDL isolated from 
hemodialysis patients showed impaired ability to inhibit 
LDL oxidation compared with HDL from healthy con-
trols. McMahon et al. [22] recently reported that 45% and 
20% of patients with systemic lupus erythematosus and 
rheumatoid arthritis have frankly proinflammatory HDL, 
respectively. In contrast, only 4% of healthy controls 
exhibited proinflammatory HDL (P < 0.001 in compari-
son to both rheumatologic conditions) [22]. Furthermore, 
the presence of proinflammatory HDL correlated with the 
amount of oxidized LDL (r = 0.37; P < 0.001) [22].

The presence of oxidized lipids within the subendothe-
lial space leads to expression of monocyte chemoattractant 
protein-1 (MCP-1), which upregulates cellular adhesion 
molecules that enhance monocyte entry. Injection of 
leumedin (an anti-inflammatory compound) into rabbits 
generated HDL that was much more effective than HDL 
from control rabbits in slowing LDL oxidation in vitro 
[23]. Furthermore, HDL’s ability to retard monocyte che-
motaxis, and thus limit cellular inflammation, is highly 
correlated with its ability to slow phospholipid oxidation 
[17•]. Similarly, HDL’s inhibitory effect on monocyte 
chemotaxis is highly correlated with HDL’s facilitation 
of cholesterol efflux [15]. These observations suggest that 
these seemingly disparate functions of HDL are linked. 

Structure/function changes 
Ferretti et al. [24•] recently reviewed the range of chemi-
cal modifications to HDL and their associated alterations 
in HDL functions. Chemical alterations in HDL, its 
apolipoproteins, and phospholipids can adversely impact 

HDL’s ability to mediate cholesterol efflux and prevent 
LDL oxidation and its antioxidant enzymatic activities 
[24•]. ApoA-I can form dimers, trimers, and heterodimers 
with itself and other apolipoproteins in response to some 
of these alterations, particularly oxidation (Fig. 1) [24•]. 

Within the artery wall, macrophage phagocytic 
enzymes such as myeloperoxidase generate hydrogen 
peroxide (H2O2) and superoxide (O2-), which can form 
HDL oxidants such as tyrosyl (from tyrosine), hypochlo-
rite (from chloride ion), and peroxynitrate (from nitric 
oxide via lipoxygenase) [24•]. Zheng et al. [25] also 
reported direct oxidation of apoA-I by myeloperoxidase. 
Transitional metal ions are also capable of peroxidation 
of polyunsaturated fats within phospholipids in HDL. 
Oxidized HDL (oxHDL) shows decreased paraoxanase 
activity, impaired ability to promote cholesterol efflux, and 
adverse effects on vascular inflammation [24•,26,27]. For 
example, Girona et al. [26] demonstrated that, in contrast 
to native HDL, oxHDL actually behaves like oxidized 
LDL, inhibiting THP-1 human monocyte–derived mac-
rophage production of tumor necrosis factor-α in vitro. 
Nitrotyrosine and chlorotyrosine modification of HDL 
following these oxidation steps leads to further impair-
ment in reverse cholesterol transport [28].

Nonenzymatic glycation of HDL, which often accompa-
nies hyperglycemic conditions, is associated with decreased 
paraoxonase levels and renders HDL more susceptible to 
oxidation [29,30]. Oxidized glycated HDL is itself less 
effective as an antioxidant and in facilitating reverse cho-
lesterol transport. These findings may explain the strong 
correlation between the degree of glycemic control and 
both HDL’s antioxidant capacity [18] and its ability to 
inhibit monocyte chemotaxis (Navab, Unpublished data).

Ahmed et al. [31] reported that the hydrolysis of HDL 
by endothelial lipase appears to be important in determin-
ing the expression of endothelial adhesion molecules. The 
hydrolyzed HDL is a potent activator of the peroxisomal 
proliferator-activator receptor, which in turn upregulates 
adhesion molecules on the endothelial cell surface [31].

In contrast to these chemical modifications, some alter-
ations of HDL appear to render it more atheroprotective. In 
apoE-deficient mice, Macdonald et al. [32] demonstrated 
that intraperitoneal administration of HDL that had 
undergone tyrosyl oxidation enhanced reverse cholesterol 
transport and inhibited aortic atherosclerosis better than 
either unmodified HDL or saline. Wang et al. [33] have 
shown that tyrosyl oxidation of HDL allows for dimeriza-
tion of apoA-I, with enhanced reverse cholesterol transport 
seen, especially with heterodimers of apoA-I and apoA-II. 

Dietary Effects
Although a multivariate regression analysis [34] of a  
population-based study of lifestyle, genetic, and nutri-
tional factors failed to find any relationship between 
diet and paraoxonase levels, a recent study indicates that 
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dietary composition can affect HDL’s anti-inflammatory  
capacity. In a crossover design, Nicholls et al. [35•] com-
pared the effects of two high-fat meals that contained 
either predominantly polyunsaturated fat (safflower oil) 
versus saturated fat (coconut oil) sources in 14 healthy 
volunteers who were approximately 30 years of age. The 
high-fat meals were administered in a random order, 
separated by 1 month, and (in the case of female subjects) 
timed at 7 days following menstruation. HDL was isolated 
from the subjects in a fasting state, then at 3 and 6 hours 
following each high-fat meal. Brachial artery reactivity 
was also assessed at the same time points.

Nicholls’s group then assessed the effect of the HDL on 
expression of intercellular adhesion molecule-1 (ICAM-1) 
and vascular cellular adhesion molecule-1 (VCAM-1) on 
the surface of human umbilical vein endothelial cells that 
were activated by tumor necrosis factor-α. The expres-
sion of these inflammatory cellular adhesion molecules 

was significantly lower at both time points following 
the polyunsaturated fat meal compared with the fasting 
state. In contrast, the saturated fat meal increased the 
expression of ICAM-1 and VCAM-1 at 6 hours compared 
with fasting, as depicted in Figure 2. Importantly, the 
protein, cholesterol, and phospholipid content; particle 
size; and electophoretic pattern of HDL were not sig-
nificantly changed from the fasting state by either meal. 
The researchers also reported a modest decrease in post-
hyperemic flow-mediated dilatation in the subjects after a 
saturated but not a polyunsaturated fat meal [35•].  

Pharmacologic Effects
Statins 
In addition to their well-characterized effects on LDL, 
statins have significant effects on HDL and its function. 
Although statin therapy is typically associated with only 

Vessel lumen

LDL

NH2

NH2

HDL

NH2

NH2

Endothelial cell
damages

Higher susceptibility
to oxidation

Lower protection
against lipid
peroxidation

GLY-oxHDLGLY-oxLDL

LDL uptake
by scavenger

receptors
Foam cell
formation Atherosclerotic

plaque

Intima

Alterated reverse
cholesterol transport

CH3 CH CH CH2OHCH

OH

OH OH

O

C

Gly-HDL CH2 CHNH CH CH2OHCH

OH

OH OH

O

CGly-LDL CH2 CHNH CH CH2OHCH

OH

OH OH

O

C

Current Atherosclerosis Reports     AT09-1-2-02   fig. 1      492 pts. W/ 408 pts. D  (41 x 34) 
Author:  Ansell    Editor: Dan     Artist: Dan

Higher susceptibility
to oxidation

Figure 1. Atherogenic effects of glycation of high-density lipoprotein (HDL), including impaired reverse cholesterol transport, increased 
susceptibility to oxidation, and decreased ability to slow oxidation of low-density lipoprotein (LDL), which itself is rendered more susceptible 
to oxidation by glycation. Gly—glycation; ox—oxidized (Adapted from Ferretti et al. [24•].) 
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modest (2%–9%) increases in HDL cholesterol [36], effects 
on HDL anti-inflammatory function appear to be more 
substantial. Girona et al. [37] reported that simvastatin 
treatment in 15 normolipidemic subjects reduced oxHDL 
formation by 64% (P < 0.05) in vivo. Some of this antioxi-
dant activity may reflect the significant inhibition of gene 
expression of myeloperoxidase that has been seen with 
statin treatment [38]. Preliminary data also support the 
role of statin therapy compared with placebo in improving 
the anti-inflammatory characteristics of HDL treatment in 
patients with active rheumatoid arthritis [39].

Ansell et al. [17•] analyzed the effects of a 6-week 
course of simvastatin, 40 mg/d in the 26 aforementioned 
subjects with CHD or risk equivalents (Table 1). Find-
ings were normalized using an “inflammatory index,” 
which was the results of the assay using the subject’s HDL 
divided by the results of the assay in the absence of HDL. 
An inflammatory index greater than 1.0 indicates proin-
flammatory HDL, whereas an index less than 1.0 defines 
anti-inflammatory HDL. Based upon the cell-free assay 
of phospholipid oxidation, the statin-naive patients’ HDL 
was proinflammatory (inflammatory index of 1.19 ± 0.19) 
relative to HDL from healthy age/sex-matched controls 
(0.53 ± 0.19; P < 0.001) [17•]. After 6 weeks of treatment 

with simvastatin, 40 mg/d, HDL isolated from the same 
patients showed a reduction in the inflammatory index to 
0.91 ± 0.28 (ie, it was mildly anti-inflammatory), but not 
as much as the control HDL [17•]. The results of the mono-
cyte chemotaxis assay were similar in that the patients’ 
HDL was proinflammatory with an inflammatory index 
of 1.38 ± 0.91 compared with the anti-inflammatory con-
trol HDL (0.38 ± 0.14; P < 001) [17•]. After simvastatin 
treatment, the patient HDL inflammatory index improved 
to 1.08, but still indicated proinflammatory HDL [17•]. 
Although only 4% and 23% of patients exhibited anti-
inflammatory HDL at baseline using the cell-free and 
monocyte chemotaxis assays, respectively, approximately 
half of the patients converted to anti-inflammatory HDL 
following statin treatment, as shown in Table 1 [17•].

HDL and mimetics 
Infusions of HDL and apoA-I have been associated with 
enhanced reverse cholesterol transport, decreased proin-
flammatory characteristics of HDL, and atherosclerotic 
regression, mostly in animal models [40–42]. Five weekly 
infusions of recombinant apoA-I Milano, the natural 
form of which is protective against coronary disease, 
were associated with short-term atherosclerotic regression 

Pe
rc

en
t 

Fasting 
POLY 
SAT 

120

100

80

3 Hours 6 Hours

Current Atherosclerosis Reports     AT09-1-2-02   fig. 2      492 pts. W/ 162 pts. D  (41 x 13p6) 
Author:  Ansell et al.    Editor: Dan     Artist: Theresa

A

Pe
rc

en
t

160

130

100

70

3 Hours 6 HoursB

* †

Figure 2. Intercellular adhesion molecule-1 (ICAM-1) (panel A) and vascular cell adhesion molecule-1 (VCAM-1) (panel B) expression by 
cultured human endothelial cells after incubation with high-density lipoprotein isolated from subjects following ingestion of meals con-
taining predominantly polyunsaturated (POLY) or saturated (SAT) fat. Results are compared with the ICAM-1/VCAM-1 expression in the 
presence of high-density lipoprotein isolated from fasting blood (mean ± standard error of mean). Asterisk indicates difference between 
the meals of P = 0.005. Dagger indicates difference between the meals of P = 0.007. (Adapted from Nicholls et al. [35•].)

Table 1. Pro- and anti-inflammatory effects of simvastatin on HDL-C

Inflammatory index* Anti-inflammatory HDL

Subjects HDL-C, mg/dL CFA MCA P value CFA MCA

Controls 63.5 ± 6.1 0.53 ± 0.15 0.38 ± 0.14 NA 100% 100%

Patients before simvastatin†  57 ± 13 1.19 ± 0.19 1.38 ± 0.91 < 0.001   4%  23%

Patients after simvastatin†  61 ± 14 0.91 ± 0.28 1.08 ± 0.71   0.002  58%  46%

*Inflammatory index is defined as the assay results using the subject’s HDL divided by the results of the assay when performed with no 
HDL present. The fraction of anti-inflammatory HDL in each group is shown using both assays.
†Patients were statin-naive in the setting of coronary heart disease or a risk equivalent. 
CFA—cell-free assay; HDL-C—high-density lipoprotein cholesterol; MCA—monocyte chemotaxis assay.
(Data from Ansell et al. [17•].)
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(4.2% from baseline), in contrast to an ineffective placebo 
(P < 0.001), in a clinical trial reported by Nissen et al. 
[43]. The study assessed the change in atheroma volume 
as assessed by intravascular ultrasound in 47 subjects 
with acute coronary syndromes. The characteristics of the 
individuals’ HDL have not been reported, but the study 
provides proof-of-concept that HDL-mediated therapies 
can have remarkable impact on atherosclerosis.

ApoA-I contains 243 amino acids and must be admin-
istered by intravenous infusion, presenting practical 
barriers to its use as a major therapeutic intervention. 
However, several different orally active peptides with 
characteristics similar to native HDL are currently in pre-
clinical investigation. One of these is D-4F, an 18-amino 
acid peptide that forms an amphipathic helix similar to 
apoA-I but whose dextro positioning prevents its degrada-
tion by human digestive enzymes. The sequence of amino 
acids is critical to D-4F’s activity [44].

Navab et al. [45] reported that D-4F ingested daily by 
LDL-receptor–null and apoE-null mice diminished athero-
sclerotic lesion size by 79% and 75%, respectively, without 
changing cholesterol or HDL cholesterol levels. Analysis 
of the plasma of treated apoE-null mice 20 minutes after 
D-4F administration revealed small micelle-like cholesterol- 
containing particles that migrated in a pre-β chro-
matographic pattern and were enriched in apoA-I and 
paraoxonase activity [46]. HDL and these small particles 
were both very anti-inflammatory and enhanced choles-
terol efflux following D-4F treatment, in contrast to the 
corresponding liquid chromatography fractions prior to 
treatment [46]. Furthermore, the anti-inflammatory effects 
of D-4F on HDL are independent of HDL-C level [44].

D-4F also appears to offer protection against the 
inflammatory response to viral infections. Control LDL-
receptor–null mice that were infected with influenza A 
virus developed severe pneumonia that was associated with 
proinflammatory HDL and decreased paraoxonase levels 
[44]. In contrast, when LDL-receptor–knockout mice were 
pretreated with oral D-4F prior to influenza exposure, the 
pulmonary inflammatory response was minimal, HDL 
remained anti-inflammatory, and paraoxonase levels 
increased [44]. Increased macrophage entry into the con-
trol mice’s aortae was also seen in the controls following 
influenza exposure, but not in D-4F–treated mice [44].

A synthetic 10-D amino acid sequence from apoJ 
known as D-[113-122]apoJ has shown anti-inflammatory 
and antiatherosclerotic effects similar to D-4F [47]. Like 
D-4F it associates with HDL, converts it to a more anti-
inflammatory particle, and reduces atherosclerotic lesions 
in apo-E–null mice [47]. However, unlike D-4F, it does not 
increase pre-β HDL levels. Remarkably, synthesis of the  
4-amino acid sequence KRES, which in contrast to D-4F  
and D-[113-122]apoJ is too small to generate an amphipa-
thic helix, resulted in many of the same properties as the 
larger peptides [47]. KRES increased HDL cholesterol lev-
els, HDL anti-inflammatory activity, and paraoxonase levels 

while reducing atherosclerotic lesion size in apo-E–null 
mice. The peptide also rendered HDL anti-inflammatory in 
cynomolgus monkeys [47]. Interestingly, altering the amino 
acid sequence to KERS eliminated all apparent biologic 
activity [47]. Navab et al. [47 have suggested that the abil-
ity of these small amphipathic peptides to enhance HDL 
anti-inflammatory properties results from the ability of the 
peptide to associate with HDL and activate antioxidant 
enzymes within HDL [47]. 

A combined therapeutic approach using both statin 
and D-4F treatment may offer synergy in generating 
anti-inflammatory HDL and retarding atherosclerosis. 
In a murine model, separately administered low doses 
of pravastatin and D-4F had no measurable impact on 
HDL or its function, but simultaneous treatment with 
both drugs led to increased levels of HDL-C (22%), 
apoA-I (19%), and paraoxonase (33%) [48]. Treatment 
with a combination of both agents compared with pla-
cebo was associated with a 79% reduction (P < 0.0001) 
in aortic lesion formation, regression of existing plaque, 
and decreased lesion macrophage content in mice [48]. In 
monkeys on the combination therapy but not those tak-
ing the agents separately at low dose, HDL became more 
anti-inflammatory, as indicated by the monocyte chemo-
taxis assay [48]. Table 2 lists clinical conditions that are 
associated with proinflammatory and anti-inflammatory 
changes in HDL, as well as potential and proven anti-
inflammatory HDL-based strategies. 

Future Directions
Emerging HDL-based therapies 
Although there is certainly great therapeutic potential 
offered by compounds that are being developed to raise 
HDL-C levels, the functionality of the resultant HDL 
needs to be considered. Quantitative and qualitative 
improvements in HDL may provide complementary strat-
egies to slow, if not reverse atherosclerosis. However, 

Table 2. Clinical situations and therapeutic  
interventions that are associated with proinflammatory 
and anti-inflammatory changes within high-density 
lipoprotein

Proinflammatory effect Proven anti-inflammatory effect

Coronary atherosclerosis Apolipoprotein A-1 mimetics

Diabetes mellitus Statins

Systemic lupus  
erythematosus

Diet high in polyunsaturated fat

Rheumatoid arthritis Possible anti-inflammatory effect

Hemodialysis Apolipoprotein A-I Milano

Infection Cholesteryl ester transferase 
protein inhibitors

Surgery Delipidated high-density 
lipoprotein

Diet high in saturated fat Antirheumatic biologics
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several questions will need to be answered before that 
promise might be realized. How will emerging therapies 
targeting HDL-C levels impact cholesterol efflux and the 
anti-inflammatory capacity of HDL? Will it be necessary 
to characterize functional changes in HDL resulting from 
pharmacotherapies such as HDL mimetics that appear to 
modestly increase the amount of HDL cholesterol? If so, 
what function(s) will need to be assessed? 

Anti-inflammatory therapies 
Given the evidence of increased cardiovascular risk in 
the setting of systemic inflammation and its association 
with proinflammatory HDL, it is worth considering 
whether modification of systemic nonvascular inflamma-
tion might improve coronary risk. Among important still 
unanswered questions are the following: Do emerging 
disease-modifying biologic agents for chronic inflamma-
tory diseases such as rheumatoid arthritis also potentially 
impact HDL anti-inflammatory function? Conversely, do 
nonsteroidal anti-inflammatory drugs, which have been 
associated with increased cardiovascular risk, adversely 
impact HDL’s anti-inflammatory function? Indeed, fur-
ther insight into the mechanisms of HDL dysfunction 
and how it can be altered will be crucial to evaluating the 
roles of emerging HDL-based and non–HDL-based anti-
inflammatory therapies.

Conclusions
In acute and chronic inflammatory states, HDL often 
loses its atheroprotective characteristics and can 
become frankly proinflammatory. Exercise and diets 
that emphasize polyunsaturated fats may mitigate this 
transformation. In addition, statins and HDL mimetics 
have shown the ability to enhance HDL’s antioxidative 
and anti-inflammatory properties while also improving 
HDL-mediated cholesterol efflux. Augmenting our cur-
rent predominantly LDL-based therapeutic approach by 
improving HDL’s anti-inflammatory function may allow 
for more effective treatment of atherosclerotic risk. 
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