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Rosuvastatin Alters the Proteome of High
Density Lipoproteins: Generation of
alpha-1-antitrypsin Enriched Particles with
Anti-inflammatory Properties*s

Scott M. Gordont||, Benjamin McKenziet, Georgina Kemeht, Maureen Sampsont,
Shira Perl§, Neal S. Young§, Michael B. Fesslery], and Alan T. Remaley$

Statins lower plasma cholesterol by as much as 50%, thus
reducing future cardiovascular events. However, the
physiological effects of statins are diverse and not all are
related to low density lipoprotein cholesterol (LDL-C) low-
ering. We performed a small clinical pilot study to assess
the impact of statins on lipoprotein-associated proteins in
healthy individuals (n = 10) with normal LDL-C (<130 mg/
dL), who were treated with rosuvastatin (20 mg/day) for 28
days. Proteomic analysis of size-exclusion chromatogra-
phy isolated LDL, large high density lipoprotein (HDL-L),
and small HDL (HDL-S) fractions and spectral counting
was used to compare relative protein detection before
and after statin therapy. Significant protein changes were
found in each lipoprotein pool and included both in-
creases and decreases in several proteins involved in
lipoprotein metabolism, complement regulation and acute
phase response. The most dramatic effect of the rosuv-
astatin treatment was an increase in o-1-antirypsin (A1AT)
spectral counts associated with HDL-L particles. Quanti-
tative measurement by ELISA confirmed an average 5.7-
fold increase in HDL-L associated A1AT. Molecular mod-
eling predictions indicated that the hydrophobic reactive
center loop of A1AT, the functional domain responsible
for its protease inhibitor activity, is likely involved in lipid
binding and association with HDL was found to protect
A1AT against oxidative inactivation. Cell culture experi-
ments, using J774 macrophages, demonstrated that the
association of A1AT with HDL enhances its antiprotease
activity, preventing elastase induced production of tumor
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necrosis factor o. In conclusion, we show that statins can
significantly alter the protein composition of both LDL and
HDL and our studies reveal a novel functional relationship
between A1AT and HDL. The up-regulation of A1AT on
HDL enhances its anti-inflammatory functionality, which
may contribute to the non-lipid lowering beneficial effects
of statins. Molecular & Cellular Proteomics 14: 10.1074/
mcp.M115.054031, 3247-3257, 2015.

Epidemiological studies have clearly identified elevated
plasma cholesterol as an independent risk factor for the de-
velopment of cardiovascular disease (CVD)' (1). Plasma cho-
lesterol is carried in emulsions of lipid and protein called
lipoproteins. Lipoproteins exist as a polydisperse distribution
of distinct particle classes most commonly classified by den-
sity as very low, low, intermediate, and high-density lipopro-
teins. A perhaps overly simplistic but well accepted paradigm
for the role of lipoproteins in the development CVD is that
excess low density lipoproteins (LDL) promote CVD, by de-
positing cholesterol in atherosclerotic plaque, whereas high
density lipoprotein (HDL) particles remove excess cholesterol
and perhaps mediate other anti-atherogenic effects. This has
been translated into the clinical setting in terms of diagnostic
testing. The primary metric for assessment of CVD risk related
to these lipoproteins is largely based on the cholesterol con-
tent of each of these lipoprotein particles (i.e. LDL-C and
HDL-C).

Statins are a class of compounds that inhibit a key enzyme
in cholesterol synthesis in the liver, namely HMG-CoA reduc-
tase (3-hydroxy-3-methyl-glutaryl-CoA reductase). These
compounds also have indirect effects on cholesterol metab-
olism by upregulating hepatic expression of the LDL receptor

" The abbreviations used are: CVD ,Cardiovascular disease; A1AT,
a-1-antitrypsin; FDR, False discovery rate; FPLC, Fast protein liquid
chromatography; HDL, High density lipoprotein; LDL, Low density
lipoprotein; NE, Neutrophil elastase; nHDL, Native HDL; PPE, Porcine
pancreatic elastase; RCL, Reactive center loop; rHDL, Reconstituted
HDL; SERPIN, Serine protease inhibitor; TNF-«, Tumor necrosis fac-
tor a.
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and thus can lower circulating LDL-C by as much as 50% and
provide significant protection against CVD (2). There is also
growing evidence that the statins provide cardiovascular pro-
tection by mechanisms that are independent of their LDL-C
lowering effect, including anti-inflammatory and anti-apopto-
tic activities and also by improving endothelial cell function
(3). The mechanisms, however, by which statins mediate
these so called pleiotropic effects on atherosclerosis are
largely unknown.

The major lipoprotein classes contain distinct subclasses,
with different physical and chemical properties and differ in
their relationship with CVD. For example, total LDL is com-
posed of at least two subclasses: large buoyant and small
dense LDL, which is particularly proatherogenic (4). The sub-
class distribution of HDL is much more complex; it consists of
numerous distinct subclasses with varying lipid and protein
compositions. Modern mass spectrometry (MS) techniques
have allowed for thorough characterizations of the lipoprotein
proteomes of both LDL and HDL. While LDL typically contains
only a few prototypical proteins, such as apoB, apoE, apoC’s
etc., HDL particles may contain as many as 90 different pro-
teins among its particle subclasses (5, 6, 7, 8, 9). This pro-
teomic diversity likely accounts for the dramatic functional
diversity found in HDL, including numerous mechanisms for
protection against inflammation and oxidation, as well as
anticoagulant and pro-vasodilatory functions, to name only a
few (10).

In the current study, we tested the hypothesis that statin
therapy, in addition to its known LDL-C lowering effects, will
also alter the proteome content of lipoproteins and that this
may affect their functional properties. We performed shotgun
proteomics on lipoprotein fractions isolated by size-exclusion
liquid chromatography from patients before and during statin
treatment. Our analysis revealed a dramatic elevation of HDL
associated a-1-antitrypsin (A1AT) protein. In addition, we
present functional studies of A1AT enriched HDL, which sup-
port a novel anti-inflammatory property of this HDL subfrac-
tion, and could also explain some of the pleiotropic effects of
statins.

EXPERIMENTAL PROCEDURES

Subject Selection—Fasting blood samples were obtained from ten
healthy volunteers participating in a study of the NIH Center for
Human Immunology, intended to evaluate effects of a statin on the
immune system. This protocol was approved by the institutional
review board of the National Heart, Lung, and Blood Institute (NHLBI)
and registered at clinicaltrials.gov (NCT01200836); all participants
provided written informed consent. Three males and 7 females were
enrolled, with an average age of 44.1 = 11 years. Participants were
selected to have normal LDL-C (<130 mg/dL) and were not on any
lipid modification therapy prior to the study. Recruited participants
were given rosuvastatin (20 mg/day) for 28 days. Blood was collected
by venipuncture at the following time points: baseline, 14 and 28 days
after rosuvastatin treatment, and 14 days after stopping treatment
(washout). Samples were stored at —20° C. Because samples were

taken from each participant at baseline and on-treatment, each sub-
ject acted as their own control.

Lipoprotein Analysis—Lipid and lipoprotein assays were performed
on a Siemens Dimension Vista analyzer, using standard enzymatic
assays. HDL-C was measured by a direct assay (Siemens; Munich,
Germany) and LDL-C was determined by the Friedewald equation.
Lipoprotein particle numbers and average particle sizes were deter-
mined from heparinized plasma on a Vantera Clinical Analyzer (Lipo-
Science; Raleigh, NC).

Lipoprotein Isolation by Size-Exclusion Chromatography—Col-
lected plasma from each subject at baseline (n = 10) and after 28
days of rosuvastatin treatment (n = 10) was applied to two Superose
6 columns (GE Healthcare) arranged in series on an Akta FPLC
system. The flow rate was set to 0.5 ml/min and 0.5 ml fractions were
collected. Fractions were assayed for phosphatidylcholine, total cho-
lesterol, free cholesterol and triglyceride by enzymatic assays (Wako
Diagnostics; Mountain View, CA) to determine position of elution for
lipoproteins. For each subject, fractions were combined to make LDL
(elution vol. 17.5 - 20 ml), HDL-large (HDL-L; elution vol. 21 - 23 ml)
and HDL-small (HDL-S; elution vol. 23 - 25 ml) pools, generating a
total of 60 samples for MS analysis.

Lipoprotein proteomics - experimental design and statistics—
Pooled FPLC fractions were applied to a phospholipid binding resin
and washed to isolate lipid bound protein components, as previously
described (9). Resin bound proteins were then subjected to overnight
trypsin digestion at 37 °C. Resulting peptides were collected and then
reduced with dithiothreitol (200 mm; 30 min at 37 °C) and carbam-
idomethylated with iodoacetamide (800 mm; 30 min at 25 °C). Digest
solutions were dried, reconstituted in 100 ul of water + 0.1% formic
acid and desalted using ZipTips (Millipore; Billerica, MA), and stored
at —20 °C until MS analysis.

Desalted samples were dried and reconstituted in 20 ul of water +
0.1% formic acid and 10 ul was analyzed on a Thermo Orbitrap Velos
instrument. Blank runs were performed between each sample to
prevent carry over. Peak lists were generated using Proteome Dis-
coverer (version 1.3.0.339) and resulting spectra were searched
against the SwissProt database (version 012214), using Mascot (ver-
sion 2.4.0) to identify protein components of the lipoprotein fractions
(fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of
20 PPM). Search criteria included: human taxonomy, fixed modifica-
tion: carbamidomethylation (C), variable modifications: oxidation (M),
deamidation (N, Q) and up to 2 missed trypsin cleavage sites were
allowed. Validation of peptide and protein identifications was per-
formed using Scaffold software (version 4.1.1) and a 1.0% false
discovery rate (FDR) for both peptide and protein thresholds and a
minimum of 2 identified peptides were required per protein. Calcu-
lated decoy FDR for peptide and protein identifications were 0.03%
and 0.7%, respectively. Spectral counting was used as a semi-quan-
titative comparison of protein abundance between baseline and
on-treatment samples using normalized spectrum count calculated
by the Scaffold software. Comparisons were only performed to esti-
mate the relative abundance of the same protein in the same lipopro-
tein pool before and after rosuvastatin treatment; no comparisons
were made between lipoprotein fractions. Data was analyzed by
student’s t test to identify proteins with statistically significant (p <
0.05) changes in normalized spectral counts. Because this MS anal-
ysis was intended primarily for screening purposes, to identify can-
didates for hypothesis driven functional experiments, the data anal-
ysis was not corrected for multiple comparisons. All MS data have
been deposited to the ProteomeXchange Consortium (11) via the
PRIDE partner repository with the dataset identifier PXD002633.

Preparation of a-1-antitrypsin Enriched HDL —Reconstituted HDL
was prepared by cholate dialysis method, using human purified apo-
lipoprotein A-l and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
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line (Avanti; Alabaster, AL) as previously described (12). Native human
HDL was isolated from plasma by sequential density gradient ultra-
centrifugation (13). Reconstituted or native HDL was co-incubated
with a-1-antitrypsin protein (Human, Sigma Aldrich; St. Louis, MO)
overnight at 37 °C. Unbound A1AT was removed by filtration, using
Amicon Ultra 100 kDa centrifugal filter units (Millipore). Elastase ac-
tivity assays were performed with the EnzChek® elastase assay kit
(Life Technologies; Frederick, MD).

Cell Culture Experiments—J774 mouse macrophages were used to
examine the potential functional role of a-1-antitrypsin enriched HDL
in inflammation. For these experiments, cells were plated in 12-well
culture plates at a density of 1 X 10° cells/well 2 days prior to the
experiment. Cells were washed twice with PBS and placed in serum-
free media for 1 h prior to addition of treatment. Treatments (PBS,
nHDL, A1AT-HDL, or A1AT) were added to serum-free culture media:
HDL protein was matched for nHDL and A1AT-nHDL at a final con-
centration of 200 ug/ml. A1AT concentration was matched between
free A1AT and A1AT-nHDL at a final concentration of 2 um. Cells were
then incubated with elastase (porcine pancreas, Sigma Aldrich, 500
nm) for 4 h and media was collected and centrifuged at 3000 X g for
5 min to pellet any loose cells or debris and supernatant was trans-
ferred to fresh tubes and stored at —80 °C until further analysis. Elisa
assays for mouse TNF-« (BioLegend; San Diego, CA) were performed
on cell culture media.

RESULTS

Effect of Rosuvastatin on Lipoprotein Lipid Composition
and Particle Numbers—Serum samples from subjects at
baseline and after 28 days of rosuvastatin therapy were ana-
lyzed for plasma lipids (Fig. 1A). As expected, treatment with
rosuvastatin resulted in reductions in total cholesterol (-28%;
p < 0.001), LDL-C (-50%; p < 0.001) and triglyceride (-29%;
p < 0.01) (Fig. 1A). There was a modest 3.6% increase of
HDL-C that was not statistically significant, although this ef-
fect of statins has been confirmed in larger studies (14). The
effect of rosuvastatin on lipoprotein particle numbers mirrored
the effects on the lipid levels. LDL particle number (LDL-p)
was reduced by 51% (p < 0.001), which was predominantly
due to reduction of large LDL (Fig. 1B). HDL-p was increased
by 6.2% but was not statistically significant (Fig. 1C).

Serum was separated by size-exclusion chromatography to
isolate lipoproteins by size. Collected fractions were analyzed
for total cholesterol, free cholesterol, phosphatidylcholine,
and triglycerides (Fig. 2). Results from this analysis, indicate a
reduction in lipids associated with the LDL peak (Elution vol-
ume = 17-20 ml). This is consistent with the clinical lipid
measures presented in Fig. 1. As before, no major effect on
HDL lipids (Elution volume = 21-25 ml) was observed.

Mass Spectrometry Analysis of Lipoprotein Proteome—To
test our hypothesis that rosuvastatin alters the lipoprotein
proteome, we pooled fractions containing LDL or HDL and
used mass spectrometry to analyze the lipid associated pro-
tein content of each of these lipoproteins in each subject at
baseline and after 28 days on rosuvastatin. The HDL peak was
divided into two halves, representing large and small HDL, to
gain additional insight given the proteomic complexity of HDL.
Spectral counting was used as a semi-quantitative screen to
identify proteins whose abundance changed because of ro-
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Fic. 1. Effect of rosuvastatin on plasma lipids and lipoprotein
particle numbers. A, Rosuvastatin effects on total plasma lipid levels
(TC = total cholesterol; HDL-C = HDL cholesterol; LDL-C = LDL
cholesterol; TG = triglyceride). The effect of rosuvastatin on LDL
particle number (B) and HDL particle number (C) were measured by
nuclear magnetic resonance. TO and T28 are timepoints indicating
baseline and after 28 days of rosuvastatin treatment, respectively.
Data are mean + standard deviation. * indicates p < 0.01.

suvastatin treatment, an experimental approach that has been
validated in previous studies (9, 15). As additional validation of
the spectral counting approach, we also determined the cor-
relation between spectral counts for apolipoprotein B and
LDL-p. The stoichiometry on LDL is one molecule of apoB per
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particle so a linear relationship would be expected between a
quantitative measure of apoB and LDL particle number, which
was observed in Fig. 3 (R> = 0.833, p < 0.0001) (Fig. 3).

A total of 154 proteins were identified by MS analysis of all
samples (supplemental Table S1). The large number of iden-
tified proteins and the relatively small sample size of this study
resulted in few statistically significant results after correction
for multiple comparisons; however, because the objective of
this study was strictly focused on screening to identify can-
didates for hypothesis driven studies, statistical comparisons
between spectral counts from baseline and rosuvastatin
treated samples were performed without correction for mul-
tiple comparisons. In the LDL fraction, nine proteins were
found to display changes in abundance by spectral counting
as a result of the rosuvastatin treatment (Fig. 4A). The majority
of these were decreases, indicating reductions in total protein
mass of LDL from the treatment. Additionally, the magnitude
of these reductions in spectral counts ranged from —20 to
—71%, which is similar to the degree of LDL particle number
lowering achieved in this study and suggests that these re-
sults are largely a result of the LDL lowering effect of the
rosuvastatin. It is interesting, however, that complement C3
(+71%) and Ig « chain V-II (+68%) demonstrated increased
spectral counts in the LDL fraction, despite the significant
reduction in LDL particle number and apoB. This relationship
has not been previously described nor is the functional im-
portance of these changes known.

Although rosuvastatin had minimal effect on HDL lipids and
caused only a small increase in HDL particle number, several
changes were observed in the HDL proteome (Fig. 4B). Most
notably, on the large HDL, there was a marked elevation in
a-1-antitrypsin spectral counts (+2438%). In addition, ceru-
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Fic. 3. ApoB spectral counts correlate with LDL particle num-
ber. As validation of the semi-quantitative potential of spectral count-
ing under our experimental conditions we compared spectral counts
for apolipoprotein B (apoB) versus LDL particle number. ApoB is a
core protein of LDL and has a well-established 1:1 (mol apoB/mol
LDL) stoichiometry.

loplasmin also showed an increase in spectral counts
(+27%). Reductions in spectral counts were also observed for
the following proteins: several immunoglobulin chains (vari-
able), N-acetylmuramoyl-L-alanine amidase (-69%), kallikrein
(-26%), clusterin (-13%) and Ig lambda like polypeptide 5
(-12%). Overall, there were fewer changes in spectral counts
in the small HDL fraction: (a-1-antichymotrypsin (-89%), com-
plement C2 (-44%), apolipoprotein C-Ill (-13%), and vitronec-
tin (+23%).

Quantitation of a-1-antitrypsin Raising Effect of Rosuvasta-
tin— Of the numerous changes in the HDL proteome following
rosuvastatin treatment, we decided to focus on A1AT be-
cause it showed the largest change and the function of A1AT
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Fic. 4. Rosuvastatin alters the lipoprotein proteome. Statistically
significant changes to the LDL (A) and HDL (B) proteomes resulting
from rosuvastatin treatment are displayed as percent change com-
pared with baseline. HDL-L = large HDL; HDL-S = small HDL; PGRP-
L = N-acetylmuramoyl-L-alanine amidase. Statistical comparisons
were made using student’s t test. All displayed data are p < 0.05.

is relatively well understood. In fact, the magnitude of the
increase of HDL bound A1AT in this study was much greater
than changes found in previous studies that examined the
effect of various diseases or therapy on lipoprotein proteome
(5, 15, 16). Additionally, A1AT has been shown to be involved
in cardiovascular disease by modulating various inflammatory
processes (17, 18).

To more quantitatively evaluate the change in A1AT levels
observed in the MS data, we performed ELISA assays to
measure A1AT in the large HDL fractions from all subjects. We
noted that there was a distinct segregation of the subjects into
two groups: high responders that showed a marked elevation
of A1AT (range: five- to 18-fold) in their large HDL fraction in
response to rosuvastatin therapy and low-responders that
only showed a modest increase in A1AT levels (range: 6 -
36%) after therapy. This segregation was consistent with our
MS data (Fig. 5A and 5B) and did not appear to be associated
with baseline plasma lipid measures or CRP (data not shown).

In addition to measuring the A1AT content of large HDL, we
also measured total A1AT in plasma. There was a clear trend
of increasing plasma A1AT while on treatment and a return to
baseline after a 2 week treatment washout, this effect was
relatively small, ~10% (Fig. 5C). The change in total A1AT did

not appear to correlate with the change observed in A1AT on
large HDL after rosuvastatin therapy. Based on the content of
A1AT on HDL-L and in plasma, we estimate that on average
~4.54 = 1.73% of total A1AT was bound to HDL after rosu-
vastatin therapy, whereas only 0.84 + 0.037% was bound at
baseline before treatment. We calculated an A1AT/HDL-par-
ticle ratio (mol:mol) of about 1:100 at baseline and 1:25 after
rosuvastatin treatment.

A1AT Binds to Lipids with its Reactive Center Loop—To
examine the potential structural basis for the interaction of
A1AT with lipoproteins, we used modeling software that cal-
culated the optimum thermodynamic orientation for a protein
to interact with a phospholipid bilayer, using their 3D struc-
tures. The crystal structure for A1AT was downloaded from
Protein Data Bank (http://www.rcsb.org; structure ID: 3NE4)
and used as input for the lipid binding prediction in the
position of proteins in membranes server (http://opm.phar.
umich.edu/) (19). From this analysis, an exposed random coil
region of the A1AT protein was predicted to insert into the
outer leaflet of a phospholipid bilayer (Fig. 6A). This region of
A1AT corresponds to the reactive center loop (RCL) of A1AT,
which contains the active site responsible for the ability of this
protein to inhibit proteolytic activity and is relatively hydro-
phobic. We noted, in this binding model, that two methionine
residues critical to the function of A1AT (Met®®" and Met®°8)
are predicted to be buried in the lipid surface. These methio-
nine residues are highly susceptible to oxidation to methio-
nine sulfoxide. Previous studies have shown that oxidative
modification of either of these residues will result in the loss of
anti-elastase activity (20). If the RCL region of the protein is
removed from the protein structure (A1ATA346, Fig. 6B), the
protein is predicted to have markedly reduced affinity for the
lipid surface, as indicated by decreased calculated insertion
depth and decreased AG,,.\ster €NErGY.

Based on this lipid binding model for A1AT, we hypothe-
sized that the burying of the RCL domain into the lipids
surface of HDL would affect its capacity to inhibit elastolytic
activity. To test this, we made reconstituted HDL containing
A1AT by cholate dialysis. As can be seen by the gel filtration
profile, when A1AT was incubated with discoidal HDL, con-
taining apoA-l and phospholipids, a significant fraction of
A1AT associates with HDL (Fig. 7A). Similarly, and consistent
with previous studies, when native HDL isolated from plasma
was incubated with A1AT, it became enriched in A1AT (data
not shown) (21).

Next, we compared the ability of A1AT bound to HDL
versus free A1AT to inhibit elastase activity. The HDL particle
bound A1AT showed a fivefold reduction in elastase inhibitor
capacity (Fig. 7B), suggesting that the active site in the RCL is
sterically blocked from interacting with elastase when bound
to HDL. Overall, this data supports our model of lipid binding
and suggests several possible functional implications of the
interaction between A1AT and HDL, which we tested below.
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Fic. 5. Quantitative measurement of 150+
a-1-antitrypsin on HDL and in plasma.
A, Individual patient spectral counts for
a-1-antitrypsin (A1AT) in large HDL at
baseline (TO) and after 28 days (T28) of
rosuvastatin treatment, n = 10 for each
time point. The “n = 5” indicator points
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Fic. 6. Structural prediction of lipid binding by «o-1-antitrypsin. A, Predicted binding of a-1-antitrypsin (A1AT) to a lipid surface (red
spheres). Inset demonstrates that methionine residues (Met®*" and Met®°®) are embedded in the lipid (white arrows) and indicates the cut site
for neutrophil elastase (red arrow). B, Predicted lipid binding of A1AT structure with the reactive center loop removed (A1AT A 346).

HDL Binding Protects A1AT Anti-elastase Activity from In-
activation by H,O,—In atherosclerotic plaque, activated neu-
trophils and macrophages create an oxidizing environment by
generating reactive oxygen species, such as hydrogen per-
oxide (H,0,) (22, 23). Based on the binding model of A1AT to
HDL, we predicted that submersion of the critical Met®*>' and
Met®%8 residues, which are susceptible to H,O, oxidation, in
the lipid surface may confer protection of these residues in the
RCL against oxidation and therefore promote the preservation
of anti-elastase activity in an oxidizing environment. To test
this hypothesis, we generated A1AT enriched native HDL
(nHDL) by co-incubating A1AT with isolated human HDL and
then removed unbound A1AT. Either free A1AT or A1AT-nHDL
was exposed to H,O, at various concentrations and remain-
ing anti-elastase activity was measured. Nonlinear regression
analysis of the dose response curves of anti-elastase activity
versus [H,0,] indicated a shift in IC50 (28.09 versus 46.42 mwm
H202 for A1AT and A1AT-HDL, respectively; p < 0.0001),

indicating that HDL bound A1AT was more resistant to inac-
tivation by H,O, (Fig. 8). This finding suggested that although
binding of A1AT to reconstituted HDL resulted in a reduction
of A1AT activity, the interaction of A1AT with HDL may be
beneficial in stabilizing its activity in a pro-oxidant environ-
ment, such as an atherosclerotic plaque.

Effects of A1AT Enriched HDL on Elastase Induced Macro-
phage Activation—An early event in the initiation of athero-
sclerosis is the infiltration of circulating neutrophils and mono-
cytes into the subendothelial space. Upon activation,
neutrophils and macrophages in this environment produce ox-
ygen radicals and also secrete neutrophil elastase, a proteolytic
enzyme, which can cause degradation of the extracellular ma-
trix and activation of proinflammatory signaling pathways in
nearby cells via protease activated receptors. We used the J774
macrophage cell line to examine the proinflammatory response
induced by elastase exposure and to determine the effect A1AT
enriched HDL would have on this response.
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Fic. 8. Binding to HDL protects o-1-antitrypsin anti-elastase
activity from oxidation by H,0,. HDL isolated from healthy human
donors was co-incubated with a-1-antitrypsin (A1AT) to generate
A1AT enriched nHDL. Lipid free A1AT and A1AT nHDL were exposed
to varying concentrations of H,O, for 30 min before measurement of
anti-elastase activity by fluorometric assay. Nonlinear regression
analysis was used for comparison of curve fits and found the two
curves to be significantly different (p < 0.0001).

We first demonstrate that, in the J774 cell system, exposure
to elastase induces a strong proinflammatory cytokine re-
sponse, with increased TNF-« in the cell media in a dose-de-
pendent manner and this effect is absent when treated with
heat-inactivated elastase (Fig. 9A). Next, J774 cells were pre-
incubated with PBS, native HDL (nHDL), A1AT enriched
nHDL, or lipid-free A1AT for 1 h prior to the addition of
elastase to the culture media to allow for inactivation of A1AT.
Upon elastase addition, cells pretreated with PBS displayed a
robust production of TNF-«. Native HDL had a strong anti-
inflammatory effect, significantly reducing TNF-« production
by —77.2% compared with PBS pretreatment (Fig. 9B). This
already impressive effect was further amplified and TNF-«
production was almost completely suppressed (-97%) when
cells were pretreated with HDL further enriched in A1AT. In
contrast, pretreatment with lipid-free A1AT had no significant
protection against elastase induced TNF-« production. The
almost complete lack of effect with lipid-free A1AT was un-

expected but suggests that in the lipid-free form, A1AT may
be quickly degraded or inactivated when cultured with macro-
phages. To determine if degradation was responsible for the
loss of A1AT activity, we performed Western blot for A1AT on
the cell culture media and found no evidence of proteolytic
degradation of A1AT (supplemental Fig. S1). This suggested
to us that the loss of antiprotease activity in the lipid-free
A1AT treatment may be due to another inactivating protein
modification. We then performed elastase inhibition assays
on each of the treatments from Fig 9B, but in a cell-free
system. The results of this experiment demonstrated that
the PBS and nHDL treatments did not inhibit elastase ac-
tivity, however, both A1AT HDL and lipid-free A1AT showed
significant anti-elastase activity, indicating that the cell cul-
ture environment inactivated the lipid-free A1AT but did not
affect the HDL bound A1AT (Fig. 9C). In further support of
this model, when each of the treatments was pre-incubated
with elastase prior to addition to the cells, free A1AT was
then readily able to inhibit elastase induced TNF-a produc-
tion (Fig. 9D).

In another experiment, J774 cells were pretreated in the
same manner as for Fig. 9B, except that the cell media was
removed and the cells were washed prior to addition of fresh
serum free media containing elastase. Under these condi-
tions, the nHDL pretreatment still provided significant protec-
tion against elastase induced TNF-a production (Fig. 9E),
indicating that the effect of native HDL is occurring via an
intracellular or signaling pathway. However, the additional
protection conferred by A1AT enrichment was lost, indicating
that the mechanism of action for A1AT HDL is by direct
inhibition of elastase in the culture media. Treatment with
lipid-free A1AT still had no effect.

Overall, this data supports a mechanism whereby lipid-free
A1AT is rapidly inactivated in macrophage culture media and
is unable to inhibit elastase induced cytokine production by
macrophage cells. However, when associated with HDL,
A1AT retains its anti-elastase activity and efficiently inhibits
elastase induced TNF-a production. Based on our lipid bind-
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ing model, we predict that the preservative effect of HDL
binding on A1AT activity may be a result of the interaction of
the RCL with the lipid surface conferring protection in an
oxidizing environment.

DISCUSSION

In this study, we report the impact of rosuvastatin treatment
on the lipoprotein proteome in humans and found that several
protein components of both LDL and HDL particles were
affected by treatment. The majority of proteome effects on
LDL were reductions in protein content, which likely reflect the
overall reduction in LDL particle number associated with sta-
tin therapy. However, despite this reduction in particle num-
ber, there were two proteins that displayed increased abun-
dance on LDL with statin treatment, namely complement C3
and |g kappa chain V-Il. We found no existing reports of direct
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functional relationships between these proteins and LDL, but
their elevation on the background of dramatic LDL lowering
may indicate the presence of a subpopulation of LDL that is
either resistant to lowering by rosuvastatin or perhaps is gen-
erated as a consequence of the treatment. Whether or not these
particles have any influence on lipoprotein metabolism or car-
diovascular disease is an area of interest for future studies.
Although rosuvastatin treatment had little or no impact on
HDL particle number, total HDL-C, or HDL lipid profile by
FPLC, there were several major proteome changes observed.
Among these was a dramatic 24-fold increase in A1AT spec-
tral counts associated with large HDL, a protein change much
greater than typically observed in other similar lipoprotein
proteome studies. Because of this and the known function of
A1AT, we chose to focus our attention on this protein change
and to investigate its functional consequences. A1AT is an
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acute phase reactive plasma protein with a typical plasma
concentration of about 1.5 mg/ml. It belongs to the serine
protease inhibitor (SERPIN) family of proteins of which there
are 36 members in humans, 29 of which have antiprotease
activity. A1AT is one of the most abundant SERPINs and is
the primary physiological inhibitor of neutrophil elastase (NE)
(24). NE is produced by activated neutrophils and macro-
phages in atherosclerotic lesions where it degrades compo-
nents of the extracellular matrix (i.e. elastin, collagen and
fibronectin) (25, 26). Additionally, cholesterol loaded mono-
cyte-derived macrophages, such as those found in athero-
sclerotic plaque, express elevated elastolytic activity (27). Be-
sides degrading extracellular matrix, elastase can also
stimulate production of pro-inflammatory cytokines and trig-
ger pro-apoptotic signaling via protease activated receptors
expressed on most cells (28, 29). These combined activities of
elastase within the vessel wall likely contribute to atheroscle-
rotic progression by promoting smooth muscle cell migration,
endothelial cell apoptosis, and plaque instability (30).

It has been demonstrated that HDL is actively transported
across the vascular endothelium at the site of atherosclerotic
plaque (31), thus delivering HDL to this inflammatory, proteo-
lytic environment. The fate of the protein cargo (i.e. non-
apoA-| proteins) of HDL during this process has not yet been
examined. However, it seems possible that the process of
endothelial trancytosis of HDL may act as a mechanism for
delivery of HDL’s largely anti-inflammatory and antiproteolytic
cargo to a site of inflammatory distress. A1AT is fairly abun-
dant in plasma, but it may need to reach the subendothelial
space, where elastolytic proteases are produced by activated
neutrophils and macrophages, to effectively inhibit protease
mediated damage to the vessel wall. Although some small
plasma proteins are capable of relatively rapid movement
across the vascular endothelium, A1AT is similar to aloumin in
size and negative charge (pl ~ 4), and thus it is likely not
capable of passive diffusion across the endothelium and may
require active transport or a chaperone such as HDL.

Our findings expand significantly upon existing studies by
first showing that A1AT binding to HDL is induced by rosuv-
astatin and by identifying a novel functional benefit of this
association. Our data support a protective role for HDL,
whereby the anti-elastase activity of A1AT is preserved by
interaction with HDL. Although our experiments with recon-
stituted HDL demonstrate that A1AT activity is reduced upon
binding to HDL, a significant amount of antiprotease activity
remains. Furthermore, it has recently been shown, in athero-
sclerotic plaques, that HDL particles eventually disassemble
when they enter tissue and therefore may release free A1AT
(32). Based on our HDL binding model and our experiments
with hydrogen peroxide, one possible mechanism for the
preservation of A1AT activity when bound to HDL may be
through shielding of oxidation susceptible methionine resi-
dues in the RCL, which when oxidized result in loss of A1AT
activity. Other possible mechanisms may involve the protec-

tion of A1AT from degradation by other macrophage secreted
proteases or HDL-directed cellular uptake and intracellular
antiproteolytic activity. Detailed mechanistic and structural
investigations of these hypotheses are underway.

The association of A1AT with both LDL and HDL particles
has been previously demonstrated by biochemical and pro-
teomics based techniques. Binding to LDL occurs when A1AT
has been oxidized and is inactivated (33), but a change in the
oxidation status of A1AT has not been previously implicated in
altering its binding to HDL. There have been no reports on the
mechanism of A1AT binding to HDL. It is currently unclear
whether A1AT becomes associated with HDL during particle
generation or is in a state of equilibrium, constantly exchang-
ing to and from preformed HDL particles. Our data suggest
only a minimal increase in total plasma A1AT while on rosu-
vastatin, an amount that is likely insufficient to account for a
simple equilibrium driven shift onto HDL of the magnitude
seen in this study. This suggests the possibility of increased
de novo generation of A1AT containing HDL or that an addi-
tional plasma factor or a change in some physical property of
HDL in response to statin treatment that may be responsible
for the increased binding of A1AT. There have been only a
limited number of functional investigations of A1AT on HDL.
Studies by Meilhac et al. first suggested a possible functional
role for HDL bound A1AT in preventing apoptosis in vascular
smooth muscle cells (34). A second study from the same
group demonstrated a role for HDL in the selective transport
of functional A1AT from the circulation to the lung, where it
can prevent elastase induced morphological and functional
damage in a rat model (21). These findings suggest a possible
important role of A1AT bound HDL for the treatment of
chronic obstructive pulmonary disease (COPD) or emphy-
sema, where excessive elastolytic activity causes destruction
of lung tissue and is often not adequately treated by replace-
ment therapy with just A1AT (35).

Although the focus of this study is on A1AT, 9 other mem-
bers of the SERPIN family are consistently identified in pro-
teomics studies of HDL (8). The complete structural informa-
tion is not available for all of these, but all of the well
characterized SERPINs have structural organizations similar
to that of A1AT with an exposed hydrophobic meta-stable
RCL domain. It may be that many of these other SERPINs also
bind HDL by a similar mechanism involving the RCL and
similar functional relationships exist for this entire class of
proteins.

Additional questions raised by the present report include
whether the observed effects of rosuvastatin on the lipopro-
tein proteome are similar among all statins and whether this
accounts for some of the known anti-inflammatory effect of
statins (36). One study of the HDL proteome, in patients
receiving combination therapy of atorvastatin and niacin,
found reduced apoE content in HDL,, however no effect on
A1AT was detected (16). The absence of effect on A1AT in this
study may be explained by several factors including the use of
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a different statin, addition of niacin treatment, or differences in
HDL isolation (ultracentrifugation versus gel filtration). Some
of the anti-inflammatory effects of statins have been attrib-
uted to the ability to block the Rho signaling pathway (37) but
based on the results of this study their ability to modulate
A1AT levels on HDL may also be relevant. It is interesting to
note that there have been several recent reports of statins (i.e.
simvastatin and atorvastatin) having protective effects on lung
injury induced by elastase (38, 39) or by cigarette smoke (40,
41), which could potentially also be mediated by A1AT en-
riched HDL.

In summary, studies of the lipoprotein proteome have
gained increasing interest due to their clear potential for iden-
tifying functionally relevant lipoprotein subspecies. However,
the list of lipoprotein associated proteins is growing faster
than our understanding of the functional relevance of these
complexes. New insight into the diagnostic or therapeutic
implications of HDL subfractions with specific protein content
will likely require direct experimental investigation as was
done in this study. Although much still needs to be done in
regard to the role of A1AT interaction with HDL, to our knowl-
edge this is the first report of a newly identified protein on HDL
by LC-MS that has been shown to have a possible functional
role in the pathogenesis of atherosclerosis.
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