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Hemoglobin (Hb) uniquely associates with proinflammatory
HDL in atherogenic mice and coronary heart disease (CHD)
patients. In this paper, we report that Hb and its scavenger pro-
teins, haptoglobin (Hp) and hemopexin (Hx) are significantly
increased in apoA-1-containing particles of HDL both in mouse
models of hyperlipidemia and in CHD patients, when compared
with wild type mice and healthy donors, respectively. We further
demonstrate that the association of Hb, Hp, and Hx proteins
with HDL positively correlates with inflammatory properties of
HDL and systemic inflammation in CHD patients. Interestingly,
HDL from Hp~/~ mice under atherogenic conditions does not
accumulate Hb and is anti-inflammatory, suggesting that (i) Hp
is required for the association of Hb with HDL and (ii) Hb-Hp
complexes regulate the inflammatory properties of HDL. More-
over, treatment of apoE ™'~ mice with an apoA-1 mimetic pep-
tide resulted in significant dissociation of Hb-Hp complexes
from HDL and improvement of HDL inflammatory properties.
Our data strongly suggest that HDL can become proinflamma-
tory via the Hb-Hp pathway in mice and humans, and dissocia-
tion of Hb-Hp-Hx complexes from apoA-1-containing particles
of HDL may be a novel target for the treatment of CHD.

Atherosclerosis is the leading cause of morbidity and mortal-
ity in Western society. The inverse relationship between HDL?
cholesterol and the risk of atherosclerosis is well established.
Although HDL cholesterol is an epidemiological predictor of
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risk for coronary heart disease (CHD) (1), a significant number
of CHD events occur in patients with normal LDL and HDL
cholesterol levels (1, 2). Based on a number of recent studies in
both animal models and human samples, it appears that the
anti- or proinflammatory nature of HDL may be a more sensi-
tive indicator of the presence or absence of atherosclerosis than
HDL cholesterol levels. HDL exerts anti-inflammatory func-
tions by promoting reverse cholesterol transport and prevent-
ing the oxidation of LDL (3, 4). We have previously shown that
the anti-inflammatory functions of HDL can be impaired in
humans (5) rabbits (6), and mice (7) during inflammatory pro-
cesses. This impaired HDL is proinflammatory in nature, as
characterized by (i) decreased levels and activity of anti-inflam-
matory, antioxidant factors, including apolipoprotein Al
(apoA-1) and PONT1 (paraoxonase 1) (8); (ii) gain of proinflam-
matory proteins, such as serum amyloid A and ceruloplasmin
(6); (iii) increased lipid hydroperoxide (LOOH) content (9); (iv)
reduced potential to efflux cholesterol (10); and (v) diminished
ability to prevent LDL oxidation (11). The molecular changes
and mechanisms that promote anti-inflammatory HDL con-
version to proinflammatory HDL are currently not well
understood.

We recently reported the identification and characterization
of Hb associated with proinflammatory HDL in atherogenic/
hyperlipidemic mice and in human CHD patients (12). We
demonstrated that under normal circumstances, a small
amount of Hb is always found outside of red blood cells (RBC)
in the non-lipoprotein fractions of serum (on the order of 10 um
compared with the >1 M concentration of Hb in RBC). We
further demonstrated that under conditions of hyperlipidemia
in mice and in CHD patients, the non-RBC Hb moves out of the
non-lipoprotein fractions and associates with HDL. This HDL-
associated Hb was shown to play an important role in the mod-
ulation of HDL function, suggesting that Hb is not only a novel
biomarker but may also serve as a therapeutic target for ather-
osclerosis (12). We therefore sought to determine the molecu-
lar mechanisms that play a role in the association of Hb with
HDL.

Hp and Hx are plasma proteins with the highest binding
affinity for Hb (K, = 1 pm) and heme (K, < 1 pm), respectively.
They are expressed mainly in the liver and belong to the family
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of acute phase proteins, whose synthesis is induced during
inflammatory processes (13, 14). Under conditions of increased
hemolysis, Hb becomes highly toxic because of the oxidative
properties of heme, which participates in the Fenton reaction to
produce reactive oxygen species causing cell injury (15). Under
these conditions, Hb is known to be scavenged by Hp-Hx com-
plexes that utilize specific receptor pathways, thus protecting
the body against the harmful effects of excess free Hb. We set
out to determine whether the Hb-Hp-Hx system (i) also partic-
ipates in the association of Hb with proinflammatory HDL and
(ii) plays a role in the inflammatory properties of HDL.

In this paper, we demonstrate that (i) Hb-Hp-Hx complexes
associate with HDL in CHD patients and mouse models of
hyperlipidemia but not in healthy human donors and wild type
mice, and (ii) Hb-Hp-Hx association with HDL positively corre-
lates with proinflammatory properties of HDL. We further
show that HDL from Hp '~ mice on an atherogenic diet is
anti-inflammatory and did not contain any Hb, suggesting that
(i) Hp is required for the association of Hb with HDL, and (ii)
Hp regulates the inflammatory properties of HDL. In contrast
to HDL from Hp /~ mice, HDL from Hx /™ mice on normal
chow was proinflammatory and associated with Hb and Hp,
suggesting a novel protective role for Hx in HDL function.
When apoE™~’~ mice were treated in vivo with an apoA-1
mimetic peptide, 4F, Hb-Hp-Hx dissociated from HDL. Our
data strongly suggest that the association of Hb-Hp-Hx with
HDL plays an important role in the functional status and
inflammatory properties of HDL.

EXPERIMENTAL PROCEDURES

Animal Experiments—All animal experiments presented
here were approved by the UCLA animal research committee.
C57BL/6], apoE~'~, Hp /', and Hx /~ female mice between
the ages of 8 and 12 weeks were used in all experiments. Mice
were fed either a chow diet (Ralston Purina Mouse Chow) or an
atherogenic diet containing 15.8% fat, 1.25% cholesterol, and
0.5% cholate (Harlan Teklad, Madison, WI). For short term
studies, mice were fed the diet for 7 days, and for long term
studies, mice were fed the diet for 15 weeks. Serum samples
were isolated from mice fasted overnight, cryopreserved in 10%
sucrose, and freshly frozen at —80 °C until use.

Human Samples— After informed consent, human plasma
samples were obtained from healthy donors and donors with
stable CHD or CHD equivalents, as defined by the National
Cholesterol Education Program Adult Treatment Panel III
criteria.

Total and Lipoprotein Cholesterol Levels—Human plasma or
mouse serum cholesterol levels were determined by commer-
cially available kits (Thermo, Louisville, CO). HDL from each
individual serum sample was freshly isolated with LipiDirect
HDL reagent (Polymedco, Cortland Manor, NY) according to
the manufacturer’s protocol. The supernatant containing HDL
was assayed for cholesterol and protein (Promega, Madison,
WI) within 48 h after isolation. very low density lipoprotein/
LDL cholesterol was determined by subtracting HDL choles-
terol from total cholesterol.

Detection of Reactive Intermediate Species in Plasma—Reac-
tive oxygen species (ROS) and reactive nitrogen species (RNS)
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contents in individual plasma or serum samples were deter-
mined with 2,7,7'-dichlorofluorescein diacetate (H,DCFDA;
Invitrogen) and 4-amino-5-methylamino-2',7’-difluorofluo-
rescein diacetate (Invitrogen), respectively. Briefly, individual
plasma or serum samples (10 ul) were diluted at 1:5 with 1X
phosphate-buffered saline and incubated with H,DCFDA or
4-amino-5-methylamino-2',7’-difluorofluorescein  diacetate
(10 pg/ml) in methanol for 30 min at 37 °C. The products of
ROS and RNS were determined by measuring fluorescence
intensity at 485 nm/525 nm.

Lipoprotein Isolation—Pooled human plasma or mouse
serum samples were fractionated by a gel permeation fast pro-
tein liquid chromatography (FPLC) system consisting of dual
Superose 6 columns in series (Amersham Biosciences), as
described previously (12). Briefly, the column was eluted with
1X phosphate-buffered saline at a flow rate of 0.5 ml/min and
fractionated every 1 ml. The first 10 fractions of the FPLC runs
were discarded prior to analysis in all experiments. Individual
fractions were assayed for cholesterol (Thermo, Louisville,
CO), protein (Promega, Madison, WI), and heme content by
measuring A,;,, and ROS content was determined with
H,DCFDA (16).

Detection of Non-RBC Hb Associated with HDL by SELDI Pro-
teinChip Analysis—Non-RBC Hb associated with HDL in individ-
ual HDL samples was determined as described previously (12).
Briefly, individual HDL samples diluted with binding buffer (phos-
phate-buffered saline with 0.1% Triton X-100, pH 7.0) were sub-
jected to surface-enhanced laser desorption/ionization (SELDI)
analysis with strong anion exchange (Q10) ProteinChip arrays.
Q10 arrays were equilibrated with binding buffer prior to use to
select proteins with a pl value of <7. The data were analyzed with
ProteinChip data analysis software version 3.2 (Ciphergen Biosys-
tems), as described previously (17). Sample statistics were per-
formed on groups of profiles (apoE ™/~ versus apoE '~ with p-4F
treatment). Protein differences (-fold changes of relative intensity)
were calculated among the various groups. A protein was consid-
ered differentially associated between two groups if, when com-
pared with the other group, statistically significant differences in
its intensity were observed (p < 0.05).

Assays to Determine the Inflammatory Properties of HDL—
HDL properties were determined as described previously by
measuring ROS content with H,DCFDA (12), paraoxonase
activity (6), LOOH content by Auerbach assay (18), and mono-
cyte chemotactic activity (4, 5).

Electrophoresis and Immunoblots—Isoelectric focusing (IEF)
Tris/HCI gels and all other reagents for electrophoresis were
purchased from Bio-Rad. Mouse serum (2 ul) was analyzed by
IEF-Tris/HCl native two-dimensional gels, as described previ-
ously (12). Each lane from the IEF (pH 3-10) gels was cut and
inserted into 4—20% Tris/HCl native gels. Samples were loaded
on gels and transferred to nitrocellulose membrane (Amer-
sham Biosciences). The membrane was immunoblotted against
mouse Hb at 1:1000 (MP Biomedicals, Irvine, CA), mouse
apoA-1 at 1:10,000 (Biodesign, Saco, ME), and mouse Hp and
Hx at 1:5000 (ICL, Newberg, OR). HRP-conjugated anti-rabbit
antibody (Amersham Biosciences) or anti-chicken antibody
(ICL) was used at 1:10,000, and the bands were visualized with
ECL detection reagent (Amersham Biosciences).
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Association of Hb with HDL—Individual plasma or serum
samples from mice and humans were assayed for apoA-1, Hb,
Hp, Hx, IL-6, and IL-10 in plasma/serum and HDL by direct
and sandwich ELISA, respectively, as described previously (12).
The following antibodies were used in the ELISA experiments
reported in this paper: mouse apoA-1 (Biodesign); mouse Hb
(MB Biomedicals); mouse Hp and Hx (ICL); human HDL,
apoA-1, Hb, Hp, and Hx (Abcam); human IL-6 and IL-10 (eBio-
science, San Diego, CA); and HRP-conjugated detection sec-
ondary antibodies for anti-rabbit and mouse antibodies (Amer-
sham Biosciences) and anti-chicken antibody (ICL).

Proteins in Serum and HDL—ApoA-1, Hb, Hp, Hx, IL-6, and
IL-10 levels in individual plasma, serum, or HDL were quanti-
fied by direct ELISA, as described previously (12). Briefly,
plasma or serum at 1:20 or HDL at 1:2 was coated on 96-well
PVC microfilter plates (BD Biosciences) at 4 °C overnight. Pri-
mary antibodies used were as follows: mouse apoA-1 at 1:5000,
mouse Hb at 1:2000, and mouse Hp and Hx at 1:5000 and
human apoA-1, Hb, Hp, and Hx at 1:5000 and human IL-6 and
IL-10 at 1:1000. The primary antibodies were detected by HRP-
conjugated secondary anti-rabbit, chicken, or mouse antibod-
ies (used at a 1:5000 dilution). Following incubation with TMB
solution (KPL, Gaithersburg, MD), HRP activity was measured
at A,-,. HRP-conjugated detection antibody was used as an
internal standard to convert A .-, of each sample to the concen-
tration of detection antibody. The value for each protein from a
given sample was calculated relative to the average of that pro-
tein concentration in mice on a chow diet or healthy donors,
which were set to 1. In some experiments, commercial ELISA
kits from ICL were used to measure Hp and Hx in mouse serum.

Proteins Associated with HDL—The association of Hb, Hp,
and Hx with HDL containing apoA-1 was determined by sand-
wich ELISA, as described previously (12). Briefly, 96-well PVC
microfilter plates (BD Biosciences) were precoated with 1-5
pg/ml of goat anti-mouse or human apoA-1 or chicken anti-
human HDL (Abcam) at 4 °C, overnight. Following incubation
of the precoated plates with individual plasma, serum at 1:20
dilution, or HDL at 1:2 dilution, the plates were washed thor-
oughly and further incubated with corresponding primary anti-
bodies to mouse Hb at 1:2000; mouse apoA-1, Hp, and Hx at
1:2500; and human apoA-1, Hb, Hp, and Hx at 1:2500. The
primary antibodies were detected by HRP-conjugated second-
ary antibodies (used at a 1:2500 dilution). Following incubation
with TMB solution (KPL, Gaithersburg, MD), HRP activity was
measured at A,;,. HRP-conjugated detection antibody was
used as an internal standard to convert A -, of each sample to
the concentration of detection antibody. The value for each
protein from a given sample was calculated relative to the aver-
age of that protein concentration in mice on a chow diet or
healthy donors, which was set to 1.

Statistical Analysis—All data were statistically analyzed by ¢
test or linear regression. Significance was determined as p <
0.05.

RESULTS

Lipid Profiles in Plasma from CHD Patients—Patient plasma
samples were obtained from 42 men and postmenopausal
women between the ages of 21 and 75 with stable CHD or CHD
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TABLE 1

Lipid profiles and inflammatory properties of plasma samples from
healthy donors and CHD patients

Healthy donors (n = 29) and CHD patients (n = 42) were compared. Each number
represents the average = S.D. A ¢ test was performed for statistical analysis. RFU,
relative fluorescence units. NS, not significant.

Healthy CHD p
Total cholesterol (mg/dl) 1364 +31.0 134.4 +43.7 NS
HDL cholesterol (mg/dl) 55.0 = 10.1 514 * 114 NS
LDL/VLDL cholesterol (mg/dl) ~ 81.4 * 28.7 83.0 = 38.6 NS
Paraoxonase (units/ml) 224.6 = 124.7 178.4 * 134.1 NS
Heme (4,,,) 0.26 + 0.07 0.66 +0.78  <0.002
ROS (RFU) 1725771  236.7 +733  <0.001
RNS (RFU) 63.1 £5.2 66.4 + 6.1 <0.02
. Direct ELISA (relative concentration)
Detection
Healthy CHD ¥4
1L-6 1.00 = 0.31 1.69 = 0.81 <0.00001
IL-10 1.00 = 0.39 1.84 + 0.63 <0.00001
TABLE 2

Hb, Hp, and Hx complexes in individual plasma or HDL from healthy
donors and CHD patients

Healthy donors (n = 29) and CHD patients (n = 42) were compared. Each number
represents the average = S.D. A ¢ test was performed for statistical analysis.

Detection Healthy CHD V4
Direct ELISA (relative
concentration)
ApoA-1 1.00 = 0.49 1.09 = 0.63 NS
Hemoglobin 1.00 = 041 4.33 £3.75 <0.00001
Haptoglobin 1.00 = 0.48 2.15 = 0.88 <0.00001
Hemopexin 1.00 £ 0.25 1.59 =0.66 <0.00001
ApoA-1-captured ELISA (relative
concentration)
ApoA-1 1.00 £ 0.81 1.10 £0.81 NS
Hemoglobin 1.00 = 0.38 3.79 £3.51 <0.00001
Haptoglobin 1.00 = 0.33 1.50 £0.82 <0.001
Hemopexin 1.00 £ 041 158 *1.18  0.005
HDL-captured ELISA (relative
concentration)
ApoA-1 1.00 = 0.24 1.22 £042 <0.01
Hemoglobin 1.00 = 0.37 1.60 £ 1.19 <0.005
Haptoglobin 1.00 =035 140 *£0.55  0.0004
Hemopexin 1.00 £0.74 1.16 £ 0.76 NS

equivalents, as defined by the National Cholesterol Education
Program Adult Treatment Panel III criteria. All of the CHD
patients were taking statins, as required by current guidelines.
Plasma samples were also obtained from 29 healthy blood
donors. Cholesterol levels and paraoxonase activity in the
healthy donors and CHD patients were not significantly differ-
ent (Table 1).

Markers of Inflammatory Profiles in Plasma from CHD
Patients—Individual plasma samples were tested for heme con-
tent, oxidative stress, and systemic inflammation. The levels of
heme (measured at 410 nm and including heme content from
all heme-containing proteins, including Hb), ROS, RNS IL-6,
and IL-10 contents were significantly higher in plasma from the
CHD patients than in plasma from healthy donors (Table 1).

Hb, Hp, and Hx Protein Levels Are Significantly Increased in
HDL from CHD Patients Compared with Healthy Donors—To-
tal Hb content was constant in normal and atherogenic
serum from mouse models of atherosclerosis (12). To deter-
mine Hb content as well as its scavenger proteins (Hp and
Hx) in plasma from healthy donors and CHD patients, direct
ELISA was performed on individual human plasma (Table 2).
Direct ELISA analysis showed significant increases in Hb,
Hp, and Hx levels in plasma from CHD patients compared
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FIGURE 1. Correlation of LOOH content in HDL and Hil with Hb, Hp, and Hx proteins in HDL from CHD
patients. ApoA-1 (A7), Hb, Hp, and Hx contents in individual plasma (A-D) or in apoA-1-containing particles
(E-H) were correlated with LOOH content in individual HDL. Hb, Hp, and Hx contents in individual plasma (/-L)
or in apoA-1-containing particles (M-P) were correlated with individual HIl determined by monocyte chemo-
tactic assay, as described under “Experimental Procedures.” Individual HDL from CHD patients (n = 42) were
tested for each assay. Circles, individual data; linear regression was performed for the statistical analysis on each
group. p < 0.05 shows the significance of slope to the background. Rel followed by brackets, relative concen-
tration of target protein. LOOH/AT (E-H) and HII/AT (M—-P), each data set normalized to the apoA-1 content in

each sample.

with the healthy donors, whereas there was no difference in
plasma apoA-1 levels (Table 2). To determine whether
Hb-Hp-Hx complexes are preferentially associated with
apoA-1-containing particles or HDL in plasma samples from
CHD patients, the association of Hb, Hp, and Hx with apoA-
1-containing particles or HDL was determined by sandwich
ELISA with plates precoated with antibody against either
apoA-1 or HDL (Table 2). Hb, Hp, and Hx levels in apoA-1-
containing particles (i.e. particles captured with antibody to
apoA-1) and HDL (i.e. particles captured with antibody
against whole human HDL) in the plasma of CHD patients
were significantly higher than those in healthy donors, as
measured by all three assays.

Lipid Hydroperoxide Content in HDL and HDL Inflamma-
tory Index Are Positively Correlated with ApoA-1-associated
Hb, Hp, and Hx Proteins in CHD Patients—Previous studies (5)
showed that proinflammatory HDL is characterized by both
accumulation of LOOHs and an HDL inflammatory index
(HII) of =1.0. To determine whether Hb, Hp, and Hx com-
plexes are indices of proinflammatory HDL, (i) total Hb, Hp,
and Hx levels and (ii) apoA-1-associated (i.e. particles cap-
tured with antibody to apoA-1) Hb, Hp, and Hx levels were
correlated with LOOH contents in HDL (Fig. 1, A—H) and
HII (Fig. 1, I-P) in patient samples. ApoA-1-associated Hb
correlated positively with LOOH levels and HII (Fig. 1, F and
N, respectively), whereas total plasma non-RBC Hb was not
(Fig. 1, B and J, respectively), suggesting a potential link
between Hb accumulation on HDL, generation of LOOH,
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measure of systemic inflammation.
Total plasma Hb and apoA-1-asso-
ciated Hb (i.e. Hb in particles cap-
tured with an antibody to apoA-1)
were positively correlated with
heme (Fig. 2, A and E), ROS (Fig. 2, B
and F), and the ratio of IL-6 to IL-10
(as a marker of systemic inflamma-
tion) (Fig. 2, D and H) but not RNS (Fig. 2, C and G) in CHD
patients. These correlations were not observed in plasma from
healthy donors.

Hb, Hp, and Hx Complexes Are Associated with HDL from
Hyperlipidemic/Atherogenic Mice—We previously reported
that Hb complexes associate with HDL in C57BL/6] mice on an
atherogenic diet but not on a normal chow diet (12). HDL-
associated Hb has distinct properties; particularly, its pl is
around 4, whereas the pI of non-HDL Hb is above 7. The pl
values of Hp, Hx, and apoA-1 are around 5 (Swiss-Prot data
base; available on the World Wide Web). Therefore, we sought
to determine whether the low pI of Hb complexes in HDL is due
to the association with Hp, Hx, or apoA-1. Serum and HDL
samples from C57BL/6] mice on either a normal chow or an
atherogenic diet were analyzed by IEF/native two-dimensional
gels and ELISA for Hb, Hp, Hx, and apoA-1 contents, and their
association with apoA-1 was determined (Figs. 3 and 4). On an
atherogenic diet (both short and long term feeding regimens),
complexes immunoreactive to Hb, Hp, Hx, and apoA-1 were
observed to coincide on the two-dimensional gels (Fig. 3) but
not in serum from mice on a normal chow. Direct ELISA
showed that the Hb content in HDL (Fig. 4D) was significantly
induced by an atherogenic diet, whereas there was no difference
in total Hb content in serum (Fig. 4B). Sandwich ELISA with
apoA-1-capturing antibody showed that Hb, Hp, and Hx com-
plexes were exclusively associated with apoA-1 in HDL from
mice on the atherogenic diet but not in mice on a normal chow
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FIGURE 2. Hb-associated HDL positively correlates with heme, ROS contents, and systemic inflammation in plasma from CHD patients. Hb, Hp, and Hx
contents in individual plasma (A-D) or in apoA-1-containing particles (E-H) were correlated with heme (A and E), ROS (B and F), or RNS contents (C and G) and
the ratio of IL-6 to IL-10 (D and H) in plasma. Individual plasma from healthy donors (dark circles, n = 29) and CHD patients (gray circles, n = 42) were tested.
Circles, individual data; linear regression was performed for the statistical analysis on each group. Rel followed by brackets, relative concentration of target

protein. H, healthy donors; P, patients.
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HDL (Fig. 6). It should be noted that
the heme content in the FPLC frac-
tions measured in Fig. 5 reflects the
sum of all heme-containing proteins
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those of wild type, whereas no dif-
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FIGURE 3. Association of Hb, Hp, and Hx complexes with HDL in mice fed an atherogenlc diet. Pooled
serum samples from C57BL/6J mice (n = 8/group) on either a normal chow (C) or atherogenic diet (A) for 7 days
(D7) or 15 weeks (W15) were loaded on IEF/native two-dimensional gels. Gels were immunoblotted for Hb, Hp,
Hx, and apoA-1 (A7). The images of Hb, Hp, Hx, and apoA-1 bands in atherogenic serum were reversed and
superimposed, as shown in red, green, blue, and green, respectively. The Hb panel on the left is similar to the
published results from Watanabe et al. (12). The merged images of the first three columns of the Hb, Hp, and Hx
panels are shown in the fourth column (Hb/Hp/Hx). The merged images of the first (Hb) and fifth column of panels

(A7) are shown in the sixth column (Hb/AT).

diet (Fig. 3), suggesting that Hb-Hp-Hx complexes associate
with HDL through apoA-1.

A Novel Role for Hp in the Formation of Hb-associated
HDL—We previously reported that HDL from C57BL/6] mice
on an atherogenic diet was proinflammatory, whereas HDL
from mice on a normal chow diet was normal/anti-inflamma-
tory (12). To determine if the association of Hb with HDL is
mediated by Hp and Hx, we tested whether Hp and Hx are
necessary for the association of Hb with HDL. Serum and HDL
samples from wild-type, Hp /~, and Hx /"~ mice on a normal
chow or an atherogenic diet were assayed for (i) cholesterol
content (Table 3 and Fig. 5, top), (ii) the accumulation of heme

18296 JOURNAL OF BIOLOGICAL CHEMISTRY

among groups on an atherogenic
diet (Table 3). Although both Hp
and Hx were associated with HDL
from wild-type mice on the athero-
genic diet, elevated levels of Hb
associated with HDL were only seen
when Hp was present in HDL (Figs.
5and 6B), suggesting that Hp is nec-
essary for the association of Hb with
HDL. Furthermore, sandwich ELISA of HDL captured by its
apoA-1 content showed that Hp only associated with HDL con-
taining apoA-1 in wild-type mice on the atherogenic diet (Fig.
6E). Interestingly, apoA-1-associated Hp content in HDL from
Hx /" mice on a normal chow diet was significantly higher
than the wild-type mice, suggesting that Hx may inhibit the
formation of Hb-Hp complexes in HDL (Fig. 6E), or it is possible
that higher Hp levels in the Hx /™ mice on chow are simply due
to more base-line inflammation. There were no significant dif-
ferences in the apoA-1 content between wild type, Hp~/~, and
Hx /" mice (Fig. 6A).
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Hp, but Not Hx, Is Required for the Accumulation of ROS and
RNS in Proinflammatory HDL—To determine the role of Hp
and Hx in the association of Hb with HDL and HDL inflamma-
tory properties, HDL from wild type, Hp /", and Hx /™ mice
ona normal chow or atherogenic diet were tested ina monocyte
chemotactic assay. HDL from Hp '~ on an atherogenic diet
was anti-inflammatory (Fig. 7A) and contained very low levels
of Hb and low levels of Hx on the atherogenic diet (Fig. 6, B and
D, respectively). Interestingly, in contrast, HDL from Hx /'~
mice on both the chow and atherogenic diets was proinflam-
matory (Fig. 7A), consistent with the fact that it contained sig-
nificantly more Hb and Hp (Fig. 6, B and C).
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FIGURE 4. Hb, Hp, and Hx proteins are significantly elevated in HDL from
atherogenic mice. Total apoA-1 (A7) and Hb in individual serum (A and B)
(n = 16/group) orin HDL (Cand D) (n = 4/group) or apoA-1-associated Hb (E),
Hp (F), and Hx (G) contents in HDL (n = 4/group) from C57BL/6J mice on chow
(C) or atherogenic diet (A) for 7 days were determined by ELISA, as described
under “Experimental Procedures.” Each bar represents the average concen-
tration relative to WT (C) = one S.D. value. A t test was performed for a statis-
tical analysis. Relative followed by brackets, relative concentration of the tar-
geted protein.

TABLE 3

ApoA-1 Mimetic Peptide Converts Proinflammatory HDL to
Anti-inflammatory HDL by Lowering Hb-associated HDL—
Hb-Hp-Hx complexes associate with proinflammatory HDL but
not anti-inflammatory HDL. To further validate that HDL-in-
flammatory properties are dependent on HDL-associated
Hb-Hp-Hx, we examined the effect of the apoA-1 mimic pep-
tide, 4F, on Hb-Hp*Hx complexes in HDL. Our previous studies
demonstrated that b-4F and L-4F (the b- and L-amino acid form,
respectively) convert proinflammatory HDL to anti-inflamma-
tory HDL in animals and humans (18 —21). HDL from apoE '~
mice on a normal chow diet was proinflammatory and con-
verted to anti-inflammatory by p-4F treatment (Fig. 8A4). b-4F
treatment resulted in partial dissociation of Hb from HDL (i.e.
after p-4F treatment, some Hb was seen to migrate on the gel
similarly to Hb from RBC lysates; Fig. 88). After p-4F treatment,
there was also a significant decrease in Hb polypeptides with
abnormal pI (Fig. 8C). HDL samples from apoE /" mice
treated with vehicle only (drinking water) or p-4F (provided in
drinking water) were assayed for Hb, Hp, and Hx contents (Fig.
9, A-C). HDL from apoE '~ mice contained significantly
higher Hb, Hp, and Hx (Fig. 9, A-C) compared with D-4F-
treated mice. In addition, L-4F (L-amino acid form) also caused
a significant reduction in the contents of Hp and Hx in HDL
(Fig. 9, D and E) in apoE null mice. Our results suggest that the
conversion of proinflammatory HDL to anti-inflammatory
HDL by 4F, in part, involves a reduction in the content of Hb,
Hp, and Hx proteins in HDL.

DISCUSSION

Oxidation of LDL is a major factor in human atherosclerosis
(22, 23). Entrapment and oxidation of LDL in the subendothe-
lial space and the subsequent interactions between endothelial
cells and monocytes is a key process in the initiation of athero-
sclerotic lesion development (24, 25). The inverse relationship
between HDL and the risk of atherosclerosis is well established.
Although there does not appear to be a single explanation for
the antiatherogenic role of HDL, it has become clear that the
functional status of HDL, which is largely dependent on its pro-
tein components, is probably an important determinant of
CHD (9). PONI, lecithin-cholesterol acyltransferase, platelet-
activating factor acetyl hydrolase, proteinase (elastase-like),
phospholipase D, albumin, apo], and apoA-1 are proteins in
HDL with antiatherogenic properties capable of preventing
LDL oxidation. HDL was shown to inhibit the mild oxidation of
LDL and consequently inhibit the production of the potent
monocyte chemoattractant MCP-1 by human artery wall cells
(26).

Van Lenten et al. (6) were the first to demonstrate that HDL
could exist as an anti-inflammatory molecule or a proinflam-

Serum and lipoprotein cholesterol levels (mg/dl) in wild type, Hp~/~, and Hx ™/~ mice on an atherogenic diet for 7 days

Individual serum samples from wild-type (WT), Hp /", and Hx /" mice (n = 10-12/group) were compared. Each number represents the average + S.D. A ¢ test was
performed for statistical analysis. WT and C, p < 0.05 compared with wild-type or chow-fed mice of each group, respectively.

Normal chow

Atherogenic diet

Total HDL VLDL/LDL Total HDL VLDL/LDL
WT 63.2 * 6.4 553+ 7.3 7.9 + 4.5 176.9 + 22.8 (C) 47.9 * 3.4 (C) 129.0 =+ 23.5 (C)
Hp '~ 61.0 * 6.7 48.0 * 4.5 (WT) 13.0 + 6.6 (WT) 154.7 + 43.9 (C) 46.6 * 134 108.1 * 35.1 (C)
Hx '~ 719 = 166 53.5 + 6.1 18.4 + 12,6 (WT) 142.1 = 59.4 (C) 50.2 * 12.8 91.9 + 61.2 (C)
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FIGURE 5. Hp, but not Hx, is required for the accumulation of heme and ROS in HDL. Individual FPLC
fractions from pooled serum samples from C57BL/6J wild-type (WT), Hp™/~, or Hx~
on a normal chow (C) or atherogenic diet (A) for 7 days were assayed for cholesterol, heme content, or ROS
content by dichlorofluorescein, as described under “Experimental Procedures.” pHDL, post-HDL.
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FIGURE 6. Hp, but not Hx; is required for the accumulation of Hb in HDL. HDL
(n = 4/group) was fractionated by FPLC from pooled serum from C57BL/6J wild-
type (WT), Hp~/~, or Hx ™/~ mice (n = 10-12/group) on a normal chow (C) or
atherogenic diet (A) for 7 days. ApoA-1 (A), Hb (B), Hp (C), and Hx (D) contents in
HDL from C57BL/6J wild-type, Ho™/~, or Hx/~ mice on a normal chow (C) or
atherogenic diet (A) for 7 days were assayed by direct ELISA. ApoA-1-associated
Hp and Hx proteins were determined by apoA-1 capture sandwich ELISA with
detection antibodies for Hp (A7/Hp) (E) and Hx (A1/Hx) (F). Each bar represents the
average concentration relative to WT (C) = one S.D. value. A t test was performed
for the statistical analysis. *, p < 0.05; **, p < 0.005.

matory molecule, depending on the context and environment.
Van Lenten et al. (6) showed that the acute phase reaction in
rabbits and humans converts HDL from anti-inflammatory to
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resistant to atherosclerosis) con-
verts HDL from anti-inflammatory
to proinflammatory (27). Several
studies have shown the presence
and nature of proinflammatory
HDL in animal models (11, 28) of atherosclerosis, suggesting
that the anti- or proinflammatory nature of HDL function is a
more sensitive indicator of the presence or absence of athero-
sclerosis than HDL cholesterol levels. Knowledge of protein
profiles that distinguish proinflammatory HDL from normal/
anti-inflammatory HDL will probably allow the development of
novel biomarkers for the early detection of atherosclerosis and
provide new strategies for therapeutic interventions (5, 29). We
have recently utilized protein-profiling methods and identified
Hb as a major protein associated with proinflammatory HDL
(12). We have demonstrated that accumulation of Hb in HDL
plays a role in the proinflammatory properties of HDL in
atherogenic mice and in CHD patients. In this paper, we set out
to determine the mechanisms behind the association of Hb
with proinflammatory HDL.

Humans metabolize more than 6 g of Hb everyday (30).
Although under conditions of hemolysis, more than one-tenth
of Hb can be released into the plasma compartment (30), the
presence of scavenger proteins (Hp and Hx) helps to protect
humans from the highly toxic effects of free Hb (31, 32). In
humans and in mice, there is always a small amount of Hb
outside of RBC. The non-RBC Hb was found associated with
HDL in mouse models of hyperlipidemia and atherosclerosis
but not in normal mice, where it was almost exclusively found
in the non-lipoprotein fractions (12). In the current studies, we
found that the total Hb content of serum was significantly
higher in CHD patients compared with healthy subjects (Table
2). The samples were devoid of any noticeable hemolysis that
could potentially account for higher Hb levels. Moreover, we
also found that total Hp and Hx contents were also significantly
elevated in these CHD patients compared with healthy donors
(Table 2). In both humans with CHD and mice on an athero-
genic diet, Hb-Hp-Hx complexes were significantly elevated and
associated with HDL (12) (Table 2 and Figs. 3 and 4).

’~ mice (n = 10-12/group)
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FIGURE 7. Role of Hb-Hp-Hx on the inflammatory properties of HDL.
Pooled HDL (A) from C57BL/6J wild-type (WT), Hp™/~, or Hx /™ mice (n =
10-12/group) on a normal chow (C; white bars) or atherogenic diet (A; gray
bars) for 7 days were assayed by monocyte chemotactic assay, as described
previously (4, 5), using autologous LDL. The contents of ROS (B) and RNS (C) in
HDL were measured by dichlorofluorescein or difluorofluorescein fluores-
cence dyes, respectively. Each bar represents the average concentration rel-
ative towild type (C) = one S.D. value. A t test was performed for the statistical
analysis. *, p < 0.05; **, p < 0.005; NS, not significant.

Metabolism of plasma Hb is considered a major function of
tissue macrophages, which can take up free Hb or Hb-Hp com-
plexes produced in vitro through the macrophage scavenger
receptor CD163 (33, 34) and internalize them for degradation
(35). The low density lipoprotein receptor-related protein/
CDO91 has been identified (36) as the receptor responsible for
scavenging Hx-heme complexes through receptor-mediated
endocytosis (37). In this paper, we have shown that Hb, Hp, and
Hx are associated with HDL in both CHD patients and mouse
models of hyperlipidemia/atherosclerosis. Hp has been
reported to associate with apoA-1, the major protein compo-
nent of HDL (37-40), and alter HDL function by impairing
lecithin-cholesterol acyltransferase activation (41).

To our knowledge, this is the first report on the association of
Hb-Hp-Hx complexes with HDL. Recent studies demonstrated
the non-inflammatory clearance of Hb-Hp complexes formed
in vitro (35, 42—45). Schaer et al. (42) examined by gene array
analysis the transcriptional response of human monocyte-mac-
rophages to Hb-Hp complexes formed in vitro. The macro-
phage response was non-inflammatory and was characterized
by antioxidative and anti-inflammatory gene expression with
prominent induction of HO-1. We show that Hb-Hp-Hx com-
plexes associate with HDL in CHD patients and in mouse mod-
els of hyperlipidemia/atherosclerosis but not in healthy blood
donors or in wild type mice on a chow diet (Table 2 and Figs. 3
and 4). HDL from the patients and the mice on the atherogenic
diet has been shown to be proinflammatory (Figs. 1 and 7), and
it remains to be determined whether Hb-Hp*Hx complexes in
such proinflammatory HDL are cleared via pathways involving
CD163 (Hp), CD91 (Hx), or classic scavenger receptors SR-B1
and CD36. Moreover, it will be interesting to determine the
type of inflammatory responses mediated by macrophages or
hepatocytes that are exposed to proinflammatory HDL.

Our results show that Hp is required for the association of Hb
with proinflammatory HDL (Figs. 6 and 7). Interestingly, nei-
ther Hp knock-out mice (46) nor humans with anhaptoglo-
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FIGURE 8. ApoA-1 mimetic peptide, p-4F, rescues HDL anti-inflammatory
functions and promotes the dissociation of Hb from HDL. A, the inflam-
matory properties of HDL and LDL from C57BL/6J wild-type (WT) and
apoE /" mice treated with vehicle (drinking water) or D-4F (10 wg/mouse/
day provided in drinking water) for 4 weeks (n = 12/group) were determined
by a monocyte chemotactic assay as described previously (4, 5). B, individual
serum samples were loaded on native-PAGE (4-15%) and immunoblotted for
Hb. RBC lysates were used as a standard for free Hb that was not associated
with HDL. HMW, Hb complexes at high molecular weight. C, HDL from each of
the four individual apoE™/~ mice without or with p-4F treatment were iso-
lated by LipiDirect HDL reagent and subjected to SELDI analysis with Q10
(pl < 7) ProteinChip arrays, as described previously (12). The two SELDI peaks
of interest, Hb « chain (m/z 14,900) and B chain (m/z 15,600), in HDL samples
from apoE /™ mice were compared with those of HDL from apoE ™/~ mice
treated with p-4F. For C, each bar represents the average = one S.D. value in
each peak of Hb « chain (white) and B chain (gray). The resulting intensities
were statistically analyzed. For A, each bar represents the average of number
of migrated monocytes relative to wild type =+ one S.D. A t test was performed
for the statistical analysis on each group. *, p < 0.001.

binemia (47) display compromised Hb clearance either in the
absence or presence of severe hemolysis. Schaer et al. (34) dem-
onstrated that Hb without Hp readily interacts with CD163 on
human monocyte-derived macrophages, resulting in the non-
inflammatory removal of Hb. Moreover, free Hb is actually
taken up by hepatic cells faster than Hb-Hp complexes (48, 49).
However, in the presence of severe hemolysis, the absence of
Hp was associated with greater oxidative tissue damage, and
Lim et al. (46) concluded that Hp evolved to protect against
hemolytically induced tissue damage. Thus, it is possible that
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FIGURE 9. Effect of apoA1 mimetic peptide, 4F, administration on the
association of Hb, Hp, and Hx with proinflammatory HDL in mice.
ApoE /" mice (n = 4/group) on a normal chow diet were treated with vehicle
(drinking water) or p-4F (10 wg/mouse/day provided in drinking water) for 4
weeks. Changes in Hb (A), Hp (B), and Hx (C) contents in HDL from apoE ™/~
mice treated with vehicle (None) or b-4F were determined by ELISA. Each bar
represents the average concentration relative to WT (C) = one S.D. value.
Individual serum samples (n = 17/group) from apoE "/~ before (W0) or after
4-week treatment (W4) with vehicle (administered subcutaneously daily) or
L-4F (1 mg/kg/day administered subcutaneously in vehicle) were tested for
Hp (D) and Hx (E) contents. Circles and bars represent individual data and
averages of changes in Hp and Hx in percentages compared with those of
week 0, respectively. A t test was performed for a statistical analysis, and p
values are shown.

the small amounts of non-RBC Hb found in the non-lipopro-
tein fractions of serum in the absence of increased hemolysis or
hyperlipidemia/atherosclerosis are cleared by the anti-inflam-
matory CD163 pathway. HDL-mediated clearance of Hb may
be via another pathway and therefore may not be anti-inflam-
matory. The induction of an acute phase response in hyperlip-
idemia/atherosclerosis may lead to elevated levels of Hp that
associate with HDL and result in the binding of Hb to HDL. If
the resulting HDL-associated complexes do not interact with
macrophages via the anti-oxidant CD163 pathway, the clear-
ance of the HDL-associated Hb might result in further oxida-
tive stress and cytokine production. Thus, one of the mecha-
nisms by which HDL may become proinflammatory may well
be related to its Hb content, as suggested by the data presented
here.

Our results are also consistent with the work of Levy et al.
(50). Humans have two classes of alleles for Hp, designated 1
and 2. The Hp 2 allele is found only in humans. All other mam-
mals, including mice, have only the Hp 1 allele and therefore the
Hp 1-1 genotype. The Hp 2-2 genotype has been associated
with increased risk of CHD. The Hp 1-1 genotype produces a
monomer that is monovalent and thus can only associate with
one other haptoglobin molecule to create dimers. In contrast,
the Hp 2-2 genotype is bivalent and can associate with two
different haptoglobin monomers and thus can form cyclic poly-
mers. The Hb/Hp 1-1 complex was found to stimulate macro-
phages to secrete anti-inflammatory cytokines much more than
the Hp 2-2 complex (44, 51). Levy et al. (50) generated mice that
express the Hp 2 allele by homologous recombination. Lesions
from Hp 2-2 mice on a C57BL/6 apoE~’~ background had
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FIGURE 10. Proposed model for the clearance of Hb-Hp-Hx complexes. Hp
and Hx are positive acute phase reactants that are induced during the course
of an acute phase response. CD163 and CD91 are receptors on macrophage
for Hp and Hx proteins, respectively, and aid in the removal of Hb (large open
circles) and heme (small closed circles), respectively, via macrophages in the
liver. As Hp and Hx concentrations increase in the plasma during an acute
phase reaction, there is increased association of these proteins with HDL. The
result is that HDL-associated Hp and Hx compete with non-HDL-associated
Hp and Hx for the binding of Hb and heme. Hb and heme that bind to non-
HDL-associated Hp and Hx, respectively, are cleared by anti-inflammatory
macrophage receptor pathways (CD163 and CD91), mainly in the liver. In this
proposed model, Hb and heme that bind to HDL-associated Hp and Hx,
respectively, as a result of their binding to HDL are hypothesized to be unable
to bind to the anti-inflammatory CD163 and CD91 receptors on macro-
phages. Consequently, Hb and heme associated with HDL enter macrophage
by pathways that are yet to be determined but which are presumed to be
proinflammatory.

increased iron, LOOH, and macrophage accumulation, as com-
pared with plaques from C57BL/6 apoE’~ Hp 1-1 mice (50).
The work of Levy and colleagues taken in the context of our
report suggests that individuals with the Hp 2-2 genotype may
have proinflammatory HDL with increased Hb content com-
pared with individuals with the Hp 1-1 genotype. More
recently, Levy and co-workers (52) found that in Hp 2-2 dia-
betic humans and Hp 2-2 diabetic mice, Hb and lipid peroxides
associated with HDL were increased, and the HDL was dys-
functional in its ability to promote cholesterol efflux from mac-
rophages compared with Hp 1-1 subjects. Our results are in
agreement with the findings of Levy and co-workers (52).
Unfortunately, in the present study design, we did not have
access to the genotypes of the human samples. We plan to pur-
sue the correlation between Hp genetic predisposition and
HDL inflammatory properties in a separate study.

The data presented here suggest that the ability of apoA-1
mimetic peptides to render proinflammatory HDL anti-inflam-
matory is probably related in part to their ability to decrease the
content of Hb in HDL (Fig. 8). The decrease in Hp and Hx levels
induced by treatment with the apoA-1 mimetic peptide (Fig. 9)
may have been due to a peptide-mediated reduction of tissue
inflammation, which in turn reduced Hp and Hx levels, thus
preventing Hb from associating with HDL. After treatment of
apoE "/~ mice with the apoA-1 mimetic peptide, there
appeared to be a return of some of the non-RBC Hb to the
non-lipoprotein fractions of serum (Fig. 8B). The clearance of
this non-lipoprotein-bound Hb could occur via the CD163
pathway and thus be anti-inflammatory. The anti-inflamma-
tory properties of apoA-1 mimetic peptides could in part be due
to a favorable action on macrophage iron metabolism. Fig. 10
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shows a proposed model for the clearance of Hb-Hp-Hx com-
plexes based on whether or not the complexes associate with
HDL. These interesting possibilities are amenable to experi-
mental testing in future studies.

In conclusion, we have shown that Hb-Hp-Hx complexes
associate with HDL in CHD patients and mouse models of ath-
erosclerosis. The association of Hb-Hp-Hx complexes corre-
lates positively with the proinflammatory properties of HDL in
mice and humans. We have further shown that, under hyper-
lipidemia/atherogenic conditions in mice, Hp is required for
both the association of Hb with HDL and the accumulation of
ROS in HDL. The studies reported here strongly suggest that
the proinflammatory nature of HDL is at least in part due to its
Hb content and that apoA-1 mimetic peptides may render HDL
anti-inflammatory by reducing HDL-associated Hb levels.
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