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Hemoglobin Vesicle Aids Recovery of Cardiac Function during
|schemia-Reperfusion in Langendorff Perfused Rat Hearts

Tadashi Yamagishi, Motoaki Bessho, Miyuki Hama, Ryuichi Katoh,
Shigeki Yanagida, Masatoshi Kusuhara, Fumitaka Ohsuzu

Abstract

Background. - Formed from a lipid bilayer membrane, hemoglobin vesicle (HbV) is a small sphere (diameter ca. 250 nm) which
contains hemoglobin, and is a candidate blood substitute. In this study, we examined whether HbV influences cardiac function
during ischemiareperfusion.

Methods. - Rat hearts were perfused according to the Langendorff method and subjected to 30 min of global ischemia and 30
min of reperfusion. HbV was made into a dispersion and diluted with Krebs-Henseleit buffer to achieve hemoglobin
concentrations of 033 g/dL and 0.10 g/dL, and the hearts were perfused with this dispersion for 10 min immediately prior to
ischemia. The same experiment was performed using the empty vesicle {EV; no hemoglobin). Cardiac functions were
continuously monitored and coronary effluent collected every 5 min throughout the experiment.

Results. - In the HbV groups, between 10 and 30 min of reperfusion, there was a significant recovery in heart rate (to virtually
pre-ischemia levels) as compared to the control group {(p<0.05). A rise in endodiastolic pressure during reperfusion was
significantly suppressed in the HbV group (30-60 mmHg) as compared to the control group (70-100 mmHg) (p< 005). In the HbV
groups, there was a significant recovery in left ventricular developed pressure (LVDP) between 20 and 30 min of reper fusion,
as compared to the control group (p<005). After 5 min of HbV perfusion and at 1 min of reperfusion, the lactate concentration
in the coronary effluent was significantly lower in the HoV 033 g/dl group than in the control group (p<005).

Conclusion. - These results suggest that HbV changed cardiac metabolism before and during ischemia, and as a result,

enhanced recovery of cardiac function during reperfusion.

Keywords hemoglobin-vesicle, cardiac functions, lactate, ischemia-reperfusion

Introduction

Artificial red blood cells have the following features that
reduce problems in clinical blood transfusions: (1) no need for
time consuming cross-matching or typing, (2) no need for
refrigeration, and (3) no potential as infectious agents.
Therefore, artificial red blood cell substances have been
widely investigated as potentially useful blood substitutes
since the 1960s"” . They include perfluorochemicals, various
types of chemically modified hemoglobin, and recombinant
human hemoglobin®® , and are more simple oxygen-carriers
than artificial red blood cells. In 1993, Takeoka et al.”
developed a method for the production of hemoglobin vesicles
covered with a lipid bilayer membrane that could serve as
artificial red blood cells. Since then, many studies on the
functions™ of hemoglobin vesicles as a blood substitute and

their biological safety” have been conducted using various
animal models. The data obtained in these studies suggested
that hemoglobin vesicles had no serious adverse effects on
cardiac functions in the models in which they were used but
their actual effects on cardiac functions were not clarified.
Therefore, in the present study, we examined whether HbV
influences cardiac functions during ischemia-reperfusion
using isolated rat hearts and the Langendorff perfusion
technique. We found that HbV aids recovery of cardiac
functions during ischemiareperfusion in this model.

Materials and Methods
Hemoglobin-vesicle and empty-vesicle

Hemoglobin-vesicle (HbV), a small sphere” (diameter ca.
250 nm) formed from a lipid bilayer membrane which
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contains hemoglobin, is supplied by Oxygenix Co, Ltd. as a
saline-suspension containing 10 g/dL of hemoglobin. Also
supplied as a suspension, empty-vesicle (EV) is identical to
HbV except that it does not contain hemoglobin. The HbV
suspension was diluted with modified Krebs-Henseleit buffer
to final hemoglobin concentrations of 0.33 g/dL (30 times
dilution) and 0.10 g/dL (100 times dilution). The EV
suspension was diluted in the same manner as HbV with
modified Krebs-Henseleit buffer.

Animals and experimental groups

Eight-week-old male Wistar rats were purchased from
Charles River Japan Inc. The rats were maintained under
specific pathogen-free conditions and a constant dark/light
cycle (12 h each) in our animal facility at the National
Defense Medical College throughout the experiment. They
were given free access to a laboratory chow CE-7 (Clea
Japan, Tokyo) and water for a few weeks after purchase. A
total of 33 rats were included in the present study and the
experiments were performed when they were 9 to 12 weeks
old. They were divided into five experimental groups: control
group (n = 6), hemoglobin-vesicle 033 g/dL group (HbV 033
g/dL group, n = 6), hemoglobin-vesicle 0.10 g/dL group (HbV
0.10 g/dL group, n = 7), empty-vesicle 0.33 g/dL group (EV
033 g/dL group, n = 7), and empty-vesicle 0.10 g/dL group
(EV 0.10 g/dL group, n = 7). All experiments were
performed in accordance with the National Defense Medical
College Institutional Animal Care and Use Committee Guidelines.

Heart preparation and perfusion method

The rats were pre-medicated with heparin (1,000U, ip.),
and 10 min later anesthetized with ketamine hydrochloride
(90 mg/kg, ip.) and xylazine hydrochloride (10 mg/kg, ip.).
The hearts were excised, put into ice-cold modified Krebs-
Henseleit buffer (mKH buffer), quickly trimmed, weighed,
and perfused according to the Langendorff mode (Fig. 1.).
Perfusion was conducted at a constant perfusion pressure of
100 cmH,0 at 37C with modified Krebs-Henseleit (mKH)
buffer solution, which comprised NaCl 116 mM, KCl 47 mM,
MgSO, 12 mM, CaCl, 25 mM, NaHCO, 256 mM, KH,PO, 12
mM, and glucose 11 mM. The experimental buffer solutions
used (mKH buffer solution, two HbV containing mKH buffer
solutions, two EV containing mKH buffer solutions) were
continuously aerated with 95% O, + 5% CO, and the pH was
adjusted to 74. Cardiac function was monitored and recorded
using a fluid-filled left ventricular balloon in line with a
transducer (P-50, Gould Inc.) and a WS-641G multi-channel
recorder (Nihon Kohden, Tokyo, Japan). The balloon volume
was set to produce a left ventricular end-diastolic pressure
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(LVEDP) of 0-5 mmHg.

In the control group, each heart was perfused with mKH
buffer for 20 min (control perfusion) and then subjected to 30
min of global ischemia by stopping the perfusion. This was
followed by 30 min of reperfusion. In the other experimental
groups, each heart was subjected to perfusion with mKH
buffer for first 10 min of the control perfusion and then
perfusion with the respective vesicle containing buffer
solution for the remaining 10 min. They were then subjected
to 30 min of global ischemia and 30 min of reperfusion in the
same manner as for the control group. To measure the
coronary flow rate (CFR) and lactate content, the coronary
effluent was collected at 5-min intervals during the control
perfusion. During reperfusion, it was collected at 1 min and 4
min, and then at 5min intervals until the end of experiment.
After measuring the volume of the effluent, part of it was
centrifuged at 10,000 x g for 40 min, and the supernatant was
frozen and stored at -80°C until analysis for lactate content.

aeration (95%0,+ 5%CO0,)
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heart -
\ 4
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Fig. 1. Schematic presentation of Langendorff perfusion

Biochemical analysis and analysis of results

The coronary effluent was analyzed for lactate content
enzymatically by the method of Lowry and Passonneau®.
Cardiac function data [heart rate (HR), left ventricular
endodiastolic pressure (LVEDP), and left ventricular
developed pressure (LVDP)] were taken from the records
made at 5min intervals during the control perfusion and then
at 10-min intervals until the end of experiment. In calculating
the CFR for the I 5min of reperfusion, the volume of the
coronary effluents at 1-min and 4min were added together
and their sum taken as the volume for the 5min interval. All
values were calculated as mean =+ SD but the SD has been
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omitted to avoid confusion. All parameters were analyzed by
means of time-series analysis of variance, and then the
differences between the mean value in the control group and
the corresponding values in the other experimental groups at
each measuring time were analyzed using the Dunnett
multiple comparison-test. A p<0.05 was considered as
significant.

Results
Cardiac functions
Coronary flow rate (CFR)

The mean CFR in the control group gradually decreased
from about 17 mL/min to 15 mL/min during the control
perfusion. Just after the onset of reperfusion, CFR started to
increase. Between 5 and 10 min, it recovered to a level near
that in the control perfusion period, and then showed a slight
decrease until the end of reperfusion. With the change to
mKH buffer containing HbV or EV for the last 10 min of the
control perfusion in the respective groups, though there was
a larger decrease in the mean CFR in the HbV 033 g/dL
group and EV 033 g/dL group than in the control group, this
difference was not significant. Changes in CFR in the
reperfusion period were similar in the control and
experimental groups (Fig. 2.).
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Fig. 2. Change in coronary flow rate (CFR) during experimental period
O: control group, (J: HbV 0.10 g/dL group, B: HbV 033 g/dL
group, A: EV 0.10 g/dL group, A: EV 033 g/dL group
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Heart rate (HR)

Mean HR values in the control group were maintained at
about 260 beats/min during the control perfusion. HR was
not affected by perfusing with mKH buffer solution
containing HbV or EV for the last 10 min of the control
perfusion. During the reperfusion period, there was no
beating in any hearts of the control group apart from slight
beating in one heart at 10 min. While the mean HR in the EV
0.10 g/dL group was similar to that in the control group,
there was a slight recovery in HR in the EV 0.33 g/dL group,
though this difference was not significant as compared to the
mean HR in the control group. However, there was a
significant recovery in HR in the two HbV groups (HbV 0.10
and 033 g/dL)(p<0.05) compared with the control group at
all measurement times during reperfusion. The mean HR in
the HbV 0.33 g/dL group had recovered to the control
perfusion level after 30 min of reperfusion (Fig. 3.).
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0 5 10 15 20 30 40 50 60 70 80
Time after the onset of control perfusion (min)
Fig. 3. Change in heart rate (HR) during experimental period
O: control group, 0J: HbV 0.10 g/dL group, B: HbV 033 g/dL

group, A:EV 010 g/dL group, A: EV 033 g/dL group
*p< 005, vs. control group by Dunnett multiple comparison test

Left ventricular endodiastolic pressure (LVEDP)

During the control perfusion, the mean LVEDP in the
control group was maintained at about 5 mmHg. This value
was not altered by perfusing with the mKH buffer solutions
containing HbV or EV for the last 10 min of the control
perfusion period. After the onset of ischemia, the mean
LVEDP in the control group started to rise gradually, and at
30 min of ischemia it had reached about 40 mmHg. The
changes in mean LVEDP in the two EV groups were similar
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to that in the control group during ischemia. The mean
LVEDPs in the 2 HbV groups seemed to have risen to a
lesser extent than that in the control group at 30 min of
ischemia, though this difference was not significant when
compared with the control group. During reperfusion, the
mean LVEDPs rose further to 80-90 mmHg in the control and
EV 0.10 g/dL groups, and this rise was maintained until the
end of reperfusion. In the EV 033 g/dL group, the LVEDP
had risen to about 80 mmHg at 10 min of reperfusion and
then decreased to about 65 mmHg at the end of reperfusion,
though the latter LVEDP was not significant when compared
with the corresponding value in the control group. In the 2
HbV groups, rises in the mean LVEDP (3060 mmHg) were
significantly (p<0.05) suppressed as compared with the
control group (70-100 mmHg) at 20 and 30 min of reperfusion
(Fig. 4.).
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Fig. 4. Change in left ventricular endodiastolic pressure (LVEDP) during
experimental period
O: control group, O: HbV 0.10 g/dL group, B: HbV 033 g/dL
group, A: EV 0.10 g/dL group, A: EV 033 g/dL group
*p< 005, vs. control group by Dunnett muitiple comparison test

Left ventricular developed pressure (LVDP)

During the control perfusion, the mean LVDP in the
control group gradually decreased from about 175 mmHg to
155 mmHg, and a similar decrease was observed in the other
experimental groups. During reperfusion, apart from the
development of a small amount of pressure in 1 heart at 10
min, no recovery in LVDP was observed in any heart in the
control group, and the mean LVDPs in the EV 0.10 g/dL
group were nearly the same as those in the control group at
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all measurement times. While there appeared to be a
recovery in LVDP in the EV 033 g/dL group, this was not
significant when compared with the control group. In
contrast, at 20 and 30 min of reperfusion, there was a
significant (p<005) recovery in the mean LVDP in both HbV
groups as compared with the control group (Fig. 5.).
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Fig. 5. Change in left ventricular developed pressure (LVDP) during
experimental period
O: control group, O: HbV 0.10 g/dL group, B: HbV 033 g/dL
group, A:EV 0.10 g/dL group, A: EV 033 g/dL group
*p< 0,05, vs. control group by Dunnett multiple comparison test

Lactate concentration of coronary effluent

During the control perfusion, there was a gradual increase
in the mean lactate concentration of the coronary effluent in
the control group, from about 10 pg/mL to 18 pg/mL.
Though the increase in mean lactate concentration seemed to
be slightly suppressed for perfusion with mKH buffer
containing EV 0.10 g/dL or 033 g/dL, the difference from the
control group was not significant. In the HbV 0.10 g/dL and
033 g/dL groups, the mean lactate concentrations for 5 min
after the onset of HbV perfusion were significantly (p<0.05)
lower than the corresponding control value (Fig. 6.A).

During reperfusion, there was a sharp increase in the
lactate concentration of the coronary effluent in the control
group in the first minute. In the next 4 min of reperfusion, it
decreased rapidly to around the level in the control perfusion,
and then continued at about this level until the end of
reperfusion. Changes in the mean lactate concentration in the
HbV 0.10 g/dL group were similar to those in the control
group throughout the reperfusion period. The mean lactate
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concentration in the HbV 0.33 g/dL group at 1 min of
reperfusion was significantly (p<005) lower than that in the
control group (Fig. 6.B). Though the mean lactate
concentration in the HbV 033 g/dL group seemed to be
slightly higher than that in the control group at 30 min of
reperfusion, the difference was not significant.
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Fig. 6. Change in lactate concentration of coronary effluent during
experimental period
A: Data obtained during control perfusion, B: Data obtained
throughout the experiment. O: control group, O: HbV 0.10 g/dL
group, B: HbV 033 g/dL group, A: EV 0.10 g/dL group, A: EV 033
g/dL group
*p< 005, vs. control group by Dunnett multiple comparison test
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Discussion

When an organ or a tissue is perfused with a buffer
containing microcapsules like HbV and EV, we must be
aware of the possibility of such microcapsules causing
embolisms in the organ or tissue. Nakai et al.® reported that
when isolated rat hearts were perfused with Krebs-Henseleit
(KH) buffer containing hemoglobin-encapsulated liposomes
(neo red cells, NRC), there was a sudden increase in
perfusion pressure just after perfusion began, and their
histological findings showed that embolisms were the likely
cause of the increase in perfusion pressure. Further
investigation revealed that inorganic crystals were formed
after mixing NRC with the buffer, and these researchers
suggested that the crystals were the cause of the embolisms.
In this connection, Sakai et al'” showed that HbV caused no
constriction of resistance arteries or hypertension in a
conscious hamster model.

In the present study, we carefully observed cardiac
functions while the hearts were perfused with mKH buffer
containing HbV or EV for 10 min prior to ischemia. As
mentioned in the results section, cardiac functions (CFR, HR,
LVEDP, and LVDP) were not significantly affected by
perfusing with mKH buffer containing HbV 033 g/dL or EV
033 g/dL. These results suggest that in contrast to the above
research using NRC, embolisms did not occur in our study.
Our findings with the higher concentrations of HbV and EV,
however, require further clarification.

It is interesting that the lactate concentration of the
coronary effluent was lower in the HbV 033 g/mL group
than in the control group during the first 5 min of HbV
perfusion and first minute of reperfusion. Pyruvate, the final
substrate in the glycolytic pathway, is mainly oxidized in the
mitochondria and partially converted to lactate by lactic
dehydrogenase during control perfusion. Then, in ischemia,
almost all pyruvate is converted to lactate since
mitochondrial oxidation immediately stops, and this lactate is
thought to be a factor in cardiac cell injury and delay in the
recovery of cardiac functions during reperfusion. Therefore,
we surmise that HbV suppressed lactate production in the
cardiac cells during HbV perfusion and ischemia by
stimulating mitochondrial oxidation, resulting in the
significant recovery in cardiac functions in the HbV 033 g/dL
group during reperfusion, though the mechanism by which
HbV suppresses lactate production remains to be clarified.

In conclusion, our results suggest that HbV altered cardiac
metabolism both before and during ischemia, and as a result,
enhanced recovery of cardiac function during reperfusion.
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Glucocorticoid Receptor Regulates ATP-Binding Cassette
Transporter-Al Expression and Apolipoprotein-Mediated
Cholesterol Efflux From Macrophages

Makoto Ayaori, Shojiro Sawada, Atsushi Yonemura, Noriyuki Iwamoto, Masatsune Ogura,
Nobukiyo Tanaka, Kazuhiro Nakaya, Masatoshi Kusuhara, Haruo Nakamura, Fumitaka Ohsuzu

Objective—The ATP-binding cassette transporter-Al (ABCA1) regulates cholesterol efflux from cells and is involved in
high-density lipoprotein metabolism and atherogenesis. The objective of this study was to investigate the effect of
dexamethasone (Dex) and other glucocorticoid receptor (GR) ligands on apolipoprotein Al-mediated cholesterol efflux

from macrophages and ABCA1 expression in them.

Methods and Results—Dex, a GR agonist, decreased ABCA1 mRNA levels in a dose- and time-dependent fashion, and
RU486, a GR antagonist, reversed the inhibitory effect of Dex. The effects of Dex and RU486 on ABCAL protein levels
and apolipoprotein Al-mediated cholesterol efflux from the macrophages were consistent with these changes in mRNA
levels. Transfected RAW264.7, together with a human ABCA1 promoter-luciferase construct, inhibited transcriptional
activity by Dex and overexpression of human GR. Transrepression by GR was not mediated by liver X receptor (LXR),
because there were no differences in the effects of the GR ligands on promoter activity between a reporter construct with
mutations at the LXR binding site and one without the mutations, and no changes were brought about in ABCG1 and

ABCG4 expression by GR ligands.

Conclusions—Our results showed that GR ligands affected ABCA1 expression and cholesterol efflux from macrophages,
which are regulated by GR through a LXR-independent mechanism. (Arterioscler Thromb Vasc Biol. 2006;26:163-

168.)

Key Words: ABCA1 m dexamethasone 8 GR & cholesterol @ macrophage

Multiple lines of evidence suggest that long-term use of
glucocorticoids is associated with increased risk of
developing atherosclerotic disease.! It has been reported that
glucocorticoid treatment can cause cardiovascular complica-
tions in patients with rheumatoid arthritis? and systemic lupus
erythematosus3 receiving such treatment and that patients
with Cushing’s syndrome had a higher incidence of cardio-
vascular disease (CVD).# In this regard, it has been noted that
glucocorticoid treatment causes hypertension, as well as
impaired glucose and lipid metabolism,! which are classical
risk factors for CVD. Other than this, glucocorticoids have
been observed to directly affect the vascular wall with respect
to cholesterol metabolism in the cells involved in
atherogenesis.

Macrophage-derived foam cells containing accumulations
of cholesteryl ester (CE) as lipid droplets are characteristi-
cally present in atherosclerotic plaque. In this connection,
several investigators have reported that dexamethasone (Dex)
induced CE accumulation in macrophages by enhancing
scavenger receptor and acyl coenzyme A:cholesterol O-acyl-

transferase activity and reducing cholesterol esterase
activity.5

Cholestero! efflux is a pivotal event in maintaining intra-
cellular cholesterol levels and preventing the formation of
macrophage-derived foam cells. Furthermore, the ATP-
binding cassette transporter Al (ABCAL1) has been identified
as a defective gene in Tangier disease,”-® which is character-
ized by an extremely low level of circulating high-density
lipoprotein (HDL), and accumulation of CE in various
tissues, which is concentrated in macrophage-derived foam
cells. In addition, ABCA1 has been shown recently to play an
important role in apolipoprotein Al (apoAl)-mediated cho-
lesterol efflux from peripheral cells!® and macrophages. Thus,
given the key role of ABCAI in facilitating cholesterol
efflux, it would be of interest to determine how the ABCA1
gene itself is regulated. The expression of ABCAL is greatly
regulated by cAMP and sterols.!!-13

Oxysterols and 9-cis-retinoic acid (9cRA) bind liver X
receptor (LXR) and retinoid X receptor (RXR), respectively,
to form heterodimers, which bind to conserved consensus
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cis-element, direct repeat 4 (DR4), in the ABCA1 promoter
region, resulting in the activation of transcription.!*!5 LXR,
RXR, and the glucocorticoid receptor (GR) are all nuclear
receptors that have been shown to play important physiolog-
ical roles in macrophages.'® Recent studies have demon-
strated that the peroxisome proliferator—activated receptor-y
upregulates LXR expression resulting in elevated ABCA1
levels in macrophages'” and that thyroid hormone receptor
(TR) attenuated ABCA1 expression is dependent on LXR/
RXR,'® but it is still unclear whether it is glucocorticoids or
GRs that influence cholesterol efflux and ABCA1 expression
in macrophages.

In the present study, we found that the GR agonist Dex
decreased apoAl-mediated cholesterol efflux and ABCAI
expression in macrophages, whereas the GR antagonist
RU486 increased them, with ABCA1 expression in macro-
phages being regulated via GR.

Methods

The Methods section can be found in an online supplement available
at http://atvb.ahajournals.org.

Results

Inhibitory Effect of GR Agonist Dex on ABCALl
Expression in THP-1 Macrophages and
Restoration of Expression by GR

Antagonist RU486

ABCA1l mRNA levels in the THP-1 macrophages decreased
in a dose-dependent manner 6 hours after treatment with Dex
and were restored by concomitant treatment with RU486,
actually showing an increase compared with basal levels
(Figure 1A). When the macrophages were treated with acetyl
LDL (AcLDL) and the LXR/RXR agonists, 22HC and 9cRA,
respectively, ABCA1 mRNA levels dramatically increased
compared with basal levels. In this experiment, Dex attenu-
ated ABCA1 mRNA levels, and RU486 restored them in the
presence of AcLDL and the LXR and RXR agonists (Figure
1B and 1C).

Figure 1D shows that treatment with RU486 increased
ABCA1 mRNA levels in a dose-dependent manner in the
presence of untreated FBS but did not increase these levels in
the presence of dextran-coated charcoal FBS. These findings
indicate that increased ABCA1 expression because of RU486
stems from the endogenous glucocorticoid effect. We also
investigated the effect of another GR agonist, triamcinolone,
noting the attenuation of ABCA1 mRNA levels and antago-
nization by RU486 (Figure 1E). We also examined the
changes in ABCA1 mRNA levels in THP-1 macrophages
with time after treatment with Dex, finding that ABCALl
mRNA levels were slightly elevated after 2 hours and were
then clearly lower at 4 hours and thereafter (Figure 2A). In
the presence of untreated FBS, RU486 had increased ABCA1
mRNA levels after 2 hours, and the increase was maintained
up to 6 hours (Figure 2B). Levels had decreased at 16 hours
after treatment with RU486.

Effects of GR Ligands on ABCA1 Protein Levels
and ApoAl-Mediated Cholesterol Efflux

Figure 3A shows the ABCAL1 protein levels after treatment
with Dex or RU486 in the presence and absence of AcLDL.
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Figure 1. Effects of GR ligands on ABCA1 mRNA levels in
THP-1 macrophages. After equilibration by incubation with the
medium containing dextran-coated charcoal FBS (A through E)
or untreated-FBS (D) for 24 hours, THP-1 macrophages were
treated with vehicle, the indicated doses of Dex and RU486 (A
through D), 1 umol/LL of RU486 (A through C and E), 50 ug/mL
of AcLDL (B), 10 umol/L of 22HC (C), 100 nM of 9cRA (C), and
1 umol/L of triamcinolone (E) for 6 hours. Northern blot analysis
was performed as described in Methods. For the graph in “A”
the densitometry results from 3 separatély performed experi-
ments are presented as the mean=SE. *P<0.05 vs control;
1P<0.05 vs Dex 1 umol/L. P values were calculated using
Mann-Whitney U test.

Dex decreased ABCAL protein levels and RU486 restored
them, even after stimulation of ABCA1l expression by
AcLDL. We also examined the effects of the GR ligands on
apoAl-mediated cholesterol efflux from THP-1 macrophages.
Dex significantly reduced cholesterol efflux attributed to
apoAl, and RU486 attenuated this inhibitory effect (Figure
3B), which was consistent with the changes in ABCALl
mRNA and protein levels.
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Figure 2. Changes in ABCA1 mRNA levels over time after treat-
ment of THP-1 macrophages with GR ligands. A, Macrophages
were treated with 1 pmol/L. of Dex for the indicated periods. B,
After equilibration by incubation with untreated FBS for 24
hours, macrophages were treated with 1 umol/L of RU486 for
the indicated periods. Northern blot analysis was performed as
described in Methods.
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Figure 3. Effects of GR ligands on ABCA1 protein levels and
apoAl-mediated cholesterol efflux from THP-1 macrophages. A,
Sixteen hours after treatment with vehicle, 1 umol/L of Dex, and
RU486 in the presence or absence of 50 ug/mL of AcLDL,
THP-1 macrophages were lysed and subjected to Western blot
analysis as described in Methods. Upper bands are specific for
ABCA1, and lower bands are nonspecific bands. B, Cholesterol
efflux from macrophages mediated by apoAl. After cholesterol
labeling, THP-1 macrophages were incubated with 1 umol/L. of
the GR ligands or vehicle in the presence of 1 pg/mL of
KW-3033 and 20 pg/mL of human apoAl for 16 hours. Choles-
terol efflux was determined as described in Methods. For “B,”
the results for 4 samples are presented as the mean=SE.
*P<0.05 vs control; 1P<0.05 vs Dex 1 umol/L. P values were
calculated using Mann-Whitney U test.

Effects of GR Ligands on ABCA1 mRNA in
HMDM and RAW264.7 Cells

We conducted experiments using human monocyte-derived
macrophages (HMDM) and murine RAW264.7 cells to in-
vestigate whether Dex exerted inhibitory effects on ABCA1
and mRNA levels in other lines of the macrophages. By
means of quantitative real-time RT-PCR, Dex was shown to
significantly reduce ABCA1 mRNA levels in HMDM, and
they were restored by RU486 (Figure 1A, available online at
http://atvb.ahajournals.org). In RAW 264.7 cells (Figure IB),
Dex also reduced ABCA1 mRNA levels, and they were
restored by RU486.

Regulation of ABCA1 Promoter Activity by GR
Ligands through GR

To investigate whether GR ligands regulate ABCA1 mRNA
levels in macrophages at the transcriptional level, a human
ABCAl promoter luciferase reporter construct spanning
=940 to +110 bp (ABCAIl-Luc) was transfected into
RAW264.7 cells, and luciferase assay was performed. Dex
inhibited ABCA1 promoter activity in a dose-dependent
fashion, and RU486 completely restored it as shown in Figure
4A. In the case of overexpression of GR, ABCA1 promoter
activity increased in the absence of Dex but decreased in its
presence in a dose-dependent manner (Figure 4B). We also
observed that when macrophages were treated with actino-
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Figure 4. Effect of GR ligands on ABCA1 transcriptional activity
in RAW264.7 cells. A, After transfection with ABCA1-Luc, the
cells were treated with the indicated doses of Dex, 1 umol/L of
RU486, or vehicle. B, Effect of human GRa overexpression on
promoter activity. The cells were treated with 1 umol/L of Dex
or vehicle. C, Mutated nucleotides in DR4mut construct. Num-
bers indicate relative positions to the transcription start site.
Upper case indicates half-sites of DR4 element. D, Effect of
mutation in DR4 on promoter activity. The cells were treated
with vehicle, 1 umol/L. of GR ligands, or 10 umol/L of 22HC.
Luciferase assay was performed as described in Methods. For
the graphs, the results for 4 samples are presented as the
mean=SE. *P<0.05 vs control; 1P<0.05 vs Dex 1 umol/L;
$P<0.05 vs control with pCMX empty vector; §P<0.05 vs wild-
type with 22HC. P values were calculated using Mann-Whitney
U test.

mycin D, the GR ligands had no effect on ABCA1 mRNA
levels or mRNA stability (data not shown). These data
suggest that GR ligands regulate ABCA1 expression in
macrophages at the transcriptional level through GR.

Alteration of ABCA1 Promoter Activity by GR
Ligands Independent of LXR
To investigate whether the effects of GR ligands on ABCA1
promoter activity are associated with LXR- and RXR-
dependent transcriptional regulation, we used a mutant re-
porter construct, DR4mut (Figure 4C). The LXR ligand
22HC failed to induce promoter activity for DR4mut,
whereas it increased promoter activity in the case of the
wild-type reporter construct ABCA1-Luc (Figure 4D). There
were no differences in the changes in promoter activity
because of GR ligands between ABCA1-Luc and DR41mut.
ABCG!1 and ABCG4 are reportedly involved in cholesterol
efflux from macrophages!®2® and are also known to be
LXR-responsive genes.2!-23 Figure IIA and IIB (available
online at http://atvb.ahajournals.org) show that GR ligands
did not affect mRNA levels of ABCG1 and ABCG4 in THP-1
macrophages, although they had been increased by LXR and
RXR ligands. The above findings clearly demonstrate that
transcriptional regulation in ABCA1 by GR ligands is inde-
pendent of LXR. We also studied the effect of GR ligands on
mRNA levels for scavenger receptor class B, type 1, which is
reportedly involved in HDI-mediated cholesterol efflux,?*
but noted no change in levels (Figure IIC).
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Discussion

We demonstrated that a GR agonist and antagonist, respec-
tively, inhibited and stimulated ABCA1 expression in several
lines of macrophages and apoAl-mediated cholesterol efflux
from THP-1 macrophages, which were regulated through GR.
Glucocorticoids have been reported to be associated with an
increased risk of CVD presumably because of their unfavor-
able effects with respect to classical CVD risk factors, such as
hypertension, impaired glucose, and lipid metabolism.! Other
than these effects, glucocorticoids have been reported to
directly affect the vascular wall with respect to cholesterol
metabolism in the cells involved in atherogenesis. Hirsch and
Mazzones reported that Dex enhanced the degradation of
AcLDL in macrophages through increased lipoprotein bind-
ing, which could mean enhanced scavenger receptor activity.
Cheng et al° reported that Dex increased cholesterol O-acyl-
transferase activity and decreased neutral cholesterol esterase
activity, resulting in greater accumulation of CE in macro-
phages. The homeostasis of intracellular cholesterol in pe-
ripheral cells is mainly maintained through its influx and
efflux. Cholesterol efflux should be more important to mac-
rophages than other types of cells, because macrophages
express scavenger receptor class A, which is not downregu-
lated by excess intracellular cholesterol. However, the effects
of glucocorticoids on cholesterol efflux from macrophages
have still to be investigated. Our study demonstrated the
inhibitory effect of Dex on ABCA1 expression levels (Fig-
ures 1, 2, and 3A; Figure I) and apoAl-specific cholesterol
efflux from macrophages (Figure 3B), which might be part of
the reason for CE accumulation observed in previous studies.
However, scavenger receptor class B, type 1 was not affected
by the GR ligands, as mentioned above (Figure IIC). Pet-
richenko et al?s reported that Dex decreased cholesterol efflux
mediated by HDL from vascular smooth muscle cells, and
Stein et al?® observed that Dex decreased HDL-mediated
cholesterol efflux from skeletal muscle in mice, suggesting
that altered ABCA1 expression was involved.

It has been reported that glucocorticoid therapy increases
serum HDL cholesterol levels.?” Because GR is expressed in
most organs, we investigated whether GR ligands affected
ABCALI expression in other types of cells. GR ligands did not
change ABCA1 mRNA levels in NIH 3T3 cells, and Dex
brought about a slight increase in levels in both HepG2 and
Caco-2 cells, which was reversed by RU486 (data not
shown). These results indicate that ABCA1 expression is
regulated by GR ligands in a cell-specific manner, and partly
explain the reason for the elevation of HDL cholesterol levels
by glucocorticoids. Given that the contribution of ABCAL1 in
macrophages to serum HDL cholesterol levels is minimal, as
reported by Haghpassand et al,2® decreased ABCA1 expres-
sion in macrophages because of glucocorticoids is unlikely to
affect HDL cholesterol levels.

GR agonists regulate gene expression in various ways, at
the transcriptional,?® posttranscriptional,?°-32 and posttransla-
tional levels.33 The classical mode of gene regulation by
glucocorticoids, which accounts for most cases of positive
gene regulation, is known to be mediated by interaction of
ligand-activated GR with positive control elements, which are
present in single or multiple copies upstream of or within
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target genes. However, compared with positive regulation of
gene transcription by GR, negative regulation seems to be
more complicated as described below. Dex reportedly desta-
bilizes the mRNA of some genes presumably by affecting
RNA binding proteins, which associate with 3’-untranslated
lesions to stabilize mRNA.39-32 Lasa et al®* reported that Dex
caused sustained expression of mitogen-activated protein
kinase phosphatase 1 and phosphatase-mediated inactivation
of mitogen-activated protein kinase p38, resulting in destabi-
lization of Cox-2 mRNA. Kaplan et als reported that a p38
inhibitor decreased ABCA1 expression in macrophages, and
this inhibitory effect was not at the transcriptional level. In
our study, the GR ligands did not affect ABCA1 mRNA
levels or alter mRNA stability when macrophages were
treated with actinomycin D (data not shown). Regarding
transcriptional regulation, Dex inhibited ABCA1 promoter
activity in a dose-dependent manner, and RU486 antagonized
the inhibitory effects of Dex in this respect (Figure 4), which
is consistent with the changes in mRNA levels observed. We
also found that overexpression of GR decreased ABCAl
promoter activity in the presence of Dex. These findings
indicate that GR ligands regulate ABCA1 expression in
macrophages at the transcriptional level through GR.

We also observed a stimulatory effect of overexpression of
GR in the absence of Dex (Figurg 4B). Xiao and DeFranco3¢
reported that overexpression of unliganded and liganded GR,
respectively, activated and inactivated heat shock factor, a
transcription factor that transactivates heat shock protein
genes, such as hsp90 and hsp70. They suggested that the
mechanism for increased transcriptional activity was unligan-
ded GR-induced depletion of hsp70, which inactivates heat
shock factor, resulting in activation of heat shock factor. In
our study, overexpression of unliganded GRa might have
affected unknown protein-regulated events involving ABCA1
expression, as Xiao and DeFranco3¢ observed in the case of
heat shock factor. Another possible mechanism is the recip-
rocal effects on transcriptional activity of liganded and

. unliganded receptors reported by Tagami et al.3? They re-

ported that transcription of genes, which was inhibited by
liganded TR, was reciprocally activated by unliganded TR
with enhancement by overexpression of nuclear corepressors.
Because Xiao and DeFranco’® clearly showed that unliganded
GR was present not only in the cytosol but also in the nucleus,
unliganded GR might stimulate ABCA1 promoter activity
through the mechanism reported by Tagami et al.3” Because
we did not fully clarify the mechanism for the inhibitory
effect of GR on ABCAI transcription, it remains unclear
whether activated GR is directly associated with the tran-
scriptional machinery involved in ABCA1 expression. Given
the cell-specific regulation of ABCA1 expression by GR
ligands, GR might affect pathways recruited by macrophage-
specific proteins associated with ABCA1 expression.

Dex treatment caused the transient increase in ABCAI
mRNA levels from 1 to 2 hours after beginning the experi-
ment, and the levels gradually decreased from 4  hours
onwards (Figure 2A). We also observed a difference in the
times of maximal changes in ABCA1 expression between
Dex and RU486, which were at 6 hours and 2 hours after
treatment, respectively. The dependence on endogenous glu-
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cocorticoids (Figure 1D) indicates that RU486 exerts a
competitive effect on ABCA1 expression through GR antago-
nization. However, it is possible that different mechanisms
are involved in the respective effects of Dex and RU486 and
that they are the reason for the early and late times of
maximal changes in ABCAI1 expression. As described above,
both liganded and unliganded GR reportedly affected not
only gene transcription through binding control elements of
target genes but also protein—protein interaction and intracel-
lular protein distribution. Therefore, several mechanisms
could be involved in the changes in ABCA1 expression
attributed to GR ligands. Additional study will be needed to
clarify the mechanism for the transient increase in ABCAl
expression because of Dex.

There are 2 main mechanisms for the negative regulation
of gene transcription by GR, 1 of them involving interference
with DNA binding of upstream or general transcription
factors and the other a repression mechanism, which is
independent of DNA binding. Ligand-activated GRs have
been reported to interact with activator protein-1 (AP-1)38 and
nuclear factor kB (NF-«B),?*4° resulting in decreased tran-
scription of AP-1- and NF-«B-responsive genes involved in
inflammation. The ABCA1 promoter has been found to have
consensus sequences for AP-1 and NF-kB.!1013 However,
although GRs can affect ABCA1 promoter activity by inter-
fering with AP-1 and NF-«B, Kaplan et al® reported that
lipopolysaccharides induced ABCA1 expression in macro-
phages without activating transcription. Thus, additional
studies will be needed to ascertain whether the inhibitory
effect of GR on ABCALI transcription is mediated though
AP-1 and NF-«B.

Accumulating evidence indicates that LXR regulates many
genes involved in cholesterol homeostasis in cells, such as
ABCALl, ABCGI, and ABCG4. Recently, several investiga-
tors have demonstrated interactions between LXR and other
nuclear receptors. TR has been reported recently to inhibit
ABCAI1 promoter activity through competition between TR/
RXR and LXR/RXR heterodimers.'® Small heterodimer part-
ner, an unusual nuclear receptor, because it does not have the
typical DNA binding domain, has been reported to act as a
corepressor for several nuclear receptors, including LXR.
Brendel et al*! reported that small heterodimer partner atten-
uated ABCA1 and ABCG1 promoter activities by interacting
with LXR. Our study revealed that GR-mediated transcrip-
tional inhibition in ABCA1 is independent of LXR (Figure 4).
In addition, the expression of other LXR target genes,
ABCGI1 and ABCG4, were not affected by GR ligands
(Figure IIA and IIB).

Other recent studies have reported transcriptional regula-
tion for both ABCAl and ABCGI, not only by LXR and
RXR and cholesterol loading, but also by zinc finger protein
202.42 Moreover, Lorkowski et al** have reported that mac-
rophages from patients with Tangier disease showed a com-
pensated increase in ABCG1 expression. Although such
evidence led us to believe that these 2 genes share similar
mechanisms of regulation, we observed differences in the
mechanisms of regulation of ABCA1 and ABCG1, and other
researchers have also found this to be the case. Therefore,
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these genes may have their own unique functions, like that of
ABCALI in apoptosis.**

As other possible mechanisms for GR-mediated transre-
pression of ABCALI, there is the stimulation of ABCALl
expression in macrophages by transforming growth factor
(TGF) B,% and inhibition of smad-dependent transactivation
through the binding of smad3 by GRs.* To determine
whether GR-mediated transrepression in ABCA1 is associ-
ated with the TGF-8 signaling pathway, we investigated the
effect of a neutral antibody against TGF-f3 on the changes in
ABCA1 mRNA levels by GR agonists. The presence of the
antibody, however, caused no changes in ABCAl mRNA
levels (data not shown).

Our study indicated that the attenuated cholesterol efflux
and ABCAI expression in macrophages could contribute to
glucocorticoid-associated cardiovascular risk. Additional in-
vestigation of the mechanisms by which GR regulates
ABCAI expression would, therefore, provide important in-
formation for the study of compounds that facilitate choles-
terol efflux.
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High Plasma Levels of Osteopontin in Patients
With Restenosis After Percutaneous

Coronary Intervention
To the Editor:

High levels of osteopontin (OPN) mRNA and proteins were
reported in atherosclerotic plaques.! Recently, we reported plasma
OPN levels to be high in patients with coronary artery disease (CAD)
and to correlate with the severity of CAD.? However, no association
between plasma OPN levels and restenosis after percutanecus
coronary intervention (PCI) has yet been dernonstrated.

We measured plasma OPN levels in 90 patients with CAD
undergoing elective coronary angiography for suspected restenosis.
They had undergone PCI 0.6:20.4 years ago, of whom 52 (58%) had
been treated with bare metal stents. OPN levels were also measured
in 60 age- and gender-matched CAD patients with no history of PCI.
Patients with acute coronary syndrome were excluded. Our study
was approved by institutional cthics commitiee. After informed
consenl was obtained, fasting blood samples were taken. Plasma
OPN levels were measured by ELISA (Human OPN assay kit: [BL),
which measures total concentration of phosphorylated and nonphos-
phorylated forms of OPN. CAD was defined as at least one coronary
artery having >50% luminar diameter stenosis. Restenosis was
defined as >50% luminar diameter stenosis in the segment treated by
PCI. Differences between 2 groups were evaluated by unpaired ¢ test
for parametric variables, by Mann—~Whitney U test for nonparametric
variables, and by x* test for categorical variables. A probability value
<0.05 was considered significant,

Of the 90 CAD patients with a history of PCT, 42 had restenosis.
Compared with 48 CAD patients without restenosis, 42 with reste-
nosis tended to have a higher rate of diabetes and a lower rate of
smoking (Table). Amaong 3 groups. there was no difference in age,
gender, or risk factors, except for total cholesterol levels. Plasma
OPN levels were higher in CAD patients with restenosis than in
those without restenosis and those with no history of PCI (P<0.01;
Figure). CAD patients with restenosis more often had OPN level
>600 ng/mL than those without restenosis and those with no history
of PCI (38% versus 15% and 18%, P<<0.05). OPN levels did not
correlale with hsCRP, HbAlc, or fasting glucose levels. Clinical
variables (age, gender, hypertension, hyperlipidemia, diabetes,
smoking, stent, and hsCRP and OPN levels) were entered into
multivariate logistic yegression model. In addition to diabetes and
smoking, OPN levels were independently associated with restenosis.
Odds ratio for the presence of restenosis was 1.7 (95%CI=1.2 (0 2.5;
P<0.01) for a 100 ng/mL increase in OPN levels.

Restenosis after angioplasty is caused by negative arterial remod-
eling and neointimal proliferation. whereas in-stent restenosis is
caused mainly by neointimal proliferation® In vitro, OPN promotes
the migration and proliferation of smooth muscle cells.? Increased
OPN mRNA was shown in neointimal smooth muscle cells after
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TABLE 1. Clinical Characteristics
Restenosis (+) Restenosis (—)  PCl (=)
(n==42) {n=48) (n=60}
Age, years 65+10 61+9 63+9
Males 35 (83%) 43 (90%) 51 (85%)
Hypertension 27 {64%) 22 (46%) 38 (63%)
Systolic BP, mm Hg 12914 12717 135220
Hyperlipidemia 28 (67%) 29 (60%) 35 (58%)
Total cholesteral, mg/di. 18429 199x29 20633
HDL-cholesterol, mg/dL 48+14 49+14 4711
Diabetes mellitus 16 (38%) 11 (23%) 14 (23%)
Current smoking 4 (10%) 10 (21%) 17 (28%)
Median hsCRP, mg/L 0.57 0.80 0.70
No. of >50% stenotic 1.9x07 1.6x0.7 1.6+07
vessels
Multi-vessel disease 28 (67%) 24 (50%) 31 (52%)
Previous PCl procedures :
>1 lesions treated by 2(5%) 2(4%)
PCl
Stent placement 22 (52%) 30 (63%)
Duration from PCl to 0.5:0.3 0.7x04
angiography, years
Current medication
Statin 25 (60%) 23 (48%) 25 (42%)
ACE inhibitors or ARB 20 (48%) 25 (52%) 20 (33%)

Data are presented as mean=:SD or the No. (%) of patients.

*P<<0.01 compared with patients with restenosis (+).

Hypertension was defined as blood pressure =140/90 mmHg or on
drugs. Hyperlipidemia was defined as tota! cholesterol level >240 mg/dl or
on drugs. Diabetes was defined as fasting glucose level =126 mg/di or on
hypoglycemic drugs or insulin.

ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor
blockers; hsCRP, high-sensitivity C-reactive protein.

arterial injury in animal models.! We generated OPN-overexpressing
transgenic mice and demonstrated markedly increased neointimal
formation after arterial injury.® Liaw et al® showed anti-osteopontin
antibody treatment to reduce neointimal formation after injury in rat
arteries. In humans, high levels of OPN mRNA and proteins were
reported in atherectomy specimens from restenotic lesions.” Panda et
al? showed plasma OPN levels in 13 patients undergoing coronary
atherectomy to be elevated after atherectomy, and they remained
high for at least 4 weeks. We showed plasma OPN levels to be higher
in patients with than without restenosis and to be an independent
factor for restenosis. OPN may play a role in the development of
restenosis associated with neointimal proliferation.

Diabetes is a well-known clinical predictor of restenosis. In our
study, diabetes was also a factor for restenosis. High glucose
increases OPN mRNA in smooth muscle cells.® Increased OPN
expression was shown in diabetic arteries.? Diabetes may thus
facilitate restenosis via increased OPN production. However, OPN
levels were a factor for restenosis independent of diabetes. Diabetes
and increased OPN production may synergistically facilitate
restenosis.

Our study was preliminary, because we did not measure OPN
levels before PCI. Further study in a prospective manner is needed to
elucidate the predictive value of plasma OPN levels before PCI for
the development of restenosis. Moreover, we could not determine the
main source of plasma OPN, because we did not measure OPN levels
in coronary sinus.
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Thus, high plasma levels of OPN in patients with a history of PCI
were associated with the presence of restenosis. suggesting that OPN
may play a role in the development of restenosis after PCIL.
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The Effect of Interleukin-1 Receptor Antagonist on Arteries and Cholesterol
Metabolism

Kikuo {soda and Fumitaka Ohsuzu

Internal Medicine I, National Defense Medical College, Tokorozawa, Japan.

This review summarizes both the structure and function of IL-1 receptor antagonist
{IL-1Ra), and relates our new findings, particularly those obtained inIL-1Ra-deficient
mice (IL-1Ra"), to the role of IL-1Ra in arterial diseases and cholesterol metabolism.
IL-1Ra’ mice show an increase in neointima-formation after arterial injury. Heterozy-
gosity in the IL-1Ra gene against the apolipoprotein E-deficient background revealed
a role for IL.-1 in promoting atherogenic cell signaling and that the larger lesions of IL-
1Ra” mice are enriched in macrophages and depleted of smooth muscle cells. Fur-
thermore, IL-1Ra’ mice developed severe fatty livers and hypercholesteroremia fol-
lowing 20 weeks on a atherogenic diet compared to WT mice. Taken together, these
results suggest that IL-1Ra plays important roles in restenosis after angioplasty, the
development of atherosclerosis, and the metabolism of cholesterol in vivo. J
Atheroscler Thromb, 2006; 13: 21-30.

Key words: Interleukin-1 receptor antagonist, Inflammation, Atherogenesis, Choles-

terol metabolism

Introduction

Interleukin (IL)-1 is a physiologically active factor pro-
duced and secreted by a variety of cells including those
responsible for controlling immunity. Furthermore, it plays
an important role in immune reactions, cell damage, and
cell-proliferation (1, 2). IL-1 consists of two molecules,
IL-1ocand IL-1B, both of which exert similar but not com-
pletely overlapping biological functions mediated through
the IL-1 type T receptor (IL-1RI). Another IL-1 receptor,
the type 11 receptor (IL-1RI1), has also been identified,
but this receptor is not considered to be involved in sig-
nal transduction, but is rather thought to play a regula-
tory role as a “decoy”. In addition, another member of
the IL-1 gene family, IL-1 receptor antagonist {iL-1Ra),
binds to IL-1 receptors without exerting agonistic activ-
ity. IL-1Ra as well as IL-1RII and the secretory forms of
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IL-1RI and IL-1RIT are considered to negatively regulate
IL-1 signaling (3).

The balance between IL-1 and IL-1Ra has significant
effects on host responses to inflammation and infection
{4, 5). In the immune system, IL-1 has many systemic
effects in the protection of the body, being involved in
fever, the response to stress, and the metabolism of in-
sulin, lipid and bone (6, 7). Notably, in vascular homeo-
stasis, IL-1 is considered one of the most potent
proinflammatory cytokines acting on endothelial cells
(ECs) and smooth muscle cells (SMCs) (8). IL-1 is pro-
duced from these cells as well as macrophages (M¢s)
and hepatocytes (9, 10). IL-1 induces the expression of
surface leukocyte adhesion molecules in ECs, prolifera-
tion of SMCs, and secretion. of other cytokines and
chemokines from ECs, SMCs, and M¢s (11, 12). These
effects of IL-1 are strongly implicated in cardiovascular
diseases (13-15). IL-1Ra, one of the negative regulators
of IL-1 signaling, plays a role as an anti-inflammatory
cytokine, similar to IL-10 and TGF-f, in acute- and
chronic- inflammation of the vascutar wall (16, 17). IL-
1Ra is also produced by ECs and SMCs as well as Mos
for maintaining vascular homeostasis (18, 19). This re-
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view, focuses on the effects of IL.-1Ra on atherogenesis
and cholesterol metabolism.

Structure of Human IL-1 Ra

iL-1Ra was originally discovered as an inhibitor of IL-1
in the urine of patients with fever (20). A cDNA encoding
the secreted form of the molecule was identified in a hu-
man monocyte library (21). Secretory IL-1Ra (slL-1Ra) is
synthesized as a 177-amino acid protein requiring the
cleavage of a 25-amino acid leader sequence prior to
secretion as a variably glycosylated 152-amino acid pro-
tein. A second cDNA coding for an intracellular form of
IL-1Ra (iclL-1Ra) was cloned from a different human
monocyte library (22). These two isoforms of IL-1Ra are
created by alternative splicing yielding different first ex-
ons (23). The internal splice acceptor site for iclL-1Ra
was located within the first exon for slL-1Ra, near the 3’
end of the sequence coding for the signal peptide. icll-
1Ra does not have a functional leader sequence and re-
mains in the cytoplasm. The sll_.-1Ra protein is produced
by many cells that can synthesize IL-1. iclL-1Ra is found
constitutively in keratinocytes and other epithelial cells
but is also a delayed product of stimulated M¢s (24, 25).
Neutrophils contain only siL-1Ra mRNA, whereas fibro-
blasts are capable of producing the mRNA and protein
for both IL-1Ra isoforms, when appropriately stimulated
(26).

Function of IL-1 Ra

In spite of extehsive studies on IL-1 over the past two
decades, the important roles that this cytokine may play
in normal biology are unclear (27, 28). Furthermore, it
remains unknown whether the function of IL-1Ra is lim-
ited to regulating the agonistic effects of extracellular IL-
1 in normal biologic processes or in pathophysiological
conditions. Studies on the functional consequences of
overexpression or absence of expression of IL-1Ra in
transgenic or knockout mice, respectively, may clarify
some possible roles of this cytokine in normal biology.
This review relates our new findings {obtained from iL-
1Ra-deficient mice (IL-1Ra”")) about the effects of IL-1Ra
on arteries and cholesterol metabolism.

IL-1Ra and neointima formation after injury
Neointimal hyperplasia is characterized by the activa-
tion, migration, and proliferation of SMCs and is associ-
ated with inflammatory mediators such as cytokines. IL-
1B is a chemoattractant and mitogen for SMCs (28) that
is overexpressed at sites of the active proliferation and
migration of this cell type subsequent to injury (29). Fur-
thermore, a recent report demonstrated that IL-1RI gene-
deficient mice tended to develop less necintima than wild-
type mice (30). In sum, these previous studies suggested
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that IL-1 might promote neointimal formation. However,
it remained uncertain whether IL-1Ra, the endogenous
inhibitor of this central cytokine, could significantly sup-

~ press this response in the vasculature. Using [L-1Ra™”

mice (on the C57BL/6J background) and wild-type (IL-
1Ra**) mice, we investigated neointimal formation 3
weeks after femoral artery injury induced with an exter-
nal vascular cuff. The mean intimal thickness and the in-
tima/media ratio of IL-1Ra” mice increased by 249% and
257%, respectively, compared with IL-1Ra** mice (Fig.
1A) (31). Contro!l immunostaining for IL-1Ra in injured
vessels identified IL-1 and the endogenous inhibitor in
the endothelium and inflammatory cells of adventitia in
IL-1Ra** mice but not IL-1Ra” mice (Fig. 1B) (31). These
results suggest that IL-1Ra protein prevents inflamma-
tion of both the intima and adventitia after cuff injury.
Indeed, IL.-1Ra”" mice showed an increase in the prolif-
erating cell nuclear antigen (PCNA) index of the intima
and adventitia after injury. Within the adventitia, prolifer-
ating monocytes and macrophages comprised the ma-
jority of PCNA-positive cells. Recent studies have shown
that adventitial passive fibroblasts can become active
myofibroblasts under conditions of adventitial inflamma-
tion (32, 33). On the other hand, SMCs were the pre-
dominant proliferating cell type in the intima (31). IL-1
itself is a mitogen for SMCs (28), and furthermore, a re-
cent study showed that vascular intima formation after
mechanical injury mainly involves inflammatory cells that
originate from the bone marrow (34). Our study demon-
strated definitively that a deficiency of endogenous IL-
1Ra promotes neointimal formation, revealing a crucial
role for this protein in hyperplastic responses of the vas-
culature. Our results may be compatible with the report
that p80 IL-1 type T receptor knockout mice tended to
develop a smaller (7-fold) neointimat area induced by low
shear stress compared to wild-type controls (30). This
report demonstrated that IL-1 modulates low shear
stress-induced neointimal formation, thus providing a
direct proinflammatory cytokine signaling link between
biomechanical forces to a vessel wall and the remodel-
ing response of the artery. They also concluded that spe-
cific anti-IL-1 therapy may lessen neointimal formation.

IL-1Ra and atherogenesis

Atherogenesis is a complex process in which the acti-
vation of ECs and SMCs appears to be a central theme
{8). IL-1 is produced by these cells as well as M¢s and
hepatocytes (9, 10). Furthermore, stimulation and acti-
vation of ECs and SMCs by IL-1 causes a wide range of
inflammatory processes within the atheroma, such as the
enhanced expression of leukocyte adhesion molecules
{9, 12), clotting factors and inhibitors of fibrinolysis (11),
and chemokines (28), as well as increased proliferation
of SMCs (8, 15), suggesting a central role for IL-1 in the
development of atherosclerosis. The activity of IL-1 is
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A

Fig.1. Lack of IL-1Ra promotes neointimal
formation after injury

A. Histology of cuffed femoral arteries (day
21) of IL-1Ra** {left) and IL-1Ra {right) mice.
Intimal thickness was significantly increased
in IL-1Ra” mice compared with IL-1Ra**
mice. Sections were stained with Masson’s
trichrome. Original magnification X 50.

B. Representative photomicrographs depict
immunohistochemical staining for IL-1Ra in
cuffed femoral arteries of IL-1Ra** (left) and
{L-1Ra™ (right) mice (day 7). Boxed areas are
enlarged at the bottom of the panels. IL-1Ra
protein is present in both the endothelium
and some inflammatory cells (arrows) in IL-
1Ra** mice. Original magnification X 100 (up-
per panels) and X150 (bottom panels).

counter-regulated by its endogenous inhibitor iL-1Ra (15,
27) and a previous report showed that IL-1Ra is ex-
pressed in ECs and atherosclerotic lesions (18). Treat-
ment with recombinant IL-1Ra proved an effective
therapy for atherosclerosis in apoE” mice (35). Further-
more, low density lipoprotein receptor-deficient (LDLR")
mice crossed with transgenic mice expressing high levels
of murine sil-1Ra were also partially protected compared
to their non-transgenic controls. In contrast, LDLRIL-
1Ra”’ mice had a tendency to develop foam cell lesions
on a diet rich in cholesterol and cholate {36). Moreover,
in humans IL-1Ra gene polymorphism is significantly as-
sociated with coronary artery disease (37). These find-
ings suggest that endogenous IL-1Ra may suppress ath-
erosclerosis. To directly answer the question of whether
a deficiency of IL-1Ra promotes the development of ath-
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erosclerotic lesions and/or can modulate the phenotype
of atheroma, we employed IL-Ra’ mice. Using apoE"
mice as an animal model of atherosclerosis, we estab-
lished three genotypes (IL-1Ra*"/ apoE”, IL-1Ra*"/
apoE*, and IL-1Ra”/ apoE~ mice) by cross-breeding.
This study focused on the comparison of atherosclerotic
lesions and IL-1Ra**/ apoE" and |L.-1Ra*"/ apoE~" mice,
because of the significantly leaner phenotype in IL-1Ra”’"/
apoE” mice. Interestingly, the size of the atherosclerotic
lesion safter 16 weeks was significantly increased (30%6)
in IL.-1Ra*-/ apoE" mice compared to IL-1Ra**/ apoE™"
mice (38). Following 32 weeks, the differences in lesion
size between these mice failed to achieve statistical sig-
nificance (38). However, immunostaining demonstrated
an 86% increase in the MOMA-2-stained area in IL-
1Ra*"/ apoE” mice (Fig. 2A). In addition, c-actin stain-
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Fig.2. Deficiency of IL-1Ra modulates
plaque composition in ApoE”’" mice.

A. Representative photomicrographs of
sections of advanced atherosclerotic
plagues (immunohistochemical staining for
MOMA-2) from the aortic sinus of IL-1Ra**/
apoE” (Ra**/E") (left) and IL-1Ra*/apoE™
(Ra*/E™) (right) mice at 32 weeks of age.
IL-1Ra*/apoE™ mice showed markedly in-
creased numbers of macrophages in le-
sions compared with IL-1Ra**/apoE" mice.
Original magnification X100.

B. Representative photomicrographs of
sections of advanced atherosclerotic
plaques (immunohistochemical staining for
o-smooth muscle cell actin) from the aortic
sinus of IL-1Ra**/apoE~ (Ra**/E") (left) and
IL-1Ra*/apoE~ {Ra*"/E”) mice (right) at 32
weeks of age. SMC numbers in the lesions
in IL-1Ra*"/apoE~ mice were significantly
decreased compared with those in IL-
1Ra**/apoE” mice. Original magnification

tArterioseler Theewb Vase B, 24 1088-73, 2064) X100.

ing in these lesions was significantly decreased (-15%)
compared to that in IL-1Ra**/ apoE” mice (Fig. 2B) (38).
Our real-time polymerase chain reaction (RT-PCR) analy-
sis revealed that deletion of IL-1Ra increases the mRNA
expression of the adhesion molecules vascular cell ad-
hesion molecule (VCAM)-1 and interceliular adhesion mol-
ecule (ICAM)-1 in the aorta, and enhances mRNA levels
of monocyte chemoattractant protein (MCP)-1 (38). These
changes may contribute to the enhanced accumula-
tion of M¢s in advanced plaques. interestingly, IL-18"/
apoE’ mice showed opposite results, thus demonstrat-
ing that the size of atherosclerotic lesions at the aortic
sinus in IL-13” /fapoE" mice at 12 and 24 weeks of age
showed a significant decrease of 30% compared with
that in IL-1B** /apoE-mice, and the mRNA levels of
VCAM-1 and MCP-1 in the IL-1B" /apoE™ aorta were
significantly reduced compared with those in the IL-

13+ /apoE" mice (39). They suggested that IL-1p ex-
erts an atherogenic action by enhancing the expression
of VCAM-1 and MCP-1 in the aorta. This report may sup-
port our results. Taken together, these findings suggest
an important role for IL-1Ra in suppressing the develop-
ment of lesions early during atherogenesis and further-
more, implicate it in the modulation of plaque composi-
tion.

IL-1Ra and cholesterol metabolism during
chronic inflammation

Infection and inflammation induce an acute-phase re-
sponse (APR) (40), leading to multiple alterations in lipid
and lipoprotein metabolism (41). Serum triglyceride (TG)
levels are increased by multiple cytokines, including IL-
1, IL-2, IL-6 and tumor necrosis factor (42-48), because
of increased secretin of very low density lipoprotein
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Fig.3. IL-1Ra " mice showed severe fatty liver and hypercholesterolemia following 20 weeks on
an atherogenic diet when compared with IL-1Ra** mice.

A. Macroscopic appearance of livers from IL-1Ra”* {(Ra”} and IL-1Ra*"* (WT) mice fed an athero-
genic diet for 20 weeks. There was a prominent change in color and size in the liver of IL-1Ra”

versus |L-1Ra** mice.

B. Plasma levels of VLDL (upper), LDL (middte upper), HDL {middie lower) and triglycerides (lower)
in IL-1Ra (Ra™) and wild-type (WT) mice. All values are expressed as the mean + SEM. * p <

0.05, ** p < 0.01 for Ra” mice versus WT mice.

(VLDL) as a result of adipose tissue lipolysis (49-51). With
more severe inflammation, the clearance of VLDL de-
creases secondary to decreased lipoprotein lipase and
apolipoprotein E in VLDL (52-54). LPS and cytokines re-
duce total serum cholesterol levels in primates, whereas
in rodents they increase cholesterol levels by stimulating
de novo cholesterol synthesis (55, 56), decreasing lipo-
protein clearance (57), limiting the conversion of choles-
terol to bile acids (58, 59), and decreasing the secretion
of cholesterol into the bile {(60-63). Many of the changes
in lipoproteins during inflammation help to protect the
host from harmful effects of the stimuli. However, if pro-
fonged, these changes in the structure and function of
lipoproteins will contribute to atherogenesis. Of note, in-
flammatory cytokines are increased and play a patho-
genic role in a variety of very common disorders, such
as diabetes, obesity, metabolic syndrome, and athero-

sclerosis (64-68). Many of these disorders display ab-
normalities in lipid metabolism that are similar to those
that occur during infection and inflammation. However,
the effect of chronic inflammation on lipid metabolism
has been unclear. Furthermore, there is no report that
shows the role of IL-1Ra in the metabolism of choles-
terol under chronic inflammatory conditions.

To elucidate the role of IL.-1Ra, we fed an atherogenic
diet (with cholate) to both IL-1Ra” and IL-1Ra** mice.
iL-1Ra” mice developed severe fatty liver after 20 weeks
compared to IL-1Ra”* mice (Fig. 3A) (69). Histological
examination revealed an increase in the number and size
of intracellutar vacuoles, portal fibrosis, and collagen
deposition as well as lobular and portal inflammation in
livers of IL-1Ra’ mice. Expectedly, the plasma lipid pro-
file becdme more proatherogenic with increased total
cholesterol levels (942 + 160 mg/dl versus 240 + 13 mg/





