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Abstract

Atherosclerosis is a leading underlying factor in cardiovascular disease and stroke, important causes of morbidity
and mortality across the globe. Abundant epidemiological studies demonstrate that high levels of high density lipo-
protein (HDL) are associated with reduced risk of atherosclerosis and preclinical, animal model studies demonstrate
that this association is causative. Understanding the molecular mechanisms underlying the protective effects of HDL
will allow more strategic approaches to development of HDL based therapeutics. Recent evidence suggests that an
important aspect of the ability of HDL to protect against atherosclerosis is its ability to trigger signaling responses
in a variety of target cells including endothelial cells and macrophages in the vessel wall. These signaling responses
require the HDL receptor, scavenger receptor class B type 1 (SR-B1), an adaptor protein (PDZK1) that binds to the
cytosolic C terminus of SR-B1, Aktl activation and (at least in endothelial cells) activation of endothelial NO syn-
thase (eNOS). Mouse models of atherosclerosis, exemplified by apolipoprotein E or low density lipoprotein receptor
gene inactivated mice (apoE or LDLR KO) develop atherosclerosis in their aortas but appear generally resistant to
coronary artery atherosclerosis. On the other hand, inactivation of each of the components of HDL signaling (above)
in either apoE or LDLR KO mice renders them susceptible to extensive coronary artery atherosclerosis suggesting
that HDL signaling may play an important role in protection against coronary artery disease.
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and cells!!!. SR-B1 expressed in hepatocytes mediates
cellular uptake of cholesterol from HDL, driving a
process called reverse cholesterol transport: the net

Introduction

Abundant epidemiological studies in populations

and preclinical studies in animal models demonstrate
that high density lipoprotein (HDL) protects against
the development of atherosclerosis. The scavenger
receptor class B type 1 (SR-B1) is a multiligand recep-
tor that has high affinity for HDL and can mediate the
bi-directional exchange of lipids between bound HDL
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movement of cholesterol by HDL from peripheral tis-
sues including macrophages in the artery wall, to the
liver for disposal via the bile or for recycling back into
the bloodstream complexed with new lipoproteins!!l.
In addition to this well accepted role for SR-B1 in cho-
lesterol transport, more recent studies have pointed to
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a role in HDL-dependent signaling in cells including
endothelial cells, macrophages, platelets and other cell
types??!2. We have recently demonstrated that HDL acts
as a chemotactic factor for macrophages in vitro, and
that this involves HDL dependent signaling via SR-B1,
PDZK1 and sphingosine 1 phosphate (S1P) recep-
tor 1 (SIPR1), leading to phosphorylation of Akt!?l.
Inactivation of the expression of SR-B1, PDZK1 or
Aktl or antagonism of S1IPR1 impairs the ability of
macrophages to undergo chemotaxis towards HDL?.
Similarly, others have demonstrated that HDL signals
via SR-B1 in platelets and in hematopoietic stem/pro-
genitor cells (HSPC) leading to PI3K/Akt activation,
which dampens platelet activation and HSPC prolif-
eration**. HDL signaling has been most well stud-
ied in endothelial cells, in which HDL signaling via
SR-B1 leads to phosphorylation of PI3K/Akt, and of
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Fig. 1 HDL signaling via SR-B1 and role in coronary
artery atherosclerosis. HDL signaling via SR-B1 involves
PDZK1 (shown binding to the C-terminal tail of SR-B1 via
one of the two possible PDZ domains known to bind there),
activation of Aktl and eNOS. Germline whole body knockout
of SR-B1, PDZK1, Aktl and eNOS (red boxes) on atherogenic
ApoE or LDLR KO backgrounds have all been shown to trigger
either spontanecous (SR-Bl/apoE) or diet induced coronary
artery atherosclerosis and myocardial infarction (PDZKI,
Aktl or eNOS on apoE KO; SR-BI on apoE-hypo or LDLR
KO backgrounds)!®2123:31331 More detailed descriptions of
HDL signaling pathways mediated by SR-B1 can be found in
referencest®*l.

endothelial NO synthase (eNOS) leading to its activation
(Fig. 1). HDL signaling in endothelial cells also results
in cell migration and proliferation, and suppresses
activation of expression of the inflammatory adhe-
sion molecules vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1
(ICAM_l)[SJ-&lO,IZ]‘

VCAM-1 and ICAM-1 play key roles in adhesion
of monocytes to activated endothelial cells of arteries
at sites prone to atherosclerosis development!!3-14,
Endothelial cells can become activated to express high
levels of VCAM-1 and ICAM-1 through signaling
induced by inflammatory cytokines such as tumor
necrosis factor (TNF) a, or by non-laminar, turbulent
blood flow; the latter being a key determinant of the
location of atherosclerosis development within the
arterial treel!*14, Exposure of monocytes to HDL has
been reported to suppress the VCAM-1 binding activity
of CD49d and the ICAM-1 binding activity of CD11b,
thereby reducing monocyte recruitment by activated
endothelial cells in vitro!'>'l. These findings suggest
that HDL induces atheroprotective cellular responses
locally in the blood vessel/at the sites of lesions that are
dependent on SR-B1 but may be independent of bulk
cholesterol transport.

SR-B1 and atherosclerosis

To investigate the role of SR-B1 on atherosclero-
sis, SR-B1 deficient mice were generated and mated
to apolipoprotein (apo) E deficient mice to generate
SR-B1/apoE double knockout (dKO) mice. These mice
develop increased aortic sinus atherosclerosis compared
with control apoE KO mice when fed a normal chow
diet!"”. Surprisingly, these mice also develop occlusive
atherosclerosis in a substantial proportion (approx-
imately 30%) of coronary arteries, accompanied by
extensive myocardial fibrosis, electrical conductance
abnormalities including ST segment deviations, cardiac
dysfunction characterized by reduced left ventricu-
lar ejection fraction and early death by approximately
8 weeks of age when fed a normal chow diet!'32%,
Krieger and co-workers also generated a related strain
of mice which lacked SR-B1 on a hypomorphic (hypo)
apoE background®. These SR-B1-KO/apoE-hypo
mice appear normal when fed a normal chow diet, low
in fat and cholesterol; however feeding the mice diets
containing high fat, high cholesterol and sodium cholate
induces the development of occlusive coronary artery
atherosclerosis and greater aortic sinus atherosclerosis
as compared to similarly fed SR-B1 expressing apoE-
hypo mice'!. The induction of occlusive atherosclerosis
in coronary arteries is rapid, requiring only 3-4 weeks,
and, as in SR-Bl/apoE dKO mice, is accompanied
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by extensive myocardial fibrosis, cardiomegaly, ST
segment deviations in electrocardiograms, and left
ventricular dysfunction®). The timing of disease devel-
opment in the SR-B1-KO/apoE-hypo mice, as meas-
ured by survival and cardiomegaly, is affected by the
composition of the diet, such that increased dietary cho-
lesterol and the presence of sodium cholate, a bile salt
derivative which results in increased levels of plasma
cholesterol, result in more rapid onset of cardiomegaly
and reduced survival®. Husbandry conditions can also
affect the survival of the atherogenic, high fat/high cho-
lesterol diet-fed SR-B1-KO/apoE-hypo mice, such that
survival is prolonged when mice are group-housed vs.
housed singly™. Surprisingly, mice housed in groups
were reported to exhibit lower levels of plasma choles-
terol than those housed singly, although the reasons for
this appear unclear®. However, it was suggested that
this might contribute to the prolonged survival of the
group-housed atherogenic diet fed SR-B1/apoE-hypo
micel®. The effects of the different diets on the level of
atherosclerosis in coronary arteries or the aortic sinus,
however was not described.

Coronary artery atherosclerosis in SR-B1/
LDLR double KO mice

We have recently reported that SR-B1/LDLR dKO
mice also exhibit reduced survival when fed ath-
erogenic diets, and, similar to effects observed in
SR-B1-KO/apoE-hypo mice, the average lifespan of
atherogenic diet-fed SR-B1I/LDLR dKO mice was
reduced by increased cholesterol content, and pres-
ence of sodium cholate in the diet’®). When female
SR-B1/LDLR dKO mice were fed the Paigen athero-
genic diet (15% fat, 1.25% cholesterol, 0.5% sodium
cholate) beginning at 12 weeks of age, they exhibited
a 50% survival of only 3.5 weeks from the onset of
feeding™), similar to the median survival reported for
the SR-B1-KO/apoE-hypo mice fed the same diet!?!2],
Removal of sodium cholate prolonged the 50% survival
to 9.4 weeks of diet feeding, while mice fed a normal
chow diet supplemented with 2% cholesterol exhibited
a 50% survival of 11.4 weeks™®). In contrast SR-B1/
LDLR dKO mice fed a Western type atherogenic diet
(21% fat and 0.15% cholesterol) from 12 weeks of age,
or a normal chow diet (6.2% fat, and no added choles-
terol) from weaning did not exhibit any reduced survival
up to 22 weeks of age®. For each diet/feeding time,
female SR-B1/LDLR dKO mice exhibited statistically
significantly increased (3.5-10 fold) atherosclerosis
in their aortic sinuses when compared with similarly
aged and fed female LDLR single KO micel**.
SR-B1/LDLR dKO mice fed each of the atherogenic

diets, but not mice fed the normal chow diet, developed
significant coronary artery atherosclerosis (Fig. 2),
with approximately 20% (Western diet) to 30% (Paigen
diet) of coronary arteries on average, being com-
pletely occluded by atherosclerotic plaques®®!. In
contrast, virtually none of the coronary arteries exam-
ined in any of the atherogenic diet fed LDLR single
KO control mice contained atherosclerotic plaques
(although some fatty streaks were detected in Paigen
diet fed LDLR KO mice)®). Furthermore, mice fed
the cholesterol-supplemented diet, the Paigen diet and
the Paigen diet lacking sodium cholate all exhibited
substantial levels of cardiac fibrosis and cardiomegaly
compared to age, gender and diet matched control LDLR
single KO's. Surprisingly, the SR-B1/LDLR dKO mice
fed the Western type diet for 12 weeks did not develop
substantial cardiac fibrosis, although they did develop
cardiomegaly to a similar degree as mice fed the other
atherogenic diets!®¥). Interestingly, we detected plate-
let accumulation in coronary artery atherosclerotic
plaques in the atherogenic diet fed SR-B1/LDLR dKO
mice, and the abundance of platelet-positive athero-
sclerotic coronary arteries was highest in mice fed the
Paigen atherosclerotic diet (Fig. 2B), which resulted
in the most rapid reduction in survival®*, Whether the
accumulation of platelets in atherosclerotic coronary
arteries in the Paigen diet fed SR-B1/LDLR dKO mice
is the result of thrombosis secondary to plaque rupture
remains to be determined. Together these data demon-
strate the diet dependence of coronary artery athero-
sclerosis and cardiac fibrosis in the SR-B1/LDLR
dKO mice.

Levels of coronary artery atherosclerosis do
not correlate with levels of aortic sinus
atherosclerosis

Interestingly, we observed that the levels of coro-
nary artery atherosclerosis did not correlate with the
levels of aortic sinus atherosclerosis in the SR-B1/
LDLR dKO and LDLR single KO mice fed the five
different diets. In particular, we observed similar lev-
els of aortic sinus atherosclerosis in 22 week old nor-
mal chow diet fed SR-B1/LDLR dKO mice and 13.5
week old SR-BI/LDLR dKO mice that had been fed
the Paigen atherogenic diet for 3.5 weeks!. The lev-
els of aortic sinus atherosclerosis in these mice were
also similar to those in LDLR single KO mice fed
the 2% cholesterol supplemented diet for 12 weeks
or fed the Paigen atherogenic diet lacking sodium
cholate for 10 weeks. Despite similar levels of aortic
sinus atherosclerosis, the only group of these four to
develop severe coronary artery atherosclerosis were
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the SR-B1/LDLR double KO mice fed the Paigen diet
for 3.5 weeks-no coronary artery atherosclerosis was
detected in LDLR single KO mice fed either of the
high cholesterol diets and very little was detected in
the SR-B1/LDLR dKO mice fed the normal chow diet
for the times indicated®!. This observation clearly
demonstrated that coronary artery atherosclerosis was
not merely a manifestation of increased overall ather-
osclerosis burden, but rather suggests different factors
determined the development of atherosclerosis in the
aortic sinus and coronary arteries of these mice.

We observed thatthe majority ofthe non-atherosclerotic
coronary arteries (75%-100%) analyzed in the athero-
genic diet fed SR-B1/LDLR dKO mice exhibited high

CD41 (Platelet)/DAPI/Auto

Fig. 2 Occlusive coronary artery atherosclerosis in
an atherogenic diet fed SR-BI/LDLR double KO
mouse: In an experiment described in®), an SR-B1/
LDLR double KO mouse was fed the Paigen atherogenic
diet for 3.5 weeks. Shown is a series of cross sections
through the same coronary artery (passing through the
septum of the heart), just below (A) and (B) and at (C)
a bifurcation. (A) Oil red O (lipid-red)/hematoxylin
(nuclei-blue) stained section. (B) Immunofluorescence
staining for CD41 (platelet-red); counterstained with
DAPI (nuclei-blue). Green: autofluorescence. Arrow
points to red CD41 staining. (C) Trichrome staining.
Fibrous tissue appears blue. Scale bar = 30 um.

levels of VCAM-1 and ICAM-1 staining, whereas
substantially fewer coronary arteries from similarly
fed LDLR single KO mice were positive for VCAM-1
and ICAM-1123. This suggests that one consequence of
inactivating SR-B1 expression is increased activation
of coronary artery endothelial cells to express these
adhesion molecules, which are known to mediate mono-
cyte adhesion and recruitment into the vessel wall, and
influence the sites of atherosclerosis development!!>4,
These results are consistent with the finding that SR-B1
in endothelial cells mediates HDL dependent suppres-
sion of VCAM-1 and ICAM-1 induction by TNF-o/”.
Whether or not the increased VCAM-1 and ICAM-1 in
coronary arteries of the SR-B1/LDLR dKO mice is the
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direct effect of a lack of SR-B1 expression in endothelial
cells, or is an indirect effect of, for example, increased
levels of IL-6 and/or TNF-a in circulation, or altered
properties/levels of circulating lipoproteins®®, remains
unclear. Although total plasma cholesterol levels were
lower in the atherogenic diet fed SR-B1/LDLR dKO
mice (corresponding to reduced hepatic lipoprotein pro-
duction), the lipoproteins present in plasma of the dKO
mice were characterized by abnormally high unesterified
cholesterol (reaching 50%-80% of total cholesterol) in
the SR-B1/LDLR dKO mice as compared to the lower
levels of unesterified cholesterol (25%-27% of total cho-
lesterol) in LDLR single KO mice!®), consistent with
what has been previously described for SR-B1/apoE
dKO and SR-Bl KOf/apoE-hypo micel'822225], The
effects of altered lipoprotein composition and structure
in SR-BI/LDLR dKO mice on endothelial cell activa-
tion, however, has not been examined directly.

Others have reported that HDL treatment of mono-
cytes can suppress monocyte binding to VCAM-1
and ICAM-1 and monocyte adhesion to endothelial
cellst'>191 Consistent with this, we have demonstrated
that monocytes from SR-B1 KO/apoE-hypo mice
exhibit greater binding to VCAM-1 and ICAM-1
and that restoration of SR-Bl expression in bone
marrow-derived cells in SR-B1 KO/apoE-hypo mice
resulted in reduced monocyte recruitment into athero-
sclerotic plaques and reduced aortic sinus and coronary
artery atherosclerosis in mice fed the Paigen athero-
genic diet®. This also led to reduced diet-dependent
development of myocardial fibrosis and cardiomeg-
aly??l. In contrast, BM-specific restoration of SR-BI
expression did not restore altered lipoprotein choles-
terol levels, raising the possibility that the protective
effects reflected the direct activity of SR-B1 in mono-
cytes or other BM derived cells.

In vivo evidence for signaling via SR-BI
contributing to protection against coronary
artery atherosclerosis?

HDL triggers the activation (phosphorylation) of
Akt and Akt dependent phosphorylation and activa-
tion of eNOS in endothelial cells both in culture and
in vivol®?", This signaling process is dependent on
SR-B1 and the multi-subunit adaptor protein, PDZK1,
that binds to the carboxy terminal cytosolic domain of
SR-BI1B:1027 (Fig, I). PDZKI1 is required for the sta-
bility of SR-B1 protein in the liver and inactivation of
PDZK1 in mice results in dramatically reduced lev-
els of SR-B1 protein in liver hepatocytes, but does
not alter SR-B1 protein levels in endothelial cells or
macrophages!>31228-3% Instead, in endothelial cells
and macrophages, PDZK1 appears to be necessary

for SR-B1 mediated HDL signaling!*3!?l. Curiously,
global knockout of each of PDZK1, Aktl or eNOS
on the apoE KO background all lead to diet-induced
coronary artery atherosclerosis and myocardial fibro-
sis, resembling the phenotype of SR-Bl/apoE dKO
mice and atherogenic diet fed SR-B1/apoE-hypo and
SR-B1/LDLR dKO mice (although the degree of cor-
onary artery atherosclerosis, myocardial fibrosis or
effects on survival do not appear to be as severe as
those observed in mice lacking SR-B1)B-33 (Fig. I).
Thus, Krieger, Kocher and colleagues demonstrated
that feeding PDZK1/apoE dKO mice a high fat, low
cholesterol Western diet (21% fat, 0.15% cholesterol)
increased aortic sinus but not coronary artery athero-
sclerosis®?”, but feeding the mice the Paigen diet for
3 months induced substantial coronary artery athero-
sclerosis (with up to 40% of coronary arteries exam-
ined containing plaques that occluded more than half
of the lumen) and myocardial fibrosis?*}. These mice
exhibited increased lipoprotein total cholesterol com-
pared with similarly fed apoE KO mice but did not
exhibit the increased lipoprotein unesterified choles-
terol content characteristic of SR-B1 KO mice, pos-
sibly because low residual levels of SR-B1 protein in
liver may have been sufficient to clear unesterified
cholesterol normally™}!. HDL treatment of endothelial
cells and macrophages in culture induces Akt phos-
phorylation and pharmacological inhibition of Akt
phosphorylation or knockout of Aktl prevents HDL
signaling in these cells®>*. Aktl/ApoE dKO mice
have been reported to develop increased aortic ather-
osclerosis compared to similarly fed apoE KO mice,
and, reminiscent of SR-Bl-deficient and PDZKI-
deficient apoE KO mice, also develop high fat diet
induced occlusive coronary artery atherosclerosisf®!l,
Furthermore, high fat diet feeding (16 weeks) was
also reported to induce coronary artery atherosclerosis
(in addition to increased aortic atherosclerosis), car-
diac fibrosis and reduced cardiac function in eNOS/
apoE double KO mice, but not in apoE KO mice fed
the same diet for up to 20 weeks*2. Tt is important
to point out that the phenotypes reported for SR-B1/
apoE, PDZK1/apoE, Aktl/apoE and eNOS/apoE dou-
ble KO mice do not match exactly: SR-B1/apoE dKO
mice develop occlusive coronary artery atheroscle-
rosis spontaneously and rapidly (within 2-5 weeks)
on normal chow diet!'*!”) while PDZK 1/apoE, Aktl/
apoE and eNOS/apoE dKO mice all require feeding
with atherogenic diets (with different concentrations
of fat, cholesterol and cholate)?**!331, Furthermore,
a subset of high fat diet fed eNOS/apoE dKO mice
also develop abdominal aortic aneurysms, which has
not been reported in SR-Bl-deficient (SR-B1/apoE
dKO, or in SR-B1KO/apoE-hypo or SR-BI/LDLR
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dKO mice fed atherogenic diet diets), or PDZK1/
apoE or Aktl/apoE dKO mice fed atherogenic
diets!>19:21:23.262931-33] 'To be sure, coronary artery ath-
erosclerosis in mice does not solely arise from inac-
tivation of components of the HDL/SR-B1/PDZK1/
Akt1/eNOS signaling pathway. Substantial coronary
artery atherosclerosis accompanied by myocardial
infarction has also been observed in atherogenic diet
fed apoE KO mice with macrophage overexpression
of urokinase type plasminogen activator®>=¢ and in
long term atherogenic diet fed LDL receptor/apoE
double knockout micel®”!. Nevertheless, the finding
that SR-B1, PDZK1, Aktl and eNOS are linked by
HDL signaling and the observation that atherogenic
strains that lack these factors develop either sponta-
neous or diet-induced coronary artery atherosclerosis,
suggests the possibility that impaired HDL signaling
may contribute to the development of coronary artery
atherosclerosis in these mice. It is tempting to spec-
ulate that the observed spontaneous or diet-induced
coronary artery atherosclerosis in apoE and/or LDLR
KO mice also lacking SR-B1, PDZK1, Aktl or eNOS
may reflect impaired HDL signaling in endothelial
cells, resulting in increased endothelial cell activa-
tion in normally resistant coronary arteries. This is
consistent with our observation of only very low
levels of VCAM-1 and ICAM-1 protein in coronary
arteries of high fat diet fed LDLR KO mice, and sub-
stantially increased levels in coronary arteries of sim-
ilarly fed SR-B1/LDLR dKO mice!®*!. Whether this is
in fact due to impaired HDL signaling in endothelial
cells (as predicted from in vitro studies cited earlier)
or due other factors resulting from impaired global
SR-B1 expression (e.g. altered lipoprotein structure,
composition or levels; altered systemic inflamma-
tion; altered stress response etc) is currently unclear.
Resolution of this question awaits the analysis of mice
with tissue selective KO or re-expression of SR-BI.

Conclusions

HDL signaling via SR-B1, PDZK1 and Aktl
appears to play an important role in homeostatic and/
or atheroprotective responses in a variety of cell types
including endothelial cells, macrophages and mono-
cytes, HSPC's, smooth muscle cells and others®®?. In
endothelial cells, this signaling pathway leads to acti-
vation of eNOS and a variety of atheroprotective out-
comes including proliferation, recovery after injury,
increased barrier function and suppression of endothe-
lial cell VCAM-1 and ICAM-1 expression(®7-10:1227],
Global inactivation of SR-B1, PDZK1, Akt]l and eNOS
in mice predisposed to atherosclerosis due to inactiva-
tion of apoE and/or LDLR, all lead to spontancous
or diet-induced coronary artery atherosclerosis and
myocardial infarction!!?2!2331-33] These data suggest

that HDL signaling via an SR-B1/PDZK1/Aktl/
eNOS axis plays an important role, at least in mice, in
the normal resistance of coronary arteries to develop-
ment of atherosclerosis. HDL signaling may explain,
at least in part, the protective role that HDL exerts on
human coronary artery disease. A better understanding
of HDL signaling pathways, including the key cell
types responsible for HDL signaling-mediated protec-
tion against coronary artery atherosclerosis in mice
may provide important insights into strategies for
therapeutic interventions in human coronary artery
disease.
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