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EDITORIAL COMMENT

Internal Bleeding

Is Intraplaque Hemorrhage a Decoration or a Driver?*

Jean-Baptiste Michel, MD, PuD,? Peter Libby, MD,? Grégory Franck, PuD?

ontemporary advances in high-throughput

screening of biological samples have added

unbiased screens to the classical candidate
approach for implicating mediators in various disease
states. In this issue of JACC: Basic to Translational
Science, Matic et al. (1) report transcriptomic and pro-
teomic profiling of atherosclerotic plaques banked
from carotid endarterectomies. In parallel, they
looked at blood sampled near the lesion in vivo in
comparison to peripheral blood. The investigators
found a single molecule of many tested to be overex-
pressed in this collection of atherosclerotic lesions
that received surgical remediation compared with
nonatherosclerotic arterial specimens. They identi-
fied biliverdin reductase B (BLVRB) as significantly
increased at a messenger RNA, local protein, and
plasma protein levels, in company with parallel rises
in heme oxygenase 1 (HMOX1). BLVRB participates
in catabolism of heme.

SEE PAGE 464

These results that emerged from high-throughput
screening technologies applied to human atheroscle-
rosis draw our attention to pathways long implicated
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in atherogenesis, but remain worthy of renewed
attention in light of new data including these from
the Stockholm/Karolinska group. The strong regula-
tion of heme-metabolizing enzymes in active human
atheromata indicates a substantial local and/or sys-
temic tissue response to heme, at least in carotid ar-
tery lesions sufficiently active to warrant surgical
treatment.

From whence does heme that could evoke a clear-
ance response within the plaque come? The micro-
vessels that penetrate into plaques during their
evolution (inward neo-angiogenesis) exhibit impaired
barrier function and display characteristics of fragility
that could lead to extravasation of erythrocytes and
intraplaque hemorrhage (Figure 1). In the extreme,
leaky microvessels in the plaque could give rise to
rapid plaque expansion and promote hematoma for-
mation that could embarrass blood flow. Such macro-
scopic episodes of intraplaque hemorrhage, although
uncommon, likely represent the extreme case of much
more common microscopic episodes of intraplaque
hemorrhage. Matic et al. (1) found that exposure to
ferric iron was associated with iron uptake by THP-1
human monocyte cell line-derived macrophage-like
cells and stimulated HMOX1 and BLVRB expression,
suggesting that local hemolysis and iron derived from
heme drive the elevated concentrations of these en-
zymes in plaques. Intraplaque hemorrhage promotes
erythrocyte sequestration and localized hemolysis,
hemostasis, and coagulation, including platelet acti-
vation, fibrin formation, and trapping of leukocytes,
mainly neutrophils, in human plaques (2). Foci of
intraplaque hemorrhage colocalize with proteases and
markers of oxidative stress, which are possible pro-
moters of plaque rupture (3,4). In contrast, products of
local blood coagulation can lead to the release of
platelet products, such as transforming growth factor-
beta and platelet-derived growth factor, which can
foster a local healing response that could augment
smooth muscle production of extracellular matrix,
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FIGURE 1 Intraplaque Hemorrhage in Atherosclerosis
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This figure depicts a plaque in a carotid artery bifurcation on top. Intraplaque hemorrhage can arise because of rupture of the fibrous, a breach
in endothelial integrity, or disruption of the barrier function and leakage from plaque microvessels. Erythrocytes lyse readily in the plaque
microenvironment, releasing iron and its prosthetic heme group. The heme-derived redox-active iron can drive oxidative stress through the
Fenton reaction by generating hydroxyl radical (eOH). Iron can enter smooth muscle cells (not shown) and macrophages or smooth muscle
cells by erythrophagocytosis. The phagocytes exposed to red blood cells and their products elaborate biliverdin reductase and heme
oxygenase, enzymes involved in the catabolism of the heme moiety. The concentrations of these enzymes in plasma may be associated with
cardiovascular risk. The phagocytes that have engulfed erythrocytes and their products can modulate inflammation both positively and

smooth muscle proliferation, and thus, growth of the
atherosclerotic lesion.

In addition to erythrocyte extravasation from
fragile microvessels, entry of erythrocytes from the
macrovascular compartment into the intima could
arise from breaches in the integrity of the endothelial
layer that lines the macrovascular lumen. Altered
hydrodynamics at regions of flow disturbance could
contribute to endothelial cell desquamation or
impaired barrier function. Recent studies suggest
accumulation of erythrocytes near the intimal inter-
face with blood even in early atherogenesis (5). Not
only do red blood cells (RBCs) accumulate locally
within the intima, but hemoglobin, glycophorin A,
and iron colocalize with regions of RBC collections
that compose small intraplaque hematomas. The sites
of local RBC accumulation in the intima also contain
HMOX1, ferroportin, and members of the natural
resistance-associated macrophage protein family of
metal transporters. Furthermore, sites of these
intimal hematomas contain markers of oxidation of
lipids and proteins. Smooth muscle cells appear
capable of erythrophagocytosis in addition to clas-
sical scavenging of modified or senescent RBC via
scavenger receptors associated with mononuclear
phagocytes including CD163 and CD36 (5).

Whether they are derived from microvascular
leaks or from breaches in the macrovascular endo-
thelium, redox-active ferrous iron (Fe'") derived
from erythrocyte heme prosthetic groups can
contribute to local oxidative damage through the
Fenton reaction. The local plaque environment fa-
vors hemolysis of RBC, releasing heme and iron in
the intimal lesions. Recent systems biology analyses
point to hydroxyl radical derived through Fenton
chemistry as an agonist in atherogenesis (6). In
addition, genome-wide association studies have
implicated iron metabolism and hepcidin as risk
factors for biomarkers of atherosclerosis such as
increased intima-media thickness (7). Experimental
studies have implicated hepcidin in activating pla-
que macrophages following erythrophagocytosis.
Some experimental data suggest that clearance of
hemoglobin by CD163-positive cells and concomitant
HMOX1 expression can provide an anti-inflammatory
response that can defend against some of the
potentially adverse effects of local heme metabolism
and accumulation of iron (8). Beyond the role
of RBC-derived heme and iron in potentiating
atherosclerosis, the membranes of erythrocytes that
enter the intima can provide a local source of
cholesterol (9).
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