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ORIGINAL RESEARCHARTICLE

Lysed Erythrocyte Membranes Promote

Vascular Calcification

Possible Role of Erythrocyte-Derived Nitric Oxide

BACKGROUND: Intraplaque hemorrhage promotes atherosclerosis progression,
and erythrocytes may contribute to this process. In this study we examined the
effects of red blood cells on smooth muscle cell mineralization and vascular
calcification and the possible mechanisms involved.

METHODS: Erythrocytes were isolated from human and murine whole blood.
Intact and lysed erythrocytes and their membrane fraction or specific erythrocyte
components were examined in vitro using diverse calcification assays, ex vivo

by using the murine aortic ring calcification model, and in vivo after murine
erythrocyte membrane injection into neointimal lesions of hypercholesterolemic
apolipoprotein E-deficient mice. Vascular tissues (aortic valves, atherosclerotic
carotid artery specimens, abdominal aortic aneurysms) were obtained from
patients undergoing surgery.

RESULTS: The membrane fraction of lysed, but not intact human erythrocytes
promoted mineralization of human arterial smooth muscle cells in culture, as
shown by Alizarin red and van Kossa stain and increased alkaline phosphatase
activity, and by increased expression of osteoblast-specific transcription factors
(eg, runt-related transcription factor 2, osterix) and differentiation markers (eg,
osteopontin, osteocalcin, and osterix). Erythrocyte membranes dose-dependently
enhanced calcification in murine aortic rings, and extravasated CD235a-positive
erythrocytes or Perl iron-positive signals colocalized with calcified areas or
osteoblast-like cells in human vascular lesions. Mechanistically, the osteoinductive
activity of lysed erythrocytes was localized to their membrane fraction, did

not involve membrane lipids, heme, or iron, and was enhanced after removal

of the nitric oxide (NO) scavenger hemoglobin. Lysed erythrocyte membranes
enhanced calcification to a similar extent as the NO donor diethylenetriamine-
NO, and their osteoinductive effects could be further augmented by arginase-1
inhibition (indirectly increasing NO bioavailability). However, the osteoinductive
effects of erythrocyte membranes were reduced in human arterial smooth muscle
cells treated with the NO scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl 3-oxide or following inhibition of NO synthase or the NO receptor soluble
guanylate cyclase. Erythrocytes isolated from endothelial NO synthase—deficient
mice exhibited a reduced potency to promote calcification in the aortic ring assay
and after injection into murine vascular lesions.

CONCLUSIONS: Our findings in cells, genetically modified mice, and human
vascular specimens suggest that intraplaque hemorrhage with erythrocyte
extravasation and lysis promotes osteoblastic differentiation of smooth muscle
cells and vascular lesion calcification, and also support a role for erythrocyte-
derived NO.
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Clinical Perspective
What Is New?

e lysed erythrocytes, and in particular their mem-
brane fraction, enhanced human and murine arte-
rial smooth muscle cell mineralization, and vascular
(aortic ring) calcification.

e Red blood cell membrane injection into vascular
lesions of atherosclerosis-prone mice also pro-
moted calcification, and red blood cells were found
to colocalize with osteoblast-like cells in human
atherosclerotic plaques, stenotic aortic valves, and
abdominal aortic aneurysms.

¢ Genetic deletion or pharmacological blockade of
endothelial nitric oxide (NO) synthase, or inhibi-
tion of the NO receptor soluble guanylate cyclase
in smooth muscle cells, reduced the osteoinductive
effects of red blood cell membranes, and erythro-
cytes isolated from endothelial NO synthase—defi-
cient mice were less potent in inducing calcification.

What Are the Clinical Implications?

e Intraplaque hemorrhage promotes atherosclerotic
and valvular lesion calcification.

e Membranes of extravasated, lysed red blood cells
appear to play an important role in this process, and
NO derived from erythrocyte endothelial NO syn-
thase is involved, at least in part, in mediating the
effects of red blood cells on vascular calcification.

e Conditions influencing red blood cell stability
and their susceptibility to lysis under mechanical,
osmotic, or other local stress, and factors selectively
targeting red blood cell NO release, as well, may
represent potential therapeutic targets to reduce
calcific valvular disease and, possibly, atherosclero-
sis progression.

als is a typical feature of advanced atherosclerotic

and valvular lesions. Ectopic vascular calcification
occurs primarily at the aorta, aortic valve, and coronary
arteries.” Microcalcifications, in particular those embed-
ded in the fibrous cap, have been found to promote
plaque instability and rupture by increasing local tissue
stress,? thus adding to the effects of neovascularization,
inflammation, matrix metalloproteinase expression, and
smooth muscle cell death.

Vascular calcification is an actively regulated process,
very similar to embryonic skeletal bone formation. Cells
of the vessel wall assume an osteoblast-like phenotype
and upregulate specific transcription factors, resulting
in the expression of extracellular matrix proteins and
the incorporation of hydroxyapatite crystals.?> Osteo-
blast and bone markers have been detected in calcified
human aortic valves and arteries,*> and in aged apoli-
poprotein E-deficient mice.® Factors promoting vascular

The deposition of calcium hydroxyapatite miner-
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calcification include age, hypertension, diabetes melli-
tus, end-stage renal disease, and smoking.

Although the presence of extravasated erythrocytes
in human atherosclerotic lesions was described several
years ago,’ little is known about a possible active role
of red blood cells (RBCs) during cardiovascular disease
processes. Clinical studies suggested that intraplaque
hemorrhage may be associated with the progression
of coronary® and carotid® atherosclerotic lesions and
degenerative calcific aortic valve stenosis.”® Our own
group previously reported that the total cholesterol
content in the membrane of circulating erythrocytes
was associated with the clinical presentation of coro-
nary artery disease and was significantly elevated in
patients with acute coronary syndromes.'"'? Moreover,
we could show in rabbits fed an atherogenic diet that
statin treatment correlated with reduced erythrocyte
cholesterol levels, and significantly smaller lipid cores,
fewer macrophages, and fewer microvessels, as well."
Further evidence indirectly supporting a causal role of
erythrocytes came from studies showing that athero-
sclerotic lesion progression in apolipoprotein E knock-
out mice was significantly reduced after the induction
of anemia by using phenylhydrazine.™

In the present study, we examined the contribution
of erythrocytes to vascular and valvular lesion progres-
sion, focusing on the effects of RBCs on the osteoblas-
tic transdifferentiation of smooth muscle cells and cal-
cification. We also dissected the possible mechanisms
underlying the osteoinductive effects of lysed erythro-
cyte membranes.

METHODS

The data and methods that support the findings of this study
are available from the corresponding author on reasonable
request. A detailed description of the materials and methods
is provided in the online-only Data Supplement Material.

Isolation of Erythrocytes and Erythrocyte

Membranes

Erythrocytes were isolated using density gradient centrifuga-
tion, as described.""'> In brief, anticoagulated whole blood
was centrifuged at 15009 for 10 minutes. Plasma, platelets,
and buffy coat were removed, and the pellet containing RBCs
was washed with 1x PBS followed by additional purifica-
tion over Histopaque-1119 (Sigma). The purity of the RBC
preparation was examined using flow cytometry (Figure | in
the online-only Data Supplement). Intact erythrocytes were
immediately lysed in ice-cold hypotonic lysis buffer and either
stored at —80°C pending analysis, or erythrocyte membranes
were prepared from an aliquot by repeated centrifugation and
washing in PBS (representative examples are shown in Figure
IIA in the online-only Data Supplement). Contamination with
hemoglobin or heme was excluded using the Hemoglobin
or Heme Assay kit (Sigma), respectively (Figure IIB through
IID in the online-only Data Supplement). Lipids (cholesterol,
phospholipids) were extracted from human erythrocyte
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membranes following a published protocol’® and quantified
using the Cholesterol Quantitation Kit (BioAssay Systems).
Heme was isolated from whole blood as described."

Smooth Muscle Cell Cultivation and

Osteoblastic Differentiation

Human arterial smooth muscle cells (HASMCs; PromoCell) and
murine arterial smooth muscle cells (American Type Culture
Collection ATCC) were cultivated in DMEM (GlutaMAX-I)
containing CaCl, (4 mmol/L; Sigma), B-glycerophosphate
(5 mmol/L; Sigma), L-ascorbic acid (50 pg/mL; Sigma), insu-
lin (1 pmol/L; Sigma), and dexamethasone (0.1 pmol/L;
Sigma) (osteogenic medium). To visualize calcium deposition,
HASMCs were fixed and incubated with 0.4 mg/mL Alizarin
red S solution (pH 4.2). The dye was extracted using 10%
acetic acid followed by colorimetric detection at 405 nm.'®
Phosphate deposits were visualized using 5% silver nitrate
and UV light (van Kossa stain). To determine alkaline phos-
phatase activity, cells were incubated with 5-bromo-4-chloro-
3-indolyl phosphate/nitro blue tetrazolium substrate solution
(Sigma). NO release was determined by measuring nitrite/
nitrate using Griess Reagent System (Promega).

Aortic Ring Calcification Assay

Descending aortas were prepared from 8- to 10-week-old
C57BL6 mice (wild-type; Janvier Labs) or endothelial NO syn-
thase (eNOS)-deficient mice (eNOS™-; Jackson Laboratories),
cut into 2- to 3-mm rings, and placed into DMEM or osteo-
genic medium together with erythrocyte membranes isolated
from wild-type or eNOS”~ mice. Rings were paraffin-embed-
ded, and transverse sections were stained using Alizarin red.

Murine Atherosclerosis

Vascular injury and neointima formation were induced in male
apolipoprotein E-deficient mice (apoE™; Jackson Laboratories)
fed Western-type diet (TD 88137; Harlan Teklad). On day 21
after injury, erythrocyte membranes from wild-type or eNOS™
mice were injected into the neointima. Vascular calcification
was examined 1, 2, and 6 weeks later. Plasma cholesterol lev-
els were determined by using the EnzyChrom HDL and LDL/
VLDL Assay kit (BioAssay Systems). All animal experiments had
been approved by the institutional Animal Research Committee
and the state authorities and complied with institutional and
national guidelines for the care and use of laboratory animals.

Human Vascular Specimens

Calcified stenotic aortic valves, abdominal aortic aneurysm
specimens, and atherosclerotic carotid artery plaques were
obtained from symptomatic patients undergoing elective sur-
gery at the University General Hospital of Alexandroupolis,
Greece, Departments of Cardiothoracic Surgery and Vascular
Surgery, respectively. Patients with active cancer or with sys-
temic inflammatory or autoimmune disease were excluded.
Tissue specimens were immediately processed for either par-
affin or cryo embedding. The study protocol complied with
the declaration of Helsinki and was approved by the institu-
tional review board. All participants were informed and gave
their signed consent before inclusion in the study.
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Histological and Immunohistochemical

Analyses

Paraffin-embedded human and mouse vascular tissues were
stained using Masson Goldner trichrome to detect erythro-
cytes (bright red), connective tissue (light green), and bone
structures (green). Calcification (red signal) was assessed using
Alizarin red and van Kossa staining or 5-bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium as a substrate for
alkaline phosphatase. Perl iron stain was used to detect tis-
sue iron. Immunohistochemical analysis was performed using
antibodies against eNOS (Novus Biologicals), glycophorin
A (CD235a; Dako), hemoglobin (Abcam), methemoglobin
(LifeSpan Biosciences), osteopontin (Abcam), osterix (Abcam),
smooth muscle actin (Sigma), or TER-119 (R&D Systems)
and examined under an Olympus BX51 microscope using
image analysis software (Image-Pro Plus; Media Cybernetics).
Immunofluorescence and confocal microscopy analyses were
performed on cryo-embedded tissue sections using primary
antibodies against CD235a, osteopontin, or eNOS (Santa
Cruz Biotechnology) followed by fluorescence-labeled don-
key anti-mouse or donkey anti-rabbit secondary antibodies
(Life Technologies) and Hoechst solution (Thermo Scientific).
Sections were examined under an Andor Revolution XD spin-
ning disc confocal Olympus [X81 microscope. Images were
analyzed using ImageJ 1.50i software.

Western Blot and Immunoprecipitation
eNOS was immunoprecipitated from erythrocyte lysates
using a rabbit polyclonal antibody against eNOS (Santa Cruz
Biotechnology) and protein G agarose beads (Millipore).
Immunoprecipitated eNOS, and human umbilical vein endo-
thelial cell lysate (positive control), as well, were separated
by SDS-PAGE, electroblotted on nitrocellulose membranes,
and immunoblotted for eNOS by using the same antibody
used for immunoprecipitation. The flow-through was immu-
noblotted for arginase-1 using a rabbit polyclonal antibody
(GeneTex). Mouse monoclonal antibodies against GAPDH
(HyTest) were used for normalization. Relative quantification
of bands was performed using Image Laboratory 5.0 soft-
ware (BioRad) and expressed as fold change in comparison
with band densities of the same control sample (set at 1) run
in all experiments as reference allowing for valid comparisons
in band density quantification.

RNA Isolation and Quantitative Real-
Time Polymerase Chain Reaction Analysis
Cells were homogenized in TRI Reagent (Ambion). Total
RNA was isolated and the amount and quality checked
by spectrophotometry (uCuvette G1.0; Eppendorf). One
microgram of RNA was reversed-transcribed into cDNA
by using M-MLV Reverse Transcriptase (Promega) followed
by quantitative real-time polymerase chain reaction. The
primer sequences and conditions are listed in Table | in the
online-only Data Supplement.

Statistical Analysis
Data are presented as mean+SEM. Normal distribution
was examined using the D’Agostino and Pearson omnibus
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normality test. Differences between 2 groups were tested
by the Student t test for unpaired means. If >2 groups were
compared, the 1-way ANOVA test was performed, followed
by the Sidak multiple comparison test. Nonparametric tests
(Mann-Whitney or Kruskal-Wallis test followed by Dunn mul-
tiple comparisons test) were used if samples were not nor-
mally distributed. A P value <0.05 was considered statistically
significant. Analyses were performed using GraphPad PRISM
data analysis software (version 6.03; GraphPad Software Inc).

RESULTS

Lysed Erythrocyte Membranes Promote
Smooth Muscle Cell Calcification Under
Osteogenic Conditions

To examine the effect of RBCs on vascular calcification,
HASMCs were cultivated under osteogenic conditions,
alone or in the presence of intact or lysed human eryth-
rocytes. Taking into account the physiological RBC count
in human whole blood and the technical limitations of
the assay, cells were exposed to 1.5x10° to 1.5x10°®
erythrocytes for 7 days (with medium change on day
4). As shown in Figure IlIA in the online-only Data Sup-
plement, 1.5x108 lysed (corresponding to the number
present in 30-40 ulL whole blood), but not the same
number of intact erythrocytes, markedly enhanced cal-
cium deposition (red signal) as demonstrated by Aliza-
rin red staining. Smaller calcium deposits were detected
microscopically in cells exposed to 1.5x107, but not in
those incubated with 1.5x10° lysed erythrocytes (Figure
llIB in the online-only Data Supplement). We could ex-
clude that contamination with plasma or the presence
of iron might have contributed to the observed osteo-
genic effects of lysed erythrocytes (not shown).

Osteogenic Mediators Are Predominantly
Located in the Erythrocyte Membrane
Fraction

To determine the localization of the osteoinductive
component(s) within the cellular compartments of
RBCs, the osteogenic effects of total erythrocyte lysates
(consisting of cytoplasm and membranes) were com-
pared with those of purified erythrocyte membranes
alone. In preliminary experiments, we had determined
that erythrocyte membranes account for =1% of the
total erythrocyte protein content. Because lysed RBCs
or their membranes cannot be counted, the amount
of erythrocyte membranes was adjusted to represent
1% of the total protein present in 1.5x108 erythro-
cytes, ie, the amount inducing osteoblastic differentia-
tion of HASMCs. As shown in Figure 1A (macroscopic
view) and Figure 1B (microscopic images), exposure of
HASMCs to erythrocyte membranes, but not the same
amount of protein obtained from whole blood, intact
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or lysed erythrocytes, induced calcium deposition. The
results of the quantitative analysis in 10 independent
experiments with erythrocytes prepared from 10 differ-
ent donors are shown in Figure 1C.

Lysed erythrocyte membranes promoted calcium de-
position in HASMCs only in the presence of osteogenic
medium, but not in cells cultivated in DMEM (Figure IlIC
and llID in the online-only Data Supplement). Neither
cholesterol nor the lipid fraction of erythrocyte mem-
branes exhibited osteogenic effects (Figure llIC and lID in
the online-only Data Supplement). In addition to Alizarin
red staining (Figure 1D), the dose-dependent osteoinduc-
tive effect of lysed erythrocyte membranes on HASMCs
was confirmed by the detection of phosphate deposits
(van Kossa stain; black-brown signal; Figure 1E) and al-
kaline phosphatase activity (5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium substrate conversion;
black-blue signal; Figure 1F). The effects were similar if
membranes were isolated from erythrocytes lysed 10,
20, 45, or 60 minutes (Figure lllE and IlIF in the online-
only Data Supplement). Mouse erythrocyte membranes
also dose-dependently enhanced the calcification of mu-
rine aortic rings ex vivo (Figure 2A and 2B).

Osteogenic Effects of Lysed Erythrocyte
Membranes Require Removal of
Hemoglobin

Hemoglobin is a major component of erythrocytes, ac-
counting for >90% of their protein content. As explained
in Methods, only minimal amounts of heme and hemo-
globin were left in erythrocyte membrane preparations
at the end of the isolation procedure. To examine the
importance of hemoglobin as an osteogenic mediator,
we then normalized the amount of lysed erythrocytes or
their membranes added to the HASMCs to either the
same amount of total protein (Figure IVA and IVB in the
online-only Data Supplement) or of hemoglobin detected
in erythrocyte membrane preparations (Figure IVC and
IVD in the online-only Data Supplement). This procedure
revealed that the exposure of HASMCs to erythrocyte
membranes is sufficient to induce calcium deposition,
and that calcification is not mediated by residual heme
or hemoglobin contamination. In fact, adding heme iso-
lated from lysed erythrocytes back to erythrocyte mem-
branes abolished their osteogenic effects and reduced
them to those observed in lysed erythrocytes (Figure IVE
and IVF in the online-only Data Supplement).

Erythrocytes Colocalize With
Vascular Calcification Sites in Human
Atherosclerotic Lesions

Sections through diverse human vascular lesions, such
as carotid artery atherosclerotic plaque (n=5), aortic
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Figure 1. Effect of erythrocytes on human smooth muscle cell calcification in vitro.

HASMCs were seeded in 6-well plates, grown to subconfluence and cultivated for 7 days in DMEM or, osteogenic medium (OM) with or without the addition of
equal amounts of intact or lysed red blood cells (RBC) or RBC membrane (membr) protein. Calcium deposition was visualized using Alizarin red stain (red signal).
Representative macroscopic (A, D through F) and microscopic (B; insets in D through F) findings are shown. Insets in B show unstained cells at day 7. The summary
of findings in 10 biological replicates is given in C. Samples after Alizarin red extraction are also shown. *P<0.05 and **P<0.01. Dose-dependent effects of RBC
membranes: calcium deposits are stained using Alizarin red (D), phosphate using van Kossa stain (E), and alkaline phosphatase activity using BCIP/NBT as substrate
(F). Results shown in C were analyzed using 1-way ANOVA followed by Sidak multiple comparisons test. BCIP indicates 5-bromo-4-chloro-3-indolyl phosphate;

HASMC, human arterial smooth muscle cell; and NBT, nitro blue tetrazolium.

aneurysm (n=8), and stenotic aortic valve tissue speci-
mens (n=13), were stained with Masson Goldner tri-
chrome or antibodies against the erythrocyte mem-
brane protein glycophorin A (CD235a) to detect RBCs,

2036  April 23,2019

and with antibodies against osteopontin, as well, to
detect osteoblasts or Alizarin red to visualize calcifi-
cation. Confirming earlier histological findings of in-
tralesional hemorrhage, extravasated erythrocytes

Circulation. 2019;139:2032-2048. DOI: 10.1161/CIRCULATIONAHA.118.037166
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Figure 2. Effect of erythrocyte membranes on murine smooth muscle cell calcification ex vivo.

Murine aortic rings were incubated in DMEM or, osteogenic medium (OM), with or without RBC membranes (membr; 0.5%, 1.0%, or 2.0% of total RBC
membrane protein) for 7 days. Aortic rings were embedded in paraffin and 5-um-thick cross-sections stained with Alizarin red (red signal). Mouse bone was used
as positive control. Representative findings (A; x400 magnification) and the results of the quantitative analysis of 3 to 5 aortic rings per variable (B) are shown.
**%P<0.001. Results shown in B were analyzed using 1-way ANOVA followed by Sidak multiple comparisons test. RBC indicates red blood cells.

were detected in 86% of the examined vascular tis-
sue specimens. Analysis of serial sections suggested a
close neighborhood of intraplaque erythrocytes with
osteopontin-positive osteoblasts (in atherosclerotic
plagues, aneurysms) or Alizarin red—positive calcified
areas (in calcific aortic valves). Representative images
are shown in Figure 3A. Similar results were obtained
after Perl iron stain to visualize iron (released from
lysed erythrocytes) and using antibodies against os-
terix (Figure 3B). Fluorescence microscopic analysis of
cryosections simultaneously incubated with antibodies
against CD235a and osteopontin followed by confo-
cal microscopy provided further support for the colo-
calization of erythrocyte membranes with osteoblastic
cells within vascular lesions (Figure 3C). Quantitative
analysis revealed that 86% of all areas with calcifica-
tion were CD235a-positive, 72% were hemoglobin-
positive, and 56% were positive for both (represen-
tative findings in Figure VA in the online-only Data
Supplement). The extent of the CD235a immunosignal
was not associated with the patients’ age (r?=0.007,

Circulation. 2019;139:2032—2048. DOI: 10.1161/CIRCULATIONAHA.118.037166

P=0.753). However, 90% of all areas without calcifi-
cation contained only hemoglobin (Figure VB in the
online-only Data Supplement). Of note, the majority
of hemoglobin within vascular lesions was found to
be in the form of methemoglobin, in which iron heme
is oxidized to the ferric (**) form. Representative ex-
amples are shown in Figure VC in the online-only Data
Supplement.

Osteogenic Effects of Erythrocyte
Membranes Involve NO

Erythrocytes have been shown to express eNOS local-
ized at the cytoplasmic side of the RBC membrane.?2°
In the present study, confocal microscopy analysis con-
firmed the presence of eNOS in erythrocytes within
human aortic valve specimens (Figure 4A). Immuno-
precipitation analysis demonstrated eNOS protein
expression in human RBC lysates from healthy indi-
viduals and patients with coronary artery disease (Fig-
ure 4B through 4D).
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Figure 3. Presence of erythrocytes and calcification in human vascular specimens.

A, Serial cross-sections through human carotid artery atherosclerotic plaques (n=5), aortic aneurysms (n=8), and stenotic aortic valves (n=13) were stained with
Masson Goldner trichrome to detect red blood cells (red) and connective tissue (green), Alizarin red to detect calcium deposits (red) or with antibodies against the
erythrocyte membrane protein glycophorin A (CD235a; red-brown), or the osteoblast marker osteopontin (OPN; red-brown). x400 magnification. Arrows point
to erythrocytes colocalizing with markers of osteoblastogenesis or calcification on neighboring sections. B, Serial cross-sections were stained with Perl iron (blue)
or with antibodies against osterix (red-brown). x200 magnification. Arrows point to iron deposits colocalizing with osteoblasts on neighboring sections. C, Cryo-
sections through aortic valves were coincubated with antibodies against CD235a and OPN and examined using confocal microscopy. x400 magnification. White
arrows point to double-positive cells.
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Figure 4. Importance of human erythrocyte eNOS.

A, Cryo-sections through aortic valves were coincubated with antibodies against CD235a and eNOS followed by fluorescence-labeled secondary antibodies and
confocal microscopy. x400 magnification. Representative findings are shown. B through D, Erythrocytes were isolated from 10 healthy controls and 11 patients
with coronary artery disease. Total protein was isolated from RBC lysates and examined for the expression of eNOS using immunoprecipitation (B and C) and
arginase-1 (ARG 1) using Western blot (B and D). GAPDH was used as loading control. Representative membranes of 3 controls and 4 patients are shown (B). The
relative quantification of eNOS (C) and ARG1 (D) using GAPDH for normalization is shown. The y axis displays the -fold change versus a control sample used as
reference (set at 1). Results shown in C were normally distributed and analyzed using the Student t test for unpaired means. Results shown in D were not normally
distributed (patients with CAD) and analyzed using the Mann-Whitney test for unpaired means. CAD indicates coronary artery disease; eNOS, endothelial nitric
oxide synthase; HUVEC, human umbilical vein endothelial cell; and RBC, red blood cell.

To examine the possibility that the osteogenic ef-
fects of erythrocyte membranes involve NO, a series
of experiments was performed. Use of the Alizarin red
in vitro assay, coincubation of HASMCs with 2-phenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide, a stable
radical scavenger for NO, significantly reduced the os-
teogenic activity of erythrocyte membranes (Figure 5A
and 5C), whereas the addition of L-norvaline, an inhibi-

Circulation. 2019;139:2032—2048. DOI: 10.1161/CIRCULATIONAHA.118.037166

tor of arginase-1 increasing NO bioavailability, signifi-
cantly enhanced calcium deposition (Figure 5A through
5C). Similar findings were observed after incubation of
HASMCs alone under osteogenic conditions with the
NO donor diethylenetriamine-NO (Figure VIA and VIB in
the online-only Data Supplement). Of note, the effects
of t-norvaline could be abolished by simultaneous incu-
bation with 2-phenyl-4,4,5,5-tetramethylimidazoline-
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Figure 5. Effect of NO and eNOS modulation on smooth muscle cell calcification.

HASMCs were cultivated for 7 days in osteogenic medium (OM) with or without the addition of red blood cell (RBC) membranes (membr), and PTIO (100 pmol/L)
(A) or L-NNA (5 pmol/L) (B), as well, and t-norvaline (50 nmol/L). Calcium was visualized using Alizarin red (red signal). Representative macroscopic findings are
shown in A and B; the results after quantitative analysis of 5 independent experiments are shown in C. Total RNA was isolated from HASMCs and the mRNA
expression of RUNX2 (D), osterix (OSX; E), and osteopontin (OPN; F) examined using qPCR. Findings in 5 independent experiments are shown. *P<0.05, **P<0.01,
**%P<0.001, and ****P<0.0001. Results shown in C to F were analyzed using 1-way ANOVA followed by Sidak multiple comparisons test. eNOS indicates endo-
thelial nitric oxide synthase; HASMC, human arterial smooth muscle cell; L-NNA, NG-nitro-L-arginine; NO, nitric oxide; L-norva, L-norvaline; PTIO, 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide; qPCR, quantitative polymerase chain reaction; and RUNX2, runt-related transcription factor-2.

1-oxyl 3-oxide (Figure 5A and 5C) or the NO synthase
(NOS) inhibitor NG-nitro-t-arginine (Figure 5B and 5C),
further supporting the role of eNOS-NO in the osteo-
genic effects of lysed erythrocytes membranes.

The effects of modulation of NO on osteoblastogen-
esis were confirmed by using quantitative polymerase
chain reaction analysis of runt-related transcription fac-

2040  April 23,2019

tor-2 (RUNX2) (Figure 5D), osterix (Figure 5E), and os-
teopontin (Figure 5F). Significantly higher amounts of
NO (or its stable metabolite nitrite) were detected in
conditioned medium of HASMCs incubated with eryth-
rocyte membranes and decreased in the presence of
NG-nitro-t-arginine (Figure VIC in the online-only Data
Supplement). Of note, the amount of NO (or its stable
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metabolite nitrite) measured in lysed erythrocytes was
not affected by lysis duration (Figure VID in the online-
only Data Supplement). The osteoinductive effects of
RBC membranes could not be reversed by radical scav-
engers (ie, superoxide dismutase and catalase; Figure
VIE and VIF in the online-only Data Supplement).

Short pretreatment of RBC membranes with mod-
erate heat (50°C) increased NO release (P<0.01; not
shown), similar to a previous report in endothelial
cells,?’ and markedly enhanced HASMC calcification, in
part in a NO-dependent manner (Figure VIIA and VIIB in
the online-only Data Supplement). Conversely, inhibi-
tion of eNOS activity in RBC membranes by thiol residue
alkylation using N-ethylmaleimide?? dose-dependently
reduced their osteogenic activities (Figure VIIC and VIID
in the online-only Data Supplement).

Lysed Erythrocyte Membranes Induce
Osteogenic Differentiation of Human
Smooth Muscle Cells via NO Signaling

To further examine the mechanisms underlying the os-
teoinductive effects of lysed erythrocyte membranes,
HASMCs were coincubated with erythrocyte membranes
for 7 days, and osteoblastic differentiation was exam-
ined by using quantitative real-time reverse transcrip-
tion polymerase chain reaction. As shown in Figure 6A,
increased expression of RUNX2, a central regulator of
osteoblast differentiation,?* was detected in HASMCs in-
cubated with erythrocyte membranes in comparison with
osteogenic medium alone. Also, increased mRNA levels
of the transcription factor osterix (Figure 6B) and the os-
teoblast markers and RUNX2 target genes osteopontin
(Figure 6C), bone morphogenetic protein-2 (Figure 6D),
and osteocalcin (Figure 6E) were observed after the 7-day
incubation of HASMCs with erythrocyte membranes un-
der osteogenic conditions. Of note, unchanged BAX (Bcl-
2-associated X protein; Figure VIIA in the online-only
Data Supplement) and increased BCL2 (B-cell lymphoma
2; Figure VIIIB in the online-only Data Supplement) mRNA
levels suggested that the observed increased vascular
calcification had not occurred secondary to increased
apoptotic cell death. Inhibition of the intracellular NO re-
ceptor soluble guanylate cyclase (sGC) using 1H-[1,2,4]
oxadiazolo-[4,3-a]quinoxalin-1-one significantly reduced
the erythrocyte membrane—induced increase of osteo-
blast marker mRNA expression (Figure 6A through 6E),
and RUNX2 protein levels (Figure 6F and 6G) and calcium
deposition (Figure 6H and 6l) in HASMCs, as well.

Osteogenic Effects of Erythrocyte
Membranes Ex Vivo Depend on
Erythrocyte eNOS

Murine aortic rings isolated from either wild-type or
eNOS-deficient mice were coincubated with erythrocyte

Circulation. 2019;139:2032-2048. DOI: 10.1161/CIRCULATIONAHA.118.037166
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membranes isolated from either wild-type or eNOS-de-
ficient mice. These studies confirmed the importance of
erythrocyte-derived eNOS (as opposed to eNOS pres-
ent in the vessel wall) for the osteogenic potential of
RBCs. Representative findings are shown in Figure 7A;
the summary of the quantitative analysis of at least 4
independent experiments is shown in Figure 7B. It is im-
portant to note that erythrocytes isolated from eNOS-
deficient mice also exhibited a reduced potential to
induce the expression of osteoblastic markers, such as
RUNX2 (Figure 7C) or the osteoblast-specific transcrip-
tion factor osterix (Figure 7D) in murine aortic smooth
muscle cells, whereas erythrocyte membranes isolated
from wild-type mice exerted osteoinductive effects sim-
ilar to those of the NO donor diethylenetriamine-NO.

Erythrocyte Membranes From Wild-

Type Mice, and to a Lesser Extent Those
From eNOS-Deficient Mice, Promote
Calcification of Neointimal Lesions in Vivo

To further investigate the cause-effect relationship be-
tween eNOS in erythrocytes and vascular lesion calcifica-
tion in vivo, apoE-deficient mice were fed a Western-type
diet for 4 weeks followed by the induction of vascular
injury at the common carotid artery. Three weeks later,
erythrocyte membranes isolated from either wild-type
or eNOS-deficient mice were locally injected into the
newly developed neointima to simulate intraplaque
hemorrhage and RBC lysis. Representative examples in
untreated apoE-deficient mice or mice 10 minutes af-
ter the injection of erythrocyte membranes or an equal
volume of India ink are shown in Figure IX in the online-
only Data Supplement. Analysis of serial cross-sections
through vascular lesions 6 weeks after the injection (ie,
9 weeks after injury) revealed that lesion calcification
had occurred in 8 of 9 apoE-deficient mice injected with
membranes isolated from lysed wild-type erythrocytes
(Figure 8A) in comparison with 3 of 7 injected with lysed
erythrocyte membranes from eNOS-deficient mice (Fig-
ure 8B; it cannot be excluded that injury caused by the
injection itself had resulted in extravasation of endog-
enous RBCs). Of note, vascular calcification was not ob-
served in untreated neointimal lesions, either at the time
of injection (Figure IXA and IXB in the online-only Data
Supplement) or 6 weeks later (not shown), and also
not within spontaneous atherosclerotic plaques at the
brachiocephalic artery of those mice (Figure IXD in the
online-only Data Supplement). Analysis of atheroscle-
rotic lesions at early (1 and 2 weeks) and late (6 weeks)
time points after the injection of RBC membranes re-
vealed the stable presence of the murine erythrocyte
membrane marker TER-119 (Figure IXE and IXF in the
online-only Data Supplement). Plasma total cholesterol
levels were not affected by the local RBC administration
(929+55 mg/dL in apoE-deficient mice locally injected
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Figure 6. Effect of erythrocyte membranes on osteoblastic marker expression: Importance of NO-induced signaling.

HASMCs were cultivated for 7 days in osteogenic medium (OM) with or without red blood cell (RBC) membranes (membr) or the soluble guanylate cyclase inhibi-
tor ODQ (100 pmol/L). Total RNA was isolated, and the mRNA expression of factors involved in the regulation of osteoblastogenesis, such as RUNX2 (A), osterix
(OSX; B), osteopontin (OPN; C), bone morphogenic protein (BMP2; D), and osteocalcin (OCN; E), were examined using quantitative real-time PCR. The effect of
RBC membranes and ODQ on RUNX2 protein levels (F and G) or calcification (H and I; Alizarin red staining) was also examined. Representative findings are shown
in F and H; the results of 3 independent experiments are shown in G and I. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. Results shown in A to E, G,
and I were analyzed using 1-way ANOVA followed by Sidak multiple comparisons test. HASMC indicates human arterial smooth muscle cell; NO, nitric oxide; PCR,
polymerase chain reaction; ODQ, 1H-[1,2,4]oxadiazolo-[4,3-alquinoxalin-1-one; and RUNX2, runt-related transcription factor-2.

with wild-type lysed erythrocyte membranes; 930+96 Taken together, our in vitro, ex vivo, and in vivo
mg/dL in those locally injected with RBC membranes  analyses in murine and human cells and vascular tissue
from eNOS-deficient mice). samples suggest that membranes of lysed erythrocytes
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Figure 7. Importance of murine erythrocyte eNOS for smooth muscle cell calcification and osteoblast differentiation ex vivo.

Aortic rings from wild-type (WT) or eNOS-deficient (eNOS™) mice were incubated in DMEM, osteogenic medium (OM), with or without RBC membranes isolated
from lysed erythrocytes of either WT or eNOS™- mice, followed by staining with Alizarin red (red signal). Representative findings (A; x400 magnification) and the
results of the quantitative analysis (B) are shown. Murine aortic smooth muscle cells were cultivated for 10 days in DMEM and OM, with or without the addition
of lysed RBC membranes from WT or eNOS™- mice, and the mRNA expression of RUNX2 (C) or osterix (OSX; D) was examined using real-time PCR. Murine aortic
rings or cells incubated with the NO donor DETA-NO were also examined. The summary of 5 experiments is shown. *P<0.05, **P<0.01, and ***P<0.001. Results
shown in B, C, and D were analyzed using 1-way ANOVA followed by Sidak multiple comparisons test. DETA indicates diethylenetriamine; eNOS, endothelial nitric
oxide synthase; NO, nitric oxide; RBC, red blood cell; and RUNX2, runt-related transcription factor-2.

promote osteogenic differentiation and calcification of
vascular smooth muscle cells via local release of NO and
NO-dependent signaling.

DISCUSSION

Intraleaflet hemorrhage is observed in almost 80%
of specimens from patients with calcific (degenera-
tive) aortic stenosis,' and it is also frequent in human
and experimental (rabbit) atherosclerotic lesions.®° It
is important to note that intraplaque hemorrhage is
more extensive in patients with rapid progression of
aortic stenosis,' and in advanced coronary® or carot-
id® lesions, although it has not yet been determined
whether the presence of extravasated erythrocytes is

Circulation. 2019;139:2032—2048. DOI: 10.1161/CIRCULATIONAHA.118.037166

the cause or an epiphenomenon of lesion progression.
It has been suggested that intramural hemorrhage
and erythrocyte cholesterol deposition may promote
lipid core expansion and atherosclerosis progression,
and accelerate aortic valve degeneration.® Based on
the findings of the present study, which were obtained
(1) in cultured vascular cells, (2) in tissues from geneti-
cally modified mice, (3) in an in vivo model of athero-
sclerosis and neointimal thickening, and (4) by analysis
of human arterial wall and aortic valve specimens, we
propose a novel pathomechanism, in which lysed RBC
membranes directly potentiate osteoblastic differen-
tiation and mineralization of vascular smooth muscle
cells and thus calcification of the vessel wall or the
affected valve.
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Figure 8. Effect of erythrocyte membranes on atherosclerotic lesion calcification in vivo.

Vascular injury was induced at the common carotid artery of male apolipoprotein E-deficient (apoE~) mice fed a Western-type diet for 4 weeks. Three weeks
later, erythrocyte membranes (5 uL) isolated from either wild-type (WT; A) or eNOS-deficient mice (eNOS™-; B) were carefully injected into the neointima. Paraffin-
embedded serial cross-sections were microscopically examined 6 weeks later for the presence of alkaline phosphatase (ALP) activity or the deposition of calcium
(Alizarin red) or phosphate (van Kossa). Examples at x200 magnification (left column in A and B) and x400 magnification (right column in A and B) are shown.
eNOS indicates endothelial nitric oxide synthase; membr, membrane; and RBC, red blood cell.

Effects of Lysed Erythrocyte Membranes
on Osteoblastic Differentiation of
Smooth Muscle Cells

Vascular calcification is an actively regulated process,
in which the activation of specific transcription factors
in smooth muscle cells results in the transition to an
osteoblast-like phenotype and the incorporation of hy-
droxyapatite crystals,* similar to the steps and signaling
pathways occurring during embryonic osteoblastogen-
esis and differentiation of mesenchymal stem cells. In
the present study, we could demonstrate both in hu-
man and murine arterial smooth muscle cells that lysed
erythrocyte membranes enhance the expression of
several typical markers of osteoblastic differentiation.
Elevated activity and expression of alkaline phosphatase,
osteocalcin, and RUNX2 has been previously reported
in human calcified atherosclerotic lesions,>** and our
results now suggest that it may have been initiated by
intramural hemorrhage. Local hypoxia within vascular
lesions promotes the formation of immature and leaky
intramural blood vessels from which RBCs can extra-
vasated in the absence of overt vessel rupture.?® In the
highly oxidative environment of atherosclerotic lesions,
erythrocytes are rapidly lysed, resulting in the local de-
position of their contents, notably cholesterol, iron, and
hemoglobin. We have previously shown that erythro-
cyte cholesterol deposition contributes to human'"'
and rabbit™ atherosclerotic lesion progression. Focus-
ing on vascular calcification, we now show that eryth-
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rocyte membranes, but not the lipid fraction extracted
from them, induce osteoblastic differentiation and cal-
cium deposition. We also could exclude cell death with
subsequent passive mineralization as a potential expla-
nation for our findings.

Potential Mechanisms Involved in
Erythrocyte-Induced Vascular Calcification

Erythrocytes are anuclear cells whose main function
is the transportation of oxygen. Thus, their cytoplasm
is rich in iron-containing heme/hemoglobin to which
oxygen is reversibly bound and released. Previous
analyses revealed that erythrocyte membranes are rich
in cholesterol and phospholipids,'' and in structur-
al proteins, as well, which ensure their elasticity and
plasticity.? It is interesting to note that erythrocytes
also express the endothelial isoform of NO synthase
(eNOS).™20 Studies in mice supported the relevance
of erythrocyte-derived NO for cardiovascular (patho-)
physiology by demonstrating the contribution of circu-
lating NO pools to blood pressure regulation?” and left
ventricular remodeling following myocardial infarc-
tion,?® among others.

A recent study reported that erythrocytes in whole
blood are unable to induce typical NO-mediated sig-
naling, ie, the sGC-cyclic guanosine monophosphate-
protein kinase G pathway, in platelets.?® In intact
erythrocytes, NO is bound to oxygenated hemoglobin
and thus rapidly inactivated/scavenged,® which may

Circulation. 2019;139:2032-2048. DOI: 10.1161/CIRCULATIONAHA.118.037166
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explain the absence of NO-mediated signaling?® and
osteogenic effects of intact erythrocytes in the present
study. In our in vitro studies using lysed erythrocyte
preparations, separation of the membrane fraction
reduced their contamination with heme and hemo-
globin, allowing more NO to act on smooth muscle
cells. The importance of (oxygenated) hemoglobin as
a NO scavenger is further supported by our findings
that the reconstitution of erythrocyte membranes
with heme, ie, the NO-binding portion of hemoglo-
bin, completely prevented the osteoinductive effects
of erythrocyte membranes, similar to the NO scaven-
ger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl
3-oxide. In addition, the majority of hemoglobin in
human vascular lesions was in the form of methemo-
globin, in which iron heme is oxidized to the ferric (>*)
form and does not scavenge NO with the same effi-
cacy as ferrous (**) heme.?' Macrophages and smooth
muscle cells express the hemoglobin scavenger re-
ceptor CD163. They may phagocytose hemoglobin
released from lysed erythrocytes and thereby remove
this potent NO scavenger.?? Overall, our findings sug-
gest that increased RBC fragility and susceptibility to
lysis under mechanical, osmotic, or other local stress
may play a role during vascular calcification. Whether
and how alterations in factors regulating erythrocyte
membrane stability, such as spectrin or essential free
fatty acids,® affect intraplaque RBC lysis (and ulti-
mately calcification) could not be addressed in the
present study.

In our studies, calcification of human and murine
arterial smooth muscle cells was also induced by the
NO donor diethylenetriamine-NO. Previous studies
have shown that NO promotes the differentiation of
osteoblasts via phosphorylation of RUNX2 downstream
of sGC activation, release of (c)GMP, and activation
of protein kinase G.3*3> We now confirmed and ex-
tended those studies by showing that coincubation of
HASMCs with lysed erythrocyte membranes increases
RUNX2 mRNA and protein levels and mRNA expression
of the osteoblast transcription factor osterix and several
RUNX2 target genes, and also showing that these ef-
fects are sensitive to NO scavenging, inhibition of the
NO receptor sGC, or genetic or pharmacological dele-
tion of eNOS. In addition to eNOS, human and murine
erythrocytes express arginase-1, which regulates the
bioavailability of NO through several mechanisms, in-
cluding changes in NOS enzyme activity and substrate
(ie, L-arginine) competition. A previous study demon-
strated that arginase regulates erythrocyte NOS and re-
lease of NO.% In this regard, we could now show that
inhibiting arginase-1 by using L-norvaline promotes vas-
cular calcification and osteoblastic differentiation in an
NOS-dependent manner, although we cannot exclude
that arginase-1 inhibition may have exerted direct ef-
fects on HASMCs.

Circulation. 2019;139:2032-2048. DOI: 10.1161/CIRCULATIONAHA.118.037166
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eNOS Expression in Human Erythrocyte
Preparations

In our experiments involving a relatively small num-
ber of individuals, lysed erythrocytes isolated from pa-
tients with clinically documented coronary artery dis-
ease or aortic valve stenosis did not differ from those
of healthy controls in the expression levels of eNOS
or arginase-1 protein. These preliminary findings
suggest that it may be the presence of erythrocytes
themselves inside the valve leaflets or vessel wall (as a
result of local microhemorrhage), rather than interin-
dividual differences in the RBC expression pattern of
osteogenic mediators, that promotes vascular or val-
vular calcification. However, an earlier study reported
that patients with coronary heart disease express re-
duced levels of eNOS in erythrocytes.?® The effects of
cardiovascular risk factors and atherosclerotic disease
on erythrocyte eNOS and arginase-1 expression and
their possible impact on vascular calcification need to
be explored in future studies involving larger numbers
of individuals.

Source of eNOS and Differential Effects
of NO on Atherosclerosis

Our results showing a reduced capacity of lysed eryth-
rocyte membranes from eNOS-deficient mice to pro-
mote vascular calcification ex vivo and in vivo may ap-
pear to contradict the results of earlier studies in mice
with global eNOS deficiency crossed into the athero-
genic apolipoprotein E knockout background. Be-
cause of the prominent role of eNOS-derived NO for
vascular function and blood pressure regulation,?” the
enhanced atherosclerotic lesion progression previous-
ly reported in apoE-deficient mice lacking eNOS may,
at least in part, be an indirect consequence of the en-
dothelial dysfunction and systemic blood pressure el-
evation present in these mice.*® Moreover, eNOS is ex-
pressed by several cell types present in atherosclerotic
lesions, such as smooth muscle cells, immune cells,
or platelets, and our analyses confirmed those previ-
ous findings (Figure X in the online-only Data Supple-
ment). Thus, the differential effects of cell-specific
(rather than global) deletion of eNOS in atheroscle-
rosis warrant further study. Furthermore, calcification
and hemorrhage with erythrocyte extravasation typi-
cally occur in advanced stages of atherosclerosis, and
thus our findings do not contradict previous evidence
on the beneficial role of eNOS released from healthy
endothelium. The increased aortic valve calcification
previously reported in eNOS-deficient mice most like-
ly was associated with the more frequent presence
of bicuspid aortic valves, whereas trileaflet eNOS-
deficient valves did not develop abnormal calcifica-
tion.** Of note, not only detrimental effects but also
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a paradoxical reduction of fatty streak formation and
low-density lipoprotein cholesterol oxidation in mice
lacking eNOS have been reported.*® Others observed
increased endothelial NO expression reacting with
superoxide to form peroxynitrite during advanced
atherosclerosis stages*' that was found to accelerate
atherosclerotic lesion formation via increased super-
oxide generation.*43|n this regard, we also examined
whether local NO overexpression might induce osteo-
blast differentiation via increased expression of reac-
tive oxygen species, but found that coincubation with
the antioxidants superoxide dismutase and catalase
did not block smooth muscle cell mineralization in-
duced by erythrocyte membranes.

The important role of NO in the regulation of os-
teogenesis has been known for some time (as recently
reviewed*t). For example, osteoblasts were shown to
constitutively express eNOS,*> and stimulation of culti-
vated osteoblasts or stromal ST2 cells with exogenous
NO donors enhanced alkaline phosphatase activity,
mineralization, and osteocalcin expression.*¢ However,
the addition of asymmetric dimethylarginine, an en-
dogenous inhibitor of eNOS, was associated with re-
duced osteoblast differentiation.#” Our findings now
suggest that NO generated and released from eNOS
expressed in erythrocytes may modulate the osteoblas-
tic differentiation of smooth muscle cells and calcifica-
tion of murine aortas or vascular lesions. Mechanisti-
cally, NO could act via activation of sGC, the release of
cGMP, and activation of protein kinase G with subse-
quent phosphorylation of RUNX2 and differentiation
into osteoblasts, as previously reported,?33+47 and our
findings in vitro, ex vivo, and in vivo support a role
for this pathway. In addition, NO may act indepen-
dently of sGC and directly interact with B-catenin,*
a central signaling molecule during osteoblast differ-
entiation.* The signaling pathways in smooth muscle
cells involved in their osteoblastic differentiation in
response to factors released from lysed erythrocytes
clearly need to be investigated in more detail.

CONCLUSIONS

The findings of the present study highlight a novel and
potentially important facet of erythrocyte contribution
to atherosclerotic and valvular lesion progression by
proposing a direct and active role of intramural or in-
traleaflet microhemorrhage in valvular and vascular le-
sion calcification. Analysis of potential mediators of os-
teogenic activity revealed a role for erythrocyte-derived
NO, and vascular calcification could be modulated by
regulating eNOS activity and NO release from erythro-
cytes or signaling via the NO receptor. These findings
may have important implications for better understand-
ing and possibly preventing advanced atherosclerosis
and calcific valvular disease.
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