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BACKGROUND: Current paradigms suggest that nitric oxide (NO) produced by endothelial cells (ECs) through endothelial nitric
oxide synthase (eNOS) in the vessel wall is the primary regulator of blood flow and blood pressure. However, red blood cells
(RBCs) also carry a catalytically active eNOS, but its role is controversial and remains undefined. This study aimed to elucidate
the functional significance of RBC eNOS compared with EC eNOS for vascular hemodynamics and nitric oxide metabolism.

METHODS: We generated tissue-specific loss- and gain-of-function models for eNOS by using cell-specific Cre-induced gene
inactivation or reactivation. We created 2 founder lines carrying a floxed eNOS (eNOS™#) for Cre-inducible knockout (KO), and
gene construct with an inactivated floxed/inverted exon (eNOS™™) for a Cre-inducible knock-in (KI), which respectively allow
targeted deletion or reactivation of eNOS in erythroid cells (RBC eNOS KO or RBC eNOS Kl mice) or in ECs (EC eNOS KO or
EC eNOS Kl mice). Vascular function, hemodynamics, and nitric oxide metabolism were compared ex vivo and in vivo.

RESULTS: The EC eNOS KOs exhibited significantly impaired aortic dilatory responses to acetylcholine, loss of flow-mediated
dilation, and increased systolic and diastolic blood pressure. RBC eNOS KO mice showed no alterations in acetylcholine-
mediated dilation or flow-mediated dilation but were hypertensive. Treatment with the nitric oxide synthase inhibitor -
nitro-L-arginine methyl ester further increased blood pressure in RBC eNOS KOs, demonstrating that eNOS in both ECs
and RBCs contributes to blood pressure regulation. Although both EC eNOS KOs and RBC eNOS KOs had lower plasma
nitrite and nitrate concentrations, the levels of bound NO in RBCs were lower in RBC eNOS KOs than in EC eNOS KOs.
Reactivation of eNOS in ECs or RBCs rescues the hypertensive phenotype of the eNOS™ ™ mice, whereas the levels of
bound NO were restored only in RBC eNOS Kl mice.

CONCLUSIONS: These data reveal that eNOS in ECs and RBCs contribute independently to blood pressure homeostasis.
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form of nitric oxide synthase (eNOS) in endo- ics." All strains of global eNOS knockout (KO) mice are

N itric oxide (NO) produced by the endothelial iso-  regulator of vascular tone and systemic hemodynam-
thelial cells (ECs) is considered to be the central hypertensive,>* and some show decreased levels of the
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Clinical Perspective

What Is New?

We generated endothelial cell- and red blood cell
(RBC)-specific endothelial nitric oxide synthase
(eNOS) knockout and eNOS knock-in mice
Endothelial cell eNOS knockout mice show hyper-
tension, endothelial dysfunction, and increased sys-
temic vascular resistance, whereas reactivation of
eNOS in endothelial cells restores endothelial func-
tion and normotension.

RBC eNOS knockout mice show hypertension, a
preserved arterial endothelial function, and reduced
levels of bound nitric oxide in RBCs, whereas reac-
tivation of eNOS in RBCs restores nitric oxide bio-
availability in RBCs and rescues the hypertensive
phenotype.

What Are the Clinical Implications?

Both endothelial cells and RBCs are important reg-
ulators of blood pressure through eNOS.

RBC eNOS contributes to the regulation of nitric
oxide metabolism, systemic hemodynamics, and
blood pressure.

These findings may have important pathophysi-
ological implications in our understanding of the
interrelationship between hematologic and cardio-
vascular disease and may reveal novel therapeutic
approaches to improve tissue perfusion.

Nonstandard Abbreviations and Acronyms

BP blood pressure
CondKO

conditional global eNOS knockout
mice

DBP diastolic blood pressure

EC endothelial cell

EC eNOS KI  endothelial-specific eNOS knockin
mice

EC eNOS KO endothelial-specific eNOS knock-
out mice

eNOS endothelial nitric oxide synthase

KO knockout

L-NAME Ny-nitro-l-arginine methyl ester

MAP mean arterial pressure

NO nitric oxide

NO-heme nitrosylheme

NorNOHA N-hydroxy-nor-L-arginine

PCR polymerase chain reaction

RBC red blood cell

RBC eNOS KI RBC-specific eNOS knock-in mice

RBC eNOS KO RBC-specific eNOS knockout mice

SBP systolic blood pressure
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circulating nitric oxide (NO) oxidation products, nitrite
and nitrate.>™”

However, eNOS is also expressed in other cell types,
including red blood cells (RBCs).2° The functional signifi-
cance of eNOS in RBC physiology, systemic NO metab-
olism, and tissue protection remains controversial.'o"'6
There are indications that eNOS in the blood may par-
ticipate in the regulation of circulating nitrite levels and
blood pressure (BP) homeostasis,® but its specific con-
tribution is unknown. One way to test the physiological
effect directly would be through genetic manipulation of
eNOS in ECs versus RBCs.

This study aimed at elucidating the specific role of
eNOS in RBCs in direct comparison with the role of
eNOS in ECs in controlling systemic NO metabolism and
BP regulation. To accomplish this, we generated tissue-
specific loss- and gain-of-function models for eNOS by
using tissue-specific Cre-induced gene inactivation or
reactivation. To our knowledge, these studies are the first
performed on tissue-specific eNOS KO/knock-in (KI)
mice providing compelling evidence that eNOS in RBCs
contributes to the regulation of systemic NO bioavailabil-
ity and systemic hemodynamics, independently of eNOS
in the endothelium. Altogether, these findings suggest
the existence of a noncanonical RBC eNOS-dependent
pathway for regulation of BP homeostasis independent
of the eNOS expressed in the vessel wall.

METHODS

A detailed description of the methods is available in the Data
Supplement. The data that support the findings of this study are
available from the corresponding author on reasonable request.

Materials

Unless otherwise specified, chemicals were purchased from
Sigma-Aldrich Co LLC.

Animals

All experiments were approved by the Landesamt fir Natur,
Umwelt und Verbraucherschutz (LANUV) according to the
European Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes (Council
of Europe Treaty Series No. 123). Animal care was provided
according to the institutional guidelines. Tamoxifen-inducible
endothelial-specific Cre mice (Tg(Cdh5-Cre/ERT2)1Rha;
MGI:3848982)" were kindly provided by Prof Dr E. Lammert
(Heinrich-Heine-University of Dusseldorf). Mice expressing
Cre recombinase in erythroid cells under the control of the
promoter of the hemoglobin B-chain (C57BL/6-Tg(Hbb-
Cre)12Kpe/J; MGI: J:89725)'® were obtained by Jackson
Laboratory (JAX stock No. 008314) and crossed for >10
generations with CB57BL/6J. DeleterCre (C57BI/6.C-
Tg(CMVCre)1Cgn/J)' mice expressing Cre in all tissues were
kindly provided by Prof Claus Pfeffer (Heinrich Heine University
of Disseldorf). Experimental planning and execution followed
the ARRIVE recommendations (Animal Research: Reporting
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of In Vivo Experiments).?° For experiments, 2- to 6-months-old
male mice up to 30 g were used. Mice of the same genotype
and age were randomly assigned to the experimental groups.
The evaluation of data obtained by ultrasound was performed
by a blinded researcher.

Generation of EC/RBC eNOS KO and EC/RBC
eNOS KI Mice

We generated 2 independent founder lines carrying a floxed
eNOS (eNOS™ ) or a gene construct with an inactivated
floxed/inverted exon (eNOS™™) for a Cre-inducible KI.
Phenotypically eNOS™f* are wild-type (WT) mice, and
eNOS™™ are conditional global eNOS KO (CondKO) mice.
These founder lines respectively allow targeted removal or
reactivation of eNOS in either ECs or RBCs, or all cells. To
generate eNOS™x mice, we designed a loxP eNOS target-
ing construct by simultaneously inserting an orphan loxP site
and an FRT-neo-FRT-loxP resistance cassette inserted into
the Nos3 genomic locus to target exon 2 of Nos3 by Cre-
mediated excision. To generate eNOS™™ mice, we inserted
an inverted exon 2 of Nos3 and 2 additional Lox511 sites
in the loxP-eNOS construct, which allowed the Cre-induced
reactivation of eNOS in a cell type of interest. The plasmids
were sequenced, linearized, and electroporated in A9 embry-
onic stem cells (hybrid C57/129), 300 clones were picked,
and positive clones were screened by Southern blot at the
5" arm and by long-range polymerase chain reaction (PCR).
Homozygous eNOS™fx mice or eNOS™ ™ mice were crossed
with Cdhb-Cre/ERT2r° mice to obtain eNOS™x Cdh5-Cre/
ERT2r and eNOS"fox Cdhb-Cre/ERT2%9 mice or eNOS-
nv/inv- Cdhb-Cre/ERT2P¢ and eNOS™™ Cdhb-Cre/ERT2"9
mice, respectively. To induce EC-specific activation of the Cre
recombinase, we treated Cre-positive and Cre-negative mice
of each line with tamoxifen (33 mgkg™'-d™") for 5 consecu-
tive days and allowed a 21-day waiting period after the last
injection, which generated EC eNOS KO (eNOS'*¥x Cdhb-
Cre/ERT2rs+TAM) mice and EC eNOS Kl (eNOS™™ Cdhb-
Cre/ERT2r*+TAM) mice and their respective Cre-negative
controls. Homozygous eNOS™fo< mice or eNOS™™ mice
were also crossed with erythroid-specific Hbb-Cre® mice to
obtain erythroid-specific eNOS KO mice (eNOSofox Hbb-
CreP>=RBC eNOS KO) and their respective WT littermate
control (eNOS'¥x Hpb-Cre"9) or erythroid-specific eNOS K
mice (eNOS™ ™ Hpb-Crer*>=RBC eNOS KI) and their WT lit-
termate control (eNOS™™ Hpbb-Cre9). In addition, eNOS ¥
flo mice were crossed with DelCre mice to create global eNOS
KO (gKO). For a structured list of the lines and nomenclature
used in the figures and the text please refer to Table 1. For
further details on the genetic strategy and selection see the
Methods and Figures | and Il in the Data Supplement Methods.

Analysis of Tissue-Specific Loss-of-Function or

Gain-of-Function

The Cre recombinase—dependent genetic locus recombina-
tion was determined in targeted and nontargeted tissues by
real-time PCR with specific primers and probes designed to
recognize the floxed allele and the allele with targeted deletion
(Transnetyx). The eNOS and Cre recombinase expression was
analyzed by TagMan real-time reverse transcriptase PCR in EC
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(CD31+ CD457) magnetically isolated from lung homogenates
or in erythroid cells (Ter119* CD71+ CD45-) magnetically iso-
lated from the bone marrow of the mice, and in targeted or
nontargeted tissues, as explained in detail in the figures and
Data Supplement. The expression of eNOS in RBCs, in RBC
membrane preparations (ghosts), and in targeted and nontar-
geted tissues, was analyzed by immunotransmission electronic
microscopy,?’ Western blot analysis, and quantitative ELISA
according to the manufacturer's protocol (Abcam). The expres-
sion of eNOS in RBC lysates was also measured by immuno-
precipitation and Western blot analysis according to published
procedures.®

Measurements of BP and Systemic
Hemodynamics

Invasive assessment of hemodynamic parameters was per-
formed by using a 1.4F Millar pressure-conductance cath-
eter (SPR-839, Millar Instrument) placed into the left ventricle
through the right carotid artery according to the closed chest
method as described.?? Transthoracic echocardiography was
performed as previously described.?? Left ventricular end-sys-
tolic and end-diastolic volumes, left ventricular ejection fraction,
fractional shortening, cardiac output, stroke volume, and sys-
temic vascular resistance were calculated. Left ventricular dia-
stolic function was assessed by analysis of the characteristic
flow profile of the mitral valve Doppler, which was visualized in
an apical 4-chamber view, as described.?? For the assessment
of hemodynamic responses in awake mice, we used radiote-
lemetry with a microminiaturized electronic monitor (PA-C10;
Data Sciences International) attached to an indwelling aortic
catheter. After 3 days of baseline measurements, we measured
hemodynamic responses to nitric oxide synthase (NOS) inhibi-
tion by the administration of N¥-nitro-L-arginine methyl ester
(L-NAME; 1 mg/mL in drinking water for 3 days; we deter-
mined that mice drink 5 mL/d independently of the presence
of L-NAME, thus resulting in a dose of 166 mgkg™"-d™"); these
were followed by hemodynamic responses to increased L-argi-
nine bioavailability achieved by administration of the arginase
inhibitor N-hydroxy-nor-L-arginine  (NorNOHA, 10 mg/kg
intraperitoneally for 3 days).

Measurement of Endothelial Function/Vascular

Reactivity Ex Vivo and In Vivo

Thoracic aortas were excised and their functional reactivity
analyzed in an organ bath as previously described.?® Vascular
function in vivo was measured as flow-mediated dilation with a
Vevo 2100 with a 30 to 70 MHz linear array microscan trans-
ducer (VisualSonics) as described.?2

Determination of NO Metabolites in Blood and
Tissues

Nitrosated (S-nitroso and N-nitroso) products (RXNO), and
nitrosylheme (NO-heme) were quantified by gas phase che-
miluminescence as described.?* For nitrite and nitrate analysis,
samples were deproteinized with ice-cold methanol (1:1 v/v),
cleared by centrifugation, and subjected to analysis by high-
performance liquid chromatography using a dedicated nitrite/
nitrate analyzer (ENO20, Eicom).?®

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606
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Table 1. Blood Pressure and Heart Rate in All Strains Investigated
Systolic Diastolic Mean arteri- Rate pres-
Litter | Body- blood pres- blood pres- | al pressure, | Heart sure product,
No. Strain Genotype size weight,g | sure, nmHg | sure, nmHg | mmHg rate, bpm | mmHgxbpm n
1 WT eNQ Sflov/flox 712 30.3+2.5 92+8 6219 71+1 543167 4959115512 14
2 WT eNOS!olx Cdh5-Cre/ | 62 29.3+3.6 8615 5718 6717 564153 4841315018 12
ERT2 +TAM
EC eNOS KO eNOS¥lx Cdh5-Cre/ 29.4+3.1 10448 72+7 8317 535158 55696+6929 19
ERT2ros +TAM
3 WT eNOSofx HhbCres | 612 29.1+2.1 8919 61+1 70%1 528156 4662215306 15
RBC eNOS eNOS'1ox HpbCreros 29.71£2.6 1031 6917 80+8 476193 4850619392 16
KO
4 gKO eNOSovfox DelCreres 412 30.2+2.6 115+1 79+1 91+1 516176 56275120504 | 10
5 CondKO eNOS/inv 513 27.8%+1.8 127+1 84+1 98+1 465144 5904618299 11
6 CondKO eNOS™n Cdh5-Cre/ | 4+2 28.7£2.2 12216 81%1 9419 547149 6656215285 11
ERT2" +TAM
EC eNOSKI eNOS™n Cdh5-Cre/ 28.3+2.2 94+7 5818 70x7 540148 5084915346 13
ERT2ros +TAM
7 CondKO eNOS™" HbbCrem¢ 412 28.71+1.2 119+1 751 90+1 494145 5884515542 18
RBC eNOS KI | eNOS™™ HbbCrero 31.1+25 958 5619 6918 469167 4702217322 10

CondKO indicates conditional global eNOS knockout mice; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; KO, knockout; RBC, red

blood cell; and WT, wild type.

Statistical Analysis

Sample size was calculated a priori by using G-Power V.3.1
(Heinrich Heine University of Disseldorf). Statistical analysis
was performed with GraphPad Prism 9 for macOS (Version
9.0.2(134)). Unless stated otherwise, the results are reported as
meanstSD. Normal distribution was tested by the D'’Agostino-
Pearson test. Comparisons among multiple groups were per-
formed using 1-way and 2-way ANOVA or 2-way repeated
measures ANOVA, as appropriate, followed by Tukey or Sidak
post hoc analysis, as indicated. Where indicated, unpaired
Student ttest with Welch correction was used to determine if 2
groups of data were significantly different. The Mann-Whitney
Utest was performed when data were not normally distributed.
<0.05 was considered statistically significant.

RESULTS

Generation of Endothelial and Erythroid-
Specific eNOS KO Mice

To obtain mice specifically lacking eNOS in ECs (EC
eNOS KO) or erythroid cells (RBC eNOS KO), we ap-
plied the loxP-Cre approach to delete exon 2 of the
Nos3 gene. Therefore, an orphan loxP site and an FRT-
neo-FRT-loxP resistance cassette were simultaneously
inserted into the Nos3 genomic locus to target exon 2 of
Nos3 for Cre-mediated excision (Figure 1A). Sequencing
confirmed base pair—precise modification of the Nos3
genomic locus and integrity, whereas stable transfection
of the construct in embryonic stem cells was assessed
by Southern blotting/long-range PCR (see Figure |
in the Data Supplement). Two male mice fully derived
from A9 embryonic stem cells (hybrid C57/129) were
obtained and backcrossed with C57/BL6j mice for at

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606

least 10 generations. The eNOS™x mice were crossed
with tamoxifen-inducible EC-specific Cre-expressing
mice (Cdh5-Cre/ERT2P* mice)'”; once activated by
tamoxifen, the Cre recombinase expressed in eNOS™
flox Cdhb-Cre/ERT2rs mice removed the floxed segment
(Figure 1A), creating EC-specific eNOS KO mice (EC
eNOS KO; Figure 1B). In WT (eNOS"flx Cdhb-Cre/
ERT2"9) littermate mice lacking the Cre recombinase,
tamoxifen does not lead to genetic recombination.

Tamoxifen-induced Cre expression, DNA recombina-
tion, and the resulting genetic deletion of exon 2 of Nos3
in eNQSfovflox CdhB-Cre/ERT2P mice (EC eNOS KO)
and the lack thereof in eNOS"fx Cdhb-Cre/ERT2"¢
mice (control) were confirmed by real-time PCR analysis
of DNA extracted from vascular tissue (aorta) of the mice
(Figure 1C, blue). This resulted in a lack of eNOS expres-
sion in lung EC (CD31*+ CD45™; Figure 1D, blue), and in
the aorta, as assessed by real-time PCR (Figure 1E, blue)
and immunoblot analysis of aortic lysates (Figure 1F). In
EC eNOS KO mice, we also found that eNOS expression
was nondetectable in highly vascularized tissues such
as the lungs, the heart, and the kidney, as assessed by
immunoblot analysis (Figure IIl in the Data Supplement)
and quantitative ELISA (Figure 1J).

To create erythroid-specific eNOS KO mice (RBC
eNOS KO), eNOSfovflox mice were crossed with mice
constitutively expressing Cre recombinase in erythroid
cells under the control of the promoter for the hemo-
globin B-chain (Hbb-Cre*'8; Figure 1B). Cre-dependent
deletion of exon 2 was confirmed by real-time PCR in
DNA extracted from the bone marrow of the mice (Fig-
ure 1C, orange) but was not found in the aorta or other
tissues. Cre expression was found in the bone marrow
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Figure 1. Generation and characterization of EC eNOS KO or RBC eNOS KO mice.

A, Scheme describing the gene-targeting strategy showing the position of the loxP sequences (black) within the gene-targeting construct before

and after exon 2 of Nos3 was used to generate the founder eNOS™x mice. B, To generate EC eNOS KO mice and their respective WT control
(eNOSteflex Cdhb-Cre/ERT2"9), the founder eNOS™> mice were crossed with endothelial-specific tamoxifen (TAM)-inducible Cdh5-Cre/ERT2pe
mice to obtain eNOS"1ox Cdhb-Cre/ERT2P"*9 mice; these were treated with TAM for 5 days and analyzed after 21 days. To create RBC eNOS KO
mice or global eNOS KO mice and their respective WT littermate controls, the founder eNOS™¥o was crossed with erythroid-specific (Hbb-Crere)
mice or with Deleter-Cre™ mice (expressing Cre in all tissues). C, Real-time PCR analysis shows that tissue-specific DNA recombination occurs in
the aorta of EC eNOS KO mice (blue), whereas in RBC eNOS KO mice, DNA recombination occurs in the bone marrow, (Continued)
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Figure 1 Continued. but not in the aorta (orange). No recombination is observed in WT littermate control mice (white). ¢ test *P<0.01,
***P<0.0001 vs respective WT control. D, Top, Real-time reverse transcriptase PCR analysis shows that endothelial cells (CD31* CD45")
extracted from the lung of EC eNOS KO mice (blue) have a significant loss of eNOS expression compared with WT controls. “Mann-Whitney U
test P=0.0286. Instead, the expression of eNOS in lung EC (CD31* CD45") from RBC eNOS KO (orange) is not different from WT control. It

is notable that TAM increased the expression of eNOS in lung EC from WT (eNOS™"*Cdh5-Cre/ERT2"9) mice. Bottom, Cre recombinase is
expressed in lung endothelial cells from EC eNOS KO (blue) but not in endothelial cells from WT (white) or RBC eNOS KO (orange) mice. "Mann-
Whitney U test P=0.0286. E, Top, Real-time reverse transcriptase PCR analysis shows loss of eNOS expression and Cre recombinase expression
in the aorta of EC eNOS KO (blue), but not in WT littermate control mice (white). TAM increased mRNA eNOS expression in the aorta of the WT
(eNOS™#*Cdh5-Cre/ERT2"9) mice, but the protein levels are not different from WT mice (see also I, ELISA). One-way ANOVA P<0.0001;
Tukey multiple comparison test **P<0.01,** P<0.001, ***P<0.0001 vs respective WT control. F, Top, Inmunoblot (IB) analysis shows loss of
eNOS (135 kDa) expression in the aorta of EC eNOS KO (eNOS™"*Cdh5-Cre/ERT2,+TAM) mice but not in littermate controls (eNOS'
fxCdh5-Cre/ERT279+TAM) after treatment with TAM. Loading control actin (45 kDa). Note: Sample in the first lane shows a residue of eNOS
expression in that particular mouse because the knockdown efficiency of this model is *90% to 95%. Bottom, Inmunoblot of aorta of RBC
eNOS KO mice and WT littermate controls, showing that eNOS expression is not different in these 2 groups. G, Real-time reverse transcriptase
PCR analysis shows eNOS expression and Cre recombinase expression in the bone marrow of RBC eNOS KO mice. Cre-recombinase is
expressed in the bone marrow of RBC eNOS KO mice, but not in the aorta. Note that, although eNOS deletion was specifically detected in the
bone marrow of RBC eNOS KO mice, we determined similar eNOS expression levels in the RBC eNOS KO mice compared with WT littermates;
this is attributable to the high abundance of endothelial cells in the bone marrow. ***P<0.0001 Mann-Whitney U test vs WT mice. H, Upper,
Immunoblot of membrane preparations of RBCs (ghosts) showing the presence of eNOS in WT RBCs and its absence in RBCs from RBC eNOS
KO mice. Bottom, Immunoprecipitation (IP) of eNOS (135 KDa) from RBC lysates shows eNOS expression in WT mice and lack of eNOS

in global eNOS KO mice (gKO) and RBC eNOS KO mice. The IgG (120 kDa) is seen in the IP samples. I, Electron scanning microscopy with
immunogold staining of eNOS in WT (eNOS > HbbCre*s) mice (Upper) and RBC eNOS KO (Bottom). J, The quantification of eNOS protein
expression in multiple organs by ELISA shows a significant loss of eNOS in multiple tissues of EC eNOS KO mice compared with WT littermate
controls. The differences between the WT control groups are not significant, except in the spleen. Data were analyzed according to mixed-effect
model with Geisser-Greenhouse correction (variables: strain, tissue); P<0.0001; multiple comparisons of eNOS levels among the groups within
the same tissue were assessed by a Tukey test *P<0.01; **P<0.001; ***P<0.000. Lines represent means+t SD. EC indicates endothelial cell;
eNOS, endothelial nitric oxide synthase; KO, knockout; MWM, molecular weight marker; RBC, red blood cell; and WT, wild type.

of RBC eNOS KO (Figure 1G, orange), but not in the
aorta or other tissues. In RBC eNOS KO we did not
detect any eNOS in membrane preparations of RBCs
(ghosts) by immunoblotting, in RBC lysates by immu-
noprecipitation + immunoblotting (Figure 1H), and by
scanning electron microscopy and immunogold staining
(Figure 11). On the other hand, in RBC eNOS KO mice,
we found that eNOS expression was fully preserved in
lung EC (CD31+ CD45; Figure 1D, orange), aorta (Fig-
ure 1E, orange; Figure 1F, Bottom), and all other tissues
of RBC eNOS KO analyzed, including lung, kidney, heart,
spleen, skeletal muscle, and liver (Figure 1J; Figure Il in
the Data Supplement).

Hematologic Characterization of EC eNOS KO
and RBC eNOS KO Mice

Blood counts and rheological parameters remained un-
changed in all strains (Table | in the Data Supplement).
However, hemoglobin oxygen affinity was significantly
higher and oxygen-binding cooperativity significantly
lower in RBC eNOS KO mice compared with their WT
littermate controls; this difference progressed as pH was
lowered within the physiological range (from 7.6 to 7.2;
Figure IV in the Data Supplement).

Vascular Endothelial Function and eNOS
Expression Are Compromised in EC eNOS KO
but Fully Preserved in RBC eNOS KO Mice

As expected, we found a loss of NO-dependent vascu-
lar endothelial function in EC eNOS KO mice, as dem-

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606

onstrated by the lack of acetylcholine (ACh)-induced
vasodilation of aortic rings ex vivo (Figure 2A and 2E;
Figure V in the Data Supplement), and an abrogated
flow-mediated dilation response in the iliac artery as
determined by ultrasound in vivo (Figure 2B; Figure
VI in the Data Supplement). RBC eNOS KO mice, on
the other hand, showed no changes in ACh-mediated
vasodilation of aortic rings (Figure 2C and 2E) and
a normal flow-mediated dilation (Figure 2D and 2F;
Figure VI in the Data Supplement). These results are
consistent with fully preserved eNOS expression and
activity in the vasculature (Figure 1F and 1J; Figure Il
in the Data Supplement). Preservation of eNOS activ-
ity and function in conductance vessels of RBC eNOS
KO mice also indicates that there were no off-target
effects of genetic knockdown in vascular tissue. The
responses to the constrictor phenylephrine and the NO
donor sodium nitroprusside were fully preserved in the
aorta of both mouse strains (Figure V in the Data Sup-
plement). In EC eNOS KO, we observed a significant
leftward shift in the sodium nitroprusside—mediated re-
sponse, which indicates an increased sensitivity to NO
donors. This response has been observed on inhibition
of NOS activity and in different strains of global eNOS
KO mice.25-28

Loss of RBC eNOS Leads to Hypertension and
an Increase in Systemic Vascular Resistance

In line with the general knowledge on the role of vascu-
lar endothelial eNOS in the regulation of BP, we found
that EC eNOS KO mice have significantly higher mean
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Figure 2. Vascular endothelial dilator function is lost in EC eNOS KO mice and preserved in RBC eNOS KO mice.

Nitric oxide—dependent vascular endothelial function is fully abolished in EC eNOS KO mice and fully preserved in RBC eNOS KO mice
compared with the respective littermate controls. A, Preconstricted aortic rings from EC eNOS KO lack acetylcholine (ACh)-induced
vasodilation (2-way repeated measurement [RM]-ANOVA P<0.0001; Sidak ***P<0.001 vs WT control for concentrations of ACh>1075%
mol/L (n= 6 per group). B, Flow-mediated dilation (FMD) of the iliac artery assessed in vivo by ultrasound is abolished in EC eNOS KO
(blue; 2-way RM-ANOVA P<0.0001; Sidak **P<0.01 vs WT control [white] for £6.3 minutes; n=10 per group). C, In aortic rings from RBC
eNOS KO (orange), ACh-induced vasodilation was not different from WT littermates (white). Two-way RM-ANOVA P<0.0001. n=5 per
group. D, FMD of the iliac artery is fully preserved in RBC eNOS KO mice, 2-way RM-ANOVA P<0.0001. n=8 per group. E, Endothelium-
dependent relaxation (EDR) in response to ACh (calculated as the percentage of the maximal ACh response) is significantly impaired in
EC eNOS KO and fully preserved in RBC eNOS KO compared with their respective WT controls. One-way ANOVA P<0.0001; Tukey test

Hkkk

P<0.0001. F, Maximal FMD (corresponding to the percentage of maximal flow-mediated dilator response) is significantly decreased in EC

eNOS KO mice and fully preserved in RBC eNOS KO mice, compared with their respective WT controls. Lines represent means£SD. One-
way ANOVA P<0.0001; Tukey test **P<0.001. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; KO, knockout; RBC,

red blood cell; PCR, polymerase chain reaction; and WT, wild type.

arterial pressure (MAP; Figure 3A, blue) compared with
their WT littermates, which is characterized by a differ-
ence of 15 to 18 mmHg in both systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP), where-
as heart rate (HR) was similar in both groups (Table 1).
RBC eNOS KO mice also had significantly higher MAP
than their WT littermates (Figure 3A, orange), charac-
terized by a 14 mmHg increase in SBP and 8 mm Hg
in DBP and no differences in HR (Table 1). In global
eNOS KO mice, we measured a 17 to 23 mmHg in-
crease in SBP and DBP compared with WT mice (Fig-
ure 3A, gKO, red). The effect size of eNOS deletion
on BP (calculated as A% changes in BP versus the re-
spective WT controls) was more prominent in the global
eNOS KO (28%—-31% increase) and the EC eNOS KO
(20%-26% increase) compared with RBC eNOS KOs
(13%—16%). Thus, the knockout of eNOS in RBCs mod-
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ulates vascular tone at the level of smaller resistance ar-
teries, whereas endothelial function in the large conduit
arteries is fully preserved.

In a subcohort of mice, we characterized systemic
hemodynamics by measuring in the same mouse both
cardiac function by echocardiography and BP by Millar
measurements. We did not observe changes in cardiac
output or HR in EC eNOS KO or RBC eNOS KO mice,
as assessed by echocardiography (Figure 3B, Inset).
HR assessed invasively by a Millar catheter was also
not different between groups (Table 2). However, sys-
temic vascular resistance, which was estimated as the
ratio between MAP and cardiac output, was higher in
both strains than in their respective WT controls (Fig-
ure 3B). These results clearly demonstrate that both
RBC eNOS and EC eNOS contribute independently to
BP homeostasis.

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606
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Figure 3. RBC eNOS and EC eNOS both contribute to blood pressure homeostasis.

A Invasive measurements of blood pressure (BP) in anesthetized mice show that both EC eNOS KO and RBC eNOS KO mice have increased

mean arterial pressure (MAP) compared with their respective WT littermate controls. Global eNOS KO mice (gKO=eNOS™* Deleter Cre)

are hypertensive and show significantly higher MAP than EC eNOS KO and RBC eNOS KO mice. One-way ANOVA P<0.001; Tukey *P<0.05;
***P<0.0001. B, Systemic vascular resistance (SVR) was estimated in a subcohort of mice by measuring MAP and cardiac output (CO) by ultrasound
in the same animal (SVR ~ MAP/CO) and was significantly increased in both EC eNOS KO and RBC eNOS KO mice compared with their respective
controls. One-way-ANOVA P=0.0149; Welch t test P<0.05. Inset Top, The heart rate (HR) depicted here represents the values measured by
cardiac ultrasound. Inset Bottom, Cardiac output. See also Table 2 for other cardiac parameters. C, Mean of MAP measurements performed in
awake EC eNOS KO (n=7) and WT littermates (n=5) by radiotelemetry showing the diurnal and nocturnal variation of blood pressure with highest
values during the night. KO (SD = £10 mmHg) vs WT (SD = £8 mmHg); Welch t test *P<0.001. Refer also to Figure VIl in the Data Supplement for
mean diurnal values. D, Mean of MAP measurements performed in awake RBC eNOS KO (n=8) and WT littermates (n=8) by radiotelemetry. KO (SD
=115 mmHg) vs WT (SD = 13 mmHg); Welch ¢ test correction *F<0.001. Refer also to Figure VIl in the Data Supplement for mean diurnal values.
E, Telemetric measurements of changes in systolic BP (SBP) in awake EC eNOS KO mice (n=7) show that NOS inhibition by L-NAME or increase

in arginine availability by the administration of the arginase inhibitor NorNOHA did not affect SBP in awake EC eNOS KO mice (blue) compared with
WT mice (n=5). Two-way RM ANOVA P<0.001; Holm-Sidak *P<0.05 vs baseline. See Figure IV in the Data Supplement for data on diastolic BP and
HR. F, Radiotelemetric measurements of changes in SBP in a subcohort of awake RBC eNOS KO mice (n=5) show that treatment with L-NAME
further increases SBP in RBC eNOS KO and WT littermate (n=3) to the same extent as in the WT controls (although the baseline levels between
RBC eNOS KO and WT controls were significantly different, see € and D, this figure); increase of arginine bioavailability by the administration of
NorNOHA rapidly restored BP to the baseline levels. Two-way RM ANOVA P<0.001; Holm-Sidak *P<0.05 vs baseline. BL indicates baseline; EC,
endothelial cell; eNOS, endothelial nitric oxide synthase; i.p,, intraperitoneally; KO, knockout; L-NAME, N-nitro-L-arginine methyl ester; NorNOHA,
N-hydroxy-nor-L-arginine; p.o,, orally; RBC, red blood cell; RM, repeated measures; TAM, tamoxifen; and WT, wild type.

Hypertension in Awake RBC eNOS KO Mice regulation of eNOS activity/arginine availability. There-

Can Be Further Increased by NOS Inhibition fore, we monitored BP and HR with radiotelemetry in
awake mice under untreated conditions for 3 days (Fig-

Next, we aimed to confirm the BP/HR phenotypg in ure 3C and 3D; Figure VIl in the Data Supplement). Mice
awake mice and analyze the effects of pharmacological ;¢ nocturnal animals, and, as expected, baseline radio-
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Table 2. Systemic Hemodynamics as Assessed in a Subcohort of Mice by Measurements of Echocardiography and Millar in

the Same Individual

WT EC eNOS KO WT RBC eNOS KO
eNOSfovflex Cdh5- | eNOSMo¥flx Cdh5- eNOSloxflox eNQSlox/tlox
Systemic hemodynamics Cre/ERT2nee Cre/ERT2res P value HbbCre "¢ HbbCre Pos P value
n 10 11 11 9
Echocardiography
Heart rate, bpm 46118 487182 0.4743 476144 448159 0.2514
Cardiac output, mL/min 19+3 18+4 0.7426 20+4 1915 0.4979
Stroke volume, pL 4118 375 0.1274 4217 4111 0.8748
End-diastolic volume, pL 6412 66+14 0.8169 79+17 83+33 0.7287
End-systolic volume, pL 23+1 29+15 0.3386 37+16 42+25 0.6154
Ejection fraction, % 671 58+15 0.1740 5514 52+11 0.56152
Millar
Heart rate, bpm 555155 537+56 0.4586 511453 487+101 0.5381
Systolic blood pressure, mmHg 86+4 103+10 <0.0001§ 916 105+13 0.0107*
Diastolic blood pressure, mmHg 5717 7119 0.0007# 6318 7118 0.0464*
Mean arterial pressure, mmHg 6716 8249 0.0002% 7317 8219 0.0176*
Systemic vascular resistance, mmHg/ | 3.71£0.6 4.8+1.3 0.0220* 3.710.8 48115 0.0797
mL per min
Rate pressure product, nmHgxbpm | 47418+4152 55248+7061 0.0063t 46302+4099 50951+10560 0.2412

ttest vs respective control group. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; KO, knockout; RBC, red blood cell; and WT, wild type.

*P<0.05.
+F<0.01.
$P<0.001.
§R<0.0001.

telemetry traces show higher BP levels during the night;
it is important to note that diurnal BP levels in awake
mice (Figure VIl in the Data Supplement) are higher than
in anesthetized mice (which were measured during the
day), but in awake mice differences between groups re-
mained overall comparable to the one measured in an-
esthesia (Figure 3C, EC=AMAP=20 mm Hg; Figure 3D
A%=20%; RBC AMAP=10 mmHg; A%=10%), con-
firming hypertension in both EC eNOS KO and RBC
eNOS KO mice.

The effects of regulation of eNOS activity on BP in
these mice were determined by the administration of a
NOS inhibitor (L-NAME) in the drinking water for the
next 3 days, which was followed by daily intraperitoneal
administration of the arginase inhibitor NorNOHA for
the last 3 days of the protocol; NorNOHA was given
to the mice to increase the availability of L-arginine to
restore eNOS activity after NOS inhibition (Figure 3E
and 3F; Figure VIII in the Data Supplement). In EC
eNOS KOs, the administration of L-NAME was lethal
in 5 of 11 mice tested, but in the mice that survived,
it did not significantly affect BP (but decreased HR,
see Figure VIl in the Data Supplement) compared with
baseline measurements (Figure 3E). In RBC eNOS KO
mice, the administration of L-NAME increased SBP by
20 mmHg (Figure 3F) and decreased HR, whereas
DBP was not significantly affected (Figure VII in the
Data Supplement). In the WT controls (Figure 3E, white,

878  September 14, 2021

tamoxifen-treated control; Figure 3D, white, untreated
control) L-NAME administration increased SBP by 12
to 20 mmHg and decreased HR without affecting DBP
(Figure VIII in the Data Supplement). Administration of
NorNOHA decreased BP by 5 to 10 mmHg in all mice,
thereby restoring BP levels to baseline levels, before
L-NAME administration. These data further corroborate
that both EC eNOS and RBC eNOS contribute inde-
pendently to BP regulation in a manner dependent on
the availability of the substrate L-arginine.

Reactivation of eNOS Specifically in RBCs
Rescues Global eNOS KO Mice From
Hypertension

To induce cell type—specific reactivation of eNOS in
RBCs or ECs in a global eNOS KO mouse, we created
a Cre-inducible eNOS knock-in (KI) gene construct
(eNOS™™) by inserting an inverted exon 2 and 2 ad-
ditional Lox511 sites in the loxP-eNOS construct (Fig-
ure 4A and Figure VIII in the Data Supplement) This
construct allows a Cre-induced reactivation of eNOS in
any cell type of interest; therefore, these mice were de-
fined as conditional global eNOS KO mice (CondKO).
As shown in Figure 4B, by breeding eNOS™™ with
Cdhb-Cre/ERT2r* mice and after tamoxifen treatment,
we obtained EC eNOS Kl (eNOS™ Cdhb-Cre/ERT-
2rs) with tissue-targeted reactivation of eNOS in ECs

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606



2202 ‘Tz |udy uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Leo et al Red Blood Cell eNOS and Blood Pressure Control

g = B © 47
3 c
: L T 5037
a ,- 2 - -+ eNoSWT eNOS™ = condKO E %- Aorta Bone Marrow
T o> 7 T T bt P x gz
- 0.75mglday iP.  |cans.cre/ERT2 Hbb-Cre E g 0.2  sorkx *
b, TN (T e{ZIaTHE] oNOS™™ A °3
= e do d21 22014 ’ @
. ) v
Intermediate 1 =
3>
- ) ; Intermediate 2 @ @ € » 0.04 .9.&
ge
c. NOS KI Ecuvos Focev0s £3 — i —
CondKO Kl CondKO Kl CondKO Ki
D Aorta E Aorta F Aorta
- 2.0
) EC- Cond EC- EC- REC- RBC-
-] MWM wr
° * Kl KO KO WT KO Wwr i CondCondCond 2 Cond EC
- 1 2 3 4 5 6 7 8 9 10 KO KO KO KO Xl
o 1.0 ‘ os 1 2 3 4 5 6 7 8 9 10
- —_—— . IB:eN TR
E s 188 kB3 = 220 04 ; ~ = qiB:eNOS
80 kDal = a-
2 00 . e ) — e L ot
£ 50 kDg@ .
T T T T 40 kDa- —— - — “IB:actin 40 kDams ™= e e - -_|‘IB.actin
CondKO Ki CondKO KI
Erythroid cells RBC ghosts RBC lysates RBCs RBC lysates Tissues
+ - .
(Ter119%) Aorta Cond Cond 1500
(25uu] (2.5 pg) KO Ko MWM »
£ 15 1 2 3 4 5 @ —_
o * § 4> 3%
wa = 1B:eNOS I Ip:eNos £ @
o&® 249 1P:eNOS « - L]
s 10 g prfeed « 55 » e [1onom g o 750
< g o 80 kDa- uC)L_E,
Eﬂ 5 S s o
£ g ; IP:eNOS [>| 1B:eNOSP 12::’:‘:05 @
a IzllllD.
0 100 kDa o
CondKO REC KI condKO RBC KI o “ ¥ Lung  Kidney Heart Spleen Skeletal  Liver

Figure 4. Reactivation of eNOS expression in either ECs or RBCs rescues global eNOS KO mice from hypertension.

A, Scheme describing the gene-targeting strategy showing the position of a loxP (black) and loxP511 (green) sequences within the gene-
targeting construct used to generate eNOS™™ mice, which are conditional eNOS KO mice (CondKO). B, Schematic representation of the
crossing strategy. To create EC eNOS Kl mice (green), eNOS™ " mice=CondKO mice (black) were crossed with endothelial-specific tamoxifen-
inducible Cre mouse (Cdh5-Cre/ERT2) and treated with tamoxifen for 5 days and analyzed after 21 days. To create RBC eNOS Kl mice
(yellow), eNOS™" mice=CondKO mice (black) were crossed with erythroid-specific (HbbCre?*) mice. C, Real-time polymerase chain reaction
analysis shows that tissue-specific DNA recombination occurs in the aorta of EC eNOS KI mice (blue), whereas in RBC eNOS Kl mice (yellow),
DNA recombination occurs in the bone marrow, but not in the aorta. No DNA recombination is observed in CondKO littermate control mice
(white). t test *P<0.05, ***P<0.0001 vs respective CondKO control. D, Real-time reverse transcriptase polymerase chain reaction analysis eNOS
expression in the aorta of EC eNOS Kl mice (green) but not in CondKO littermate control mice (black). One-way ANOVA P<0.0001; Tukey
multiple comparisons test *P<0.05 vs respective CondKO control. E, Representative immunoblot analysis demonstrating eNOS expression

after Cre-dependent reactivation of eNOS expression in aorta EC eNOS Kl mice, compared with CondKO, EC eNOS KO, RBC KO, and WT
controls. Refer also to J (eNOS expression by ELISA) and Figure IX in the Data Supplement for immunoblot analysis from other tissues. F,
Representative Western blot analysis demonstrating lack of eNOS expression in the aorta of RBC eNOS Kl mice and CondKO mice. See Figure
[X'in the Data Supplement for immunoblot analysis from other tissues. G, Real-time reverse transcriptase polymerase chain reaction analysis
shows that erythroid cells (Ter119*CD71+CD45") extracted from the bone marrow of RBC eNOS Kl mice (yellow, n=3) express eNOS mRNA
compared with CondKO controls, where we could not detect any eNOS mRNA (n=3) *P=0.05 (exact) Mann-Whitney U test. H, ELISA detection
of eNOS expression in RBC membrane preparations (ghosts) from RBC eNOS Kl mice (n=4) compared with CondKO controls (n=4), where we
could not detect any eNOS protein. *P=0.0286 (exact) Mann-Whitney U test. I, Low (Upper) and high (Lower) contrast images representing
immunoprecipitation (IP) and immunoblot (IB) analysis of eNOS (135 kDa) from RBC lysates show eNOS expression in RBC eNOS Kl mice and
lack of eNOS in global eNOS KO mice (gKO) and CondKO mice. The IgG (120 kDa) is seen in the IP samples. J, The quantification of eNOS
protein expression in multiple organs by ELISA shows a significant eNOS expression in multiple tissues of EC eNOS Kl mice, whereas no eNOS
was detected in RBC eNOS KI or littermate CondKO mice. Data were analyzed according to the mixed-effect model with Geisser-Greenhouse
correction; P<0.0001; multiple comparisons of eNOS levels among the groups within the same tissue were assessed by a Tukey test; P<0.0001;
Tukey *P<0.001. Lines represent meanst SD. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; KO, knockout;
MWM, molecular weight marker; RBC, red blood cell; and WT, wild type.

only or their littermate global eNOS KO controls (eNOS™  (aorta) of these mice (Figure 4C, green). This resulted
i Cdhb-Cre/ERT2"9), Tamoxifen-induced DNA recom- in the reactivation of eNOS expression in the aorta and
bination and the resulting genetic inversion of exon 2 of  other tissues, as assessed by real-time reverse transcrip-
Nos3 in eNOS™ ™ Cdhb-Cre/ERT27* mice (EC eNOS  tase PCR (Figure 4D), immunoblot (Figure 4E; Figure IX
Kl), and the lack thereof, in eNOS"/" Cdhb-Cre/ERT- in the Data Supplement), and ELISA of multiple tissues
2mes mice (CondKO control), were all confirmed by real-  (Figure 4J). In CondKO littermate mice, eNOS expres-
time PCR analysis of DNA extracted from vascular tissue  sion was nondetectable in any of the tissues analyzed.
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In addition, by crossing eNOS™ " with Hbb-CreP* 28 mmHg (corresponding to a 25% decrease in MAP;
mice, we created RBC eNOS Kl (eNOS™ ™ Hpb-Creros) Table 1) and increased systemic vascular resistance (Fig-

mice (Figure 4B). These mice are characterized by a tar- ure 5D, Table 3) with no significant differences in HR. An
geted eNOS reactivation in bone marrow erythroid cells,  important finding was that reactivation of eNOS specifi-
as determined by analyzing DNA recombination in the  cally in erythroid cells fully rescued the global eNOS KO
bone marrow (Figure 4C), and eNOS expression in iso- (eNOS™™) from hypertension with a significant decrease

lated erythroid cells (Ter119+ CD71* CD457; Figure 4G), in BP of 19 to 24 mmHg (23% decrease in MAP) in the
RBC ghosts (Figure 4H), and RBC lysates (Figure 41), RBC eNOS K, as compared with their CondKO littermate
as well, whereas the littermate CondKO mice did not controls (Table 1 and Table 3). These data provide addi-
show DNA recombination (Figure 3C, black) or express tional evidence for our finding that RBC eNOS and EC
any eNOS in bone marrow erythroid cells or RBCs (Fig- ~ eNOS contribute independently to BP homeostasis.

ure 4G, 4H, and 4l). In all other tissues and cells ana-

lyzed, we did not detect any eNOS expression (Figure 4F  Girculating Nitrite Is Decreased in Both EC eNOS
and 4J; Figure 1X in the Data Supplement). KO and RBC eNOS KO and the Levels of NO-

Of note, in EC eNOS KI mice, reactivation of eNOS ; \
specifically in ECs fully restored vascular endothelial dila- Heme Are Changed in RBC eNOS KO/KI Mice

tor function as determined ex vivo (Figure bA; Figure X Next, we aimed to analyze the impact of cell-specific
in the Data Supplement) and in vivo (Figure 5B; Figure ~ eNOS deletion on the concentrations of NO metabolites
VI in the Data Supplement), and decreased BP by 23 to  in blood and tissues of all KO and Kl lines. In EC eNOS KO
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Figure 5. Reactivation of eNOS expression in either ECs or RBCs rescues global eNOS KO mice from hypertension.

A and B, Vascular endothelial dilator function is fully restored in EC eNOS KI. A, Preconstricted aortic rings from CondKO mice (black, n=2) lack
acetylcholine (ACh)-induced vasodilation, whereas reactivation of eNOS fully restores ACh response in EC eNOS Kl (green, n = 3). Two-way repeated-
measures ANOVA concentration P<0.0001; Kl vs KO P=0.0461; Sidak “P<0.01 vs CondKO control for concentrations of ACh>10"" mol/L. B,
Flow-mediated dilation of the iliac artery assessed in vivo by ultrasound is abolished in CondKO mice (black; 2-way repeated-measures ANOVA

time P=0.0007 Kl vs KO P=0.329; Fisher least significant difference test *P<0.01 vs CondKO control (black) for ¢ >6.3 minutes); and restored in
EC eNOS KI mice (green). C, Invasive blood pressure analysis shows that reactivation of eNOS expression in ECs in EC eNOS Kl mice significantly
decreases MAP compared with their littermate conditional eNOS KO mice (CondKO). One-way ANOVA P<0.001; Tukey ***P<0.0001. D, Systemic
vascular resistance (SVR) was estimated in a subcohort of mice by measuring MAP and cardiac output (CO) by ultrasound in the same animal (SVR
~ MAP/CO). The heart rate depicted here represents the values measured by cardiac ultrasound. SVR is decreased in EC eNOS Kl compared with
CondKO mice; t test Welch *P<0.05. See also Table 3 for other cardiac parameters. CondKO, conditional global eNOS knockout mice; EC, endothelial
cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; KO, knockout; MAP, mean arterial pressure; RBC, red blood cell; and WT, wild type.
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Table 3. Hemodynamics of EC eNOS KI and RBC eNOS KI mice and Their respective Controls

CondKO EC eNOS KI CondKO RBC eNOS KI
eNOS"in Cdh5- eNOS™/nv Cdh5- eNQoSinv/inv eNQSinv/inv

Systemic hemodynamics Cre/ERT2¢ + TAM | Cre/ERT2s + TAM | P value HbbCre"es HbbCreres P value

n 7 7 8 8

Echocardiography
Heart rate, bpm 442183 458+81 0.7227 516152 521+38 0.8430
Cardiac output, mL/min 1715 1715 0.9999 2116 1616 0.1791
Stroke volume, pL 3818 377 0.8177 401 31%1 0.1368
End-diastolic volume, uL 5911 64+1 0.5246 6212 51+2 0.2668
End-systolic volume, pL 21%1 27+1 0.4061 22+1 20%1 0.7158
Ejection fraction, % 6712 59+1 0.3514 6712 63+1 0.6033

Millar
Heart rate, bpm 531156 514455 0.5795 508+40 507+80 0.9663
Systolic blood pressure, mmHg 1254 9518 <0.00018§ 12017 9815 <0.00018§
Diastolic blood pressure, mmHg | 84+%1 5718 0.0009% 85+5 6716 <0.0001§
Mean arterial pressure, mmHg 9819 7018 <0.0001§ 9715 7715 <0.00018§
Systemic vascular resistance, 6.2+2 4.3%+1.2 0.0475* 5.2+1.9 5.5+2.1 0.7331
mmHg/mL per min
Rate pressure product, 66292+6396 487931+6236 0.0002% 60589+4805 4943916941 0.00271
mmHgxbpm

ttest. CondKO indicates conditional global eNOS knockout mice; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; K, knock-in; RBC, red blood cell;

and WT, wild type.
*F<0.05.
1P<0.01
$FA<0.001.
§F<0.0001.

mice, we found a decrease in circulating nitrite and nitrate
levels in plasma (Figure 6A and 6B; Table 4), without sig-
nificant changes of these 2 metabolites in RBCs or aorta
(Table 4). We also found a decrease in total NO species
(ie, the sum of all NO species assessed in a specific com-
partment) in plasma, aorta, and lung of EC eNOS KO mice,
compared with their WT littermates (Table 4); however,
decreases in the aorta and plasma were not statistically
significant. In the liver, on the other hand, we found an in-
crease in nitrate, contributing to an overall increase in total
NO species (Table 4). This is consistent with the observa-
tion that the liver may act as a reservoir of nitrate.?° Similar
changes as observed in EC eNOS KO were observed in
global eNOS KO mice by us and others before.562430

RBC eNOS KOs showed alterations in nitrite and
nitrate concentrations in plasma and aorta. Specifically,
we found a significant decrease in nitrite and nitrate in
plasma (Figure B6A, Table 4), together with an increase in
nitroso species (Figure 6C) compared with WT control
mice. In the RBC eNOS KO mice, we observed a signifi-
cant decrease in total NO species in plasma (Table 4),
but no other significant changes in any other tissues,
except for an increase in nitrite in the aorta compared
with WT controls (Table 4).

CondKO mice showed an overall decrease in NO
metabolites in plasma and tissues compared with WT
mice (compare Table 4, WT with Table 5, Cond KO),
with an almost 50% decrease in circulating nitrite levels

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606

(Figure 6B, black). However, nitrite levels in the plasma
of EC eNOS Kl or RBC eNOS Kl were not different from
their littermate global eNOS KO mice (Figure 6B, green
and yellow triangles). These data show that plasma nitrite
levels depend on the presence of eNOS in both the ECs
and the RBCs and decrease in the global absence of
eNOS, but the reintroduction of eNOS in ECs or RBCs
does not restore nitrite levels (as it does with BP; see
also Figure Xll in the Data Supplement).

The levels of bound NO (measured as NO-heme
concentrations) were fully preserved in RBCs from EC
eNOS KO mice (Figure 6C, blue) but significantly lower
in RBCs from RBC eNOS KOs (Figure 6C, Right, orange)
and CondKO mice (Figure 6C, black). Accordingly, levels
of NO-heme were not altered in RBCs from EC eNOS K
mice (Figure 4C, green), but elevated in RBCs from RBC
eNOS Kl mice (Figure 4C, yellow), compared with the
respective CondKO littermates. These data show that the
levels of bound NO in RBCs depend on the presence/
absence of eNOS in RBCs.

DISCUSSION

In this work, we were able to determine the independent
contribution of vascular ECs and RBCs to NO metabo-
lism, vascular function, and BP homeostasis by creating
and comparing tissue-specific eNOS KO and eNOS Ki
mice in ECs or RBCs. As expected, we find that eNOS in
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Figure 6. RBC eNOS and EC eNOS both contribute to plasma nitrite, but red cell eNOS is the major determinant of circulating
NO-heme.

A A significant decrease in plasma nitrite is observed in both EC eNOS KO (blue) and RBC eNOS KO (orange), compared with their respective
WT controls (white). Welch ¢ test *P<0.05; **P<0.01. B, Plasma nitrite in EC eNOS Kl (green) or RBC eNOS K (yellow) is not different from
CondKO mice (black), but CondKO mice show lower plasma nitrite levels than WT mice (white; see also Table 4). C, The levels of nitrosospecies
(RXNO=RSNO+RNNO) were unchanged in EC eNOS KO (blue) and significantly higher in the plasma of RBC eNOS KO (orange) mice,
compared with their respective WT control (white). Welch ¢ test *P<0.05. D, The levels of RXNO in plasma of EC eNOS KI, RBC eNOS KI, and
CondKO mice are comparable. E, NO-heme concentrations in RBCs were unchanged in EC eNOS KO mice and decreased in RBC eNOS KO
mice. Welch t test *P<0.05. F, Accordingly, concentrations of NO-heme were unchanged in EC eNOS Kl mice (green) but higher in RBC eNOS
Kl mice (yellow) compared with CondKO mice (black), indicating that RBC eNOS is the major determinant of circulating NO-heme. Welch ¢

test *P<0.05. CondKO, conditional global eNOS knockout mice; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; KO,

knockout; NO, nitric oxide; RBC, red blood cell; RXNO, nitrosospecies (nitrosothiols+nitrosamines); and WT, wild type.

the vascular wall is the main determinant of endothelial
function in conduit and resistance arteries. It is surpris-
ing that eNOS in RBCs effectively contributes to BP ho-
meostasis, tissue perfusion, and systemic circulatory NO
bioavailability independently of vascular eNOS.

Previous work relied solely on the use of global eNOS
KOs or pharmacological inhibition with drugs targeting
all 3 NOS isoforms. By creating mice lacking eNOS only
in ECs, we can now ultimately confirm the suggested
central role of these cells in eNOS-mediated control
of cardiovascular function as originally proposed when
endothelium-derived relaxing factor was discovered.®'
The fact that RBC eNOS KO mice were also hyperten-
sive was definitely more surprising, although a role for

882  September 14, 2021

blood cell eNOS had been suggested in 1 study using
chimeric mice obtained by transplanting bone marrow
from eNOS KO mice into irradiated WT mice, and vice
versa.® The functional significance of eNOS in RBCs has
been a matter of intense debate for some time.'0'1.143233

We previously demonstrated that eNOS is present
and active in RBCs.23* The data presented here show
that genetic deletion of eNOS specifically in erythroid
cells leads to significant increases in SBP and DBP.
These changes were not accompanied by changes in HR
and cardiac output, but by increases in systemic vascular
resistance. In RBC eNOS KO mice, eNOS activity and
function at the level of conduit and proximal resistance
arteries were fully preserved. In line with these observa-

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606
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Table 4. NO Metabolites in Blood and Organs of EC eNOS KO, RBC eNOS KO, and Corresponding WT Littermate Controls

t test between the groups. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; KO, knockout; NO, nitric oxide; RBC, red blood cell; RXNO,

nitrosospecies (nitrosothiols+nitrosamines); and WT, wild type.

*<0.05.
1A<0.01.
$£<0.001.

§One value excluded as outlier according to the Tukey test or not determined/available.
ITwo values were not determined/available, or one was excluded as an outlier according to the Tukey test.

WT EC eNOS KO WT RBC eNOS KO g
eNosﬂox/ﬂox ths_ eNosﬂoxlflox cdhs_ eNosﬂox/ﬂox eNosﬁox/ﬁox = 2
Metabolites Cre/ERT2mee Cre/ERT2r>s P value HbbCre"e® HbbCreres P value = =
n 5 5 7 6 ,§ ™
m o
Heart E
=
Nitrite, pmol/L 1.10+0.30 1.27+0.25 0.3557 0.69+0.15 0.9240.608 0.4463 2
Nitrate, pmol/L 93.86+26.51 77.84+14.97 0.2818 65.16+19.11 86.82+54.70 0.3914
RXNO, nmol/L 81.94+26.31 102.74£37.20 0.3406 54.00+19.06 43.81+10.47 0.2528
NO-heme, nmol/L 475.21+320.85 97.74+£24.20 0.0579* 125.04£37.83 38.82+20.11 0.0005%
Total NO species, pmol/L 95.09+26.43 79.31+£14.91 0.2871 66.02+19.14 87.66+54.33 0.3890
Lung
Nitrite, pmol/L 0.88+0.51§ 0.71+0.11 0.5100 0.71+0.24 0.50+0.13§ 0.0801
Nitrate, pmol/L 35.6216.74§ 19.49+5.52 0.0035% 44.01+£13.20 40.10+22.66 0.7202
RXNO, nmol/L 94.01£19.948 79.43+20.31 0.3173 62.99+29.43 122.80+£106.3 0.2331
NO-heme, nmol/L 228.44+92.18§ 463.51+£121.30 0.0131* 282.16+166.87 104.77161.72 0.0316*
Total NO species, umol/L 34.25+5.57§ 20.74%+5.62 0.0096t 45.06+13.40 33.781£16.508 0.2450
Liver
Nitrite, pmol/L 0.63+0.34 0.83+0.15 0.2798 0.20%+0.06 0.16+0.048§ 0.2483
Nitrate, pmol/L 38.47+22.34 71.02+20.84 0.0445* 57.69+17.70 33.88+7.05§ 0.0116*
RXNO, nmol/L 1378.28+749.29 1038.64+283.33 0.3857 366.42+71.71 1836.38+1541.77 0.0666
NO-heme, nmol/L 1190.08+722.98 310.85+104.09 0.0523 1149.31+323.81 494.141573.76 0.0396*
Total NO species, umol/L 40.65+22.39 73.20+21.08 0.0456* 59.41+17.54 36.68+8.858 0.0159*
Aorta
Nitrite, pmol/L 138.12+£62.10 141.36+£39.21 0.9243 57.57+16.448§ 118.71+£42.34 0.0147*
Nitrate, pmol/L 10191.95+7764.94 5473.15+4015.51 0.2730 2931.00+1184.008 3408.00+£1888.00 0.6357
RXNO, nmol/L 2058.42+1653.39 1870.34£1002.49 0.8344 2103.00+980.108 3067.00+£1737.00 0.2712
Total NO species, ymol/L 10331.13+£7805.42 5616.38+4052.67 0.2758 3020.34+1181.83§ 2455.27£1651.94 0.5126
Plasma
Nitrite, pmol/L 0.81+0.18 0.44+0.10 0.0065t 1.52+0.42 0.78%0.07 0.0031%
Nitrate, pmol/L 41.35+15.75 20.65+4.25 0.0402* 57.6319.22 25.40%+10.93 0.0002+
RXNO, nmol/L 22.24+4.58 16.34+£11.15 0.3268 9.39+1.57I 39.65+22.64 0.0220*
Total NO species, pmol/L 36.66+11.28 21.11£4.30 0.0642 59.96+9.07I 26.22+10.91 0.0003%
RBCs
Nitrite, pmol/L 0.491+0.16 0.43%+0.16 0.6088 0.941+0.148§ 1.09+0.358 0.4063
Nitrate, pmol/L 35.23+14.27 17.64£3.14 0.0880 67.95+15.61 68.43+29.82 0.9727
RXNO, nmol/L 475.06+158.27 225.04+76.99 0.0201* 196.32+123.29 125.32+28.68 0.1846
NO-heme, nmol/L 62.9219.99§ 83.12+39.12 0.3209 74.761£24.84 45.06+13.31 0.0220*
Total NO species, pmol/L 32.02+21.79§ 18.38+3.33 0.2999 56.34+31.65§ 75.91128.538§ 0.3097

tions, the administration of a NOS inhibitor increased BP
further in RBC eNOS KO mice. Moreover, the administra-
tion of an arginase inhibitor to restore arginine availabil-
ity counteracted the effect of NOS inhibition and quickly
restored baseline conditions, showing that, in RBC

eNOS KO mice, both regulatory components are active
and can be modulated by pharmacological intervention.
Last, when eNOS was reintroduced into either ECs or
RBCs of conditional global eNOS KO mice, it success-
fully rescued the hypertensive phenotype in both cases.
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Table 5. NO Metabolites in Blood and Organs of EC eNOS Kl, RBC eNOS KI, and Corresponding Conditional Global eNOS
Knockout Mouse Littermate Controls

=
& CondKI EC eNOS KI WT RBC eNOS KI
E eNOS™in Cdh5- eNOSinv Cdh5-
— Metabolite Cre/ERT2"ee Cre/ERT2r>s P value eNOS™ " HbbCre"s | eNOS™/™ HbbCref>s | P value
E n 8 7 8 8
=
:'Q: Heart
Nitrite, pmol/L 2.27+0.14% 2.24+0.48 0.8745 0.64+0.23 0.67%0.188 0.7817
Nitrate, pmol/L ND ND 13.86+6.27 13.9816.08§ 0.9715
RXNO, nmol/L 34.86+£16.40 32.50+3.38 0.7043 15.54+4.38 20.65+6.23 0.0810
NO-heme, nmol/L 26.57+£12.00 32.67+8.46 0.2865 6.94+1.49 8.40+2.09 0.1303
Total NO species, pmol/L ND ND 14.5216.31 14.68+6.09§ 0.9628
Lung
Nitrite, pmol/L 2.42+0.52% 3.05+0.62 0.0626 0.70+0.26 0.70+0.658 0.9796
Nitrate, pmol/L ND ND 28.75+14.78 21.31£9.038 0.2674
RXNO, nmol/L 71.73+35.40 54.26+12.34 0.2237 3783.511£2023.74§ 3666.83+2476.96 0.9244
NO-heme, nmol/L 27.62+14.30 29.86+7.76 0.7090 425.901238.14+§ 443.89188.30§ 0.8792
Total NO species, ymol/L ND ND 39.21+16.114§ 25.28+9.53§ 0.1378
Liver
Nitrite, pmol/L 3.32+1.44 2.72+0.36% 0.2921 0.65+0.52 0.31+0.08 0.1050
Nitrate, pmol/L ND ND 17.56+9.23 14.68+5.38 0.4606
RXNO, nmol/L 617.11+336.562 496.28+193.14 0.4046 672.09+412.26 37799147688 0.0842
NO-heme, nmol/L 118.741£46.90% 79.44+3.428 0.0686 342.06+207.87 353.56+136.61 0.8981
Total NO species, pmol/L ND ND 19.23+9.47 14.52+4.208§ 0.2389
Aorta
g Nitrite, pmol/L 9.56+4.74 6.20+2.06 0.0995 2.90+1.05 2.28+1.218§ 0.3407
% Nitrate, pmol/L ND ND 126.67+104.88 100.97£97.258§ 0.6451
% RXNO, nmol/L 79.10+46.81 55.80+47.50 0.3579 141.72+106.74 191.45+106.22% 0.3834
§ NO-heme, nmol/L 11.491+3.978 21.28+5.55 0.0037t 129.71+£105.59 67.44148.22§ 0.1780
= Total NO species, ymol/L ND ND
-§ Plasma
%' Nitrite, pmol/L 0.45%0.23 0.284+0.13# 0.1218 0.32+0.12 0.2410.09% 0.1542
;ii Nitrate, pmol/L ND ND 55.72+48.50 43.47£21.12 0.5279
_g RXNO, nmol/L 15.67+15.77 12.89+£13.12 0.7160 34.46+11.62 29.16+7.14 0.2909
E‘ Total NO species, pmol/L ND ND 56.06+£48.53 44.71+22.62% 0.5668
S RBCs
-:é: Nitrite, pmol/L 0.15+0.04 0.21+0.10 0.2011 3.29+1.24% 2.94+1.51% 0.6435
_B RXNO, nmol/L 88.78+47.89 103.57+£72.60 0.6562 1.26+0.52 0.72+0.25 0.0253*
§ NO-heme, nmol/L 3.061+0.66 2.67+0.41 0.1904 23.89+8.898 41.54+12.94% 0.0150*
v Total NO species, pmol/L ND ND 4.66+1.43% 3.78+1.72§ 0.3425

ttest between the groups. EC indicates endothelial cell; eNOS, endothelial nitric oxide synthase; Kl, knock-in; ND, nondetermined; NO, nitric oxide; RBC, red blood

cell; RXNO, nitrosospecies (nitrosothiols+nitrosamines); and WT, wild type.

*<0.05.
1A<0.01.

#One value excluded as outlier according to the Tukey test, or not determined/available.
§Two values were not determined/available, or one was excluded as an outlier according to Tukey test.

These data strongly affirm the role of eNOS in both cell
types as being essential to BP regulation.

BP homeostasis is primarily regulated at the level of
distal conduit, proximal and distal resistance, and pre-
capillary sphincter arteries. Our findings underscore

unequivocally that an L-arginase-eNOS signaling cas-
cade is effectively expressed in ECs and RBCs and, by
comparing the phenotype of the 4 mice lines presented
here, it becomes clear that, depending on its localization,
this pathway exerts distinct and complementary physi-
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ological effects on NO metabolism and BP control. This
may be because of the specific (sub)compartmentaliza-
tion of eNOS within the vessel wall and its cellular com-
ponents,3~% the unique anatomy and function of the
vascular tree® and its relationship with the circulating
blood cells,'* and the different half-life and distribution
kinetics of the NO metabolites within the blood and the
tissues. 2162440742 The functional differences of the path-
way in RBCs or the vasculature may become prominent
under specific pathophysiological conditions such as
endothelial dysfunction or blood disorders.

It is well known that eNOS protein expression and activ-
ity in RBCs are both significantly lower than in the endo-
thelium.® However, according to a recent estimate of the
total number of cells in the human body, RBCs were the
largest contributor to the overall number.*® Thus, total RBC
numbers may compensate for lower eNOS activity per cell.
Therefore, the high density of RBCs and extensive surface
area might provide sufficient eNOS-derived NO signaling/
export of NO bioactivity to contribute to blood flow and BP
regulation where arterial vessel size decreases.

Moreover, it has been shown previously that endothe-
lial eNOS expression declines from proximal to distal sites
of the arterial and coronary circulation.*® Conversely, RBCs
carry eNOS uniformly along the vascular tree, and their
contact with the vessel wall becomes more intimate as
they travel from proximal to distal sites of the arterial cir-
culation. The smaller distance to the endothelial surface
may facilitate the effectiveness of the eNOS-dependent
export of NO bioactivity from RBCs. This may explain in part
the distinct size effects of induction and rescue of arterial
hypertension using our cell-specific eNOS KO/KI mice in
the absence and presence of NOS/Arg inhibitors (L-NAME
and NorNOHA) and, in particular, the apparent lack of effect
of L-NAME in EC eNOS KO mice (which was accompanied
by increased mortality in this group only). This points to the
existence of 2 fundamental and complementary eNOS-
dependent pathways controlling BP hemostasis.

Further regulatory components are the nature, distri-
bution, and kinetics of the several NO metabolites found
in plasma, RBCs, and vascular tissues.?*4%4* Under nor-
mal physiological conditions, the main enzymatic source
of NO in the body is thought to be the endothelial
eNOS24" with lesser contributions of the neuronal NOS
and the inducible NOS (in monocytes/macrophages). It
was suggested that eNOS-derived NO may exert endo-
crine effects that are thought to be mediated mainly
by nitrite and other semistable circulating metabolites;
these include nitrate, nitroso compounds, and possibly
nitro fatty acids,>*4%4* which can be formed in blood and
tissues by several reactions. Based on ex vivo experi-
ments, RBC eNOS is proposed to control the release of
NO metabolites from RBCs.%103445

The data presented here show that both EC eNOS
and RBC eNOS contribute to the levels of systemic
NO metabolites, albeit in different ways. In EC eNOS

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606

Red Blood Cell eNOS and Blood Pressure Control

KO mice, the overall amount of NO metabolites was
decreased mainly in plasma, lung, and heart, whereas in
the RBC eNOS KO mice clear changes are observed
only in the blood, which further supports the notion of
differential regulation of the circulating NO pool and NO
bioactivity affecting vascular tone as generated from
either EC or RBC eNOS. The levels of RXNO in plasma
or RBCs show some variability (which was not observed
in the other groups) and show no correlation with the
presence/absence of eNOS in these models.

When looking specifically at the levels of NO-heme in
RBCs, which has been proposed to be a good indicator
of EC eNOS-derived NO and systemic NO bioavailabil-
ity,*® we surprisingly found that RBC eNOS rather than
EC eNOS was the major contributor, as clearly demon-
strated by comparing the levels of NO-heme in the 4
mouse lines analyzed. This indeed suggests that eNOS
in the RBCs is functional and is 1 important source of
NO bound in RBCs.

Signaling by eNOS in both erythroid and endothelial
bone marrow cells has been proposed to control the dif-
ferentiation of erythroid cells and hematopoiesis.”” We
did not observe any changes in the hematologic phe-
notype in our mice: blood count, hematocrit, and blood
RBC deformability were not significantly different in
RBC eNOS KO mice or EC eNOS KO mice, limiting the
role of rheological changes in BP phenotype in those
mice. However, oxygen affinity was significantly higher
and oxygen-binding cooperativity was significantly lower
in the RBC eNOS KO mice; this difference progressed
when pH was lowered within the physiological range
(from 76 to 7.2), indicating a role of RBC eNOS in the
Bohr effect, which had earlier been proposed to occur by
S-nitrosation of Band 3/Anion exchanger 1.%8

The specificity of gene-targeting deletion or reactiva-
tion of eNOS in 1 specific cell type relies on the specificity
of the promoter regulating the Cre recombinase. Both the
cadherin-5 promoter and the promoter for the hemoglo-
bin B-chain were previously characterized as being highly
specific for the endothelial’” and erythroid'® compart-
ment, respectively. It is important to point out that some
chimerism was observed for the expression of Cre recom-
binase in megakaryocytes,'® the precursors of platelets.
Although the presence and role of eNOS in megakaryo-
cytes and platelets is still highly controversial and its role
in BP regulation unknown, it cannot be excluded a priori.
Nevertheless, the efficiency and specificity of EC or RBC
targeting were verified here by multiple independent
techniques ranging from detection of DNA recombination
to cell- and tissue-specific expression of eNOS and Cre
recombinase in isolated cells and tissues.

How then does RBC eNOS contribute to BP reg-
ulation? At the moment, this question can only be
speculated on. Numerous studies suggest that RBCs
are capable of exporting NO bioactivity under hypoxic
conditions,*484° although the identity of the species
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released responsible for carrying and exerting NO-like
bioactivity is yet to be determined.

The finding of decreased NO-heme levels in RBC
eNOS KO mice and increased NO-heme levels in RBC
eNOS Kl mice is very interesting. The main heme protein
in RBCs is hemoglobin (Hb) and nitrosyl-Hb (heme iron-
bound NO, Fe?*-NO) is the central precursor in 2 hypoth-
eses related to the export of NO bioactivity from RBCs;
the one involving nitrosation of Cys-$93 in Hb*® and the
other one involving deoxyhemoglobin-mediated reduc-
tion of nitrite to NO.*® The key point of the controversy
is how nitrosyl-Hb is formed and whether nitrosyl-Hb is
simply an inert biomarker for NO levels in the RBCs, or
rather it is a reservoir of NO, if it could be released.?

During NO inhalation, NO-heme forms in the pulmo-
nary vasculature and is rapidly metabolized from artery
to vein, suggesting its ability to undergo an oxidative
denitrosylation along the vascular tree (ie, its conversion
into Fe?*-NO to Fe® and release of NO). The proposed
mechanism consists of concerted reactions of oxyHb
and nitrite generating oxidative intermediates (H,O, and
NOQ) that convert Fe?*-NO to Fe®*+NO and N,O, that
can escape Hb autocapture®? As RBCs deoxygenate,
nitrosyl-Hb and nitrite participate in reactions that gen-
erate NO, NO,, and N,O,. A further mechanism for bio-
activity related to nitrosyl-Hb is the recently proposed
release of the entire NO-heme complex to function as
a signaling entity,®® but its functional significance is still
under investigation.

Nevertheless, here, we presented genetic evidence
linking the presence of eNOS in RBCs with the levels of
NO bound to RBCs. If one considers that eNOS-derived
NO formation from L-arginine requires O, and the forma-
tion of nitrosyl-Hb may result from RBC eNOS activity,
these data indicate that in RBCs an interesting interplay
of eNOS-dependent NO formation, formation of nitrosyl-
Hb, and export of NO bioactivity related to Po, may occur.

Another possibility is that the RBC is a net exporter of
nitrite, which has been shown to act as a vasodilator and
regulator of vascular tone independently of EC eNOS*®
through mechanisms including myoglobin- or xanthine
oxidase—mediated nitrite reduction in the vessel wall.*+54
Nitrite and iron-nitrosyl-Hb likely relate inversely to BP
changes, as suggested by independent groups™®#5%6 and
confirmed with recent translational human studies.>*%®

The data presented here show that the lack of eNOS
in the RBCs and concomitant decrease in NO levels in
RBCs (in form of NO-heme) and plasma correspond to
an increase in BP, without affecting the activity or func-
tion of eNOS in the endothelium. They could indicate a
paracrine role of nitrite/NO metabolites in the regula-
tion of BP* and demonstrate a central role of eNOS-
dependent signaling in RBCs. Further confirmation of
this hypothesis is the observation that conditional global
eNOS KO mice show a ~50% decrease of circulating
nitrite compared with the WT mice. However, eNOS

886  September 14, 2021

Red Blood Cell eNOS and Blood Pressure Control

reactivation in either compartment did not restore cir-
culating nitrite levels in these models, although BP was
comparable to that in WT mice. These findings suggest
that in a global eNOS KO the mechanism governing the
regulation of plasma nitrite is only in part dependent on
vascular/RBC eNOS—derived NO production.

A common uncertainty when trying to explain RBC
export of NO bioactivity relates to where the NO is origi-
nating from. Most authors would suggest that the endo-
thelium is the major source and that NO is first picked
up by the RBCs.'*® Despite being present at very low
levels, the data presented here actually show that RBC
eNOS plays a role both in regulating circulating levels of
nitrite/nitrate and NO-heme levels in the RBCs, and BP
homeostasis, as well. It is most important that we could
demonstrate that NO bioactivity exported from RBCs is
effective in the regulation of vascular function at the level
of resistance arteries, although it does not affect conduit
arteries, because RBC eNOS KO mice have increased
MAP but preserved function of conduit arteries.

These distinct effects of eNOS on arterial macro- and
microcirculation are in line with the concept that multiple
layers of compartmentalization are in place to regulate
eNOS-derived NO bioactivity, as presented by indepen-
dent authors.*®%° |n the bloodstream, RBCs are located
closer to the endothelium downstream in the circulation,
whereas, in the large elastic conduit arteries, RBCs are
aligned mainly in the central bloodstream far away from the
endothelial lining, thus limiting NO scavenging upstream
and allowing the release of NO bioactivity downstream.'*'®

In the vessel wall, eNOS is found both at the lumi-
nal side of ECs (apical EC) and the basal side of ECs.
Endothelial NO is released abluminally from ECs toward
the vascular smooth muscle, and, to a lesser extent, as a
spillover into the blood at its luminal site. In addition, spe-
cifically in resistance arteries, NO goes through myoen-
dothelial junctions, and its transfer from ECs to smooth
muscle cells depends on the redox state of hemoglobin
alpha.®™¥® Accordingly, the contribution of ECs or RBCs
to the circulating NO pool and regulation of vascular tone
may differ substantially along the arterial circulation, and
RBC-mediated release of NO bioactivity and its vasodi-
latory potential may critically depend on the diameter of
the respective arterial segment.

A further aspect that contributes to the complexity of
the interplay between ECs and RBCs is the nature and
stability of NO metabolites carrying NO bioactivity, their
kinetics, and their longitudinal and transversal gradients
within arterial segments that may affect their vasodilatory
bioactivity. The complexity of these 3 components con-
trolling arterial NO bioactivity (the blood, the vessels, and
the NO metabolites) underscores the need for biochemi-
cal and functional assessment in vivo of cell-specific
eNOS activity from either ECs or RBCs, which, according
to our data, may represent the 2 major cell types involved
in the regulation of tissue perfusion.

Circulation. 2021;144:870-889. DOI: 10.1161/CIRCULATIONAHA.120.049606
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In summary, we created a series of novel mouse
models for tissue-specific gene targeting of eNOS. The
comparison of mice lacking eNOS specifically in the
endothelium or erythroid cells demonstrates that eNOS
plays independent roles in these 2 cellular compart-
ments. We present here, for the first time, compelling
evidence demonstrating that RBC eNOS directly contrib-
utes to systemic NO bioavailability and BP homeostasis,
independently of vascular endothelial eNOS. The data
provided herein, and the availability of the mice models,
will allow for a better understanding of the specific role
that RBC eNOS plays in normal physiology and in dis-
ease conditions, as well. These include coronary artery
disease and chronic kidney disease, where RBC eNOS is
decreased,2%9% hematologic diseases and hemoglobin-
opathies, which are characterized by a systemic decrease
in NO bioavailability and defects in eNOS signaling, like
in sickle cell disease.®’ Moreover, our data and models
may also help understanding how RBC eNOS signaling
affects RBC function, NO scavenging, NO/sulfide cross-
talk, and oxygen transport® and may enable us to refine
the criteria for blood banking and transfusion.®®
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