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Abstract. Mahdi A, Wodaje T, Kévamees O, Tengbom
J,Zhao A, Jiao T, et al. The red blood cell as a medi-
ator of endothelial dysfunction in patients with
familial hypercholesterolemia and dyslipidemia. J
Intern Med. 2023;293:228-245.

Background. Patients with familial hypercholes-
terolemia (FH) display high levels of low-density
lipoprotein cholesterol (LDL-c), endothelial dys-
function, and increased risk of premature athero-
sclerosis. We have previously shown that red blood
cells (RBCs) from patients with type 2 diabetes
induce endothelial dysfunction through increased
arginase 1 and reactive oxygen species (ROS).

Objective. To test the hypothesis that RBCs from
patients with FH (FH-RBCs) and elevated LDL-c
induce endothelial dysfunction.

Methods and results. FH-RBCs and LDL-c >5.0 mM
induced endothelial dysfunction following 18-h
incubation with isolated aortic rings from healthy
rats compared to FH-RBCs and LDL-c <2.5 mM or
RBCs from healthy subjects (H-RBCs). Inhibition
of vascular but not RBC arginase attenuated the

degree of endothelial dysfunction induced by FH-
RBCs and LDL-c >5.0 mM. Furthermore, arginase
1 but not arginase 2 was elevated in the vascu-
lature of aortic segments after incubation with
FH-RBCs and LDL-c >5.0 mM. A superoxide scav-
enger, present throughout the 18-h incubation,
attenuated the degree of endothelial dysfunction
induced by FH-RBCs and LDL-c¢c >5.0 mM. ROS
production was elevated in these RBCs in com-
parison with H-RBCs. Scavenging of vascular ROS
through various antioxidants also attenuated the
degree of endothelial dysfunction induced by FH-
RBCs and LDL-c >5.0 mM. This was corroborated
by an increase in the lipid peroxidation product 4-
hydroxynonenal. Lipidomic analysis of RBC lysates
did not reveal any significant changes across the
groups.

Conclusion. FH-RBCs induce endothelial dysfunc-
tion dependent on LDL-c levels via arginase 1 and
ROS-dependent mechanisms.

Keywords: arginase, endothelial dysfunction, famil-
ial hypercholesterolemia, low-density lipoprotein,
reactive oxygen species, red blood cell

Introduction

Atherosclerotic cardiovascular disease (CVD) and
its clinical manifestations—myocardial infarction,

Jonas Brinck and John Pernow are shared senior authors.

peripheral artery disease, and stroke—are widely
recognized as multifactorial with contributions
from both lifestyle and genetic factors. Among sev-
eral risk factors, elevated cholesterol levels have
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been established as a key risk factor for prema-
ture myocardial infarction [1]. Patients with famil-
ial hypercholesterolemia (FH) have a genetic pre-
disposition for CVD due to mutations mainly in
the low-density lipoprotein (LDL) receptor with
premature atherosclerosis if left untreated [2, 3].
The mechanisms underlying the development of
atherosclerotic lesions remain incompletely under-
stood. An early event is the development of dys-
function of the endothelial layer with subsequent
retention and oxidation of LDL-cholesterol (LDL-
c), which attracts inflammatory cells to the lesion.
In patients with FH, this process is accelerated
and aggravated due to an excess of LDL particles
[4]. However, the mechanisms initiating endothe-
lial dysfunction in hypercholesterolemia have not
been fully identified.

The red blood cell (RBC) has emerged as an
important mediator of aggravated cardiovascular
injury owing to its ability to modulate vascular
homeostasis through an imbalance between oxida-
tive metabolites and its antioxidative properties
[5, 6]. The structure and function of RBCs are
affected by circulating levels of plasma LDL-c.
It has been shown that cholesterol is accumu-
lated in the RBC plasma membrane, causing a
decrease in deformability and increased stiffness
[7]. Also, RBC-derived cholesterol contributes to
the progression of the atherosclerotic plaque, sup-
ported by the observation that total cholesterol is
higher in membranes of RBCs from patients with
vulnerable plaques than in patients with stable
plaques [8].

We have recently shown that an altered prop-
erty of RBCs in patients with type 2 diabetes and
COVID-19 induces endothelial dysfunction [9-11].
This effect induced by RBCs involves upregulation
of the enzyme arginase 1, which competes with
the endothelial nitric oxide synthase (eNOS) for
their common substrate L-arginine. In situations of
increased arginase activity, the limited availability
of L-arginine for eNOS results not only in decreased
nitric oxide production but also in uncoupling of
eNOS with an increase in the formation of reac-
tive oxygen species (ROS), most notably superox-
ide [12]. Consequently, we were able to observe an
increase in ROS formation in RBCs from type 2 dia-
betes and COVID-19 patients, which contributes to
endothelial injury [9, 10]. These novel results indi-
cate that the RBC is an important mediator of vas-
cular injury in the presence of cardiovascular risk
factors.

Based on the above, we tested the hypothesis that
RBCs from patients with FH (FH-RBCs) exert a
negative effect on endothelial function and that
such an effect is mediated through changes in the
redox balance. As the levels of circulating choles-
terol affect the lipid content in RBCs, we further
explored the influence of LDL-c levels on RBC-
induced endothelial dysfunction. We observed that
FH-RBCs and high levels of LDL-c (LDL >5.0 mM)
but not low LDL-c levels (LDL <2.5 mM) impaired
endothelial function.

Material and methods
Study subjects

Thirty-six patients with FH were recruited from the
outpatient clinic of the Department of Diabetology
and Endocrinology of Karolinska University Hospi-
tal between 2016 and 2021. The diagnosis of FH
was based on a Dutch Lipid Clinic Network Score
of more than 6. To assess the influence of LDL-c,
two groups of FH patients were included: one group
with LDL-c >5.0 mM (n = 29) and one group with
LDL-c <2.5 mM (n = 10). Exclusion criteria were
coronary artery diseases, previous stroke, periph-
eral artery disease, diabetes mellitus (type 1 or 2),
excessive alcohol consumption, or age <18 years.
A total of 24 healthy subjects without a history
of CVD were recruited among subjects who pre-
viously had participated in studies at the Depart-
ment of Cardiology, Karolinska University Hospi-
tal, Solna, Sweden. Routine blood clinical chem-
istry values and hemodynamic parameters were
recorded on the day of participation or extracted
from patient charts. Participants were informed
about the purpose and possible risks of the study,
and all gave their oral and written consent. The
investigation was approved by the Swedish Ethi-
cal Review Authority and conducted according to
the Declaration of Helsinki.

Animals

Male wild-type Sprague-Dawley or Wistar rats at
the age of 9-16 weeks (Charles River, Sulzfeld,
Germany) were anesthetized with pentobarbital (50
mg/kg i.p.) followed by thoracotomy and isola-
tion of the aortas. Aortas were cleaned from adi-
pose and connective tissue, and segments were
cut into 2 mm segments and incubated with RBCs
for the determination of endothelial function as
described below [9]. Animal care and all protocols
were approved by the regional ethical committee
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(17708-2019) and conformed to the Guide for Care
and Use of Laboratory Animals published by the
US National Institutes of Health (NIH publication
no. 85-23, revised 1996).

RBC incubations and vessel reactivity experiments

Venous blood samples were collected in hep-
arinized tubes from patients with FH and healthy
controls following an overnight fasting period.
Isolation of RBCs was performed immediately, as
previously described [9]. In brief, tubes were cen-
trifuged at 1000 g and 4°C for 10 min and subse-
quently washed three times with Krebs—Henseleit
(KH) buffer, resulting in the successful removal of
>98% of platelets and >99% of leukocytes [13].
Isolated RBCs were diluted to a hematocrit of
~45% with KH buffer and incubated for 18 h with
aortic segments in the absence and presence of the
arginase inhibitor 2(S)-amino-6-boronohexanoic
acid (ABH, 10 mM) or the superoxide dismutase
mimetic 4-hydroxy-2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPOL, 10 mM) to assess the influence
of arginase and superoxide. Segments were then
thoroughly washed and mounted on a wire myo-
graph (Danish Myo Technology A/S, Hinnerup,
Denmark). Endothelium-dependent relaxation
(EDR) was assessed through the application
of acetylcholine (107°-10"° M) to vascular seg-
ments preconstricted with phenylephrine (1-10
uM) alone or in combination with 9,11-dideoxy-
11a,9a-epoxymethanoprostaglandin F2« (U46619,
10-30 nM) in order to achieve a stable precon-
striction. Endothelium-independent relaxation
(EIDR) was assessed by the application of sodium
nitroprusside (107°-10=° M). To further char-
acterize the influence of FH-RBCs and LDL-c
>5.0 mM on the vasculature, separate exper-
iments were conducted with incubation of the
aortic segment with ABH (100 uM), TEMPOL
(100 uM), the hydrogen peroxide catalyst cata-
lase (200 U/ml), the NADPH oxidase (NOX)1/2
inhibitor apocynin (100 uM), the NOX1 inhibitor
2-acetylphenothiazine (ML-171, 1 uM), and the
NOX?2 inhibitor N-(1-isopropyl-3-(1-methylindolin-
6-yl)-1H-pyrrolo[2,3-b]pyridin-4-yl)- 1-methyl-1H-

pyrazole-3-sulfonamide (GSK2795039, 10 uM)
for 1 h following the co-incubation of RBCs and
aortic segments and removal of RBCs but prior
to evaluation of EDR and EIDR. We have pre-
viously shown that there is no carry-over effect
by the arginase inhibitor or ROS scavengers in
these experimental protocols and that there is

no effect of arginase inhibition, ROS scaveng-
ing, or NOX inhibition on EDR following 18-h
incubation with RBCs from healthy subjects
(H-RBCs) [9].

Arginase activity assay

RBCs were lysed with radioimmunoprecipitation
assay (RIPA) lysis buffer (Amresco, Solon, OH)
containing protease inhibitors (Roche, Mannheim,
Germany). Arginase activity was determined by
a colorimetric assay as previously described [9].
Briefly, arginase was activated by the addition
of MnCl, and incubated for 10 min at 56°C.
Excessive amounts of L-arginine (0.5 M) were
added and incubated at 37°C (30 min) to cat-
alyze the reaction. The reaction was then stopped
by a solution containing H,SO4:H3PO4:H,0. «-
Isonitrosopropiophenone, which reacts with urea
and thereby generates a colored product, was
added. The color intensity was quantified by
a spectrophotometer (Wallac 1420 VICTOR2™,
PerkinElmer, Waltham, MA) at a wavelength of 540
nm. Arginase activity was calculated as urea pro-
duction (mmol/mg protein/min) and expressed as
percentage of control.

Immunoblotting

Immunoblotting was performed as previously
described [9]. Briefly, protein extracts from vessel
rings incubated with RBCs were lysed with RIPA
buffer and homogenized. Total protein content was
quantified by a bicinchoninic protein assay kit
(Pierce Technology, Life Technologies, Carlsbad,
CA). Equal amounts of protein were separated
on 10% SDS gel and transferred onto 0.45 um
nitrocellulose-blotting membranes (Amersham, GE
Healthcare, Chicago, IL). Following blocking with
5% milk for 1 h at room temperature, membranes
were incubated overnight at 4°C with primary anti-
bodies for arginase 1 (1:1000 dilution, catalog
No. HPAOO3595; Atlas Prestige Antibody, Sigma-
Aldrich, St. Louis, MO) and GAPDH (1:2500 dilu-
tion, catalog No. G9545; Atlas Prestige Antibody,
Sigma-Aldrich) followed by incubation of a sec-
ondary antibody (IRDye® 800CW goat anti-rabbit,
1:20000 dilution, catalog No. 926-32211; LI-COR
Biosciences, Lincoln, NE) for 1 h at room temper-
ature. Band densities were analyzed with Image
Studio Lite Version 3.1 (LI-COR Biosciences), nor-
malized to GAPDH, and presented as the ratio of
arginase 1/GAPDH.
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Immunohistochemistry

Following incubation with RBCs for 18 h, rat aor-
tic rings were fixed for 24 h in 4% formalde-
hyde at room temperature, dehydrated in graded
ethanol (70%, 95%, and 99%), embedded in paraf-
fin, sectionedusing a microtome,and mounted
on coated glass slides (Superfrost® plus; Thermo
Fisher Scientific, Waltham, MA) as previously
described [10]. At least six slides, containing ~4
tissue cross-sections (5-um thick) from each ani-
mal were examined. Sections were deparaffinized
in xylene and rehydrated in graded ethanol. For
antigen retrieval, slides were subjected to high-
pressure boiling in citrate buffer (pH 6.0). After
peroxidase inactivation (0.3%) and blockade with
goat serum (Abcam, Cambridge, UK), aorta cross-
sections were incubated overnight (4°C) with the
following primary antibodies: a rabbit polyclonal
antihuman arginase 1 (1:100 dilution, catalog
No. HPAO03595; Atlas Prestige Antibody, Sigma-
Aldrich), a rabbit polyclonal antihuman arginase
2 (1:50 dilution, catalog No. HPAOOO663; Atlas
Prestige Antibody, Sigma-Aldrich), or a mouse
monoclonal anti-4-hydroxynonenal (4-HNE, 1:100
dilution, IgGop, catalog No. MAB3249; R&D Sys-
tems, Inc., Minneapolis, MN). Specific labeling
was detected using a labeled horseradish perox-
idase (HRP) polymer conjugate as a secondary
antibody as part of the EnVision*Dual Link
System-HRP (Dako, Agilent Technologies, Santa
Clara, CA). To confirm the specificity of anti-
bodies, isotype controls were used as nega-
tive controls (rabbit IgG or mouse IgGyg, both from
Abcam). Samples were developed using a solution
containing 3, 3’-diaminobenzidine (Dako), then
counterstained with Mayer’s Modified Hematoxylin
(Abcam) and mounted in a mounting medium
(Abcam). Fields from each aortic section were cap-
tured (Leica DM3000 Digital microscope; Leica
Biosystems, Wetzlar, Germany), digitized, and
analyzed (ImageJsoftware 1.52v, Bethesda, MA).
Adventitial layers were not included for quantifi-
cation.

Electron spin resonance

ROS formation in RBCs was determined using elec-
tron spin resonance (ESR) as previously described
[9, 14]. Briefly, washed RBCs were diluted to
a hematocrit of 1% with Krebs/HEPES buffer.
The RBCs were incubated with 1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine

(200 uM) in the presence of 25 uM deferoxamine
and 5 uM diethyldithiocarbamate (Noxygen Sci-

ence Transfer & Diagnostics GmbH, Elzach, Ger-
many) for 30 min at 37°C and 21% O, with /without
ABH (1 mM) or N’-nitro-L-arginine methyl ester
(L-NAME, 100 puM). The cell suspensions were
then frozen in liquid nitrogen and stored at —80°C
until analyses. ROS formation was detected by
ESR using the following settings: center field 1.99
g, microwave power 1 mW, modulation amplitude
9 G, sweep time 10 s, number of scans 10, and
field sweep 60 G. The amount of CM+ was deter-
mined from the calibration using 3-carboxy-proxyl
(CP-, Noxygen Science Transfer & Diagnostics
GmbH).

Lipidomic analyses in RBCs lysates

Quantitative lipidomics of RBC lysates from three
groups was performed using ultrapressure liquid
chromatography (UPLC) coupled to a quadrupole
ion trap (QTRAP) mass spectrometer [15] in collab-
oration with the Institute for Molecular Medicine
Finland. Lipids were extracted from cell lysates
with the liquid-liquid extraction method using
ethylacetate and methanol (MeOH). First, 1 ml of
liquid chromatography-mass spectrometry (LC-
MS) grade water was added to the cell samples into
the tubes, followed by three cycles for sonication
and vortexing. Subsequently, the mixture was
transferred into glass tubes with 50 ul of labeled
internal standard mixture (SCIEX), 3.5 ml ethylac-
etate, 1 ml of MeOH, and 1 ml of water, followed
by rotation at 30 rpm for 15 min. Samples were
centrifuged for 10 min at 3000 rpm at 4°C, and the
3 ml of upper layer was collected in Borosilicate
Glass Tubes and dried under N, gas. Finally, the
dried samples were reconstituted with 250 ul of
mobile phase (dichloromethane:methanol [50:50]
containing 10 mM ammonium acetate). Fifty
microliters of samples were directly injected with a
mobile phase at a flow rate of 70 pl/min and lipid
separation and quantitation was performed with
Lipidyzer™ platform using a SCIEX 5500 QTRAP®
mass spectrometer (SCIEX, Washington, DC, USA)
with SelexION® Differential ion mobility technology
with two acquisition methods, with and without
SelexION® technology, and multiple reaction mon-
itoring (MRM) strategy with positive and negative
polarities. Lipidomics Workfow Manager software
was used for acquisition of samples, automated
data processing, signal detection, and lipid species
concentration (mM) calculations. Lipid species
and subspecies were annotated according to their
molecular composition. Data were then normalized
as nmol/500 million cells and log transformed.
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Data were then processed in the R programming
language (version 4.2.0). Missing values were then
imputed using the k-Nearest Neighbor imputation
method. The resulting data were subsequently
analyzed and visualized using the LipidR pipeline,
with p <0.05 as the level for statistical significance
[16]. The untargeted lipidomics data were mapped
to 383 lipids (cholesteryl ester, ceramide, diacyl-
glycerol, dihydroceramide [DCER], free fatty acids,
hexosylceramide, actosylceramide, lysophos-
phatidylcholine, lysophosphatidylethanolamine
[LPE], phosphatidylcholine [PC], phos-
phatidylethanolamine [PE], sphingomyelin [SM],
and triacylglyceride) from 38 patients. Data from
244 different lipids were left after application
of a 66% occupational threshold, as described
previously [17], meaning that we only considered
lipids that occurred in at least 66% of the total
samples.

Quantification of oxysterols

Oxysterols from RBC lysates were extracted using
methanol and methyl-tert-butyl ether (MTBE). In
brief, 10 ul of RBC lysate was added to 290 ul
of water containing 120 mM ammonium acetate
and 2 mM of EDTA. After a gentle mix, 300 ul of
methanol (containing deuterated internal stan-
dards) was added and the samples were vortexed
for 5 min at 1400 rpm. Then 1000 ul of MTBE was
added and after vortexing for 5 min at 1400 rpm,
the samples were spun at 500 g for phase separa-
tion. The top layer was evaporated, and oxysterols
were derivatized to picolinyl esters as previously
described [18]. The analysis was performed using
UPLC coupled to a SCIEX QTRAP 5500 operated in
positive MRM mode. Separation of the derivatized
oxysterols was made using a Kinetex C18 column
(Phenomenex, 2.1 x 100 mm, 1.7 um particles)
kept at 60°C with mobile phases consisting of water
and acetonitrile, both containing 0.1% formic acid.
Quantification was made against an external stan-
dard curve. All reference substances were attained
from Avanti Polar Lipids (Alabaster, AL).

Statistical analyses

Concentration-response curves were analyzed with
stacked two-way analysis of variance (ANOVA) with
Tukey’s post-hoc test if more than two groups were
compared, and significance was calculated for all
the concentration-response curves. To assess the
influence of a drug, two-way ANOVA matching for
both concentration and relaxation was performed,
as these data are paired. Comparisons between

two groups were performed with Student’s t-test
or Mann-Whitney test, depending on normality.
Differences between more than two groups were
performed with one-way ANOVA with Dunnett’s,
Dunn’s, or Tukey’s post-hoc test. Normality was
checked with D’Agostino Person test. Data are pre-
sented as means + standard error of the mean or
boxplots and min.—max. for experimental data and
means + standard deviation or median and Q1-
Q3 (depending on distribution) for clinical char-
acteristics. Lipidomic analyses were performed as
described separately above. Two-sided p <0.05
was considered statistically significant. All analy-
ses were performed with GraphPad Prism v.7.02
(GraphPad Software, Inc., La Jolla, CA) apart from
the lipidomic analyses, which was performed in the
R programming language, as described above and
previously [16].

Results
Study subjects

Characteristics of the study subjects are presented
in Table 1. The group of FH patients with LDL-c
>5.0 mM was slightly younger, and the propor-
tion of females was higher compared to the healthy
group. The subjects had similar body mass index,
hemodynamic parameters, glycemic indices, and
erythrocyte indices. Triglyceride and high-density
lipoprotein levels were similar across the three
groups. By design, the levels of total cholesterol
and LDL-c were markedly higher in the FH group
with LDL-c >5.0 mM than among the healthy sub-
jects and FH patients with LDL-c <2.5 mM, con-
firming the adherence to our inclusion criteria and
allocation. Almost half of the subjects in the FH
group with LDL-c >5.0 mM and all subjects in the
LDL-c <2.5 mM group were on lipid-lowering treat-
ment.

FH-RBCs and dyslipidemia induce endothelial
dysfunction

First, we tested the hypothesis that FH-RBCs
impair endothelial function depending on LDL-
c levels. FH-RBCs and high LDL-c (>5.0 mM)
impaired EDR in aortic segments compared to
H-RBCs (Fig. 1a). By contrast, FH-RBCs with low
LDL-c (<2.5 mM) did not affect EDR (Fig. la).
No differences were observed in EIDR between
vessel segments exposed to FH-RBCs with high
LDL-c compared to H-RBCs (Fig. 1b), suggesting
a selective and LDL-c-dependent impairment in
endothelial function by FH-RBCs. Based on this,
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Table 1. Demographics and laboratory parameters of the study subjects

FH LDL >5.0 FH LDL <2.5
Healthy, mM, mM,
n=24 n=29 n=10 Statistical test

Age (years) 56 + 15 45+ 17* 57+ 6 One-way ANOVA?
Sex, male, n (%) 19 (79) 12 (41) 6 (60) Chi-square test*
Smokers, n 0 3 0 Chi-square test
BMI, kg/m? 25 + 3 26 + 4 28 +3 One-way ANOVA®?
SBP, mmHg 133 £ 13 124 £ 19 132 £ 11 One-way ANOVA?
DBP, mmHg 84 £ 7 80 £ 11 827 One-way ANOVA*
Fasting plasma glucose, mM 5.7 (5.4-5.8) 5.4 (5.1-5.6) 5.5 (5.4-6.0) Kruskal-Wallis testP
HbAlc, mmol/mol 8D 2= 8 SSESES 8728 One-way ANOVA?#
Hemoglobin, g/L 146 (136-154) 140 (132-147) 143 (136-150) Kruskal-Wallis testP
RBC count, 1012/L 4.8 (4.5-5.0) 4.8 (4.4-5.0) 4.7 (4.4-5.1) Kruskal-Wallis testP
EVF 0.43 (0.41-0.44) 0.42 (0.39-0.43) 0.43 (0.41-0.44) Kruskal-Wallis testP
MCV, fL 89 + 4 89 + 4 90 +£ 5 One-way ANOVA?2
MCH, pg 30+ 2 30+ 1 30+ 1 One-way ANOVA?
Creatinine, ug/L 79 (70-84) 77 (67-87) 72 (68-86) Kruskal-Wallis testP
Triglycerides, mmol/L 0.9 (0.7-1.6) 1.2 (0.9-1.6) 1.4 (0.9-2.0) Kruskal-Wallis test?
Cholesterol, mmol/L 5.2 (4.5-6.0) 8.6 (7.8-10.2)** 3.5 (2.9-4.4)*x**x Kruskal-Wallis testP
HDL, mmol/L 1.6 £ 0.4 1.5+0.5 1.6 £ 0.5 One-way ANOVA?2
LDL, mmol/L 3.0 (2.5-3.7) 6.5 (5.8-8.1)** 1.4 (1.0-2.1)%x*** Kruskal-Wallis test?
Apolipoprotein Al, g/L - 1.5 (1.3-1.7) 1.5 (1.3-1.7) Student’s t-test
Apolipoprotein B, g/L - 1.8 (1.5-2.1) 0.7 (0.4-1.3)**** Mann-Whitney test
Medication, n (%)
Statin - 13 (45) 8 (80) Fisher’s exact test
Ezetemib - 9 (31) 7 (70) Fisher’s exact test
PCSK9i - 3 (10) 2 (20) Fisher’s exact test
ACEi/ARB - 2 (7) 4 (40)*** Fisher’s exact test
B blocker - 4 (14) 0 (0) Fisher’s exact test
Combination of LL drugs

0 - 13 (45) 0 (0)*** Fisher’s exact test

1 - 8 (28) 4 (40) Fisher’s exact test

2 - 8 (28) 6 (60) Fisher’s exact test

3 - 0 (0) 0 (0) Fisher’s exact test

Note: Values are mean + standard deviation, or count, n (%).
Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index;
DBP, diastolic blood pressure; EVF, erythrocyte volume fraction; FH, familial hypercholesterolemia; HbAlc, hemoglobin A
1c; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LL, lipid lowering; MCH, mean corpuscular hemoglobin;
MCYV, mean corpuscular volume; PCSK9i, proprotein convertase subtilisin/kexin type 9 inhibitor; RBC, red blood cell;

SBP, systolic blood pressure.

aWith Holm-Sidak’s multiple comparison.
PWith Dunn’s multiple comparison.

*p < 0.05 versus healthy or across groups.
**p < 0.001 versus healthy.

***p < 0.05 versus FH LDL >5.0 mM.
****p < 0.01 versus FH LDL >5.0 mM.
*xkxp < 0.001 versus FH LDL >5.0 mM.
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Fig. 1 (a) Endothelium-dependent relaxation (EDR) in aortic rings evoked with acetylcholine (ACh) following 18-h incubation
with red blood cells from healthy subjects (H-RBCs, n = 6) and patients with familial hypercholesteremia and low-density
lipoprotein cholesterol levels > 5.0 mM (FH-RBCs LDL > 5.0, n= 22) and <2.5 mM (FH-RBCs LDL<2.5, n= 7). (b) Endothelium-
independent relaxation in aortic rings evoked with sodium nitroprusside (SNP) following incubation with H-RBCs (n= 4) and
FH-RBCs LDL> 5.0 (n = 4). (c) EDR following 18-h incubation with FH-RBCs LDL> 5.0 from patients without (no medication,
n = 11) and with lipid-lowering treatment (with medication, n = 11) or (d) subdivided into males (n = 9) and females (n =
13). *p <0.001 versus H-RBCs; **p <0.01 versus FH-RBCs LDL <2.5, with two-way analysis of variance with (a) or without
(b—d) Tukey’s post-hoc test. Data are presented as the mean and standard error of means.

the remaining mechanistic experiments were per-
formed with RBCs from FH patients with LDL-c
>5.0 mM. In order to assess the influence of
medication, subjects on versus off treatment at
inclusion were compared (Fig. 1c). The magnitude
of impairment in endothelial function induced
by FH-RBCs and LDL-c >5.0 mM did not differ
between those treated with lipid-lowering medi-
cation and those free of medication at inclusion
(Fig. 1c). The mean LDL-c levels in these groups
were comparable (6.8 mM in the group without
medication and 7.2 mM in the group with medica-
tion). Subgroup analysis in the group with FH and
LDL-c >5.0 mM with regard to sex did not display
any significant difference in RBC-induced endothe-
lial dysfunction between males and females
(Fig. 1d).

RBCs induce endothelial dysfunction by increasing
vascular arginase

To assess the possible influence of RBC arginase
activity as a mechanism behind the induction
of endothelial dysfunction, the arginase inhibitor
ABH was added to the 18 h co-incubation. This
did not affect endothelial dysfunction induced by
FH-RBCs (Fig. 2a). By contrast, selective inhibi-
tion of vascular arginase attenuated the detrimen-
tal effect of FH-RBCs and high LDL-c on endothelial
function (Fig. 2b). In line with this, no difference
was observed in arginase activity between RBCs
from FH patients and healthy subjects (Fig. 2c),
whereas a marked increase in arginase 1 expres-
sion was observed in vascular segments incubated
with FH-RBCs (Fig. 2d). Using immunohistochem-
istry, it was revealed that FH-RBCs but not H-RBCs

234  © 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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increased arginase 1 (Figs 2e,f) but not arginase 2
(Figs 2g,h) expression in endothelial cells and vas-
cular smooth muscle cells. These observations sug-
gest that vascular but not RBC arginase mediates
the impairment in endothelial function induced by
FH-RBCs.

ROS formation is increased in FH-RBCs

Next, we assessed the influence of superoxide
by the application of the superoxide dismutase
mimetic TEMPOL in the co-incubation of RBCs
and aortic segments. TEMPOL attenuated endothe-
lial dysfunction induced by FH-RBCs (Fig. 3a).
This effect was in accordance with an increase in
ROS production in FH-RBCs in comparison with
H-RBCs (Fig. 3b). However, ROS production was
not affected by ABH or the NOS inhibitor L-NAME
(Fig. 3b), which is in line with the observation that
arginase activity did not differ between the groups
(Fig. 2c). This suggests that sources other than
eNOS arginase contribute to the altered redox bal-
ance in FH-RBCs. Furthermore, the application
of TEMPOL in the vasculature following incuba-
tion with FH-RBCs completely rescued endothelial
function (Fig. 3c). This was corroborated by the
increased levels of the lipid peroxidation product
4-HNE in the vasculature as a marker of oxidative
stress (Figs 3d,e).

Influence of antioxidants on RBC-induced endothelial
dysfunction

To further elucidate the pro-oxidative effects of
RBCs on the vascular wall, various antioxidants
and scavengers were incubated in the organ cham-
ber following the 18 h co-incubation of FH-RBCs
and aortic segments with subsequent evaluation
of EDR. These experiments revealed a significant
improvement in the presence of the hydrogen
peroxide catalyst catalase (Fig. 4a). Furthermore,
we investigated whether NOXs represent a pos-
sible cause of endothelial dysfunction induced
by RBCs. A complete rescue of endothelial func-
tion induced by FH-RBCs was observed in the
presence of the nonselective NOX1/2 inhibitor
apocynin (Fig. 4b). To further distinguish which
of the two isoforms plays an important role, a
NOX1 (ML-171, Fig. 4c) and a NOX2 inhibitor
(GSK2795039, Fig. 4d) were administered in
separate experiments. Only the NOX2 inhibitor
significantly attenuated the degree of endothelial
dysfunction induced by FH-RBCs. This suggests
that FH-RBCs induce a NOX2-dependent ROS

formation in the vasculature, resulting in endothe-
lial dysfunction.

Lipidomic profiling in RBC lysates

To thoroughly characterize the lipidome of the
H-RBCs and patients with FH and high or low
LDL-c levels, we performed a lipidomic profiling
in RBC lysates. The major lipid classes in the
RBCs are PC, PE, and SM (>90% of the total
lipid content) (Table 2) [19]. However, the distri-
bution across the study groups did not differ after
adjusting for a false discovery rate. We further
performed a lipid set enrichment analysis (LSEA),
a method mirroring gene set enrichment analy-
sis, used to detect preferential regulation of cer-
tain lipid classes with enrichment scores and sig-
nificance calculated using an efficient permuta-
tion algorithm [16]. The LSEA revealed a difference
in the composition of PC and LPE being signifi-
cantly altered in both types of FH-RBCs compared
to H-RBCs (Fig. 5a). Furthermore, a comparison
between FH-RBCs with LDL-¢ <2.5 mM and FH-
RBCs with LDL-c >5.0 mM revealed a significant
alteration in DCER and PE compositions. However,
the difference between the groups was small when
considering the log fold change (Fig. 5a).

Next, we analyzed the subspecies of the lipids using
interactive volcano plots displaying the differences
between the groups (Fig. 5b). Overall, this analy-
sis revealed that only one lipid was significantly
changed (LPE 20:4, p <0.05). Thus, although the
LSEA indicated difference on a group level, there
is little or no difference when analyzing the sub-
species of the lipids. We also performed principal
component analysis of the lipidomic dataset, which
led to no visible clustering of the three groups,
further indicating little variation (Fig. Sc). Finally,
an interactive heatmap with hierarchical cluster-
ing of the samples on the x-axis also supported the
lack of alterations in the lipidome of the different
groups, as the clustering resulted in clusters with
a mixture of the sample types (Fig. 5d). Hence, the
RBC lipidomes from the different groups showed
small variations in the level of lipid classes, a varia-
tion that largely disappeared when further dissect-
ing the data, with unsupervised clustering meth-
ods failing to cluster the samples according to the
sample types. This collectively suggests that the
lipid profile is not significantly altered in H-RBCs
compared to patients with FH, regardless of LDL-c
levels. All analyzed classes of lipids can be found
in Supplementary file 1.
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Fig. 4 Endothelium-dependent relaxation following incubation with red blood cells from patients with familial hypercholes-
terolemia (FH-RBCs) (with low-density lipoprotein cholesterol > 5.0 mM) in the absence and presence of (a) hydrogen perox-
ide catalyst catalase (200 U/ ml), (b) the NOX1/NOX2 inhibitor apocynin (100 M), (c) NOX1 inhibitor 2-acetylphenothiazine
(ML-171, 1 pM), and (d) NOX2 inhibitor N-(1-isopropyl-3-(1-methylindolin-6-yl)-1H-pyrrolo[2,3-b|pyridin-4-yl)-1-methyl-1H-
pyrazole-3-sulfonamide (GSK2795039, 10 uM) (n = 3-6 in each panel). *p <0.05; **p <0.01 versus FH-RBCs with matched
two-way analysis of variance (a—d). Data are presented as mean and standard error of means.

As RBC oxysterols, more specifically 7-
ketocholesterol, have been implicated as a source
of ROS and a pathophysiological mediator in heart
failure [20], we further aimed to dissect the source
of increased ROS in RBCs from FH patients and
elevated LDL-c. Therefore, we quantified the oxys-
terol contents in RBC lysates, which revealed that
only 7a-hydroxycholesterol (OHC) was elevated in
RBCs from both groups of FH compared to healthy
subjects (Fig. 6). This might represent one of the
sources of ROS in FH-RBCs and implicates a
possible effect of FH, independent of LDL-c levels,
on the oxysterol content in RBCs.

Discussion

Hypercholesterolemia, a key risk factor for the
development of atherosclerotic CVD, is known to
cause functional and structural alterations of RBC
properties [5]. Alterations in the RBC redox balance
are predictive of future cardiovascular events in a

high-risk population [21], with unknown mecha-
nisms. Here we show that RBCs isolated from well-
characterized patients with FH and elevated levels
of LDL-c induce impairment in endothelial function
through increased ROS production. Consequently,
by inhibition of RBC or vascular ROS, this impair-
ment was almost completely prevented. Further-
more, FH-RBCs and high LDL-c (>5.0 mM) but not
low LDL-c (<2.5 mM) caused upregulation of vas-
cular arginase 1. In line with this, inhibition of vas-
cular arginase prevented endothelial dysfunction
induced by FH-RBCs and high LDL-c. These data
suggest that RBCs impair endothelial function in
FH via an LDL-dependent mechanism.

RBCs are known to be lipid storage, and there is
evidence that the RBC is equipped with unique
lipid transporters allowing certain lipids to reach
the circulation [22]. RBCs are also known to incor-
porate cholesterol into the membranes and con-
tribute to the progression of atherosclerotic plaque.
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Indeed, the cholesterol content in the RBC mem-
brane is elevated in patients with acute coronary
syndrome and vulnerable plaques [8]. Further-
more, high cholesterol decreases RBC deforma-
bility, which might lead to impaired capacity of
oxygen delivery [7, 23]. It is also known that
increased RBC membrane cholesterol attenuates
ATP release, an effect that is reversed by statin
treatment [24]. Statin treatment is also able
to increase RBC deformability in hypercholes-
terolemia [23]. Contrary to these observations,
the increased adhesiveness of RBCs from hyperc-
holesterolemic patients to endothelial cells persists
when hypercholesterolemic patients are treated
with statins [25]. Collectively, these observations
suggest that hypercholesterolemia drives RBC dys-
function and that some, but not all, alterations can
be reversed by statins. In the present study, we
provide an important extension of these observa-
tions by demonstrating that RBCs from patients
with elevated LDL-c induce impairment of endothe-
lial function.

We observed that only FH-RBCs and high LDL-
c but not those with low LDL-c induced impair-
ment of endothelial function. Since all patients
with FH and low LDL-c levels were treated with
lipid-lowering drugs, we aimed to dissect whether
it is the treatment per se or the LDL-c levels that
explain the finding that FH-RBCs with low LDL-
c did not impair endothelial function. FH-RBCs
with high LDL-c levels with and without lipid-
lowering treatment induced a similar extent of
impairment in endothelial function. This suggests
that it is not the FH genotype per se nor the lipid-
lowering treatment, but rather the levels of LDL-
c that induce RBC dysfunction and subsequently
endothelial dysfunction.

Previous studies have shown that increased ROS
formation by RBCs is a central mechanism behind
RBC-induced endothelial dysfunction [5]. In line
with this, we observed that ROS production was
markedly elevated in FH-RBCs. The source of ROS
does not seem to be uncoupled eNOS or driven by
elevated arginase activity, which is different from
what has been observed in RBCs from patients
with type 2 diabetes [9] and therefore remains
elusive. It is known that a decrease in the RBC
antioxidant capacity is predictive of future car-
diovascular events [21]. This observation suggests
that a shift in the redox balance in the RBC towards
an increase in oxidative stress is transferred into
cardiovascular injury. Indeed, we were able to

demonstrate that FH-RBCs and elevated LDL-c
impair endothelial function by inducing oxidative
stress in the vasculature. Our functional data sug-
gest that the main species affected in the vascular
wall by FH-RBCs are hydrogen peroxide and super-
oxide, which are likely enzymatically formed by
eNOS uncoupling, but also NOX2. The increased
oxidative stress in the endothelium is known to be
a trigger for arginase activity [12]. Accordingly, we
provide evidence that FH-RBCs and high LDL-c
levels upregulate arginase 1 in the vasculature and
consequently induce endothelial dysfunction. This
mechanism may also be a source of superoxide
production by uncoupling of eNOS due to L-
arginine depletion by arginase. It may therefore be
reasonable to speculate that targeting the increase
in RBC ROS or vascular arginase in patients
with FH and hypercholesterolemia might be an
attractive pharmacological intervention to alleviate
cardiovascular complications in this patient group.

We have previously shown that RBCs in patients
with type 2 diabetes also induce endothelial dys-
function [9]. It should be noted that there are some
differences between patients with type 2 diabetes
and FH regarding the mechanism by which the
RBCs affect endothelial function. In the current
study, we observed an increase in ROS produc-
tion but not arginase activity in FH-RBCs and LDL-
¢ >5.0 mM, and this increase was not attenu-
ated by either arginase or NOS inhibition, which
is the case in RBCs in type 2 diabetes. It is there-
fore unlikely that arginase-induced eNOS uncou-
pling constitutes a major source of ROS produc-
tion in the RBCs in FH. However, in line with
type 2 diabetes [9] and COVID-19 patients [10],
RBCs from the current patient population induced
an increase in vascular oxidative stress. The rea-
son for the disparities between the patient groups
remains unclear but it might be that LDL-c and
metabolic characteristics of type 2 diabetes might
drive different mechanisms in the RBC.

Based on the above, we performed a lipidomic pro-
filing on RBC lysates to dissect whether certain
lipids are altered in patients with FH. However, no
major alterations that distinguished the group of
FH with LDL-c >5.0 mM from the other groups
were identified. This indicates that high levels of
plasma LDL-c do not significantly affect the lipid
composition or the subclasses of lipid species in
the RBCs. We further speculated that the increased
ROS production in FH-RBCs might be driven by
higher levels of oxidized cholesterols (oxysterols).

242  © 2022 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.

Journal of Internal Medicine, 2023, 293; 228-245

85UB01 7 SUOLILLIOD 3AIIERI 3[dedtdde au Aq pauenob ae il VO ‘8sN JO 3N oy Akeiqi8UlUO A8 ]I LD (SUORIPUOD-PUE-SWBIALID"AB | 1M Afed1Bu Uo//Sty) SUORIPUOD pue SWLB | 8U) 89S *[£202/T0/5Z] Uo ArlqiTauljuo AB]iM ‘P)TSUOEdlgNd 21PN Widepona Aq 08SET WIOITTTT'OT/I0p/W00 A8 1M AeIq1jeuluO//SANY WoJj pepeojumod ' ‘€202 ‘96/259€T



JIM RBCs in familial hypercholesterolemia / A. Mahdi et al.

We observed that 7a¢-OHC was increased in both
groups of FH. It might therefore be reasonable
to conclude that 7a¢-OHC represents one of the
sources of ROS in FH-RBCs. However, based on
the observation that only FH-RBCs and LDL-c
>5.0 mM but not from LDL-c <2.5 mM impair
endothelial function, the elevation of 7a-OHC does
not explain the impairment in endothelial func-
tion induced by FH-RBCs. This collectively implies
that LDL-c in the plasma drives increased oxida-
tive stress via a mechanism that is independent of
the lipid content and oxysterols in the RBCs.

Our data shed light on a previously overlooked
pathogenic mechanism by which RBCs impair
endothelial function. Since endothelial dysfunc-
tion is an early event in atherogenesis [26], it may
be speculated that the RBC-induced endothelial
dysfunction demonstrated in the present study is
of importance for the development of atheroscle-
rosis among patients with FH and high LDL-
c. Importantly, the magnitude of impairment of
endothelial function observed in patients with high
LDL-c levels despite medication with lipid-lowering
drugs is comparable to that observed with RBCs
from treatment-naive patients. This reinforces the
importance of aggressive LDL-c management to
normalize RBC function in patients with FH. Tar-
geting RBC dysfunction in circumstances where
this is not possible might represent a future ther-
apeutic option.

This study has certain limitations. There is a
slight difference in age and sex distribution across
the groups. However, a younger population would
possibly counteract the impairment in endothe-
lial function induced by RBCs, which was not
observed. Also, subgroup analysis of sex in the
group with FH and high LDL-c did not differ,
and the sex distribution did not differ between
the groups of FH with high and low LDL-c but
displayed a marked difference in RBC-induced
impairment in endothelial function. This collec-
tively suggests that sex is not the sole explanation
for the differences in FH-RBC-induced endothe-
lial dysfunction in the current study. The ex vivo
nature of the current study limits the extrapola-
tion of the role of RBCs to the in vivo situation.
However, only an ex vivo model allows the investi-
gation of the effect of a single cell type, such as the
RBC, on vascular function. It may also be argued
that the use of different species (vessels from rats
and RBCs from humans) might distort the results.
However, we have previously shown that RBCs

from patients with type 2 diabetes induce a com-
parable magnitude of impairment in endothelial
function when using rat aortic rings and vascu-
lar rings from internal mammary arteries isolated
from human subjects undergoing coronary artery
bypass graft surgery [9]. This strongly suggests
that the use of nonhuman vascular segments does
not influence the results.

Moreover, there are additional unanswered ques-
tions that warrant further investigations. First, the
source of ROS in RBCs is unclear as our data sug-
gest that it is not derived from eNOS uncoupling.
Furthermore, how the RBCs communicate with the
endothelial cell lining and how NOX-2 is activated
in the vasculature following incubation with FH-
RBCs and elevated LDL-c remain unknown. Con-
sidering the cell-free zone between RBCs and the
vasculature, there are multiple possible explana-
tions for this. Export of signaling molecules may
be through one of several transport protein chan-
nels of the RBC [27]. It was recently described
that certain lipids are transported through a spe-
cific channel that is vital for maintaining RBC mor-
phology [16]. These transporters may be altered in
patients with FH, which deserves further attention
in future investigations. An attractive alternative
might be represented by the release of extracellu-
lar vesicles as these biological carriers are known
to be enriched in RBCs [28]. Extracellular vesi-
cles carrying signaling molecules are involved in
the development of atherosclerosis [29]. A simple
explanation would be that oxidative metabolites
diffuse from the RBC membrane to resident cell
types in the vasculature, which is unlikely con-
sidering that specifically targeting RBC ROS did
not rescue endothelial dysfunction induced by FH-
RBCs and high LDL-c. How plasma levels of LDL-
c affect RBC function, structure, and intracellular
redox balance to become more pro-oxidative cer-
tainly also deserves attention in future experimen-
tal investigations.

In conclusion, the present study demonstrates
that FH-RBCs and high LDL-c induce endothe-
lial dysfunction via an ROS-mediated effect. Our
data propose that RBCs may initiate a pathological
sequence by a shift in the redox balance, conse-
quently impairing endothelial function as an initial
atherogenic step among patients with hypercholes-
terolemia.

The patient coordination by Ewa Steninger and
Viveca Aberg and the technical assistance of Marita
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