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Sitosterolemia is a metabolic disorder leading to excessive accumulation of
phytosterols. Hemolytic stomatocytosis and macrothrombocytopenia are part of
the clinical picture. However, the impact of phytosterols on red blood cell (RBC)
deformability, membrane lipid composition and distribution and the efficiency of the
reference treatment, Ezetimibe, are largely unknown. This study addresses these
issues using RBCs from three patients with sitosterolemia and healthy RBCs exposed
to B-sitosterol. Patients presented an increased proportion of stomatocytes,
decreased RBC deformability and increased RBC hydration and osmotic fragility
compared to healthy donors. At the membrane level, patient RBCs showed (i) very
high content in B-sitosterols, (i) increased proportions of saturated fatty acids and
polyunsaturated fatty acid species with long and unsaturated carbon chains, and (iii)
decreased content in phosphatidylethanolamine species. These lipid changes were
accompanied by an almost complete abrogation of cholesterol-enriched domains,
which could result from: (i) the reduced phosphatidylethanolamine content which
positively correlated with domain abundance; and (i) the fatty acid modifications and
increased phytosterol content, both compatible with higher membrane stiffness.
The role of B-sitosterol was supported by comparable changes in RBC morphology
and cholesterol-enriched domains upon B-sitosterol integration at the healthy RBC
membrane. Finally, Ezetimibe treatment combined with a sterol restricted diet
lowered phytosterols and improved anemia and RBC deformability and hydration.
However, this treatment had no or limited effect on RBC morphology and
cholesterol-enriched domain abundance. This study reveals for the first time that
phytosterols affect RBC membrane lipid composition and distribution but also RBC
morphology, hydration, deformability and fragility.
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Introduction

Sitosterolemia is an autosomal recessive disorder with a very
heterogeneous character. Typically associated clinical features consist
of hypercholesterolemia, xanthomas usually located at the eyelids but
also at tendons of the hand, elbows and knees and a high risk of
premature atherosclerosis and cardiac disease (1, 2). Sitosterolemia
can also have hematological consequences by causing an abnormal
structure and function of red blood cells (RBCs) and platelets, leading
to cup-shaped or stomatocytic RBCs, hemolytic anemia, macrocytic
thrombocytopenia, splenomegaly and bleeding tendency (1-4).

Sitosterolemia is characterized by the abnormal accumulation of
plant sterols, especially sitosterols (1, 2). Plant sterols share high
resemblance with cholesterol, an essential membrane lipid component
in mammalian cells, but differ by the presence of an ethyl or methyl
group, forming sitosterol and campesterol respectively, or a double bond,
forming stigmasterol (5, 6). The absorption of sterols in the intestinal
lumen is regulated through the sterol influx transporter, Nieman Pick C1
Like 1 (NPCI1L1) which has a higher affinity for cholesterol than for plant
sterols (2). This implicates that, in a diet equilibrated in both mammalian
and vegetable sterols, around 50% of dietary cholesterol is absorbed but
plant sterols to a 10-fold lesser extent (7, 8). The absorbed cholesterol is
usually esterified in order to be transported by chylomicrons to the liver.
In contrast, plant sterols are taken up by ABCGS5 (sterolin-1) or ABCG8
(sterolin-2), two sterol efflux transporters that transport plant sterols
back into the intestinal lumen. These two sterol efflux transporters are
also found at the liver to pump the normally low proportion of sterols co-
transported with cholesterol in chylomicrons into the bile (2, 8).

In sitosterolemia, mutations of the genes coding for ABCG5 and
ABCGS8 cause an abnormally high absorption of plant sterols in the
intestinal lumen and decreased elimination of those compounds into
the bile (2, 4), causing plasma plant sterol levels to increase 50 to 200-
fold (9). As a consequence, plant sterols comprise 15% to 20% of total
plasma sterols in patients with sitosterolemia (vs 0.2% in healthy
subjects) and are predominantly found in low-density lipoproteins
(LDLs) and very low-density lipoproteins (VLDLs) (9, 10). Moreover,
cholesterol absorption is also increased in this disorder, usually but
not systematically leading to mildly or moderately elevated plasma
cholesterol levels (1, 11, 12).

Treatment of patients with sitosterolemia aims in the first place to
reduce the plasma levels of both cholesterol and plant sterols by
restricting the dietary intake (13). To this end, nutrients highly
enriched in plant sterols, notably vegetable oils, wheat germs, nuts,
seeds and avocados, should be avoided. The dietary restriction can be
combined with a pharmacological approach. While statins are
inefficient for treating this disease as the HMG CoA reductase (3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase) is already
naturally inhibited, the binding to NPCILI of the sterol absorption
inhibitor Ezetimibe has shown promising results in both adults and
pediatric patients (2, 14, 15). Ezetimibe effectively reduces the amount
of circulating plant sterols and reduces bleeding tendency, as it
increases the number of platelets and restores their size (14).
Cholestyramine, a bile acid sequestrant, can be administrated in
combination with Ezetimibe.

While it is known that Ezetimibe has a beneficial effect on the platelet
alterations (14), the impact of sitosterolemia on RBC functionality and
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membrane lipid composition and biophysical properties is largely
unknown. We here addressed these issues on three patients with
sitosterolemia. Patient 1 (P1) was followed before and during the
treatment with Ezetimibe and a sterol restricted diet, whereas patients
2 and 3 (P2 & P3) were not treated. We combined a morphological and
functional RBC study with a comprehensive lipidomic analysis and
imaging of the distribution of cholesterol at the RBC surface. Finally, to
see whether the RBC changes observed in sitosterolemia were at least
partially dependent on the sitosterol membrane content, RBCs from
healthy donors were exposed to high levels of B-sitosterol, one of the most
abundant dietary Phytosterols (16).

Materials and methods
Blood collection and preparation

The study was approved by the Medical Ethics Committee of the
UCLouvain and the University Medical Center Utrecht (Study 17-
450/M). It included 3 patients named respectively patient 1 (P1), 2
(P2) and 3 (P3) based on their order of inclusion into the study. P1isa
50 year-old man who had a long history of hemolytic anemia and
thrombocytopenia, with the latter being previously misdiagnosed as
immune thrombocytopenia (ITP). P2 and P3 are 29 and 31 year-old
sisters. After informed consent, blood of patients and 9 age- and
gender-matched healthy volunteers was collected by venipuncture
into K*/EDTA-coated tubes at the University Medical Center
Utrecht. Samples from P1 were collected at three time points: (i)
before treatment, (ii) after 2 months on a low plant sterol diet and (iii)
after 2 years on a sterol poor diet combined with Ezetimibe. Samples
from P2 and P3 were collected twice during the study. Blood from
healthy controls was obtained by means of the institutional blood
donor service. Two additional healthy donors were directly included
into the study at UCLouvain for evaluating the effect of B-sitosterol
supplementation. Experiments were performed on RBCs separated
from other blood components through 10-fold blood dilution in a
glucose- and HEPES-containing medium (Dulbecco’s modified eagle
medium [DMEM]). Diluted blood was centrifugated at 200g for
2min, the supernatant removed and RBCs suspended in medium.
RBCs were washed a second time by centrifugation at 200g for 2min
and resuspended in the medium, as in (17).

Routine laboratory measurements

Determinations were carried out at the local hospital and with the
hematology analyzer (Cell-Dyn Sapphire, Abbott Diagnostics Division,
Santa Clara, CA, USA) located at the University Medical Center Utrecht.

RBC morphology
Blood smears were made with May-Grunwald or Wright-Giemsa
staining within 3 hours after blood venipuncture. Washed RBCs were

also analyzed either by scanning electron microscopy after
glutaraldehyde fixation or by optical microscopy in suspension in
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u-dish IBIDI chambers at living state after 24-fold dilution, as in (17)
and (18), respectively. The respective abundance of discocytes,
stomatocytes and echinocytes/spherocytes was expressed as
percentage of the total population.

Osmotic gradient ektacytometry

RBC deformability, expressed as Elongation Index (EI), was measured
with the Laser Optical Rotational Red Cell Analyzer (Lorrca, RR
Mechatronics, Zwaag, Netherlands) using the osmoscan module (19).

RBC fatty acid composition

Lipids and fatty acids (FAs) were extracted and FAs then
measured by gas chromatography exactly as described in (17). All
data were expressed in percentage of control (CTL) values.

RBC lipid composition

The cholesterol content was determined with the Amplex Red
cholesterol assay kit after RBC lysis and normalized on the
hemoglobin (Hb) content (17, 18). RBC membrane phospholipid,
sphingolipid, lysophospholipid and B-sitosterol contents were
analyzed by lipidomics through HPLC-mass spectrometry
measurements (17, 18). Data were expressed in percentage of CTLs.

RBC membrane cholesterol imaging

Cholesterol was visualized on living RBCs spread on poly-L-
lysine-coated coverslips by fluorescence microscopy using the
mCherry-Theta toxin fragment as in (17, 20). Briefly, RBCs were
incubated in suspension with 0.5-1.1uM Theta toxin fragment at 20°C
for 20min, pelleted and resuspended in DMEM and immobilized onto
poly-L-lysine-coated coverslips. After two rapid washings, coverslips
were placed upside-down into Lab-Tek chambers for immediate
examination of RBCs in the living state. The RBC spreading on
poly-L-lysine coated coverslips is associated to a loss of RBC
biconcavity without affecting their viability. Abundance of
cholesterol-enriched domains was manually counted, normalized
on the RBC hemi-area and expressed as percentage of CTLs.

Exposure of healthy RBCs to -sitosterol

[3-sitosterol solutions were prepared at 1-10pug/ml in DMEM
supplemented with 1mg/ml bovine serum albumin. Washed RBCs
were incubated with these solutions for 60-105min at 37°C, washed
through a centrifugation step at 200g, resuspended in B-sitosterol-free
medium and directly analyzed.
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Data presentation and statistical analyses

Data are depicted as means + SD. If several measurements for a
specific parameter were performed on the same patient, the mean of all
measurements was calculated. Statistical analyses included the
comparison of (i) the global patient cohort to the CTL donors, if data
for all 3 patients could be collected; (ii) patients individually to the
respective CTL donors if at least 3 independent experiments were
performed; and (iii) P1 before and under treatment. Statistics covered
parametric (t-test with Welch’s correction) and non-parametric tests
(Wilcoxon signed rank test, Kruskal-Wallis test with Dunn’s correction)
and a paired t-test for the comparison of P1 before and under treatment.
ns, not significant; ¥, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. For
correlations, data from all patients and if available data obtained on
healthy RBCs supplemented with B-sitosterol were included and linear
Pearson regressions plotted on the graphs.

Results

Mutations and clinical parameters of the
three patients

Three patients with sitosterolemia (P1, P2 & P3) were included
into the study. They were homozygous (P1) or compound
heterozygous (P2 and P3) for pathogenic mutations in the gene
encoding for ABCGS8 (Table 1). Table 1 shows detailed
hematological and clinical parameters, reflecting typical clinical
hematological features of sitosterolemia, including hemolytic
anemia and macrothrombocytopenia (Table 1). P1 presented a
more pronounced hemolytic anemia and a more heterogeneous
RBC population which was reflected by the higher percentages of
hypochromic and hyperchromic cells. P1 also showed a higher
macrothrombocytopenia and increased sitosterol and campesterol
levels than the two other patients.

Patients exhibit a high proportion of
stomatocytes and altered RBC deformability
and hydration

In line with previous observations (4), the proportion of
discocytes was reduced approximately 2 fold in patient samples
whereas the number of stomatocytes was increased 5-8 fold as
compared to healthy donors (Figures 1A-C, S1A, B). In contrast,
the abundance of echinocytes and spherocytes was not significantly
different from healthy donors (Figure 1D). Osmotic gradient
ektacytometry revealed a slight decrease in RBC deformability,
reflected by a lower El, .« (Figures 1E, G). This decrease was
accompanied by a slight increase in Oy, indicating a decrease in
the RBC surface-to-volume ratio and an increase in osmotic fragility,
and a slight increase in Opyyper, reflecting an increase in RBC hydration
(Figures 1F, H). These alterations were the most pronounced for P1,
who, as a result, also showed a reduced AUC (Figure 1I).
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TABLE 1 Patient characteristics and laboratory parameters. Age, gender, genotypes, amino acid change, splenomegaly and laboratory parameters are
shown for three (P1, P2 and P3) patients with mutations in the ABCG8 gene.

P1 baseline P1 diet P1 diet + Ezetemibe

Age (years) 47 48 51 29 31
Sex M F F
ABCGS8 mutation c.361C>T - - c.466C>T/ c.466C>T/

c.1234C>T c.1234C>T
Amino acid change p-(Argl21*) - - p-(Gln156*)/ p-(Gln156*)/

p.(Arg412%) p-(Arg412%)
Splenomegaly Yes n/a +/- Yes Yes
Laboratory parameters
Hb (g/dL) 12.6 14.0 16.1 11.6 13.8 F: 11.9-15.5

M: 13.8-17.2
RBC count (10'%/L) 4,0 46 5.3 412 4.0 F: 3.7-5.0
M: 4.2-5.5

MCV (fL) 103 92 89 89 100 80-97
MCHC (g/dL) 33.0 332 32.7 334 325 30.6-37.1
ARC (10°/L) 199 174 134 263 145 25.0-120.0
RDW (%) 15.3 13.5 12.3 15.2 14.0 10.5-13.5
Hypochromic RBCs (%) 204 5.6 1.7 14.0 13.6 02-32
Hyperchromic RBCs (%) 1.2 0.6 0.1 0.1 0.4 0.0-05
Platelets (10°/L) 48 75 115 86 83 150-450
MPV (fL) 18.1 16.1 11.8 16.9 15.5 7.0-9.5
rPlatelets (%) 24 1.1 1.0 14 39 0.4-2.8
Cholesterol (mmol/L) 5.8 6.6 6.4 32 4.0 0-71
LDL-cholesterol (mmol/L) 31 39 35 1.3 1.8 0-44
HDL-cholesterol (mmol/L) 1.0 0.9 0.8 14 1.5 0-17
Triglycerides 39 n/a n/a 1.3 1.5 0-2.0
Sitosterol (umol/L) 984 866 640 400 ‘ 579 0-16.0
Campesterol (umol/L) 422 386 348 251 302 0-23.0

Reference range values are also included. F, female. M, male. n/a, not addressed. Hb, hemoglobin. RBC count, red blood cell count. MCV, mean corpuscular volume. MCHC, mean corpuscular
hemoglobin concentration. ARC, absolute reticulocyte count. RDW, red cell distribution width. MPV, mean platelet volume. rPlatelets, reticulated platelets. LDL-cholesterol, low-density lipoprotein
cholesterol. HDL-cholesterol, high-density lipoprotein cholesterol. Values above or under the reference values are indicated in red or blue, respectively.

Patient RBCs show strong increases in [3-
sitosterol content

To determine if the RBC morphological and functional alterations
could be induced by modifications of the RBC lipid composition, we
performed a comprehensive lipid analysis. We started with the
determination of PB-sitosterol levels, most likely to be altered
because of their increase in the plasma (4, 9). The increase of -
sitosterol was 100-200 fold in the three patient samples as compared
to healthy donors but 2-fold higher in P1 than in the two other
patients (Figure 2A). Notably, even if the increase of this phytosterol
expressed as percentage of healthy RBCs appeared extreme, the total
concentration should be limited as, in contrast to the B-sitosterol
levels, the global sterol levels did not seem to be impacted in patient
samples (Figure 2B).
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Patient RBCs exhibit increased proportion of
saturated fatty acids and decreased mono-
and poly-unsaturated
phosphatidylethanolamine species

As the extent of morphological alterations was quite similar
despite a 2-fold difference in B-sitosterol levels in the three patient
samples, we then wondered whether other membrane lipids could
also be altered. We first evaluated the RBC fatty acid (FA)
composition since FAs have been reported to impact RBC
morphology (21). A slight increase of the proportion of saturated
FAs (SFAs) at the expense of monounsaturated (MUFAs) and
especially polyunsaturated (PUFAs) was observed in the three
patient samples (Figure S2). Further investigation of the FA
subgroups showed differential alterations of the ratios of two major
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FIGURE 1

Patients with sitosterolemia show a high proportion of stomatocytes and increased RBC fragility and hydration but decreased deformability. RBCs from
patients (P1,2,3; red, dark and light blue columns/curves, respectively) were compared to RBCs from healthy donors (CTL; grey columns/curves/ranges)
for morphology (A—D) and deformability by ektacytometry (E—-I). Statistical analyses for the global patient cohort are indicated above a bracket including
the 3 patient columns and individual statistical analysis above the column of the concerned patient, respectively. (A—D) Scanning electron microscopy of
glutaraldehyde-fixed RBCs on filters. (A) Representative images. Open arrowheads, discocytes; filled arrowheads, stomatocytes. (B—D) Quantification of
the relative abundance of discocytes (B), stomatocytes (C) and echinocytes and spherocytes (D) expressed as % of the global RBC population. Data are
means + SD of 2-3 independent experiments; unpaired t-tests with Welch's correction. (E—I) Osmotic gradient ektacytometry curves and derived
parameters, i.e. Omin, Elmax. Onyper (Which reflect surface area-to-volume ratio, membrane surface area and cellular hydration, respectively) and AUC
(Area Under the Curve, which is a direct reflection of these three parameters). ns, not significant; *p < 0.05

SFAs (palmitic acid (C16:0) and stearic acid (C18:0)) and of the two
C18:1 MUFAs (oleic acid (cis9) and cis-vaccenic acid (cis11)) in the
three patients that were however not significantly different from
healthy donor values (Figures S3A-D). In contrast, the ratios of
PUFAs with a C18 and C22 chain length and with 2 and 6
unsaturation were all lower than healthy controls, except for the
former in P2 (Figures S3E-H).

We next evaluated if and how those FA alterations could
specifically modify some sphingolipid and phospholipid species. At
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the outer plasma membrane leaflet, sphingomyelin (SM) species were
only slightly and similarly decreased in the three patient samples
(Figure 3A). In contrast, phosphatidylcholine (PC) species were
clearly increased for P1 but not for the two sisters (Figures 3B, C,
E) while lysoPCs (hydrolyzed forms of PCs) were increased in all
patient samples (Figure 3D), leading to reduced lysoPC/PC ratios for
P1 and heightened ratios for the two sisters (Figure 3F). At the inner
plasma membrane leaflet, mono- and poly-unsaturated
phosphatidylethanolamine (PE) species were lowered in all patient
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RBC sitosterol & sterol contents
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FIGURE 2

Patient RBCs exhibit heightened abundance of membrane B-sitosterol. RBCs from patients (P1,2,3; red, dark and light blue columns, respectively) and
from healthy donors (CTL; dotted black line) were analyzed for their -sitosterol (A) and sterol (B) contents. Statistical analyses for the global patient
cohort are indicated above a bracket including the 3 patient columns and individual statistical analyses above the column of the concerned patient,
respectively. (A) RBC B-sitosterol content. Lysed RBCs were submitted to lipid extraction and then assessed for the j3-sitosterol content by HPLC-mass
spectrometry. Data are expressed as % of CTL RBCs; unpaired t-test with Welch's correction. (B) RBC sterol content. Lysed RBCs were assessed for their
sterol content with a fluorescent assay kit based on a series of enzymatic reactions ending with the production of the fluorescent resorufin. As it cannot
be excluded that the kit also detects phytosterols because of the high resemblance between sterol species, we refer to sterol and not cholesterol
content. The sterol content was normalized on the hemoglobin (Hb) content and expressed as % of the CTL RBCs. Data are means + SD of 3

independent experiments; Kruskal-Wallis test with Dunn'’s correction.

samples (Figures 4A, B, D) whereas lysoPE species were not strongly
modified (Figure 4C), leading to increased ratios of mono- and poly-
unsaturated lysoPE/PE species (Figure 4E).

Altogether, the three patients showed (i) higher proportion of
SFAs and PUFAs with long carbon chains and a high number of
unsaturation, which is compatible with altered membrane stiffness;
and (ii) decreased proportion of mono- and poly-unsaturated PE
species together with increased unsaturated lyso-to-phospholipid
ratios, which are compatible with changes in membrane curvature.
Alterations of both membrane stiffness and curvature could explain
the observed changes in RBC morphology and deformability.

Patient RBCs present a strong decrease of
cholesterol-enriched domains

We next wondered if, and to what extent, lipid content modifications
might impact their lateral distribution in submicrometric domains
implicated in RBC deformation (20, 22). This analysis was performed
on RBCs labeled with a fluorescent Theta toxin fragment specific to
endogenous cholesterol, then spread on poly-L-lysine-coated coverslips
and directly analyzed by fluorescence vital imaging (23). Despite the loss
of RBC biconcavity, this approach allows to evidence similar cholesterol-
enriched domains as in RBCs in suspension but in a more reproducible
and quantitative way (23). Data revealed that the abundance of
cholesterol-enriched domains was heavily reduced in sitosterolemia
patients (Figure 5B). This decrease was particularly visible at the RBC
periphery, corresponding to RBC high curvature areas (Figure 5A,
orange arrowheads).
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Sterol-low diet combined with Ezetimibe
treatment decreases RBC sterol content
and improves RBC membrane surface,
surface area-to-volume ratio and hydration
but only very slightly cholesterol-enriched
domain abundance

In order to evaluate the effect of therapy on RBC parameters, we
analyzed a blood sample of P1 on low sterol diet and with or without
complementary Ezetimibe treatment. The diet alone already
improved clinical and hematological parameters, which were
restored further by Ezetimibe treatment (Table 1). The combination
of diet and Ezetimibe improved the hemolytic anemia (Table 1) and a
reduction of spleen size (14.5cm to 13.0cm) was observed (data not
shown). The decreased reticulocyte counts and increased hemoglobin
levels (Table 1) were surprisingly not accompanied by a beneficial
effect on RBC morphology (Figures 6A, B, SI1C). Nevertheless,
osmotic gradient ektacytometry showed that the El. O, and
Ohyper, but not AUC, changed towards normal, indicating an
improvement in RBC membrane surface, surface area-to-volume
ratio and hydration and subsequently deformability (Figures 6C-
G). The decrease in plasma phytosterol levels (Table 1) was
accompanied by a slight decrease of RBC sterols and the partial
restoration of cholesterol-enriched domain abundance even if it was
still reduced by 80% compared to their number detected in healthy
donors (vs 90% reduction before treatment; Figures 6H, I). Thus, the
applied treatment, despite low beneficial effects on RBC morphology
and membrane lipid distribution, showed promising effects on RBC
deformability parameters.
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FIGURE 3

Patient RBCs exhibit similar slightly lower sphingomyelin levels but differential phosphatidylcholine and lysophosphatidylcholine-to-phosphatidylcholine
ratios. RBCs from patients (P1,2,3; red, dark and light blue filled columns, respectively) and from healthy donors (CTL; dotted black line) were lysed, lipid
extracted and analyzed as in Figure 2A by HPLC-mass spectrometry for composition in sphingomyelin (SM; A) and (lyso)phosphatidylcholine (LPC and
PC; B—F) species. (A) SM species classified according to the carbon chain length and the number/position of the double bounds. (B-D) PC (B, C) and LPC
(D) species classified according to the carbon chain length and the number/position of the double bounds. (E) Relative abundance of saturated (sat),
monounsaturated (monounsat) and polyunsaturated (polyunsat) PC species. (F) Ratios between the relative abundance of sat, monounsat and polyunsat
LPC to PC species. All data were expressed as % of the CTL RBCs. Filled, hatched and striped columns represent respectively sat, monounsat and

polyunsat lipid species.

RBC supplementation with increasing
concentrations of B-sitosterol induces
dose-dependent RBC transformation into
stomatocytes and cholesterol-enriched
domain decline

Intrigued by the observation that stomatocytes were still highly
abundant and cholesterol-enriched domains still drastically reduced
in P1 upon low sterol dietary input and pharmacological intervention,
we determined to which extent the phytosterols were actually
responsible for those alterations. For this, RBCs from healthy
control donors were incubated with increasing amounts of [3-
sitosterol. We observed a transformation of discocytes into
stomatocytes accompanied by a decrease of cholesterol-enriched
domain abundance especially in the high-curvature areas. This
effect was dose-dependent at concentrations up to 5ug/ml and was
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followed by a saturation stage (Figures 7A-D). The abundance of
cholesterol-enriched domains positively correlated with the number
of discocytes and negatively with the number of stomatocytes
(Figures 7E, F).

Discussion

We here report a detailed analysis of RBC properties for three cases
of hereditary sitosterolemia due to mutations in the ABCG8 gene. We
showed that the high proportion of stomatocytes was accompanied by
decreased RBC deformability, increased RBC hydration and raised
osmotic fragility. By comprehensive lipidomic analysis and live cell
imaging, we then revealed profound membrane alterations including
extremely high [-sitosterol levels, increased FA saturation, decreased PE
content and nearly complete abrogation of cholesterol-enriched domains.
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FIGURE 4

Patient RBCs show decreased unsaturated phosphatidylethanolamine species and increased unsaturated lysophosphatidylethanolamine-to-
phosphatidylethanolamine ratios. RBCs from patients (P1,2,3; red, dark and light blue filled columns, respectively) and healthy donors (CTL; dotted black
line) were lysed, lipid extracted and analyzed as in Figure 2A, by HPLC-mass spectrometry for composition in (lyso)phosphatidylethanolamine (LPE and
PE) species. (A—C) PE and LPE species classified according to the carbon chain length and the number/position of the double bounds. (D) Relative
abundance of saturated (sat), monounsaturated (monounsat) and polyunsaturated (polyunsat) PE species. (E) Ratios between the relative abundance of
sat, monounsat and polyunsat LPE to PE species. All data were expressed as % of the CTL RBCs. Filled, hatched and striped columns represent

respectively sat, monounsat and polyunsat lipid species.

The role of sitosterols in these RBC alterations was confirmed by similar
results obtained from healthy RBCs exposed to high levels of -sitosterol.
Finally, treating the patient P1 with an adapted diet and Ezetimibe
reduced splenomegaly, improved hemolytic anemia, restored RBC
deformability and hydration and slightly improved the abundance of
cholesterol-enriched domains without, however, normalization of
morphological alterations.

RBC morphological and deformability
characteristics in sitosterolemia

In agreement with (2, 24-26), the three patients showed a relatively
high proportion of stomatocytes, accounting for 30-55% of all RBCs. Su
et al. proposed a direct relationship between the plasma phytosterol levels
and the RBC morphological alterations, probably resulting from the
integration of specific phytosterols in the RBC plasma membrane (27).
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Accordingly, we show here that exposing RBCs of healthy donors to
increasing concentrations of P-sitosterol indeed resulted in a
concentration-dependent increase in stomatocytes. However, despite the
fact that B-sitosterol levels were 2-fold higher in the RBC membrane of P1
than P2 or 3, the proportion of stomatocytes was lower for P1 than P2 and
3. This might be explained by the integration of phytosterols other than the
measured 3-sitosterol into the RBC membrane. Alternatively, this could be
related to the complex alteration of membrane FA and sphingo-/phospho-
lipid composition. This second possibility appeared more likely as the
proportion of stomatocytes was not reduced under treatment despite
reduced plasma sitosterol levels. All untreated patients showed increased
osmotic fragility, as indicated by the increase in O,;,,. This is in agreement
with literature data obtained on RBCs from 13 patients affected by
sitosterolemia and on healthy RBCs incubated with sitosterols (1, 4). In
addition, the three patients exhibited a slight overhydration likely
responsible for the altered RBC fragility and reminiscent to the very high
osmotic fragility in overhydrated hereditary stomatocytosis (28).
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FIGURE 5

The abundance of cholesterol-enriched domains is dramatically reduced at the surface of patient RBCs. RBCs from patients (P1,2,3; red, dark and light blue filled
columns, respectively) and healthy donors (CTL; dotted black line) were labelled with a fluorescent Theta toxin fragment specific to endogenous cholesterol
(chol), immobilized on poly-L-lysine (PLL)-coated coverslips and directly observed by vital fluorescence microscopy. (A) Representative images. Green and orange
arrowheads, domains in RBC center (low curvature area) and periphery (high curvature area), respectively. (B) Quantification of total chol-enriched domain
abundance determined by manual counting, normalized to the RBC hemi-area and expressed as % of CTL RBCs. Data are means + SD of 3-5 independent
experiments and statistical analysis for the global patient cohort are indicated above a bracket including the 3 patient columns and individual statistical analysis
above the column of the concerned patient, respectively. Unpaired t-tests with Welch's correction. **p < 0.01; ***p < 0.001; ****p< 0.0001.

Lipid content alterations in sitosterolemia

The genetic defects leading to sitosterolemia unavoidably change
plasma phytosterol levels. Based on the up to 200-fold plasma
phytosterol increases reported (2), the RBC sterol composition
might also be affected. We indeed observed a 100 and 200-fold
increase of membrane [-sitosterol respectively for P2/P3 and P1
RBCs compared to healthy RBCs, corresponding to 4.1 and 8.2mg of
[3-sitosterol/dl of blood. Based on the ~5mg of sitosterols/dl and the
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8mg of total plant sterols/dl of blood measured by Othman et al. in the
RBC membrane of a sitosterolemia patient, we suggest that sitosterols,
especially B-sitosterol, could be the major, if not the only, type of plant
sterols present in the membrane of P1. The composition in plant
lipids might be more complex for P2 and P3. Although this
hypothesis needs to be tested, it could explain why all patients
showed the same extent of RBC morphological alteration despite
differences in B-sitosterol content. In support of this hypothesis, we
show that increased levels of B-sitosterol in healthy RBCs resulted in
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FIGURE 6

Treatment of P1 with a sterol-poor diet and Ezetimibe largely restores RBC osmotic fragility, area and hydration but not RBC morphology and only slightly
improves cholesterol-enriched domain abundance. RBCs from P1 under treatment (diet alone in medium red and diet + Ezetimibe in dark red) or not (light
red) were compared to RBCs from healthy control donors (CTL; grey) for morphology (A, B), osmotic gradient ektacytometry (C—G), sterol content (H) and
abundance of chol-enriched domains (I). Statistical analyses to compare the patient before and after treatment are indicated above a horizontal black line
situated above the patient columns and statistical analysis comparing the patient to the CTL directly above the patient columns. (A, B) RBC morphology
determined either by electron microscopy on fixed RBCs as in Figures 1A—C or by light microscopy on living RBCs in IBIDI p-dish chambers. Data are means
+ SD of 2 independent experiments. (C—G) Osmotic gradient ektacytometry curves and derived Opmin, Elmax, Onyper and AUC parameters. For interpretation,
see Figures 1E—-I. (H) RBC sterol content determined as in Figure 2. Data are means + SD of 3 independent experiments; Wilcoxon signed rank test. (I)
Abundance of chol-enriched domains assessed as in Figure 5. Data are means + SD of 3-5 independent experiments; Kruskal-Wallis test with Dunn’s
correction to compare patient samples to control samples and paired t-test to compare the patient before and after treatment. ns, not significant; **p < 0.01.

increased amounts of stomatocytes, but that a plateau seemed to be  alterations (29). Only the limited increase in global SFAs and the

established at 5ug/ml. In contrast to B-sitosterol, the content of global ~ decreased ratio of PUFAs with 2 to 6 unsaturation were common to

sterols, notably cholesterol, did not appear to be affected in the patient
RBCs. This is in agreement with the normal cholesterol plasma levels
of sitosterolemia patients found here and previously (1).

Numerous FA alterations were also observed but mainly in a
patient-dependent manner, suggesting that they might rather result
from specific FA dietary intake than from the underlying genetic

Frontiers in Hematology

all the patients. The latter might be explained by the protective effect
of phytosterols against lipid peroxidation (30) but the origin of the
higher proportion of SFAs remained unclear. Likewise, changes in PC
amounts were also different in P1 vs the two sisters but in agreement
with PC changes observed in RBCs from patients with hereditary
stomatocytosis (31). In contrast, all patients had reduced unsaturated
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Exposure of healthy RBCs to increasing concentrations of B-sitosterol leads to progressive accumulation of stomatocytes and reduction of cholesterol-
enriched domain abundance especially in high curvature areas. RBCs from healthy donors were incubated with increasing concentrations of B-sitosterol
(filled orange dots) or not (open orange dots), washed and analyzed for morphology (A, B) and cholesterol (chol)-enriched domain abundance (C, D). (A,
B) Morphology of living RBCs assessed as in Figures 6A, B. Data are means + SD of 2-3 independent experiments. (C, D) Abundance of chol-enriched
domains evaluated as in Figure 5. Green and orange arrowheads, domains in RBC center (low curvature areas) and periphery (high curvature areas),
respectively. In (C), representative images; in (D), quantification. Data are means + SD of 3-4 independent experiments; Kruskal-Wallis test with Dunn’s
correction to compare treated to untreated RBCs. (E, F) Correlation between the abundance of chol-enriched domains (from D) and the relative
proportion of discocytes (from panel 7A) or stomatocytes (from B). ns, not significant; *p < 0.05

PE species contents at the inner plasma membrane leaflet, which very
strongly and inversely correlated with the proportion of stomatocytes
(Figures S4A, B). Moreover, P2 and P3 showed a specific increase of
lysoPE-to-PE ratio. Those PE and lysoPE changes suggested the
impact of inner plasma membrane lipids on RBC morphology, in
agreement with the fact that inverted cone shape lysophospholipids
cause a natural curvature to the membrane (32).
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Lipid distribution alterations in
sitosterolemia

In addition to the alteration of RBC membrane lipid composition,
their distribution in domains was also strongly affected in all patients,
as revealed by the almost complete abrogation of cholesterol-enriched
domains. This could result from cholesterol restricted lateral mobility
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at the outer plasma membrane leaflet due to higher membrane
stiffness, as expected from the high amount of phytosterols and
saturated FAs. Although this remains to be demonstrated, the
impact of PB-sitosterol on the abundance of cholesterol-enriched
domains was shown by exposing healthy RBCs to this phytosterol.
Additionally, cholesterol-enriched domain abundance and
monounsaturated PE species content strongly and positively
correlated (Figure S4C), leading us to propose that PE could
represent inner membrane lipid partners to the cholesterol-enriched
domains revealed at the outer leaflet. Consequently, its perturbation
in sitosterolemia might further affect the assembly of cholesterol-
enriched domains. Although we quantified the whole population of
cholesterol-enriched domains, careful image examination revealed
that both the high- (RBC periphery) and low- (RBC center) curvature
associated domains were affected, especially at high sitosterol
contents, with three potential consequences. First, independently of
their location, reduced cholesterol-enriched domains might be
accompanied by a decreased membrane association of the
cholesterol binding protein stomatin (33) and by impaired RBC
morphology, hydration and fragility, as in some forms of
overhydrated stomatocytosis characterized by reduced stomatin
membrane content (34). This hypothesis is supported by the strong
negative correlations between cholesterol-enriched domain
abundance and stomatocyte proportion or O, levels (Figures S4D,
E). Second, affecting the cholesterol-enriched domains in RBC high
curvature areas might decrease RBC deformability because high
curvature areas are less stabilized during deformation (22), likely
explaining why sitosterolemia patients show signs of increased
osmotic fragility, hemolysis and sometimes splenomegaly. This
hypothesis is supported by the positive correlation between
cholesterol-enriched domains and El,, (Figure S4F). Third, the
modification of domains in low-curvature areas proposed to be
implicated in calcium exchanges (20) could alter the RBC
intracellular calcium content and potentially lead to altered
hydration. However, this is expected to lead to dehydration rather
than overhydration (34).

Ezetimibe and RBCs in sitosterolemia

As low sterol diet is usually insufficient to reduce the plasmatic
phytosterol levels to normal values, Ezetimibe treatment is the main
therapy to treat sitosterolemia (2, 24). The latter could even be
considered as the gold standard in the treatment of sitosterolemia
(24) since perfect control of the plant sterol levels is nearly
unachievable (2). Its beneficial effect for the reduction of
phytosterols in the plasma has been extensively shown (14, 15, 35)
as in our study. In contrast, the effect of Ezetimibe on RBCs of
sitosterolemia patients is largely unexplored. In P1, the combination
of a sterol poor diet and Ezetimibe led to nearly normal clinical
hematological parameters, RBC deformability and hydration whereas
cholesterol-enriched domains were only slightly improved and the
altered RBC morphology was not. The improvements could be related
to reduced phytosterol levels, reaching usually a 30% decrease after 14
weeks of treatment (14). A ~20% reduction of free RBC membrane
cholesterol was also described upon Ezetimibe treatment (14) which is
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in total agreement with our study. This reduced cholesterol content
might in turn explain the limited restoration of cholesterol-enriched
domain abundance.

Conclusion

Sitosterolemia is associated with important hematological
alterations which represent in some cases the only detectable
clinical symptoms (2). Subsequently, the presence of stomatocytes
and macrothrombocytopenia could assist in avoiding misdiagnosis of
sitosterolemia with clinically similar diseases as hypercholesterolemia.
Despite the relevance of hematological alterations for this disease, the
actual impact on RBCs as well as the efficiency of Ezetimibe to treat
eventual RBC alterations are largely overlooked. In this study, we
report for the first time alterations of the RBC morphology,
deformability, hydration as well as membrane lipid composition
and lateral distribution in domains involved in RBC deformation
(20, 22). Finally, Ezetimibe nearly improved all routine laboratory
parameters and RBC fragility despite of having only a limited or no
effect on the RBC morphology and lipid domains.
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