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Abstract

Hydrogen peroxide (H20.) is an oxidant produced endogenously by several enzymatic pathways.
While it can cause molecular damage, H20: also plays a role in regulating cell proliferation and
survival through redox signaling pathways. In the vascular system, red blood cells (RBCs) are
notably efficient at metabolizing H2O.. In addition to a robust antioxidant defense, we have
recently determined that human RBCs also have a high membrane permeability to H20- that is
independent of aquaporin 1 or aquaporin 3. In this work, we sought to further investigate the
permeation mechanism of H.O> through the membrane of human RBCs. First, we explored the
role of other erythrocytic membrane proteins in H202 transport, including urea transporter B and
ammonia transporter Rh proteins. However, no differences were found in H2O2 permeability in
RBCs lacking these proteins compared to control RBCs. We then focused on the hypothesis that
H20, diffuses through the lipid bilayer. To test this, we studied H20, permeability in RBCs from
patients with Gaucher disease (GD), which accumulate sphingolipids in the membrane, affecting
RBC morphology and deformability. We found that RBCs from GD patients exhibited lower H20:
membrane permeability. In another approach, we treated normal RBCs with hexanol, which
fluidizes the lipid fraction of the RBC membrane, and observed an increase in the permeability to
H20.. In contrast, hexanol had no effect in the rate of water efflux by aquaporin 1. Together, these
results support the hypothesis that H.O> diffusion through the RBC membrane occurs primarily

through the lipid fraction.
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Introduction

Hydrogen peroxide (H20>) is likely the most abundant oxidant in biology. Sources of H.O> overlap
with sources of superoxide because the latter rapidly dismutates by the action of the enzyme
superoxide dismutase to oxygen and H.O (1). Therefore, H2O. can be directly or indirectly
produced enzymatically by NADPH oxidases, xanthine oxidase, and other enzymes, as a side
reaction in mitochondrial respiration, and in spontaneous oxyhemoglobin (HbO>) autoxidation (2).
In blood vessels, H2O> is produced mostly by endothelial NADPH oxidases and can have multiple
physiological effects. For instance, H2O- can induce vasorelaxation, and regulate cell proliferation,
differentiation, and apoptosis (2-6). The concentration of H20- in plasma is still a matter of debate.
A recent meta-analysis of published results suggests a steady state concentration of 1-5 uM (7)
that could increase in certain conditions like exercise (8). However, it has long been recognized
that red blood cells (RBCs) consume H>O: very rapidly, so it is very unlikely that H.O> could
accumulate in blood. For instance, the half-life of H.O is estimated to be 35 ms in physiological
conditions of 45% hematocrit (9). This high capacity to deal with H2O; is given mainly by
peroxiredoxin 2 (Prx2), which is present at a high concentration in the RBC (250-500 puM (10)),
and reacts very rapidly with H20, (k = 108 Ms™? (11)). It is important to point out that for some
experimental approaches, the physiological conditions cannot be used, and this has led to some
confusion in the literature. Experimentally amenable conditions often involve low hematocrit and
high H2O> concentration. In these conditions, Prx2 is rapidly oxidized and cannot be recycled
because NADPH is also depleted, and catalase becomes the dominant enzyme consuming H20>
(10). Albeit reacting more slowly with H2O> and being less abundant than Prx2, catalase (11 uM)
is more abundant and slightly more reactive than glutathione peroxidase (1.4 uM), and it does not
need a reductant as cosubstrate (10). This switch in H202-consuming enzyme dominance in RBCs
depending on experimental conditions needs to be taken into account and can be taken advantage
of to study the permeability of the membrane to H20: (9).

The consumption of extracellularly added H.O> by RBCs clearly indicates that H.O> can traverse
the RBC membrane, but details on the mechanism of diffusion are still missing. We have
previously studied the diffusion of H>O> across pure lipid and human RBC membranes. Despite
the low solubility of H202 in organic solvents (122000 times lower in hexadecane than in water

(9)), H202 can diffuse across pure lipid membranes at similar rates than across cellular membranes.



The permeability coefficients (Pm) are 4.1 x 10 and 5.5 x 10 c¢m s for liposome membranes
composed of dimiristoylphosphatidylcholine, dipalmitoylphosphatidylglycerol, cholesterol
(DMPC:DPPG:Chol at a molar ratio 4:1:5) and dioleoylphosphatidylcholine,
palmitoyloleoylphosphatidylglycerol, cholesterol (DOPC:POPG:Chol at a molar ratio 4:1:5) at 37
°C,and 2 x 10*and 1.6 x 10" cm s for Jurkat T cells and human umbilical vein endothelial cells
membranes at 37 °C (9,12,13). The Pn of human RBC membranes to H.O, was 1.6 x 10 cm st
at 37 °C (9), in the high range of mammalian cell membrane permeability (14). Furthermore, we
showed that H202 diffusion into human RBCs occurred without the facilitation by aquaporin 1 or
aquaporin 3, by using RBCs devoid of these membrane proteins (9). We also demonstrated that no
saturation in transport occurred up to 100 mM H20>. Considering all this information, we proposed
that H.O> diffuses across the human RBC membrane through the lipid fraction, though recognizing
that the involvement of other membrane proteins could not be ruled out (9). In particular, we
suspected UT-B, the urea transporter that has also been observed to allow water passage (15), and
Rh protein, which is associated with the transport of ammonia (16).

If H20, diffuses mainly across the lipid fraction, then RBCs containing abnormal lipid content,
such as those from Gaucher Disease (GD) (17), could show differences in permeability to H>Oo.
GD is caused by B-glucocerebrosidase (GCase) deficiency. In RBCs, this manifests as a higher
concentration of sphingolipids in the membrane (17) and altered rheologic properties, including
enhanced blood viscosity, increased aggregation, and adhesion to endothelial cells (18).

In this work, we sought to further explore the mechanism of H20O permeation through the human
RBC membrane. Therefore, we measured the permeability to H,O2 in human RBCs devoid of
important membrane transport proteins, namely Kidd-null RBCs, deficient in UT-B, and Rh-null
RBCs. Furthermore, we measured the permeability to H2O2 in RBCs from GD patients. Also, we
used hexanol as a fluidizer of the lipid fraction and measured the effect on RBC membrane
permeability to H20,. The results support our previous hypothesis that H.O; diffusion through the

RBC membrane occurs preferentially through the lipid fraction.



Materials and methods

Materials

Chemical reagents were acquired from Sigma, Applichem, and Acros Organics. Work solutions
of H,0, were prepared daily and quantified by spectrophotometry (e240 nm = 39.4 Mt cm™* (19)).
RBCs were washed by centrifugation at 900g for 10 minutes, discarding the supernatant and
resuspending in either DPBS (137 mM NaCl, 8.10 mM NaHPOg4, 2.67 mM KCI and 1.47 mM
KH2PO4) or HBSS (137 mM NaCl, 5.4 mM KCI, 0.25 mM NazHPOg4, 1 g/L glucose, 0.44 mM
KH2PO4, 1.3 mM CaCly, 1.0 mM MgSO4 and 4.2 mM NaHCO:s).

Blood samples

Studies were conducted in accordance with the Declaration of Helsinki. For assays with normal
RBCs, blood samples were obtained from volunteer donors after informed consent at the Céatedra
y Departamento de Medicina Transfusional, Hospital de Clinicas, Facultad de Medicina,
Universidad de la Republica, Montevideo, Uruguay. The research protocol was approved by the
Ethics Committee of the Hospital. Packed RBCs were obtained as described before (10,20).
Briefly, total blood was collected in primary bags containing CPD solution (105 mM citrate, 16
mM phosphate, and 129 mM dextrose, Terumo) and centrifuged at 2200 rpm at 20 °C to remove
plasma and platelets. RBCs were preserved at 4 °C in SAGM solution (NaCl 8.77 g/L, glucose 9
g/L, mannitol 5.25 g/L, and adenine 0.3 g/L, Terumo). RBCs were used within one week of

donation.

Rare RBCs

Kidd-null RBCs lacking urea transporter B (UT-B), Rh-null RBCs deficient in proteins from the
Rhesus (Rh) complex, RBCs from patients with GD, and control normal RBCs for comparison
were obtained by thawing cryopreserved samples from the Centre National de Référence pour les
Groupes Sanguins (CNRGYS), Paris, France. Regarding Kidd-null and Rh-null RBCs, only one
donor of each mutation was analyzed, corresponding to samples previously characterized. The
Kidd-null sample shows no UT-B protein by western-blot and no facilitated urea transport (21).
The Rh-null patient had a deletion in the RhAG coding sequence resulting in a total absence of
RhAG protein in the RBCs (22). For GD, samples from 14 patients were studied. Nine of these



patients had never received enzyme replacement therapy when blood samples were collected (NT,
not treated), while the other five had been treated by enzymotherapy for at least 1 year
(imiglucerase, Cerezyme, Genzyme Corporation, or velaglucerase alfa, VPRIV, Shire Human
Genetic Therapies). Further data on GD donors is shown in Table 1. Before every experiment,
RBCs were washed 3 times in the working solution by centrifugation at 900 g for 4 min at room

temperature.

Table 1. Demographic characteristics, genetic characterization, and RBC characteristics of treated or not treated GD

patients.
NT GD TGD
n 9 5
Male 2 3
Age (years) 43.2+20.7 465+7.3
(18-86) (32-51)
Mutations?
N370S heterozygous 5 3
N370S homozygous 3
Other 1
Undetermined 2

RBC characteristics
MCV (fL) 86.8+6.8 87.8+4.38
Hb (g/dL) 128+17 16.1+1.0

2N370S is the most common mutation in glucocerebrosidase (GBA1) associated to GD.

RBC treatment with hexanol

Hexanol solutions were prepared daily. For H>O> permeability experiments, RBCs were washed
in HBSS and diluted to 5% hematocrit. RBCs were then incubated with 0, 3, 6, and 12 mM hexanol
for 30 minutes at room temperature. Stock 0.06% hematocrit suspensions of intact and lysed cells
were then generated from every condition to continue with the H>O> permeability protocol
described below. For water permeability studies, 5% hematocrit RBCs in DPBS were treated with

0 or 18 mM hexanol in the same conditions.



Oxyhemoglobin concentration in supernatants was measured spectrophotometrically (€577 nm = 15
mM-* cm™ (23)) for hemolysis control, with no differences observed in the presence or absence of

hexanol.

Determination of permeability coefficient to H2O2 in RBCs

The determination of the Pm to H202 in RBCs was conducted following the procedure described
in Orrico et al. (9). In experiments performed to evaluate the effect of hexanol, RBCs were diluted
in HBSS to a hematocrit of 0.06% after treatment. From this stock, suspensions of RBCs of
increasing hematocrits (0.006%-0.024%) were generated and later mixed with 10 mM H20.. The
consumption of H2O. by RBCs was measured in a Cary 50 spectrophotometer in a 1 mL quartz
cuvette, following the decay in absorbance at 240 nm for 30 seconds at 37 °C. The same procedure
was carried out with lysed cells, obtained by freezing part of the RBC stock. However, in this case,
the range of hematocrits used was 10 times lower (0.0006-0.0024%) to obtain similar rates of
reaction. Secondary graphs were generated by plotting these initial rates as a function of HbO>
concentration in every sample. The slopes obtained (krec and kiys for intact and lysed RBCs,
respectively) were used to calculate R, the krec/kiys ratio, and then Pm following equation 1.

k R

— catalase

S(R) (Eq. 1)

S and V correspond to the surface area (1.4 x 10°® cm?) and volume (9 x 10! ¢cm®) of the RBC
(24,25), and Kcatalase represents the pseudo-first order rate constant of H.O> decomposition by
catalase inside the RBC, calculated by extrapolating kiys value to a condition of HbO2 concentration
of 20 mM. In this case, catalase can be assumed to be the main enzyme involved in H20;
metabolization due to the low hematocrits and high H20. concentrations used in the experiments,
as was previously demonstrated (10).

Determination of Pn, in experiments with GD, Kidd-null and Rh-null RBCs was performed in the
same manner, with minor variations in solutions and equipment. DPBS was used to wash RBCs
and generate reaction mixes with H2O,. Simple spectrophotometrical reads were done in a
NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific), while time courses were

conducted using an SFM400 Stopped-Flow Spectrometer (Bio-Logic). Cryopreserved normal



RBCs were used as controls. When available, the determined mean corpuscular volume (MCV)
was used in Eq. 1 instead of V.

Free HbO: in the supernatant was measured after treatment with H20>, to evaluate possible RBC
hemolysis. The concentrations of HbO> were equal to those determined in control RBCs treated

with buffer, and less than 2% of the values quantified for lysed RBCs.

Assessment of osmotic water permeability in RBCs

RBCs were treated with hexanol in DPBS as described above. After being diluted to 0.5%
hematocrit, RBCs were incubated with or without 0.5 mM mercuric chloride (HgCl>) for 30
minutes at 10 °C. Water efflux was followed by mixing the cells with an equal volume of a
hypertonic solution of 250 mM sucrose and measuring 90° light scattering at 650 nm. These
measurements were performed in an SX Stopped-Flow Spectrometer (Applied Photophysics), for
2 seconds at 10 °C. The resulting time courses were fitted to an exponential model, where the

constant (kwater) Was used to compare between conditions.

Statistical analysis

Data were analyzed using GraphPad Prism 10.2.2 (GraphPad Software, Inc). Statistical analyses
were performed by non-parametric Mann-Whitney or Kruskal-Wallis tests, when comparing two
groups or more than two groups, respectively. Differences with p < 0.05 were considered

statistically significant.

Results

Permeability of Kidd-null and Rh-null RBCs to H20:

In our previous studies, aquaporins were discarded as H2O> transporters in human RBCs (9). In
continuity with this, we evaluated the possible role of other membrane proteins that could explain
the relatively high H2O2 permeability and low activation energy of the process. H>O, permeability
was measured in Kidd-null RBCs, deficient in UT-B transporter, and Rh-null RBCs. Besides its
canonical function as urea transporter, UT-B has also been reported to conduct water efficiently,

accounting for 10% of the total osmotic water transport in human RBCs (15). Rh-associated



glycoproteins (RhAG) participates in the facilitated transport of ammonia in RBCs (16) and is
absent in the Rh-null phenotype of the “regulator type”, such as that used below (26).
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Fig 1. Permeability to H20:in Kidd-null RBCs. A. Consumption of 10 mM H,0- by intact (blue tones) and lysed
(red tones) Kidd-null RBCs at increasing cell densities (1.0-4.3 uM HbO; for intact RBCs and 0.1-0.4 uM HbO;
for lysed RBCs) at 37 °C. The metabolization of H,O, was measured by following the changes in its absorbance at
240 nm, for 30 seconds after being mixed with RBCs. B. Initial rates of H,O, decomposition by intact (round
symbols) and lysed (square symbols) normal RBCs (black) or Kidd-null RBCs (red), as a function of HbO,
concentration in the sample. The slopes correspond to the observed constants, krec for intact cells and kiys for lysed
cells, which were used to calculate R and P, according to equation 1. C. Comparison of P, determined for normal
and Kidd-null RBCs (lines and bars represent mean and SD, respectively, from three experimental replicates). No

statistically significant differences were observed.

The method to determine the Pm to H20- takes advantage of the dominant H>O,-metabolizing
enzyme switch that occurs in RBCs at low hematocrit and high H202 concentration, where Prx2 is
rapidly deactivated and catalase becomes dominant (9,10), and the enzyme latency concept
(13,27,28). The latter states that while H20- diffuses into and out of the RBC, cytosolic catalase
consumes incoming H>O». Therefore, a steady state is achieved where the rate of diffusion into the
cell equals the sum of the rates of outward diffusion and decomposition by -catalase.
Experimentally, the gradient of H20- established between the inside and outside of the RBC, and
thus the Pm, can be calculated by measuring H202 consumption in intact versus lysed cells. This
was performed by following the decay in absorbance of H>O> at 240 nm (Fig 1A). The initial rates
of these reactions were used to construct secondary plots (Fig 1B) to obtain krec and kiys and

calculate Pm according to equation 1. As observed in Figure 1, lysed RBCs (square symbols)

9



metabolize H>O> approximately 5 times faster than intact RBCs (round symbols) due to the
absence of the permeability barrier of the membrane, which is maintained in cryopreserved
samples, both normal and Kidd-null RBCs. However, when compared to control RBCs, no
statistically significant differences were found between the Pmn of the normal and Kidd-null
phenotype (1.3 £ 0.2 x 1023 vs. 1.1 + 0.3 x 10 cm s, respectively). In the same manner, H20;
permeability was evaluated in Rh-null RBCs, with no statistically significant differences found in
comparison to control RBCs (1.1 + 0.4 x 103 vs. 1.1 + 0.3 x 107 cm s, respectively) (Figure 2).
These results imply that neither UT-B nor RhAG are involved in facilitating H>O transport across

the human RBC membrane.
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Fig 2. Permeability to H2O2in Rh-null RBCs. A. Metabolization of 10 mM H,0, by intact (blue tones) and lysed
(red tones) Rh-null RBCs at increasing cell densities (1.0-4.3 uM HbO; for intact RBCs and 0.1-0.4 uM HbO; for
lysed RBCs) at 37 °C. H,0, consumption was followed by measuring changes in the absorbance at 240 nm for 30
seconds after being mixed with RBCs. B. Initial rates of H.O, decomposition by intact (round symbols) and lysed
(square symbols) normal RBCs (black) or Rh-null RBCs (blue), as a function of HbO, concentration in the sample.
C. Comparison of Pr, determined for normal and Rh-null RBCs (lines and bars represent mean and SD, respectively,
from three experimental replicates). No statistically significant differences were observed.

Permeability to H2O> in Gaucher disease RBCs

Focusing on the possibility of H2O2 passively diffusing through the lipid bilayer of the membrane,
we studied the permeability of RBCs from GD patients presenting altered membrane lipid
composition. GD is a lysosomal storage disease caused by a deficiency of the enzyme GCase, and
therefore characterized by the accumulation of sphingolipids in various cells and tissues, especially
monocytes and macrophages (29,30). RBCs from these donors have been reported to present

10



higher levels of GCase substrates, such as glucosylceramide and glucosylsphingosine, and other
secondary metabolites of this enzyme (31-34). Consequently, they show an increase in the
proportion of abnormally shaped cells and a reduction in deformability that suggests an increased
rigidity in the lipid membrane of the RBCs (18).
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Fig 3. Permeability to H202in Gaucher disease RBCs. A. Consumption of 10 mM H»O; by intact (blue tones)
and lysed (orange tones) GD RBCs at increasing cell densities (0.93-3.73 uM HbO for intact RBCs and 0.09-0.37
puM HbO- for lysed RBCs) at 37°C. The metabolization of H,O, was followed by absorbance measurements at 240
nm for 30 seconds, after mixing H.O, with the RBCs. B. Initial rates of H,O, decomposition by intact (round
symbols) and lysed (square symbols) normal RBCs (black) or GD RBCs (orange), as a function of HbO;
concentration in the sample. C. Comparison of Py, determined via enzyme latency method in control RBCs and
RBCs from GD patients that had been treated (T GD) or not treated (NT GD) with enzyme replacement therapy.
Each dot represents one patient: n = 6 for control, n =9 for NT GD, and n =5 for T GD. The lines and bars represent

mean and SD, respectively. Statistically significant differences were found between control and NT GD (*p < 0.05).

The permeability to H.O> was measured in these cells following the enzyme latency protocol, as
described before. For these experiments, cryopreserved RBCs from GD patients were assessed and
compared with normal RBCs stored in the same conditions. While control cells maintained their
membrane permeability values in the range previously observed, the RBCs from the GD patients
showed an overall decrease in the Pm (Fig 3). In addition, GD patients who had been treated with
enzyme replacement therapy were also studied. In these cases, it is reported that RBCs regain

normal values of lipid composition as well as normal deformability and morphological properties

11



(31,35). The decrease in Pm observed in RBCs from GD patients as compared with healthy donors
(0.9+0.2x10%cms?tvs. 1.2 + 0.1 x 10 cm s?, respectively) confirm that cells with an altered
lipid composition suffer changes in H20. permeation across the membrane, supporting the
hypothesis that the main mechanism is simple diffusion through the lipid fraction of the membrane.
Moreover, despite the lack of statistical significance associated with data variability, the enzyme

treatment induced a consistent increase in H.0, permeability (Pm = 1.0 £ 0.3 x 102 cm s2).

Effect of hexanol in H2O. and water permeability of RBCs

Hexanol and other anesthetic organic compounds, like pentanol, heptanol, and tetracaine, have
been reported to expand the area of the human RBC lipid membrane, thus increasing its fluidity
(36,37). Consequently, the passage of molecules through the lipid bilayer can be affected by these
agents in ways that depend on the type of transport. Particularly, they are expected to favor simple
diffusion and probably decrease facilitated transport by proteins (36,38). Taking this into
consideration, the permeability of human RBCs to H20O> was studied in the presence of hexanol,
to further investigate the mechanism of H20. permeation.
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Fig 4. H202 permeability in hexanol-treated RBCs. A. Metabolization of 10 mM H,0, by control RBCs (grey
tones) and RBCs incubated with 12 mM hexanol (red tones) at increasing cell densities (0.8-3.6 uM HbO; for intact
RBCs and 0.08-0.36 uM HbO, for lysed RBCs) at 37 °C. The reaction was measured by following the changes in
H»O, absorbance at 240 nm, for 30 seconds after being mixed with the RBCs. B. Initial rates of H,O, consumption
by intact (round symbols) and lysed (square symbols) control RBCs (black) or RBCs treated with 12 mM hexanol
(red), as a function of HbO; concentration in the sample. The slopes are observed constants krec for intact cells and

kiys for lysed cells, which were used to calculate R and Py, according to equation 1. C. Comparison of Py, determined
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for control RBCs and RBCs treated with 3, 6 and 12 mM hexanol (one donor, each dot represents an experimental

replicate, *p < 0.05). Lines and bars represent mean and SD, respectively.

The Pm of RBCs treated with 3, 6, and 12 mM hexanol was determined at 37 °C using the same
enzyme latency method as described before. The results show that incubation with hexanol
increases the rate of H>O> consumption in intact RBCs when compared to the control, evidenced
by a faster decay in the absorbance at 240 nm (Fig 4A). In lysed RBCs, on the other hand, the
initial rates of H.O> decomposition are comparable between treated and non-treated cells (Fig 4B),
indicating that the observed effect is given by the alteration of H20- passage through the membrane
and not because of changes in catalase activity. The Py, calculated for each condition was 1.2 £ 0.1
x 102, 1.3+0.1%x10% 1.5+0.1 x 10%, 1.55+0.08 x 103 cm s, for 0, 3, 6 and 12 mM hexanol,
respectively, showing an increase in RBC membrane permeability to H.O> with higher hexanol
concentrations (Fig 4C). Thus, the higher fluidity of the lipids in the membrane induced by hexanol
appears to lead to a faster diffusion of H2O- through the lipid fraction of the RBC membrane.

The effect of hexanol on human RBC membrane permeability was also studied for the case of
water. This was especially helpful to compare with H20-, as it is well known water is transported
mainly by aquaporin 1 in human RBCs. To do this, water efflux was followed by mixing RBCs
with a hypertonic sucrose solution and monitoring cell size changes by light scattering

measurements in a stopped-flow apparatus.
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Fig 5. Osmotic water permeability in RBCs treated with hexanol. A. Time courses of changes in light scattering
by RBC (0.5% hematocrit) after mixing with 250 mM sucrose (at 10°C). Water efflux mainly through aquaporin 1
causes a decrease in RBC size that is seen as an increase in light scattering. Control untreated RBCs are shown in
black and 18 mM hexanol-treated RBCs in red. B. Same as A, but RBCs were treated with 0.5 mM HgCl; (in blue),
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or 0.5 mM HgCl; and 18 mM hexanol (in green). C. Observed rate constants of water efflux (kwater) in experiments

Aand B (N =1, n =3). Lines and bars represent mean and SD, respectively.

In these assays, the decrease in cell size resulting from water efflux occurs both in control and
hexanol-treated RBCs, marked by an increase in light scattering signal. Unlike H.O> permeability,
osmotic water permeability was not potentiated by hexanol. Both conditions yielded light
scattering time courses with similar rate constants (kwatr), With a slight but not statistically
significant decrease in the rate of water efflux by hexanol (Fig 5A, Fig 5C). On the other hand,
when aquaporin 1 was inhibited by HgCl», the incubation with hexanol had the opposite effect on
water efflux. The addition of HgCl> resulted in a large decrease in permeation rates because water
diffusion occurs mostly through the lipid bilayer, that is restricted at 10°C, the temperature of the
assay. In this case, hexanol treatment results in a slight but not significant increase in water
permeation rates (Fig 5B, Fig 5C).

The small but not significant decrease in water osmotic efflux rate by hexanol again supports the
notion that H.O> diffusion into RBCs is not facilitated by aquaporin 1. The small but not significant
increase in water efflux rate by hexanol when aquaporin 1 was inhibited with HgCl, also
substantiates that H.O> crosses the RBC membrane by simple diffusion through the lipid fraction,

with no need for facilitated transport by membrane proteins.

Discussion

RBCs are known to have a very powerful antioxidant system, and that is why they are considered
a sink of H>O: in the vasculature (39,40). In physiological conditions, the efficient metabolization
of H20: in these cells is mainly the result of the reaction with Prx2, which reacts very rapidly (k =
108 M1s (11)) and is present at a high concentration (250-500 uM (10,41,42)), but is nonetheless
limited by the entry of H20 to the RBC (9). The permeability of the human RBC membrane to
H20; is quite high, with Pm = 1.6 x 102 cm s * at 37 °C (9), in the high range of known cell
permeabilities (14). Meanwhile, the mechanism of permeation is not fully characterized and is still
an issue of debate. Aquaporins have often been reported as H>O> transporters in other cell types,
and some have been termed peroxiporins for this capacity (43-46). Of those present in human
RBCs, aquaporin 3 is the most acknowledged as a peroxiporin (47,48), while data on aquaporin 1
has proven to be more contradictory (48-51). Our previous work, however, using human RBCs
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deficient in AQP1 and AQP3 (Colton-null and GIL-null phenotypes, respectively), showed that
neither aquaporin 1 nor aquaporin 3 are necessary for H>O2 permeation in human RBCs, but the
involvement of other membrane proteins could not be discarded (9).

Urea transporter UT-B was an interesting candidate to transport H.O> through the RBC membrane.
With 14 to 24 x 10° copies per cell, UT-B is more than 10 times more abundant than aquaporin 3
in human RBCs (42). On top of that, it has a similar osmotic water unit permeability to aquaporin
1 and is responsible for 10% of the osmotic water transport in human RBCs (15). This is
particularly relevant given the physicochemical similarities between water and H>O> (52).
Nevertheless, just as with aquaporin 1, our results on H>O2 permeability using Kidd-null RBCs
devoid of UT-B showed no differences from normal human RBCs (Figure 1). Analogously to NPA
and ar/R motifs in aquaporins, UT-B transporters also possess a selectivity filter region that allows
them to discriminate between substrates via an energy barrier, thus preventing the passage of other
small molecules like hydronium ions and ammonia (53,54). The distinctions in molecular size and
composition of H,O> with respect to urea and water, as well as different hydrogen bonding
geometry, could block H2O> transport through this kind of transporter. Similarly, our assays
performed in Rh-null RBCs indicated the H,O> permeability is maintained in the absence of RNAG
ammonia transporters. Even though these results do not completely exclude the possibility that
H>0> could traverse the membrane through one of these transporters, they confirm that none of
them is the exclusive or primary pathway for H>O> entry into human RBCs.

In our preceding work, we also found that permeability to H>O2 in human RBCs is similar to that
of lipid-only liposomes, as well as to water osmotic permeability in RBCs lacking aquaporin 1
(9,55). Furthermore, the consumption of H.O. by RBCs showed no saturation when H:0:
concentrations were increased up to 100 mM (9). All these data supported the hypothesis that H2O-
can cross the membrane by a simple diffusion mechanism through the lipid bilayer. To keep
investigating this hypothesis, the permeability of H2O2 was measured in RBCs from GD patients.
These RBCs have an abnormal lipid content due to a deficiency in the enzyme GCase. Specifically,
they present an increment in sphingolipid levels, most notably glucosylceramide,
glucosylsphingosine, sphingosine, and sphingosine-1-phosphate (32-34). Therefore, if H20:
diffusion across the RBC membrane occurs mostly through the lipid fraction, we expected to see
a change in the membrane permeability to H.O> of GD RBCs relative to normal RBCs. The results

showed a decrease in the Pm values when compared to normal human RBCs. This is consistent
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with the altered properties observed in these RBCs, which are 3 times less deformable than normal
RBCs in shear stress conditions that simulate those of the physiological circulation. Also, they
present anomalous shapes and are more prone to aggregation (18). These changes are suspected to
be a consequence of a decrease in membrane elasticity due to the different lipid composition. In
fact, studies in Gaucher-like macrophages indicate that the microviscosity of the cell membrane is
increased in this phenotype, as well as the ratio of highly-ordered areas, while the hydration of the
membrane is decreased (56). Naturally, it could be expected for the same to occur in RBCs. Since
sphingolipids are known to be important constituents of lipid rafts, an increase in the membrane
area occupied by these tightly packed lipid domains would mean an overall increase in rigidity
that could be affecting H20- diffusion (56-58). The normal levels of sphingolipids can be restored
if the patient is treated with enzyme replacement therapy, accompanied by a recovery in the
rheologic properties of RBCs (31,35). The results of H.O, permeability in RBCs from treated
patients were too few and disperse to show statistical differences with not treated patients, but
there was a slight increase in P, as expected.

Additional experiments were performed with hexanol-treated human RBCs, to keep gathering
evidence on the connection between the lipid fraction of the membrane and H.O> permeability. N-
alkanols and similar anesthetic compounds such as hexanol are known to increase the fluidity of
the lipid membrane (36,37), with different effects on permeability that vary depending on the
solutes and their permeation mechanism. While facilitated transport of molecules shows a
tendency to be inhibited by an increase in the membrane microviscosity, simple diffusion and
active transport can be potentiated or present no effect, respectively (36,38). Permeability to H20:
in human RBCs increased in the presence of hexanol, thus supporting the simple diffusion theory.
Consistent with this, aquaporin-dependent water permeability was not increased by hexanol, with
even a slight tendency to be reduced. On the other hand, the passage of water through the lipid

bilayer, studied indirectly by inhibiting aquaporin 1, showed rates slightly higher with hexanol.

In summary, the present study helped further elucidate the permeation mechanism of H>O: in the
human RBC membrane with the following results: (a) rare RBCs lacking urea transporter UT-B
present normal H202 permeability, so this protein is ruled out as a potential H.O> transporter; (b)
RBCs without ammonia transporter RhAG also have normal H2O2 permeability values, so they

were discarded as well; (¢) RBCs from GD patients, that present abnormal lipidic content and
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rheological properties, showed a decrease in H202 membrane permeability; and (d) an increase in
lipid bilayer fluidity by adding hexanol increases H202 permeability in human RBCs. These results
add to our preceding findings (9), and reinforce the notion that H.O. permeates RBC membranes
primarily by simple diffusion and does not require membrane proteins for transport. Furthermore,
these findings contribute to the ongoing debate about H2O- transport mechanisms, challenging the
prevailing view that aquaporins are the exclusive pathways for H.O. passage across cellular

membranes.
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