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Abstract Multiple sclerosis (MS) probably occurs by
oxidative, inflammatory and autoimmune mechanisms.
This study investigated the influence of statin on the sta-
bility of erythrocyte membranes in MS patients. The pop-
ulation was composed of one group with simvastatin
therapy (20 mg/day), another group without statin therapy
and a healthy control group. The stability of erythrocytes
was evaluated by the half-transition points, Hsy and D5,
obtained from the curves of hemolysis induced by hypo-
tonic shock and ethanol action, respectively. Erythrocytes
of MS patients were less stable against lysis by both
chaotropes. This behavior may be merely a consequence of
the lifestyle of MS patients or it may be intrinsically
associated with the conjunct of factors responsible for the
development of the disease. The use of statin by MS
patients was associated with lower levels of LDL and total
cholesterol, as expected, and with higher stability of
erythrocytes against ethanol compared to the values of
untreated MS patients.
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Introduction

Multiple sclerosis (MS) is a degenerative disease charac-
terized by defects in the myelin membrane of the neural
cells, and it seems to develop by oxidative, inflammatory
and autoimmune mechanisms (Knight 1977; Hauser and
Goodkin, 1998) in genetically vulnerable individuals,
influenced by factors associated with nutrition (Swank
et al. 1952; Schwarz and Leweling 2005).

MS is possibly associated with a disproportion in the
nature of the fatty acids of the membrane phospholipids
(Swank et al. 1952; Schwarz and Leweling 2005), which
makes sense since a high w6:w3 polyunsaturated fatty acid
(PUFA) ratio is associated with exacerbation of inflam-
mation and autoimmunity (Calder 2005; Koch et al. 2006).
Since PUFAs are very vulnerable to oxidation, which can
generate imbalance in the nature of the membrane fatty
acids, this means that the membrane contains the elements
associated with the manifestation of the triad of degener-
ation (oxidation, inflammation and autoimmunity).

The exercise of membrane function depends on the
structural homeostasis of this biological complex. There is
a point of critical fluidity where the membrane congregates
the necessary stability for its preservation and a necessary
level of elasticity so that the cells suffer the conformational
changes demanded for the exercise of their complex
functions (Sinensky 1974).

To keep this critical fluidity, cells use several homeo-
static mechanisms. These mechanisms include the action of
solutes that promote the organization of the membrane
(such as water and several osmolytes) and even the solutes
that can promote its disorganization (such as urea and
ethanol) (Cunha et al. 2007; Penha-Silva et al. 2008).

The circulating lipids are also important homeostatic
agents. A lower content of unsaturated fatty acids in
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relation to saturated fatty acids in phospholipids is a
characteristic that decreases membrane fluidity. On the
other hand, a higher content of unsaturated fatty acids in
relation to saturated fatty acids in phospholipids is a
characteristic that increases membrane fluidity. Membrane
fluidity is also regulated by changes in cholesterol con-
centration. Membrane fluidity decreases with an increase in
cholesterol content (Sinensky 1974).

Unbalance in membrane homeostasis can be promoted
by a chronic increase in low-density lipoprotein cholesterol
(LDL-C) and/or low levels of high-density lipoprotein
cholesterol (HDL-C), resulting in degenerative manifesta-
tions, such as those associated with aging (Penha-Silva
et al. 2007), atherosclerosis (Rosenson and Tangney 1998)
and MS (Nue 1983; Navarro and Segura 1988; Alberts
et al. 1992), conditions that have been related to the triad
oxidation, inflammation and autoimmunity.

Statins are drugs that congregate hypocholesterolemic,
antioxidant, anti-inflammatory and immunomodulatory
properties (Sellner et al. 2008). Although the use of statins
in the treatment of MS has not yet passed the stage of
investigation, it provides promising expectations (Oliveira
et al. 2007).

The need to elucidate the processes involved in the
relationship between the causes and effects of MS requires
the expansion of scientific research (Schwarz and Leweling
2005). To put statins in the context of membrane homeo-
stasis and investigate the implications of the disease in
other cells of the body, in addition to neural, seems to be a
valid path to expand the research.

Due to previous experience in studying the behavior of
the erythrocyte membrane (Cunha et al. 2007; Penha-Silva
et al. 2007, 2008; De Freitas et al. 2008), this work eval-
uates the influence of a typical statin, simvastatin (Corsini
et al. 1999), on the stability of the membrane of red blood
cells (RBCs) in patients with MS.

Materials and Methods
Population

This work was previously approved by the local institu-
tional ethics committee. The problem population was
constituted of 16 women suffering from MS (26-58 years
old). They were divided into two groups, one treated with
20 mg/day of simvastatin for 2.66 £+ 1.03 years (n = 6)
and another who were not using statin (n = 10). All
patients were under standard treatment with interferon-
beta. None of them had been taking the drug natalizumab,
which alters erythrocyte functions (Lindberg et al. 2008). A
control group consisted of six healthy women with BMI
and age similar (28-56 years) to those of the problem
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group, all of them without routine use of medication
and chronic consumption of ethanol. None of the volun-
teers had comorbidities, especially those known to affect
the erythrocytes, such as hemoglobinopathies. A signed
informed consent was obtained from each volunteer.

Blood Sample Collection

Blood samples (4 ml) were collected by intravenous
puncture, after nocturnal fasting (8-14 h), in evacuated
tubes containing 1 g dI™' K,EDTA.

Determination of the Osmotic Fragility of Human
Erythrocytes

We prepared two sets of Eppendorf flasks containing 1-ml
aliquots of 0-0.9% NaCl, which were preincubated at 37°C
for 10 min, and added 10 pl of blood. After homogeniza-
tion and incubation of the tubes for 20 min at 37°C, they
were centrifuged at 3,000xg for 10 min. The erythrocyte
lysis was followed by measuring absorbance of superna-
tants at 540 nm (As4). Absorbance values were plotted
against NaCl concentration and fitted to the sigmoidal
regression curve given by the Boltzmann equation:
Amin - Amax

54ozm+Amax (1)

where A, and A,.c represent the minimum and
maximum values of absorbance of the sigmoid,
respectively; S is NaCl concentration; Hsq is the NaCl
concentration capable of promoting 50% of hemolysis; and
dS is the amplitude of the sigmoidal transition between
Anax and Apin. The percentage of hemolysis in each assay
tube was calculated by the equation

Hemolysis (%) = x 100% (2)

max

Determination of the Stability of Human Erythrocytes
against Ethanol

We prepared two sets of Eppendorf flasks containing 1-ml
aliquots of 2-24 ml of ethanol per deciliter of solution in
saline, which were preincubated at 37°C for 10 min, and
added 10 pl of blood. After homogenization and incubation
of the tube for 20 min at 37°C, they were centrifuged at
3,000 x g for 10 min at room temperature. The erythro-
cyte lysis was followed by measuring absorbance of the
supernatants at 540 nm (Asy). Absorbance values were
plotted against ethanol concentration and fitted to the sig-
moidal regression curve given by the Boltzmann equation:
Amin - Amax

5 o Dyyjap T Amax (3)

Asyg =
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where D is the concentration of ethanol, D5, represents the
concentration of ethanol capable of promoting 50% of
hemolysis and dD is the amplitude of the variation in
concentration of ethanol in the sigmoidal transition
between A, and A..x. The percentage of hemolysis in
each assay tube was calculated by equation 2.

Determination of Hematological and Biochemical
Variables

Hematological variables were determined using an auto-
mated hematology analyzer (Cell-Dyn 3700; Abbott Lab-
oratories, Santa Clara, CA).

The reference values (adult feminine population) used
were erythrocyte  (4.3-5.0 million/mm®), hemoglobin
(12.0-15.5 g%), hematocrit (35-45%), mean cell volume
MCV, 82-98 fl), total cholesterol (excellent <200 and
high >239 mg/dl), LDL-C (excellent <100 and high >160
mg/dl), VLDL-C (excellent <100 and high >160 mg/dl),
HDL-C (low <40 and desirable >40 mg/dl) and triglycer-
ides (excellent <150 and high >200 mg/dl).

Statistical Analyses of Experimental Data

The data and statistics were analyzed using software
package OriginPro 8.0 (Microcal, Northampton, MA).
Analysis of the line of sigmoidal regression was considered
significant at P < 0.05. Comparison of the data was made
by analysis of variance, using Tukey’s post-hoc test.

Results

The scores of the Expanded Disability Status Scale (EDSS)
and the values of some hematological and biochemical
variables of MS patients with and without treatment with
simvastatin were compared (Table 1). EDSS scores and the
values of hematological variables were not significantly

different between groups. However, significant differences
were observed in the levels of LDL- and total cholesterol.

Hemolysis against hypotonicity (osmotic fragility) and
action of ethanol are shown in Figs. 1 and 2, respectively,
in the three experimental groups (control group and groups
of MS patients with and without treatment with simvasta-
tin). The data of all patients in each group were submitted
to simultaneous fittings only to illustrate the degree of
homogeneity of results.

Blood samples were individually analyzed, with deter-
mination of their respective values of Hsy and Dso. The
average values of these parameters are shown in Table 2.
Hs values were significantly higher in MS patients without
statin therapy (0.472 #+ 0.013 g dI™' NaCl) than in the
volunteers of the control group (0.427 4 0.015 g dl™'
NaCl). Hso values were not significantly different in MS
patients on statin therapy (0.457 + 0.013 g dI=' NaCl)
compared to the other groups (MS patients without statin
therapy and control group). This means that the MS
patients had erythrocytes that were less stable against
hypotonicity than volunteers who do not have the illness
and that the statin therapy was not capable of increasing the
membrane stability of erythrocytes against hypotonicity to
the point of making it similar to the membrane stability
present in the volunteers of the control group.

D5, values were significantly lower in the group of MS
patients without statin therapy (13.87 4 0.74% v/v etha-
nol) than in the control group (15.38 £ 0.24% v/v etha-
nol), which means that the MS patients had erythrocytes
that were less stable against the chaotropic action of eth-
anol than those of the control group. D5y values of MS
patients using statin treatment (15.20 £ 0.15% v/v etha-
nol) were not significantly different from those of the
control group, but they were significantly higher than those
of MS patients without statin therapy. This means that
treatment with statin increased the stability of erythrocytes
in patients with MS against the chaotropic action of eth-
anol, making it similar to the stability of membrane in the
control group.

Table 1 Comparison of EDSS

. Variables With treatment (n = 6) Without treatment (n = 10) P

scores and hematological and
biochemical variables in MS EDSS (1-10) 3.83 £ 0.82 425 £0.92
patients with and without . 3
simvastatin treatment Erythrocytes (millions/mm~) 4.58 £ 0.38 4.67 £ 0.38

Hemoglobin (g%) 14.03 £ 0.76 14.50 £ 0.96

Hematocrit (%) 41.67 £ 2.50 4320 £+ 2.45

MCV () 91.72 + 2.62 90.10 + 1.09

Total cholesterol (mg/dl)
Triglycerides (mg/dl)
HDL-C (mg/dl)
VLDL-C (mg/dl)
LDL-C (mg/dl)

* Statistically significant
difference (P < 0.05) between
groups (ANOVA)

146.12 & 25.28
123.83 £ 20.57

206.11 £ 62.69
114.55 £+ 29.48

51.33 £ 10.14 49.07 &£ 11.65
2595 £4.79 25.07 £+ 11.088
7743 £ 16.79 118.83 £ 40.59 *
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Figure 3 shows the possible mechanisms that could
affect the structural homeostasis of membranes in neural
cells and in erythrocytes of MS patients.

Discussion

In this work, hypotonic shock and the chaotropic action of
ethanol were chosen to analyze the stability of human
erythrocytes.

The data in Table 2 show that MS patients without statin
therapy had significantly higher values of Hs, than those
determined in the control group. This means that it was not
necessary to decrease more substantially the NaCl con-
centration to produce hemolysis or, in other words, that the
erythrocytes of MS patients were less resistant to osmotic
lysis.

In fact, Caspary et al. (1967) also reported an increase in
the osmotic fragility of erythrocytes during the acute phase
of the disease. Kurantsin-Mills and collaborators (1982)
found an absence of alteration in nonhospitalized patients
and an increase in the osmotic fragility of erythrocytes in
internal patients. Enhancement of the mechanic fragility of
erythrocytes was also reported by Schauf et al. (1980).
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As the values of D5, were significantly smaller for MS
patients than for patients who did not have the disease
(Table 2), this means that the MS patients had erythrocytes
that were less stable against the chaotropic action of
ethanol.

Besides this, statin therapy was associated with higher
values of D5, in MS patients, which means higher stability
against ethanol (Table 2). Since the values of D5y were not
significantly different in the group of patients with MS
treated with statins compared to the control group
(Table 2), this means that the use of statin was able to
restore the stability of erythrocytes against ethanol in
patients with MS. This result indicates an association
between the blood cholesterol decrease and the reestab-
lishment of membrane homeostasis.

In fact, a rise in cholesterol content is a known cause of
reduction in membrane fluidity. Erythrocytes are cells
particularly sensitive to modifications in the extracellular
cholesterol concentration (Cooper et al. 1975; Schick and
Schick 1985). Cholesterol accumulates in the cell mem-
brane, making it more rigid (Chabanel et al. 1983; Koter
et al. 2002). The excess of plasmatic cholesterol modifies
the properties of erythrocytes and can contribute to an
increase in blood viscosity, reduction of oxygen quantity



M. Vaini de Freitas et al.: Statin Use in MS 131

Fig. 2 Profiles of simultaneous 10 120
adjustment of erythrocyte ' Control 1 .
ili i i ) ; - 100
stability against etl}anol in the 0,8 patients 1 /:—|—I—|
control group and in the groups H 80
of MS patients with and without 06 "
statin therapy / -60
04 / -
J -40
0,2 /
./ j20
0,0 PR R R T —TT ¥ 0
c 1,0 ) -120
c MS patients 100
Q 087 with statin I 1! ! €
0 80
® 061 / 60 R
0] / - 2
S 04 / 3
© / L40 £
e 02 ,” [0)
8 < :’/ 20 I
g 0,0 M EESE———TY | Lo
1,0 - 120
08, M.S patlent§ " 100
7 without statin ol
.,’/ 80
06 s
-ir - 60
0,4- ="
’ i L40
02 L [ 20
1L
0,0 PR T T | | II i)
0O 2 4 6 8 10 12 14 16 18 20 22 24 26
Ethanol (% v/v)
Table 2 Values of Hsy and Dso (mean £ SD) in control group and subgroups of MS patients with and without simvastatin treatment
Variables Control (n = 6) With treatment (n = 6) Without treatment (n = 10)
Hs (g/d1 NaCl) 0.427 £ 0.015 0.457 + 0.013* 0.472 + 0.013*
Dsg (% v/v ethanol) 1538 £ 0.24 15.20 &+ 0.15%* 13.87 £ 0.74% **

* P < 0.05 compared to control group (Tukey post-hoc test), ** P < 0.05 compared to the other MS group (Tukey post-hoc test)

and endothelial dysfunction. LDL-C is incorporated into  (Martinez et al. 1996) and with pravastatin (Lijnen et al.
the cellular membrane (Martinez et al. 1996), decreasing 1994). The reduction in membrane cholesterol must have
membrane fluidity and erythrocyte deformability (Cooper  been determinative in the increase of erythrocyte mem-
1977; Muller et al. 1990; Dwight et al. 1996), compro-  brane fluidity observed by Levy and collaborators (1992)
mising cellular functions (Sinensky 1974; Cribier et al. and Martinez and collaborators (1996) after treatment with
1993). lovastatin, although modifications in erythrocyte mem-

Statin therapies have been associated with several  brane fluidity have not been observed after using simva-
hemorheological benefits, which comprise improvement in  statin by some authors (van Doormaal et al. 1989; Dwight
the blood microcirculation through an influence on blood et al. 1996). On the other hand, Coccia and collaborators
viscosity and the structure of the erythrocyte membrane (2007) found increased membrane fluidity after use of
(Martinez et al. 1996) and improvement in endothelial simvastatin for 3 weeks. Another group of researchers

function (Vaughan et al. 1996) through increased mem-  reported a course with two phases in simvastatin treatment:
brane fluidity of the endothelial cells, thus favoring  reduction of lipidemia until the end of the first month of
functionality. treatment and increase in the membrane fluidity of eryth-

Significant reduction in the membrane cholesterol con-  rocytes 4-6 months after the beginning of therapy (Rabini

tent was associated with treatment with lovastatin et al. 1993).
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Fig. 3 Common putative
mechanisms that could affect
structural homeostasis of
membranes in neural cells and
in erythrocytes of patients with

Erythrocyte
membrane

Neural cell

membrane

As the patients of the present study were being treated
with statins for 2.66 £ 1.03 years, they certainly would
have already reached the stage of increase in fluidity of
membrane, which results in increased stability of the
membrane against ethanol, as in fact was observed in the
MS patients treated with simvastatin (Table 2).

This change in membrane behavior coincides with the
effect observed in the levels of blood cholesterol in patients
group treated with statin. As expected, LDL- and total
cholesterol were significantly lower in the treated group
(Table 1), which certainly would decrease the availability
of cholesterol for captation by extrahepatic tissues.

However, the increase in membrane stability against
ethanol observed in the treated patients was not observed in
the membrane stability against hypotonic shock (Table 2).
This behavior may be a consequence of the small size of
the population but also of some difference in the mecha-
nism of lysis promoted by ethanol in relation to hypotonic
lysis. Ethanol has a recognized protein-denaturing action
(Fonseca et al. 2006), which is not necessarily involved in
hypotonic lysis, where the erythrocytes absorb water, swell
and suffer membrane rupture (Jain 1973).

The hypercholesterolemia we observed in MS patients
(Table 1) agrees with literature reports. In MS, abnormality
in lipid homeostasis is not restricted to myelin but also
affects lipidemia (Cunnane et al. 1989; Alberts et al. 1992;
Comoglu et al. 2004). Demyelination of MS plaques also
releases cholesterol and fatty acid in the cerebrospinal fluid
(Nue 1983; Navarro and Segura 1988; Cunnane et al. 1989;
Cherayil 1990; Alberts et al. 1992).

In experimental animals and humans, hyperlipidemia
has been associated with inflammation and oxidant sig-
naling in the brain (Mattson et al. 2003; White et al. 2009).
A failure in cholesterol homeostasis can be the primary
cause of many neurodegenerative diseases (Joseph et al.

@ Springer

=Disfunction

= — *Fragility
*Dyslipidemia *Cholesterol increase
=Oxidation =Lipoperoxidation

*Inflammation *Rigidification
=Auto-immunity *Friability

=Disfunction
=*Demyelination

= o=

1998; Koudinov and Koudinova 2005), and it would be
certainly connected to the changes in erythrocyte stability
observed here for MS.

The results observed in this work seem to be expressive
and reflect a characteristic of MS. They cannot be
explained by differences in the hematological parameters
(erythrocyte and hemoglobin amount, hematocrit and
MCYV) between MS patients and healthy volunteers since
they were not significantly different between those groups
(Table 1).

MCYV changes would in fact be responsible for the sta-
bility differences between groups (Jain 1973). Although the
occurrence of macrocytosis during the acute phase of the
illness has been reported by Caspary and collaborators
(1967), this characteristic was not observed by Grasso and
collaborators (1992).

Another factor that could contribute to the membrane
behavior changes in MS is oxidative stress. Oxidation
markers have been found to be raised in the plasma of MS
patients (Naidoo and Knapp 1992; Glabinski et al. 1993;
Besler and Comoglu, 2003) and in the CNS of animals with
experimental autoimmune encephalomyelitis (MacMicking
et al. 1992). In individuals suffering from MS there is DNA
damage by reactive oxygen species (ROS), surely associ-
ated with neurodegeneration (Vladimirova et al. 1999; Lu
et al. 2000).

MS is characterized by the excessive presence of
inflammatory infiltrations consisting mainly of lympho-
cytes and macrophages in the CNS (Frohman et al. 2006;
Lev et al. 2007; Schreibelt et al. 2007). Products of lipid
peroxidation have been found in many inflammatory pro-
cesses (Kwiatkowsha et al. 1999). During inflammation,
macrophages promote oxidative attack and can damage
surrounding cells (Besler and Comoglu 2003). This oxi-
dative attack causes alterations in the structural and
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functional organization of cellular membranes, including
reduction of membrane fluidity, increase in permeability,
inactivation of enzymes and decrease in the content of
essential fatty acids (Kopff et al. 1993; van Ginkel and
Sevanian 1994). Formation of malondialdehyde (MDA), a
lipoperoxidation product, is associated with the rigidifica-
tion of erythrocyte membrane, thus decreasing its mor-
phological plasticity (Pfafferott et al. 1982).

An important property of the statins is the antioxidant
activity observed in humans and experimental animals
(Aviram et al. 1998; Tong et al. 2009). According to Koter
and collaborators (2002), treatment with atorvastatin was
associated with decreased lipoperoxidation in patients with
hypercholesterolemia.

Since a significant reduction in the activity of glutathi-
one peroxidase was described in erythrocytes of MS
patients (Shukla et al. 1977), which represents a decrease in
antioxidant defense, it seems reasonable to assume that
simvastatin therapy contributed to the protection of eryth-
rocytes against oxidation by ROS, leading to improvement
in membrane homeostasis in comparison to MS patients
who were not using statins.

Despite the benefits reported, the risks associated with
statin therapies need to be carefully analyzed by health
professionals since positive correlations have been found
between low serum cholesterol levels and death due to
noncardiovascular causes, such as cancer, accident,
depression and suicide (Herrinton and Friedman 1995).

The results we observed in this work and a broad group
of literature evidence here discussed agree with the idea
that the same conjunct of factors (dyslipidemia, oxidation,
inflammation and autoimmunity), putatively involved in
MS progression, would also be related at least partially to
the degeneration of the erythrocyte membrane (Fig. 3), for
reasons that would include genetic inheritance, feeding and
lifestyle.
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