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Abstract: Fabry disease (FD) is an X-linked inherited disease and occurs due to mutations in GLA gene
that encodes the a-galactosidase enzyme. Consequently, there is an accumulation of enzyme substrates,
namely globotriaosylceramide (GB3). FD is a multisystemic disease, caused by storage of GB3 in vascular
endothelia, with significant renal, cardiac and vascular involvement. The aim of this work was to evaluate
the in vitro effect of GB3 on electron transport chain complexes (ETC) and redox parameters. Biochemical
biomarkers were determined in homogenates of cerebral cortex, kidneys and liver of Wistar rats in the
presence or absence of GB3 at concentrations of 3, 6, 9 and 12 mg/L. We found that GB3 caused an
increase of ETC complexes II and IV activities, increased production of reactive species and decreased
superoxide dismutase enzyme activity in homogenates of cerebral cortex. As well also increased production
of reactive species and superoxide dismutase activity in kidney homogenates. The results obtained in our
work suggest that GB3 interferes in ETC complexes II and IV activities, however, the magnitude of this
increase seems to be too low to present a physiologically importance. However, the imbalance in cellular
redox state indicating that these alterations may be involved in the pathophysiology of FD, mainly in renal
and cerebral manifestations.
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INTRODUCTION

Fabry disease (FD) is an X-linked genetic
disorder caused by a deficiency of the lysosomal
enzyme o-galactosidase A. This defect causes
the accumulation of glycosphingolipids,
class of glycolipids formed by ceramide and
one or more carbohydrates, particularly the
globotriaosylceramide (GB3), inside heart,
kidney, brain, skin, eyes and vascular tissues
(Desnick et al. 2001). Clinical manifestations
include acroparesthesia, angiokeratomas, cornea
verticillata, myocardial hypertrophy, arrhythmias,
renal impairment and gastrointestinal disorders
(Germain 2010).

In addition to clinical symptoms, definitive
diagnosis of FD has been made through the
determination of a-galactosidase A enzymatic
activity and through plasma quantification of GB3
levels (Desnick et al. 2001). Kruger and coworkers,
in a study involving 209 FD patients, found plasma
concentrations of GB3 ranging from 2.9-13.3 mg/L
(Kriiger et al. 2010).

Some evidence demonstrate that oxidative
stress may be involved in pathophysiology of FD.
Shen and coworkers, have shown that the excess
of intracellular GB3 increases the production
of reactive oxygen species (ROS) and induces
oxidative stress (Shen et al. 2008b). Biancini
and coworkers, in a study involving FD patients
undergoing treatment with enzyme replacement
therapy, found a positive correlation between
plasma GB3 concentrations and MDA levels and
carbonyl groups, indicating that GB3 could be an
inducer of lipid peroxidation and protein damage
(Biancini et al. 2012).

The electron transport chain (ETC) consists
of complexes I, II, III and IV being, respectively,
NADH dehydrogenase, succinate dehydrogenase,
cytochrome b-c, and cytochrome oxidase. In
addition to these complexes, ETC presents
coenzyme Q and cytochrome c as mobile elements
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among the complexes (Nelson and Cox 2013). In
the process of electron transport, the complexes
take protons from the matrix and release them
inside the intermembrane space, creating a proton
gradient. This proton gradient leads to ATP
production, which occurs when they return to the
interior of the matrix. Blocking electron transfer
or increasing activity in any of the complexes
may have pathological consequences, such as
exacerbated increase in proton-motive force or a
decrease in intracellular ATP levels (Figueira et
al. 2013). Interference at any point in the ETC can
trigger events that lead to irreversible cell damage
and even cell death (Lieberman and Marks 2009).
It has not been yet fully understood how
the cellular routes affected in lysosomal disease
are interconnected, as well as how they affect
the viability of cells in different tissues. In this
context, the present study aimed to evaluate the
in vitro effect of the main metabolite accumulated
in FD, the GB3 on ETC complexes and the redox
parameter (reactive species formation, antioxidant
enzymes activity and lipoperoxidation) in the
cerebral cortex, kidneys and liver of Wistar rats.

MATERIALS AND METHODS

ANIMALS

Thirty days old male Wistar rats (Rattus norvegicus)
maintained in a controlled environment and
temperature (22 + 1°C), water and fed ad libitum,
and 12h light-dark cycles from UFCSPA’s Central
Animal House were used. All animal (n=6)
procedures were approved by the ethics committee
on animal use of the Universidade Federal de
Ciéncias da Saude de Porto Alegre (UFCSPA),
under protocol number 107/13.

TISSUE PREPARATION PROTOCOL

Euthanasia of animals was performed through
decapitation to preserve the brain and quickly
dissected on ice.
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TISSUES HOMOGENATE INCUBATION WITH GB3

For the determination of ETC complexes and
oxidative stress parameters, cerebral cortex and
kidneys were homogenized (1:20, v/v) in a TRIS
buffer, pH 7.4. The homogenate was centrifuged
at 600g for 10 minutes to remove cell debris.
Aliquots of the supernatant were made and these
were kept frozen (-80°C) until determinations. The
samples underwent three freeze-thaw cycles for
the disruption of mitochondrial membranes and
exposure of the catalytic sites of ETC enzymes.
The parameters were determined in homogenate
pre-incubated for 60 minutes at 37°C in the absence
(control group) or presence (test group) of GB3 at
concentrations of 3, 6, 9 and 12 mg / L, according
to the plasma concentration in a study of Kruger et
al. (2010).

DETERMINATION OF THE I-1IV COMPLEXES OF
THE ETC

The activities of the complexes I, I, III e IV were
determined according to Spinazzi et al. (2012). The
results were expressed as nmol/min mg of proteins.

PROTEIN DETERMINATION

Proteins were determined by the Lowry etal. (1951)
method using bovine serum albumin as standard.

SUPEROXIDO-DISMUTASE (SOD) ACTIVITY

SOD activity was evaluated by quantifying the
inhibition of superoxide dependent autoxidation
of epinephrine, verifying the absorbance of
the samples at 480 nm according to Misra and
Fridovich (1972). SOD activity was expressed as
the amount of enzyme that inhibits the oxidation of
epinephrine by 50%, which is equal to 1 unit. The
data were expressed as Units/mg protein.

CATALASE (CAT) ACTIVITY

CAT activity was assayed according to Aebi (1984)
by measuring the absorbance decrease at 240 nm in
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a reaction medium containing 20 mM H,O,, 0.1%
Triton X-100 and 10 mM potassium phosphate
buffer, pH 7.0. One CAT unit is defined as 1 pmol
of hydrogen peroxide consumed per minute and the

specific activity is reported as Units/mg protein.

DCF ASSAY

ROS and nitrogen reactive species (RNS)
production was determined according to the
method described by LeBel et al. (1992). Briefly,
20 uL of the sample were incubated at 37°C, in
the dark, for 30 min, with the addition of 175 uL
of PBS buffer and 5 pL of DCF diacetate in a 96-
well plate. DCF is cleaved by cellular esterases and
form H,DCF that is oxidized by reactive species,
which are present in the sample, producing a
fluorescent compound, the DCF. DCF oxidation
was fluorimetrically measured by using a 480 nm
excitation and a 520 nm emission wavelength.
The protein concentration of the samples were
standardized at 1mg/mL.

THIOBARBITURIC ACID REACTIVE SUBSTANCES
(TBARS) MEASUREMENT

Reactive species react with membrane lipids causing
lipoperoxidation, with consequent formation of
malondialdehyde (MDA), which was quantified
by the method described by Ohkawa et al. (1979).
MDA reacts with thiobarbituric acid under heating
to form a pink-colored compound measured in a
spectrophotometer at 535 nm. The coloration is
proportional to the formed malondialdehyde. The
results were expressed as nmol TBARS/mg protein.

MEASUREMENT OF TOTAL THIOL CONTENT
(SULFHYDRYLS)

Total thiol content was measured by method of
Aksenov and Markesbery (2001), which is based
on reduction of dithionitrobenzoic acid (DTNB) by
thiols, generating a yellow derivative (TNB) read
spectrophotometrically at 412 nm. The results were
expressed as nmol TNB / mg protein.
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STATISTICAL ANALYSIS

Data from the experiments were statistically
analyzed by one-way analysis of variance (ANOVA)
followed by the Tukey test, where the F value was
significant. Values of p < 0.05 were considered
significant. For statistical analysis, the Statistical
Package for Social Sciences (SPSS) software was
used.

RESULTS
ETC

The ETC complexes activity was individually
determined in the homogenates of cerebral cortex,
liver and kidneys of Wistar rats pre-incubated
with GB3. Complex II activity in kidney was
significantly increased in the presence of GB3 at
concentrations of 3 mg/L (p = 0.004) and 9 mg/L
(p = 0.041). An increase of complex IV activity
in kidney at GB3 concentrations of 6 mg/L (p =
0.005) and 12 mg/L (p = 0.033) was also observed.
ETC complexes activity in cerebral cortex and liver
homogenate was not affected by GB3 exposition
(Table I).

REDOX STATE

The DCF assay was performed to determine the
production of reactive species. The production of
reactive species also demonstrated a significant
increase compared to the control group, at
concentrations of 6 mg/L (p < 0.001), 9 mg/L (p <
0.001) and 12 mg/L (p < 0.001) of GB3 in cerebral
cortex homogenate (Fig. le). The results showed a
significant increase of reactive species compared to
the control group, at concentrations of 3 mg/L (p =
0.01), 6 mg/L (p <0.001), 9 mg/L (p <0.001) and
12 mg/L (p < 0.001) of GB3 in kidney homogenate
(Fig. 2e). The production of reactive species in
liver (Fig. 3e) homogenate was not altered by GB3

exposition.
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A significant decrease at SOD activity of 6
mg/L (p <0.001), 9 mg/L (p <0.001) and 12 mg/L
(p < 0.001) of GB3 in cerebral cortex (Fig. 1b)
homogenate was demonstrated.

In the kidney homogenate there was an increase
in SOD activity at concentrations of 6 mg/L (p <
0.001), 9 mg/L (p<0.001) and 12 mg/L (p <0.001)
(Fig. 2b). However, no changes were observed in
CAT activity (Fig. 2a).

No significant changes in sulphydril content
or MDA levels were observed in cerebral cortex,
kidney and liver homogenates pre-incubated with
GB3 when compared to the control group (Fig. 1c,
d, 2c, d, 3c and d).

DISCUSSION

There are few studies in literature evaluating
oxidative stress in FD (Shen et al. 2008a,
Biancini et al. 2016) and no work evaluating ETC
activity in this disease. In this sense, our work
aims to analyze, in vitro, the effect of the main
metabolite accumulated in FD, GB3, on ETC
protein complexes, production of reactive species,
lipoperoxidation and antioxidant enzymes CAT
and SOD.

Small amounts of ROS are generated in the
normal course of oxidative phosphorylation.
The production of superoxide radical (O,")
occurs mainly inside the mitochondria. During
energy transduction, a small number of electrons
prematurely “leak”, forming a superoxide
free radical, which has been implicated in the
pathophysiology of a variety of diseases (Valko et
al. 2007, Poyton et al. 2009, Cherry and Piantadosi
2015).

Oxidative stress has recently been shown
to act on several inborn errors of metabolism,
suggesting that it may be involved in neurological
damage observed in these diseases. However,
the mechanism responsible for oxidative stress
in inborn errors of metabolism is not yet fully
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TABLE I
In vitro effect of GB3 treatment on complexes I, I, III and IV activity in each animal organ.
ORGAN COMPLEX TREATMENT MEAN & 5D P
(nmol / min mg of proteins)

I CONTROL 8.62 +0.54 1.00
3mg/mL 7.74+0.61 1.00
6mg/mL 8.49+0.93 1.00
9mg/mL 8.54+0.83 1.00
12mg/mL 8.56 +0.80 1.00
11 CONTROL 19.7+ 1.1 1.00
3mg/mL 18714 1.00
6mg/mL 17.7+0.59 0.765
9mg/mL 19.2+0.99 1.00
CORTEX 12mg/mL 203+1.2 1.00
111 CONTROL 135+10.3 1.00
3mg/mL 158 £ 14.1 1.00
6mg/mL 155+9.7 0.329
9mg/mL 131+11.5 1.00
12mg/mL 132+ 10.5 1.00
v CONTROL 330+£31.6 1.00
3mg/mL 315+28.5 1.00
6mg/mL 338+174 1.00
9mg/mL 323+21.5 1.00
12mg/mL 321+£25.6 1.00
I CONTROL 9.68+1.0 1.00
3mg/mL 9.05+0.70 1.00
6mg/mL 102+1.3 0.385
9mg/mL 103+1.2 1.00
12mg/mL 9.88+1.3 1.00
I CONTROL 173+1.0 1.00
3mg/mL 19.7+1.0 0.004
6mg/mL 19.0+0.54 0.122
9mg/mL 18.7+0.74 0.041
KIDNEY 12mg/mL 18.6 £ 0.84 1.00
I CONTROL 170 £ 16.2 1.00
3mg/mL 161 +£18.4 1.00
6mg/mL 172+ 13.4 1.00
9mg/mL 164 +10.6 1.00
12mg/mL 151+154 1.00
v CONTROL 476 £24.4 1.00
3mg/mL 503 +£25.1 1.00
6mg/mL 555+23.6 0.005
9mg/mL 532+25.2 0.282
12mg/mL 561 +22.4 0.033
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In vitro EFFECT OF GB3 ON ETC AND REDOX PARAMETERS

TABLE I (continuation)
ORGAN COMPLEX TREATMENT MFAN *SD . )4
(nmol / min mg of proteins)

I CONTROL 29.1+4.9 1.00
3mg/mL 30.6 4.2 1.00

6mg/mL 29.4+48 1.00

9mg/mL 30.6+4.9 1.00

12mg/mL 30+54 1.00

I CONTROL 82+ 1.1 1.00
3mg/mL 82+12 1.00

6mg/mL 7.7+1.1 1.00

9mg/mL 89+0.9 1.00

LIVER 12mg/mL 7.1£09 1.00
11 CONTROL 111.4+9.6 1.00
3mg/mL 1244 +10.4 1.00

6mg/mL 113.1+59 1.00

9mg/mL 113.8+10.8 1.00

12mg/mL 115.1+8.6 1.00

v CONTROL 2122+ 10.5 1.00
3mg/mL 2183 +12.8 1.00

6mg/mL 2154+9.7 1.00

9mg/mL 221+10.3 1.00

12mg/mL 234.8+10.6 1.00

SD: Standard Deviation; 95% Wald Confidence Interval.

understood. It is possible that the accumulation of
toxic metabolites induces excessive formation of
reactive species of oxygen and nitrogen (Fontella
et al. 2000, Vargas et al. 2004, Barschak et al. 2008,
Biancini et al. 2012).

Our study shown that GB3 statistically
increase the activity of the complexes II and IV
of ETC at different concentrations. However,
the magnitude of this increase seems to be too
low (less than 15%) to present a physiologically
importance. Besides, no alteration was observed
in the activity of other enzymatic complexes in
kidney homogenate, as well as, no changes in
ETC activity were observed in cerebral cortex and
liver. Once this is an in vitro study, it is possible
that exposure time of these tissues to GB3 was not
sufficient to cause changes, which does not rule
out the possibility of finding other results in patient

An Acad Bras Cienc (2019) 91(2)

samples or cell culture exposed to GB3 in a chronic
way.

Renal involvement in FD is one of the leading
causes of death and disability in this condition,
usually between the fourth and fifth decade of
life. Patients are severely affected by renal disease
requiring dialysis and even organ transplantation.
In our studies, we observed an increase in SOD
activity and in formation of reactive species in renal
tissue homogenates in presence of GB3. These
alterations can be related to the renal impairment
commonly found in those affected by Fabry’s
disease (Germain 2010).

Tseng in a study with differentiated vascular
endothelial cells found that excess accumulation
of GB3 suppressed mitochondrial SOD expression
and increased ROS production. We also verified
that cortex homogenates exposed to GB3 showed a
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Figure 1 - In vitro effect of GB3 on catalase (CAT) activity (a), Superoxido dismutase (SOD) activity (b), sulthydryl
assay (¢), lipoperoxidation (d) and production of reactive species (e) in cerebral cortex of Wistar rats. Values are
means + S.D. (n=6). Statistically significant differences from controls were determined by ANOVA followed by
Tukey test: ** p <0.001.
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Figure 2 - In vitro effect of GB3 on catalase (CAT) activity (a), Superoxido dismutase (SOD) activity (b), sulthydryl
assay (c¢), lipoperoxidation (d) and production of reactive species (e) in kidney of Wistar rats. Values are means + S.D.
(n=6). Statistically significant differences from controls were determined by ANOVA followed by Tukey test: ** p
<0.001.
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Figure 3 - In vitro effect of GB3 on catalase (CAT) activity (a), Superoxido dismutase (SOD)
activity (b), sulfhydryl assay (c), lipoperoxidation (d) and production of reactive species (e) in

liver of Wistar rats. Values are means + S.D. (n=6).

decrease in the activity of the antioxidant enzyme
SOD, suggesting a direct inhibition of the enzyme,
and consequently an increase in the formation of
reactive species by the presence of GB3 (Tseng
2017).

High ROS/RNS levels, when not neutralized
by cellular antioxidant enzymes, induce redox

An Acad Bras Cienc (2019) 91(2)

imbalance that results in oxidative stress. This
situation causes oxidative changes in the structure,
function of cellular components, and can lead to
the damage of cells, tissues and organs. Among
cellular components, the most sensitive to oxidative
modifications are membrane phospholipids. These
are highly susceptible to oxidation and they are
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markers of oxidative damage (Niki 2009, Halliwell
2011).

Human tissues, in general, are susceptible to
oxidative damage; however, the brain appears to
be especially sensitive to this type of injury. One
explanation for this would be the high consumption
of oxygen and ATP presented by this tissue. In
addition, the neuronal membranes present a large
amount of lipids, sensitive to lipoperoxidation.
Moreover, brain tissue has a low level of antioxidant
defenses, which makes it even more sensitive to
reactive species injury (Halliwell and Gutteridge
2007, Halliwell 2011).

Our collective results suggested that in vitro
exposure to GB3 resulted in increase in production
of reactive species and increase of antioxidant
defenses in renal tissue. Furthermore, the presence
of GB3 decreased antioxidant defenses in cerebral
cortex and increase in production of reactive species.
However, the effect of GB3 on ETC activity can
be considered not relevant. Thus, we can conclude
that the principal metabolite accumulated in FD,
GB3, contribute in some way to redox imbalance
and to cellular damage observed in this disease.

Our results do not allow ruling out the
involvement of ETC on pathophysiology of FD
disease. However, further studies involving ETC
in Fabry patient samples or cell cultures may help
to better understand these results and a better
understanding of the biological processes and
mechanisms that lead to renal dysfunction and
disease progression suggesting additive treatment
strategies in order to decrease the high morbidity of
patients with Fabry.
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