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A B S T R A C T

Morquio A disease (Mucopolysaccharidosis type IVA, MPS IVA) is one of the 11 mucopolysaccharidoses (MPSs),
a heterogeneous group of inherited lysosomal storage disorders (LSDs) caused by deficiency in enzymes need to
degrade glycosaminoglycans (GAGs). Morquio A is characterized by a decrease in N-acetylgalactosamine-6-
sulfatase activity and subsequent accumulation of keratan sulfate and chondroitin 6-sulfate in cells and body
fluids. As the pathophysiology of this LSD is not completely understood and considering the previous results of
our group concerning oxidative stress in Morquio A patients receiving enzyme replacement therapy (ERT), the
aim of this study was to investigate oxidative stress parameters in Morquio A patients at diagnosis. It was studied
15 untreated Morquio A patients, compared with healthy individuals. The affected individuals presented higher
lipid peroxidation, assessed by urinary 15-F2t-isoprostane levels and no protein damage, determined by
sulfhydryl groups in plasma and di-tyrosine levels in urine. Furthermore, Morquio A patients showed DNA
oxidative damage in both pyrimidines and purines bases, being the DNA damage positively correlated with lipid
peroxidation. In relation to antioxidant defenses, affected patients presented higher levels of reduced glutathione
(GSH) and increased activity of glutathione peroxidase (GPx), while superoxide dismutase (SOD) and
glutathione reductase (GR) activities were similar to controls. Our findings indicate that Morquio A patients
present at diagnosis redox imbalance and oxidative damage to lipids and DNA, reinforcing the idea about the
importance of antioxidant therapy as adjuvant to ERT, in this disorder.

1. Introduction

Morquio A disease (Mucopolysaccharidosis type IVA, MPS IVA,
OMIM #253000) is an autosomal recessive inborn error of glycosami-
noglycan (GAG) catabolism due to a defect in N-acetylgalactosamine-6-
sulfatase enzyme (GALNS; E.C.3.1.6.4) [42]. This enzyme deficiency is
responsible for keratan sulfate and chondroitin 6-sulfate accumulation
in body fluids and tissues. Keratan sulfate, the main accumulated

metabolite, contains a repeating disaccharide unit with alternating d-
galactose and N-acetyl-D-glucosamine residues. Keratan sulfate accu-
mulates principally in the cartilage, cornea and heart valves of Morquio
A patients and excess of tissue accumulation leads to disruption in the
cartilage and subsequent increase of keratan sulfate levels in blood and
urine [34]. The Morquio A incidence ranges among different popula-
tions from 1 per 76,000 live births in Northern Ireland [40] to 1 per
640,000 live births in Western Australia [41]. However, within this
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context it is important to mention the study developed by Leadley et al.
[28], which shows that definitions for prevalence and incidence are not
well understood in rare diseases field. Since overestimation and under-
estimation of prevalence data can occur, guidelines and quality tools for
estimating the prevalence of rare diseases are recommended. Clinical
manifestations of Morquio A patients include: skeletal dysplasia,
restricted growth and short stature, joint hypermobility, valvular heart
disease, pulmonary disease, corneal clouding, hearing loss, and poorly
formed teeth [33]. The characteristic signs and symptoms of Morquio A
syndrome appear at around two or three years of age [33].

The affected enzyme in Morquio A syndrome is encoded by the
GALNS gene, which is located on chromosome 16q24.3 and split into 14
exons spanning approximately 50 kb [53]. Until April of 2017, 328
different mutations have been identified in the GALNS gene in the
Human Gene Mutation Database (www.hgmd.cf.ac.uk [51]).

It is already described that the large number of mutations in GALNS
are consistent with the broad spectrum of phenotypes observed in
Morquio A patients, ranging from mild to severe based on the residual
GALNS activity [14,34,35]. In almost all cases, Morquio A patients have
no neurological impairment, differently from most MPS types [42].

Since 2014, enzyme replacement therapy (ERT) for Morquio A is
approved in many countries, including Brazil. This treatment is based
on the intravenous administration of a recombinant enzyme, similar to
the native GALNS, aiming to reduce the high levels of GAGs accumu-
lated inside the lysosomes [22]. Morquio A patients submitted to ERT
showed improvements in 6-minute-walk test and presented a decrease
in keratan sulfate excretion levels [22]. However, it is important
emphasize that recent works are showing that ERT do not reverse most
of the features present before the treatment and also not shown good
clinical efficiency in Morquio A patients [43,56].

Reactive species, that are formed and degraded in cells during
normal aerobic metabolism, are required for the correct functioning of
the organism. However, an imbalance in the rate of synthesis and
detoxification of these reactive species cause a disruption of redox
metabolism with oxidative damage to biomolecules like proteins, lipids
and DNA [20]. The involvement of reactive species is described in more
than a hundred human diseases, including some IEM, and in the
majority of published works about IEM, the accumulated metabolites
are indicated as main responsible for the increase of reactive species
[3,10,17,44,48]. An abnormal accumulation of GAGs not degraded
within the lysosomes can lead to an increase of reactive oxygen species
(ROS), which has a great impact on lysosomal function since lysosomes
lack hydrogen peroxide degrading enzymes and have high content of
iron, making them organelles extremely susceptible to oxidative
damage [49,50]. A destabilization of lysosomal membranes can cause
an overflow of lysosome contents into the cytoplasm which may trigger
peroxidation cascades causing, at the end, cell apoptosis or necrosis
[49,50].

We have been focusing our research on the mechanisms underlying
the pathophysiology of Morquio A and, in a previous study we
demonstrated that oxidative and inflammatory imbalance occurs in
Morquio A patients even after eight months of ERT [13]. Therefore, the
aim of the present study was to evaluate antioxidant defenses and
oxidative damage to lipids, proteins and DNA in Morquio A patients
without treatment.

2. Materials and methods

2.1. Subjects

The study was performed with 15 Morquio A patients with ages
varying between 5 and 43 years (18.1 ± 11.25 years old, mean ±
standard deviation) and with 39 healthy individuals with ages ranging
between 7 and 32 years (21.31 ± 5.97 years old, mean ± standard
deviation). At the moment of diagnosis, patients presented the classic
symptoms, usually including short stature, skeletal deformities (pectus

carinatum and genu valgum almost always present), limited ambula-
tion, restrictive airway disease, heart valves problems and corneal
clouding. Diagnosis was confirmed by evaluation of GAGs in urine
(increased both total content and keratan sulfate) and measurement of
GALNS in leukocytes (deficient activity) [32,55].

The research was carried out according to The Code of Ethics of the
World Medical Association (Declaration of Helsinki) and informed
consent was obtained from all participants. The study was approved
(project number 13-0246) by The Ethics Committee of the Hospital de
Clínicas de Porto Alegre (HCPA), RS, Brazil.

2.2. Samples preparation

Urine and heparinized blood samples were obtained from patients
and healthy individuals at the same time. The urine samples were
collected in sterile flask, aliquoted and frozen at −80 °C until analysis.
Whole heparinized blood was centrifuged at 1000 ×g for 10 min and
plasma was removed by aspiration, aliquoted and frozen at −80 °C
until biochemical determinations. An aliquot of whole blood was
separated for comet assay. Erythrocytes were washed three times with
cold saline solution (0.153 mol/L sodium chloride) and the lysates were
prepared by addition of 1 mL of distilled water to 100 μL of washed
erythrocytes. The lysates were frozen at −80 °C until determination of
GSH and antioxidant enzymes activities. For these determinations, the
supernatant (after centrifugation at 13,500 ×g for 10 min) was diluted
in order to contain approximately 0.5 mg/mL of protein.

2.3. Biochemical determinations

2.3.1. Urine 15-F2t-isoprostane levels
15-F2t-isoprostane, a product of arachidonic acid metabolism and a

biomarker of lipid peroxidation, was measured by a competitive
enzyme-linked immunoassay (ELISA) (Oxford Biomed, EA 85), accord-
ing the kit's instructions. First, the urine samples were mixed with
dilution buffer. In this assay, the 15-F2t-isoprostane in the urine
samples competes with the 15-F2t-isoprostane conjugated to horse-
radish peroxidase for the binding to a specific antibody fixed to the
microplate. The concentration of 15-F2t-isoprostane was determined
spectrophotometrically at 630 nm by the intensity of color developed
after the substrate had been added. Results were expressed as pico-
grams of isoprostanes per mg of urinary creatinine (pg/mg Cr).

2.3.2. Total plasmatic level of sulfhydryl groups
The plasmatic concentration of sulfhydryl groups was performed as

previously described. [1]. The method is based on the reduction of 5,5′-
dithiobis(2-nitrobenzoic acid) (DTNB) by sulfhydryl groups into a
yellow derivative (TNB) whose absorption is measured spectrophoto-
metrically at 412 nm. The sulfhydryl content is inversely correlated to
oxidative damage to proteins. Results were reported as μmol TNB/mg
protein.

2.3.3. Urinary di-tyrosine levels
In order to determine the levels of protein oxidation in urine, the

intensity of di-tyrosine fluorescence was measured according to method
previously described [26]. In brief, 50 μL of thawed urine was added to
950 μL of 6 mol/L urea in 20 mmol/L sodium phosphate buffer pH 7.4.
After 30 min, the concentration was measured using a fluorometer
(excitation 315 nm, emission 410 nm). Results were expressed as
fluorescence units per mg of urinary creatinine (FU/mg Cr).

2.3.4. Alkaline comet assay in leukocytes
The alkaline comet assay, that measures single and double DNA

strand breaks, was performed as previously described and in accor-
dance with general guidelines for the comet assay [47,52]. Aliquots of
100 μL from whole blood were suspended in agarose and spread into a
glass microscope slide pre-coated with agarose. Slides were placed in
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ice-cold lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris
pH 10.0–10.5 with 10% DMSO and 1% Triton X-100) to remove cell
proteins and leaving DNA as “nucleoids”. After the lysis-buffer proce-
dure, the slides were covered with fresh buffer (300 mM NaOH and
1 mM EDTA, pH > 13) for 15 min to allow DNA unwinding and then,
electrophoresis was performed for 15 min (25 V; 300 mA; 0.9 V/cm).
Slides were neutralized with 0.4 M Tris (pH 7.5), washed in bi-distilled
water and stained using silver nitrate staining protocol [39]. After
drying at room temperature overnight, the samples were analyzed using
an optical microscope. One hundred cells (50 cells from each of the two
replicate slides) were selected and analyzed. Cells were visually scored
according to tail length and received scores from 0 (no migration) to 4
(maximal migration). Therefore, the damage index (DI) was calculated,
ranged from 0 (completely undamaged: 100 cells × 0) to 400 (with
maximum damage: 100 cells × 4) [7,52]. The slides were analyzed
under blind conditions at least by two different individuals.

A digestion step with a bacterial repair enzyme was included in the
alkaline comet assay before electrophoresis, in accordance to
Dizdaroglu et al. [12]. The enzyme used was endonuclease III (Endo
III, also known as Nth) which converts oxidized pyrimidines (including
thymine glycol and uracil glycol) to strand breaks. It was obtained from
New England Biolabs (NEB, Ipswich, MA). After lysis, the slides were
washed for 5 min each in enzyme buffer (40 mM HEPES-KOH, 1 M KCl,
5 mM EDTA, 2.5 mg/mL bovine serum albumin fraction V-BSA, and
pH 8.0). The suspension was added to the slide, covered with coverslip,
and incubated for 45 at 37 °C. Subsequent steps were the same as in the
alkaline version of comet assay. DNA damage with Endo III was
calculated as the score obtained with enzyme minus the score without
enzyme (basal).

2.3.5. Urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG) levels
Urinary 8-OHdG levels, a product of DNA oxidative damage due to

the hydroxyl radical attack at the C8 position of deoxyguanosine, were
determined by Highly Sensitive 8-OHdG Check ELISA kit (JaICA,
Fukuroi, Japan). The 8-OHdG Check ELISA kit is a competitive in vitro
enzyme-linked immunosorbent assay for quantitative measurement of
the oxidative DNA adduct 8-hydroxy-2′-deoxyguanosine. This assay
employs a microplate with 96 wells pre-coated with 8-OHdG, a
monoclonal antibody specific for 8-OHdG (primary antibody), an
HPR-conjugated antibody (secondary antibody) and colorimetric detec-
tion substrate whose absorbance was measured in an ELISA microwell
reader at 450 nm. The sample 8-OHdG concentrations (ng/mL) were
calculated using a polynomial equation from the relative absorbance of
standard curve. After creatinine correction, the results were expressed
as ng/mg Cr.

2.3.6. Erythrocyte reduced glutathione (GSH) content
In order to measure GSH levels, the main intracellular antioxidant,

lysates of erythrocytes were processed as described previously [5] and
the fluorescence measured (excitation = 350 nm, emission = 420 nm)
was compared to a calibration curve prepared with GSH solutions.
Results were expressed as nmol/mg protein.

2.3.7. Erythrocyte glutathione peroxidase (GPx) activity
Erythrocyte GPx activity was measured by using a commercially

available kit (Cayman Chemical Company, 703102). GPx catalyzes the
oxidation of glutathione (GSH) to GSSG (oxidized glutathione). In the
presence of glutathione reductase (GR) and NADPH, the oxidized GSSG
is converted to its reduced form, with concomitant oxidation of NADPH
to NADP+. The decrease in absorbance of NAPDH was measured at
340 nm after every minute until 5 min. One unit of GPx is defined as the
amount of enzyme that will cause the oxidation of 1.0 nmol of NADPH
to NADP+ per minute at 25 °C and the results were expressed in nmol/
min/mL.

2.3.8. Erythrocyte glutathione reductase (GR) activity
GR activity was determined by the method of Carlberg and

Mannervik [8], which is based on GSSG reduction using NADPH as a
cofactor. Erythrocyte samples were added to a reaction medium
containing 0.2 mol/L sodium phosphate buffer, pH 7.5, 6.3 mmol/L
EDTA and 0.4 mmol/L NADPH. At 340 nm, the consumption of NADPH
was monitored for 10 min. One unit of GR represents one μmol of
NADPH consumed per minute, and its specific activity is expressed as
mU/mg protein.

2.3.9. Erythrocyte superoxide dismutase (SOD) activity
SOD activity was measured using the RANSOD® kit (Randox Lab,

Antrim, United Kingdom). The method is based on the formation of red
formazan from the reaction of 2-(4-iodophenyl)-3-(4-nitrophenol)-5-
phenyltetrazolium chloride and superoxide radical, which is produced
by the incubation with the xanthine–xanthine oxidase reaction system.
The absorbance of the product is measured spectrophotometrically at
505 nm. One unit of SOD corresponds to a 50% inhibition of red
formazan formation. The specific activity of SOD was expressed as U/
mg protein.

2.3.10. Keratan sulfate
The measurement of urinary keratan sulfate was performed accord-

ing to the technique described by Martell et al. [32]. The keratan
sulfate-derived disaccharides Galβl-4GlcNAc(6S) and Gal(6S)βl-
4GlcNAc(6S) were detected in urine by LC-MS/MS assay using kerata-
nase II digestion. The results were expressed in μg keratan/mg Cr.

2.3.11. Urinary creatinine (Cr)
Creatinine was determined using Creatinine K kit of Labtest®

(Labtest Diagnóstica, Lagoa Santa, MG, Brazil), by reaction with picric
acid under alkaline conditions, producing an orange color whose
absorbance was determined in a spectrophotometer at 492 nm.
Results were expressed as mg Cr/dL.

2.3.12. Protein determination
Plasma and erythrocyte protein levels were determined respec-

tively, by Biuret method – using Labtest® kit (Labtest Diagnóstica,
Lagoa Santa, MG, Brazil) and by Lowry method [29], both measured in
spectrophotometer.

2.4. Statistical analysis

All results were expressed as mean ± standard error of the mean
(SEM). Normal distribution was tested by the D'Agostino & Pearson
omnibus normality test. Unpaired Student's t-test was used for all
comparisons between the two groups. As keratan values didn't present
Gaussian distribution, they were analyzed by Mann-Whitney test for
unparametric data. Correlations between parameters were performed
by Pearson's correlation test. Differences were considered significant
when p < 0.05. All analyses and graphs were done using the GraphPad
Prism® (GraphPad Software Inc., San Diego, CA, USA - version 5.0)
software.

3. Results

3.1. Oxidative damage to lipids and proteins

Results showed that Morquio A patients had increased levels of
urinary isoprostanes, biomarker of oxidative damage to lipids
(1310 ± 13.1 pg/mg Cr) (Fig. 1A) (p < 0.05) when compared to
controls (926 ± 93.03 pg/mg Cr). When oxidative damage to proteins
was analyzed, the results revealed that plasma sulfhydryl groups in
Morquio A patients (41.16 ± 1.76 μmol TNB/mg protein) did not
differ statistically from control group (41.66 ± 0.9183 μmol TNB/mg
protein) (p > 0.05) (Fig. 1B). Likewise, no significant difference was
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observed in the urinary content of di-tyrosine when Morquio A patients
were compared to healthy individuals (13,414 ± 1355 FU/mg Cr and
10,995 ± 1371 FU/mg Cr, respectively) (Fig. 1C). All data were
expressed as the mean ± SEM.

3.2. DNA damage

Morquio A patients showed significant increase in basal DNA
damage (73.5 ± 7.90 arbitrary units) when compared to controls
(35.0 ± 5.15 arbitrary units) (p < 0.01) (Fig. 2A). After Endo III
enzyme (that indicates pyrimidines bases damage) treatment, Morquio
A patients also showed an increased DNA damage (117.0 ± 20.13 in
patients versus 59.00 ± 7.91 arbitrary units in controls) (p < 0.05)
(Fig. 2B). The urinary excretion of 8-OHdG (biomarker of purines bases
oxidative damage) was significantly higher in patients
(9.86 ± 0.66 ng/mg Cr) when compared to controls
(6.21 ± 0.61 ng/mg Cr) (p < 0.001) (Fig. 2C). All data were ex-
pressed as the mean ± SEM.

3.3. Antioxidant defenses

The concentration of erythrocyte GSH, the main non-enzymatic
antioxidant in cells, was significantly increased in Morquio A patients
(0.139 ± 0.024 nmol/mg protein) when compared to control group
(0.079 ± 0.008 nmol/mg protein) (p < 0.05) (Fig. 3A). The GPx
activity was significantly increased in patients (330.4 ± 15.15 nmol/
min/ml) when compared to controls (265.7 ± 18.71 nmol/min/ml)
(p < 0.05) (Fig. 3B), while there was no significant difference in GR
activity between patients (5.74 ± 0.57 mU/mg protein) and controls
(4.75 ± 0.30 mU/mg protein) (p > 0.05) (Fig. 3C). Also, SOD activ-
ity was not different between Morquio A patients and controls
(3.9 ± 0.24 U/mg protein and 4.45 ± 0.38 U/mg protein, respec-
tively) (Fig. 3D). All data were expressed as the mean ± SEM.

3.4. Correlation between lipid peroxidation and DNA damage

Urinary isoprostanes levels in Morquio A were positively correlated
with DNA damage index (Fig. 4) (r = 0.637 p < 0.05).

3.5. Keratan sulfate levels

It was found significant difference in urinary keratan sulfate levels
between the two studied groups. Morquio A patients presented higher
values than control individuals (17.54 ± 3.85 μg/mg Cr and
0.04 ± 0.03 μg/mg Cr, respectively) (Table 1).

4. Discussion

Morquio A is one of> 50 rare genetic disorders included in the
group of LSDs. These diseases, in most cases, are caused by deficiencies
in lysosomal enzymes that can lead to the accumulation of lipids,
proteins, glycosaminoglycans or other molecules inside the lysosomes
[19]. The initial response in order to contain the abnormal accumula-
tion of undegraded substances within the lysosomes is the increase of
number and size of these organelles [19]. However, the precise
biochemical and cellular mechanisms by which the intralysosomal
accumulation leads to cell and tissue dysfunction is still not completely
clear [19]. In the case of MPSs, one possible hypothesis to explain
cellular damage is that GAGs degradation products are structurally
similar to lipopolysaccharide (LPS), an endotoxin of gram-negative
bacteria which binds and activates the Toll Like Receptor 4 (TLR4). This
activation leads to a secretion of several proinflammatory cytokines
inducing a response of the innate immune system [24]. Elevated levels
of many genes involved in TLR signaling were already found in MPS
animals [46]. Furthermore, in MPS VI and VII animal models,
chondrocytes with GAGs accumulation showed elevated nitric oxide
levels and proinflammatory cytokines, which can induce the expression
of matrix metalloproteases that may directly contribute to cartilage
degeneration through their proteolytic activity [2]. Also, the pro-

Fig. 1. Oxidative damage to biomolecules. Damage to lipids [isoprostanes in urine (A)] and proteins [sulfhydryl groups in plasma - SH (B); di-tyrosine in urine (C)] in Morquio A patients
(n = 13–15) and controls (n = 12–14). Data represent mean ± SEM. *p < 0.05 (Student's t-test for unpaired samples) compared to the control group.
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Fig. 2. Basal and oxidative damage to DNA. Basal DNA damage in leukocytes (A); DNA damage with Endo III in leukocytes (B); 8-hydroxy-2′-deoxyguanosine in urine - 8-OHdG (C) in
Morquio A patients (n = 8–10) and controls (n = 9–12). Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student's t-test for unpaired samples) compared to the
control group.

Fig. 3. Antioxidant defenses. Reduced glutathione - GSH (A), glutathione peroxidase - GPx (B), glutathione reductase - GR (C) and superoxide dismutase - SOD (D) in erythrocytes of
Morquio A patients (n = 13–14) and controls (n = 12–14). Data represent mean ± SEM. *p < 0.05 (Student's t-test for unpaired samples) compared to the control group.
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inflammatory cytokines can induce the production of oxidants, pros-
taglandins, and mitochondrial ROS by macrophages, contributing to
damage found in MPS patients [38].

Furthermore, the involvement of ROS is described in> 100 human
diseases, including MPS and other IEM [3,10,17,44,48]. In LSD, such as
Morquio A, oxidative stress can be even more harmful because
lysosomes are very susceptible to oxidative stress. This is due to the
fact that lysosomes have high iron content, which catalyzes Fenton
reaction and yields the extremely reactive hydroxyl radical (OH%). This
radical can attack biomolecules like lipids from lysosomal membrane,
resulting in rupture of this organelle. The disruption of lysosomes can
cause a release of hydrolases, undegraded metabolites and iron into the
cytosol causing cell apoptosis or necrosis, and in last instance tissue
injury. Also, the liberation of lysosomal content induces secondary ROS
production in cytoplasm, suggesting that lysosomal damage causes
further oxidative stress in a loop process [6,49,50,57].

Considering the relation between ROS and LSD described above, the
aim of this work was analyze the oxidative damage to biomolecules and
antioxidant defenses, as well as keratan sulfate urinary levels, in
Morquio A patients without any treatment.

Initially, lipid peroxidation was investigated in Morquio A patients
through urinary 15-F2t-isoprostane measurement. Patients affected by
a Morquio A syndrome showed increased 15-F2t-isoprostane urinary
levels when compared to controls. It should be emphasized that
isoprostanes are prostaglandin-like compounds which are not formed
by a cyclooxygenase-dependent oxidation of free arachidonic acid; in
fact, they are formed by a free radical-catalysed peroxidation of
arachidonic acid esterified in membrane phospholipids [36]. Also, 15-
F2t-isoprostane is rapidly metabolized and excreted in urine, making it
a well-established biomarker of oxidative stress [27]. The presence of
large amounts of isoprostanes is highly harmful since it can compromise
membrane integrity and fluidity which can lead to rupture of organelles
such as lysosomes or even a rupture of the cell [16]. Comparing the
results obtained in this study with the results of our previous study
[13], it can be concluded that lipid peroxidation occurs both in

diagnosis and treatment.
It is well established that lipid peroxides, in addition of its ability to

cause membrane destabilization, can attack other molecules, like DNA,
for example, forming mutagenic lesions [16]. Therefore, using the
comet assay in leukocytes, it was investigated DNA damage in the
studied patients. It was found that Morquio A patients had higher levels
of DNA damage and, as expected, this damage was positively correlated
with lipid peroxidation. In order to better understand if the mechanisms
of DNA damage were oxidative, it was used an Endo III enzyme in
comet assay. This enzyme recognizes oxidized pyrimidines bases and
removes them, which increase the comet's tail [15]. The results
obtained whit Endo III suggest that the damage found in Morquio A
patients was oxidative and occurs in pyrimidine bases. Oxidative DNA
damage was also investigated by 8-OHdG levels in urine of Morquio A
patients and healthy individuals. When OH% attacks the guanosine
present in nuclear and mitochondrial DNA, 8-OHdG is formed and
excreted into the bloodstream and urine [9]. In this work, it was
verified that Morquio A patients had higher urinary excretion of 8-
OHdG than control group. Combining this result with those obtained by
enzymatic comet assay, we can presume that the Morquio A patients
exhibit oxidative damage to purines and pyrimidines bases. Filippon
et al. [18] also demonstrated that MPS II patients, before and during the
ERT, had higher DNA damage than control individuals.

Surprisingly, when the antioxidant defenses of Morquio A patients
were analyzed, it was observed an increase of GSH content and elevated
GPx activity compared to control individuals. GSH is the most relevant
non-enzymatic antioxidant in organism due to its ability to be
preferentially oxidized by reactive species and thereby preventing the
damage to important biomolecules [21]. Glutamate cysteine ligase
(GCL - EC 6.3.2.2), that catalyzes the first step of GSH biosynthesis, can
be induced by oxidative stress, as well as the GCL catalytic subunit
(GCLC) mRNA and GCLC gene transcription, leading to an increase of
GSH levels [30,37]. Therefore, the higher GSH levels found in Morquio
A patients could be interpreted as a physiological response to oxidative
injury. It was found no statistical differences in GR activity between
Morquio A patients and controls. GR is an oxidoreductase (EC 1.8.1.7)
that catalyzes the reduction of GSSG to GSH. This enzyme has an
important role in glutathione metabolism linking the cellular NADPH
pool with the thiol/disulfide pool and maintaining the intracellular
reducing environment of high GSH and low GSSG level [11]. Corrobor-
ating the supposition of GCL induced by an oxidative stress, Morquio A
patients had no change in GR activity, which shows that this enzyme is
not being the source of increased GSH. Furthermore, the high level of
lipid peroxides in Morquio A patients may be causing a biological
response to retain oxidative injury through the increase of both GSH
content and GPx activity. The fact that the enzymatic activity of SOD,
and consequently the hydrogen peroxide (H2O2) content was not
altered in Morquio A patients, also suggests that increased GPx activity
could be a consequence of high lipid peroxides content, since GPx could
be catalyzing the reduction of organic hydroperoxides in cells. En-
hanced antioxidant defenses were not seen in our previous study with
treated Morquio A patients [13]. Quite the opposite, treated patients
showed decreased levels of GSH and also damage to proteins, which
was not seen in the present study. A recent work demonstrated that all
Morquio A patients develop anti-drug antibodies during ERT [45].
However, it is not known the exact extent of these antibodies; probably
the inflammatory and oxidative chain reactions generated by the
immune system are responsible for the increased protein damage. As
well as Morquio A patients, Fabry patients without treatment presented
high levels of GSH and no protein damage, while treated Fabry patients
presented decreased GSH levels [4]. Probably, the high levels of GSH
found in untreated patients can be masking the measurement of
sulfhydryl content, once one third of sulfhydryl groups were repre-
sented by GSH.

Finally, urinary keratan sulfate was measured by a LC/MS/MS
technique and, as expected, the values of this GAG were greatly

Fig. 4. Correlation between DNA damage and lipid peroxidation. Correlation between
DNA damage in leukocytes and isoprostanes in urine of Morquio A patients (Pearson's
correlation).

Table 1
Urinary keratan sulfate levels in controls and Morquio A patients.

Control individuals (n = 15) Morquio A patients
(n = 15)

Keratan level (μg/mg Cr) 0.04 ± 0.03 17.54 ± 3.85⁎⁎⁎

Values correspond to mean ± SEM.
⁎⁎⁎ p < 0.001; Mann-Whitney nonparametric test.

B. Donida et al. Molecular Genetics and Metabolism Reports 11 (2017) 46–53

51



increased in Morquio A patients. Accumulated keratan sulfate in
Morquio A disease is excreted in urine and it is an important biomarker
of this disease [25]. Differently of blood samples, urinary KS levels
remained high in Morquio A patients even after 20 years of age, and are
distinguishable from unaffected individuals [23,31,54]. Also, the levels
of blood and urine keratan sulfate are correlated with clinical severity
during early and progressive stages of the Morquio A disease, and
therefore, they are a good prognostic biomarker [25]. It is important to
emphasize that urinary GAGs level of Morquio A patients under ERT did
not recline to the level of healthy individuals [13]. Therefore, con-
sidering the results of this work it can be proposed that keratan are
related with the oxidative damage to lipids and DNA found in not
treated Morquio A patients. Also, it was found an important increase in
GSH levels in Morquio A patients before ERT, which can be interpreted
as an adaptive response to oxidative injury.

5. Conclusion

In conclusion, the results of the present work provide new data
about the profile of oxidative stress in Morquio A patients contributing
to a better understanding of the Morquio A syndrome pathophysiology.
Furthermore, the present results reinforce the idea that antioxidants
probably would be beneficial if they are used as an adjuvant therapy of
ERT. This work provides new targets that can be studied as future
therapeutic strategies to improve the quality of life of Morquio A
patients.

Conflict of interest

All authors have read the journal's authorship agreement, and the
article has been reviewed and approved by all named authors. Roberto
Giugliani received educational grants and speaker honoraria, and has
been investigator in clinical trials sponsored by BioMarin and other
companies. The other authors declare that they have no conflict of
interest.

Acknowledgements

This study was supported by Brazilian Foundation Conselho
Nacional de Desenvolvimento Científico e Tecnológico (CNPq-
141552/2015-8), Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior (CAPES- 007481/2011-13) and Fundo de Incentivo à
Pesquisa e Eventos (FIPE/HCPA- 15-0468). The authors also thank the
patients, their families and the staff from Serviço de Genética Médica/
Hospital de Clínicas de Porto Alegre.

References

[1] M.Y. Aksenov, W.R. Markesbery, Changes in thiol content and expression of
glutathione redox system genes in the hippocampus and cerebellum in Alzheimer's
disease, Neurosci. Lett. 302 (2001) 141–145.

[2] A. Ballabio, V. Gieselmann, Lysosomal disorders: from storage to cellular damage,
Biochim. Biophys. Acta 1793 (2009) 684–696.

[3] A.G. Barschak, A. Sitta, M. Deon, et al., Evidence that oxidative stress is increased in
plasma from patients with maple syrup urine disease, Metab. Brain Dis. 21 (2006)
279–286.

[4] G.B. Biancini, C.E. Jacques, T. Hammerschmidt, et al., Biomolecules damage and
redox status abnormalities in Fabry patients before and during enzyme replacement
therapy, Clin. Chim. Acta 461 (2016) 41–46.

[5] R.W. Browne, D. Armstrong, Reduced glutathione and glutathione disulfide,
Methods Mol. Biol. 108 (1998) 347–352.

[6] U.T. Brunk, J. Neuzil, J.W. Eaton, Lysosomal involvement in apoptosis, Redox Rep.
6 (2001) 91–97.

[7] B. Burlinson, R.R. Tice, G. Speit, et al., Fourth International Workgroup on
Genotoxicity testing: results of the in vivo Comet assay workgroup, In Vivo Comet
Assay Workgroup, part of the Fourth International Workgroup on Genotoxicity
Testing, Mutat. Res. 627 (2007) 31–35.

[8] I. Carlberg, B. Mannervik, Glutathione reductase, Methods Enzymol. 113 (1985)
484–490.

[9] M.S. Cooke, M.D. Evans, M. Dizdaroglu, J. Lunec, Oxidative DNA damage:
mechanisms, mutation, and disease, FASEB J. 17 (2003) 1195–1214.

[10] M. Deon, A. Sitta, A.G. Barschak, et al., Induction of lipid peroxidation and decrease
of antioxidant defenses in symptomatic and asymptomatic patients with X-linked
adrenoleukodystrophy, Int. J. Dev. Neurosci. 25 (2007) 441–444.

[11] M. Deponte, Glutathione catalysis and the reaction mechanisms of glutathione-
dependent enzymes, Biochim. Biophys. Acta 1830 (5) (2013) 3217–3266.

[12] M. Dizdaroglu, J. Laval, S. Boiteux, Substrate specificity of the Escherichia coli
endonuclease III: excision of thymine-and cytosine-derived lesions in DNA produced
by radiation-generated free radicals, Biochemistry 32 (1993) 12105–12111.

[13] B. Donida, D.P. Marchetti, G.B. Biancini, et al., Oxidative stress and inflammation in
mucopolysaccharidosis type IVA patients treated with enzyme replacement therapy,
Biochim. Biophys. Acta 1852 (2015) 1012–1019.

[14] V.C. Dũng, S. Tomatsu, A.M. Montaño, et al., Mucopolysaccharidosis IVA: correla-
tion between genotype, phenotype and keratan sulfate levels, Mol. Genet. Metab.
110 (2013) 129–138.

[15] M. Dušinská, A.R. Collins, DNA oxidation, antioxidant effects, and DNA repair
measured with the comet assay, in: G. Aldini, K.J. Yeum, E. Niki, R. Russell (Eds.),
Biomarkers for Antioxidant Defense and Oxidative Damage: Principles and Practical
Applications, Blackwell Publishing Ltd., 2010.

[16] H. Esterbauer, R.J. Schaur, H. Zollner, Chemistry and biochemistry of 4-hydro-
xynonenal, malonaldehyde and related aldehydes, Free Radic. Biol. Med. 11 (1991)
81–128.

[17] L. Filippon, C.S. Vanzin, G.B. Biancini, et al., Oxidative stress in patients with
mucopolysaccharidosis type II before and during enzyme replacement therapy, Mol.
Genet. Metab. 103 (2011) 121–127.

[18] L. Filippon, C.A. Wayhs, D.M. Atik, et al., DNA damage in leukocytes from
pretreatment mucopolysaccharidosis type II patients: protective effect of enzyme
replacement therapy, Mutat. Res. 721 (2011) 206–210.

[19] A.H. Futerman, G. van Meer, The cell biology of lysosomal storage disorders, Nat.
Rev. Mol. Cell Biol. 5 (2004) 554–565.

[20] B. Halliwell, J.M.C. Gutteridge, Free Radicals in Biology and Medicine, fourth ed.,
Oxford University Press, New York, 2007.

[21] B. Halliwell, Reactive species and antioxidants redox biology is a fundamental
theme of aerobic life, Plant Physiol. 141 (2006) 312–322.

[22] C.J. Hendriksz, B. Burton, T.R. Fleming, et al., Efficacy and safety of enzyme
replacement therapy with BMN 110 (elosulfase alfa) for Morquio A syndrome
(mucopolysaccharidosis IVA): a phase 3 randomised placebo-controlled study, J.
Inherit. Metab. Dis. 37 (2014) 979–990.

[23] J.P. Hintze, S. Tomatsu, T. Fujii, et al., Comparison of liquid chromatography-
tandem mass spectrometry and sandwich ELISA for determination of keratan sulfate
in plasma and urine, Biomark. Insights 6 (2011) 69–78.

[24] G.B. Johnson, G.J. Brunn, Y. Kodaira, J.L. Platt, Receptor-mediated monitoring of
tissue well-being via detection of soluble heparan sulfate by Toll-like receptor 4, J.
Immunol. 168 (2002) 5233–5239.

[25] S. Khan, C.J. Alméciga-Díaz, K. Sawamoto, Mucopolysaccharidosis IVA and
glycosaminoglycans, Mol. Genet. Metab. 120 (1–2) (2017) 78–95.

[26] B. Kirschbaum, Correlative studies of urine fluorescence and free radical indicators,
Clin. Nephrol. 58 (2002) 344–349.

[27] L.A. Lawson, J. Rokach, G.A. FitzGerald, Isoprostanes: formation, analysis and use
as indices of lipid peroxidation in vivo, J. Biol. Chem. 274 (1999) 24441–24444.

[28] R.M. Leadley, S. Lang, K. Misso, et al., A systematic review of the prevalence of
Morquio A syndrome: challenges for study reporting in rare diseases, Orphanet J.
Rare Dis. 9 (2014) 173.

[29] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with the
Folin phenol reagent, J. Biol. Chem. 193 (1951) 265–275.

[30] S.C. Lu, Regulation of glutathione synthesis, Mol. Asp. Med. 30 (1–2) (2009) 42–59.
[31] L. Martell, K. Lau, M. Miranda, et al., Biomarker analysis of Morquio syndrome:

identification of disease state and drug responsive markers, Orphanet J. Rare Dis. 6
(2011) 84.

[32] L.A. Martell, R.L. Cunico, J. Ohh, et al., Validation of an LC-MS/MS assay for
detecting relevant disaccharides from keratan sulfate as a biomarker for Morquio A
syndrome, Bioanalysis 3 (2011) 1855–1866.

[33] A.M. Montaño, S. Tomatsu, A. Brusius, et al., Growth charts for patients affected
with Morquio A disease, Am. J. Med. Genet. A 146A (2008) 1286–1295.

[34] A.M. Montaño, S. Tomatsu, G.S. Gottesman, et al., International Morquio A
Registry: clinical manifestation and natural course of Morquio A disease, J. Inherit.
Metab. Dis. 30 (2007) 165–174.

[35] A. Morrone, A. Caciotti, R. Atwood, et al., Morquio A syndrome-associated
mutations: a review of alterations in the GALNS gene and a new locus-specific
database, Hum. Mutat. 35 (2014) 1271–1279.

[36] J.D. Morrow, T.M. Harris, L.J. Roberts 2nd., Noncyclooxygenase oxidative forma-
tion of a series of novel prostaglandins: analytical ramifications for measurement of
eicosanoids, Anal. Biochem. 184 (1990) 1–10.

[37] R.T. Mulcahy, M.A. Wartman, H.H. Bailey, J.J. Gipp, Constitutive andb-naphtho-
flavone-induced expression of the human γ-glutamylcysteine synthetase heavy
subunit gene is regulated by a distal antioxidant response element/TRE sequence, J.
Biol. Chem. 272 (1997) 7445–7454.

[38] S. Muralidharan, P. Mandrekar, Cellular stress response and innate immune
signaling: integrating pathways in host defense and inflammation, J. Leukoc. Biol.
94 (2013) 1167–1184.

[39] S.B. Nadin, L.M. Vargas-Roig, D.R. Ciocca, A silver staining method for single-cell
gel assay, J. Histochem. Cytochem. 49 (2001) 1183–1186.

[40] J. Nelson, Incidence of the mucopolysaccharidoses in Northern Ireland, Hum.
Genet. 101 (3) (1997) 355–358.

[41] J. Nelson, J. Crowhurst, B. Carey, L. Greed, Incidence of the mucopolysaccharidoses
in Western Australia, Am. J. Med. Genet. 123 A (3) (2003) 310–313.

[42] E.F. Neufeld, J. Muenzer, The mucopolysaccharidoses, in: C.R. Scriver,

B. Donida et al. Molecular Genetics and Metabolism Reports 11 (2017) 46–53

52

http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0005
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0005
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0005
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0010
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0010
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0015
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0015
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0015
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0020
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0020
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0020
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0025
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0025
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0030
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0030
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0035
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0035
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0035
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0035
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0040
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0040
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0045
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0045
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0050
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0050
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0050
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0055
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0055
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0060
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0060
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0060
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0065
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0065
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0065
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0070
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0070
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0070
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0075
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0075
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0075
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0075
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0080
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0080
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0080
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0085
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0085
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0085
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0090
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0090
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0090
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0095
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0095
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0100
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0100
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0105
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0105
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0110
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0110
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0110
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0110
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0115
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0115
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0115
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0120
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0120
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0120
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0125
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0125
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0130
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0130
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0135
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0135
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0140
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0140
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0140
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0145
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0145
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0150
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0155
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0155
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0155
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0160
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0160
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0160
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0165
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0165
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0170
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0170
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0170
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0175
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0175
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0175
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0180
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0180
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0180
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0185
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0185
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0185
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0185
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0190
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0190
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0190
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0195
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0195
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0200
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0200
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0205
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0205
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0210


A.L. Beaudet, W.S. Sly, D. Valle (Eds.), The Metabolic and Molecular Bases of
Inherited Disease, eighth ed., McGraw-Hill Inc., New York, 2001.

[43] D.S. Regier, P. Tanpaiboon, Role of elosulfase alfa in mucopolysaccharidosis IVA,
Appl. Clin. Genet. 14 (2016) 67–74.

[44] G.S. Ribas, V. Manfredini, J.F. de Mari, et al., Reduction of lipid and protein damage
in patients with disorders of propionate metabolism under treatment: a possible
protective role of L-carnitine supplementation, Int. J. Dev. Neurosci. 28 (2010)
127–132.

[45] B. Schweighardt, T. Tompkins, K. Lau, et al., Immunogenicity of elosulfase alfa, an
enzyme replacement therapy in patients with Morquio A syndrome: results from
MOR-004, a phase III trial, Clin. Ther. 37 (5) (2015) 1012–1021.

[46] C.M. Simonaro, M. D'Angelo, X. He, et al., Mechanism of glycosaminoglycan-
mediated bone and joint disease: implications for the mucopolysaccharidoses and
other connective tissue diseases, Am. J. Pathol. 172 (2008) 112–122.

[47] N.P. Singh, M.T. McCoy, R.R. Tice, E.L. Schneider, A simple technique for
quantification of low levels of DNA damage in individuals cells, Exp. Cell Res. 175
(1988) 184–191.

[48] A. Sitta, A.G. Barschak, M. Deon, et al., L-Carnitine blood levels and oxidative stress
in treated phenylketonuric patients, Cell. Mol. Neurobiol. 29 (2009) 211–218.

[49] A. Terman, U.T. Brunk, Oxidative stress, accumulation of biological ‘garbage’, and
aging, Antioxid. Redox Signal. 8 (2006) 197–204.

[50] A. Terman, T. Kurz, B. Gustafsson, U.T. Brunk, Lysosomal labilization, IUBMB Life

58 (2006) 531–539.
[51] The Human Gene Mutation Database, http://www.hgmd.cf.ac.uk/ac/gene.

php?gene=GALNS (Accessed in April 5th, 2017).
[52] R.R. Tice, E. Agurell, D. Anderson, et al., Single cell gel/comet assay: guidelines for

in vitro and in vivo genetic toxicology testing, Environ. Mol. Mutagen. 35 (2000)
206–221.

[53] S. Tomatsu, T. Nishioka, A. Montaño, et al., Mucopolysaccharidosis IVA: identifi-
cation of mutations and methylation study in GALNS gene, J. Med. Genet. 41 (2004)
e98.

[54] S. Tomatsu, A.M. Montano, T. Oguma, et al., Validation of keratan sulfate level in
mucopolysaccharidosis type IVA by liquid chromatography-tandem mass spectro-
metry, J. Inherit. Metab. Dis. 33 (Suppl. 3) (2010) S35–S42.

[55] S. Tomatsu, A.M. Montaño, H. Oikawa, et al., Mucopolysaccharidosis type IVA
(Morquio A disease): clinical review and current treatment: a special review, Curr.
Pharm. Biotechnol. 12 (2011) 931–945.

[56] S. Tomatsu, K. Sawamoto, C.J. Alméciga-Díaz, et al., Impact of enzyme replacement
therapy and hematopoietic stem cell transplantation in patients with Morquio A
syndrome, Drug Des. Devel. Ther. 9 (2015) 1937–1953.

[57] M. Zhao, F. Antunes, J.W. Eaton, U.T. Brunk, Lysosomal enzymes promote
mitochondrial oxidant production, cytochrome c release and apoptosis, Eur. J.
Biochem. 270 (2003) 3778–3786.

B. Donida et al. Molecular Genetics and Metabolism Reports 11 (2017) 46–53

53

http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0210
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0210
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0215
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0215
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0220
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0220
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0220
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0220
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0225
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0225
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0225
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0230
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0230
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0230
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0235
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0235
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0235
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0240
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0240
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0245
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0245
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0250
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0250
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GALNS
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=GALNS
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0260
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0260
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0260
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0265
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0265
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0265
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0270
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0270
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0270
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0275
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0275
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0275
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0280
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0280
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0280
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0285
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0285
http://refhub.elsevier.com/S2214-4269(17)30026-5/rf0285

	Oxidative profile exhibited by Mucopolysaccharidosis type IVA patients at diagnosis: Increased keratan urinary levels
	Introduction
	Materials and methods
	Subjects
	Samples preparation
	Biochemical determinations
	Urine 15-F2t-isoprostane levels
	Total plasmatic level of sulfhydryl groups
	Urinary di-tyrosine levels
	Alkaline comet assay in leukocytes
	Urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG) levels
	Erythrocyte reduced glutathione (GSH) content
	Erythrocyte glutathione peroxidase (GPx) activity
	Erythrocyte glutathione reductase (GR) activity
	Erythrocyte superoxide dismutase (SOD) activity
	Keratan sulfate
	Urinary creatinine (Cr)
	Protein determination

	Statistical analysis

	Results
	Oxidative damage to lipids and proteins
	DNA damage
	Antioxidant defenses
	Correlation between lipid peroxidation and DNA damage
	Keratan sulfate levels

	Discussion
	Conclusion
	Conflict of interest
	Acknowledgements
	References




