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Abstract In the present study, we evaluated the in vitro
effects of homoarginine (hArg) at 1, 10 and 20 uM on thio-
barbituric acid-reactive substances (TBA-RS), total sulfthy-
dryl content and on the activity of the antioxidant enzymes
catalase (CAT), superoxide dismutase (SOD) and glu-
tathione peroxidase (GSH-Px) in plasma, erythrocytes, kid-
ney and liver of rats (60 days old). We also investigated the
influence of the antioxidants (each at 1 mM) a-tocopherol
and ascorbic acid, as well as of the nitric oxide synthase
inhibitor NG—nitro-L—arginine methyl ester (L-NAME) at
1 mM, on the effects elicited by hArg on the parameters
tested. In plasma, hArg at concentrations of 10 and 20 uM
decreased moderately the total sulthydryl content. At
20 uM, hArg enhanced moderately TBA-RS in the plasma.
In plasma, the effects of hArg (20 uM) on TBA-RS and
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total thiol content were abolished by a-tocopherol, ascorbic
acid and L-NAME. At all concentrations tested, hArg did
not exert any effect on CAT, SOD or GSH-Px activity in
the erythrocytes. In the kidney, hArg exerted effects only at
20 uM and in a different manner: TBA-RS levels increased
and total thiol content and CAT activity decreased, while
SOD and GSH-Px activity increased. In the renal medulla,
a-tocopherol and ascorbic acid but not L-NAME abolished
the effects of hArg (20 uM) on TBA-RS, while all agents
inhibited the hArg-induced increase in SOD activity. In
the renal cortex, a-tocopherol, ascorbic acid and L-NAME
abolished the effects of hArg (20 uM) on the total sulthy-
dryl content and GSH-Px activity, but L-NAME did not
reverse the inhibitory effects of hArg on CAT activity. In
the liver, no effects of hArg were observed of all biomark-
ers measured. At the pathologically high concentration of
20 uM, as it may occur in plasma in hyperargininemia,
hArg may enhance lipid peroxidation and thiol oxidation
and inhibit CAT activity, but may increase SOD and GSH-
Px activity predominantly in the kidney.

Keywords Homoarginine - Oxidative stress -
Antioxidants - Blood - Kidney - Liver

Abbreviations

Arg Arginine

CAT Catalase

CSF Cerebrospinal fluid

DTNB 5,5'-Dithiobis(2-nitrobenzoic acid)

GSH-Px  Glutathione peroxidase

IEM Inborn error of metabolism

L-NAME  NC-nitro-L-arginine methyl ester

MDA Malondialdehyde

NADPH  Nicotinamide adenine dinucleotide phosphate
NO Nitric oxide
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ROS Reactive oxygen species

SOD Superoxide dismutase

SPSS Statistical Package for the Social Sciences
TBA-RS  Thiobarbituric acid-reactive substances
Introduction

Hyperargininemia is a rare inborn error of metabolism
(IEM) that affects the activity of the enzyme arginase,
which is the final enzyme of the urea cycle and catalyzes
the conversion of arginine (Arg) to urea and ornithine (Ash
2004). It is an autosomal recessive disorder and is charac-
terized by early childhood progressive neurologic impair-
ment with spastic paraplegia, epilepsy, developmental delay
or regression (Cederbaum and Crombez 2004; Crombez
and Cederbaum 2005). Other uncommon presentations,
such as persistent neonatal jaundice with biopsy-proven
hepatic cirrhosis, have been reported (Braga et al. 1997).
In addition, the slight increase in transaminase values and
the decrease in prothrombin activity observed in some
patients could indicate mild hepatic dysfunction related to
hyperargininemia, as suggested by some authors (Crombez
and Cederbaum 2005; Scaglia and Lee 2006). Since hyper-
argininemia is a very rare disease and only a limited num-
ber of patients have been described, the clinical course of
hyperargininemia remains poorly characterized (Carvalho
etal. 2012).

Arg and its metabolites, including those containing the
guanidine group, may act as neurotoxins. Guanidine com-
pounds can cause demyelination with consequent upper
motor neuron signals and can affect GABAergic neuro-
transmission and decrease the fluidity of the plasma mem-
brane by inhibiting Na™K*-adenosine triphosphatase,
resulting in epileptogenic properties. In addition, Arg acts
as a substrate for nitric oxide (NO) synthase (Crombez and
Cederbaum 2005; Scaglia and Lee 2006). In fact, elevated
Arg and other guanidine compounds may also result in
neurotoxicity via augmented NO synthesis, thereby leading
to oxidative damage to the brain (Luiking et al. 2010). The
concentration of several guanidine compounds has been
previously shown to be increased in plasma and cerebrospi-
nal fluid (CSF), as well as in brain tissue of hyperarginine-
mic patients (Mizutani et al. 1987; Deignan et al. 2010) and
in a mouse model (Deignan et al. 2008).

Oxidative stress is commonly observed in some inborn
errors of intermediary metabolism (Colome et al. 2000;
Wajner et al. 2004) and results from an imbalance between
the production of reactive oxygen species (ROS) and the
cell’s ability to mitigate damage through antioxidant path-
ways or mechanisms that repair or eliminate damaged
molecules (Du et al. 2013). Accumulation of intracellular
ROS in normal cells contributes to the oxidation of various
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components, including nucleic acids, proteins and lipids
(Gueraud et al. 2010). Antioxidant mechanisms that can
be either enzymatic (including catalases, dismutases and
peroxidases) or non-enzymatic (such as vitamin A, C or E)
are critical to protect cells against ROS-induced damage,
both at steady state and upon acute oxidative stress (Oakley
et al. 2009).

According to Wyse et al. (2001), guanidine compounds
increase lipid peroxidation and decrease enzymatic and
non-enzymatic antioxidant defenses in the rat brain. As
such, we investigated the in vitro effects of different con-
centrations of hArg including those found in plasma and
CSF of hyperargininemic patients, on lipid peroxidation
including the thiobarbituric acid-reactive substances (TBA-
RS), protein damage, namely their total sulfhydryl content,
and the activity of the main antioxidant enzymes catalase
(CAT), glutathione peroxidase (GSH-Px) and superoxide
dismutase (SOD) in blood, kidney and liver of rats. Accord-
ing to Deignan et al. (2010), the levels of hArg found in
serum/plasma of hyperargininemic patients ranged between
2 and 15 pM, i.e., they were increased 2—15 times com-
pared to healthy control (about 1 uM), while those found in
CSF were increased fivefold compared to healthy subjects
(about 0.4 uM). In the present study, we also investigated
the influence of two antioxidants, a-tocopherol (trolox)
and ascorbic acid, and of NS-nitro-L-arginine methyl ester
(L-NAME) on the effects elicited by hArg.

Materials and methods
Animals and reagents

Sixty-day-old male Wistar rats (180-200 g), obtained
from Tecpar Company (Curitiba, Brazil), were used in the
experiments. The animals from our own breeding stock
were maintained on a 12 h light/12 h dark cycle at a con-
stant temperature (22 + 1 °C), with free access to water
and commercial protein chow. The “Principles of Labora-
tory Animal Care” (NIH publication 85-23, revised 1985)
were followed in all the experiments and the experimental
protocol was approved by the Ethics Committee for Animal
Research of the University of Region Joinville, Joinville,
Brazil, under the protocol number 019/2013 PRPPG/CEP.
All chemicals were purchased from Sigma Chemical Co.
(St. Louis, MO, USA).

In vitro studies

For in vitro experiments, erythrocytes, plasma, liver and
kidney supernatants were pre-incubated for 1 h at 37 °C
in the presence of hArg at final concentrations of 1.0, 10.0
and 20.0 wM. Control experiments were performed without
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hArg addition. After incubation, aliquots were taken to
measure TBA-RS, total sulfhydryl content and the activity
of antioxidant enzymes.

Effects of trolox (a-tocopherol), ascorbic acid
and L-NAME

The assays were divided into eight groups: group 1 (con-
trol-saline), group 2 (hArg), group 3 (control — 1 mM
trolox), group 4 (hArg + 1.0 mM trolox), group 5 (con-
trol — 1 mM ascorbic acid), group 6 (hArg 4+ 1 mM ascor-
bic acid), group 7 (control — 1 mM L-NAME), group 8
(hArg + 1 mM L-NAME). The concentrations of trolox,
ascorbic acid and L-NAME utilized in the present study
were chosen according to previous studies (Wyse et al.
2002; Silva et al. 2004; Qi et al. 1995), respectively.

Erythrocyte and plasma preparation

Erythrocytes and plasma were isolated from whole blood
samples of rats. Whole blood was collected and transferred
to heparinized tubes for erythrocyte separation. Blood sam-
ples were centrifuged at 1000x g, and plasma was removed
by aspiration and frozen at —80 °C until further use. Eryth-
rocytes were washed three times with cold saline solution
(153 mM NaCl). Lysates were prepared by the addition of
1 mL of distilled water to 100 WL of washed erythrocytes
and frozen at —80 °C. For antioxidant enzyme activities
determination, erythrocytes were frozen and thawed three
times and finally centrifuged at 13,500 g for 10 min. The
supernatant was diluted to contain approximately 0.5 mg/
mL of protein.

Tissue preparation

After decapitation, the liver and kidney were removed,
decapsulated and kept in ice-cold buffered sodium phos-
phate (20 mM, pH 7.4, 140 mM KCI). The renal cortex was
carefully separated from the renal medulla. The liver, renal
cortex and renal medulla were homogenized in ten vol-
umes (1:10, w/v) of the buffer. Homogenates were prepared
using a Potter—Elvehejem homogenizer (Remi motors,
Mumbai, India) by passing five pulses and centrifuged at
800x g for 10 min at 4 °C to discard nuclei and cell debris.
The pellet was discarded and the supernatant was saved in
aliquots and stored at —20 °C for assaying the activity of
antioxidant enzymes, total sulfhydryl content and estima-
tion of lipid peroxidation (Ferreira et al. 2012).

Thiobarbituric acid-reactive substances (TBA-RS)

TBA-RS were determined according to the method described
by Esterbauer and Cheeseman (1990). TBA-RS methodology

measures malondialdehyde (MDA), a product of lipid per-
oxidation caused mainly by hydroxyl free radicals, and many
lipid peroxidation substances. For the measurements, plasma
and tissues were mixed with 10 % trichloroacetic acid and
0.67 % thiobarbituric acid and heated in a boiling water bath
for 25 min. TBA-RS were determined by measuring the
absorbance at 535 nm. A calibration curve was obtained using
1,1,3,3-tetramethoxypropane as the MDA precursor and each
curve point was subjected to the same treatment as that of the
supernatants. TBA-RS content was calculated as nanomoles
of MDA formed per milligram of protein.

Total sulfhydryl content

The total thiol group concentration was determined by the
method of Ellman (Ellman 1959). Briefly, 50 ul of homoge-
nate was added to 1 ml of phosphate-buffered saline
(PBS), pH 7.4, containing 1 mM EDTA. The reaction was
started by the addition of 30 pL of 10 mM 5,5 -dithiobis(2-
nitrobenzoic acid) (DTNB) and incubated for 30 min at
room temperature in a dark room. Total sulthydryl content
was determined by measuring the absorbance at 412 nm.
Analyses of blank (DTNB absorbance) was also per-
formed. Results are reported as nmol 3-thio-2-nitrobenzoic
acid (TNB)/mg protein.

Catalase activity assay (CAT)

CAT activity was assayed using a UV-visible Shimadzu
spectrophotometer. The method used is based on the disap-
pearance of H,0, at 240 nm in a reaction medium contain-
ing 20 mM H,0,, 0.1 % Triton X-100, 10 mM potassium
phosphate buffer, pH 7.0, and 0.1-0.3 mg protein/mL (Aebi
1984). One CAT unit is defined as 1 umol of H,0, con-
sumed per minute and the specific activity is calculated as
CAT units/mg protein.

Glutathione peroxidase (GSH-Px) activity assay

GSH-Px activity was measured using fert-butyl-hydroper-
oxide as substrate (Wendel 1981). NADPH disappearance
was monitored at 340 nm using a UV-visible Shimadzu
spectrophotometer. The medium contained 2 mM GSH,
0.15 U/mL GSH reductase, 0.4 mM azide, 0.5 mM tert-
butyl-hydroperoxide and 0.1 mM NADPH. One GSH-Px
unit is defined as 1 umol of NADPH consumed per minute
and the specific activity is presented as GSH-Px units/mg
protein.

Superoxide dismutase (SOD) activity assay

The method used to assay SOD activity is based on the
capacity of pyrogallol to autoxidize, a process highly
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dependent on superoxide (O,") which is a substrate for
SOD (Marklund 1985). Briefly, to 15 pl of each sample,
215 pl of a mixture containing 50 mM Tris buffer, pH 8.2,
1 mM EDTA and 30 mM CAT were added. Then, 20 ul of
pyrogallol was added and the absorbance was immediately
recorded each 30 s for 3 min at 420 nm using a UV-visible
Shimadzu spectrophotometer. The inhibition of autoxida-
tion of pyrogallol occurs in the presence of SOD, of which
activity can be then indirectly assayed spectrophotometri-
cally. A calibration curve was performed with purified SOD
as reference, to calculate the activity of SOD present in the
samples. One SOD unit is defined as the amount of SOD
necessary to inhibit 50 % of pyrogallol autoxidation and
the specific activity is reported as SOD units/mg protein.

Statistical analysis

Data were analyzed by ANOVA, followed by the Duncan
multiple range test, when the F test was significant. All anal-
yses were performed using the Statistical Package for the
Social Sciences (SPSS) software in a PC compatible com-
puter. Values of P < 0.05 were considered to be significant.
If not otherwise stated, results are expressed as mean = SD
for seven independent experiments (animals) performed in
duplicate. ***P < 0.001, **P < 0.01 and *P < 0.05, com-
pared to the control group (Duncan’s multiple range tests).

Results

In vitro effects of hArg on TBA-RS, total sulthydryl
content and on the activity of antioxidant enzymes
in the blood of rats

We initially verified the in vitro effects of hArg at three dif-
ferent concentrations (1, 10 and 20 M) on TBA-RS and
on total sulfhydryl content in the plasma and on the activi-
ties of the antioxidant enzymes CAT, SOD and GSH-Px in
the erythrocytes of rats. Figure 1 shows that hArg at a con-
centration of 20 wM enhanced TBA-RS (40.5 %, P < 0.01)
(Fig. 1a). In rat plasma, hArg decreased total sulthydryl
content by 39.1 % at 10 uM and by 61.8 % at 20 uM
(P < 0.001) (Fig. 1b). In contrast, hArg did not alter CAT
(Fig. 1c, P > 0.05), SOD (Fig. 1d, P > 0.05) or GSH-Px
(Fig. le, P > 0.05) activity in the erythrocytes of 60-day-
old rats, as compared to the control group.

In vitro effects of hArg on TBA-RS, total sulfhydryl
content and on the activity of antioxidant enzymes

in the kidney of rats

We then investigated the in vitro effects of different concen-
trations of hArg on TBA-RS, total sulfhydryl content and
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Fig. 1 In vitro effect of homoarginine (1.0-20.0 uM) on thiobarbi-
turic acid-reactive substances (TBA-RS) (a) and total sulfhydryl
content (b) in plasma and on the activities of CAT (c¢), SOD (d) and
GSH-Px (e) in the erythrocytes of rats

on the activity of the antioxidant enzymes CAT, SOD and
GSH-Px in the kidney (cortex and medulla) of rats (Fig. 2).
In the renal cortex, hArg at 20 pM significantly decreased
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total sulfthydryl content by 20.2 % (Fig. 2b, P < 0.05), but
did not alter TBA-RS (Fig. 2a, P > 0.05). With regard to
the antioxidant enzymes, hArg at 20 pM decreased CAT
activity by 31.7 % (Fig. 2c, P < 0.05), but increased SOD
activity by 42 % (Fig. 2d, P < 0.01) and GSH-Px activity
by 18.4 % (Fig. 2e, P < 0.001) in the renal cortex of rats.
In the renal medulla of the rats, hArg at 20 uM increased
TBA-RS by 36.5 % (Fig. 2a, P < 0.01) and SOD activity by
26.8 % (Fig. 2d, P < 0.01), but did not alter total sulthydryl
content (Fig. 2b, P > 0.05) and the activity of CAT (Fig. 2c,
P > 0.05) and GSH-Px (Fig. 2e, P > 0.05), as compared to
the control group.

In vitro effects of hArg on TBA-RS, total sulfhydryl
content and on the activity of antioxidant enzymes
in the liver of rats

Subsequently, the in vitro effects of hArg on the same
parameters analyzed were also verified in the liver of
60-day-old rats. Figure 3 shows that hArg, when added to
the incubation medium, did not alter any of the parameters
analyzed in the liver of rats, at any of the concentrations
tested.

Influence of trolox, ascorbic acid and L-NAME on the
effects elicited by hArg in the blood and kidney of rats

Finally, we evaluated whether the alterations in TBA-RS,
total sulthydryl content and in the activity of antioxidant
enzymes caused by hArg administration in the blood and
kidney were mediated by NO and/or ONOO™ and the pro-
duction of other free radicals. With this idea in mind, we
examined the possible action of the antioxidants trolox and
ascorbic acid, as well as of L-NAME, a synthetic NO syn-
thase inhibitor, on the effects produced by hArg on these
parameters. Post hoc analyses showed that trolox, ascor-
bic acid and L-NAME did not alter these parameters per
se or when tested in combination with hArg, since the
results were not different from the control group. Unlike
antioxidants and L-NAME differed significantly from the
hArg group in several parameters. As can be seen in Fig. 4,
trolox, ascorbic acid and L-NAME were able to prevent the
increase in TBA-RS in the plasma (Fig. 4a, P < 0.001). Fur-
thermore, trolox and ascorbic acid, but not L-NAME, were
able to prevent the increase in TBA-RS (Fig. 4b, P < 0.001)
in the renal medulla of rats. With regard to total sulfhydryl
content, trolox and L-NAME, but not ascorbic acid, were
able to prevent the reduction caused by hArg in the plasma
of rats (Fig. 4c, P < 0.001); moreover, trolox, ascorbic acid
and L-NAME were able to prevent the reduction caused
by hArg in total sulfhydryl content in the renal cortex of
rats (Fig. 4d, P < 0.001). With regard to the antioxidant
enzymes, Fig. 5 shows that trolox and ascorbic acid, but

not L-NAME, prevented the reduction in CAT activity in
the renal cortex (Fig. 5a, P < 0.001). Trolox, ascorbic acid
and L-NAME also prevented the increase in SOD activ-
ity (Fig. 5b, P < 0.001) in the renal cortex and in the renal
medulla (Fig. 5¢c, P < 0.001), and the increase in GSH-Px
activity in the renal cortex (Fig. 5d, P < 0.001) of the rats.

Discussion

The aim of the present study was to investigate the in
vitro effects of hArg on the status of oxidative stress in
plasma, erythrocytes, kidney and liver of rats. To our
knowledge, this issue has not been investigated thus far.
The added hArg concentrations tested were 1.0, 10 and
20 uM. This range covers physiological and pathologi-
cal concentrations including those occurring in hyper-
argininemia (Deignan et al. 2010). We measured different
biomarkers of oxidative stress, i.e., TBA-RS, total thiol
content and the activity of the antioxidant enzymes CAT,
SOD and GSH-Px. As guanidine compounds exert oxida-
tive stress (Wyse et al. 2001; Sasso et al. 2014), we also
investigated the effects of the antioxidants o-tocopherol
(vitamin E) and ascorbic acid (vitamin C), representing a
lipophilic and a hydrophilic vitamin, respectively, as well
as of L-NAME, a synthetic inhibitor of NO synthase activ-
ity. These substances were used at the suprapharmacologi-
cally high concentration of 1 mM each. Our study revealed
different effects of hArg on parameters of oxidative stress
in the biological samples investigated, which do not allow
drawing a conclusion.

It seems that appreciable effects of hArg on oxidative
stress require the quite high concentration of 20 uM. At
this concentration, hArg increases plasma TBA-RS and
decreases total thiol content in plasma, suggesting that
hArg acts oxidatively in plasma with respect to lipid perox-
idation and oxidation of thiols, respectively. In contrast, at
20 uM hArg did not change the activity of the most relevant
antioxidative enzymes in red blood cells.

In rat liver, we did not observe any effects of hArg. This
finding could be due to rapid metabolism of hArg in the
liver. In the kidney, the effects of hArg were more evident,
although also not uniform with respect to the individual
parameters of oxidative stress. Interestingly and surpris-
ingly, hArg exerted different effects in the kidney with
respect to CAT, SOD and GSH-Px. Thus, in the renal cor-
tex but not in renal medulla, hArg (at 20 pM) decreased
CAT activity, but increased SOD and GSH-Px activity. This
diametrically opposite observation is difficult to explain.
A direct, oxidative stress-unrelated effect of hArg on CAT
(i.e., inhibition), SOD and/or GSH-Px (i.e., activation) can-
not be excluded and remains to be investigated in further
studies.
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Fig. 2 In vitro effect of homoarginine (1.0-20.0 uM) on thiobarbi-
turic acid-reactive substances (TBA-RS) (a), total sulthydryl content
(b) and on the activities of CAT (c¢), SOD (d) and GSH-Px (e) in the
kidney (renal cortex and medulla) of rats
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The effects of o-tocopherol, ascorbic acid and
L-NAME were also uniform in response to hArg in the
biological samples investigated. That L-NAME was
able to prevent hArg-induced increase in TBA-RS in rat
plasma suggested that L-NAME did not act as an NO syn-
thase inhibitor, because rat plasma did not contain any
NO synthase proteins. In the kidney, L-NAME may have
exerted its effects, at least in part, by inhibiting NO syn-
thase activity. Yes, this issue has not been addressed in the
present study as we did not measure NO synthase activ-
ity and this should be investigated in further studies. Such

Renal cortex

studies also have to consider the possible direct effects of
agents such as a-tocopherol, ascorbic acid and L-NAME
on the biomarkers investigated (Orr 1966; Rotzinger et al.
1995).

In conclusion, our study indicates that hArg may exert
different effects on biomarkers of oxidative stress (lipid
peroxidation, thiol oxidation) and main antioxidative
enzymes (CAT, SOD, GSH-Px). Effects on these param-
eters were seen at 10 uM and especially 20 uM of hArg.
These hArg concentrations are measured in hyperarginine-
mia, but not in healthy subjects. Whether the detrimental
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effects seen in hyperargininemia are due to the elevated
hArg concentrations are unknown. The roles and the func-
tions of hArg in health and disease are currently under
investigation and incompletely understood. Our study
indicates that hArg at concentrations found in the blood
of hyperargininemic patients may exert different effects
on oxidative stress in vitro in the rat. Further studies on
the pathophysiology including oxidative stress of hArg in
blood and organs such as kidney and liver, the major pro-
ducers of hArg, are warranted.

@ Springer
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