
water

Article

Urea Excretion and Arginase Activity as New Biomarkers for
Nitrite Stress in Freshwater Aquatic Animals

Gaetana Napolitano 1,* , Gianluca Fasciolo 2, Claudio Agnisola 2 and Paola Venditti 2

����������
�������

Citation: Napolitano, G.; Fasciolo,

G.; Agnisola, C.; Venditti, P. Urea

Excretion and Arginase Activity as

New Biomarkers for Nitrite Stress in

Freshwater Aquatic Animals. Water

2021, 13, 3521. https://doi.org/

10.3390/w13243521

Academic Editors: Laura Guimarães

and Carlos Gravato

Received: 28 October 2021

Accepted: 6 December 2021

Published: 9 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Dipartimento di Scienze e Tecnologie, Università degli Studi di Napoli Parthenope, Via Acton n. 38,
I-80133 Napoli, Italy

2 Dipartimento di Biologia, Università di Napoli Federico II, Complesso Universitario Monte Sant’Angelo,
Via Cinthia, I-80126 Napoli, Italy; gianluca.fasciolo@unina.it (G.F.); claudio.agnisola@unina.it (C.A.);
paola.venditti@unina.it (P.V.)

* Correspondence: gaetana.napolitano@uniparthenope.it

Abstract: Background: In recent years, the concern has been growing on increasing aquatic nitrite
levels due to anthropogenic activities. Crustaceans and fish easily uptake nitrite via the chloride
uptake system of gills. High nitrite body levels may interfere with nitric oxide (NO) production by
nitric oxide synthase (NOS). The arginase, which catalyzes arginine conversion to ornithine and urea,
is central to NO homeostasis. In vivo, changes in the arginase activity alter urea body levels and
urea excretion and modulate NOS by altering arginine availability for NO synthesis. Excess arginase
activity may uncouple NOS and induce oxidative stress. Methods: We tested muscle arginase activity
and urea excretion in two fish species, zebrafish and convict cichlid, and the crustacean Yamato
shrimp, under sub-lethal nitrite stress. Results: Exposure to nitrite (2 mM in the fish, 1 mM in the
shrimp) significantly increased blood nitrite concentration in all species. Concomitantly, nitrite stress
significantly increased arginase activity, urea excretion, and urea levels in the blood. In Yamato
shrimp, urea levels also increased in muscle. Conclusion: Our results agree with the hypothesis that
nitrite stress affects NO homeostasis by arginase stimulation and urea excretion. These parameters
might function as markers of sub-lethal nitrite stress in freshwater fish and crustaceans.

Keywords: nitrite; arginase; nitric oxide; nitric oxide synthase; urea excretion; Danio rerio;
Amatitlania nigrofasciata; Caridina multidentata

1. Introduction

In recent years, the harmful effects of nitrite (NO2
−) on aquatic organisms have at-

tracted much attention due to the rapid growth of urban and industrial areas that cause an
increased influx of nitrogenous compounds into aquatic ecosystems. Nitrite is an interme-
diate of the nitrogen cycle, a primary regulator of the functional organization and integrity
of ecosystems, which can be affected by numerous factors, including pH, temperature, and
oxygen availability, as well as a diversity of inorganic and organic compounds [1]. The
nitrite levels in aquatic environments are usually low. They depend on the balance between
nitrification (reduction of ammonia to nitrite and nitrate) and denitrification (nitrate/nitrite
conversion to N2). The global increase in availability and mobility of nitrogenous com-
pounds by human activity can favor nitrification over denitrification and as such it can
increase nitrite concentrations in aquatic environments even into the mM range [1]. High
nitrite levels may also occur in closed intensive culture systems due to excessive ammo-
nia release and insufficient, inefficient, or malfunctioning water filtration [2]. Elevated
nitrite levels in the environment have toxic effects on living organisms [1,3]. Freshwater
crustaceans and fish can uptake and even accumulate nitrite with several detrimental
consequences. The problem of freshwater animals with nitrite pollution derives from the
high affinity of nitrite for the chloride uptake system [4,5]. When nitrite is present in the
ambient water, a part of the Cl− uptake will be shifted to NO2

− uptake [4]. Consequently,
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most freshwater fish and crustaceans actively uptake this ion in their plasma and, to a
lesser extent, in various organs and tissues, including gills, liver, brain, and muscles [6,7].

Nitrite is usually present in the animal body as an essential component of the nitric
oxide homeostatic system [8]. It is produced mainly as an oxidative metabolite of nitric
oxide (NO) and can function as an NO reservoir. For example, under hypoxia, when the
shortage of O2 compromises NOS activity, nitrite can be recycled to NO by many proteins
(e.g., deoxyhemoglobin, deoxymyoglobin, and xanthine reductase, etc. [8]). Physiologi-
cal extracellular levels of nitrite in fish and crustaceans are in the micromolar range [4].
Higher nitrite levels in the body can affect body metabolism, including methemoglobin or
metahemocyanin formation and metabolic hypoxia, reduction in plasmatic chloride, and
excess NO production [1,9]. Alterations of NO metabolism have relevant consequences
with inhibition of enzyme activities, endocrine disruption, nitrosative stress, and oxidative
stress. NO compromises Na+/K+ ATPase activity in gills and kidneys of salmonids, thus
reducing the osmoregulation capacity of animals [10]. Moreover, the excess NO production
is likely involved in nitrite-dependent alterations in embryo development and reduced
fecundity in Daphnia magna [9]. NO also influences mitochondrial cytochrome oxidase
activity, compromising cellular adaptations to environmental oxygen concentrations [11].
A delicate homeostatic balance tightly regulates NO levels. This process involves nitric
oxide synthase (NOS) and arginase activities. NOS catalyzes the incorporation of molecular
oxygen and the release of NO from the guanidino nitrogen terminal group of arginine. The
reaction produces citrulline as a by-product [12]. The arginase is a metalloenzyme con-
taining manganese in the active site and catalyzes the conversion of arginine to ornithine
and urea. Therefore, it determines urea production and excretion in ammoniotelic organ-
isms [13]. Arginase activity is highly regulated, and changes in its activity can significantly
impact many critical physiological and pathophysiological processes [14]. In particular,
arginase can effectively compete with NOS for the substrate arginine and may function
as a modulator of arginine-NO homeostasis [13,15]. However, when arginase activity is
excessive, the supply of arginine required for NO production is insufficient, thus resulting
in oxidative stress. In fact, with a low arginine supply NOS will uncouple, producing lesser
NO and generating superoxide from molecular oxygen [16]. The superoxide will react
rapidly with any available NO to form peroxynitrite, further decreasing NO and further
uncoupling NOS by oxidizing the cofactor BH4 [17].

Several pieces of evidence show that nitrite accumulation may cause excessive pro-
duction of NO, so disturbing NO homeostasis, and it contributes to nitrite toxicity [4,9,18].
Little is known on the putative involvement of arginase involvement in the response to
the environmental nitrite stress in aquatic animals. To test this hypothesis, we compared
the effects of acute nitrite exposition in three experimental models, the two freshwater fish
zebrafish (Danio rerio, Hamilton 1822) and convict ciclid (Amatitlania nigrofasciata, Gunther,
1866), and the crustacean Yamato shrimp (Caridina multidentata, Stimpson, 1860). The
choice of these species relies on their different susceptibility to nitrite exposure. Fishes are
more resistant with respect to crustacean models, even though differences within classes
of freshwater animals exist [1]. We evaluated nitrite accumulation in blood/hemolymph,
arginase activity, and urea levels in the blood and muscular tissues, as well as urea excretion
rate. Muscle tissue was selected as the most massive component of the body so that any
change in the arginase activity will have a significant impact on the whole-body arginine
homeostasis. The results suggest that the stimulation of arginase and urea excretion is a
common response to nitrite stress in both fish and crustaceans.

2. Materials and Methods
2.1. Animals

The freshwater fish species chosen for the experiments were the zebrafish and con-
vict ciclid. Yamato shrimps were used to compare fish responses with the reactions of
crustaceans.
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Local supply store (CARMAR, Italy) furnished juveniles specimens of both sexes of
zebrafish (body length, BL, <1.5 cm, average weight ~0.5 g), convict cichlid (BL < 10 cm,
average weight ~10 g), and Yamato shrimp (BL < 1.5 cm, average weight ~0.4 g).

Fish were acclimated in indoor 200 L, 27 ◦C glass aquaria with dechlorinated, continu-
ously filtered, and aerated freshwater, for a minimum of 40 days with a 10 h:14 h light-dark
photoperiod before being used for experiments.

Zebrafish were maintained in low conductivity water (<1000 µs) in schools of at least
50 individuals. Convict cichlid, a territorial species, was kept in tap water at a low density
(≤10 individuals per thank). Tanks were enriched with rocks and other structures to
provide shelter and hiding places for the animals [19]. Yamato shrimps were placed in
35 L maintenance tanks equipped with Grey Quartz Gravel (Blue Line) and filled with
dechlorinated, continuously filtered, aerated freshwater whose conductivity was ≤350 µs.
Pots and plastic plants were added to create refuges. The water temperature was 27 ◦C.
During acclimation, temperature, pH (6 < Ph < 7), conductivity, and levels of ammonia,
nitrite, and nitrate were checked once a week.

Fish were fed daily with commercial pelleted fish food (Tetramin, Tetra, Germany;
47% crude protein content, 6% humidity, 20.1 kJ/g dry weight). Twice a week, Tetramin
was replaced with Chironomus larvae (Eschematteo s.r.l., Parma, Italy, 7.01% crude protein
content, 89% humidity, 21.9 kJ/g dry weight). Yamato shrimps were fed daily with micro
pellets (SERA).

Acclimated animals were divided into experimental groups, control and treated,
according to the experimental protocols described below. The animals were selected
randomly and isolated into appropriate net cages set in the same tank used for acclimation
and were fasted for 48 h before use [20]. Animal procedures on fish were approved by the
Institutional Animal Care and Use Committee (CESA) of the University of Naples Federico
II, Naples, Italy (Approval number 47339-2013).

2.2. Nitrite Stress Procedure

After the acclimatization period, treated animals were exposed to submaximal con-
centrations of sodium nitrite (NaNO2, Merck KGaA, Darmstadt, Germany) dissolved in
water containing less than 100 mM chloride (N = 6 for each species). Simultaneously,
control groups (N = 6 for each species) were exposed to the same water but without
adding sodium nitrite. Convict cichlid and Yamato shrimp were exposed to NaNO2 for 3 h
(2 mM and 1 mM final concentrations, respectively for convict cichlid and Yamato shrimp),
while zebrafish was exposed for 24 h (2 mM final concentration) [18,21]. Preliminary
tests on concentration and time-dependent mortality allow setting nitrite concentrations
and exposure time. We chose the minimal concentrations and exposure time not induc-
ing mortality. During exposure, water samples were collected at intervals to determine
the average urea excretion. At the end of the treatment, blood/hemolymph samples
were collected to measure nitrite accumulation. Fish were euthanized with benzocaine
(0.05–0.1 mg mL−1). Muscle tissue from all animals was dissected, weighed, quickly frozen
in liquid nitrogen, and stored at −80 ◦C. Frozen tissues were successively used for the
preparation of homogenates. Samples from all animals in each treatment trial were pooled.
Treatments were replicated five times on each species.

2.3. Blood/Hemolymph Sample Collection and Evaluation of Nitrite Accumulation

Blood samples and hemolymph were treated according to Dalla Via [22]. Nitrite
(N-NO2) determination was performed using the Griess reagent spectrophotometric
method [23]. In brief, 50 µL of heparinized blood or hemolymph was added to 0.3 mL
of 4.31% ZnSO4 (Sigma-Aldrich, Munich, Germany). After mixing, 0.2 mL of distilled
water and 50 µL of 4% NaOH were added. The suspension was kept at 0 ◦C for 1 h and
centrifuged at 15,000× g for 15 min to eliminate the protein component [6,24]. The resulting
supernatants, diluted to a final volume of 1 mL, were added with 0.1 mL of Griess reagent
(Sigma-Aldrich, Munich, Germany), kept to dark for 15 min, and read at 520 nm in a
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DR/2400 Hach spectrophotometer (Hach, Loveland, CO, USA). Nitrite concentrations of
samples were obtained using a calibration curve of N-NO2.

2.4. Preparation of Tissue Homogenates

Muscle homogenates preparations are dependent on the parameter determined.
For the determination of urea levels, samples were treated according to Dunn [25]. In

brief, the muscle tissue was gently homogenized (20% weight: volume) in 7% perchloric
acid using a glass Potter-Heidolph homogenizer (Schwabach, Germany) set at a standard
velocity (500 rpm) for 1 min. Tissue homogenates were centrifuged at 20,000× g for 15 min
at 4 ◦C. The resulting supernatants were neutralized at pH 7.5 with a solution containing
3 M K2CO3 and 0.1 M triethanolamine. The samples were re-centrifuged at 20,000× g
for 15 min at 4 ◦C. The resulting supernatants were used for the determination of protein
concentration by the Biuret method [26] and subsequent analysis.

For the determination of arginase activity, muscle tissue samples were gently homog-
enized (20% weight: volume) in a homogenization buffer (0.05 M KCl, 0.05 M Hepes,
0.5 mM EDTA, 1 mM DTT, pH 7.5) [27] using a glass Potter-Heidolph homogenizer set at a
standard velocity (500 rpm) for 1 min. The homogenate was sonicated with a Sonic Vibra
Cell sonicator (Newtown, CT, USA) for one minute and centrifuged at 15,000× g for 20 min
at 4 ◦C [28]. The resulting supernatants, that contain the soluble fraction plus the content
of the mitochondrial matrix, were used for the determination of protein concentration (by
the Biuret method) [26] and subsequent analysis.

2.5. Determination of Urea Excretion and Tissue Urea Levels

Urea levels in water samples, blood and muscle homogenates were colorimetri-
cally measured using the diacetyl–monoxime method (modified from Rahmatullah and
Boyde [29]). Briefly, 1 mL samples were added to 0.5 mL of urea reactant (8.3 mg mL−1

2,3-Butanedion monoxime, 0.2 mg mL−1 Thiosemicarbazide, and 0.1 mg mL−1 FeCl3 in
32% H2SO4), and the mixture reaction was heated in dark (100 ◦C, 10 min). After cooling
(in dark, for 12 min), urea levels were determined spectrophotometrically at 535 nm in
a DR/2400 Hach spectrophotometer (Hach, Loveland, CO, USA). Time variation of urea
levels in the exposure water allowed to determine urea excretion (Murea), expressed as
mmol–N h−1 kg−1. Thiosemicarbazide and 2,3-Butanedion monoxime were from Sigma-
Aldrich (Munich, Germany).

2.6. Determination of Muscle Arginase Activity

Muscle arginase activity was assayed in terms of the rate of urea formation according
to Romero [16]. In brief, 1 mL of muscle were incubated for 1 h with MnSO4 (100 mM,
pH 7.0 at 27 ◦C) to activate the enzyme. Successively, L -Arginine (0.4 mL, 713 mM, pH 9.5)
was added and incubated for 30 min at 27 ◦C. Urea levels were measured as described
above, and the arginase activity was expressed as µm of urea h−1 g−1. Arginine was from
Sigma-Aldrich (Munich, Germany).

2.7. Statistical Analysis

All data are presented as means ± standard error (S.E.). Differences in control values
among the three species were tested by one-way ANOVA, with Bonferroni or Dunnett post
hoc test (p < 0.05). The comparison between treated and control animals was tested within
each species by Student-t test (p < 0.05).

3. Results

In all species, the treatment with sub-lethal environmental levels of nitrite ([NO2
−]e = 1 mM

in the crustacean Yamato shrimp and 2 mM in the two fish species, convict cichlid, and
zebrafish) significantly increased the nitrite concentration in the inner fluids (Figure 1).
Only in Yamato shrimp did a significant accumulation occur ([NO2

−]i/[NO2
−]e = 4.1). In

both fish species, the blood nitrite concentration remained in the µM range. However, in
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zebrafish, blood nitrite concentration reached levels 10 times higher than in convict cichlid.
Interestingly, the control nitrite concentration was significantly higher in zebrafish than in
convict cichlid (Figure 1).
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Figure 1. Nitrite levels in convict cichlid (A) and zebrafish (B) blood, and in Yamato shrimp hemolymph (C) following
nitrite stress (convict cichlid and zebrafish: 2 mM for 3 h and 24 h, respectively; Yamato shrimp: 1 mM for 3 h). Data
are means ± SE of 5 determinations. In all three species there was a significant increase in the inner fluid nitrate levels
(t-student, * p < 0.05; ** p < 0.01). One-way ANOVA demonstrated that control nitrite levels was significantly higher in
zebrafish (#) than in both convict cichlid (adjusted p = 0.015) and Yamato shrimp (adjusted p = 0.011).

Parallel to the increase in body fluid nitrite concentration, a significant increase in the
activity of muscular arginase occurred (Figure 2). This increase was relatively small in Yam-
ato shrimp (treated/control ratio = 1.22) and convict cichlid (treated/control ratio = 1.83)
but was very high in zebrafish (treated/control ratio = 12.0).
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Figure 2. Stimulation of arginase activity in muscle homogenates from convict cichlid (A) and zebrafish (B) blood, and in
Yamato shrimp hemolymph (C) by nitrite stress (convict cichlid and zebrafish: 2 mM for 3 h and 24 h, respectively; Yamato
shrimp: 1 mM for 3 h). Data are means ± SE of 5 determinations. In all three species, there was a significant increase in
the urea excretion rate (t-student, * p < 0.05; ** p < 0.01). One-way ANOVA, followed by Tukey’s multiple comparison
test, demonstrated that control arginase activity was significantly different among the three species, with Yamato shrimp
showing the highest value and convict cichlid the lowest (p < 0.001).

Considering that the muscle tissue is a relatively high percentage of body mass, the
stimulation of arginase activity could significantly increase whole body urea production
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in vivo in all three species. In effect, a significant increase in urea excretion was observed
(Figure 3), higher in Yamato shrimp (about 21 times than the control) than in the two
fish species (about 5 fold increase, and 5.5 fold increase, in convict cichlid and zebrafish,
respectively).
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induced by nitrite stress (convict cichlid and zebrafish: 2 mM for 3 h and 24 h, respectively; Yamato shrimp: 1 mM for 3 h).
Data are means ± SE of 5 determinations. In all three species, there was a significant increase in the urea excretion rate
(t-student, * p < 0.05). There was no significant difference in the control excretion of urea among the three species (One-way
ANOVA).

In Yamato shrimp, this increase in urea production was associated with higher urea
levels in muscle (Figure 4), while blood urea levels were significantly increased in all three
species (Figure 5).
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Figure 4. Stimulation of muscle levels of urea in convict cichlid (A) and zebrafish (B) blood, and in Yamato shrimp
hemolymph (C) induced by nitrite stress (convict cichlid and zebrafish: 2 mM for 3 h and 24 h, respectively; Yamato shrimp:
1 mM for 3 h). Data are means ± SE of 5 determinations. In Yamato shrimp, there was a significant increase in the urea
content of muscle (t-student, p < 0.01). One-way ANOVA, followed by Tukey’s multiple comparison test, demonstrated that
the control urea content of Yamato shrimp muscle was much higher than in both fish species (adjusted p-value < 0.0001).
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4. Discussion

The results reported in our study show that nitrite exposure stimulates arginase
activity and urea excretion with specie-specific effects (see synopsis in Table 1). Under
exposition to nitrites, most freshwater fish and crustaceans actively accumulate this ion
within their plasma [3,4]. Accordingly, the three model species increased their blood
or hemolymph nitrite levels. However, different rates of uptake were observed. Only
Yamato shrimp accumulates nitrite in the hemolymph. In zebrafish and convict cichlid
blood, nitrite increases to levels that remain much lower than the exposure value (2 mM).
As high circulating nitrite levels are believed to be the primary source of nitrite stress
in aquatic animals [2], these differences may reflect different sensitivity to nitrite stress
among species [1]. Nitrite concentrations within the hemolymph of freshwater crustaceans
often far exceed the concentration of the external medium so explaining higher nitrite
toxicities [3]. For example, the European crayfish (Astacus astacus, Linnaeus) displayed
hemolymph nitrite levels up to four times higher than trout when exposed to the same
nitrite concentrations under the same environmental conditions [30,31]. The reason for this
nitrite accumulation in crustacean hemolymph remains unknown yet. In comparison with
fish, freshwater crayfish and shrimps were supposed to manifest a higher rate of chloride
uptake and/or a higher affinity to nitrite of the gills ion exchange system [32].

Table 1. Summary of the main results of the present study, highlighting the stimulatory effect of
nitrite sublethal stress on the arginase activity and urea excretion in the freshwater animals tested.
0 = no effect; + = increase/stimulation; ++ = strong increase/stimulation.

Convict Cichlid Zebrafish Yamato Shrimp

Blood/hemolymph nitrite level + + ++
Urea excretion + + ++

Muscle arginase activity + ++ +
Muscle urea levels 0 0 +

Blood/hemolymph urea level + + +

The increased nitrite levels in blood or hemolymph are associated with a significant
urea excretion for all three animal models. This effect is very high in the shrimp Yamato
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shrimp. Urea production may derive from the ornithine-urea cycle (OUC), hydrolysis
of arginine (argininolysis), and degradation of uric acid in the uricolytic pathway [33].
Decapod crustaceans excrete nitrogen mainly as ammonia (accounting for 60–70% of the
total excreted nitrogen), with small amounts of urea and uric acid [34]. Lee and Chen [35]
showed an eight-fold increase in urea-N excretion, following 24 h exposure to nitrite at
1.39 mM in the prawn M. japonicus. They concluded that the animals spent energy to
produce urea as organic nitrogenous waste to reduce joint toxicities of ammonia and in-
corporated nitrite. We can hypothesize that the significant nitrite accumulation in Yamato
shrimp hemolymph stimulates urea-N excretion as an adaptative mechanism to preserve
the crustacean’s well-being. Fishes, being aquatic animals, release ammonia as the prod-
uct of nitrogen excretion, and it is supposed that the urea cycle for urea production is
suppressed in all freshwater fishes [36]. However, being OUC function lost in adult ammo-
niotelic fishes and the capacity to produce urea low, the retainment of urea transporters
suggests that these proteins may be helpful under given circumstances [37]. Different
authors reported an association between the increased cortisol levels and the activation
of gluconeogenesis and proteolysis under stress conditions in teleost fish [37,38]. These
biochemical pathways result in elevated plasma ammonia levels [37,38] and the stimulation
of urea synthesis as a detoxification pathway [39].

Higher production of urea under stress conditions may imply stimulation of arginol-
ysis, as suggested by our experiments that show an increased muscle arginase activity
in all three tested species. Arginase is a manganese metalloenzyme that catalyzes the
conversion of L-arginine to L-ornithine, the precursor for polyamines and prolines, and
urea [13]. Our results on Yamato shrimp are in part supported by Lee and Chen [35]. They
showed that M. japonicus individuals exposed to elevated environmental nitrite increased
nitrogen excretions, including urea excretion, and arginase activity and concluded that
nitrite stimulated arginolysis [35]. Recently it has been reported that nitrite induces changes
in the hepatopancreas gene expression of a high number of metabolic pathways, including
those related to arginine and proline metabolism [40]. These results support the putative
involvement of arginase in the crustacean’s nitrite stress response. It is of note that, despite
the greater excretion of urea in Yamato shrimp than in both fish species, the increase in
muscle arginase activity in the crustacean model was relatively small. It is possible that
the arginase localized in other tissue may significantly contribute to urea production in
Yamato shrimp. In fact, in the freshwater shrimp Astacus Leptodactylus, the arginase activity
is greater in gills and ovaries than in muscle and hepatopancreas [41]. Interestingly, the
increased muscle arginase activity is not associated with urea retention in convict cichlid
and zebrafish. Compared to the fish models, in Yamato shrimp, the arginase activity in the
muscle is accompanied by an increase in the tissue levels of urea. This observation may
be linked to differences in the urea transport capacity of muscle cells between crustaceans
and fish. There are three fundamental ways by which urea crosses membranes: through
specialized membrane transporters, lipid phase permeation, or paracellular channels. The
traditional view of urea transport is that urea crosses all cell membranes by lipid phase
permeation. However, the permeability of lipid bilayers to urea is low, so active or facil-
itated urea transports are present in several tissues [42]. Specific urea transporters can
locate in the muscle tissues of convict cichlid and zebrafish to translocate urea in blood
and facilitate its excretion. This hypothesis could also explain the increase in blood urea
levels in both species of fish. However, available data do not allow us to give an exhaustive
explanation for the difference in urea muscle retention between fish and crustaceans, as
little information is available for muscle urea transporters in crustaceans. Nitrite stress has
been reported to induce oxidative stress both in fish [43] and crustaceans [44]. Moreover,
it can affect heart development by altering the NO signaling pathway in zebrafish [45].
Oxidative stress, a condition in which free radical and reactive oxygen species (ROS) gen-
eration exceed the cell antioxidant capacity [46], has been associated with the arginase
activity increase [47]. Wang and co-workers showed that an imbalance between prooxidant
forces and antioxidant defenses is one of the toxicity mechanisms of nitrite on prawn
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P. vannamei [48]. It is also reported that in Megalobrama amblycephala 72 h of nitrite exposure
was associated with increased ROS generation and reduced antioxidant enzymes activity
catalase, glutathione peroxidase, and superoxide dismutase [49]. Moreover, the increased
tissue levels of urea deriving from increased arginase activity could affect the redox state
since it may play a role in the stress response as an antioxidant molecule [50,51].

5. Conclusions and Perspectives

Exposure to elevated nitrite environmental concentration affects the arginase pathway
and urea metabolism in a species-specific way according to a different susceptibility.

Despite the species-specificity differences in the response, the stimulation of arginase
activity and urea excretion rate appears to be common responses that can be proposed
as biomarkers of nitrite stress. However, further study is required to understand the
mechanisms, limits, and long-term consequences of this response. In future experiments,
we aim to analyze the redox state unbalance associated with nitrite exposure and its
interference into homeostatic processes regulated by the enzyme, as it appears to be a
crucial step in fully understanding the risk posed by high nitrite levels to the aquatic
animals.
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