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Abstract

Nitrite pollution in aquatic environments, often driven by human activity, can disrupt
fish physiology. Nitrite is absorbed by freshwater fish through their gills, leading to
internal accumulation and interference with nitric oxide (NO) signaling, redox state, and
the oxygen-carrying capacity of blood. The effects of nitrite are concentration-dependent.
Although moderate environmental nitrite levels have little impact on oxygen transport,
they may still interfere with NO homeostasis and cellular metabolism. We report the effects
of 72 h of exposure to 10 µM nitrite on adult zebrafish blood’s O2-carrying capacity and
on muscle mitochondrial activity, metabolism, and redox state. The results show that this
environmentally relevant but moderate concentration of nitrite leads to decreases in fish
routine oxygen consumption (rMO2) and spontaneous activity, an increase in blood nitrosyl
hemoglobin (HbNO), indicating increased NO production in the blood, accumulation of
nitrite in muscle tissue, oxidative stress, and changes in muscle aerobic capacity linked to a
rise in mitochondrial efficiency. Parallel to these effects, increases in antioxidant capacity,
arginase activity, and urea and lactate levels were observed. Globally, these results are
consistent with altered NO homeostasis in the fish body induced by nitrite stress.

Keywords: NO homeostasis; oxygen consumption; ROS; mitochondria; oxidative stress;
antioxidant capacity

1. Introduction
Environmental pollution by nitrite (NO2

−) is of particular concern as it is among the
most biologically active and harmful compounds, due to its high reactivity and ability to
interfere with essential physiological processes in aquatic organisms [1,2].

In the environment, nitrite is produced from ammonia in the presence of oxygen
(O2) by the ammonia-oxidizing bacteria. Nitrite can then be oxidized to nitrate by nitrite-
oxidizing bacteria. Since ammonia-oxidizing bacteria have a higher reproductive rate than
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nitrite-oxidizing bacteria, nitrite can accumulate in water bodies, often favored by human
activity, resulting in highly variable concentrations [3].

In mammals, nitrite is a dynamic compound, primarily produced endogenously as
an oxidative metabolite of nitric oxide (NO), a short-lived, rapidly diffusing signaling
molecule present in most organisms [4]. Nitrite serves as a storage pool and a source of
NO under hypoxic and stressful conditions [4–9], and it also regulates protein function and
gene expression [5,10,11]. Under normal physiological conditions, nitrite levels are kept
low (0.05–0.5 µM), and turnover is rapid, with half-lives estimated in minutes to hours [12].
Continuous production via rapid oxidation of NO is balanced by further oxidation to
nitrate or reduction back to NO by various proteins (the non-canonical pathways for NO
synthesis [6]), while only a minor amount originates from nitrate reduction in food [7].

Nitrite plays a similar role in NO homeostasis in fish as in mammals, particularly under
hypoxic conditions, which are common in aquatic environments [13–15]. As in mammals,
under hypoxic conditions, when nitric oxide synthase (NOS) activity is constrained by
insufficient oxygen for nitric oxide (NO) synthesis, nitrite is reduced to NO by various
proteins, particularly deoxymyoglobin, myoglobin, and globin X [16–18]. This process
induces vasodilation and increases tissue perfusion [19,20]. The evolutionary significance
of this role of nitrite is supported by the finding that nitrite-reducing capacity is higher in
hypoxia-tolerant species [16,17,19,21].

In fish, the primary endogenous source of nitrite is the oxidation of NO, as in mammals.
However, freshwater fish also have a putatively significant exogenous source of nitrite. They
can absorb nitrite from the environment via the gills, thereby contributing to the internal
nitrite/NO pool. Nitrite enters fish through gill cells involved in chloride and bicarbonate
exchange via the same transporter used for chloride ions, acting as a competitive inhibitor
of chloride uptake [22–25]. Fish can accumulate nitrite in their blood and tissues to levels
up to 60 times higher than the environmental concentration [22,25,26]. This accumulation is
time-dependent and can vary with species, water chemistry, and exposure duration [24,26].

Unpolluted freshwater environments contain very low nitrite concentration, usually
below 1 µM [27–29], due to rapid bacterial nitrification [27]. At these environmental concen-
trations, nitrite typically has little effect on the physiology of aquatic animals [3]. However,
anthropogenic pollution from nitrogen-based compounds, released through agricultural
runoff, industrial discharges, and urban wastewater, may induce nitrite accumulation to
levels exceeding 400 µM [30]. In nitrite-rich environments, nitrite accumulation in the fish
body can cause a wide array of physiological disturbances. In particular, it can disrupt
oxygen transport by converting hemoglobin to non-functional methemoglobin (metHb),
inducing significant tissue hypoxemia [23], and altering NO formation rate, bioactivity, and
scavenging, disrupting NO-dependent signaling [4,24,26,31].

NO homeostasis is a very complex process, and any alteration in the nitrite turnover
may affect the numerous NO-dependent biochemical pathways as well as the rate of per-
oxynitrite (ONOO−, a potent oxidant that can significantly contribute to oxidative stress)
formation and its consequences on the cellular redox state (see Figure 1 in reference [4]).
Moreover, nitrite stress may also affect the arginine homeostasis and the competition for
substrate between NOS and arginase [32]. The interplay between nitrite stress, redox
homeostasis, and mitochondrial function is particularly critical in muscle tissue [5,33].
Particularly significant is the NO capacity to bind mitochondrial cytochrome oxidase (COX
and modulate respiratory function [34]. Mitochondria, as the primary sites of aerobic
respiration, are highly sensitive to changes in oxygen availability and redox conditions [35].
Alterations in mitochondrial efficiency or an increase in reactive oxygen species (ROS)
production can disrupt energy metabolism, leading to lipid peroxidation and triggering cell
death pathways [35]. NO is a potent and reversible inhibitor of COX, and mitochondria can
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finely regulate the levels of O2 in their surroundings via NO production from nitrite [36].
Moreover, alterations in NO homeostasis, especially when combined with reduced mi-
tochondrial efficiency or increased superoxide formation, will lead to the formation of
ONOO− [37]. Several studies have demonstrated that millimolar nitrite concentrations
affect redox homeostasis and modulate metabolic activity in various fish species [23,38,39].

Research on acute exposure of fish to environmental nitrite typically involves testing
at relatively high concentrations, up to 6 mM [32,39–42]. At these concentrations, the nitrite
effects are likely dominated by metHb-dependent hypoxemia, with consequent severe
tissue hypoxia [23]. Conversely, micromolar concentrations of environmental nitrite may
induce effects independent of nitrite-induced hypoxemia, offering insights into the direct
consequences of altered nitrite turnover in the animal on NO homeostasis, mitochondrial
function, and redox state. Here, we examined the effects of a moderate, sub-lethal nitrite
concentration (10 micromolar) exposure on zebrafish (Danio rerio), a well-established model
to study the physiology of freshwater fish [43]. Specifically, the study examined changes
in the percentages of blood’s oxyhemoglobin (HbO2), metHb, and nitrosyl hemoglobin
(HbNO, an index of NO level in the blood) [44,45], as well as the effects on mitochondrial
respiratory chain activity (ETC), oxidative metabolism, ROS content, lipid peroxidation
levels, antioxidant defense responses, arginase activity, and urea content in muscle. We
also analyzed mitochondrial content and dynamics by assessing the protein content of
cytochrome c, mitofusin, and dynamin.

2. Materials and Methods
2.1. Animals

Wild-type zebrafish (230 juveniles of both sexes; body length < 1.5 cm; mean body
weight approximately 0.5 g) were obtained from the fish facility of the Department of
Biology, University of Naples Federico II. The fish were maintained at 27 ◦C in dechlorinated
water fully aerated (dissolved oxygen > 8 mg/L, measured with a YSI 5357 Micro Probe, YSI,
Yellow Springs, Ohio, USA), continuously filtered and aerated under a 10:14 h light–dark
photoperiod before experimentation. Water quality was assessed daily to measure nitrate,
nitrite, general hardness (GH), alkalinity (KH), and pH using a commercial water-quality
test kit (JBL GmbH & Co. KG, Dieselstraße 3, 67141 Neuhofen, Germany). Water pH was
between 7.2 and 7.4, nitrate and nitrite levels were 0 mg/L, water hardness ranged from 6
to 8 ◦dGH, and alkalinity ranged from 4 to 6 ◦dKH. Chloride, as assessed by the method of
Belcher et al. [46], was lower than 100 µM.

Fish were fed daily with commercial pelleted food (Tetramin; Tetra, Melle, Germany)
containing 47% crude protein, 6% moisture, and an energy content of 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, 89% moisture, 21.9 kJ/g dry weight).

Animal care and experimental procedures were conducted in accordance with Euro-
pean and Italian laws (2010/63 and 26/2014, respectively) and approved by the University
of Naples Federico II Committee for the Ethics of Animal Experiments and the Italian
Minister of Health (N. 767/2023-PR, 30 August 2023).

2.2. Treatment and Experimental Protocols

Zebrafish were randomly assigned to one of two groups: a control group (C group,
N = 115) exposed for 72 h to water identical to the maintenance water (C-water), and a
nitrite group (NO2 group, N = 109) exposed for 72 h to 10 µM sodium nitrite (NaNO2)
added to the maintenance water (NO2-water). One-third of the water was replaced every
24 h intervals. Water quality was assessed daily for the maintenance water. Nitrate levels
remained undetectable. Nitrite level was checked daily using the Griess method [47].
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For both the C and NO2 groups, three independent experimental procedures were
utilized, as described below. Animals were distributed into 3 L tanks to enable tank
replication and test the effect of the tank on the evaluated parameters (see Supplementary
Materials, Experimental design for further details). Each tank housed between 3, 4, or
10 fish, depending on the planned measurements. Each tank contained a water volume
adjusted to achieve a fish density of 5 individuals per liter, in line with the European
Commission Guidelines for the treatment of animals used for scientific purposes (2024) [48].
At the end of the exposure period, fish were euthanized with benzocaine (0.1 mg/mL).

2.2.1. In Vivo Measurements and Blood Analysis

Eight animals were randomly distributed between two tanks: 4 in C-water and 4 in
NO2-water. This treatment was replicated 4 times (N = 4), for a total of 32 animals. At the
end of the exposure period, some randomly selected animals were used to measure routine
oxygen consumption (rMO2) and spontaneous activity individually. After completing
these measurements and allowing recovery, blood samples were collected to determine the
percentages of oxyhemoglobin (HbO2), methemoglobin (metHb), and nitrosyl hemoglobin
(HbNO). Blood from different individuals was also sampled to determine the blood’s
nitrite content.

2.2.2. Muscle Tissue Analysis

Sixty animals were randomly assigned to six pairs of tanks, with three pairs containing
C-water and three containing NO2-water. Following the exposure period, animals from
each pair were used to prepare three distinct types of tissue homogenates for the assessment
of (1) nitrite content, (2) urea levels, lactate concentration, and arginase activity, and
(3) oxidative metabolism. This procedure was replicated 3 times (N = 3), yielding a total of
180 animals. Protein concentrations in all homogenates were measured using the Bio-Rad
Bradford colorimetric assay and a commercial kit (Bio-Rad, Hercules, CA, USA). All animal
and experimental data were included in the analysis.

2.2.3. Western Blot Analysis

Six animals were randomly distributed between two tanks, one containing C-water
and the other NO2-water. At the end of the exposure period, animals from each tank were
used to prepare muscle homogenate for Western blot analysis of cytochrome c, dynamin,
and mitofusin. The procedure was repeated 3 times (N = 3), for a total of 18 animals.

2.3. Routine Oxygen Consumption (rMO2) and Spontaneous Activity

Routine metabolism (rMO2) is the oxygen consumption of fish at rest and in a fasted
state, but with spontaneous basal activity [49], so it requires simultaneous measurement
of oxygen consumption and animal activity. The rMO2 was measured at 27 ◦C using a
closed respirometry system [49] consisting of a thermostatic plexiglass chamber (125 mL)
equipped with an oxygen microelectrode (YSI 5357 Micro Probe, Yellow Springs, OH, USA)
that continuously monitored the oxygen content in the water. The microelectrode was
connected to an Oxygen Monitoring System (YSI 5300 A, Yellow Springs, OH, USA), and
the data output was captured by an analogical-to-digital interface (Pico Technology Ltd. St.
Neots PE19 8YP, UK) connected to a PC with Picolog software version 5.25.3. for automated
data acquisition. The water in the respirometer was fully aerated and continuously stirred
to ensure uniform oxygen distribution. The selected fish from each group (n = 10) were
individually transferred into the respiratory chamber. After an adaptation period, the
chamber was sealed, and the decrease in PO2 was recorded. The decline in PO2 was
not allowed to exceed 15%. Oxygen consumption rates were determined from the linear
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decrease in water oxygen concentration, with rates calculated using linear regression
analysis. Fish rMO2 values were reported as mg O2 per hour per gram of body weight.

Spontaneous activity of each fish was assessed by counting the number of turns per
minute while in the respiratory chamber [50]. Measurements were obtained by analyzing
video recordings taken during oxygen consumption assessments.

2.4. Blood Sample Collection, Hemoglobin Spectral Deconvolution, and Blood Nitrite
Content Determination

Given the capacity of nitrite to compete with oxygen for hemoglobin [23], we assessed
the blood content of HbO2, MetHb, and HbNO. Blood samples were collected from each
zebrafish (n = 10 for both the control and the NO2

− groups) after anesthesia with benzocaine
at a concentration of 0.1 mg/mL. Using heparinized glass Pasteur pipettes (tip diameter:
0.8–0.9 mm), blood was collected by capillarity after a lateral incision at the level of the
anus to reach the caudal vein. The volume of the collected blood was calculated from the
height of the blood column inside the capillary and the capillary’s inner diameter. Typically,
between 4 and 10 µL of blood was obtained from each fish. The collected blood samples
were transferred into pre-calibrated microtubes containing 1 mL of 20 mM phosphate
buffer (pH 7.3). To remove cellular debris, the samples were centrifuged for 2 min at
12,000× g. After centrifugation, 1 mL of the supernatant was immediately transferred
into cuvettes for hemoglobin spectrum scan, using a Beckman Coulter (Brea, CA, USA)
DU 800 spectrophotometer in the range of 480–700 nm with 0.2 nm increments. The scan
was completed within 3 min of blood sample preparation. The spectra were successively
analyzed with the deconvolution technique [51]. Assuming that the hemoglobin sample is
a mixture of HbO2, deoxyhemoglobin, metHb, and HbNO, and according to the Lambert-
Beer law, the absorbance (A) at each wavelength (λ) will be the sum of the contributions of
each of the four forms of Hb, according to the equation:

Aλ =
[(

CoxyHb × ϵoxyHb

)
+

(
CdeoxyHb × εdeoxyHb

)
+ (CmetHb × ϵmetHb) + (CHbNO × εHbNO)

]
× l (1)

C is the millimolar concentration of each Hb form, ε represents the molar extinction
coefficient of each Hb form at wavelength λ, and l represents the thickness of the cuvette
(1 cm). The relationship between ε and λ for each Hb form, in the range 480–700 nm, was
previously determined as described by Jensen [51].

Spectral analysis for deconvolution was performed by fitting Equation (1) to the sam-
ple spectrum using nonlinear regression (least squares) based on the Levenberg–Marquardt
algorithm, with Origin 7 statistical software (OriginLab Corporation, Northampton,
MA, USA).

Blood samples were also collected from 6 additional individuals from each group as
above and transferred to a solution containing 4.31% ZnSO4•7H2O and 1.45% NaOH for
protein precipitation [26], followed by centrifugation and determination of nitrite using the
Griess method [47] with the Griess reagent from Sigma-Aldrich. Absorbance was measured
at 520 nm using a multimode microplate reader (Synergy™ HTX Multimode Microplate
Reader, BioTek, Santa Clara, CA, USA). Blood nitrite was expressed as micromoles per liter.

2.5. Muscle Nitrite, Lactate, and Urea Content, and Arginase Activity

For nitrite levels determination, muscles were homogenized in a solution containing
2.35% ZnSO4•7H2O and 1.45% NaOH [26], incubated for 1 h on ice, and then centrifuged at
20,000× g for 15 min at 4 ◦C. Nitrite determination was performed using the Griess method,
as described above. Nitrite levels were expressed as nmol of nitrite per gram of tissue.

Since nitrite stress can affect NO homeostasis by arginase stimulation and urea accu-
mulation [32], we evaluated urea content and arginase activity in the muscle of zebrafish.
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To evaluate urea and lactate levels, aliquots of muscle samples were treated according
to Dunn and Hochachka [52]. Briefly, the muscles were homogenized for 1 min (20% w/v)
in 7% perchloric acid using a glass Potter at 500 rpm. Homogenates were centrifuged
at 20,000× g for 15 min at 4 ◦C. The supernatants were neutralized at pH 7.5 with 3 M
K2CO3 and 0.1 M triethanolamine, and then centrifuged at 20,000× g for 15 min at 4 ◦C.
The urea content in muscle homogenates was measured using the diacetyl-monoxime
procedure [53]. In brief, 1 mL of homogenate was added to 0.5 mL of urea reactant
(8.3 mg/mL of 2,3-Butanedion monoxime, 0.2 mg/mL thiosemicarbazide, and 0.1 mg/mL
FeCl3 in 32% H2SO4), then the mixture was heated (100 ◦C) for 10 min in the dark. After
cooling, urea levels were detected spectrophotometrically at 535 nm using a multimode
microplate reader (Synergy™ HTX Multimode Microplate Reader, BioTek). Urea content
was expressed as µmol of urea per g of tissue.

The same homogenates were used to determine the arginase activity as the rate of
urea formation, as described by Romero et al. [54]. Briefly, aliquots of homogenates were
treated for one hour with MnSO4 (100 mM, pH 7.0 at 27 ◦C) to activate the enzyme. Then,
L-Arginine (285 mM, pH 9.5) was added, and the mixture was incubated for 30 min at
27 ◦C. Urea levels were measured as previously described. Arginase activity was expressed
as µmol of urea produced per hour per g of tissue.

Lactate concentrations in muscle homogenates were quantified in aliquots contain-
ing 0.015 mg of protein using a spectrophotometric enzymatic assay adapted from Rees
et al. [55]. In this assay, L-lactate is oxidized to pyruvate by L-lactate dehydrogenase
(5000 U/mL) in the presence of NAD+ (25 mM). The reaction was carried out in a glycine–
hydrazine buffer (0.5 M glycine, 0.4 M hydrazine sulfate, pH 9.5), which facilitates hydra-
zone formation and drives the reaction to completion. The concentration of lactic acid
in the sample, which is stoichiometrically correlated to the amount of NADH formed in
the enzymatic reaction, was determined at 340 nm using a multimode microplate reader
(Synergy™ HTX Multimode Microplate Reader, BioTek). The lactate concentration was
expressed as micromoles of lactate per gram of tissue.

2.6. Tissue Aerobic Capacity Evaluation

The effects of nitrite on the aerobic metabolic capacity of muscle were studied by
measuring oxygen consumption in both homogenates and isolated mitochondria. We
evaluated the coupled mitochondrial respiration and cytochrome c oxidase activity (an
index of maximal aerobic capacity, [56]) in Lubrol-treated homogenates, as well as the
oxygen consumption in frozen, uncoupled mitochondria, to gain insight into the function
of the electron transport chain complexes.

Muscle samples were homogenized 1:5 in ice-cold homogenization medium (HM)
(220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 10 mM Tris, pH 7.4) using a glass Potter-
Elvehjem homogenizer set at a standard speed (500 rpm) for 1 min. The homogenate was
divided into three aliquots. One was rapidly frozen in liquid nitrogen for later determina-
tion of COX activity and redox parameters. A second aliquot was used to determine the
homogenate respiration rate immediately. Finally, the third aliquot was used to isolate mito-
chondria by differential centrifugation. Briefly, the homogenate was first cleared of cellular
debris and nuclei by centrifugation at 500 g for 10 min at 4 ◦C. The resulting supernatant
was then centrifuged at 9000× g for 10 min to pellet mitochondria. The mitochondrial pellet
was resuspended in wash buffer (WB) (220 mM mannitol, 70 mM sucrose, 1 mM EGTA,
20 mM Tris, pH 7.4) and centrifuged at 9000× g for 10 min. This washing step was repeated
twice, after which the mitochondrial pellet was resuspended in WB. Total mitochondrial
protein was calculated using the Bradford colorimetric protein assay of the Bio-Rad Brad-
ford (Bio-Rad, Hercules, CA, USA). An aliquot of isolated mitochondrial preparation was
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used within 1 h of isolation to measure mitochondrial oxygen consumption, while the rest
was frozen for later determination of COX and electron transport chain (ETC) activity in
uncoupled mitochondria.

Oxygen consumption in both homogenates and isolated mitochondria was measured
at 27 ◦C using a Hansatech respirometer. Measurements were conducted in 1.0 mL of
incubation medium (145 mM KCl, 30 mM Hepes, 5 mM KH2PO4, 3 mM MgCl2, 0.1 mM
EGTA, 0.1% BSA, pH 7.4) containing either 0.01 g of tissue or 0.2 mg of mitochondrial
proteins. Oxygen consumption was determined under two conditions: in the presence of
500 µM ADP (State 3) and in its absence (State 2). Pyruvate plus malate (10/2.5 mM) served
as substrates. The results were expressed as nmol O per minute per g of tissue or per mg
of protein.

Complex IV (cytochrome c oxidase, COX) activity in both homogenates and isolated
mitochondria was determined using a polarographic method [57]. Measurements were
carried out in a 1.0 mL buffer solution containing 30 µM cytochrome c, 10 mM sodium
malonate, 75 mM HEPES, 4 µM rotenone, and 0.5 mM 2,4-dinitrophenol, pH 7.4. An aliquot
of muscle homogenate or mitochondrial suspension (containing 0.01 g tissue or 0.2 mg of
protein, respectively), solubilized with 1% Lubrol, was added to this buffer along with a
mixture of TMPD and ascorbate (30 mM and 400 mM, respectively). COX activity was
expressed as µmol O consumed per minute per g of tissue or mg of protein.

The assessment of the activity of the electron transport chain (ETC) segments between
complexes I and IV was performed following the method described by Acin-Perez et al. [58].
Briefly, oxygen consumption was determined at 27 ◦C on uncoupled mitochondria using
a Hansatech respirometer in 1.0 mL of incubation medium (145 mM KCl, 30 mM Hepes,
5 mM KH2PO4, 3 mM MgCl2, 0.1 mM EGTA, 20 µM cytochrome c, 0.1% BSA, pH 7.4). The
procedure used 0.2 mg of mitochondrial proteins. The assay was performed by sequentially
adding the following reagents: 1 mM NADH (to evaluate the activity of the ETC from
complexes I to IV); 2 µM rotenone (ROT, to inhibit electron transport from complex I); 5 mM
succinate (to assess the activity from complex II to IV); 4 µM antimycin A (AA, to block
electron transport at complex III); 0.5 mM TMPD and 1 mM ascorbic acid (to evaluate the
activity of complex IV). ETC activity was expressed as nmol oxygen per minute per mg of
mitochondrial protein.

2.7. Western Blot Analysis of Cytochrome c, Dynamin, and Mitofusin

Mitochondrial population dynamic was evaluated by determining, by Western blot,
the levels of cytochrome c, as an index of the mitochondrial population content, and
those of dynamin and mitofusin, indices of mitochondrial fusion and fission processes,
respectively [57,59].

Immunoblotting was performed as previously reported [60]. For each biological
replicate (N = 3) the trunk skeletal muscle from an individual fish was collected and
homogenized in 300 µL of RIPA buffer (150 mM NaCl, 1.0% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0), to which antiprotease cocktail (Merck, Life
Science S.r.l., Milano, Italy) was added. After 15 min of incubation, the lysates were
centrifuged at 12,000× g for 10 min at 4 ◦C.

Protein content of each supernatant was quantified using a Bradford colorimetric
commercial kit (Bio-Rad, Hercules, CA, USA). 40–80 µg of protein lysate was separated in
an SDS-PAGE gel and transferred to a PVDF membrane. The blots were blocked with a
blocking solution (5% bovine serum albumin) for 1.5 h at room temperature. The blots were
then incubated with the following commercially available primary antibodies: cytochrome
c (1: 1000, SC-7159, Santa Cruz, San Diego, CA, USA); Dynamin-related protein 1 (DRP1)
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(1:1000, sc-271583, Santa Cruz, San Diego, CA, USA), Mitofusin-1 (MFN1) (1:1000, sc-166644,
Santa Cruz, San Diego, CA, USA).

As housekeeping proteins, beta-actin (β-actin) (1:1000, sc-47778, Santa Cruz, San Diego,
CA, USA) was used. Secondary antibodies were purchased from Santa Cruz (1:5000, anti-
rabbit sc-2030, anti-mouse sc-525409, Santa Cruz, San Diego, CA, USA). After overnight
incubation with the primary antibodies at 4 ◦C, the blots were washed and subsequently
incubated with the appropriate secondary antibody for 1 h. Protein bands were visualized
using a chemiluminescent detection kit (ElabScience; Microtech, Naples, Italy) according to
the manufacturer’s instructions. Quantitative analysis of band intensity was carried out on
ChemiDoc-acquired images.

2.8. Redox Homeostasis Evaluation (ROS Content, Lipid Oxidative Damage, Susceptibility to
Oxidants, and Total Antioxidant Capacity)

Since nitrite-induced metabolic alterations can be associated with changes in redox
homeostasis, we evaluated ROS levels, lipid oxidative damage (hydroperoxides, Hp),
susceptibility in vitro to oxidants (∆Hp), and total antioxidant capacity (TAC).

ROS levels in muscle homogenates and isolated mitochondria were assessed by moni-
toring the ROS-dependent oxidation of 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-
DA), a nonfluorescent probe, to the fluorescent product dichlorofluorescein (DCF) as
described by Napolitano et al. [57]. Fluorescence was detected using a multimode mi-
croplate reader (Synergy™ HTX, BioTek) set to excitation and emission wavelengths of
485 and 530 nm, respectively. Background signal, resulting from the DCFH auto-oxidation
in the absence of biological samples, was subtracted using parallel blanks. ROS levels were
expressed as relative fluorescence unit (RFU) per mg of protein.

Lipid peroxidation in tissue homogenates was assessed by quantifying Hp levels in
samples diluted in 0.1 M monobasic phosphate buffer, pH 7.4 [61]. The decrease in NADPH
absorbance, resulting from the coupled reactions of glutathione peroxidase and glutathione
reductase in the presence of GSH, was monitored at 340 nm. All measurements were
performed using a multimode microplate reader (Synergy™ HTX, BioTek). Hp values were
expressed as nmol of NADPH consumed per minute per gram of tissue.

The ∆Hp of muscle homogenates was assessed by the changes in hydroperoxide
levels due to the treatment of 10% tissue homogenate with iron and ascorbate (Fe/As),
at a concentration of 100/1000 µM, for 10 min at room temperature. The reaction was
blocked by adding 0.2% 2,6-di-tert-butyl-p-cresol (BHT), and the hydroperoxide levels were
evaluated as previously described.

TAC of the tissue homogenate was assessed using a decolorization assay [62] based on
the radical monocation of 2,2′-azinobis- (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•+).
The ABTS•+ was generated by oxidizing ABTS (7 mM) with potassium persulfate (245 mM).
The resulting radical is subsequently decolorized by the antioxidants present in the muscle
homogenates, in proportion to their concentration and antioxidant strength. A 2.5 mM
stock solution of 3,5-Di-tert-4-butylhydroxytoluene (BHT) was used to construct a calibra-
tion curve. ABTS•+ decolorization was measured with a multimode microplate reader
(Synergy™ HTX, BioTek) at 740 nm. TAC values were expressed as mmol BHT equivalents
per mg of protein.

2.9. Statistical Analysis

GraphPad Prism, version 9.0 (GraphPad Software, Inc., San Diego, CA, USA). The ef-
fect of tank replicates (tank-treatment interaction) was tested by a Two-way ANOVA (mixed
Model) and was never found significant (see Supplementary Materials). The Shapiro–Wilk
test and the F-test were used to assess normality and equal variance, respectively. The effect
or treatment was tested by applying the unpaired T-test, with the Welch’s correction in case
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of inequality of variances. p-values of * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001
were used to indicate statistical significance between the two experimental groups.

3. Results
3.1. Effect of Nitrite Exposure on the Oxygen-Carrying Capacity of Blood, Spontaneous Activity
and rMO2, and on Blood and Tissue Nitrite Levels

The oxyhemoglobin (HbO2) content of fully oxygenated blood, expressed as a percent-
age of total hemoglobin, showed a significant 2% decrease in zebrafish exposed to 10 µM
nitrite compared with the control group (Figure 1A), slightly reducing the oxygen-carrying
capacity of blood. Notably, this reduction was accompanied by the significantly correspond-
ing increase in the nitrosyl hemoglobin (HbNO) (Figure 1C), while the methemoglobin
(MetHb) content remained unchanged (Figure 1B).

Figure 1. Top row: Blood levels of HbO2 (A), MetHb (B), and HbNO (C), expressed as percentages of
total hemoglobin in the plasma of control and 10 µM nitrite-exposed zebrafish. Middle row: Routine
oxygen consumption (rMO2) (D) and spontaneous activity (number of turns per minute) (E) in
control and 10 µM nitrite-exposed zebrafish. Bottom row: Nitrite concentrations in blood (F) and
muscle tissue (G) of control and 10 µM nitrite-exposed zebrafish. Data in panels (A–E) represent
mean ± SEM of 4 replicated experiments; data in panels (F,G) represent mean ± SD of 4 replicated
experiments. * p < 0.05; *** p < 0.001; **** p < 0.0001.
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Both routine oxygen consumption (rMO2) and spontaneous activity of zebrafish
exposed to 10 µM nitrite for 72 h showed a significant decrease compared with the control
group (Figure 1, Panels D and E, respectively).

While there was no change in blood nitrite concentration (Figure 1F), a significant
nitrite accumulation was observed in the muscle tissue of zebrafish exposed to 10 µM
nitrite (Figure 1G).

3.2. Tissue Aerobic Capacity and Mitochondrial Dynamics

During state 2 respiration driven by a mixture of pyruvate and malate, a statistically
significant reduction in oxygen consumption was observed in the mitochondria (Figure 2D)
but not in the muscle homogenates (Figure 2A) of zebrafish exposed to nitrite.

Figure 2. Oxygen consumption measured in the presence of pyruvate and malate, in the absence
(state 2 of respiration, S2, (A,D)) and presence (state 3 of respiration, S3, (B,E)) of ADP, and COX
activity (C,F) in homogenates (A–C) and mitochondria (D–F) from muscle tissue of control and 10 µM
nitrite-exposed zebrafish. Data represent the mean ± SD of 3 replicated experiments. * p < 0.05.

In contrast, during state 3 respiration (Figure 2B,E), oxygen consumption increased in
both muscle homogenates and isolated mitochondria from animals exposed to nitrite.

Finally, the maximum activity of COX, measured in samples treated with Lubrol, to
facilitate enzyme activity detection, was significantly elevated by nitrite exposure in both
muscle homogenates and mitochondria (Figures 2C and 2F, respectively).

The analysis of the activity of the electron transport chain (ETC) complexes in un-
coupled mitochondria revealed a significant increase in all segments of ETC in zebrafish
exposed to 10 µM nitrite (Figure 3). The activity between complexes I and IV, measured
using NADH as the electron donor (Figure 3A), and that between complexes II and IV,
assessed in the presence of rotenone (inhibitor of the electron flow between complexes
I and III) and succinate (the electron donor) (Figure 3B), were doubled by the nitrite ex-
posure. Furthermore, the complex IV activity measured with antimycin A (which blocks
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electron flow at complex III) and TMPD plus ascorbate (which donates electrons directly
to cytochrome c) (Figure 3C) was enhanced as well, confirming the COX activity increase
detected in homogenates and isolated mitochondria (Figure 2F).

Figure 3. Activity of mitochondrial electron transport chain (ETC) in muscle isolated mitochondria of
control and 10 µM nitrite-exposed zebrafish. (A): ETC activity between complexes I and IV; (B): ETC
activity between complexes II and IV; (C): activity of complex IV. Data represent the mean ± SD of
3 replicated experiments. * p < 0.05; *** p < 0.001.

The mitochondrial population content, as evaluated by the cytochrome c levels
(Figure 4A), was not significantly affected in the muscle of zebrafish exposed to nitrite. The
no observed effect of nitrite on levels of dynamin and mitofusin demonstrates that fusion
and fission were not affected after nitrite exposure (Figures 4B and 4C, respectively).

Figure 4. Western blot analysis of cytochrome c (A), dynamin (B), and mitofusin (C) levels in
the muscle of control and 10 µM nitrite-exposed zebrafish. Data represent the mean ± SD of
3 replicated experiments.

3.3. Redox Homeostasis

Exposure of zebrafish to 10 µM nitrite for 72 h resulted in a significant increase in
total reactive oxygen species (ROS) content in muscle tissue, as shown in Figure 5A. This
increase in ROS was localized to extramitochondrial compartments, since mitochondrial
total ROS content remained unchanged after nitrite exposure (Figure 5B).

The increased tissue ROS content corresponded with a significant rise in lipid hy-
droperoxide (Hp) levels (Figure 5C), indicating enhanced lipid peroxidation and oxidative
damage to cell membranes. In contrast, treated animals showed higher total antioxidant
capacity (TAC; Figure 5E) than the control group. This finding was further supported by a
lower, though not statistically significant, resistance to oxidative stress (∆Hp, measured by
changes in lipid hydroperoxide levels following prooxidant treatment; Figure 5D).
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Figure 5. Redox homeostasis -linked parameters. Tissue (A) and mitochondrial (B) ROS content of
control and 10µM nitrite-exposed zebrafish. Hydroperoxide levels (Hp, (C)), in vitro susceptibility to
oxidants (∆Hp, (D)), and total antioxidant capacity (TAC, (E)) in muscle tissue homogenate of control
and 10 µM nitrite-exposed zebrafish. Data represent the mean ± SD of 3 replicated experiments.
* p < 0.05; ** p < 0.01.

3.4. Muscle Arginase Activity, and Urea and Lactate Content

The data reported in Figure 6 indicate that acute exposure to 10 µM nitrite also stimu-
lated arginase activity and urea levels in the zebrafish (Figures 6A and 6B, respectively).
Interestingly, lactate levels were also increased upon nitrite exposure (Figure 6C).

Figure 6. Arginase activity (A), urea (B), and lactate (C) content in the muscle of 10µM nitrite-
exposed zebrafish. Data represent the mean ± SD of 3 replicated experiments. * p < 0.05; ** p < 0.01;
**** p < 0.0001.

4. Discussion
This study shows that exposing adult zebrafish to a moderate, environmentally rele-

vant concentration of nitrite (10 µM) [3] results in reduced routine metabolic rate (rMO2)
and decreased spontaneous activity. This exposure also increases blood HbNO levels,
promotes nitrite accumulation in trunk muscle tissue, and modifies muscle aerobic capacity,
associated with enhanced mitochondrial efficiency. In parallel, elevated antioxidant capac-
ity, increased arginase activity, and higher muscle concentrations of urea and lactate were
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observed. Overall, these findings indicate a disruption of nitric oxide (NO) homeostasis. A
summary of results and their implications is reported in Figure 7.

 
Figure 7. Summary of the primary effects (yellow boxes) induced by acute exposure to 10 µM NO2

−

in zebrafish, along with the proposed mechanisms or processes involved (red/green text).

It should be noted that the muscle samples analyzed in this study comprise both the
trunk’s white, fast-twitch fibers and red, slow-twitch fibers. Comparative data on nitrite
homeostasis and metabolic capacities in these two muscle types in adult zebrafish are not
currently available. Nevertheless, it is known that white muscle fibers, which support
rapid anaerobic bursts, contain fewer and smaller mitochondria than red muscle, which is
specialized for sustained oxidative swimming [63–65], and are less susceptible to oxidative
damage under resting conditions [63]. In zebrafish, white muscle constitutes approximately
90% of the total trunk muscle, based on cross-sectional area [66]. Therefore, the results
of this study likely primarily reflect disturbances in nitrite turnover within white muscle,
which appears to be the main target of nitrite stress under moderate, sublethal exposure.

4.1. Effects on Hemoglobin

The blood’s significant increase in HbNO (iron-nitrosyl hemoglobin) indicates an
increase in NO production [44,45]. The corresponding 2% reduction in oxygen-carrying
capacity is unlikely to induce significant tissue hypoxia in resting individuals [51], although
it may become important during exercise. In mammals, the relation between HbNO levels
and NO production is mainly due to an increased NO production by the vascular endothe-
lial NOS (eNOS) [45]. NO from eNOS is a primary regulator of blood flow and pressure [67].
It is well known that in freshwater and seawater fish species, HbNO can form under con-
ditions of nitrite stress. Nitrite reacts with deoxygenated Hb to form NO [68], which in
turn can react with the ferrous heme forming HbNO. However, nitrite also reacts with
oxygenated Hb to form metHb. Under nitrite stress in fish, metHb formation dominates
over HbNO formation [31]. Since we find no change in metHb and nitrite blood levels, it
is possible that the higher NO production results from increased synthesis by endothelial
NOS. The slight reduction in the blood’s total oxygen-carrying capacity levels might be re-
sponsible for the increased eNOS activity. It must be noted that eNOS expression in the fish
vascular system is still debated [4]. Moreover, the relationship between oxygen-carrying
capacity and eNOS activity is complex and highly context-dependent, involving several
factors and regulatory feedback between red blood cells and the endothelium [69,70]. The
putative eNOS stimulation in our experimental conditions is, at the moment, hypothetical
but intriguing.
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4.2. Effects on In Vivo Metabolism and Activity

In vivo, we observed a significant reduction in rMO2 in animals exposed to 10 µM
nitrite, likely associated with decreased spontaneous activity, as these parameters are
closely related. Jensen [51] reported no change in routine oxygen consumption in zebrafish
exposed for 48 h to 0.6 and 2 mM nitrite. The more extended exposure period in the
present study (72 h) may have elicited a behavioral response to nitrite stress. Mild anxiety-
like behavior, potentially reflected in reduced activity, has been documented in zebrafish
following chronic exposure (2–4 weeks) to 0.4 mM nitrite [71]. It should be mentioned that
both short-term [41] and long-term [72] exposure to high nitrite levels (in the mM range)
have been shown to induce oxidative stress and morphological alterations in gill tissue,
potentially reducing gill surface area. These changes can decrease oxygen uptake from
water and lower metabolic activity. However, at the lower nitrite concentration used in this
study, such a limiting effect on oxygen uptake is likely negligible.

4.3. Accumulation of Nitrite in Muscle Tissue

While nitrite in zebrafish blood is maintained unchanged, skeletal muscle significantly
accumulates nitrite despite the higher environmental concentration, as shown in Figure 1F.

In mammals, muscle tissue can actively accumulate nitrite, possibly via sialin and
chloride channels [73,74]. Muscle nitrite can be reduced to NO, contributing to local control
of blood flow and muscle function [73,74]. The reduction of NO2

− to bioactive NO occurs
either through acidification or via several NO2

− reductases. These include heme-globins
such as myoglobin and cytoglobin, molybdenum-containing enzymes like xanthine oxidore-
ductase and aldehyde oxidase [10], as well as components of the mitochondrial electron
transport chain, including the Q-cycle and cytochrome-c oxidase [6]. Fast-twitch muscles
have a greater capacity for NO generation via nitrite reduction than slow-twitch muscles
and the heart [75]. This property could be particularly significant for fast-twitch muscles
during strenuous exercise or hypoxic conditions, as increased NO-mediated vasodilation
could enhance muscle blood flow and delay fatigue.

Our results suggest a similar capacity for nitrite uptake in zebrafish muscle. Unlikely,
there are no hints about the mechanism of uptake in fish, as there are very few studies
on the active nitrite uptake capacity of fish skeletal muscle, which may vary by species.
For example, muscle accumulation of nitrite has been reported in goldfish (Carassius
auratus; [31]) but not in striped catfish (Pangasianodon hypophthalmus; [76]).

4.4. Nitrite Stimulates Arginase Activity

One factor that can affect NO homeostasis is the activity of arginase, a Mn-dependent
enzyme that converts l-arginine to l-ornithine and urea. Arginase can compete with NOS for
substrate [77] and can be stimulated under mechanical [78] or oxidative [79] stress. Arginase
is stimulated by environmental nitrite stress (2 mM) in aquatic organisms [32]. Here, we
confirm an increase in muscle arginase activity and a related rise in urea content, despite
the lower environmental nitrite concentration. There are no clear hints on the mechanism
of this nitrite-dependent stimulation. Fish possess both arginase-I (arg1, cytosolic, mainly
in the liver, involved in the urea cycle) and arginase-II (arg2, mitochondrial, involved in
non-ureogenic functions such as the synthesis of polyamines, bioactive molecules acting
as antioxidants) [80,81]. In zebrafish, Arg2 is the predominant form of arginase, and its
expression is strongly stimulated by acute hypoxia [82]. It should be noted that the urea
cycle in zebrafish is active in young individuals, and rudimentary in adults [82]. So, it
is possible that a nitrite-dependent oxidative stress stimulated Arg2 in muscle under our
experimental conditions, favoring polyamine synthesis and contributing to antioxidant
defenses. Another possibility is that increased arginase activity may reduce the arginine
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supply to NOS (substrate competition), leading to enzyme uncoupling and reduced NO
production, while generating superoxide from molecular oxygen [54]. However, despite
fish possessing both nos1 and nos2 genes, there is, to date, no indication of their expression
in white or red muscles [4].

4.5. Effects of Nitrite on Muscle NO Homeostasis, Redox State, and Mitochondrial Function

In mitochondria, nitrite can be reduced to NO by ETC, which in turn can be oxi-
dized to NO2

− by COX. Nitrite reduction is favored by acidosis (e.g., intense exercise,
especially involving white muscles) or tissue hypoxia, while NO oxidation prevails under
normoxia [5,83]. The nitrite-NO cycle may operate as a feedback system, adjusting mito-
chondrial activity to match oxygen availability and metabolic demand [5]. An increase in
nitrite levels in the muscle cells might unbalance the cycle. Reducing COX-mediated NO
oxidation would increase NO availability, favoring peroxynitrite formation and subsequent
oxidative stress [84]. This process was likely favored by the mild acidification associated
with the increased lactate levels in muscle tissue upon nitrite treatment, indicating stimula-
tion of the glycolytic pathway. In mammals, fast-twitch muscle fibers have higher basal
nitrite content. They are more prone to use nitrite as a substrate for nitric oxide (NO)
production [75], especially under low-oxygen, low-pH conditions. Nitrite is known to
stimulate glycolytic ATP synthesis in myocytes [85]. This hypothetical interpretation of
the effects of increased nitrite content on muscle cells is supported by the higher total
ROS levels in muscle tissue from treated animals and the corresponding increase in lipid
peroxidation, as evidenced by elevated Hp levels. These results are in good agreement with
previous studies showing that exposure to 15 mg/L of nitrite for 72 h induced a marked
production of ROS, which caused oxidative damage in the liver tissue of the freshwater sea
bream Megalobrama amblycephala [86].

Interestingly, these alterations in cellular NO homeostasis induced compensative
responses in terms of mitochondrial efficiency and antioxidant defenses, as suggested by
the increased total antioxidant capacity and decreased in vitro susceptibility to oxidants.

As a putative adaptive compensatory response to acute nitrite exposure, there was a
significant increase in the potential rate of oxygen consumption during ADP-stimulated
(State 3) respiration in both muscle homogenates and isolated mitochondria. In the tissue
homogenate, the increase in ADP-stimulated respiration could also depend on increased
mitochondrial population content, but the determination of the cytochrome c content
excluded this possibility in muscle from nitrite-exposed zebrafish.

In both tissue homogenates and isolated mitochondria, oxygen consumption was
measured under high oxygen availability, allowing us to focus on intrinsic respiratory
capacity rather than oxygen limitation. Based on these observations, it can be proposed that
mitochondrial activity is upregulated when nitrite is present. This adaptive compensatory
mechanism would be particularly relevant in skeletal muscle, the most abundant tissue by
body mass, which plays a predominant role in meeting the organism’s overall metabolic
demands [87]. The simultaneous reduction of rMO2 and increased State 3 respiration
provides strong evidence that nitrite treatment enhances the potential respiratory capacity
of mitochondria.

Furthermore, mitochondrial ETC and COX activities, assessed in muscle homogenates
and isolated mitochondria in the presence of Lubrol (which unmasks the enzyme’s latent
capacity), allowed us to detect their maximal activity. In zebrafish exposed to nitrite, a
consistent increase in the activity of ETC segments spanning complexes I–IV and II–IV
was observed, as well as a specific elevation in complex IV activity. Notably, the maximal
activity of complex IV (COX) was also significantly enhanced. Together, these findings
indicate that nitrite enhances the efficiency of ADP-driven respiration, promoting a broader
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stimulation of the mitochondrial respiratory machinery and ultimately reinforcing its role
in supporting cellular energy production under nitrite stress.

In zebrafish mitochondria exposed to nitrite, we observed a reduction in the rate
of State 2 respiration. This process depends on maintaining the electrochemical proton
gradient across the inner mitochondrial membrane [35]. Its decrease is consistent with the
idea that nitrite exposure enhances mitochondrial efficiency by reducing oxygen consump-
tion under non-phosphorylating conditions, thereby limiting energy loss through proton
leakage. This effect strongly supports the notion that nitrite can fine-tune mitochondrial
function to optimize energy utilization under stress conditions. Interestingly, these func-
tional adjustments appear to occur without altering mitochondrial dynamics, as evidenced
by the absence of significant changes in the relative abundance of key regulatory proteins,
such as dynamin and mitofusin, following nitrite exposure. This observation suggests that
the mitochondrial response to nitrite stress primarily involves mitochondrial bioenergetics
rather than structural remodeling.

5. Conclusions
In conclusion, acute exposure to a moderate environmental concentration of nitrite

induces nitrite accumulation in skeletal muscle and alters muscular metabolism and the
redox state of adult zebrafish. Most of these effects can be interpreted as indices and conse-
quences of an altered NO homeostasis in both the blood and muscle cells. The putative
changes induced by nitrite accumulation in muscle cells, in the balance between NO syn-
thesis and oxidation at the mitochondrial level, may alter the fine-tuning of mitochondrial
function and cellular redox state, representing an intriguing mechanism of nitrite-induced
environmental stress that deserves further detailed investigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/environments13010049/s1, experimental design, raw data and
statistics for each figure.
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