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Abstract
Living organisms repeatedly encounter stressful events and apply various strategies to survive.
Polyamines are omnipresent bioactive molecules with multiple functions. Their transient synthesis,
inducible by numerous stressful stimuli, is termed the polyamine stress response.

Animals developed evolutionary-conserved strategies to cope with stresses. The urea cycle is an ancient
attribute that deals with ammonia excess in terrestrial species. Remarkably, most �sh retain the urea
cycle genes fully expressed during the early stages of development and silenced in adult animals.
Environmental challenges instigate urea synthesis in �sh despite substantial energetic costs, which
poses a question of the urea cycle's evolutionary signi�cance.

Arginase plays a critical role in oxidative stress-dependent reactions being the �nal urea cycle' enzyme. Its
unique subcellular localization, high inducibility, several regulation levels provide a supreme ability to
control the polyamine synthesis rate. Of note, oxidative stress instigates the arginase-1 activity in
mammals. Arginase is also dysregulated in aging organisms' brain and muscle tissues, indicating its role
in the pathogenesis of age-associated diseases.

We designed a study to investigate the levels of the urea cycle and polyamine synthesis-related enzymes
in a �sh model of acute hypoxia. We evidence synchronized elevation of arginase-2 and ornithine
decarboxylase following oxidative stress in adult �sh and aging animals that underlines the speci�c
function of arginase-2 in �sh. Moreover, we demonstrate oxidative stress-associated polyamine
synthesis' induction and urea cycle' arrest in adult �sh. The subcellular arginase localization found in the
�sh seems to correspond to its possible evolutionary roles.

Introduction
All living creatures repeatedly encounter numerous stressful events and apply various evolutionary-
conserved strategies to cope with them. Species utilizing aerobic respiration mechanisms deal
additionally with challenges related to capricious oxygen supply and oxidative damage. Thus, aerobic
organisms continuously produce reactive oxygen species (ROS) as by-products of their metabolism,
which is a toll of high energetic e�cacy. Generally, ROS production positively correlates with the oxygen
concentration in an organism [1]. However, ROS are also elevated in response to low oxygen. Acute
hypoxia induces oxidative stress via altering the mitochondrial oxidative phosphorylation rate and
antioxidant system activity [2]. Under standard conditions, constant ROS generation is balanced by their
elimination using the intricate antioxidant system. Though, exceedingly high ROS levels cause oxidative
stress, lead to the overoxidation of DNA, proteins, and lipids, which eventuates into severe cellular
damage.

This phenomenon is particularly ostensible in the brain [3] and skeletal muscles [4]. These tissues are
principally composed of metabolically active postmitotic cells that continuously cope with oxidative
damage. In aging organisms, the antioxidant resources of these tissues are substantially exhausted,
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which leads to progressive neurodegeneration and muscle loss. Since ischemia is common in aging
organisms, some ascribe the age-associated degenerative diseases, including sarcopenia and Alzheimer's
disease, to gradual, ischemic by nature, oxidative stress [5].

During evolution, species developed complex systems to repair oxidative stress consequences and
protect themselves against destructive ROS attacks. The defensive arsenal comprises natural
antioxidants, either enzymes (e.g., catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase
(GPX) or small molecules (e.g., vitamin C, α-tocopherol, etc.). Notable is a hypoxia-inducible factor 1 (HIF-
1), which regulates numerous hypoxia-responsive genes involved in angiogenesis [6].

Remarkably, oxidative stress induces polyamine synthesis, which resembles the reaction to starvation
and heat shock [7]. Accordingly, particular scienti�c attention is attracted to arginase and polyamines as
evolutionary conserved interrelated factors combating oxidative stress [8]. Various stimuli provoke a
coordinated cellular stress program accompanied by an upsurge in polyamine levels and termed
polyamine stress response (PSR) [9]. The polyamines putrescine, spermidine, and spermine are
polycationic bioactive molecules and e�cient natural antioxidants in plants [10], bacteria [11], and
animals [12]. They are capable of binding to the prone to oxidation sites in the cells and are competent
protectors against ROS-induced injuries [13]. Of note, polyamines show a higher antioxidant capacity
than many well-known natural and synthetic antioxidants [14], which is related but not limited to
chelating metals' capacity [15] and scavenging free radicals [16]. The principal biosynthetic polyamines'
pathway utilizes arginine as a precursor of putrescine and comprises arginase (Arg) and ornithine
decarboxylase (ODC) (supplementary Fig. S1). ODC is the rate-limiting enzyme of the polyamines'
biosynthesis [17], highly conserved in �sh and mammals [18]. An arginase product, ornithine, is a
substrate for ODC. Though, a unique subcellular localization, high inducibility, and several regulation
levels provide arginases with a paramount ability to control the polyamine synthesis rate [8].

Numerous cellular and animal models have been established to study oxidative stress. The teleost
zebra�sh has recently become a popular vertebrate system to model mammalian physiology under
normal and pathological conditions [19]. Relatively small dimensions, fast development, and easy genetic
manipulability are the main advantages of zebra�sh as a versatile model organism [20]. Of importance,
while being ammoniotelic, �sh possess a complete range of the urea cycle genes, expressed during the
early stages of development, though some of them are silenced in most species in the adult phase [21].
Nevertheless, zebra�sh embryos have been shown to excrete with urea most of their nitrogen waste [22].

It is worth noting that the urea cycle is an ancient evolutionary trait. An ability to excrete an excess of
ammonia as urea has evolved in amphibians as an adaptation to terrestrial life [23]. The �ve enzymatic
steps of the urea cycle convert two ammonium ions and one bicarbonate ion into a molecule of urea,
which demands hydrolysis of four phosphate bonds (Fig. S1) [24]. Tetrapod vertebrates typically excrete
urea and uric acid as nitrogenous waste products. Freshwater teleosts are ammoniotelic animals and
excrete ammonia directly into the surrounding environment [25]; however, they retain a complete range of
the urea cycle genes, including arginase, even though some of them are silenced in the adult phase [26].
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Nevertheless, some species maintain the urea cycle enzymes' levels throughout the entire life to cope with
stressful environmental conditions (e.g., alkaline water, air exposure, high ammonia concentrations) [26,
27]. Then, the urea cycle seems to possess evolutionary signi�cance.

It is well established that polyamines ful�ll vital functions in �sh [28, 29]. Though, despite accumulating
evidence, the precise role of polyamines in the normal-, pathophysiology, and aging of aquatic animals
remains to be understood [17]. Here, we present a study investigating the role of arginase/polyamines
and the urea cycle enzymes in the reaction to acute hypoxia in zebra�sh. Additionally, we analyze the
patterns of the urea cycle gene expression in development and aging. Moreover, we examined the spatial
distribution patterns for arginase isoforms via traditional molecular biology methods and provided
several pieces of novel evidence showing their unique – cellular and tissue - localization.

Methods
Zebra�sh maintenance

Zebra�sh (ZF; Danio rerio) of AB strain were maintained at 28°C under 14-hour light, 10-hour dark cycles
at the Zebra�sh Research Facility (Bar-Ilan University [BIU] Azrieli campus) as per the approved guidelines
of the Institutional Animal Ethics Committee of BIU [IACUC # b16633].

Experimental setup

Adult zebra�sh of different ages (3 m, 6 m, 1 y, 1.5 y, and 2 y) were euthanized, and muscle and brain
tissues were collected and kept in RNAlater (Sigma-Aldrich, Germany). For the chemically induced
hypoxia experiments conducted in zebra�sh embryos, we exposed the 6 hpf embryos to 150 µM NaN3

(Sigma-Aldrich, Germany) until embryos reached developmental stages equivalent to those attained
under normal oxygen level (normoxia) at 48 hpf at 28°C (N = 60) [30]. Adult zebra�sh under low oxygen
conditions were performed following the method described in our earlier work and Moussavi Nik et al. [30,
31]. Brie�y, oxygen was depleted by bubbling nitrogen gas through the water, and dissolved oxygen level
(DOL) was measured by a portable dissolved oxygen meter (Horiba Scienti�c, Japan). The DOL in the
hypoxia group (N = 13) was 1.1 ± 0.5 mg/l. Another group of �sh (N = 12) was kept under normal oxygen
conditions (7.8 ± 0.35 mg/l). The hypoxic conditions were maintained for 3 h, and immediately after the
treatment, the �sh were euthanized, and muscle and brain tissues were kept either in RNAlater or plunged
in liquid nitrogen and stored in -80°C until RNA isolation or protein extraction, respectively.

RNA extraction and cDNA synthesis

The total RNA was isolated from the adult tissues (�ve �sh = 5 biological replicates) and embryos (�ve
biological replicates, each consisting of 12 zebra�sh embryos) using the Direct-zol RNA Miniprep kit
(Zymo Research, USA) following the manufacturer's protocol and quanti�ed spectrophotometrically at
260 nm with the help of NanoDrop spectrophotometer (Thermo Fisher Scienti�c, USA). First-strand cDNA
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was synthesized from 500 ng of total RNA extracted from each sample in a total volume of 20 µl with
iScript cDNA Synthesis kit (Bio-Rad, USA) as per the standard protocol.

Multiple species protein sequence alignments and phylogenetic analyses

Multiple sequence alignments of the inferred amino acid sequences of ARG1 and ARG2 enzymes from
piscine, amphibian, bird and mammalian species were performed using the M-coffee web server [32], and
poorly aligned positions and divergent regions of the alignments were eliminated using the Gblocks
program [33]. An unrooted phylogenetic tree was constructed by the Maximum likelihood-based inference
of phylogenetic trees with Smart Model Selection (PhyMl + SMS) [34] in the ATGC webserver
(http://www.atgc-montpellier.fr/phyml ). The best-�t substitution models (JTT with gamma distribution
and invariant sites) were automatically determined using SMS with Akaike information criterion (AIC)
[35]. The branch support was determined using an approximate likelihood-ratio test (aLRT SH-like) [36].

Quantitative real-time PCR (qPCR)

The gene-speci�c primers for qPCR (supplementary Table S1) were designed by Primer-BLAST. qPCR
reactions using �ve biological replicates (N = 5) for each sample were performed in a StepOne plus Real
time PCR system (Thermo Fisher Scienti�c) using Fast SYBR Green Master Mix (Thermo Fisher
Scienti�c). The reaction mixture of 10 µl each contained 5 µl SYBR Green Master Mix, 1 µl cDNA, 0.5 µl of
each primer, and 3.5 µl RNAse-free H2O. The assay condition included an initial denaturation step at 95°C
for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. Each of the �ve biological
replicates were run in three technical replicates, and a no template control using no cDNA was run for
each gene. The rpl32 gene was used as the reference control. Melting curve analysis was used to re-
con�rm the ampli�cation of only a single PCR product. Fold changes of genes in hypoxic �sh compared
to normoxic controls were calculated using the modi�ed ΔΔCT method [37].

Western blot analysis

The tissues were homogenized in RIPA lysis buffer (Sigma-Aldrich, USA) and centrifuged at 10000 ×g for
20 min at 4°C, and the supernatant was aspirated. For each tissue, 40 µg of tissue-homogenate was
resolved in 7.5% SDS-PAGE, followed by transferring the protein bands to PVDF membranes (Bio-Rad).
Blots were probed with rabbit polyclonal ARG1 (ab91279) and ARG2 (ab228700) and mouse monoclonal
β-Actin (8H10D10) antibodies. Chemiluminescence from each blot was detected using ECL substrate
(Advansta Inc., USA) in the Q9 Gel documentation system (Cleaver Scienti�c, USA).

Tissue preparation and slicing

Four animals from each group were euthanized in freezing water and kept in ice-cold paraformaldehyde
(4% in PBS) for 48 hours. The tissues were dehydrated and para�n-embedded. The para�n-embedded
tissue blocks were chilled on ice and sliced on Leica RM2235 manual rotary microtome to a thickness of
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four µm. Then, the sections were mounted onto gelatin-coated slides, dried overnight at room
temperature, and stored at 4°C in slide storage boxes.

Quantitative immunohistochemistry

Immunohistochemical (IHC) staining was performed on 4–5 µm formalin-�xed, para�n-embedded tissue
sections using the Leica Bond max system (Leica Biosystems Newcastle Ltd, U.K.). Slides were baked for
30 min at 60° C, dewaxed, and pretreated for 5 minutes with epitope-retrieval solution (ER2, Leica
Biosystems Newcastle Ltd, U.K.) followed by incubation with primary mouse antibody for 30 minutes
(Abcam ab228700 1:400). Detection was performed using the Leica Bond Polymer Re�ne HRP kit (Leica
Biosystems Newcastle Ltd, U.K.). All slides were counter-stained with Hematoxylin.

Imaging and quanti�cation

The sections have been viewed under an automated upright slide scanning microscope, Axio Scan.Z1
(Zeiss, Oberkochen, Germany). The images were captured with 40×/0.95 objectives at z-planes of 0.5 µm.
An Axio Imager 2 Upright ApoTome Microscope was used to capture images with a 100×/1.4 oil
immersion objective.

Image analysis was carried out using ImagePro® (Media Cybernetics, Inc., Rockville, MD, USA). A �xed
background intensity threshold was set for all sections representing a single type of staining. In order to
create high-resolution data, the image deconvolution technique of the entire z-series, with ZEN 2.5, was
utilized. A computer-driven analysis was performed at each of the counting frame locations. The surface
of the immunoreactive area, above the preset threshold, was subjected to the analysis. The image
densitometry method was applied to quantify the amount of staining in the specimens. The integrated
optical density of the speci�c channel was measured and presented as the average value for each group.

Statistical analysis
Statistical analysis was conducted with GraphPad Prism 9 for Windows (GraphPad Software, San Diego,
CA, USA). The signi�cance was set at 95% of con�dence. The two-way ANOVA test was used to
demonstrate the effect of age upon the rate of gene expression. The Kolmogorov–Smirnov test served to
evaluate the normality of the data distribution. The two-tailed Student's t-test was performed to compare
the means of the two groups (for normal data). Wilcoxon-Mann-Whitney test were used for data that are
not normally distributed. All data are presented as mean values. Throughout the text and in plots, the
variability is indicated by the standard error of the mean (SEM).

Results
Evolutionary analysis of arginase isoforms

Arginase is a ureohydrolase enzyme that catalyzes the urea cycle's �nal step to dispose of toxic
ammonia in ureotelic organisms (Fig. S1) [38]. It has been present in early life forms and conserved
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throughout evolution [39]. Two distinct mammal arginase isoforms share 59.4% identical amino acids in
a 313 amino acid overlap (Fig. S2)[40].

In evolutionary terms, the duplication of the arginase coding gene followed the partition of vertebrates
and invertebrates but occurred prior to the divergence of mammals and amphibians from their common
ancestor [24, 41]. Simple organisms, such as plants, bacteria, and yeasts, possess a single form of Arg2
situated in the mitochondria. Mitochondrial localization of Arg2 indicates its bacterial origin [42].
Vertebrates additionally express a cytosolic Arg1 isoform [19]. Accordingly, it is believed that the
mitochondrial arginase is the ancestral isoform [24].

Here, we constructed a maximum likelihood tree from the derived amino acid sequences of several
vertebrates and two invertebrate species (Fig. 1). The tree shows a robust homology and presents two
large clusters consisting of Arg1 and Arg2 sequences (Fig. 1). We demonstrate that the ancestral Arg
gene of the fruit �y and Neurospora crassa gave rise to the modern Arg gene nearly 473 MYA (Millions of
Years Ago). About the same time, Arg duplicated into Arg1 and Arg2. About ~ 435 MYA, another
duplication gave rise to the �sh and mammalian isoforms of arginase. Of note, the ancient organisms
like cartilaginous �sh and coelacanth possessed only a single isoform (i.e., Arg2), thus, indicating Arg2 as
the ancestral gene among these two isoforms.

Acute hypoxia induces arg2 and odc1 expression in zebra�sh

We tested the expression levels of a list of genes related to the urea cycle, polyamine synthesis, and
protective system against oxidative damage in the context of acute oxidative stress. Embryos and adult
�sh were subjected to acute hypoxia. Remarkably, we observed a similar pattern of signi�cant stress-
induced elevation in the levels of arg2 and odc1, which indicates their functional association (Fig. 2).
Since the arginase product, ornithine, is a substrate for odc1 (Fig. S1), this phenomenon is expectable.
Nevertheless, in young animals with still fully functioning urea cycle, the increase in the levels of odc1
was not sizeable (just 37%), though signi�cant (p 0.01) (Fig. 2a). In contrast, in adult �sh, odc1 upsurged
signi�cantly (p 0.01) by more than 450% and even to the greater values than arg2, which increased by
two-fold in the brain (Fig. 2b) and about four-fold in the muscle tissue (Fig. 2c).

Oxidative stress causes the urea cycle arrest in adult �sh

Of note, the arg1 expression pro�le was not affected by hypoxia; however, ass1 levels declined
signi�cantly in embryos and adult animals following oxidative stress (Fig. 2a, b, c). Though, in embryos,
the reduction was not substantial (28%) that indicated the importance of the urea cycle for young
animals' function under normal and stressful conditions. In contrast, in adult �sh muscles, ass1 declined
by 81% (Fig. 2c). Of note, ass1 is a key rate-limiting enzyme at the third step of the urea cycle (Fig. S1)
[43]. Therefore, a considerable decline in the levels of the principal gatekeeper means a complete arrest of
the rudimental urea cycle following acute hypoxia. Of importance, we could not detect the cps1 transcript
in the adult �sh (data not shown), which further indicates the rudimental presence of the urea cycle
enzymes in the adult zebra�sh muscles.
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The conventional antioxidants, cat, sod2, and hif1aa (zebra�sh homolog of human HIF1A) transcripts
demonstrated a typical signi�cant stress-related upsurge in levels that indicated a rapid induction of the
natural antioxidant system following the application of our experimental protocol.

Western blot analysis of the brain and muscle tissue lysates completed the phenotype and proved the
direction and the scope of changes in the protein levels of Arg1 and Arg2 following oxidative stress
(Fig. 3).

Aging is associated with an elevation in the levels of Arg2 but not Arg1 in �sh.

Two anatomical regions of interest have been subjected for the quantitative analysis (Fig. 4a). We
observed a spectacular increase in the levels of Arg2 following aging in tissues tested (Fig. 4c). However,
Arg1 gene expression has not been affected (Fig. 4b). We scrutinized the muscle tissue and proved with
advanced IHC the age-related muscle disintegration and degeneration (Fig. 4d). Additionally, we
evidenced a signi�cant (p 0.01) but moderate (by about 25%) increase in the values of Arg2's Integrated
Optical Density in aged muscle, which veri�ed the increase in the levels of ARG2 protein in aging muscles.

Arg1 is localized in the zebra�sh mitochondria

Arg1 is regarded as a hepatic isoform in mammals; however, only limited literature is dedicated to
investigating this enzyme in �sh. We performed in silico analysis to predict the mitochondrial localization
for both Arg1 and Arg2 in ZF (Fig. 5). MitoFates webserver served to predict the cleavage site for the
speci�c mitochondrial processing peptidase and the presence of the Tom20 recognition motif [44].
Tom20 is the outer mitochondrial membrane complex translocase subunit. It interacts with the N-terminal
sequences of the proteins and functions as a receptor for the mitochondrial pre-proteins synthesized in
the cytosol [45].

We demonstrate a mitochondrial processing peptidase (MPP) cleavage site at 20th and 41st residues of
Arg1 and Arg2 amino acid sequences, (Fig. 5a and Fig. 5b respectively); and Tom20 recognition motif in
the amino acid sequence of both Arg1 and Arg2 proteins. The presence of the cleavage site indicates an
N-terminal cleavable targeting signal (pre-sequence). Accordingly, the presence of both the N-terminal pre-
sequence and the Tom20 recognition site point to the mitochondrial localization of both the arginase
isoforms in zebra�sh.

Additionally, we stained the zebra�sh liver with Arg1 antibodies to examine the expression patterns at the
protein level in this principal organ for the urea cycle. Detailed scrutiny with high-resolution microscopy
disclosed an apparent mitochondrial localization of Arg1 (Fig. 6a, b).

Arg2 is the predominant isoform in adult zebra�sh.

We tested the levels of arg1 and arg2 mRNA in the muscle tissue of adult control animals (six-month-old)
and revealed substantially (about 200-fold) higher values of arg2 (Fig. 6c). These �ndings indicate the
primary role of Arg2 in zebra�sh. Additionally, we aimed to compare the levels of odc1 in adult and young



Page 9/23

control animals. qPCR test evidenced a signi�cant age-associated decrease (by 72%) in the levels of odc1
gene expression (Fig. 6d), which correlates with the trend in mammals and indicates the gradual decline
in the polyamine content following aging [46].

Discussion
In the present study, we aimed to decipher the molecular mechanisms of the response to acute oxidative
stress in a �sh model and correlate them with the phenotype observed in aging animals. We discuss our
results in the context of mounting evidence linking oxidative stress to aging. In particular, we study the
role of the urea cycle enzymes in stress response to acute hypoxia in �sh and distinguish between the
patterns of Arg1 and Arg2 expression. Additionally, we propose an original model for the evolutionary role
of arginases in the stress response mechanisms, which is especially relevant in light of recent
observations showing a signi�cant elevation in arginase activity and Arg1 expression levels in the
muscles of aging mice and following oxidative damage in in vitro models [47]. Likewise, recent research
on the role of arginase in the development of neurodegenerative diseases points to a translational
potential of our study [8, 48].

We have mentioned above that simple organisms possess only a mitochondrial Arg2, which indicates its
bacterial origin [49]. The arginase coding gene duplication followed the partition of vertebrates and
invertebrates (Fig. 1) [41]. Vertebrates typically express a cytosolic isoform, Arg1, additionally to Arg2 [19].
Accordingly, it is believed that the mitochondrial arginase is the ancestral isoform [24], which we also
prove in our evolutionary analysis (Fig. 1). Moreover, we demonstrate that Arg2 is the predominant
isoform in zebra�sh (Fig. 6c), which further indicates its origin.

Even though, in most ammoniotelic teleost, arginase activity is exclusively mitochondrial [50], several
species express intra- and extra-mitochondrially enzymatically active arginase isoforms [51, 52].
Moreover, some air-breathing walking �sh demonstrate unique mitochondrial localization for both Arg1
and Arg2 [53]. Here, we demonstrate a distinct Arg1 expression in the zebra�sh liver mitochondria (Fig. 6).
We prove our �ndings with a bioinformatics tool and evidence an apparent mitochondrial signature in
both isoforms in zebra�sh (Fig. 5). It is plausible to assume that two arginase isoforms ful�ll several
overlapping functions in �sh, and many evolutionary transitional species show signi�cant functional
differences between Arg1 and Arg2. Therefore, we suggest that a comparative analysis of the remote
evolutionary species may resolve this functional conundrum related to the concomitant presence of two
seemingly similar isoforms.

Of note, both arginase isoforms were shown in the murine brain tissue by several groups [54, 55].
Moreover, the brain arginase enzymatic activity is accounted for both isoforms [24, 56]. Remarkably, the
levels of two central urea cycle enzymes, namely ornithine transcarbamylase (OTC) and carbamoyl
phosphate synthetase (CPS), in the mammal brain are shallow [57], which resembles the pattern in adult
�sh and points to the unique function of arginase in the mammal central nervous system (CNS)
transcending beyond the urea cycle.
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ROS have been shown to instigate Arg1 expression levels and activity [58]. Arg2 levels also escalate
signi�cantly as a reaction to hypoxia, as well as bacterial lipopolysaccharides, tumor necrosis factor-
alpha (TNFα), and oxidized low-density lipoproteins [59]. Remarkably, Arg2 activation in mammals is
associated with its translocation from the mitochondria to the cytosol [55, 60].

In the present study, we consistently demonstrate via several methods a signi�cant upsurge in the levels
of Arg2 as a reaction to acute oxidative stress and following aging in zebra�sh brain and muscles.
Accordingly, we suggest that being an ancestral isoform, Arg2 ful�lls the primary protective antioxidative
function in �sh. In mammals, in contrast, this function shifts towards the Arg1, which is a vital enzyme in
mice and humans. Though, mammalian Arg2 becomes seemingly futile - its deletion leads to no apparent
phenotype and even prolongs rodents' lifespan [61]. In this context, it might be interesting to look at the
arginase function in amphibian animals, representing an intermediate evolutionary stage.

It is well-established that the chief function of arginase in ureotelic animals is to deal with an excess of
ammonia, being the last enzyme of the urea cycle (Fig. S1)[62]. Nevertheless, recent discoveries indicate
the enzyme's role in diverse physiological functions and pathological processes that overstep the urea
cycle. It has been shown that Arg2 is essential for polyamine synthesis [24]. Of note, the principal
biosynthetic polyamines' pathway utilizes arginine as a precursor of putrescine and comprises arginase
and ODC. ODC is the rate-limiting enzyme of the polyamines' biosynthesis [17], highly conserved in �sh
and mammals [18]. It is noteworthy that ODC is dependent upon the principal arginase product, ornithine,
concentrations. Therefore, arginase represents an e�cient upstream gate-keeping enzyme of the
polyamine pathway.

Short-term PSR has been proposed to be universally bene�cial for an individual's survival [8, 9].
Consequently, we suggest that arginase elevation is the �rst step in a typical PSR that has evolved as a
ubiquitous adaptive mechanism. High-order polyamines, spermidine, and spermine serve as universal
free radical scavenging agents and potent regulators of various cellular functions. Spermine has been
shown to diminish NOS levels and activity [63], which explains the decline in NOS1 and NOS2b levels
observed in our study (Fig. 2c). Inactive NOS improves arginine bioavailability for arginase and further
facilitates polyamine synthesis. Of note, arginase and NOS compete for a mutual substrate, arginine.
Accordingly, Arg2 overexpression causes substrate deprivation of NOS and eventuates into NOS1
underexpression [64].

Remarkably, arginase activity in teleosts is mainly found in high metabolic rate tissues, including muscles
[65], pointing to a peculiar function of arginase in these tissues, which is presumably related to its
antioxidant properties. Likewise, the expression pro�le pattern for Arg2 in aging �sh resembles the
hypoxia paradigm (Fig. 4c), which points to analogous mechanisms. This observation supports our view
on aging as a consequence of emergent oxidative stress [66]. Aging has a progressive impact upon the
antioxidant properties of various tissues and ROS homeostasis. Highly active metabolically tissues of the
brain and muscles are susceptible to age-related changes. Consequently, these homeostatic imbalances
lead to musculoskeletal pathologies (including sarcopenia) and neurodegenerative diseases (including
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Alzheimer's disease) [8]. Recent preclinical studies indicate promising potential for arginase inhibitors in
the treatment of age-associated sarcopenia [47] and neurodegeneration [67]. This approach leads to �ne-
tuning of arginase activity and improvement in the general bioavailability of arginine that is a mighty
natural antioxidant [68].

In the present study, we provide evidence that acute hypoxia induces polyamine synthesis and arrests the
urea cycle in adult zebra�sh, in contrast with embryos, which do not demonstrate a substantial reduction
in ASS1 levels (Fig. 2a). We have mentioned above that the urea cycle is rudimental in adult zebra�sh;
however, it is active and vital in young animals. Therefore, its decline is much less prominent in young
�sh following acute hypoxia.

It is also noteworthy that acute hypoxia predictably caused elevation in the levels of CAT and HIF-1
(Fig. 2b, c). CAT is ubiquitous in all phyla that are exposed to oxygen. The enzyme decomposes hydrogen
peroxide to generate water and oxygen, which protects cells from oxidative damage. Its expression levels
are also sensitive to ROS concentration, though its activity is substantially reduced in aging and
degenerating tissues making catalase a putative pathogenic factor [69]. HIF-1 is a transcription factor
with a central role in the coordination of cellular response to oxygen levels. Thus �sh, an ancient product
of the Cambrian explosion, apparently apply various strategies to cope with oxidative stress, and PSR
plays one of the central roles in this fabulously coordinated process. Remarkably, the stress-associated
upsurge in the levels of arg2 and odc1 in �sh exceeds substantially the increase in the classical
antioxidants’ levels (Fig. 2). This phenomenon signi�es the key role of PSR in the evolutionary-conserved
machinery to cope with the environmental challenges.

As noted above, adult �sh dispose ammonia directly into the environment, indicating unconventional
functions for the urea cycle enzymes in these animals. Though, some species maintain the urea cycle
gene expression throughout the life cycle to cope with stressful environmental conditions, which points to
its evolutionary role. Still, the question of why some �sh periodically synthesize the energetically
expensive urea is debated in the literature. Also, the precise role of Arg2 in mammals remains a mystery.
Incontestably, the presence and conservation throughout the evolution of apparently futile enzymes
indicates their alternative but crucial functional signi�cance, which is yet to be revealed.

Conclusions
Overall, the present study demonstrates age- and oxidative stress-related elevation in Arg2 levels in the
brain and muscles of zebra�sh. These �ndings underline the speci�c function of Arg2 in �sh and
underpin the evolutionary role of arginases in the reaction to stressful stimuli. To the best of our
knowledge, this is the very �rst study showing the analogous pattern of Arg2 and ODC1 expression
following oxidative stress in zebra�sh.

Further investigations are required to interpret the mechanism and functional signi�cance of this
phenomenon. We suggest that a unique subcellular localization and high inducibility provide arginases
with a paramount ability to control the polyamine synthesis rate – a feature with evolutionary



Page 12/23

connotation. Moreover, arginase levels and activity may serve as potential biomarkers of premature aging
and degeneration. Still, the precise biological function of Arg1 and Arg2 under various pathological
conditions remains to be discovered. Further studies are needed to propose a possible therapeutic
intervention to better cope with oxidative stress and halt the development of age-associated degenerative
diseases, including sarcopenia and Alzheimer's disease, and even delay aging.
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Figures

Figure 1

Evolutionary analysis of Arg isoforms with other vertebrate and invertebrate sequences. The tree was
constructed using PhyML+SMS in the ATGC webserver. The age of duplication events is indicated at
branch nodes. MYA: Millions of Years Ago.



Page 19/23

Figure 2

Hypoxia caused signi�cant changes in gene expression. (a) Embryos, (b) adult brain, (c) adult muscles.
(Student’s t-test, *p<0.05, **p<0.01, ****p<0.0001)
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Figure 3

Alterations in the levels of Arg1 and Arg2 proteins due to acute hypoxia in the adult brain (a, b) and
muscle tissue (c, d). (Student’s t-test, **p<0.01, ****p<0.0001)
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Figure 4

Age-associated elevation in the levels of arginases. (a) Arg2- hematoxylin stain of 4-month-old zebra�sh
(5 µm thick section; scale-bar equals 2 mm). Two regions of interest (brain and muscle tissue) for qPCR
and WB studies are indicated. (b) There are no age-related alterations in the mRNA levels of Arg1. (c) Arg2
gene expression elevates gradually by about four-fold following aging in the brain and muscle. (d) Arg2-
hematoxylin stain of 4- and 24-month-old zebra�sh. Five µm thick representative longitudinal sections of
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skeletal muscle tissue with bands forming the characteristic striations (scale bar is 50 µm; insets scale
bar is 10 µm). Pay attention to the age-related muscle tissue disintegration and degeneration at 24 mo.
(E) The integrated optical density in relation to aging in muscle tissue (Mann Whitney test, **p<0.01).

Figure 5

Prediction of mitochondrial pre-sequence with MitoFates server. A cleavable localization signal located in
the N-terminal of Arg1 (a) and Arg2 (b) amino acid sequences.
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Figure 6

Arg1 protein demonstrates apparent mitochondrial localization in the liver of adult zebra�sh (a) Arg1-
hematoxylin stain of 4-month-old zebra�sh liver 5 µm thick section imaged with ×20 magni�cation bright
�eld microscopy (scale bar equals 50 µm), (b) ×40 magni�cation with digital zoom (scale bar is 10 µm).
Arrows indicate Arg1-positive mitochondria. Comparative assessment of Arg1 and Arg2 genes expression
in adult zebra�sh muscle tissue (c). Relative analysis of Odc1 gene expression in embryo and adult
zebra�sh (d) (N=5, Mann Whitney test, **p<0.01).
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