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Vı́ctor M. Cubillos, Javier A. Álvarez, Eduardo Ramı́rez, Edgardo Cruces, Oscar R. Chaparro,

Jaime Montory and Carlos A. Spano

Effects of Ultraviolet Radiation on Sediment Burial Parameters and Photo-Oxidative Response
of the Intertidal Anemone Anthopleura hermaphroditica
Reprinted from: Antioxidants 2022, 11, 1725, doi:10.3390/antiox11091725 . . . . . . . . . . . . . . 49

Marlize Ferreira-Cravo, Daniel C. Moreira and Marcelo Hermes-Lima

Glutathione Depletion Disrupts Redox Homeostasis in an Anoxia-Tolerant Invertebrate
Reprinted from: Antioxidants 2023, 12, 1197, doi:10.3390/antiox12061197 . . . . . . . . . . . . . . 67

Paul J. Jacobs, Daniel W. Hart, Hana N. Merchant, Andries K. Janse van Vuuren, Chris G.

Faulkes, Steven J. Portugal, et al.

Tissue Oxidative Ecology along an Aridity Gradient in a Mammalian Subterranean Species
Reprinted from: Antioxidants 2022, 11, 2290, doi:10.3390/antiox11112290 . . . . . . . . . . . . . . 81

Davide Malagoli, Nicola Franchi and Sandro Sacchi

The Eco-Immunological Relevance of the Anti-Oxidant Response in Invasive Molluscs
Reprinted from: Antioxidants 2023, 12, 1266, doi:10.3390/antiox12061266 . . . . . . . . . . . . . . 101

Juan Rafael Buitrago Ramı́rez, Robson Matheus Marreiro Gomes, Alan Carvalho de Sousa
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Redox Metabolism in Ecophysiology and Evolution
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Aerobic organisms have developed a complex system of endogenous antioxidants
to manage the reactivity of oxygen and its byproducts. This interplay between reactive
oxygen/nitrogen species (RONS) and defensive mechanisms has profound implications,
extending well beyond mere interactions of attack and defense. Redox metabolism, en-
compassing non-radical redox metabolites (e.g., hydrogen peroxide and glutathione),
redox-sensitive transcription factors (e.g., Nrf2 and FOXOs), and redox-sensitive proteins
(e.g., thioredoxins and peroxiredoxins), forms a network of signaling pathways with exten-
sive effects on various processes in aerobic organisms, spanning from circadian rhythms to
the regulation of lifespan.

Oxidative stress, stemming from an imbalance between RONS production and cellular
antioxidant capacity, is now recognized as a pivotal determinant of the life history of
organisms. Environmental stressors have the potential to disrupt the equilibrium of redox
reactions, eliciting compensatory adaptive responses. Modulations in redox metabolism
have been documented in a wide range of species, spanning various phylogenetic groups
and exposed to diverse environmental stressors such as fluctuations in temperature,
changes in water availability, shifts in oxygen levels, exposure to UV radiation, pollutants,
and more.

This Special Issue is dedicated to investigating the responses of redox metabolism
in organisms experiencing alterations in individual or combined environmental factors,
whether of biotic or abiotic origin. Comprehending these responses to stress inducers is
critical for unraveling the role of oxidative stress in the survival and fitness of organisms.
By examining how organisms confront the challenges posed by these changing factors,
valuable insights can be gained into the interplay between redox metabolism and the overall
health of ecosystems. This research not only enhances our comprehension of the underlying
mechanisms but also illuminates potential strategies for mitigating the repercussions of
environmental changes on biodiversity and ecological stability.

Arango et al. [1] investigated possible physiological costs associated with olive ridley
sea turtles’ nesting behavior, either solitary or in "arribadas" (mass aggregations). The
study examined metabolic differences between the nesting modes and found that arribada
nesters were larger and had higher thyroid hormone levels. Moreover, turtles that pre-
sented arribada behavior had metabolic pathways related to phospholipid and amino acid
metabolism, as well as catabolic processes, upregulated compared with those reproducing
solitarily. However, arribada nesters exhibited higher levels of oxidative damage in terms
of lipid peroxidation and protein oxidation, suggesting a trade-off between fitness benefits
and oxidative stress associated with arribada nesting.

Cassier-Chauvat et al. [2] examined the significance of the glutathione (GSH) system
in defending cells against various stressors across phylogenetically diverse organisms.
They underscored the crucial roles of glutathione-dependent systems in maintaining redox
balance, detoxifying harmful substances, and regulating iron metabolism. The study delved
into multiple pathways, including GSH synthesis, degradation, recycling, conjugation,
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glutathionylation/deglutathionylation, and iron–sulfur cluster [Fe-S] synthesis and repair.
The authors ultimately suggested that cyanobacteria, regarded as the originators of the
GSH system, are the ideal model organisms for further research into its components.

Cubillos et al. [3] investigated the impact of experimental radiation exposure on the
burrowing behavior and oxidative damage in Anthopleura hermaphroditica, an intertidal
anemone. They exposed adults and juveniles to different radiation treatments, including
photosynthetically active radiation (PAR), ultraviolet A radiation (UVA), and ultraviolet
B radiation (UVB), both with and without sediment. Animals were exposed either to
PAR alone, PAR + UVA, or PAR + UVA + UVB. The results showed that exposure to
PAR + UVA + UVB radiation led to faster burrowing responses in both adults and juveniles
compared to PAR alone. Juveniles had higher basal levels of oxidative stress markers (pro-
tein carbonyl and malondialdehyde) than those in adults. Exposure to PAR + UVA + UVB
further increased oxidative damage to protein and lipids in juveniles, regardless of the
presence or not of sediment. However, the presence of sediment protected adults against
various radiation treatments. The research found that A. hermaphroditica burrows into sedi-
ment as a behavioral response to UVR radiation, indicating their evasion of UVB radiation
and UVR-induced oxidative stress.

Ferreira-Cravo et al. [4] explored the role of glutathione (GSH) in managing redox
homeostasis during anoxia and reoxygenation in Helix aspersa, a model for anoxia tolerance.
The researchers depleted the total GSH pool inhibiting GSH synthesis with L-buthionine-(S,
R)-sulfoximine (BSO) and subjected snails to anoxia. BSO alone led to GSH depletion but
no other significant changes in antioxidants and oxidative stress markers, while anoxia
triggered an increase in glutathione peroxidase (GPX) activity. However, GSH depletion
before anoxia raised the GSSG/tGSH ratio during anoxia, indicating a disrupted redox
balance. Therefore, GSH depletion does not directly induce oxidative stress in snails but
impairs their ability to manage oxidative challenges during anoxia. The study indicates the
importance of GSH in countering oxidative challenges during hypoxia and reoxygenation
in land snails.

Jacobs et al. [5] investigated the impact of aridification on wild common mole rats
and their oxidative status along an aridity gradient. Liver oxidative status showed no
significant change with aridity levels. However, aridity did affect the total antioxidant
capacity (TAC) and oxidative stress index (OSI) of the kidney, with the most arid habitats
showing the highest TAC. These findings were interpreted in the context of the kidney’s
role in water balance and retention. The authors conclude that social common mole rats in
arid environments prioritize and protect their kidneys with higher antioxidants, mitigating
the impact of aridification on oxidative stress. Nevertheless, more research is needed to
further explore the effects of aridity on mammalian oxidative ecology, particularly in the
context of climate change.

Malagoli et al. [6] reviewed the critical role of reactive oxygen species (ROS) in mol-
lusks’ physiological functions and their relevance in both environmental adaptation and
immune responses. The authors focused on highly invasive mollusks (e.g., Mytilus gallo-
provincialis, Dreissena polymorpha, Achatina fulica, and Pomacea canaliculata) and their ability
to manage ROS production during challenging conditions. The review emphasizes that
the capacity to maintain redox homeostasis under oxidative pressure can be advantageous
when facing environmental and immunological challenges, potentially making it a trait
associated with invasiveness.

Ramirez et al. [7] investigated the effect of lipoic acid, a mitochondrial coenzyme that
can act as an antioxidant or pro-oxidant, on energy metabolism and redox balance. Using
Artemia sp. nauplii as a model organism, the authors found that lipoic acid treatment
positively influenced the activity of the electron transport system, particularly at higher
concentrations and longer exposure times. Additionally, lipoic acid promoted glucose
catabolism, decreased ROS production, and influenced protein levels and total ammoniacal
nitrogen production under specific conditions.
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Yang et al. [8] investigated the response of Cherax destructor, a freshwater crustacean,
to different temperatures. After 8 weeks of exposure to 30 ◦C, 25 ◦C, 20 ◦C, 15 ◦C, or 10 ◦C,
levels of components of the glutathione redox system (GSH, GSSG, GST, and GR) and
transcript levels of proteins that respond to temperature stress (heat-shock proteins and
cold shock-domain proteins) were quantified in the hepatopancreas. With a focus on the
effect of low temperatures, the study showed that growth indicators such as weight gain
and length gain decreased at lower temperatures. Exposure to 10 ◦C also decreased GST
activity and GSSG/GSH ratio, while increasing GSH levels in hepatopancreas when com-
pared with animals maintained at 25 ◦C. Different temperatures modulated the expression
of temperature stress-responsive proteins, among which HSP60, HSP70, and CSP were
upregulated at 10 ◦C. Transcriptome sequencing identified differentially expressed genes
related to endocrine disorders, glucose metabolism, antioxidant defense, and immune
responses. The findings suggest that low temperature inhibited basal metabolism and
immune ability but increased redox buffering capacity and temperature–stress response in
the crayfish.

Zhang et al. [9] focused on the effects of mercury (as HgCl2) toxicity on Procambarus
clarkii, a type of crayfish commonly found in aquatic environments worldwide. The study
examined the acute impact of Hg on various aspects, including biochemical responses,
histopathology, hepatopancreatic transcriptome, and intestinal microbiome. Hg exposure
led to significant changes in redox metabolism markers, including increases in malondi-
aldehyde (MDA) content and a general trend of decreasing antioxidant levels. Structural
damage was observed in the hepatopancreas and intestines. RNA-seq identified differen-
tially expressed genes (DEGs) mainly associated with redox metabolism, ion transport, drug
metabolism, immune response, and apoptosis. The study also showed that Hg exposure
altered the composition of the intestinal microbiome. The findings provide insights into
the mechanisms of Hg-induced toxicity in aquatic crustaceans at various levels, including
tissue, cellular, molecular, and microbial levels.

Jacobs et al. [10] explored several factors that could be associated with redox balance
and oxidative stress, such as phylogeny, social behavior, captivity, environmental aridity,
resting metabolic rate (RMR), and maximum lifespan potential (MLSP).

The authors found that higher levels of oxidative markers in plasma are associated with
higher MLSP by comparing several species of African naked mole rats. Such association
was more evident in social species than in solitary species. Additionally, oxidative stress
marker levels decrease with a higher aridity index, and wild-caught mole rats show higher
antioxidant levels. The concept of hormesis, which involves a biphasic response to stimuli,
is proposed as a potential mechanism contributing to longevity in certain members of the
Bathyergidae family.

These studies provide further evidence of the role of oxidative stress as a key factor in
the life history of living organisms. Changes in RONS production and antioxidant defenses
in response to different biotic and abiotic factors (individually and/or combined) contribute
to regulating signaling pathways that dictate whether an aerobic species will survive. Stud-
ies such as that of Jacobs et al. [5] highlight the role of combined responses at biochemical,
physiologic, behavioral, and/or population levels in responding to those factors. Further,
the studies included in this Special Issue suggest compensatory adaptive responses may
modulate redox metabolism in phylogenetically diverse species. Closer analyses of these
results will provide clues to understanding the evolution of antioxidant defense systems,
the underlying mechanisms, the subtle connections of the redox metabolism with other
vital systems, such as the immune system, and its participation in shaping existent biodi-
versity. Results from studies of redox metabolism with a comparative focus can provide
clues towards dealing with environmental and climate change, provide viable solutions for
the conservation of species, and maintain the balance between environmental, animal, and
human health in a sustainable manner.
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Oxidative Stress Is a Potential Cost of Synchronous Nesting in
Olive Ridley Sea Turtles

B. Gabriela Arango 1,*, David C. Ensminger 1,2, Diana Daniela Moreno-Santillán 1, Martha Harfush-Meléndez 3,

Elpidio Marcelino López-Reyes 3,4,5, José Alejandro Marmolejo-Valencia 6, Horacio Merchant-Larios 6, Daniel

E. Crocker 7 and José Pablo Vázquez-Medina 1,*

1 Department of Integrative Biology, University of California, Berkeley, Berkeley, CA 94720, USA
2 Department of Biological Sciences, San José State University, San Jose, CA 95192, USA
3 Centro Mexicano de la Tortuga, Oaxaca 70947, Mexico
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Abstract: Olive ridley sea turtles, Lepidochelys olivacea, exhibit a polymorphic reproductive behavior,
nesting solitarily or in mass aggregations termed “arribadas”, where thousands of individuals nest
synchronously. Arribada nesting provides fitness benefits including mate finding during nearshore
aggregations and predator satiation at the time of hatching, but it is unknown if such benefits come
with a physiological cost. We used plasma metabolite profiling, stable isotope analysis, biochemical
and endocrine assays to test whether metabolic parameters differ between nesting modes, and if
arribada nesting is associated with increased levels of oxidative damage compared to solitary nesting.
Arribada nesters were bigger and had higher circulating thyroid hormone levels than solitary nesters.
Similarly, pathways related to phospholipid and amino acid metabolism, catabolic processes, and
antioxidant defense were enriched in individuals nesting in arribada. Stable isotope signatures in
skin samples showed differences in feeding zones with arribada nesters likely feeding on benthic
and potentially more productive grounds. Arribada nesters had increased levels of plasma lipid
peroxidation and protein oxidation products compared to solitary nesters. These results suggest that
metabolic profiles differ between nesting modes and that oxidative stress is a trade-off for the fitness
benefits associated with arribada nesting.

Keywords: reproduction; life history theory; metabolic cost; arribada; oxidative damage

1. Introduction

Life history theory posits that reproductive effort negatively affects survival, but there
is conflicting evidence about the proximal costs of reproduction [1]. One of the leading
hypotheses suggests that oxidative stress is a trade-off for reproductive investment [2–4],
but other studies do not support this idea [5,6]. Work in wild vertebrates shows that
diversification of reproductive strategies is associated with sexual differences in oxidative
stress [7–9]. In male free-ranging macaques [10], male northern elephant seals [11], and
female North American red squirrels [12], reproductive activities increase oxidative damage.
Therefore, the role of oxidative stress as a proximal cost of reproduction is likely species-
and sex-specific and also varies among different reproductive strategies.

Sea turtles of the genus Lepidochelys spp. exhibit a polymorphic reproductive behavior,
nesting both solitarily and in massive aggregations termed “arribadas” [13]. During
arribada nesting, thousands of individuals nest synchronously over a two to seven day
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period [13–15]. Notably, the same individual can nest interchangeably in arribadas or
solitarily; however, the factors that determine whether an individual joins the arribada or
nests in solitary remain unknown [14,16].

Arribada nesting provides a social context that promotes multiple mating and pa-
ternity, increasing genetic exchange by three-fold compared to solitary nesting [14,17–19].
Arribada nesting also increases early hatchling dispersal by overwhelming or satiating
predators [20]. Arribada nesting, however, does not promote hatchling success as increased
organic matter from egg saturation and high nesting density in arribada beaches decrease
hatchling success compared to solitary nesting [15,21,22]. Similarly, arribada nesters pro-
duce smaller hatchlings with lower male-to-female ratio than solitary nesters [13,23]. Thus,
while both nesting modes are likely important for the population, it is unknown if the
fitness benefits associated with arribada nesting come with a physiological cost.

Here, we compared circulating concentrations of reproductive and metabolic hor-
mones, primary metabolites, stable isotope signatures, and markers of oxidative stress
between olive ridley sea turtles (Lepidochelys olivacea) nesting solitarily and in arribada.
We found that arribada nesters are bigger and likely have higher metabolic activity than
solitary nesters. We also found higher circulating levels of lipid peroxidation and protein
oxidation products in arribada than in solitary nesters. Our results suggest that oxidative
stress is a potential cost for the fitness benefits associated with arribada nesting in olive
ridley sea turtles.

2. Materials and Methods

2.1. Animals and Sample Collection

Animal handling protocols were approved by Sonoma State University. Samples were
collected under permit SGPA/DGVS/12915/16 and imported to the US under permits
CITES MX88143 and CITES 19US85728C/9. Nesting olive ridley sea turtles were sampled
at the marine protected area of La Escobilla, Oaxaca, Mexico (15◦47′ N; 96◦44′ W) throughout
the arribada (n = 13). Solitarily nesting individuals were sampled at Campamento Tortuguero
Palmarito, Puerto Escondido, Oaxaca, México (15◦53′26.3′′ N; 97◦07′52.2′′ W), and La Es-
cobilla (n = 10). Samples were collected after the animals had dug their nest, during the
‘trance-nesting period’ [24]. None of the animals were disturbed from nesting, nor returned
to the ocean without laying their eggs. Mass was estimated using a regression from pub-
lished olive ridley morphometric data (n = 59, mass = −47.44 + 1.13 × straight carapace
length (SCL), r2 = 0.70, p < 0.001; [25]). Animals sampled during solitary nesting were also
weighed using a hand-held scale (±0.1 kg) to assess the validity of the mass-estimation
method. The equation used to estimate mass predicted the weight of solitary nesters with
a mean error of 4%. ~25 mL of blood were collected from the cervical vein into chilled
Vacutainer tubes [24,26]. Plasma and serum were prepared by centrifugation onsite, frozen,
and subsequently stored at −20 ◦C until laboratory analysis. Epidermal tissue samples
were collected using a 6.0 mm diameter biopsy punch (Miltex, York, PA, USA) and stored
at −20 ◦C.

2.2. Biochemical Assays

Hormones: progesterone (P4), estradiol (E2), thyroxine (T4), triiodothyronine (T3) and
testosterone were measured in serum using commercially available kits (P4: MP Biomedical
ELISA catalog number 07BC1113, E2: MP Biomedical ELISA catalog number 07BC1111, T3:
MP Biomedical RIA catalog number 06B-254215, T4: MP Biomedical RIA catalog number
06B-254011 (MP Biomedical, Irvine, CA, USA), testosterone: Enzo ELISA catalog number
ADI-900-065 (Enzo, Farmingdale, NY, USA)). The assays were validated for use in olive
ridley sea turtles. Serially diluted pooled samples (1:2 to 1:16) exhibited parallelism to the
standard curve after log-logit transformation. Mean recovery of hormone added to serum
pools was 101.5 ± 3.5%, 98.3 ± 6.5%, 99.4 ± 4.7%, and 101.3 ± 5.1% (r2 > 0.98) for P4, E2,
T3 and T4, respectively. The testosterone kit was previously validated for use in sea turtle
blood [27] and was further validated in our samples via parallelism and spike recovery.
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Assays were conducted following the manufacturers’ instructions. The glucose, lactate,
and corticosterone concentrations included in our correlation analyses were measured in
samples obtained from the same animals in our previous study [28].

Oxidative damage: Two markers of lipid peroxidation (4-hydroxynonenal: 4-HNE,
malondialdehyde: MDA), a marker of protein oxidation (protein carbonyls), and a marker
of protein nitration (3-nitrotyrosine) were measured in plasma using ELISA kits (Cell
Biolabs catalog numbers: STA-838, STA-832, STA-310, STA-305, Cell Biolabs, San Diego,
CA, USA). Assays were conducted following the manufacturer’s instructions with minor
modifications as described in our previous work [29].

Plasma lipids and total protein: Plasma triglycerides (TG) and non-esterified fatty
acids (NEFA) were measured using colorimetric kits (TG: Cayman Chemical catalog num-
ber 10010303 (Cayman Chemical, Ann Arbor, MI, USA), NEFA: Wako Chemicals, HR
Series NEFA-HR (2) catalog number: 999-34691 (Wako Chemicals, Richmond, VA, USA)).
Total protein content was measured using a Rapid Gold BCA protein assay kit (Thermo
Fisher Scientific catalog number: A53227 (Thermo Fisher Scientific, Waltham, MA, USA)).
Oxidative damage values were normalized to total plasma protein levels.

All samples were analyzed in duplicate in a single assay. The average intra-assay
coefficient of variation was <6%.

2.3. Metabolite Profiling

Analysis of primary metabolism by ALEX-CIS gas chromatography-mass spectrometry
(GC-TOF MS) was conducted in plasma at the UC Davis West Coast Metabolomics Center
following the methods of Fiehn et al. [30]. Raw data were pre-processed and stored as apex
masses, exported to a data server with absolute spectra intensities, and further filtered with
an algorithm implemented in the BinBased database [30]. Spectra were cut to a 5% base
peak abundance and matched to a database entry. Quantification was stored as peak height
using the unique ion as default for all database entries that are positively detected in more
than 10% of the unidentified metabolites.

2.4. Stable Isotopes

Epidermal tissue samples were rinsed with DI water and dried at 60 ◦C for 48 h. Sam-
ples were grounded, weighted to ~1mg, and packed into tin capsules (3.5 × 5 mm, #041060,
Costech Analytical Technologies, Valencia, CA, USA). Samples were analyzed for %C,
δ13C, %N, and δ15N by continuous flow dual isotope analysis using a CHNOS Elemental
Analyzer interfaced to an IsoPrime100 mass spectrometer at the UC Berkeley Center for
Stable Isotope Biogeochemistry. Stable isotope ratios are expressed in δ notation as parts
per thousand (‰). Long-term external precision for C and N isotope determinations was
±0.10‰ and ± 0.20‰, respectively. C:N ratios in both groups were <3.5, validating δ13C
values by indicating a low lipid content.

2.5. Statistical Analyses

Biochemical assays: statistical analyses were conducted using JMP Pro 15 (SAS Insti-
tute, Cary, NC, USA). Equality of variances was assessed using Levene’s test. P4, TG and
NEFA data were log10 transformed to meet model assumptions. Arribada and solitary
nesting groups were compared using two-sample t-tests. A nominal logistic regression was
used to analyze 4-HNE data since the response variable was binary. Correlation analyses
between hormones, mass, TG, NEFA, glucose and lactate were conducted by calculating
Spearman rank correlation coefficients. The glucose, lactate, and corticosterone concentra-
tions included in our correlation analyses were measured in samples obtained from the
same animals in our previous study [28]. Statistical significance was considered at p ≤ 0.05.

Metabolite profiling: statistical analysis was conducted using MetaboAnalyst 5.0
(Xia et al.; Main server: https://www.metaboanalyst.ca, 6 September 2022). Metabolite
peaks were normalized using the median of all peak heights for all identified metabolites.
To minimize noise, low quality peaks (0–5% of the mean) were filtered out [31]. Normalized
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peaks were log10 transformed to meet model assumptions. Data were compared between
arribada and solitary using multiple t-tests with a 5% FDR adjustment. A heatmap was
constructed using Pearson distance correlation [32] and the average clustering method for
the top 50 most abundant metabolites. Quantitative enrichment analysis was conducted in
MetaboAnalyst using the small molecule pathway database (SMPDB) [33].

Stable isotopes: Variables were compared between nesting modes using two-sample
t-tests. Ratios of δ13C and δ15N were plotted against each other with standard ellipses with
40% of the data using ggplot2 in R.

3. Results

3.1. Biochemical Profiles

We compared circulating TG, NEFA, P4, E2, testosterone, T3 and T4 concentrations
between solitary and arribada nesters to determine whether hormonal and biochemical
profiles differ between nesting modes. While neither TG nor NEFA were different between
arribada and solitary nesters (TG: solitary 14.46 ± 9.52 vs. arribada 20.47 ± 10.03 mg/mL,
t = 1.94, df = 21, n = 23, p = 0.07; NEFA: solitary 0.93 ± 0.22 vs. arribada 1.08 ± 0.55 mM,
t = 0.445, df = 22, n = 24, p = 0.66, Appendix A Figure A1a,b), P4 was higher in arribada
than in solitary nesters (3.58 ± 1.71 vs. 2.10 ± 1.56 ng/mL, t = 2.612, df = 21, n = 23, p = 0.02;
Figure 1a). E2 did not differ between nesting conditions (solitary 4.47 ± 2.79 vs. arribada
5.7 ± 2.24 pg/mL, t = −1.17, df = 21, n = 23, p = 0.25; Figure 1b). Similarly, testosterone was
not different between solitary and arribada nesters (70.43 ± 42.88 vs. 75.08 ± 35.99 pg/mL,
t = −0.29, df = 22, n = 24, p = 0.78; Figure 1c). Both T3 and T4 were higher in individuals
nesting in arribada than in solitary nesters (T3: 48 ± 19.54 vs. 29.3 ± 11.86 ng/dL, t = 2.66,
df = 21, n = 23, p = 0.015; T4: 1.45 ± 0.27 vs. 1.12 ± 0.13 ug/dL, t = 3.62, df = 21, n = 23,
p = 0.002; Figure 1d,e). Mass was also higher in arribada than solitary nesters (29.20 ± 5.20
vs. 24.76 ± 4.37 kg, t = 2.17, df = 21, n = 23, p = 0.042, Appendix A Figure A1c). These
results show that arribada nesters are heavier and have higher T3, T4 and P4 but not E2 or
testosterone levels than solitary nesters.

We then conducted correlation analyses using mass, hormones, TG, NEFA, glucose,
and lactate [28]. Glucose and lactate showed a positive association in both nesting modes;
however, this association was stronger in arribada (rs = 0.82, p = 0.0006) and not significant
in solitary nesters (rs = 0.60, p = 0.067) (Figure 2a,b). The strongest positive associations
were observed between corticosterone and glucose (rs = 0.87, p < 0.001, corticosterone
and lactate (rs = 0.73, p = 0.004), and TG and NEFA (rs = 0.75, p = 0.003) in arribada
nesters (Figure 2b). These associations were not observed in solitary nesters, which showed
positive associations between progesterone and estradiol (rs = 0.71, p = 0.020), TG and mass
(rs = 0.77, p = 0.009), TG and T4 (rs = 0.64, p = 0.048), and a negative correlation between TG
and lactate (rs = −0.66, p = 0.037) (Figure 2a). These results show that arribada and solitary
nesters have different blood biochemical profiles. Furthermore, these results suggest that
metabolic activity might be higher in arribada than in solitary nesters.

3.2. Metabolite Profiling

We conducted an analysis of primary metabolism by GC-TOF MS to further explore
potential differences in circulating metabolites between nesting modes. Our analysis
detected 481 metabolites including 155 known metabolites which clustered based on nest-
ing mode (Figure 3a), further suggesting that metabolism differs between solitary and
arribada nesters. Of the identified known metabolites, 10 were significantly expressed
(FDR 5%) between nesting modes, with five downregulated and five upregulated in arrib-
ada compared to solitary nesters (Figure 3b). The top downregulated metabolite in arribada
nesters was phosphoethanolamine, while the top upregulated metabolite was glutamic
acid. Accordingly, enrichment analysis showed over-representation of pathways related
to phospholipid (phosphatidylcholine and phosphatidylethanolamine biosyntehesis, sph-
ingolipid metabolism), and amino acid metabolism (beta-alanine, tryptophan, tyrosine,
and glutamate metabolism), catabolic processes including malate-aspartate shuttle and the
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glucose-alanine cycle, and glutathione (GSH) metabolism. Of note, two of the most down-
regulated metabolites in arribada compared to solitary nesters were the antioxidants uric
acid and α-tocopherol. These results further suggest that arribada nesters have increased
metabolic activity compared to solitary nesters. Moreover, these results suggest that there
are differences in redox metabolism between nesting modes.

Figure 1. Reproductive and metabolic hormone levels in solitary and arribada nesters. (a) Proges-
terone (p = 0.02), (b) estradiol (p = 0.25), (c) testosterone (p = 0.78), (d) triiodothyronine (p = 0.015),
and (e) thyroxine (p = 0.002).

Figure 2. Correlation analysis between hormones and metabolites in (a) solitary and (b) arribada nesters.
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Figure 3. Metabolite profiling. (a) Heat map showing the 50 most abundant metabolites in olive
ridley plasma, (b) Volcano plot showing differentially expressed metabolites in arribada compared to
solitary nesters (5% FDR), and (c) Enrichment pathways showing significantly enriched pathways in
arribada compared to solitary nesters.

3.3. Stable Isotopes

We conducted stable isotope analysis to detect potential differences in resource acqui-
sition between nesting modes. We found significant differences in %C (t = 2.74, df = 18,
n = 20, p = 0.013) and %N (t = 2.73, df = 18, n = 20, p = 0.014) between nesting modes, but
not in C:N ratios (Figure 4a). When comparing stable isotope signatures, we also found
small overlaps between nesting modes on 40% ellipses. Our results suggest that before
coming to nest, individuals nesting in arribada are likely feeding at lower trophic levels and
in more productive benthic feeding grounds than individuals nesting solitarily (Figure 4b).

3.4. Oxidative Damage

We evaluated whether oxidative damage represents a potential proximate cost for nest-
ing in arribada by comparing four circulating markers of oxidative damage among nesting
modes. Plasma levels of the lipid peroxidation products 4-HNE (arribada 100% positive vs.
solitary 25% positive for 4-HNE, χ2(2) = 10.01, n = 17, p = 0.0016), and MDA (0.0025 ± 0.0013
vs. 0.0011 ± 0.00034 pmol/μg of protein, t = 3.77, df = 15, n = 17, p = 0.0019), along with
protein carbonyls (0.00246 ± 0.0013 vs. 0.00103 ± 0.00032 nmol/μg of protein, t = 3.64,
df = 14, n = 16, p = 0.0027) were higher in arribada than in solitary nesters (Figure 5a–c).
In contrast, protein nitration (3-Nitrotyrosine) did not vary between nesting modes (soli-
tary 0.039 ± 0.026 vs. arribada 0.058 ± 0.031 nM/mg, t = −1.29, df = 15, n = 17, p = 0.22;
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Figure 5d). These results suggest that oxidative stress is a potential cost of arribada nesting
in olive ridley sea turtles.

Figure 4. Stable isotope analysis. (a) Comparison of %C (p = 0.013) and %N (p = 0.014) and C:N
(p > 0.05) ratio between solitary and arribada nesters, (b) δ13C and δ15N ratios. Standard ellipses
represent a 40% overlap between nesting modes.

Figure 5. Oxidative damage. Lipid peroxidation products: (a) 4-HNE-protein adducts (binary test,
percent positive arribada, 100% vs. solitary, 25%, p = 0.0009, χ2(2) = 10.01, p = 0.0016), and (b) MDA-
protein adducts (p = 0.0019); (c) protein carbonyls (p = 0.0027) and (d) 3-Nitrotyrosine (p = 0.22).
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4. Discussion

Potential fitness benefits associated with arribada nesting include mate finding during
nearshore aggregations [14], predator satiation at the time of hatching [20], multiple pater-
nity and increased genetic exchange [19]. Whether this specialized nesting mode carries
a physiological cost was previously unknown. In this study, we found that arribada and
solitary nesters have distinct circulating metabolic profiles and that arribada nesters are
heavier and have higher P4, T3, T4, lipid peroxidation, and protein oxidation levels than
solitary nesters. We also found differences in stable isotope signatures between nesting
modes and enrichment for catabolic and antioxidant pathways in arribada compared to soli-
tary nesters. Therefore, our results suggest that nesting in arribada might be energetically
more expensive than nesting solitarily and that oxidative damage is a potential trade-off
for the fitness benefits associated with arribada nesting in olive ridley sea turtles.

Little is known about the endogenous adjustments that allow individuals to synchro-
nize to join an arribada. Lepidochelys spp. can retain their eggs for longer periods compared
to other species of sea turtles [34]. Similarly, tolerance to hypoxia-induced pre-ovipositional
embryonic arrest is higher in eggs from arribada than from solitary nesters [23]. Both in-
creased egg retention capacity and embryonic arrest appear to be important to synchronize
to join the arribada. Similarly, gonadosteroids might also influence whether an individual
joins the arribada. We found higher P4 but not E2 or testosterone levels in arribada than
in solitary nesters. A P4 surge during ovulation induces a rapid albumen release into the
oviduct, which activates previously stored sperm [35]. Therefore, it is possible that higher
P4 levels in arribada than in solitary nesters are related to increased mating opportunities
during the arribadas. Of note, P4 levels do not differ between nesting modes in Kemp’s
ridleys [36]. Thus, there is no conclusive evidence about the role of gonadosteroids in
promoting arribada nesting in Lepidochelys spp.

In a previous study we showed that arribada nesters have higher circulating corticos-
terone and glucose levels than solitary nesters [28]. Here, we found that arribada nesters are
bigger and have higher thyroid hormone levels than solitary nesters. Moreover, we found
strong positive correlations between corticosterone and glucose, corticosterone and lactate,
glucose and lactate, and TG and NEFA in arribada but not in solitary nesters. Similarly,
metabolite profiling shows differences in major pathways related to cell metabolism and
antioxidant defense. Phosphoethanolamine (PETh) was the most downregulated metabo-
lite in arribada compared to solitary nesters. Besides being important for cell membrane
composition, PETh stimulates tolerance to nutrient starvation, and its levels increase in
glutamine-deprived cells [37]. Consistent with this observation, levels of glutamic acid,
4-aminobutyric acid, pantothenic acid, aspartic acid, and glyceric acid were increased in
arribada compared to solitary nesters, while levels of antioxidants α-tocopherol, uric acid,
picolinic acid and, 5-methoxytryptamine were decreased. These metabolites are important
for insulin production, glycolysis, and redox balance [38].

We also found enrichment for catabolic processes, including the glucose-alanine cycle
and the malate-aspartate cycle. Of note, both of these pathways produce oxidants as
byproducts either directly or through downstream effectors [39,40]. Thus, our results
support the idea that arribada nesters have higher metabolic activity than solitary nesters.
Similarly, our combined results also suggest that arribada nesters have larger energy
reserves than solitary nesters. Our results are consistent with those reported in animals
nesting in the Rushikulya Rookery of Orissa, India, where arribada nesters are also larger
than solitary nesters [41]. As discussed earlier, the same individual can nest interchangeably
in arribadas or in solitary, but the factors that determine whether an individual joins the
arribada or nests solitarily remain unknown [14,16]. Our results suggest that arribadas are
potentially more energetically costly than solitary nesting and that bigger animals with
larger energetic reserves join the arribadas.

As capital breeders [42–44], sea turtles feed and build their energy reserves prior to
migrating, mating, and nesting. Hence, if arribada nesting is more energetically costly than
solitary nesting, individuals lacking appropriate energy reserves might choose solitary
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nesting over joining the arribadas despite losing the fitness benefits associated with arribada
nesting. Solitary nesting requires shorter inter-nesting intervals. Thus, solitary nesting
likely results in less time spent away from the feeding grounds [45], potentially allowing
solitary nesters to build their energy reserves and join the arribadas during subsequent
reproductive bouts. Our stable isotope analysis shows that solitary and arribada nesters
likely feed in different grounds before arrival to the nesting beach. Both δ13C and δ15N
values are consistent with reported data for this East Pacific population [46]. Although
we were not able to measure prey items, the ellipse distances in δ13C and δ15N suggest
that solitary and arribada nesters feed at different trophic levels and benthic zones. More
specifically, the higher δ15N values seen in solitary as opposed to arribada nesters suggest
that solitary nesters feed at a higher trophic level than arribada nesters [47]. Moreover, the
less negative δ13C values observed in arribada than in solitary nesters suggest that arribada
nesters feed in benthic and more productive feeding grounds than solitary nesters [47].
Therefore, differences in resource availability and allocation might ultimately affect whether
an individual joins the arribada. According to life history theory, reproduction is a costly
life history trait, and our results suggest that nesting in arribada is more energetically
expensive than nesting solitarily, though it carries fitness benefits such as increased genetic
exchange [19].

The cost of reproduction represents one of the most fundamental life history trade-
offs [3], but there is inconclusive evidence about whether oxidative stress is a proximal cost
of reproductive investment [1]. Work with laboratory versus wild animals often yields con-
flicting results [48]. Similarly, differences in reproductive strategies within wild vertebrates
likely result in differential susceptibility to oxidative stress [7–9]. Whether capital breeders
have higher susceptibility to oxidative stress than income breeders remains understudied.
In macaques, North American red squirrels, aspic vipers and northern elephant seals, re-
productive activities increase oxidative damage despite concurrent increases in antioxidant
defenses [10–12,49]. Here we found higher lipid peroxidation and protein oxidation levels
in arribada compared to solitary nesters, and reduced levels of α-tocopherol and uric acid,
a primary circulating antioxidant which varies with stress levels [50]. We also found that
arribada nesting is likely more energetically costly than solitary nesting. These results sug-
gest that higher energy expenditure in olive ridley turtles nesting in arribadas is associated
with increased oxidative stress. In northern elephant seals, breeding increases circulating
lipid peroxidation in males but not in females [11]. Elephant seals are polygynous, sexually
dimorphic capital breeders [51,52]. Males compete for position in a dominance hierarchy
used to control access to females [51–54]. Thus, energy expenditure associated with breed-
ing is higher in male than in female elephant seals [55]. Hence, it is possible that in capital
breeders with unique reproductive behaviors that result in increased energy expenditure,
such as male elephant seal males or female olive ridleys nesting in arribada, oxidative stress
is a trade-off for the fitness benefits associated with such behaviors.

5. Conclusions

We found that arribada nesting in olive ridley sea turtles is associated with increased
levels of circulating oxidative damage and reduced antioxidant levels compared to solitary
nesting. We also found that biochemical, endocrine and metabolomic profiles and stable
isotope signatures differ between nesting modes, with arribada nesters likely having
increased energy reserves and metabolic activity compared to solitary nesters. These results
suggest that oxidative damage is a potential cost of synchronous nesting in olive ridley sea
turtles. As such, oxidative stress may be a trade-off for a reproductive mode that carries
increased fitness benefits in a capital breeder. Whether these trade-offs are present in other
capital breeders remains unknown and warrants further investigation.
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Appendix A

Figure A1. (a) Triglycerides (p = 0.07), (b) NEFA (p = 0.66), and (c) Mass (p = 0.042) between solitary
and arribada nesters.
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Abstract: From bacteria to plants and humans, the glutathione system plays a pleiotropic role in
cell defense against metabolic, oxidative and metal stresses. Glutathione (GSH), the γ-L-glutamyl-
L-cysteinyl-glycine nucleophile tri-peptide, is the central player of this system that acts in redox
homeostasis, detoxification and iron metabolism in most living organisms. GSH directly scavenges
diverse reactive oxygen species (ROS), such as singlet oxygen, superoxide anion, hydrogen peroxide,
hydroxyl radical, nitric oxide and carbon radicals. It also serves as a cofactor for various enzymes, such
as glutaredoxins (Grxs), glutathione peroxidases (Gpxs), glutathione reductase (GR) and glutathione-
S-transferases (GSTs), which play crucial roles in cell detoxication. This review summarizes what is
known concerning the GSH-system (GSH, GSH-derived metabolites and GSH-dependent enzymes)
in selected model organisms (Escherichia coli, Saccharomyces cerevisiae, Arabidopsis thaliana and human),
emphasizing cyanobacteria for the following reasons. Cyanobacteria are environmentally crucial and
biotechnologically important organisms that are regarded as having evolved photosynthesis and
the GSH system to protect themselves against the ROS produced by their active photoautotrophic
metabolism. Furthermore, cyanobacteria synthesize the GSH-derived metabolites, ergothioneine
and phytochelatin, that play crucial roles in cell detoxication in humans and plants, respectively.
Cyanobacteria also synthesize the thiol-less GSH homologs ophthalmate and norophthalmate that
serve as biomarkers of various diseases in humans. Hence, cyanobacteria are well-suited to thor-
oughly analyze the role/specificity/redundancy of the players of the GSH-system using a genetic
approach (deletion/overproduction) that is hardly feasible with other model organisms (E. coli and
S. cerevisiae do not synthesize ergothioneine, while plants and humans acquire it from their soil and
their diet, respectively).

Keywords: cyanobacteria; human; plants; glutathione; glutaredoxins; glutathione-S-transferases;
iron-sulfur cluster; methylglyoxal; ergothioneine; ophthalmate; norophthalmate

1. Introduction

Most life forms are continuously challenged with toxic reactive oxygen species (ROS)
present in our oxygenic atmosphere (ozone, O3), and/or generated by respiration and cell
metabolism [1–3] and photosynthesis in cyanobacteria [4–8], algae and plants [9–11]. In
addition, photosynthetic organisms are exposed to solar UV that also generate ROS [12,13].

ROS molecules encompass singlet oxygens (1O2), superoxide anions (O2
•−), hydrogen

peroxides (H2O2), and hydroxyl radicals (•OH) that cause damages to target molecules,
namely: lipids, nucleic acids and proteins [2,10], thereby generating cell death in microor-
ganisms and multiple disorders and diseases in humans [14–16] that reduce longevity [17].

Superoxide anions and hydrogen peroxides can both react with proteins containing
iron-sulfur [Fe-S] clusters, liberating their Fe ions. Free or complexed Fe2+ ions reduce
H2O2, yielding hydroxyl radicals that modify all kinds of biomolecules at a diffusion-
limited rate. Hence, radicals, sulfenic acids, disulfides and (hydro)peroxides are directly or
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17



Antioxidants 2023, 12, 1199

indirectly formed by ROS [3,18]. ROS also oxidize cysteines to form thiyl (sulfenyl) radical
(-S•) by one-electron transition; sulfenic acid (-SOH) and disulfide (-S-S-) by a two-electrons
transition; sulfinic acid (-SO2H) by a four-electrons transition; and eventually sulfonic
acid (-SO3H) by a six-electrons transition [19]. Concerning disulfides, two types can be
distinguished considering whether they link two cysteinyl residues from either the same
or different proteins (intra- or inter-molecular disulfide bridges), or from a protein and a
molecule of glutathione (glutathionylation). Glutathione is the γ-L-glutamyl-L-cysteinyl-
glycine tri-peptide (hereafter designated as GSH) that plays a prominent role in ROS
detoxification from bacteria to higher eukaryotes [3,11,16,20,21]. It directly scavenges ROS
and also serves as a redox cofactor for various antioxidant enzymes, such as glutaredoxins
(Grxs), glutathione peroxidases (Gpxs), glutathione reductase (GR) and glutathione S-
transferases (GSTs). The above-mentioned glutathionylation can protect cysteinyl residues
against irreversible oxidation (generation of sulfinic and sulfonic acids), and/or act in
regulation [9,11,18,22], as shown in Figure 1.

Figure 1. Schematic representation of the oxidation of the cysteinyl residue of protein to sulfenic
(-SOH), sulfinic (-SO2H) and sulfonic (-SO3H); and disulfide (-S-S-) with another cysteinyl residue
from the same or another protein, or a molecule of glutathione.

ROS can also be detoxified by various metabolites (ascorbate, carotenoids, vitamins,
etc.) and several enzymes [23]. The superoxide dismutase (SOD) converts O2

•− to H2O2,
which is then detoxified to H2O by the catalase and peroxidase enzymes [18]. H2O2 can
also be detoxified by the hydroperoxide activity of some glutaredoxins [18]. The protein
disulfides and glutathione-protein mixed disulfides are repaired by thioredoxins [20,24],
glutaredoxins [3,11,25,26] and glutathione-S-transferases [14,16,25,27–29].

ROS-removing systems are usually viewed as beneficial antioxidants that maintain
damaging ROS below dangerous levels [3,20,30]. However, ROS are also a necessary part
of subcellular and intercellular communication in living organisms [3,18]. Indeed ROS
species can serve as signal mediators in the redox regulation of cell metabolism [19], as
they are enzymatically produced and degraded by NADPH-oxidases, which generate
superoxide anions [3], SOD, which generates H2O2, and catalase and peroxidase, which
detoxify H2O2 into H2O. Furthermore, H2O2 oxidizes protein thiols in disulfides or sulfenic
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acids, which can be reduced back to thiols, and are thereby good thiol redox switches for
signaling [10,18]. Consequently, it has been proposed that “redox biology” [31] or “ROS
processing systems” [10] would be a more accurate term than “(anti)oxidative systems” to
describe cellular components that interact with ROS.

This review presents what is known concerning the evolutionary-conserved glutathione-
system in selected model organisms, E. coli, S. cerevisiae, A. thaliana and human, emphasiz-
ing cyanobacteria for several reasons (See the next paragraphs for details and references).
Cyanobacteria are environmentally crucial prokaryotes regarded as having evolved the
oxygenic photosynthesis process, the chloroplast of algae and plants, and the glutathione-
system to protect themselves against the ROS produced by their active photoautotrophic
metabolism. Furthermore, cyanobacteria synthesize the thiol-less GSH homologs, ophthal-
mate and norophthalmate, and the ergothioneine antioxidant that operates in signaling
and/or detoxication in humans. Moreover, cyanobacteria combine several important prop-
erties, such as (i) a simple nutritional requirement, (ii) a great physiological robustness,
(iii) an important metabolic plasticity and (iv) the powerful genetics of some model strains.
Hence, they are regarded as promising “low-cost” microbial factories for (i) the sustainable
production of food and high-value chemicals for health and energy, (ii) the bioremediation
of polluted waters and (iii) the fertilization of cultures.

2. Biological Importance and Biotechnological Interests of Cyanobacteria

Cyanobacteria are primordial prokaryotes regarded as the “inventor” of oxygenic
photosynthesis [32], which played an important role in the evolution of Early Earth and the
biosphere by absorbing a huge amount of the greenhouse gas carbon dioxide (CO2), and
evolving a huge amount of dioxygen (O2) [33–37]. Indeed, cyanobacteria are regarded as
responsible for the oxygenation (and oxidation) of the atmosphere since the Great Oxidation
Event around 2.4 Ga [32,33,38–42].

As a consequence, cyanobacteria have long been challenged by ROS 1O2, O2
•−, H2O2

and OH [2,3,18], which are generated by their active photosynthesis and, sometimes, their
respiration [8,10,11]. Singlet oxygens are unavoidably produced by the interaction of
sunlight with photosynthetic pigments (chlorophyll a, carotenoids and phycobiliproteins)
while superoxide anions, hydrogen peroxides and hydroxyl radicals are generated when the
light-driven electron transport exceeds what is needed for nutrients assimilation [8,10,43].
Cyanobacteria are also strongly exposed to solar UV radiations (UVR) that also generate
ROS [20,44]. Consequently, cyanobacteria represent a major source of ROS in aquatic
environments [45]. Furthermore, cyanobacteria were also the first organisms to cope with
the oxygen-promoted changes in metal availability: decrease of iron (Fe), cobalt (Co), nickel
(Ni) and manganese (Mn), and increase of zinc (Zn), molybdenum (Mo) and copper (Cu).
This constitutes a real challenge because approximately one-quarter to one-third of all
cellular proteins require metals [46].

Cyanobacteria are also frequently challenged by heavy metals (cadmium, cesium,
chromate, mercury, lead, uranium, etc.) which are released by natural sources (volcanoes
and forest fires) and anthropogenic activities (mining, fossil fuel burning, etc.). The toxicity
of heavy metals is based on their chemical properties, which allow them to promote the
production of ROS and the inactivation of enzymes [47–49], basically by reaction with SH
groups, including that of GSH [50,51]. The presence of heavy metals in soils and waters is
especially problematic because metals are persistent in the environment and they accumu-
late throughout the food chain, thereby threatening human health [46,52,53]. Cyanobacteria
are important organisms to investigate the relations between metals and oxidative stress as
they constitute the first biological barrier against entry of heavy metals into the food chain.
Furthermore, cyanobacteria perform the two metal-requiring ROS-generating processes,
photosynthesis and respiration, in the same membrane system [54,55]. Moreover, cyanobac-
teria are regarded as promising organisms for bioremediation of metal pollutants thanks
to their robust photoautotrophic metabolism [55,56] and their multifarious mechanisms
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(biosorption, bioaccumulation and biotransformation) to sequester and minimize the toxic
effects of heavy metals [57,58].

To cope with ROS and environmental stresses, cyanobacteria have evolved the glu-
tathione system [5,59,60], which is crucial to their photoautotrophic lifestyle [4,44,61] and
has been conserved during evolution [5,6,59,60,62]. The glutathione system comprises
the glutathione tripeptide itself (γ-L-glutamyl-L-cysteinyl-glycine, GSH) and its cysteine-
less homologs (ophthalmate and norophthalmate); in humans, these serve as biomarkers
of diseases (See below), as well as numerous GSH-dependent enzymes, such as glutare-
doxins and glutathione-S-transferases [18,63], which have been conserved during evolu-
tion [11,26,27,62,64,65]. In addition, cyanobacteria possess other promiscuous antioxidant
enzymes, such as superoxide dismutases, catalases and peroxidases [8].

Contemporary cyanobacteria continue to play a key role in the global ecosystem. They
fix enormous amounts of atmospheric CO2 and N2 to produce huge amounts of O2 and
biomass for our food chain [32,33,36,37,56,66–69]. They have been consumed by humans
and used as soil fertilizers for over a thousand years [70–73]. Furthermore, they produce a
wealth of metabolites, such as vitamins, antioxidants (such as ergothioneine mentioned
below), antibiotics, antifreezes, drugs, osmoprotectants and toxins [56,74–77] that can
influence human health and/or improve plant growth and/or resistance to stress (drought,
salt, heavy metals and pathogens) [78]. Currently, several cyanobacteria are being tested as
a way to replenish O2, provide food, and recycle CO2 and urea wastes during long-term
space missions [79,80]. Moreover, cyanobacteria are viewed as promising cell factories
for the production of chemicals (biofuels, biodegradable bioplastics, drugs, solvents, etc.)
from highly abundant natural resources: solar energy, water (fresh/marine), CO2 and
minerals [74,75,81], thanks to their active and robust photoautotrophic metabolism [55,56]
and the synthetic biology tools of model species [82], as shown in Figure 2.

Figure 2. Schematic representation of the biotechnological interests of cyanobacteria. Minerals
include calcium, nitrogen (N2, ammonium, nitrate and urea), phosphate, sulfate etc.

Finally, in colonizing most aquatic ecosystems and soils of our planet, where they
face various environmental challenges and interactions with competitors, predators or
symbiotic hosts (angiosperms, bryophytes, fungi and gymnosperms), cyanobacteria have
evolved as widely diverse organisms. They display various cell morphologies [83] and
cellular differentiation [84], as well as widely diverse genome sizes (1.44–12.07 Mb), GC
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content (30–60%) and organization (presence of a circular chromosome with or without
one to several linear chromosomes and circular plasmids) [82,85]. Hence, cyanobacteria are
good model organisms to study the impact of environmental conditions and interactions
with other organisms on the physiology, metabolism and morphology of microbial cells.

Together, the above-mentioned environmental importance of cyanobacteria and their
interest for basic and applied science highlight the value of studying the glutathione system
of cyanobacteria that has been conserved during evolution.

3. Synthesis and Importance of Glutathione in Living Organisms

Glutathione (GSH) was discovered in 1888 by J. de Rey-Pailhade, and its composition
as γ-L-glutamyl-L-cysteinyl-glycine was established much later, in 1935 [86]. That the Cys
and Glu of GSH are linked through the γ-carbonyl group of Glu instead of the typical
α-carboxyl group confers a high stability to GSH since only very specific enzymes under
particular conditions may operate on its degradation (See below). GSH is the most abundant
non-protein thiol (concentration ranging from 0.1 mM to about 20 mM) in all three king-
doms of life: Bacteria (mostly Gram-negative, rarely Gram-positive), Archaea, and Eukarya,
where it plays pleiotropic roles in cell life and resistance to stresses [3,5,11,15,18,20,21,87–89].
GSH is a nucleophilic metabolite that directly scavenges ROS, nitric oxides and carbon
radicals [3,5,11,18]. GSH also serves as electron donor to various antioxidant enzymes,
including glutaredoxins, glutathione peroxidases and glutathione-S-transferases (See be-
low). Furthermore, GSH can also act in the synthesis of ergothioneine, another antioxidant
catalyzed by the EgtB enzyme (See below). In addition, the cysteinyl thiols of GSH can
complex metal [3,15,20], as shown in Figure 3.

Figure 3. Schematic representation of the pleiotropic roles of glutathione.

GSH plays a prominent role in iron homeostasis in many prokaryotes [3,5] and most
eukaryotes [18]. It is a key component of the cytoplasmic pool of labile iron, mostly
occurring under the Fe(II)GSH complex [90], which likely supplies Fe for the synthesis
of the Fe or [Fe-S] cluster cofactors of a wealth of enzymes involved in electron transfers
(photosynthesis respiration) and central metabolism [15,18,88,91].

GSH is synthesized by two sequential ATP-requiring enzymes, namely the γ-glutamyl-
cysteine (γ-GC) synthetase (γ-GCS, EC 6.3.2.2), which forms γ-GC from L-glutamic acid
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and L-cysteine, and the GSH synthetase (GS, EC 6.3.2.3), which forms GSH from γ-GC and
L-glycine, as shown in Figure 4.

Figure 4. Schematic representation of the synthesis of glutathione and its thiol-less analogs.
GshA: gamma-glutamylcysteine ligase; GshB: glutathione synthase.

In most cells, the two GSH-synthesis enzymes are encoded by separate genes, named
gshA and gshB in prokaryotes and gsh1 and gsh2 in eukaryotes [9,20,92]. The evolutionary
history of the GSH biosynthesis genes is complex in that the two genes in the pathway
were acquired independently [60]. The gene encoding γ-glutamyl-cysteine ligase most
probably arose in cyanobacteria [59] and was subsequently transferred to other bacteria
and eukaryotes [5,6]. Then, eukaryotes and most bacteria apparently recruited a protein
from the ATP-grasp superfamily of enzymes to synthesize glutathione from γ-glutamyl-
cysteine and glycine [5,6,60]. In many organisms, the activity of γ-GCS (GshA), which is
the rate-limiting step in the GSH biosynthesis pathway, is subjected to feedback inhibition
by GSH to avoid over-accumulation of GSH [20,30,93].

Glutathione is vital in many organisms, including yeast [20,94,95], mice [96],
plants [10,87,97] and cyanobacteria [4,61], but not in Escherichia coli [20,92,98,99]. E. coli mu-
tants devoid of GSH do not exhibit enhanced sensitivity to oxidative stress (H2O2, cumene
hydroperoxide, ionizing (gamma) radiations) in exponentially growing culture [92], but
stationary-phase cultures are more sensitive to H2O2 than the wild-type [100]. However,
an E. coli strain overproducing glutathione is more resistant to gamma-irradiations than
the corresponding wild-type strain, not merely because it has a higher content of GSH per
se, but because it has an increased capacity to synthesize GSH when irradiated [101]. It has
also been shown that E. coli and Salmonella typhimurium accumulate reduced glutathione
in the growth medium during the exponential phase [102] to protect cells against external
toxic compounds such as H2O2, N-methyl-N′-nitro-N-nitrosoguanidine, iodoacetamide
and heavy metals [103,104]. In microbial systems (bacteria and yeast) a specific glutathione
uptake process exists to salvage glutathione from lysing cells [9].

In the yeast S. cerevisiae gsh1, mutants grow more slowly than the wild-type strain in
rich medium and can grow in minimal medium only in the presence of exogenous GSH [20].
In contrast, gsh2 mutants grow well in the absence of GSH and are not particularly sensitive
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to either H2O2 or t-butyl hydroperoxide. These results indicate that γ-glutamyl-cysteine,
which accumulates in the gsh2 strains, has some of the antioxidant activities of GSH [20].

In plants, where the complete absence of GSH causes death at the embryonic stage [97],
mutants with a less severe decrease in GSH content are viable but more sensitive to many
biotic and abiotic stresses [11], including Cd [105] and Zn [106]. The biosynthesis of γ-
glutamyl-cysteine catalyzed by glutamate cysteine ligase takes place in chloroplasts [9],
which likely originated from cyanobacteria [34,107,108], while the formation of GSH cat-
alyzed by glutathione synthetase can occur both in the chloroplasts and in the cytosol. Then,
GSH is transported to mitochondria and the nucleus [9,11,18,109]. In plants [109,110] and
some cyanobacteria [111,112], GSH is also polymerized into phytochelatin to chelate metals
that are coordinated by its numerous thiol groups. In addition, plants [113,114], cyanobacte-
ria [115,116] and many other organisms [117] use the cysteine-rich protein metallothionein
to chelate metals.

In humans, low levels of GSH and high levels of ROS are associated with HIV, diabetes
mellitus and/or neurodegenerative diseases [16,118,119]. Cancer cells, with their high
levels of GSH (and glutathione reductase activity, see below), are refractory to some of
the therapies inducing oxidative stress. GSH can also react with the bioactive nitric oxide
(NO) gas to produce S-nitrosoglutathione (GSNO), a storage form of this gaseous radical
in tissues [89]. The reaction of NO with O2

•− to form peroxynitrite (ONOO−) conveys
the GSNO-derived NO in the extracellular fluid. This process controls the physiological
levels of this signaling molecule in tissues [120]. These properties likely explain the NO-like
vasodilation properties of GSNO that are shared by other pharmacological NO donors [89].
In addition to GSH, human cells are protected from metal stress by synthesizing the metal-
binding protein metallothionein [121], like many other organisms [117].

Some Gram-positive bacteria, including Actinobacillus pleuropneumoniae [122],
Listeria monocytogenes [123], Pasteurella multocida [124] and both Streptococcus agalactiae
and Streptococcus thermophilus [125,126], contain a newly discovered bifunctional enzyme,
termed GshF, which possesses both GshA and GshB activities. The N-terminal sequence of
GshF is similar to that of E. coli GshA, but the C-terminal sequence is more similar to the
D-Ala, D-Ala ligase than to any known GshB [125]. Interestingly, GSH inhibits neither the
GshA activity nor the GshB activity of the GshF, and the GshA activity of GshF is higher
compared with that in other organisms, and it is not inhibited by GSH [127]. More than
20 bacteria, mostly Gram-positive, possess a gshF-like gene. Recently, the S. thermophilus
gshF gene was overexpressed in tobacco plants, E. coli and yeast cells to increase their
production of GSH, an objective of biotechnological interest [126–130].

Due to its critical role in antioxidation, xenobiotic detoxification, and immune regu-
lation pathways, GSH has been widely used in the food, cosmetic, and pharmaceutical
industries [131]. So far, GSH is commercially produced mainly by Saccharomyces cerevisiae
strains, which have generally been recognized as safe. Previous studies have focused
on overproducing GshA and GshB, but the production yield and titer of GSH in such
Saccharomyces cerevisiae strains remain low due to the feedback inhibition on GshA [127].
To overcome this limitation, the GshF bifunctional enzyme from Gram-positive bacte-
ria was produced in S. cerevisiae, as GshF is insensitive to feedback inhibition. The
resulting strain produced 240 mg L−1 GSH with GSH content and yield of 4.3% and
25.6 mgglutathione/gglucose, respectively [127]. However, this production of GSH by S. cerevisiae
competes with glucose demands of other industries and results in high production costs [131].
To save production cost, we think that this approach of using GshF for GSH production
should be tested in cyanobacteria because they can produce high-value chemicals from
sunlight and CO2 instead of glucose.

Instead of GSH itself, some organisms employ its precursors or derivates [3,59,120],
such as γ-glutamyl-cysteine in halobacteria and halophilic archaea or trypanothione in
kinetoplastid parasites [132]. They may also use other thiols, e.g., bacillithiol in Gram-
positive Firmicutes [133] or mycothiol in many actinobacteria, such as the human pathogen
Mycobacterium tuberculosis [134].
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In some organisms, such as mycobacteria [135], the γ-glutamyl-cysteine peptide is also
used for the synthesis of ergothioneine (hereafter EGT), an unusual thio-histidine betaine
amino acid (also known as 2-mercaptohistidine trimethylbetaine) that has potent antioxi-
dant and cytoprotective activities [136–140]. Hence, in mycobacteria there is competition
between EGT and glutathione biosynthesis. EGT has both a thiol (antioxidant) and a thione
form [136,140], with the latter thione tautomer being predominant at physiological pH,
thereby making EGT unusually resistant to oxidation by molecular O2 [137]. Its midpoint
potential, +0.06 V, is unusually high compared to typical thiols, including GST (−0.2 to
−0.4 V) [137]. EGT can serve as a reductant via one-electron reaction or as a nucleophilic
reagent via two-electrons exchange. In vitro studies have shown that EGT can scavenge
ROS, such as singlet oxygen, hydroxyl radical and, more slowly, hydrogen peroxide H2O2.
When EGT acts as a direct antioxidant (reductant), it is oxidized in EGT disulfide, EGT
sulfenic or sulfinic acid, depending on the conditions (pH and/or the presence of thiols,
the strength of oxidants, etc.) [136]. EGT-sulfinic is unstable and irreversibly degraded
into L-hercynine, or oxidized to EGT sulfonic acid [139]. EGT can also participate in the
chelation of divalent metals (Co, Cu, Hg, Ce, Pt) and in radiative reactions by physically
deactivating high-energy molecules via energy transfer [137,139].

Few other organisms, such as cyanobacteria (see below) and certain fungi (Neurospora crassa,
the fission yeast and mushroom fruiting bodies) are able to synthesize EGT [136,141,142],
unlike plants and animals who acquire it via their soil and their diet, respectively [135,137].
EGT is stable in the body for a long time after ingestion, and is viewed as protecting the
central nervous system against diseases [138]. Animals have evolved a highly selective
transporter for it, originally known as a carnitine transporter (OCTN1) [138,140] and also
called ergothioneine transporter ETT because of its 100-fold higher affinity for EGT [139].
Genetic analysis in mycobacteria [142] and EGT consumption in mammals has shown that
EGT protects cells against oxidative [137,139], metal [143] and UV [137,139] stresses. Hence,
EGT has been considered safe by regulatory agencies and may have value as a nutraceutical
and antioxidant [137,139].

Returning to glutathione, some of its homologs have no cysteine residue, and therefore
no reducing properties, such as ophthalmate (L-γ-glutamyl-L-α-aminobutyryl-L-glycine)
and norophthalmate (L-γ-glutamyl-L-alanyl-L-glycine). Ophthalmate (hereafter OPH) and
norophthalmate (NOPH) were initially discovered in various animal organs (lens, brain
and liver) [144,145], where they are regarded as biomarkers of GSH depletion elicited by
oxidative stress [146,147]. OPH was also found to have accumulated in stressed plants [148],
yeasts [149], bacteria (E. coli) [150] and cyanobacteria (Synechocystis PCC 6803) [61]. Like
GSH, both OPH and NOPH are synthesized by the GshA and GshB enzymes [61,146–149],
as seen in Figure 4.

Evolutionary Interest of Glutathione Synthesis in Cyanobacteria

Cyanobacteria contain a high concentration of intracellular GSH (2–10 mM), mainly in
the reduced form [7,151,152], and they can accumulate GSH when supplied with GSH pre-
cursor amino acids (Glu, Cys or Gly), especially Cys [152], similar to what was observed in
the yeast Saccharomyces cerevisiae [153]. Such cyanobacterial cells with a higher GSH content
were more tolerant to heat [154]. Similarly, the unicellular model Synechococcus elongatus
PCC 7942 that contains more GSH than the other unicellular model Synechocystis PCC 6803
is more tolerant to chromate than the latter cyanobacterium [155].

The activity of GshA from the model cyanobacteria Anabaena PCC 7120 [156] and
Synechocystis PCC 6803 [6], as well as GshB from Synechococcus elongatus PCC 7942 [157],
have been verified following their production in E. coli. GshA was found to be inhibited by
both GSH and 1-buthionine sulfoximine [6,156], like most GshA enzymes [20,30,93]. GshA
most probably arose in cyanobacteria and was subsequently transferred to other bacteria
and eukaryotes, which then recruited GshB to synthesize GSH, like cyanobacteria [5,6,59,60].
Supporting this hypothesis, both gshA and gshB genes appeared to be essential in the model
cyanobacterium Synechocystis PCC 6803 [4,61]. Furthermore, the GshB-depleted mutant
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was showed to be sensitive to O2 [61] and photo-oxidative stress [4,61], cadmium [158] and
the antibiotic gentamicin [159].

Due to its importance for the food, cosmetic and pharmaceutical industries [131], GSH
is commercially produced mainly by fermentation of Saccharomyces cerevisiae overproducing
both GshA and GshB [127], or the more active GshF bifunctional enzyme [127]. However,
this GSH production competes with glucose demands of other industries [131]. To save
glucose costs, we propose to overproduce GshF in cyanobacteria, so as to produce GSH
from sunlight and CO2. For this purpose, Arthrospira species (commercial name Spirulina)
are of special interest because they are generally recognized as safe.

In agreement with the conservation of the GSH system from cyanobacteria to higher
eukaryotes, cyanobacteria can polymerize GSH into phytochelatin ((γ-Glu-Cys)2–11-Gly)
to chelate metals on its thiol groups [111,112,160], like plants [109]. Cyanobacteria also
synthesize the cysteine-rich metal-chelating protein metallothionein [115,116], like many
other organisms [117], including plants [113,114] and humans [121].

Cyanobacteria were also found to synthesize thiol-less γ-glutamyl peptides (γ-glutamyl-
Ala, γ-Glu-2-aminobutyryl, γ- Glu-Leu, γ- Glu-iLeu, γ-Glu-Met, γ-Glu-Phe, γ-Glu-Thr) [61,161],
in response to oxidative stress [61] or other slow-growth conditions [161], which are viewed
as reservoirs of amino acids in cyanobacteria. Such γ-glutamyl dipeptides that differ from
γ-Glu-Cys have been identified in eukaryotes, such as Saccharomyces cerevisiae [162] and
mice [163], supporting the notion that the GSH system has been evolutionarily conserved
from (cyano)bacteria to higher eukaryotes. In mammals, these γ-glutamyl peptides are
regarded as being beneficial for human consumption [164], but also involved in inflam-
mation, oxidative stress and/or glucose metabolism leading to cardio-metabolic diseases
and/or diabetes [165,166].

Thiol-less analogues of glutathione, γ-Glu-Ala-Gly (NOPH) and γ-Glu-2-aminobutyryl-
Gly (OPH), accumulated in cyanobacteria challenged by glucose-triggered metabolic and
oxidative stress [61]. OPH was also found to be accumulated in stressed bacteria [150],
yeasts [149] and plants [148]. The synthesis of OPH and NOPH in the cyanobacterium
Synechocystis PCC 6803 was found to depend on GshA and GshB [61], as observed in
mammals [18,147]. In mammals, OPH and NOPH are regarded as liver and heart markers
of GSH depletion elicited by oxidative stress [146–149]. Glucose-stressed cyanobacterial
cells accumulate not only OPH and NOPH, but also GSH [167]. Thus, OPH and NOPH
are likely generated by the depletion of cysteine (not GSH per se) caused by its accelerated
incorporation into GSH to cope with the increased GSH need for the detoxification of
oxidants and glucose-catabolites (methylglyoxal, See below).

Many cyanobacteria synthesize large amounts of the EGT antioxidant [61,168–171],
and fishes that feed, to some extent, on cyanobacteria are thus provided with plenty
of EGT [137]. This finding is interesting because there is an increasing demand for
EGT [135,140], and extracting it and chemically synthesizing it from edible fungi has
a high cost and low yield [137,139]. The biosynthesis of EGT is well understood in
Mycobacterium [135]. The SAM-dependent methyltransferase EgtD transforms histidine
into histidine betaine. EgtA, the glutamate cysteine ligase, synthesizes γ-Glu-Cys. EgtB
adds the thiol group of γ-Glu-Cys to the side chain of histidine betaine, which is trans-
formed by EgtC into the histidine betaine cysteine sulfoxide metabolite. This intermediate
is then converted to EGT by EgtE, the pyridoxal 5′-phosphate-dependent cysteine desulfur-
ization enzyme [135,136]. All mycobacterial EGT-synthesis genes have been overexpressed
in E. coli, leading to EGT production [135,172].

In EGT-producing cyanobacteria, which necessarily possess all EGT-synthesis genes,
egtB, egtC and egtD, but not egtE, have been identified by sequence homology with their
mycobacterial orthologs [171], and we have observed in the model species Synechocystis
PCC 6803 that it is GSH itself, not its γ-Glu-Cys precursor, that serves for EGT synthesis [61].
We propose to use Synechocystis PCC 6803 to identify the possibly unknown EGT-synthesis
genes as well as the molecular role and the selectivity/redundancy of EGT, GSH, OPH and
NOPH, in signaling and/or detoxification of oxidative and metabolic stresses. Furthermore,
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we propose to increase the expression of all EGT-synthesis genes as an attempt to generate a
cyanobacterial factory for cheap, high-level production of EGT from solar energy and CO2.

4. Glutathione Degradation

Because of its γ-linkage between the carboxyl group of glutamate and the amine
group of cysteine, GSH cannot be degraded by genuine protease. Dedicated peptidases,
γ-glutamyl transpeptidase (GGTs; E.C. 2.3.2.2) and/or γ-glutamyl cyclotransferases (γ-GCT
or GGCTs, EC 4.3.2.9), catabolize GSH in bacteria and/or eukaryotes [9,11,21,110].

The GGT enzyme is conserved throughout all three domains of life [11,16,173]. Bac-
terial GGTs are generally soluble and localized in the periplasmic space or secreted in
the extracellular environment [173], whereas eukaryotic GGTs are embedded in plasma
or vacuole membranes [9]. GGT enzymes release the cysteinyl-glycine dipeptide and
5-oxoproline, a cyclized form of glutamate (Zhang and Forman, 2012). Then, the cysteinyl-
glycine dipeptide is broken down into cysteine and glycine by specific Cys-Gly peptidases
(including the leucine aminopeptidase (EC 3.4.13.18)) while the 5-oxoproline is converted
into glutamate by the ATP-dependent 5-oxoprolinase (EC 3.5.2.9). The released glutamate,
cysteine and glycine can be ploughed back into the synthesis of reduced GSH [9,11]. In
E. coli and a few other bacteria, the tripeptidase (PepT) also acts in GSH degradation,
and both the GGT- and the PepT-encoding genes are dispensable for cell growth under
favorable laboratory conditions [9,21].

In plants, GSH degradation seems to be as important as GSH synthesis for sulfur
metabolism [110]. The apoplastic and vacuolar GSH pools are degraded by GGTs, which
cleave the γ-glutamyl moiety of GSH, GSSG and GS-conjugates, or transfer the Glu residue
is transferred to amino acids to produce γ-Glu amino acids [9,11,110], which are beneficial
for human consumption [164]. Arabidopsis possesses four GGTs. GGT1 and GGT2 are local-
ized in the apoplast and degrade extracellular GSSG into Glu and Cys–Gly [110], similar to
mammalian GGTs. The Cys–Gly dipeptide is further broken down by a dipeptidase into
Cys and Gly. They are then translocated to the cytosol where they serve in the synthesis
of protein and GSH, followed by a novel round of export/degradation in the apoplast [9].
GGT3 is considered a pseudogene since its transcript encodes a protein lacking a sequence
important for GGT catalytic activity. The GGT4-encoded isoform is present in the vac-
uole where it supports detoxification processes by degrading GSH conjugates formed
by glutathione S-transferase following exposure to toxic xenobiotics [11,28,110]. GSH
degradation mainly occurs in the cytosol [11]. In Arabidopsis, it involves three γ-glutamyl
cyclotransferases (GGCTs, EC 4.3.2.9). They specifically hydrolyze GSH into a Cys-Gly
dipeptide and 5-oxoproline, which are further broken down into Glu, Cys and Gly by (i) the
Leu aminopeptidase 1 (EC 3.4.13.18) encoded by AtLAP1 and (ii) by the 5-oxoprolinase
(5-OPase, EC 3.5.2.9) [11,110]. The pathogenic bacterium Ralstonia solanacearum injects
many proteinic virulence factors in plant host cells, including an active GGCT enzyme that
degrades intracellular glutathione, as a strategy to subvert plant defenses systems [11].

In mammals, where it was first reported, the GGT enzyme is a cell-surface protein
that contributes to the extracellular catabolism of GSH, but it has no role in either GSH
or γ-glutamyl-Cys transport back into cells [9]. Interestingly, GGT is used as a diagnostic
marker for many human diseases [16,174]. Mammals also have both ChaC1- and ChaC2-
type GGCT enzymes, which are expressed only under endoplasmic reticulum stress or
constitutively, respectively. ChaC1 and ChaC2 have high specificity and comparable Km
values for GSH, but ChaC1 has 10- to 20-fold higher catalytic activity than ChaC2 [110].

Glutathione Degradation in Cyanobacteria: An Overlooked Aspect of Their Metabolism

Little is known in cyanobacteria concerning the degradation of glutathione. Freshwater
cyanobacteria possess one to four presumptive GGT-encoding genes that have not been
studied yet, whereas marine species have no such genes. Furthermore, cyanobacteria have
no pepT orthologous genes. In the cyanobacterium Synechococcus elongatus PCC 7942, the
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inactivation of a gene encoding a leucyl aminopeptidase (LAP) with cysteinyl-glycinase
activity was found to decrease the tolerance to UV [44].

5. Glutathione Reductase

The function of GSH depends on the reactivity of its cysteinyl thiol group, which can
complex metals, be alkylated to thioethers or oxidized to disulfides, thereby forming a glu-
tathione disulfide dimer (GSSG) [3,15,20]. Four processes can remove GSSG after oxidative
challenge: (i) ATP-driven export of GSSG [20]; (ii) degradation of GSSG by peptidase [9,11];
(iii) reduction of GSSG by the glutathione reductase (GR) enzyme (see below and Figure 2)
or the thioredoxin reductase/thioredoxin (TrxR/Trx) couple [3,15,20] and (iv) the glu-
tathionylation/deglutathionylation of proteins yielding RSSG and GSH [11,18,22]. Under
normal conditions, GSH is about a 100-fold more abundant than GSSG [18,20,21]. For
example, the GSH/GSSG molecular ratio is about 200 in E. coli cells growing in the rich
standard-medium LB.

The flavoenzyme GR (EC 1.8.1.7) is a highly conserved enzyme across the tree of life,
which converts GSSG to two molecules of GSH, by using NADPH (mostly) or NADH
(rarely) as the reducing agents [11,15,18,20,21,175–178], as shown in Figure 5.

2
Oxidative stress

2 Glutathione (GSH) 

Glutathione reductase

NADPHNADP+

Glutathione disulfide (GSSG)

Figure 5. Schematic representation of the role of the glutathione reductase enzyme.

In vitro analyses showed that GR from humans, yeast and E. coli are inhibited by
reduced glutathione [179].

GR belongs to the pyridine nucleotide-disulfide oxidoreductase family that includes
the related enzymes dihydrolipoamide dehydrogenase, mercuric ion reductase trypanoth-
ione reductase and some TrxR-isoforms [3]. GR from pro- and eukaryotes share about 50%
identity and form stable homodimers of ~110 kDa each comprising three domains [3,120,175].
The FAD- and NADP-(binding) domains are globular, whereas the interface dimerization
domain is somewhat flat. It contains two regions, at the N-terminus 71–104 and C-terminus
372–482. The FAD-binding and the NADPH-binding domains are in residues 1–157 and
198–238, respectively. The catalytic site of GRs possesses two conserved cysteines (C61,
C65) that can form a disulfide bond. In the S. cerevisiae enzyme, the cysteine C239 (not
conserved) can bind excess GSH when required.

GR accumulate in cellular regions of high electron flux, where ROS are generated [120].
In prokaryotes, GR is localized in the periplasm, associated with the inner membrane
facing the cytoplasm, and it can be secreted to the extracellular environment. In eukaryotes,
GR is present in the cytoplasm, the endoplasmic reticulum lumen, the lysosomes and
the organelles nucleus, mitochondria and chloroplasts, thanks to its transport from the
cytosol [3,11,18,20,120,175,178].

In E. coli, GR deficient mutants, originally isolated in a screen for diamide sensitive
mutants [180,181], have wild-type (WT) growth rates under standard conditions [20]. They
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are more sensitive than the WT strain to cumene hydroperoxide and the O2
•−-generating

compound paraquat, but not to t-butyl hydroperoxide [182,183]. Furthermore, their in-
creased sensitivity to H2O2 could be uncovered only in a catalase mutant background [184].
Despite their weak GR activity (0.45 units as compared to 35 units in WT cells), the ratio
of GSH to GSSG is not altered significantly from that of WT. This finding indicates that
GSSG can also be reduced by other enzymes, such as thioredoxin reductase/thioredoxin
(TrxR/Trx) couples [3,20,181]. In addition, an increased GSH synthesis in GR mutants may
also help to maintain their high GSH levels [182].

In Saccharomyces cerevisiae and human cells, the GR-encoding gene was cloned on the
basis of its sequence homology with the E. coli gene [20]. This eukaryotic GR gene expresses
both the cytosolic and mitochondrial forms of GR, which are synthesized using alternative
in-frame start codons. Starting at the first AUG codon, the synthesis generates a long GR iso-
form marked for transport to the mitochondria. The translation starting at the second AUG
codon generates a shorter GR isoform remaining in the cytosol. Usually, the pre-sequence
of the mitochondrial form is cleaved off upon import by mitochondrial proteases so that the
mitochondrial and cytosolic forms have a similar length [20,120]. Yeast mutants lacking GR
show WT growth, but accumulate increased levels of GSSG [185,186] and increased export
of GSSG into the vacuole to maintain the highly reducing environment of the cytosol [18].
These mutants are very sensitive to H2O2 and the thiol oxidant diamide and are partially
sensitive to cumene hydroperoxide, t-butyl hydroperoxide and paraquat [20,187]. Interest-
ingly, GR-less mutants, which also lack the genes for thioredoxin 1 and thioredoxin 2, are
nonviable under aerobic conditions and grow poorly anaerobically [186]. Thus, yeast cells
require the presence of either the GSH- or the thioredoxin-dependent reducing systems for
growth [185], as observed in E. coli (See above).

In humans, GR activity is positively correlated to longevity, and centenarians have an
increased level of GR [17], but cancer cells in having high levels of GSH and GR are refrac-
tory to some therapies that induce oxidative stress [120]. Low GR activity is correlated with
a higher susceptibility of cataract development during early adulthood [3] and HIV-1 infec-
tion [118]. In mice, GR was shown to act in the defense against bacterial infections [188].

In plants, GR activity is increased in response to abiotic stresses triggered by heavy
metals, salts, drought, UV radiation and chilling temperatures [10,11]. Transgenic ap-
proaches elevating GR activity increased resistance to oxidative stress, whereas mutants
with lower GR activities were more sensitive to oxidative stress and were affected in their
development [3,10]. In Arabidopsis, GRs are encoded by two nuclear genes, GR1 (At3g24170)
and GR2 (At3g54660), which are more expressed in roots and in photosynthetic tissues,
respectively [11,120]. GR1 is present in the cytosol, nucleus and peroxisomes, whereas
GR2 is dual-targeted to mitochondria [189] and chloroplasts [190]). Similarly, the two GR
enzymes of the alga Chlamydomonas reinhardtii were shown to act in the protection against
photo-oxidative stress [178].

Also interestingly, in vitro analysis of the two GR enzymes of the marine diatom
Thalassiosira oceanica produced as recombinant proteins from E. coli were found to couple
the oxidation of NADPH to the reduction of not only GSSG, but also oxygen, thereby
generating superoxides in the absence of GSSG. As Thalassiosira oceanica is abundant in
oceans, its GR activity is likely to be a contributor to the production of the large quantity of
superoxides observed in oceans. As these ToGR are similar to GRs from bacteria, yeast and
humans, it has been proposed that the counterintuitive production of ROS by GR could
be widespread [191].

Glutathione Reductase in Cyanobacteria

The GR enzyme of the filamentous cyanobacterium Anabaena PCC 7119 was analyzed
in cell extracts [192] and purified as a dimeric flavin adenine dinucleotide-containing
protein [193]. Its kinetic parameters are comparable to those of chloroplast enzymes, but
its molecular weight is lower, similar to that of non-photosynthetic microorganisms [193].
However, it has three differences with respect to GRs from heterotrophic organisms: (i) a
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strong acidic character of the protein, (ii) an absolute specificity for NADPH and (iii) an
optimum pH of 9.0 [193]. Furthermore, the activity of the Anabaena PCC 7119 GR is
inhibited by sulfhydryl reagents, Zn2+ ions and heavy-metal ions, with GSSG behaving as
a protective agent [193].

The GR enzyme of the other filamentous cyanobacterium Anabaena PCC 7120 has
been purified directly or after production in a GR deficient E. coli strain, before or after
addition of a hexa-histidine tag at the C-terminal of the protein to facilitate its purifica-
tion [194,195]. Its amino acid sequence has 41 to 48% identity with GRs of Escherichia coli,
Pseudomonas aeruginosa, pea, Arabidopsis thaliana and humans. Like most GRs, the Anabaena
PCC 7120 GR uses NADPH as a cofactor, but its Km values for NADPH and GSSG are
higher than those of other GRs [194,195]. The Anabaena PCC 7120 GR also shows sig-
nificant activity when NADH is used as a reductant, in agreement with the finding
that it carries the GXGXXG “fingerprint” motif (amino acids 173–178) [196] typical of
NADH-dependent enzymes [176,177] instead of the GXGXXA consensus motif of NADPH-
dependent GR [176,177]. Furthermore, the Anabaena PCC 7120 GR harbors (i) a Lys residue
(Lys203) in place of an Arg residue involved in NADPH binding by other GRs, and (ii) an
insertion of 10 amino-acid residues that form an extra loop near the entrance of the
pyridine-nucleotide-binding site [196]. Removal of this loop increased the catalytic ef-
ficiency of the Anabaena PCC 7120 GR with NADPH by reducing KM, and with NADH by
increasing kcat [196].

Another GR has been purified from the other filamentous cyanobacterium
Spirulina maxima [197]. Its amino acid composition was very similar to other GRs, and its
optimum pH was 7.0. The Spirulina maxima GR is predominantly tetrameric, in equilibrium
with a minor dimeric form. Its dissociation into dimers was observed at pH of 9.5 or in
6 mM urea. However, its equilibrium at neutral pH was altered by neither NADPH nor by
disulfide reducing reagents [197]. Cyanobacterial GR activities were increased in response
to unusual growth conditions (increasing the concentration of phosphate [197] or replacing
nitrate by ammonium [194]) or stresses triggered by pesticides [198] and metals [199,200].
In addition to other players [201], GR was shown to protect the O2-sensitive nitrogen-fixing
nitrogenase enzyme from oxidative stress in the cyanobacterium Gloeocapsa LB795 [202].

As compared to filamentous cyanobacteria, GR has been poorly studied in unicel-
lular species, likely because two of the best-studied species, including for biotechnolog-
ical purposes (photosynthetic production of high-value chemicals and bioremediation),
Synechocystis PCC 6803 and Synechococcus PCC 7002, have no GR enzymes [82,203]. Inter-
estingly, the insect Drosophila melanogaster has no GR enzyme, and it employs a thioredoxin
reductase/thioredoxin system to reduce GSSG back to GSH [204]. It will be very interesting
to study and compare the GSH system of both Synechocystis PCC 6803 and Synechococcus
PCC 7002 with that of the other well-studied unicellular model Synechococcus elongatus
PCC 7942 that contains a genuine GR [203]. As these three cyanobacteria are robust, it
is conceivable that Synechocystis PCC 6803 and Synechococcus PCC 7002 could compen-
sate the absence of GR by using a thioredoxin reductase/thioredoxin system yet to be
identified, or by having an increased GSH synthesis and GSSG turnover as compared to
Synechococcus elongatus PCC 7942.

6. Importance of the Evolutionary-Conserved Glutathione-S-Transferase Enzymes

As the reactivity of glutathione (GSH) with proteins, small molecules and xenobiotics
can be low in vivo [18,205], GSH-dependent reactions are accelerated by enzymes, such as
glutaredoxins (See below) and glutathione-S-transferases (GSTs).

Glutathione-S-transferases (EC 2.5.1.18) constitute a superfamily of enzymes that play
prominent roles in specialized secondary metabolism and detoxication. The presence of
GSTs in most living organisms highlights their ancient origin and the preservation of their
functions during evolution [3]. GSTs are widely studied in eukaryotes because of their
great relevance to human health [14,64,206–209], plant growth [28,210] and responses to
stresses [27,63,211,212] and pathogens [213]. GSTs are less well studied in prokaryotes even
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though they act in bacterial protection against metabolite by-product (methylglyoxal, see
below) [214] and pollutants such as polychlorinated biphenyls (PCBs), dichloroacetate and
polycyclic aromatic hydrocarbons (PHA) [215–217].

GSTs catalyze reactions where GSH is consumed (GSH-conjugation on metabolites,
chemicals or metals) or not (isomerization and dehalogenation) and reactions where GSH
is oxidized (GSH-dependent peroxidases, -thiol-transferase, -dehydro-ascorbate reduc-
tase) [3,18]. GSTs can also bind and transport molecules through their noncatalytic ligandin
properties [212,218]. Finally, GSTs can also interact with proteins to modulate their activity
by glutathionylation/deglutathionylation (formation/reduction of a disulfide bridge be-
tween the cysteinyl residue of GSH and a cysteinyl residue of a target protein) [14,22,25,29],
as shown in Figure 6.

GSH R GSR
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GSH GSH GS-SG

ROS
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Reductase

Peroxidase

GSH Prot-SH Prot-S-SG
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(glutathionylation/deglutathyonylation)

Dehydroascorbate 2GSH Ascorbate GSSG
GST

Isomerase

Figure 6. Schematic representation of the reactions catalyzed by glutathione-S-transferases.

GSTs are mainly homo- or heterodimeric enzymes, where each subunit contains an N-
terminal thioredoxin (TRX) domain linked to an α-helical C-terminal domain [14,210,219].
The active site, located in a cleft between both domains, contains a GSH-binding site and
a hydrophobic-substrate binding site. Based on their amino-acid sequence, GSTs were
classified into various classes designated by a Greek letter [8,220]. GSTs having a sequence
identity greater than 40% or lower than 25% belong to the same class or different classes,
respectively [215]. GSTs are also grouped based on their localization in the cell, namely
cytosolic, mitochondrial and microsomal, commonly referred as membrane-associated
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proteins in eicosanoid and glutathione metabolism (MAPEG) [3,18,62,215,217,219]. Finally,
GSTs were further distinguished into four catalytic types, depending on an assumed
important residue for catalysis, namely: tyrosine (TyrGSTs), serine (SerGSTs), cysteine
(CysGSTs) and atypical (AtyGSTs) [8,14,210,217,221–223].

Glutathione-S-Transferase in Cyanobacteria

The multiplicity of GSTs in plants (55 in Arabidopsis thaliana [28]) and humans
(18 GSTs [206]) and their localization in one or several compartments (cytosol, chloroplast
and/or mitochondria) [3,28,208] makes their analysis difficult. By contrast, cyanobac-
teria, the basic organisms that possess fewer GSTs, are attractive models for studying
the selectivity/redundancy of these enzymes at the level of a whole organism. Further-
more, cyanobacteria are the primordial photosynthetic organisms and served as hosts
for the evolution of GSTs with diversity in their structures, substrate recognition and
catalytic functions [224].

We have recently started an analysis of all six evolutionarily conserved GSTs (desig-
nated as Sll0067, Sll1147, Sll1545, Sll1902, Slr0236 and Slr0605 [7]) of the unicellular model
Synechocystis PCC 6803 that is well-studied for basic and applied research (bioremediation,
bioproduction of high-value chemicals) [56,82]. Only Sll1545 appeared to be crucial to
cell life [7,62,214], and our unpublished data. The rho class GST Sll1545 was found to
have a good GSH-transferase activity with cumene hydroperoxide CuOOH [225], and to
catalyze the detoxification of the water pollutant dichloroacetate [216], a toxic by-product
of water chlorination and a metabolite of drugs [226]. We showed that Sll1545 and Slr0236
act defensively against photo-oxidative stress triggered by high light or H2O2 [7]. We also
reported that the MAPEG-type GST, Sll1147 and its human orthologs, play a prominent role
in the tolerance to membrane stresses triggered by heat, cold and lipid peroxidation [62].
That human orthologs of Sll1147 could rescue the stress tolerance of a Synechocystis PCC
6803 mutant lacking Sll1147 showed that the function of this MAPEG-type GST has been
conserved during evolution from cyanobacteria to humans. The chi-class GST Sll0067 and
its orthologs have been characterized biochemically from Thermosynechococcus elongatus BP-
1, Synechococcus elongatus PCC 6301 and Synechocystis PCC 6803 [214,220,223,227]. Sll0067
purified from a recombinant E. coli strain as homo-dimer composed of about 20 kDa sub-
unit appeared to have a good GSH-transferase activity with isothiocyanates (especially
phenethyl isothiocyanate) and a low activity with the model substrate CDNB (1-chloro-2,
4-dinitrobenzene) [220,223]. Very interestingly, Sll0067 was found to play a crucial role in
the detoxication of methylglyoxal ([214] and see below).

The halotolerant cyanobacterium Halothece PCC 7418 contains four putative GST [228].
One of them, H3557, is encoded by a salt-stress inducible gene and it exhibited the classical
GST activity toward GSH and CDNB, which appeared to be salt tolerant [228]. Furthermore,
recombinant E. coli cells producing H3557 exhibited an increased tolerance to H2O2 [228], in
agreement with the amino-acids sequence similarity of H3557 with the rho-class GST Sll1545
of the model cyanobacterium Synechocystis PCC 6803 that protects it against H2O2 [7]. In
Anabaena cylindrica and Anabaena laxa the GST activities were induced in response to the
herbicide bentazone [229] and the fungicide R-metalaxyl, respectively [198]

7. Glutathione Acts in the Detoxification of Methylglyoxal, a By-Product of Cell
Metabolism from Cyanobacteria to Humans

Methylglyoxal (MG) is a very dangerous dicarbonyl compound that strongly interacts
with lipids, nucleic acids and the arginine and lysine residues of proteins (Figure 7), gen-
erating advanced glycation end products (AGEs) that disturb cell metabolism in prokary-
otes [230,231] and eukaryotes [230,232,233].
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Figure 7. Schematic representation of protein modification resulting from the crosslinking
of methylglyoxal onto arginine or lysine amino-acid residues. The abbreviations are as fol-
lows: MODIC, 2-ammonio-6-({2-[4-ammonio-5-oxido-5-oxopently)amino]-4-methyl-4,5-dihydro-1H-
imidazol-5-ylidene}amino)hexanoate; MG-H1, N(delta)-(5-methyl-4-imidazolon-2-yl)-L-ornithine;
MG-H2, 2-amino-5-(2-amino-5-hydro-5-methyl-4-imidazolon-1-yl)pentanoic acid; MG-H3, 2-amino-5-
(2-amino-4-hydro-4-methyl-5-imidazolon-1-yl)pentanoic acid; THP, N(delta)-(4-carboxy-4,6-dimethyl-
5,6-dihydroxy-1,4,5,6-tetrahydropyrimidine-2-yl)-L-ornithine; CEL, Nε-(carboxyethyl)lysine and
MOLD: 1,3-di(Nε-lysino)-4-methyl-imidazolium.

Like ROS, MG has a dual nature depending on its concentrations within the cells; it acts
in signaling at low concentrations, but provokes detrimental effects, such as glutathiony-
lation [234] (see below), at high concentrations [232,235]. In humans, MG is implicated
in diabetes [236] and age-related disorders [230], such as retinopathy, nephropathy, can-
cer, and Parkinson’s and Alzheimer’s diseases [233,234,237]. Hence, MG is increasingly
regarded as a marker of diabetes-related diseases. The calculated MG concentrations in
mammalian cells were reported to vary between 0.5 and 5μM, similar to what was observed
in yeast (4μM) [18]. In plants, elevated MG levels are a general response to abiotic and
biotic stresses, such as salinity, heavy metals and drought [11]. Furthermore, MG is viewed
as acting in signaling via abscisic acid, Ca2+, K+ and ROS, and these processes are regarded
as useful for the development of stress-resilient crops [11,232,238].

MG is mainly formed in all cells both under normal and pathological conditions by the
non-enzymatic breakdown of the triose phosphate isomers dihydroxyacetone phosphate
(DHAP) and glyceraldehyde-3-phosphate (G3P) [230,231,233,234], which rapidly lose α-
carbonyl protons and their phosphate groups, generating MG. MG is also generated by
the spontaneous auto-oxidation of ketone bodies and sugars, lipid peroxidation and the
Maillard reaction between reducing sugars and amino acids [239,240]. In addition, various
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enzymes generate MG from: (i) the fatty-acid derived acetone (cytochrome P450); (ii) the
aminoacetone produced by the metabolism of glycine and threonine (monoamine oxidases);
and (iii) the elimination of an inorganic phosphate from DHAP by the MG synthase in
bacteria [236,241] and mammals [3,236].

MG is predominantly detoxified by the glyoxalase pathway, which starts by the
supposedly “spontaneous” (non-enzymatic) conjugation of MG with GSH to form a
hemithioacetal (HTA). HTA is then isomerized by glyoxalase I (GlxI, S-d-lactoylglutathione
lyase; EC 4.4.1.5) to S-d-lactoylglutathione that is hydrolyzed by glyoxalase II (GlxII,
S-2-hydroxyacylglutathione hydrolase; EC 3.1.2.6) to produce D-lactate and release
GSH [3,11,18,236,237,242]. That GSH is required for MG detoxication explains why MG is
accumulated in response to GSH depletion caused by oxidative stress [234]. GlxI belongs
to vicinal oxygen chelate enzymes, which contain an ancient βαβββ-motif required for
binding metal ions [3,234]. GlxI (also called Glo1) from humans, yeast and the parasite
Plasmodium falciparum, is a dimeric protein that prefers Zn2+ (or Fe2+) at its active site,
whereas the enzymes from E. coli and the pathogens Yersinia pestis, Pseudomonas aeruginosa
and Neisseria meningitidis and the protist Leishmania major are optimally activated in the
presence of Ni2+ (or Co2+) [237]. In Arabidopsis, overexpression of GlxI increased tolerance
against salinity and maintained lower levels of MG as compared to the wild type (WT)
plant [11]. GlxII (also called Glo2) is a monomeric protein composed of an N-terminal
β-lactamase domain with a conserved Fe(II)Zn(II) center at the active site and a C-terminal
domain with five α-helices [3,237]. In plants, GlxI and GlxII enzymes are encoded by multi-
gene families, unlike what was observed in most prokaryotes and animals, which have
single such genes [11]. In E. coli and yeast, both the glxI and glxII genes are non-essential to
life, and growth phenotypes only became obvious upon challenge with exogenous MG [3,242].

MG can also be detoxified by other enzymes that do not require GSH, such as MG
dehydrogenase, aldehyde dehydrogenases, aldo-keto reductases (AKR), α-dicarbonyl/L-
xylulose reductase and the MG reductase [8,11,233,235,237]. AKRs, which exist across all
phyla, are primarily NADP(H)-dependent monomeric oxidoreductases with a molecular
weight ranging from 34 to 37 kDa [8].

Methylglyoxal Detoxication: Lessons from a Cyanobacterium

Little attention has been paid to MG production, signaling and detoxification systems
in photosynthetic organisms, although they produce MG by the catabolism of sugars, amino
acids and lipids, such as heterotrophic organisms, but also by their active assimilation of
CO2 driven by photosynthesis [54,232,243]. This issue is even more acute in cyanobacteria,
the environmentally important prokaryotes [244], because they perform the two MG
and/or ROS-producing pathways, photosynthesis (CO2 fixation and gluconeogenesis)
and respiration (glucose catabolism), in the same cell compartment [54,55]. Furthermore,
cyanobacteria are regarded as the inventor of oxygenic photosynthesis [33–35,37] and GSH
and GSH-utilizing enzymes, such as glyoxalase (Glx) and glutathione transferases (GST),
to cope with the ROS often produced by their active photosynthesis system [5,59,60].

In the model of cyanobacterium Synechocystis PCC 6803, we showed that (i) MG is
toxic, (ii) both the glxI and glxII genes are non-essential to cell life but are required for the
protection against MG and (iii) the MG synthase (EC.4.2.99.11.) gene is also non-crucial
to cell growth [61,214]. We also reported that Sll0067 operates in the protection against
MG, unlike the other five GSTs [7,62]. The Δsll0067 deletion mutant, which grew as fit the
WT strain under standard (photoautotrophic) conditions, was found to be hypersensitive
to MG. Furthermore, the MG-sensitive Δsll0067 mutant exposed to exogenous MG (or
glucose) accumulated not only MG but also GSH, indicating that Sll0067 acts in an MG
elimination process that requires GSH, similar to the GSH-dependent detoxification of
MG catalyzed by the glyoxalase system. This interpretation was confirmed by in vitro
tests showing that Sll0067 indeed catalyzes the conjugation of GSH with MG to form the
hemithioacetal metabolite, which is known to be subsequently isomerized by GlxI and
hydrolyzed by GlxII to release d-lactate and GSH [233,235]. Furthermore, the fixation of one
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MG molecule on the first subunit of the Sll0067 dimeric protein was found to stimulate the
fixation of another MG molecule on the other Sll0067 monomer, thereby increasing Sll0067
activity [214]. The fixation of MG on Sll0067 also enhanced its affinity for GSH, and Sll0067
was also found to be activated by S-d-lactoylGSH, the intermediate metabolite in MG-
detoxification. Collectively, these findings showed that MG enhances the Sll0067-driven
conjugation of GSH and MG to promote MG detoxification by the glyoxalase pathway [214].
These data are important because, so far, the conjugation of GSH with MG was considered
as spontaneous (non-enzymatic) in all organisms [232,233,235,237]. The finding that Sll0067
acts in the detoxification of MG, which causes diabetes in humans [231,233,234,237], is
consistent with the correlation between the occurrence of diabetes and the poor activity of
a human GST orthologous to Sll0067 [245]. These studies will certainly stimulate research
on MG detoxification in mammals (possibly leading to the identification of biomarkers
and/or drugs); plants (with interest for agriculture) and cyanobacteria (with interest for
the sustainable production of valuable chemicals, such as lactate [246]).

8. Glutathione Maintains the Redox Homeostasis of Protein Thiols via
Glutathionylation/Deglutathionylation Catalyzed by Glutathione-S-Transferases and
Some Glutaredoxins

Oxidative stress promotes the covalent modification of proteins by GSH, i.e., forma-
tion of a disulfide bridge between the thiol group of a cysteinyl residue of a protein and a
molecule of GSH [3,18,205]. This post-translational modification called S-glutathionylation
is regarded as a transient protection of critical cysteines against irreversible oxidation
towards sulfinic and sulfonic acid forms during oxidative stress [25,247]. It occurs only
at specific cysteinyl residues of proteins, in response to ROS and MG [234,248], and not
randomly. A basic environment or the proximity of a metal cation are key determinants for
the tendency of thiol groups to become deprotonated and consequently be affected by oxi-
dation and spontaneous S-glutathionylation [11]. As GSH is a bulky molecule, its ligation
to proteins can have an impact on their structure, function, catalytic capacity and/or subcel-
lular localization [11,22,25,29,207]. For example, three main glycolytic enzymes, GAPDH
(glyceraldehyde-3-P-dehydrogenase) [249], aldolase and TPI (triose-P-isomerase) [250,251],
are inhibited by S-glutathionylation under oxidative conditions in plants and other or-
ganisms, probably to redirect the glycolytic carbon flux towards the oxidative pentose
phosphate pathway (OPPP) to generate reductive power in the form of NADPH [11].

GSTs [14,22,25,29,252] and glutaredoxins (Grxs) [22,25,26,248] catalyze both S-glutathionyla
tion and deglutathionylation, while thioredoxins (Trxs) catalyze deglutathionylation [11,25,26].

Grx are small thiol proteins found in all kingdoms of life [3,10,18,22,26,29,253]. The
first identified function of Grx was described as an electron donor for the ribonucleotide
reductase enzyme (RNR) in a E. coli mutant lacking Trx [254], the classic hydrogen donor for
RNR [255]. Grx can detoxify hydroperoxide thanks to their hydroperoxidase activity [18].
Bacterial Grxs have the most basic form of the Trx-fold, consisting of a four to five central β-
sheet surrounded by three α-helices. Grxs of higher organisms frequently display additional
N- and C-terminal helices. Interestingly, GSTs, the other glutathione-dependent enzymes,
have similar architectures, supporting the theory of a common ancestor for Grxs and
GSTs [3,256]. In the last two decades, the Grx family has impressively grown, and it has
become clear that Grx is much more than a back-up system for Trx [257]. For example,
in mammals at the physiological concentration of GSH, the GSH-Grx system sustains the
RNR activity more efficiently than the Trxs [258].

Grx-isoforms can be structurally categorized as monomeric or dimeric proteins, which
possess an active site with the sequence motif CXXC (dithiol Grxs) or CXXS (monothiol
Grxs), with or without an Fe/S-cluster [3,18,26,88,91]. Grx can be furthermore grouped
based on enzymatic activities, subcellular localizations or (putative) physiological func-
tions (ROS detoxication, iron metabolism, etc.) [15,91]. In plants, Grx are involved in the
regulation of development through interaction with distinct transcription regulators [10].
In humans, Grx functions have been implied in various physiological and pathological
conditions, from immune defense to neurodegeneration and cancer development [26].
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In general, CxxC-type Grxs function primarily in redox regulation and elec-
tron supply to metabolic enzymes. They catalyze the formation and reduction of
disulfides, i.e., inter- and intra-molecular protein disulfides, including glutathionyla-
tion/deglutathionylation [15,22,25,26,29,234,252]. These redox-active Grxs often contain
a consensus Cys-Pro-Tyr-Cys active site motif (CPYC-type of Grxs). The formation and
reduction of protein disulfides require both their active site cysteinyl residues (dithiol
reaction), while glutathionylation/deglutathionylation requires only their more N-terminal
cysteinyl residue (monothiol mechanism). Both reactions start with a nucleophilic attack
of the more N-terminal cysteinyl residue, which has a particularly low pKa value, on the
target disulfide. In the dithiol mechanism, the intermediate disulfide between the target
protein and the Grx is reduced by its more C-terminal cysteinyl residue. The monothiol
mechanism results in a reduced target protein, and a disulfide between the Grx and GSH.
This disulfide can be reduced by another molecule of GSH, generating Grx and GSSG.
Both reactions are fully reversible, as Grxs catalyze both the oxidation and reduction of
their targets [15,18].

Glutaredoxins and Glutathionylation in Cyanobacteria

Grxs are mostly studied in the model cyanobacterium Synechocystis PCC 6803 that
possess only three Grxs: two CxxC-type Grxs, Grx1 and Grx2, and one CGFS-type Grx
(Grx3), which are all dispensable to cell growth under standard conditions [203,259,260].
Both Grx1 and Grx2 act defensively against oxidative and metal stresses [49,203,260–262].
Interestingly, from the point of view of the selectivity/redundancy of these Grx, both
Grx2 and Grx3, but not Grx1, were found to protect cells against H2O2, heat and high
light [260]. Grx1, but neither Grx2 nor Grx3, was shown to physically interact with the
mercuric/uranyl reductase enzyme MerA, which can be inhibited by glutathionylation,
and subsequently reactivated by Grx1 [49]. Furthermore, Grx1, but not Grx2, was found
to interact with NTR (NTR stands for NADPH-thioredoxin reductase). Interestingly, Grx1
and Grx2 were shown to act in an integrative redox pathway, NTR–Grx1–Grx2–Fed7 (Fed7
stands for ferredoxin 7) that protects Synechocystis PCC 6803 against selenate toxicity [203].

In Synechocystis PCC 6803, about 380 proteins involved in carbon and nitrogen
metabolisms, photosynthesis, cell division and tolerance to stresses (GshB, Grx3 and
GST sll1145) can be glutathionylated [263]. For four of these Synechocystis PCC 6803 pro-
teins (the AbrB2 transcription regulator, the mercuric reductase, a peroxiredoxin and
a 3-phosphoglycerate dehydrogenase), we have verified that their activity was indeed
controlled by glutathionylation [49,263,264]. These data, together with similar findings ob-
tained with other prokaryotes [26,247] and higher eukaryotes [11,14,22,25,26,249–251,265],
showed that the glutathionylation/deglutathionylation regulatory process has been con-
served during evolution.

9. Glutathione, Glutaredoxins and the Biogenesis of the Iron-Sulfur Cluster
of Proteins

Glutathione plays a crucial role in cellular iron metabolism [15,90,266–268] and the
synthesis and repair of iron-sulfur cluster [Fe-S] of a wealth of enzymes (See below). Iron
(Fe) and sulfur (S) are crucial elements in all kingdoms of life [267–269]. Iron, the fourth
most plentiful element in the Earth’s crust [270], is frequently a growth-limiting factor
because ancient cyanobacteria raised the oxygen levels that oxidized the soluble ferrous
ions (Fe2+) to insoluble ferric ions (Fe3+) [33,35,38,39,41,271,272]. Fe atoms are associated
with many proteins as part of hemes, mono- or di-iron non-heme centers, or iron–sulfur
[Fe-S] clusters [273,274]. Sulfur (S) is the fifteenth and the sixth most abundant chemical
elements in Earth’s crust and aquatic environment, respectively [270]. Sulfur is essential in
living organisms and is notably required for the synthesis of cysteine, which also serves
for the synthesis of GSH, [Fe-S] and methionine [275]. Biological organisms absorb and
assimilate sulfate from their environment via a reductive pathway involving a series of
transporters, enzymes and GSH. This process is tightly controlled because it consumes
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energy and produces toxic compounds, notably sulfite and sulfide. In particular, it provides
electrons to adenosine 5′-phosphosulfate reductases but also regulates the activity of
glutamate-cysteine ligase by reducing a regulatory disulfide [275].

[Fe-S] clusters are critical cofactors in all categories of life. They participate in the trans-
fer of electrons (photosynthesis and respiration), transcriptional and translation regulation,
DNA repair and replication [15,18,26,88,91,266,273,276–278]. The chemically simplest Fe-S
clusters are the rhombic [2Fe-2S] and the cubane [4Fe-4S] types, which contain iron (Fe2+/3+)
and sulfide (S2−) [273]. [Fe-S] clusters were discovered in the early 1960s by purifying
enzymes, including plant and bacterial ferredoxins, with characteristic electron paramag-
netic resonance signals [273]. Later, chemists and biochemists devised in vitro protocols
to assemble [Fe-S] clusters into apoproteins, and thereby assumed that these co-factors
can assemble spontaneously on proteins in living cells. However, genetic, biochemical
and cell-biological studies in the 1990s proved that the assembly and maturation of [Fe-S]
centers on proteins is a catalyzed process rather than a spontaneous one [273].

[2Fe-2S] centers are synthesized from iron and cysteine-derived sulfur by highly
conserved multi-protein machineries, including the iron-sulfur cluster (ISC) synthesis
machinery [273,277,278] and many types of Grx [15]. The first [Fe-S]-Grx were isolated
from humans (CSYC-type Grx, [279]) and the poplar tree (CGYC-type Grx, [280]). In both
enzymes, the apo form (monomer) is a regular redox active Grx, while the holo form
(dimer) has a bridging [2Fe-2S] cluster but no oxidoreductase activity. This [2Fe-2S] center
lies at the interface of a dimeric complex of two Grxs ligated by the two N-terminal active
site thiols and the thiols of two non-covalently bound GSH molecules [91]. In both CSYC-
and CGYC-type Grxs, the exchange of the seryl or glycyl residue, respectively, for a prolyl
residue abolished cluster ligation, in agreement with the absence of [Fe-S] cluster in natural
CPYC-type Grx [15]. These CPYC-type Grx catalyze the GSH-dependent reduction of
protein disulfides and deglutathionylation [91].

Following the discovery of these C(non-P)YC-type Grxs, CGFS-type Grxs have been
characterized as [2Fe-2S]-proteins [15]. They occur as homodimer containing a subunit-
bridging [2Fe-2S] cluster ligated by the catalytic cysteine of the CGFS motif of each
monomer and the cysteines of two molecules of GSH from bacteria to higher eukary-
otes [15,65,281]. With few exceptions, CGFS-type Grxs are inactive as oxidoreductases; they
act in iron metabolism and [Fe-S] cluster formation and transfer [15]. Interestingly, the
engineering of a CxxC-type Grx with a CGFS-type loop switched its function from oxidore-
ductase to [Fe-S] transferase, and the introduction of a CxxC-type loop into a CGFS-type
Grx abolished its [Fe-S] transferase activity and activated the oxidative half-reaction of
the oxidoreductase [91].

Glutaredoxin and the Biogenesis of Iron-Sulfur Clusters: Lessons from Cyanobacteria

Cyanobacteria have a very high requirement for Fe (~10-fold more than non-photosynthetic
prokaryotes) [271]. The electron flow associated with the operation of photosystems I and
II (PS I and PS II) requires ~22 Fe atoms [270]. The unicellular model Synechocystis PCC
6803 contains the conserved gene clusters involved in Fe-S cluster biosynthesis: the suf
(sulfur utilization factor) operon, some of the isc ([Fe-S] cluster) genes, and a single nif
(nitrogen fixation) gene [278]. Only the gene products from the nif and suf operons are
required for growth under standard photoautotrophic conditions [278]. The small NifU
protein (SyNfu, 76 amino-acids) with a conserved CXXC motif harboring a [2Fe-2S] cluster
serves as the principal scaffold protein required for iron-sulfur cluster biosynthesis and
transfer to apo-ferredoxin [282]. SyNfu is also capable to deliver cluster to both the yeast
monothiol Grx3 and the human dithiol Grx2, albeit at a lower rate [278]. Cluster exchange
experiments showed that GSH can extract the cluster from holo-SyNfu, but the transfer
is unidirectional [278].

We previously reported that the third Grx of Synechocystis PCC 6803, Grx3, exists
as a monomeric apoprotein or a dimeric holoprotein. The dimer contains a subunit-
bridging [2Fe-2S] cluster ligated by the cysteinyl residue of the CGFS motif of each Grx3
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monomer and the cysteinyl residue of two GSH molecules [65,281]. Very interestingly, this
feature has been conserved in Grx3 orthologs from bacteria [65,281,283], yeasts [65,284,285],
plants [15,65,284,286–289] and humans [15,65,91,284,290], supporting the notion that Grx
functions have been conserved throughout evolution.

10. Discussion

The glutathione system (GSH, GSH-derived metabolites and GSH-dependent en-
zymes), which plays pleiotropic roles in cell detoxication in most living organisms, is crucial
to human food, health and longevity. However, the in vivo analysis of the multiple players
of the GSH-system is difficult in plants and mammals because of their physiological and
genetic complexities (slow development, aging, tissue specificity, cellular differentiation,
sub-cellular compartmentation, traffic between organelles, multiple genes families, etc.).
In contrast, the analysis of the selectivity/redundancy of each player of the GSH-system
is easier in basic organisms, such as unicellular cyanobacteria, which are endowed with a
small genome that is easy to manipulate. It is indeed important to thoroughly analyze the
GSH system of cyanobacteria for the following reasons. Cyanobacteria are environmentally
crucial and biotechnologically important organisms. They are regarded as having evolved
the GSH system to protect themselves against the ROS produced by their active photosyn-
thetic metabolism and solar UV. They synthesize the thiol-less GSH homologs ophthalmate
and norophthalmate as well as the toxic metabolite by-product methylglyoxal (MG) that
serve as biomarkers of several diseases in humans. In addition, cyanobacteria synthesize
the GSH-derived metabolites ergothioneine (EGT) and phytochelatin, which play crucial
roles in cell detoxication in humans and plants, respectively. Hence, cyanobacteria are
well-suited organisms to thoroughly analyze the roles of the GSH system and its crosstalk
with the ergothioneine player, using a genetic approach (deletion/overproduction) hardly
feasible with other model organisms (E. coli and S. cerevisiae do not synthesize EGT, and
plants and humans acquire EGT from their soil and their diet, respectively). Attesting the
value of studying the GSH system of the model cyanobacterium Synechocystis PCC 6803,
it was recently shown that (i) the CGFS-type glutaredoxins (Grxs) of Synechocystis PCC
6803, E. coli, S. cerevisiae, A. thaliana and humans harbor a GSH-ligated [2Fe-2S] cluster and
(ii) the Sll1147 MAPEG-type glutathione-S-transferase of Synechocystis PCC 6803 and its
human orthologs play a crucial role in the tolerance to oxidative stress. Furthermore, a
Synechocystis PCC 6803 GST having orthologs in higher eukaryotes was shown to catalyze
the conjugation of GSH on MG, the first step of MG detoxication that is always presented
as spontaneous (not catalyzed by an enzyme) from bacteria to humans. These results show
that cyanobacteria can indeed be used to characterize the evolutionarily conserved func-
tions or features of actors of the GSH system. Therefore, we argue in favor of a comparative
analysis of the GSH system of the three robust model cyanobacteria Synechocystis PCC 6803,
Synechococcus PCC 7002 and Synechococcus elongatus PCC 7942 because they have interest-
ing differences: Synechococcus elongatus PCC 7942 possesses a glutathione reductase (GR)
enzyme but does not synthesize EGT, whereas the contrary is true for Synechocystis PCC
6803 and Synechococcus PCC 7002. As these three cyanobacteria are robust, it is conceivable
that Synechocystis PCC 6803 and Synechococcus PCC 7002 compensate the absence of GR in
using an as yet unknown thioredoxin reductase/thioredoxin system, similar to what was
observed in D. melanogaster. Alternatively, Synechocystis PCC 6803 and Synechococcus PCC
7002 could compensate their lack of GR by having a very active GSH synthesis and/or
GSSG turnover as compared to Synechococcus elongatus PCC 7942.

11. Conclusions

We have shown in this study that cyanobacteria, the basic organisms regarded as
having invented the glutathione system for cell detoxication, are well-suited organisms to
study the selectivity/redundancy of the evolutionarily conserved players of this system,
which are important for agriculture and medicine.
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Abstract: Anthopleura hermaphroditica is an intertidal anemone that lives semi-buried in soft sediments
of estuaries and releases its brooded embryos directly to the benthos, being exposed to potentially
detrimental ultraviolet radiation (UVR) levels. In this study, we investigated how experimental
radiation (PAR: photosynthetically active radiation; UVA: ultraviolet A radiation; and UVB: ultraviolet
B radiation) influences burrowing (time, depth and speed) in adults and juveniles when they were
exposed to PAR (P, 400–700 nm), PAR + UVA (PA, 315–700 nm) and PAR + UVA + UVB (PAB,
280–700 nm) experimental treatments. The role of sediment as a physical shield was also assessed
by exposing anemones to these radiation treatments with and without sediment, after which lipid
peroxidation, protein carbonyls and total antioxidant capacity were quantified. Our results indicate
that PAB can induce a faster burial response compared to those anemones exposed only to P. PAB
increased oxidative damage, especially in juveniles where oxidative damage levels were several
times higher than in adults. Sediment offers protection to adults against P, PA and PAB, as significant
differences in their total antioxidant capacity were observed compared to those anemones without
sediment. Conversely, the presence or absence of sediment did not influence total antioxidant capacity
in juveniles, which may reflect that those anemones have sufficient antioxidant defenses to minimize
photooxidative damage due to their reduced tolerance to experimental radiation. Burrowing behavior
is a key survival skill for juveniles after they have been released after brooding.

Keywords: antioxidant metabolism; behavior; oxidative damage; sea anemone; sediment burrowing;
UVB radiation

1. Introduction

Many infaunal organisms depend upon burrowing for survival, increasing their levels
of food capture [1–3], generating physical protection against predators or minimizing phys-
iological stress, especially in highly unstable environments [4–6]. Estuaries are considered
highly stressful areas because tidal cycles generate pronounced environmental changes and
high levels of physiological stress in individuals living there [7–9], for example, by exposing
sessile or sedentary organisms to the detrimental action of ultraviolet-B radiation (UVB;
280–320 nm), especially when low tide coincides with the daily peak in environmental
radiation [10]. The absorption of UVB by different chromophores (i.e., DNA, amino acids,
melanin and metabolites) indirectly exacerbates the generation of reactive oxygen species
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(ROS) [11–14] that are normally formed as byproducts of oxygen reduction in the cell. Con-
sequently, ROS over-accumulation can induce structural and functional changes in lipids,
proteins and DNA [15]. ROS attack polyunsaturated fatty acids; they are incorporated
into lipids to form lipid peroxides [16], which can induce the generation of very reactive
long-lived byproducts such as aldehydes (malondialdehydes, MDA; 4-hydroxynonenal,
HNE and keto fatty acids) [17–19]. Consequently, their generation decreases membrane
permeability, inducing electron leakiness in the cell [19]. Proteins with specific amino acids
(e.g., proline, arginine, lysine and threonine) can be rapidly affected by ROS, inducing the
formation of carbonyl groups [20]. Secondary reactions between specific amino acid side
chains and byproducts of lipid peroxidation can induce the formation of carbonyl groups in
proteins [20]. Subsequently, protein carbonylation reduces the catalytic activity of enzymes
and induces further breakdown of proteins [21]. This results in a crosslinked reaction
product, increasing the susceptibility of amino acids and proteins to degradation [18].
Consequently, oxidative damage can trigger physiological [13], anatomical [22], reproduc-
tive [23] and ecological [24,25] problems in marine invertebrates, which can cause death in
severe cases [26]. However, aerobic organisms can synthesize enzymatic (e.g., superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (Gr))
and non-enzymatic (glutathione (GSH), oxidized glutathione (GSSG)) antioxidants that
minimize cellular damage. Antioxidants can transfer electrons to these oxidizing agents
(ROS) by neutralizing them and reducing chain reactions that can cause cell damage [27],
reaching cellular homeostasis.

In southern Chile, the sea anemone Anthopleura hermaphroditica inhabits estuaries
with high levels of ultraviolet B radiation (UVB, 280–315 nm) radiation during summer,
which can exceed 50% of values recorded in areas of the Northern Hemisphere for the
same latitude and season of the year [28]. This temperate anemone burrows in the sedi-
ment, spreading only its tentacles over the surface [29], allowing it to expose its symbiotic
dinoflagellate (Phylozoon anthopleurum) [30] to environmental radiation. This species incu-
bates its young inside the gastrovascular cavity (GVC) and releases them into the benthos
once they reach the tentaculate juvenile stage [31]. Thus, juveniles may be exposed to
significantly higher levels of UVB radiation than those experienced inside the incubation
cavity, which can generate elevated oxidative damage to them, considering that the initial
stages of development are highly affected by UVB radiation [22,32].

In natural conditions, this anemone is found buried in the sediment, projecting only
the tentacular crown on the substrate; however, there is no evidence about the reason for
this behavior. Although UVB radiation generates cytotoxic effects, we hypothesized that
the sediment could provide physical protection against UVB radiation after burial in the
sediment, minimizing photo-oxidative damage and the antioxidant response. We also
postulated that juvenile anemones are much more susceptible to photo-oxidative damage
than adults when exposed to different levels of experimental radiation. This is supported
by the fact that under natural conditions, juveniles develop inside the GVC of adults buried
in the sediment, always exposed to low radiation conditions. Thus, leaving the GVC
and facing an environment with high levels of radiation could generate higher levels of
oxidative damage and antioxidant response than in adult individuals. Considering burial
in the sediment as a natural process in the life cycle of this cnidarian, it is likely that adult
and juvenile anemones exposed to UVB bury themselves in the sediment at higher rates
than those exposed without the presence of UVB, as an evasive response to cell damage.

Considering that anemones are conspicuous organisms that play an important role in
different aquatic ecosystems supporting different organisms through symbiotic relation-
ships [33–35] and being part of different trophic webs [36–38], it is important to understand
the role of sediment in the photooxidative response of A. hermaphroditica as an important
component of the Quempillén estuary.

In order to test the role of sediment in the photooxidative response of anemones and
the elevated susceptibility of juveniles to experimental radiation, adults and juveniles of
A. hermaphroditica were exposed to a combination of UVB, UVA and PAR radiation with
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and without sediment and oxidative damage (lipids and proteins), and total antioxidant
capacity was quantified. In order to test the effects of experimental radiation on the
behavioral response of anemones, juveniles and adults were placed over the substrate
under a combination of UVB, UVA and PAR; time, depth and speed were assessed using
image analysis.

2. Materials and Methods

2.1. Animal Collection and Maintenance

Approximately 200 individuals of A. hermaphroditica and their sediments (60% gravel
and 40% sand) were obtained from the Quempillén estuary (41◦52′17.36′′ S, 73◦46′1.02′′ W,
Figure 1) during the austral summer season, placed in plastic boxes (80 × 45 × 30 cm) and
then transferred to the Laboratorio Costero de Recursos Acuáticos de Calfuco (39◦46′50′′ S,
73◦23′34′′ W) at the Universidad Austral de Chile (Valdivia, Chile).

Figure 1. Adult of the estuarine anemone Anthopleura hermaphroditica (A) collected from Quempillén
estuary (41◦520 S; 73◦460 W) of Chiloé Island (B), Southern Chile (C). Arrow shows location of Chiloé
Island in Chile. Map generated using Ocean Data View software (version 5.6.2, Schlitzer, Reiner,
Ocean Data View, odv.awi.de, 2021, Germany).
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Anemones were acclimated in an aquarium with sediment (collected from the sam-
pling site) where circulating seawater (35 ppt, 13 ◦C) was provided, with constant aeration
for an acclimation period of 3 days and a photoperiod of 12:12 h with photosynthetically
available radiation (PAR; 400–700 nm) at an irradiance of 1000 μmol m−2 s−1. Prior to
the experiments, anemones were separated into two size ranges as follows: juveniles
(1–2 cycles of tentacles; <2 mm pedal disc diameter) and adults (>3 cycles of tentacle;
>4 mm pedal disc diameter).

2.2. Experimental Treatments

In order to determine the effect of radiation on the substrate burial response, adults
and juveniles of A. hermaphroditica were exposed to the following experimental radia-
tion conditions: PAR (400–700 nm), PAR + UVA (315–700 nm) and PAR + UVA + UVB
(280–700 nm). Three rectangular transparent glass aquaria 30 cm long, 10 cm high and 5 cm
wide were set up for the experiment, with a seawater circulation system activated by a
submersible pump (220 L h−1) (Figure 2).

Figure 2. Experimental setup for behavioral ((A.1) initial time/(A.2) final time) and cellular re-
sponses ((B.1) with sediment/(B.2) without sediment) in adults and juveniles of the sea anemone
A. hermaphroditica exposed to different radiation conditions generated by a combination of fluorescent
lamps (PAR, UVA and UVB) and cut-off filters (P: PAR, PA: PAR + UVA and PAB: PAR + UVA + UVB).
Figure created using BioRender.com (accessed on 9 August 2022).

The sediment collected in the field was deposited in each aquarium to a thickness
of 4 cm. Anemones were deposited individually on the sediment of the aquaria, which
were immediately covered with Clear 226-UV (Chris James Lighting Filters, London, UK),
Folanorm SF-AS (0.13 mm; Lüerssen Grafische Vertriebs GmbH, Germany) and cellulose
acetate filters (CDA; 0.13 mm; Grafix®, Maple Heights, OH, USA) to generate the radiation
treatments P (400–700 nm), PA (315–700 nm) and PAB (280–700 nm), respectively. PAR
fluorescent tubes (Philips Day Light, Philips, Eindhoven, The Netherlands), UVA (Philips
TL40 W, Philips, Eindhoven, The Netherlands) and UVB (Phillips TL20, Philips, Eindhoven,
The Netherlands) were placed 30 cm above the experimental aquaria to simulate the natural
irradiance conditions registered in the environment [10].

Anemones were thus exposed to an irradiance of 1000 μmol m−2 s−1, 20 W m−2

and 2.3 W m−2 of PAR, UVA and UVB, respectively, for 3 h. The irradiance of the lamps
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was quantified using a portable radiometer (PMA-2100, Solar Light, Glenside, PA, USA)
fitted with a PAR sensor (PMA-2132 model), UVA sensor (PMA-2110) and UVB sensor
(PMA-2106). The experiment was replicated 11 times for each developmental stage. New
individuals were used for each experiment.

2.3. Behavioral Responses

In order to quantify sediment burial responses (time, depth and speed) under different
experimental radiation treatments, adults and juveniles of A. hermaphroditica were recorded
using a set of four digital cameras connected to a digital video recorder. The maximum
recording time was three hours. The burial parameters were defined as follows:

2.3.1. Burial Time

Burial time was defined as the time elapsed from when the adult and juvenile
anemones were placed on the surface of the sediment until the individuals were buried in
the sediment in response to the respective radiation treatments.

2.3.2. Burial Depth

Burial depth was measured as the distance between the sediment surface and the
distal end of the pedal disc of polyps. Analysis of the images recorded during the burial
process allowed calculating the depth to which the body column of adults and juveniles
of A. hermaphroditica were buried in the sediment. Burial depth was measured using as
reference a graduated ruler (mm) previously attached to each experimental aquarium.

2.3.3. Burial Speed

Burial speed was determined in adults and juveniles of A. hermaphroditica exposed to
different radiation treatments (P, PA and PAB) from the ratio of depth to burial time. The
speed data were expressed in mm h−1.

2.4. Cellular Responses

The oxidative damage and the antioxidant capacity of adults and juveniles of
A. hermaphroditica were quantified using the same aquaria and experimental radiation
conditions indicated previously with and without sediment (Figure 2(B.1,B.2)). Anemones
were deposited individually in each aquarium and then exposed to P, PA and PAB radi-
ation treatments for 3 h. The experiment was replicated four times for adults and five
times for juveniles. After the three experimental hours, individuals from both conditions
(with and without sediment) were immediately placed in liquid nitrogen. The tissue was
ground using a pestle and mortar to which liquid nitrogen was added. The fine powder
obtained during grinding was kept in Eppendorf tubes at −80 ◦C until oxidative dam-
age (lipid peroxidation and protein carbonyl formation) and total antioxidant capacity
were quantified.

2.4.1. Oxidative Damage Assays

Levels of lipid oxidation were determined by malondialdehyde (MDA) quantification
using the colorimetric method of thiobarbituric acid reactive substance (TBARS), according
to the methodology described by Salama, A. and Pearce, R. [39]. Thirty g (fresh weight,
FW) of ground tissue was homogenized with 350 μL of trichloroacetic acid (TCA, 0.1%,
Merck KGaA, Darmstadt, Germany) in an Eppendorf tube and centrifuged for 10 min at
13,000 RPM (4 ◦C) (Labnet, Prism R, Edison, NJ, USA). A volume of 200 μL was extracted
from the supernatant and homogenized with 500 μL of TCA (20%) + TBA (thiobarbituric
acid, 0.5%) solution in a new Eppendorf tube and then incubated in a ThermoMixer (Ep-
pendorf, Hamburg, Reinbek, Germany) at 80 ◦C for 30 min. Next, the tubes were incubated
on ice for five minutes and centrifuged again for five minutes at 13,000 RPM (4 ◦C). Finally,
malondialdehyde (MDA) levels were quantified by measuring the absorbance at 532 nm
of 200 μL of the supernatant in a plate reader (Anthos, Biochrom Ltd., Cambridge, UK).
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The concentration of MDA was determined using the molar extinction coefficient, and the
results were expressed in nm MDA g−1 FW.

Protein carbonyl levels were estimated by the method of dinitrophenylhydrazine
(DNPH) used by Levine [40]. An amount of 80 mg of previously ground tissue was
homogenized with 2 mL of a 50 mM phosphate buffer solution (0.1 mM EDTA and 1%
PVPP polyvinyl polypyroline) at pH 7.0 and centrifuged for 20 min at 13,500 rounds per
minute (RPM) (4 ◦C). Subsequently, 200 μL of the supernatant was homogenized with
200 μL 20% TCA, incubated for 30 min (−20 ◦C) and centrifuged at 13,500 RPM (4 ◦C).
The resulting supernatant was removed to reserve the pellet. Then 300 μL DNPH solution
(100 mM in 2 N HCl) was added to the pellet and incubated in the dark for 1 h. Next, the
mixture was precipitated with 500 μL TCA (20%) and incubated again for 15 min at −20 ◦C.
The resulting mixture was centrifuged for 10 min at 13,200 RPM; then, the supernatant
was removed carefully to reserve the pellet. The resulting pellet was re-suspended with
500 μL ethanol–ethyl-acetate (1:1) solution and centrifuged for 10 min at 13,200 RPM (4 ◦C),
removing the supernatant again. Next, 2 mL guanidine HCL (6 M) in 20 mM sodium
phosphate (pH 6.8) was added to each sample and then centrifuged for 30 min at 9000 RPM
(4 ◦C). Finally, protein carbonyl levels were determined at 380 nm using a Zenyth 100 plate
reader (Anthos, Biochrom Ltd., Cambridge, UK), and their concentrations were determined
using the molar extinction coefficient.

2.4.2. Total Antioxidant Capacity

The method described by Fukumoto, L. and Mazza, G. [41] was applied for the
determination of total antioxidant capacity, which uses 2,2 diphenyl-1-picrylhydrazyl
(DPPH). For this quantification, 60 mg of tissue was homogenized in 1 mL of a 70% acetone
solution, then the tubes with their content were incubated in an ultrasonic bath for 2 h.
Then they were centrifuged for 5 min at 9000 RPM at 4 ◦C and kept under a fume hood for
90 min, allowing the acetone to evaporate. Then, 200 μL DPPH was added to each tube.
Finally, the absorbance was quantified every 10 min for 120 min using a Zenyth 100 plate
reader (Anthos, Biochrom Ltd., Cambridge, UK) at 520 nm. That information generated a
standard curve of 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) for
calculating the total antioxidant capacity, expressed as mg Trolox Eq FW g−1 of the sample.

2.5. Statistical Analysis

The assumptions of normality and homogeneity of variances of the burial parameters
(time, depth and speed), as well as the levels of oxidative damage and total antioxidant
capacity for juveniles and adults, were confirmed by Levene’s test and the Shapiro–Wilk
test, respectively. When necessary, data transformation (Log10) was used to fulfill the
assumptions of normality and homogeneity of variances. By using a two-way ANOVA, it
was determined whether the development status and/or radiation treatment (P, PA and
PAB) influenced burial behavior (i.e., time, depth and speed). Additionally, a three-way
ANOVA was used to determine if the levels of oxidative damage (protein carbonyl and lipid
peroxidation) in A. hermaphroditica were influenced by the developmental state (juveniles
and adults), experimental radiation (P, PA and PAB) and level of protection provided by
the sediment (presence and absence). Finally, a Tukey a posteriori test was used to identify
the significant differences. Statistical analyses were carried out with SigmaPlot (Sigma Plot
for Windows version 11, Systat Software Inc., Chicago, IL, USA). The significance level was
defined at p < 0.05.

3. Results

3.1. Behavioral Responses
3.1.1. Burial Time

The two-way ANOVA indicated that radiation treatment and development stage, as
well as the interaction of these factors, significantly influenced the burial time of anemones
in the sediment (Figure 3A, Table 1). Significant differences in burial time were observed
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between the developmental stages; juvenile anemones had a shorter burial time than adults
(Figure 3A, Table 1). Additionally, experimental radiation treatments that included UV
radiation (PA and PAB) had a significant effect in reducing the burial time of adults but not
of juveniles (Figure 3A, Table 1).

Figure 3. Burial time (A), burial depth (B) and burial speed (C) of adults (black bars) and juveniles
(white bars) of the sea anemone A. hermaphroditica in the sediment during exposition to P (PAR), PA
(PAR + UVA) and PAB (PAR + UVA + UVB) radiation treatment. Bars show mean ± SE. Different
letters over bars indicate significant differences (p < 0.05).
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Table 1. Two-way ANOVA for comparison of burial parameters (time, depth and speed) in different
developmental stages (adults and juveniles) of A. hermaphroditica exposed to different levels of
experimental radiation P (PAR), PA (PAR + UVA) and PAB (PAR + UVA + UVB). Bold numbers
indicate significant difference (p < 0.05).

Source of Variation df ms f p

Burial time
Developmental stage (DS) 1 15.130 212.389 <0.001
Radiation treatment (RT) 2 2.783 39.066 <0.001

DS × RT 2 1.119 15.71 <0.001
Error 60 0.0712

Burial depth
Developmental stage (DS) 1 1.370 171.89 <0.001
Radiation treatment (RT) 2 0.0663 8.311 0.001

DS × RT 2 0.0152 1.913 0.157
Error 60 0.00797

Burial speed
Developmental stage (DS) 1 0.0190 2.514 0.118
Radiation treatment (RT) 2 0.206 27.244 <0.001

DS × RT 2 0.0338 4.481 0.015
Error 60 0.00755

3.1.2. Burial Depth

The two-way ANOVA indicates that both developmental stages and radiation treat-
ments significantly influenced the depth to which A. hermaphroditica was buried in the
sediment (Figure 3B, Table 1). Particularly, the PAB radiation treatment caused adult
anemones to bury significantly deeper (23%) than those exposed only to P and PA radi-
ation treatments (Figure 3B, Table 1). Although juvenile anemones burrow to shallower
depths than adult anemones, there were no significant differences in the depths that they
burrowed when they were experimentally exposed to the P, PA and PAB radiation bands
(Figure 3B, Table 1).

3.1.3. Burial Speed

Our results indicate that radiation treatment significantly influenced the burrowing
speed of A. hermaphroditica in the sediment (Figure 3C, Table 1). When adults and juveniles
of A. hermaphroditica were exposed to the PAB radiation treatment, they increased their
mean burial rate by 132% and 36%, respectively, compared to those exposed only to the
P-radiation treatment (Figure 3C, Table 1). Radiation treatment PA and PAB showed
significant differences in the burial speed of adult sea anemones compared to P (Figure 3C,
Table 1). PAB radiation treatment of juveniles induced a significant increase in velocity
compared to PA and P. Juvenile sea anemones showed higher burial speed than adults only
under P radiation treatment.

3.2. Cellular Responses
3.2.1. Lipid Peroxidation

The three-way ANOVA indicated that type of radiation treatment (F(2,29) = 25.97,
p < 0.001, Table 2), stage of development (F(1,29) = 158.21, p < 0.001, Table 2) and the
sediment condition (F(1,29) = 12.87, p = 0.001, Table 2) all influenced lipid peroxidation levels
in the sea anemone A. hermaphroditica. Tukey’s a posteriori test showed that the presence
of UVB through PAB radiation treatment exerted a significant role in the generation of
oxidative lipid damage, as opposed to what happens to anemones exposed to P and PA.
Juvenile anemones are more susceptible to lipid peroxidation than adult anemones. The
presence of sediment in the radiation exposure treatments significantly reduced the level of
lipid photo-oxidation in experimental anemones (Table 2).
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Table 2. Three-way ANOVA for the estimation of oxidative response (protein carbonyl and lipid per-
oxidation) and antioxidant capacity in adults and juveniles of the anemone A. hermaphroditica exposed
to different levels of experimental radiation P (PAR), PA (PAR + UVA) and PAB (PAR + UVA + UVB)
with and without sediment. Bold numbers indicate significant difference (p < 0.05).

Source of Variation df ms f p

Lipid peroxidation
Developmental stage (DS) 1 431.96 158.216 <0.001
Sediment condition (SC) 1 35.15 12.875 0.001
Radiation treatment (RT) 2 70.90 25.971 <0.001

DS × SC 1 0.070 0.0258 0.873
DS × RT 2 30.36 11.121 <0.001
SC × RT 2 6.093 2.232 0.125

DS × SC × RT 2 2.257 0.925 0.408
Residual 29 2.730

Protein carbonyl
Developmental stage (DS) 1 0.0000765 351.271 <0.001
Sediment condition (SC) 1 0.00000193 8.848 0.006
Radiation treatment (RT) 2 0.00000260 11.934 <0.001

DS × SC 1 0.00000062 3.043 0.091
DS × RT 2 0.00000186 8.564 <0.001
SC × RT 2 0.0000000305 0.140 0.870

DS × SC × RT 2 0.000000152 0.700 0.504
Residual 32 0.000000218

Total antioxidant capacity
Developmental stage (DS) 1 102.022 4.221 <0.048
Sediment condition (SC) 1 463.94 19.191 <0.001
Radiation treatment (RT) 2 137.22 5.677 0.007

DS × SC 1 674.15 27.891 <0.001
DS × RT 2 69.96 2.895 0.069
SC × RT 2 11.307 0.468 0.630

DS × SC × RT 2 0209 0.00864 0.991
Residual 34 25.634

Only the interaction between the developmental stage and experimental radiation
treatment significantly influenced the generation of lipid oxidation (F(2,29) = 11.12, p < 0.001,
Table 2); PAB generated a significant increase in the level of oxidative lipid damage in
adult anemones. P, PA and PAB radiation significantly influenced lipid oxidation in
juvenile anemones (Figure 4A,B; Table 2). Juveniles exposed with sediment to P, PA
and PAB radiation increased their lipid peroxidation levels by four, five and four times,
respectively, compared to adult anemones exposed to the same conditions (Figure 4A,B;
Table 2). Similarly, juveniles exposed without sediment to P, PA and PAB increased their
lipid peroxidation levels by two, three and three times, respectively, compared to adult
anemones exposed to the same conditions (Figure 4A,B; Table 2).

3.2.2. Protein Carbonyl

The three-way ANOVA indicated that the generation of protein carbonyl levels
in A. hermaphroditica in this study were significantly influenced by the radiation type
(F(2,32) = 11.93, p < 0.001, Table 2), developmental stage (F(1,32) = 351.27, p < 0.001, Table 2)
and sediment condition (F(1,32) = 8.84, p = 0.006, Table 2). PAB generated a significantly
higher level of protein carbonyl than those observed under the PA and P radiation
treatments (Figure 4C,D; Table 2). Juvenile anemones were significantly more suscepti-
ble to protein oxidation than adult anemones, independent of the radiation treatment
(Figure 4C,D; Table 2).
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Figure 4. Protein carbonyl (A,B), lipid peroxidation (C,D) and total antioxidant capacity (E,F) in
adults and juveniles of the anemone A. hermaphroditica exposed to P (PAR), PA (PAR + UVA) and PAB
(PAR + UVA + UVB) radiation treatments with sediment (black bars) and without sediment (white
bars). Error bars indicate ±SE. Different letters over bars indicate significant differences (p < 0.05).

Particularly, the presence or absence of sediment had a significant effect on the level
of protein oxidation in adults and juveniles of A. hermaphroditica exposed to experimental
radiation. The presence of sediment in the experimental aquaria protected anemones
against protein oxidation, especially when they were exposed to PAB radiation treatment.
The absence of sediment in the experimental aquaria produced significant differences in
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the level of protein carbonyls in adults and juveniles. Juveniles exposed to experimental
radiation without sediment significantly increased the level of oxidative damage to proteins
more than adults.

The interaction of the developmental stage and radiation treatment generated a sig-
nificant impact on protein oxidation levels (Figure 4C,D; Table 2). Significant differences
in carbonyl levels were observed when juveniles and adults were exposed to either PA or
PAB. Adults, but not juveniles, showed significant differences in protein carbonyl levels
when anemones with and without sediment were exposed to P radiation. A significant
difference in protein carbonyl level of juvenile anemones was observed between P and PAB
radiation treatment. Juveniles in sediment directly exposed to P, PA and PAB generated
carbonyl levels 28, 9 and 10 times greater, respectively, than adults exposed under the same
conditions (Figure 4C,D; Table 2). When juveniles without sediment were directly exposed
to P, PA and PAB, they generated carbonyl levels 6, 10 and 10 times higher, respectively,
than adults exposed to the same experimental radiations (Figure 4C,D; Table 2).

3.2.3. Total Antioxidant Capacity

Three-way ANOVA indicated that the experimental radiation type (F(2,34) = 5.67,
p = 0.007, Table 2), developmental stage (F(1,34) = 4.22, p = 0.048, Table 2) and sediment
condition (F(1,34) = 19.19, p < 0.001, Table 2) significantly influenced total antioxidant
capacity in A. hermaphroditica (Figure 4E,F). Juveniles exhibited greater total antioxidant
capacity than adults. PAB radiation treatment significantly increased the total antioxidant
capacity response in A. hermaphroditica compared to individuals exposed to P. Adults
exposed to experimental PAB radiation treatment generated significant differences in
total antioxidant capacity only when compared to P-exposed anemones. Juvenile sea
anemones showed higher antioxidant capacity levels when they were exposed to PA and
PAB compared to P-exposed anemones.

The presence or absence of sediment significantly influenced the total antioxidant
response in anemones. A significant difference in total antioxidant capacity was observed
between adults and juveniles exposed to experimental radiation with sediment. The
interaction of developmental stage and sediment condition significantly influenced the
total antioxidant capacity response in A. hermaphroditica (F(1,34) = 27.89, p < 0.001, Table 2).

4. Discussion

4.1. Burrowing Behavior against Experimental Radiation

UVB radiation is an abiotic factor known to control the distribution and abundance
of different marine organisms in a bathymetric profile due to its negative effects on cells,
with physiological and behavioral consequences [42]. Evasive responses to UVR include
habitat selection processes [43,44], vertical/horizontal migration in the water column [45],
burial in the sediment [46] and body covering with physical structures that minimize
damage induced by direct or indirect exposure [47,48]. UVR evasive responses described
previously in sea anemones include covering the body column with either gravel or debris
and contraction of its body column [49].

In the Quempillén estuary, the sea anemone A. hermaphroditica inhabits the sediment,
semi-buried, protecting its complete body column from direct UVR radiation, projecting
only its tentacles over the surface. Our results demonstrate for the first-time burial in
the sediment of the intertidal anemone A. hermaphroditica as an evasive response to UVB
radiation. Similar avoidance responses were found in the mantis shrimp Haptosquilla
trispinosa, which possesses negative phototaxis when exposed to UVB and UVA radiation,
sheltering in its burrow constructed in the sediment [46]. Exposure of A. hermaphroditica
adults to PAR + UVA and PAR + UVA + UVB results in a reduction in burial time. Our
results indicate that juvenile anemones have increased susceptibility to radiation; thus, they
keep their burial times almost constant under different combinations of PAR, PAR + UVA
and PAR + UVA + UVB experimental radiation. This indicates that there is a need for
juveniles to bury as quickly as possible to reduce radiation exposure times and thus
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minimize photo-oxidative damage. Previous observations in the intertidal anemone Actinia
tenebrosa indicate that exposure times are determinant in the levels of DNA damage through
the generation of CPDs, which can increase by approximately 200% and 300% in anemones
exposed to PAR + UVA and PAR + UVA + UVB compared to those exposed only to PAR
(control) for a period of 96 h [50]. Thus, adults and juveniles of A. hermaphroditica should
increase their burial speeds, minimizing exposure time, especially when exposed to UVB
radiation. Rapid evasion to UVB exposure was identified in early developmental stages
(zoea I and zoea II) of the Patagonian crustacean Cyrtograpsus altimanus, which increased
evasion speed by 50% compared to those exposed only to PAR radiation [51].

The ability of anemones to bury themselves in sediment appears to be inversely related
to the development of body outgrowths. A. hermaphroditica tends to adhere to gravel or
pebbles, preventing overexposure to the environment (i.e., avoiding desiccation; [52]).
This adherence process is much more common in the rocky intertidal zone; therefore, the
possibility of burrowing seems to be an adaptive response to the environment where the
sediments are too fine to be attached to the body column. In adults, burrowing has not
only been shown to minimize photo-oxidation during incubation, but also it seems to be a
more successful strategy than sticking stones to the body wall, at least when comparing
population densities reached in hard and soft-bottom habitats [29,31].

4.2. Cellular Response in A. hermaphroditica

The levels of lipid peroxidation and protein carbonyls observed in this study are lower
than those previously reported for A. hermaphroditica in the Quempillén river estuary [10].
Our study demonstrates that exposure to PAR + UVA and PAR + UVA + UVB radiation
generated a significant increase in the levels of oxidative damage to lipids and proteins in
A. hermaphroditica. Similar results were observed in the intertidal anemone Actinia tenebrosa,
where exposure to P, PA and PAB conditions generated lipid peroxidation levels of 3.8, 6.0
and 10 nmol mg FW−1, respectively [50]. In the same species, the levels of protein carbonyls
were approximately 1.8, 5.0 and 6.0 for anemones exposed to P, PA and PAB, respectively,
after 96 h of exposure. It was well established that the presence of photosensitizing
molecules generates greater absorption of UVB radiation in the cell, producing photo-
oxidation of different macromolecules [53]. In this study, higher levels of photo-oxidative
damage were found in juvenile anemones than in adult anemones exposed to P, PA and
PAB treatments, confirming their high susceptibility to photo-oxidation. The above is
consistent with previous studies, showing high susceptibility of the initial developmental
stages of aquatic organisms to UVB, which includes pluteus larvae of urchins [54], zoea I
larvae of crustaceans [55–57], fish larvae [58,59] and amphibian larvae [60]. Meta-analysis
studies support that early stages of development are much more prone to damage than
adult organisms [61–63], mainly due to their limited energy reserve [64].

Prolonged exposure of larvae of the Antarctic urchin Sterechinus neumayerii to PAB
radiation generates increases in the levels of lipid peroxidation and protein carbonyls by
approximately 3-fold compared to larvae exposed to P radiation [65]. However, when larvae
of this echinoderm were cultured under the Antarctic ice cover, the levels of abnormalities
in PAB were like those generated under P radiation. Thus, the Antarctic ice cover may act
as a physical barrier, minimizing the levels of lipid peroxidation and protein carbonyls
in the early stages of development. The above indicates the importance for some marine
invertebrates, which lack external physical protection such as shells or body plates, to
seek shelter that minimizes UVB-induced photo-oxidative damage. In the present study,
the sediment constituted a refuge and played an important role in the physical protection
of both adults and juveniles of A. hermaphroditica against radiation, minimizing photo-
oxidative damage.

A previous study in infaunal organisms (the amphipod Chaetocorophium lucasi and
juvenile stages of the bivalves Macomona liliana and Austrovenus stutchburyi) showed that
exposure to UVR in the absence of sediment generates between 5 and 10 times more
phototoxicity (photoactivation of polycyclic aromatic hydrocarbons (PAH)) than in control
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organisms (without UVR). This indicates the high susceptibility of this type of organism
to UVR radiation, and it is the sediment that acts as a physical barrier to radiation, which
increases the survival of this type of animal by more than 50% [66].

In our study, the increased susceptibility to photo-oxidation in juveniles of A. hermaphrodit-
ica may be associated with acclimation to low levels of environmental radiation offered by
the GVC during embryonic development, coupled with the presence of zooxanthellae that
are acquired during the hatching process [67]. Internal incubation is part of the embryonic
development strategy, which implies that the planulae larvae develop into tentaculate
juveniles inside the GVC of an adult (Cubillos pers. obs.). This process is conceived as a
strategy that allows embryonic care under high levels of environmental stress [68], which
is consistent with the protection identified in this study when juveniles were confronted
with UVR exposure.

A previous study carried out with the symbiont anemone Anthopleura elegantissima
showed that the presence of zooxanthellae generates a negative phototactic response of
the host anemone when exposed to high levels of radiation [69], a response that coincides
with that of the symbiont anemone A. hermaphroditica. In photoautotrophic organisms, the
photosynthetic apparatus represents the most delicate and fragile cellular structure that
can be affected by UVB and UVA [70]. For example, chlorophyll levels in zooxanthellae of
the symbiotic anemone Aiptasia pallida were significantly reduced due to photo-oxidation
because of increased UVB levels [71], resulting in high levels of oxidative damage in the
dinoflagellate Symbiodinium bermudense, reducing its photosynthetic capacity and impacting
RUBISCO activity [72]. Previous studies indicated that overexposure of primary producers
to UVB generates structural damage to the D1 protein of PSII, which is the molecule respon-
sible for maintaining the photoprotection process in primary producers [73–75]. Although
the spectral intensity of UVA is 10 times higher than that of UVB, it is also responsible for
inducing photo-oxidative damage to PSII and PSI in photosynthetic organisms [76,77].

Therefore, when juvenile anemones of A. hermaphroditica leave the GVC where they
are brooded, they must abruptly face a new environment with high levels of UVB and UVA,
which could induce the high levels of photo-oxidative damage observed in this study. A
similar situation was identified in the anemone Actinia tenebrosa, where the rapid transition
from an environment with low levels of UVB to one with increased levels triggered the
production of higher amounts of lipid peroxidation and protein carbonyl, increasing the
basal levels by five and six times, respectively [50]. A. hermaphroditica adults, but mainly
juveniles, increase the burial rate in the sediment, minimizing photo-oxidative damage
when the substrate acts as a protective barrier for their tissues.

Levels of total antioxidant capacity observed in A. hermaphroditica during experimental
exposure to UVB with sediment (68 mg Trolox Eq g−1 FW) are consistent with those
observed (35 to 70 mg Trolox Eq g−1 FW) in the field for the same species in the Quempillén
estuary [10]. Significant increases in total antioxidant capacity at PAB for adults and PA
and PAB for juveniles reinforce the fact that juveniles of A. hermaphroditica show greater
susceptibility to experimental radiation. Similar results were observed in the intertidal
anemone A. tenebrosa, where controlled exposures to PA and PAB generated significant
increases in GPox and GSH levels compared to those exposed only to P radiation [50].
Similarly, increases in SOD and CAT enzyme activity levels of 61% and 42% were recorded
when pluteus larvae of Sterechinus neumayerii were exposed to P and PAB radiation for
a period of 96 h [65]. Our results indicate that the level of antioxidant response in A.
hermaphroditica was mainly associated with the developmental stage and the physical
sediment protection with which they were provided. The sediment acted as a physical
barrier for adults exposed to UVR by reducing total antioxidant defenses by 20–27%
compared to those anemones exposed without sediment.

Although burial is a strategy to minimize UVB absorption damage, the use of photo-
protective compounds such as mycosporine-like amino acids (MAAs) can minimize the
effects of UVR exposure thanks to their high photo-stability since they can absorb wave-
lengths between 295 and 365 nm and dissipate the energy without the generation of
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ROS [78–80]. These secondary metabolites were widely used by sea anemones [81,82]
as a photo-protective mechanism to minimize the generation of cyclobutane pyrimidine
dimmers (CPDs) in the DNA [83], mutations that affect the replication and transcription
of the genetic material [84]. The presence of MAAs in sea anemones was particularly
associated with trophic transference and the presence of symbiotic zooxanthellae that are
involved in the de novo synthesis of these compounds [82].

Although the photodynamic response of MAAs was not analyzed in this study, it is
necessary to indicate that in A. hermaphroditica, the presence of Mycosporine 2-glyicine
(Myc 2-gly) was described, which can absorb mostly λmax = 334 nm, a compound that
would allow minimizing the damage due to UVR absorption [10]. Previous observations
carried out in sea anemones of the Anthopleura genus indicate that the presence of Myc
2-gly is common among different species, and their presence is associated with those that
exhibit symbiotic relations with zooxanthellae [82]. Considering that A. hermaphroditica
is a symbiont anemone [30], the transfer of zooxanthellae to hatched juveniles inside the
GVC (Cubillos pers. obs.) could provide some degree of protection when facing a new
environment characterized by high levels of UVR radiation. However, a previous study
indicates that the density of zooxanthellae in the larvae of the sea anemone A. elegantissima
is directly related to the radiation levels to which they were experimentally exposed [85].
Thus, low levels of radiation within the GVC of adults of A. hermaphroditica semi-buried in
the sediment would generate reduced levels of zooxanthellae infestation in newly hatched
juveniles. Consequently, this may induce a low level of MAAs in juvenile tissues, increasing
the levels of molecular damage when exposed to increased levels of UVR radiation.

Consequently, higher levels of oxidative damage in newly hatched juveniles compared
to adults of A. hermaphroditica exposed to UVB would have serious implications for the
energy budget since the de novo synthesis of enzymes and antioxidant compounds implies
a high demand for ATP [86,87]. The above involves an imbalance in the energy budget,
affecting the cellular processes destined to cell repair activities, as well as the degradation
and synthesis of new cell components damaged by the photo-oxidative effect [88–90]. Ad-
ditional studies are needed to determine whether the body walls of adult A. hermaphroditica
can protect incubated embryos against UVB when they are removed from the sediment by
bioturbation processes.

5. Conclusions

The present study showed that the burrowing activity of the intertidal anemone A.
hermaphroditica is a behavioral response to UVR radiation. Independent of the developmental
stage, PAR + UVA + UVB radiation caused adults and juveniles to conceal their bodies by
burrowing faster into the sediment compared to those exposed only to PAR radiation, providing
evidence that these anemones are evading UVB, reducing oxidative damage. A general pattern
of adult and juvenile anemones exposed to PAB is to suffer higher levels of oxidative damage
than those generated by P radiation treatment alone, indicating its noxious effect. Although the
presence or absence of sediment generated a clear photo-oxidative response in adults under
each radiation treatment, the total antioxidant capacity was significantly higher when anemones
were exposed to different radiations without sediment. The presence of sediment seems to be
important to juvenile anemones, especially when they are exposed to UVB radiation, possibly
due to their elevated photosensitivity, considering that naturally, they develop inside of the GVC
of burrowed adults, a microenvironment characterized by reduced or null radiation conditions.
Further studies should focus on understanding the effect of brooding in the GVC and its role in
protecting embryos against UVB radiation.
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Abstract: The upregulation of endogenous antioxidants is a widespread phenomenon in animals
that tolerate hypoxia/anoxia for extended periods. The identity of the mobilized antioxidant is
often context-dependent and differs among species, tissues, and stresses. Thus, the contribution
of individual antioxidants to the adaptation to oxygen deprivation remains elusive. This study
investigated the role of glutathione (GSH) in the control of redox homeostasis under the stress of
anoxia and reoxygenation in Helix aspersa, an animal model of anoxia tolerance. To do so, the total
GSH (tGSH) pool was depleted with L-buthionine-(S, R)-sulfoximine (BSO) before exposing snails to
anoxia for 6 h. Then, the concentration of GSH, glutathione disulfide (GSSG), and oxidative stress
markers (TBARS and protein carbonyl) and the activity of antioxidant enzymes (catalase, glutathione
peroxidase, glutathione transferase, glutathione reductase, and glucose 6-phosphate dehydrogenase)
were measured in foot muscle and hepatopancreas. BSO alone induced tGSH depletion by 59–75%,
but no other changes happened in other variables, except for foot GSSG. Anoxia elicited a 110–114%
increase in glutathione peroxidase in the foot; no other changes occurred during anoxia. However,
GSH depletion before anoxia increased the GSSG/tGSH ratio by 84–90% in both tissues, which
returned to baseline levels during reoxygenation. Our findings indicate that glutathione is required
to withstand the oxidative challenge induced by hypoxia and reoxygenation in land snails.

Keywords: hypoxia; ischemia; preparation for oxidative stress; reoxygenation; reperfusion

1. Introduction

Many animal species tolerate drastic changes in the natural environment, which may
become unsuitable for development, growth, and reproduction within varying ranges
of time, from hours to weeks. Such harsh conditions include wide fluctuations in tem-
perature, salinity, air humidity, oxygen availability, food and/or water supply, and UV
incidence [1–3]. The biochemical adaptation program activated under such conditions
includes the activation of endogenous antioxidants to cope with large fluctuations in the
generation of reactive oxygen and nitrogen species (RONS) that are expected to accompany
these natural, but potentially stressful, events. The upregulation of antioxidant systems
under environmental stress was coined “Preparation for Oxidative Stress” (POS) [2,4,5],
which has been described to occur in over 80 animal species from 8 phyla, under lab-
oratory simulations of harsh environmental conditions [6,7]. More recently, the POS
phenotype has also been observed to happen naturally in the field for a few animal taxa,
including mollusks [8–11].

Since its conception, the mechanisms leading to POS remained elusive for a long
time [12]. Only a few year ago, we proposed that the POS phenotype (i.e., the activation
of endogenous antioxidants) is the result of RONS-induced activation of redox-sensitive
transcriptional factors, prompting the increase in the expression of enzymes involved in
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the management of oxidative stress [13]. Experimental evidence suggests that RONS-
mediated activation of kinases may also activate the POS phenotype through a hormetic
process [14]. Together, these processes ultimately lead to the increase in the expression
and/or activity of enzymes involved in the management of reactive species and oxidative
stress [13]. Rather than a global upregulation of all endogenous antioxidants, often the
identity of the upregulated antioxidant is context-dependent, depending on tissue, species,
and stress [2,15]. For example, glutathione peroxidase and catalase are the most commonly
upregulated antioxidants in animals exposed to anoxia [2], highlighting the relevance of
catalase- and glutathione-dependent systems in the POS response and adaptation to anoxia.

One challenge in the field lies in demonstrating the relevance of individual antioxi-
dants for the functionality of the POS mechanism and overall fitness of animals, as most
studies typically measure the levels of only a few selected antioxidants rather than multiple
components of antioxidant systems simultaneously. A few years ago, this issue was ad-
dressed by studying the effects of injecting 3-amino-1,2,4-triazole (ATZ), a catalase inhibitor,
on redox balance. When land snails (Helix aspersa) or Nile tilapia (Oreochromis niloticus)
were exposed to low or very low oxygen tensions in the presence of pharmacologically in-
hibited catalase, significant changes in markers of redox metabolism were observed [16,17].
Specifically, animals injected with ATZ showed signs of oxidative stress compared to ani-
mals injected with saline. These studies highlighted the role of catalase and H2O2 in the
biochemical mechanism of POS in both species. Here, we aimed to investigate the role of
glutathione, another antioxidant, in the biochemical response of H. aspersa to anoxia. To
achieve this, we depleted glutathione levels by injecting buthionine sulfoximine (BSO), an
inhibitor of γ-glutamylcysteine synthetase. The animals were then exposed to anoxia and
reoxygenation. Subsequently, the activity of antioxidant enzymes and levels of oxidative
stress markers were measured at various time points in the hepatopancreas and skeletal
muscle. Animals that evolved under the pressure of periodic events of oxygen deprivation
have been widely used as models of hypoxia tolerance, an ability that most mammal cells
lack [18–22]. Land snails Helix spp. are representative of such species that withstand
long periods of complete lack of oxygen [17,23–25], being experimental models to study
biochemical adaptations associated with anoxia tolerance.

2. Materials and Methods

2.1. Animals

The study utilized Helix aspersa maxima (Müller, 1774) (currently renamed Cornu aspersum)
as a resilient experimental model for hypoxia. This species can tolerate up to 15 h of
anoxia [26]. Snails weighing approximately 15 g were obtained from a commercial supplier
located in the state of Sao Paulo, Brazil (Helix Escargots). Upon arrival at the laboratory,
the snails were placed in transparent plastic boxes and provided with a balanced diet
(prepared as described in Ref. [17]) and unlimited access to water. The animal boxes were
replaced daily with clean ones. The laboratory conditions included a photoperiod of 12 h
of light and 12 h of darkness, with the temperature maintained at 23 ± 1 ◦C. The snails
were acclimatized to these conditions for at least three weeks before any experimentation
took place. The experiments were conducted during March and April.

2.2. Glutathione Depletion

The levels of glutathione in H. aspersa tissues were pharmacologically depleted by inject-
ing L-buthionine-(S,R)-sulfoximine (BSO), a specific inhibitor of γ-glutamate-cysteine ligase
(GCL) activity. This enzyme catalyzes the rate-limiting step of glutathione synthesis [27,28].
Based on previous studies involving invertebrates and fish [29–31], snails were injected
with a dose of 1 g BSO per 1 kg of body weight. Pilot experiments indicated that this
dosage was sufficient to reduce total glutathione levels by 60–70% in the foot muscle and
hepatopancreas of snails 72–96 h after injection. A stock solution of BSO was prepared in
physiological saline and injected at a volume of 12.5 μL per gram of body weight, excluding
the shell mass (considering that the shell accounts for 23% of the total weight, as per [17]).
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One group of animals received the BSO injection at the aforementioned dosage (BSO
group), while another group received a parallel injection of saline using the same volume-
to-weight ratio (saline group). Control animals did not receive any injections (control
group). The injection was conducted using a Hamilton syringe through the foot muscle,
which allowed the drug to enter the celomic cavity of the snail. The injection was performed
using a Hamilton syringe through the foot muscle, entering the celomic cavity of the snail,
simulating what would be an intraperitoneal injection in mammals. This method has
been previously effective in delivering drugs to the hepatopancreas and skeletal muscle
of snails [17].

2.3. Anoxia and Reoxygenation

After the injection of either saline or BSO, the snails were maintained under normoxia
for 88.5 h before being exposed to anoxia. This synchronization was necessary to align the
peak of glutathione depletion with the onset of oxygen stress. The snails were placed in
glass containers measuring 20 cm × 19.5 cm × 12.5 cm, with one opening connected to a
nitrogen gas cylinder (in) and another opening for gas flow (out). Anoxia was achieved by
flushing nitrogen gas for 30 min, after which the containers were sealed and maintained
under anoxia for 5.5 h. At the end of the anoxia period, a subset of animals was immediately
euthanized, while another subset was allowed to reoxygenate for up to 2 h.

Within each glass container, a group of 5 animals was placed, representing the anoxia,
reoxygenation for 15 min, reoxygenation for 30 min, reoxygenation for 1 h, and reoxygena-
tion for 2 h groups, respectively, for both the BSO and saline injection. The experiment
included normoxia groups as well, with animals (control, BSO, and saline) being kept
under normoxia for a total of 96 h. The anoxia groups (BSO and saline) consisted of animals
exposed to 5.5 h of anoxia. The reoxygenation groups (BSO and saline) comprised animals
exposed to 5.5 h of anoxia followed by reoxygenation for 15–120 min.

At their respective endpoints, the snails were euthanized by decapitation, and their
hepatopancreas and foot muscle were dissected, washed in saline, blotted dry, frozen in
liquid nitrogen, and stored at −80 ◦C.

2.4. Antioxidant Enzymes

The activities of catalase, glutathione transferase (GST), glutathione peroxidase (GPX),
glutathione reductase (GR), and glucose 6-phosphate dehydrogenase (G6PD) were mea-
sured using spectrophotometric kinetic assays as previously described [17]. Briefly, tissue
samples were homogenized in ice-cold 50 mM potassium phosphate (KPi) buffer (pH 7.2)
containing 0.5 mM EDTA and 0.1 μmol/g of tissue PMSF using an ULTRA-TURRAX tis-
sue homogenizer (IKA, Staufen, Germany). The homogenates were then centrifuged at
10,000× g for 15 min at 4 ◦C, and the resulting supernatant was collected and immediately
utilized for enzymatic assays.

Catalase activity was determined by monitoring the consumption of hydrogen perox-
ide at 240 nm in a reaction medium consisting of 50 mM KPi, 0.5 mM EDTA, and 10 mM
H2O2 [32]. Glutathione S-transferase (GST) activity was measured by monitoring the pro-
duction of a glutathione (GSH) conjugate at 340 nm in a reaction medium comprising 50 mM
KPi, 0.5 mM EDTA, 1 mM GSH, and 1 mM 1-chloro-2,4-dinitrobenzene [33]. Glutathione
reductase (GR) activity was assessed by monitoring the consumption of NADPH at 340 nm
in a reaction medium containing 50 mM KPi, 0.5 mM EDTA, 1 mM oxidized glutathione
(GSSG), and 0.1 mM NADPH [34]. Glucose-6-phosphate dehydrogenase (G6PD) activity
was determined by monitoring the production of NADPH at 340 nm in a reaction medium
consisting of 50 mM KPi, 0.5 mM EDTA, 5 mM MgSO4, 1 mM glucose 6-phosphate, and
0.2 mM NADP+ [35]. Glutathione peroxidase (GPX) activity was measured by monitoring
the consumption of NADPH in a coupled reaction system containing 50 mM KPi, 0.5 mM
EDTA, 4 mM NaN3, 5 mM GSH, 0.1 U/mL GR (Baker’s yeast), 0.2 mM NADPH, and
0.073 mM H2O2 [36].
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For all enzymes, one unit of enzymatic activity (U) was defined as the amount of
enzyme that consumes or produces substrate or product at a rate of 1 μmol/min. Enzy-
matic activity was normalized to the total protein content, which was measured using the
Bradford protein assay with bovine serum albumin as the reference protein for constructing
the standard curves [37].

2.5. Oxidative Stress Markers and Glutathione

Colorimetric assays were used to quantify the levels of thiobarbituric acid reac-
tive substances (TBARS) [38], protein carbonyl [39], and glutathione [40,41], as previ-
ously described [17]. Glutathione was measured as total glutathione (tGSH) and disul-
fide glutathione (GSSG), from which reduced glutathione (GSH) and GSSG/tGSH levels
were derived.

Briefly, tissue samples were homogenized in 10% (w/v) trichloroacetic acid (TCA)
using a Ten Broeck tissue homogenizer (PYREX®, Corning, NY, USA) on ice. Aliquots
of the crude homogenate were used for thiobarbituric acid reactive substances (TBARS)
quantification, while other aliquots were centrifuged at 10,000× g for 6 min at 4 ◦C. The
resulting supernatant was collected and immediately utilized for glutathione measurement
and kept on ice. The pellet was frozen and stored at −80 ◦C for protein carbonyl analysis.

For TBARS quantification, the crude homogenate was mixed with thiobarbituric acid
(TBA) and HCl to achieve final concentrations of 0.25% (w/v) TBA, 0.17 M HCl, and 10%
(w/v) TCA [38]. The reaction mixture was then incubated at 96 ◦C for 15 min, followed by
centrifugation at 10,000× g for 6 min. The absorbance of the supernatant was measured
at 532 nm and 600 nm and corrected for the “blank” tubes containing no TBA (only
sample + HCl + TCA). An absorptivity coefficient of 156 mM−1 cm−1 was used to calculate
TBARS levels.

Protein carbonyl levels were measured by reacting protein pellets with 10 mM
2,4-dinitrophenylhydrazine (DNPH) in 0.5 M HCl for 1 h at room temperature with vigor-
ous vortex agitation every 15 min. The protein samples were then washed three times with
1:1 (v/v) ethanol:ethyl acetate and resolubilized with 6 M guanidine chloride in 20 mM
KPi (pH 2.3). After centrifugation at 10,000× g for 6 min at 4 ◦C to remove any insolu-
ble material, the solubilized protein samples were read at 370 nm (protein carbonyl) and
280 nm (total protein content). An absorptivity coefficient of 22,000 M−1 cm−1 was used to
calculate protein carbonyl levels [39].

Glutathione levels were measured using the enzymatic recycling method. For total glu-
tathione (tGSH), a standard curve ranging from 0.375 μM to 1.5 μM GSH was constructed
using a reaction medium containing 100 mM KPi (pH 7.0), 1 mM EDTA, 0.1 mM NADPH,
0.1 mM DTNB, and 0.05 U/mL GR. For the disulfide form (GSSG), a standard curve ranging
from 0.025 μM to 0.2 μM GSH was constructed using a reaction medium containing 100 mM
KPi (pH 7.0), 1 mM EDTA, 0.1 mM NADPH, 0.1 mM DTNB, and 0.3 U/mL GR. The rate of
increase in absorbance at 412 nm was plotted against the concentration of GSH to construct
the calibration curves. For each sample, one aliquot of the supernatant was directly used
to measure tGSH, while another aliquot was incubated with 2-vinylpyridine before the
measurement of GSSG [42].

2.6. Statistics

Data normality was assessed using the Shapiro-Wilk test. The effect of BSO injec-
tion was evaluated using Kruskal-Wallis tests, comparing the following groups: control,
normoxia-saline, normoxia-BSO, anoxia-saline, and anoxia-BSO (presented as column
graphs). Subsequently, two-way ANOVA tests were conducted, considering oxygen and
BSO as sources of variation, followed by Tukey’s multiple comparisons test (represented as
point graphs). Statistical analyses and figure production were performed using GraphPad
Prism 9 version 9.5.1 (GraphPad Software, San Diego, CA, USA).
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3. Results

BSO injection significantly reduced total glutathione (tGSH) levels in both the hep-
atopancreas and foot muscle (Figure 1). In the foot muscle, tGSH content decreased by
75% in BSO-injected snails under normoxia and by 71% in BSO-injected snails exposed to
anoxia (Figure 1A). Similarly, in the hepatopancreas, tGSH content decreased by 66% in
BSO-injected snails under normoxia and by 59% in BSO-injected snails exposed to anoxia
compared to the control group (Figure 1C). In both tissues, tGSH levels remained lower
in BSO-injected snails than in saline-injected snails (Figure 1B,D). Similar trends were
observed for reduced glutathione (GSH). GSH levels in the foot muscle decreased by 76%
in BSO-injected snails under normoxia and by 75% in BSO-injected snails exposed to anoxia
compared to the control group (Figure 1E). In the hepatopancreas, GSH concentration
decreased by 70% in BSO-injected snails under normoxia and by 64% in BSO-injected snails
exposed to anoxia compared to the control group (Figure 1G). Reduced glutathione levels in
BSO-treated snails remained lower than those in saline-treated snails during reoxygenation
in both the foot muscle and hepatopancreas (Figure 1F,H). These results demonstrate the
effective depletion of glutathione by BSO treatment and indicate that anoxia alone did not
affect tGSH or GSH levels.

Figure 1. Glutathione levels in foot muscle and hepatopancreas of snails Helix aspersa, injected with
saline or buthionine sulfoximine and maintained in normoxia or exposed to anoxia and reoxygenation.
Control animals were maintained in normoxia and not injected with any substance. (A,B) Total
glutathione (tGSH = GSH + 2GSSG) concentration in foot muscle (n = 4–7). (C,D) Total glutathione
(tGSH = GSH + 2GSSG) concentration in hepatopancreas (n = 4–8). (E,F) Reduced glutathione
(GSH) concentration in foot muscle (n = 4–7). (G,H) Reduced glutathione (GSH) concentration in
hepatopancreas (n = 4–8). Groups that do not share letters are significantly different from each other
(p < 0.05). The asterisk (*) denotes significant differences in relation to the respective BSO group
(p < 0.05).

In the foot muscle, the levels of disulfide glutathione (GSSG) were lower in BSO-
treated snails compared to saline-treated snails in both the normoxia and anoxia groups
(Figure 2A). During reoxygenation, GSSG levels in the foot muscle of BSO-injected snails
were lower than those in saline-injected snails (Figure 2B). In the hepatopancreas, however,
there were no significant differences between BSO-injected snails and saline-injected snails
in GSSG levels, although there was a trend of BSO decreasing hepatic GSSG levels in snails
maintained in normoxia (Figure 2C). Anoxia and subsequent reoxygenation did not affect
hepatic GSSG levels (Figure 2D). These results indicate that the levels of GSSG generally
followed the pattern observed for tGSH and GSH.

71



Antioxidants 2023, 12, 1197

Figure 2. Disulfide glutathione (GSSG) levels in foot muscle and hepatopancreas of snails Helix aspersa,
injected with saline or buthionine sulfoximine and maintained in normoxia or exposed to anoxia and
reoxygenation. Control animals were maintained in normoxia and not injected with any substance.
(A,B) Disulfide glutathione (GSSG) levels in foot muscle (n = 4–7). (C,D) Disulfide glutathione (GSSG)
levels in hepatopancreas (n = 4–8). Groups that do not share letters are significantly different from
each other (p < 0.05). The asterisk (*) denotes significant differences in relation to the respective BSO
group (p < 0.05).

Redox balance, as indicated by GSSG/tGSH levels, remained unaffected by anoxia
alone in both hepatopancreas and foot muscle. There were no significant differences
observed between the control, saline-normoxia, and saline-anoxia groups (Figure 3A,C).
Similarly, glutathione depletion caused by BSO alone did not alter GSSG/tGSH levels in
either tissue (Figure 3A,C). However, when BSO-treated snails were exposed to anoxia,
redox imbalance occurred in both tissues. GSSG/tGSH levels nearly doubled, increasing
by 84% in foot muscle (Figure 3A) and by 90% in hepatopancreas (Figure 3C) compared to
saline-injected snails under anoxia. During reoxygenation, GSSG/tGSH levels returned to
baseline in both tissues (Figure 3B,D). Furthermore, GSSG/tGSH levels in the BSO-anoxia
groups were higher than those in the control group. These findings suggest that neither
glutathione depletion nor anoxia alone induces significant redox imbalance. It is only when
both factors occur simultaneously that GSSG/tGSH shifts towards a more oxidized state.

There were no significant changes in the levels of protein carbonyl and thiobarbituric
acid reactive substances (TBARS) during anoxia or reoxygenation, regardless of saline or
BSO treatment (Table 1). These results suggest that the disturbance in redox balance did not
reach a level of severity that would cause excessive oxidative damage to lipids and proteins.

Regarding antioxidant enzyme activities, catalase activity slightly decreased in the
foot muscle of saline-injected snails under normoxia (Figure 4A) but not significantly in
hepatopancreas (Figure 4B). Anoxia exposure led to an increase in glutathione peroxidase
(GPX) activity in the foot muscle of snails, regardless of saline or BSO injection (Figure 4C).
The GPX activity in both anoxia groups (saline- and BSO-injected) was elevated by approxi-
mately 110% and 114% compared to the control group (Figure 4C). In hepatopancreas, GPX
activity remained unchanged (Figure 4D).
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Figure 3. Redox balance in foot muscle and hepatopancreas of snails Helix aspersa, injected with saline
or buthionine sulfoximine and maintained in normoxia or exposed to anoxia and reoxygenation. Con-
trol animals were maintained in normoxia and not injected with any substance. (A,B) Ratio between
disulfide glutathione (GSSG) and total glutathione (tGSH = GSH + 2GSSG) in foot muscle (n = 4–7).
(C,D) Ratio between disulfide glutathione (GSSG) and total glutathione (tGSH = GSH + 2GSSG) in
hepatopancreas (n = 4–8). Groups that do not share letters are significantly different from each other
(p < 0.05). The asterisk (*) denotes significant differences in relation to the respective BSO group
(p < 0.05).

Figure 4. Activity of peroxide-detoxifying enzymes in foot muscle and hepatopancreas of snails
Helix aspersa, injected with saline or buthionine sulfoximine and maintained in normoxia or exposed
to anoxia. Control animals were maintained in normoxia and not injected with any substance.
(A) Catalase activity in foot muscle (n = 5–7). (B) Catalase activity in hepatopancreas (n = 6–8).
(C) Glutathione peroxidase (GPX) activity in foot muscle (n = 5–7). (D) Glutathione peroxidase (GPX)
activity in hepatopancreas (n = 5–8). Groups that do not share letters are significantly different from
each other (p < 0.05).
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Table 1. Oxidative stress markers (TBARS and protein carbonyl) in foot muscle and hepatopancreas of
snails Helix aspersa, previously injected with saline or buthionine sulfoximine, exposed to anoxia and
reoxygenation. Control animals were maintained in normoxia and not injected with any substance.

Group
Foot Muscle Hepatopancreas

TBARS (nmol/gww) Carbonyl (nmol/mg prot.) TBARS (nmol/gww) Carbonyl (nmol/mg prot.)

Control 14.85 ± 2.73 5 10.41 ± 1.51 5 23.27 ± 9.41 8 11.98 ± 5.04 8

Normoxia

Saline 16.27 ± 2.98 6 12.24 ± 2.53 5 20.13 ± 5.09 6 15.40 ± 8.64 6
BSO 15.06 ± 3.64 6 11.80 ± 1.41 6 19.87 ± 7.05 6 11.72 ± 4.07 6

Anoxia

Saline 17.82 ± 2.94 6 9.65 ± 5.76 6 20.58 ± 6.92 8 10.78 ± 1.47 8
BSO 22.09 ± 12.37 7 10.09 ± 2.77 7 24.23 ± 6.00 7 12.97 ± 8.62 7

Reoxygenation
(15 min)

Saline 18.57 ± 3.50 7 9.82 ± 2.45 7 20.77 ± 6.45 7 10.19 ± 4.66 7
BSO 18.24 ± 5.67 7 11.16 ± 2.47 7 25.08 ± 3.71 5 8.32 ± 3.33 5

Reoxygenation
(30 min)

Saline 17.18 ± 2.91 6 10.86 ± 1.59 6 20.64 ± 11.21 6 9.87 ± 3.44 7
BSO 16.35 ± 2.19 4 8.35 ± 2.44 4 24.00 ± 10.23 5 9.26 ± 2.64 5

Reoxygenation
(60 min)

Saline 17.80 ± 4.40 7 12.08 ± 5.31 6 20.69 ± 7.17 5 8.23 ± 2.88 6
BSO 16.43 ± 2.80 7 11.58 ± 3.20 7 20.29 ± 10.69 4 9.29 ± 1.69 4

Reoxygenation
(120 min)

Saline 16.00 ± 2.74 5 11.48 ± 3.44 5 25.77 ± 6.48 5 8.24 ± 1.16 5
BSO 17.58 ± 3.66 7 10.35 ± 1.82 7 26.10 ± 12.39 7 10.33 ± 3.23 7

Data are shown as mean ± standard deviation and n.

The activities of glutathione S-transferase (GST) remained stable in both tissues in
response to anoxia and BSO treatment (Figure S1). Glucose-6-phosphate dehydrogenase
(G6PD) also remained stable in hepatopancreas (Figure S1). In the foot muscle, G6PD
activity was 31–33% lower in both saline- and BSO-injected snails exposed to anoxia
compared to the other groups (Figure S1). Glutathione reductase (GR) activity was 26–29%
lower in the foot muscle of saline- and BSO-injected snails under anoxia compared to the
control group (Figure S1). In the hepatopancreas, BSO-injected snails under normoxia
exhibited higher GR activity (83% increase) compared to the control group (Figure S1).
These oscillations in enzyme activities suggest that the foot muscle is more sensitive and
responsive to stimuli compared to the hepatopancreas.

4. Discussion

Glutathione has a significant role in maintaining redox homeostasis in animals expe-
riencing hypoxia/anoxia, aerial exposure (in aquatic species), and estivation and during
their subsequent recovery. Indeed, glutathione levels have been shown to be upregulated
in diverse animal species, from tardigrades [43] to lizards [44], exposed to environmental
stresses [2]. For example, Littorina littorea exhibited elevated GSH levels in the muscle
and hepatopancreas during anoxia exposure [45]. Similarly, mussels Brachidontes solisianus
showed a 60% increase in whole-body GSH levels after 4 h of aerial exposure during low
tide [46]. These findings indicate an enhanced antioxidant defense system to counteract
redox imbalances during anoxia (in the case of L. littorea) or physiological hypoxia (in the
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case of B. solisianus). These biochemical responses serve as characteristic indicators of the
presence of preparation for oxidative stress (POS), wherein other antioxidant defenses,
including enzymes, may or may not be involved.

In our previous studies on Helix aspersa, we observed an increase in GSH levels during
estivation, which would help regulate redox imbalance during the cycles of estivation and
arousal [47,48]. The POS phenotype during estivation also involves the participation of
antioxidant enzymes such as GPX and SOD. Our previous work also revealed an increase
in muscle GPX levels during anoxia exposure in saline-injected H. aspersa [17], and this
finding was replicated in the current study (Figure 4C). Most other antioxidant enzymes
remained largely unchanged during anoxia in saline-injected snails. Although GSH levels
did not show significant alterations during anoxia, it still plays a crucial role in the overall
POS phenotype. This is because the observed increase in muscle GPX activity is effective
in vivo only if GSH levels, which serve as a GPX substrate, are maintained at adequate
levels. Therefore, we further investigated how the pharmacological depletion of GSH could
impact the redox metabolism in snails during anoxia and reoxygenation.

Despite the significant depletion of glutathione (GSH) in BSO-injected animals, only
minor changes were observed in antioxidant enzymes compared to controls or saline-
injected snails. The increase in muscle GPX activity observed in saline-injected animals
was also present in BSO-injected snails. Additionally, markers of oxidative stress such as
TBARS and carbonyl protein remained unchanged during anoxia and reoxygenation in both
saline- and BSO-injected snails. Although lipid and protein oxidation mediated by reactive
oxygen and nitrogen species (RONS) appeared unaltered in GSH-depleted snails, the ratio
of oxidized GSSG to total GSH (GSSG/tGSH) significantly increased during anoxia in
BSO-injected snails in both tissues. However, this increased GSSG/tGSH ratio was reversed
within 15–30 min of reoxygenation. These observations indicate a severe redox imbalance
during anoxia in GSH-depleted animals. The decrease in GSH levels caused by BSO during
anoxia led to an increased conversion of GSH into GSSG, indicating a more oxidized
cellular environment proportional to the initial amount of GSH. Interestingly, GSSG levels
decreased in BSO-injected normoxic or anoxic snails (reaching significance only in muscle)
due to the overall depletion of glutathione induced by the drug. However, the percentage
of GSSG relative to total GSH nearly doubled under anoxia in glutathione-depleted animals,
providing indirect evidence of increased RONS levels and redox imbalance. It is important
to note that when animals are exposed to an anoxic environment, their tissues gradually
become hypoxic rather than instantly anoxic, as there is still residual oxygen present in the
tissues [1]. This residual oxygen is gradually consumed over time, although not completely,
and the unconsumed oxygen, being hydrophobic, is expected to be preferentially located
in membranes [49,50]. The increase in the GSSG/tGSH ratio has long been recognized as a
marker of disruption in redox homeostasis [51].

BSO-induced GSH depletion is associated with higher ROS levels [52–55] and activa-
tion of redox-related transcription factors [54,56]. Still, we did not observe major alterations
in antioxidant systems and oxidative stress markers elicited by glutathione depletion alone
in H. aspersa. Such a lack of antioxidant response has also been observed in other exper-
imental systems [57,58]. The depletion of the total glutathione pool has been associated
with increased tissue sensitivity to additional stresses [59–62], but not a toxic condition per
se [63,64]. Studies have demonstrated that the pharmacological depletion of glutathione
(GSH) exacerbates hypoxic/ischemic stress [65,66]. One notable study reported a signifi-
cant increase in the GSSG/tGSH ratio in the muscle of mice exposed to 24 h of hypobaric
hypoxia, which is equivalent to an altitude of 7000 m [67]. This increase in the GSSG/tGSH
ratio was twice as large in glutathione-depleted mice caused by BSO injection compared to
saline-injected mice. While hypoxia alone induced an increase in muscle GSSG levels, the
levels of GSSG were lower in hypoxic BSO-injected mice than in saline-injected animals.
These results indicate that hypoxia alone induces redox imbalance and oxidative stress
(evidenced by increased TBARS levels) and that the combination of hypoxia and GSH
depletion imposes even greater stress on the muscle, as indicated by the higher GSSG/tGSH

75



Antioxidants 2023, 12, 1197

ratio [67]. This redox imbalance was attributed to a higher rate of GSH oxidation to GSSG
due to oxidative stress, as well as altered glutathione exchange between the muscle and
circulation in response to hypoxic stress.

In snails H. aspersa, the increase in muscle GPX activity may have prevented oxida-
tive stress (indicated by TBARS and carbonyl levels) in that organ in both saline- and
BSO-injected anoxic animals. In the case of the hepatopancreas, the high constitutive
levels of catalase may have provided protection. This is supported by the observation that
catalase-depleted snails injected with ATZ exhibited increased carbonyl levels during re-
oxygenation [17]. However, these mechanisms were unable to prevent the redox imbalance
in GSH-depleted anoxic snails. It is worth noting that redox imbalance occurs before the
onset of uncontrolled oxidative stress and oxidative damage to cellular components [68,69].
It is possible that if GSH levels had been further diminished (more than 70–75% depletion)
by employing higher levels of BSO, the redox scenario could have shifted towards actual
oxidative stress. This hypothesis should be explored in future experiments.

At first glance, a shift towards a more oxidized state in a condition of low oxygen
availability might seem counterintuitive. Initially, it was believed that exposure to hypoxia
would lead to a decrease in the formation of reactive oxygen and nitrogen species (RONS)
due to limited oxygen availability [7,70]. However, accumulating evidence from various
animal species and cell biology experiments has shown an increase in the GSSG/tGSH
ratio and oxidative damage to lipids, proteins, and DNA under hypoxic and/or anoxic
conditions [13]. These findings, along with measurements of RONS using fluorescent
probes, suggest increased RONS formation under hypoxia, with the mitochondrial respira-
tory chain being a major source of reactive species [71–74]. These pieces of evidence support
the molecular basis of the POS mechanism, which involves increased RONS formation
under anoxia/hypoxia or hypoxic-like conditions, followed by the activation of redox-
sensitive transcription factors and subsequent increase in antioxidant defenses [7,13]. The
results from anoxia-exposed snails in the present study suggest that BSO-treated animals
have higher intracellular levels of RONS due to the diminished GSH pool. However, the
steady-state levels of reactive species are not sufficiently high to cause oxidative damage to
lipids and proteins during oxygen depletion and reoxygenation in snails.

Although the present study investigated several classic antioxidant systems, other
antioxidants that were not analyzed could play a role in H. aspersa resistance to oxidative
stress. Examples of such antioxidants include uric acid, ascorbic acid, ovothiols, and other
thiol-containing molecules [75,76]. The presence of significant amounts of these molecules
could potentially explain how H. aspersa maintains redox homeostasis without experiencing
oxidative damage to proteins and lipids under anoxia/reoxygenation stress, even when
GSH is depleted by 60–70%. These non-enzymatic antioxidants could compensate for
such pro-oxidizing conditions. Uric acid has been associated with the POS strategy in
tissues of snails Pomacea canaliculata during estivation [77,78] and hibernation [78,79].
Additionally, levels of ascorbic acid increase in Pila globosa snails during estivation [80].
These findings suggest a potential role of ascorbate and uric acid in anoxia/hypoxia
tolerance in gastropods. Moreover, although ovothiols have not yet been determined
in land snails, they are present in high concentrations in the organs of mussels [81] and
other aquatic mollusks [82], indicating their potential relevance for redox control under
anoxia/hypoxia stress. Therefore, evidence from other experimental systems suggests
that these antioxidant molecules and their potential role in the POS mechanism should be
investigated in H. aspersa and other animal models in further research.

5. Conclusions

In conclusion, our study demonstrates that the pharmacological inhibition of glu-
tathione synthesis does not lead to redox imbalance or oxidative stress in land snails
H. aspersa. Anoxia exposure and reoxygenation did not induce oxidative stress, but anoxia
did trigger an antioxidant response in the muscle of these snails, characterized by increased
GPX activity. However, glutathione depletion rendered the snails more susceptible to
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the oxidative challenge posed by oxygen depletion, resulting in a disturbance of redox
homeostasis, as indicated by an elevated GSSG/tGSH ratio in both tissues of snails exposed
to anoxia after BSO treatment. Importantly, our findings highlight the robust antioxidant
systems present in snails H. aspersa, enabling them to withstand low oxygen levels and
reoxygenation, as well as glutathione depletion, without experiencing significant oxida-
tive stress. Even when exposed to both anoxia and GSH depletion, there is no evidence
of oxidative damage to lipids and proteins; instead, only a shift in glutathione redox
balance towards a more oxidized cellular state is observed. This remarkable ability to
maintain redox homeostasis under potentially pro-oxidant conditions likely contributes
to the anoxia/hypoxia tolerance observed in H. aspersa. These observations provide fur-
ther insights into the mechanism of the POS phenomenon in invertebrates experiencing
low oxygenation.
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Abstract: Climate change has caused aridification which can alter habitat vegetation, soil and
precipitation profiles potentially affecting resident species. Vegetation and soil profiles are important
for subterranean mole-rats as increasing aridity causes soils to become harder and geophytes less
evenly distributed, and the inter-geophyte distance increases. Mole-rats obtain all water and dietary
requirements from geophytes, and thus digging in harder soils may amplify stressors (hyperthermia,
dehydration- or exercise-induced damage). This study assessed the oxidative status of the wild
common mole-rat along an aridity gradient (arid, semi-arid and mesic). Kidney and liver oxidative
markers, including total oxidant status (TOS), total antioxidant capacity (TAC), oxidative stress index
(OSI), malondialdehyde (MDA) and superoxide dismutase (SOD) were measured. Liver oxidative
status did not demonstrate any significance with the degree of the aridity gradient. Aridity affected
the TAC and OSI of the kidney, with individuals in the most arid habitats possessing the highest TAC.
The evolution of increased group size to promote survival in African mole-rats in arid habitats may
have resulted in the additional benefit of reduced oxidative stress in the kidneys. The SOD activity of
the kidneys was higher than that of the liver with lower oxidative damage, suggesting this species
pre-emptively protects its kidneys as these are important for water balance and retention.

Keywords: oxidative stress; redox balance; oxidative status; life history; survival; precipitation;
sociality; aridity; water balance; mole-rat

1. Introduction

Animals have evolved specific behavioural, morphological, physiological and molecu-
lar adaptations to aid survival in their respective habitats [1–4]. Of late, organism adap-
tations to aridity (a region with low and unpredictable precipitation often accompanied
by extreme temperatures) have become a focal point of research [5]. The aridity index (AI)
indicates how wet or dry a region is; the lower the AI, the drier or less wet the region [5,6].
Aridification is the process of the AI declining; for example, a mesic region (a region with a
moderate or well-balanced supply of water and a moderate temperature range) can become
semi-arid through the process of aridification, changing temperature and precipitation
profiles [5,6]. Consequences of aridification, as the result of climate change, may include
changes to a habitat’s soil drought profile, overall water availability [6–10], vegetation types
and floristic biodiversity [11–14]. Understanding adaptations of organisms in different
habitat aridities could be pivotal to our understanding of the possible changes required by
organisms towards future aridification and climate extremes.

Antioxidants 2022, 11, 2290. https://doi.org/10.3390/antiox11112290 https://www.mdpi.com/journal/antioxidants
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Animals that may be sensitive to changes in aridity are subterranean rodents, where a
significant contributor to their increased sensitivity is the energetic costs associated with
digging and the corresponding heat generation [15–17]. Excavation of tunnel systems
is energetically more expensive (up to 3.6 times) than aboveground exploration [15,16].
Aridification may force subterranean rodents to dig in harder soils more frequently, which
can result in a detrimental elevation of core body temperatures [17,18], with the possibility
of exercise-induced hyperthermia [19,20]. Furthermore, aridification may affect the foraging
of subterranean rodents; food sources would become more clumped and dispersed due to
changes in flora, while foraging would become difficult due to increased soil hardness [21].

Oxidative stress has previously been used as a measure of the consequences of heat
stress and/or dehydration [22–26] and exercise-induced damage [19,20,27–31]. Oxidative
stress occurs when the oxidative balance is compromised in favour of reactive oxygen
species (ROS) at the expense of antioxidant activity, which cannot prevent the overproduc-
tion of free radicals [32–36]. Additionally, oxidative stress can bring about physiological
changes to lipids, DNA and proteins, which can compromise or disrupt cellular function
and signalling [34,35,37,38]. Although physiological parameters have been investigated
along an aridity gradient in mammals [39–44], to date, no study has investigated the oxida-
tive status parameters of a mammal across an aridity gradient. The family Bathyergidae
occupies a wide range of habitats from mesic to hyper-arid [45–47], as well as displaying
a unique cline of sociality ranging from solitary, social and some species considered eu-
social [48–50]. As such, this study set out to determine the variation in oxidative status
of a single subterranean mammalian species, the common mole-rat (Cryptomys hottentotus
hottentotus), across an aridity gradient, where this species occupies arid, semi-arid and
mesic habitats [21]. A single species was chosen to avoid species-specific variation in
oxidative status.

The ecological constraints and foraging risks associated with digging in harder soils
in arid environments were proposed as conditions for mole-rat social behaviour termed
the arid food distribution hypothesis [21,51]. Social behaviour would mitigate the energy
expenditure required for digging in harder soils and allow groups to be more efficient in
obtaining all their nutrient and water requirements from the storage organs of underground
geophytes [21,51]. Thus, group living would alleviate the effects of aridification, where a
group of mole-rats would be better equipped to deal with harsher environments [21,51].
Despite the benefit of group living, the subterranean niche has disadvantages, including
hypoxic and hypercapnic conditions with poor ventilation and high humidity, which is
exacerbated by increased group sizes [52–56]. The thermal environment of the burrow is
fairly uniform, and temperatures are muted depending on soil depth, resulting in a limited
preference for a thermal environment to potentially dissipate heat [57]. This suggests
heat generation during digging is unlikely to be offloaded readily, resulting in possible
hyperthermic changes in a subterranean animal when digging [16].

African mole-rats can utilise behavioural and physiological means of mitigating the
harsh effects of an arid environment [48,49,57–60]. Firstly, a regular food resource is
particularly important, as African mole-rats do not drink free-standing water but obtain all
of their water requirements from the underground geophytes upon which they feed [61–63].
It was proposed by Hart et al. [60] that group living in mole-rats allows for increased
efficiency in foraging for food, which culminates in year-round water availability, effectively
resulting in behavioural osmoregulation. Mole-rats can readily use this excess water to
urinate on themselves to increase evaporative cooling [59]. This is supported by a very high-
water economy index (units of mL water used per kJ energy metabolized) in Damaraland
mole-rats (Fukomys damarensis) despite inhabiting an arid environment [60]. African mole-
rats can also selectively forage during post-rainfall periods, as moist soil is preferable
to work with [64,65]. This allows digging in cooler soils to result in heat transfer via
conduction, possibly allowing the mole-rat to dig more intensely and for longer periods [66].
Additionally, mole-rats can limit activity times during cooler periods regardless of rainfall,
where heat stress may be less impactful [59,67,68]. Physiological adjustments include a
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higher conductance than rodents of comparable body sizes, which can assist in additional
energy and water saving, as well as not requiring investment in energetically costly cooling
mechanisms [48,57,59,69,70]. Additionally, mole-rats do not typically lower their metabolic
rate due to living in an arid environment as surface-dwelling rodents do, as no correlation
between aridity and metabolic rate occurs in mole-rats [61,71].

The current study investigated the oxidative status of the liver and kidney of the com-
mon mole-rat along an aridity gradient. Although the skeletal muscle and the heart [29]
are vulnerable to exercise-induced oxidative stress [72–75], the liver [20,29,76,77] and the
kidney [20,78–80] have also demonstrated vulnerability to exercise-induced oxidative stress;
importantly, however, the kidney [80–83] and liver [22,84,85] are also susceptible to hy-
perthermia [86] and/or dehydration stress [22], making these tissues more likely to be
stressed during hyperthermia-induced oxidative stress [87]. Since the kidneys are the most
important organ for water retention and osmoregulation [88–90] and the liver susceptibility
to hyperthermia [87], and a source of glutathione, an essential thiol for free radical scaveng-
ing during exercise [91], these two tissues were chosen for the current study. Differences
in oxidative status and antioxidant activity of the liver and the kidney are provided as
supplementary material (Supplementary S1). Markers used to investigate oxidative stress
include antioxidant activity through non-enzymatic total antioxidant activity (TAC) and
enzymatic antioxidant activity through the superoxide dismutase (SOD) enzyme. We
measured total oxidant status (TOS) and malondialdehyde (MDA) as measures of oxidative
damage potential and lipid oxidative damage, respectively. Lastly, we used the TOS:TAC
measurement as an indicator of the oxidative stress index (OSI).

In accordance with behavioural osmoregulation and the aridity food-distribution
hypothesis, possible oxidative stress caused by exercise-induced hyperthermia, temperature
and/or dehydration brought about by digging in arid conditions would be negated as
individuals that live in a larger group size would share digging duties with their colony
mates and have a constant supply of food and water. Therefore, we predict that although
habitats differ in aridity, the effect of differing aridity on oxidative damage (TOS and MDA),
antioxidant activity (TAC and SOD) and oxidative stress index (OSI) for each tissue (kidney
and liver) will have similar concentrations. We intend to discuss the results of our findings
in light of aridification post hoc.

2. Materials and Methods

2.1. Study Area, Sampling Sites and Sampling Sites’ Climate Data and Analysis

The arid site (Steinkopf) is defined as the Richtersveld bioregion. The Richtersveld
is a desert landscape characterised by rugged kloofs and high mountains, situated in the
north-western corner of South Africa’s Northern Cape province. The Richtersveld plant life
grows in rocky surfaces, gravel slopes, sandy sheet washplains and riverbeds in nutrient-
poor soils (similar to Fynbos regions). The Richtersveld plant life is diverse and mainly
endemic to South Africa comprising mainly succulents and aloe species, interspersed with
succulent geophytes. This area receives a winter rainfall.

The semi-arid site (Darling) is defined as the west coast Renosterveld bioregion. Renos-
terveld plants grow in rich soil (in comparison to Fynbos regions). Typically, Renosterveld
is largely confined to fine-grained soils—mainly clays and silts. The vegetation type is
dominated by a species of grey-coloured plant called the renosterbos. However, the typical
vegetation of the Fynbos tends to occur in very low abundance in Renosterveld. The types
of plants are grasses, shrubs and small trees and perennials with numerous geophytes. This
area also receives winter rainfall.

The mesic site (Somerset West) is defined as the Southwest Fynbos bioregion. This
area is predominantly coastal and mountainous, with a Mediterranean climate and rainy
winters. Fynbos plant life grows in nutrient-poor soils. The Fynbos plant life is one of
the most diverse in the world and mainly endemic to South Africa, and comprises mainly
succulent and aloe species with an array of geophytes. The most conspicuous components
of the flora are evergreen sclerophyllous plants, many with ericoid leaves and gracile
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habit, as opposed to timber forest. Several plant families are conspicuous in fynbos; the
Proteaceae are prominent, with genera such as Protea, Leucospermum (the “pincushions”)
and Leucadendron (the silver tree and “cone bushes”).

According to Colantoni et al. [92], Somerset West (AI: 0.95 ± 0.03) is hyper-mesic, while
Darling (AI: 0.51 ± 0.02) is semi-arid and Steinkopf (AI: 0.08 ± 0.01) is arid. Furthermore,
the consequences of anthropogenic climate change within the last six years (2016-current)
have exacerbated aridification, resulting in decreased AI in both the Western and Northern
Cape (Figure 1). As such, Somerset West is currently classified as mesic, while Darling (AI:
0.51 ± 0.02) remains semi-arid, and Steinkopf (AI: 0.08 ± 0.01) is now hyper-arid (Figure 1).

Figure 1. The aridity index for the last 40 years split into 5-year periods for three regions in South
Africa, namely Somerset West (34.0757◦ S, 18.8433◦ E), Darling (33.3756◦ S, 18.3861◦ E) in the Western
Cape and Steinkopf (29.2602◦ S, 17.7340◦ E) in the Northern Cape. Climate classification is according
to Colantoni et al. [92]. Mean ± s.e.m.

Climate data for each site were retrieved from ERA5-Land of the European Centre
for Medium-Range Weather Forecasts—the latest generation created by the Copernicus
Climate Change Service [93]. The spatial resolution is 0.1 degree by 0.1 degree. Monthly
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averaged temperature (Tair; ◦C), total precipitation (tp; m), and dew point temperature
(d2m; ◦C) from 1981 to 2020 were used. These data were used to calculate the annual aridity
index (AI) (Equation (1)), where tp was directly obtained from ERA5-Land and potential
evapotranspiration (PET) was calculated from the well-known Romanenko estimation
(Equation (2)) [94]. For Equation (2), relative humidity (RH) was calculated from ERA5-
Land d2m (Equation (3)).

AI =
tp

PET
(1)

PET = 0.00006 × (100 − RH)× (25 + Tair)2 (2)

RH = 100 × 107.591386 ( d2m
d2m+240.763− Tair

Tair+240.7263 ) (3)

2.2. Animal Capture

The common mole-rats were captured from three localities in South Africa, namely
Somerset West (34.0757◦ S, 18.8433◦ E; Western Cape), Darling (33.3756◦ S, 18.3861◦ E;
Western Cape) and Steinkopf (29.2602◦ S, 17.7340◦ E; Northern Cape) between November
2021 and March 2022. Animals were captured using Hickman live traps [95] baited with
sweet potatoes. Social African mole-rats show an extreme reproductive division of labour,
whereby only one female and one to three males breed. At the same time, the remain-
ing colony members are reproductively suppressed and would not have achieved sexual
maturity or participated in breeding whilst in the confines of their natal colony [49]. All an-
imals used in this study were considered adults and reproductively inactive (non-breeders)
as a consequence of reproductive suppression [96,97]. Therefore, only male and female
non-breeders were used in this study (see Hart, et al. [98] on how reproductive status was
determined). The use of non-breeders only circumvents complications of oxidative stress
associated with reproduction [99,100].

2.3. Animal Housing

Animals were transported back to the laboratory at the Department of Zoology and
Entomology at the University of Pretoria (25.7545◦ S, 28.2314◦ E), South Africa, where the
mole-rats were then housed. At the laboratory, the mole-rats were placed in a climate-
controlled room, with a temperature of 25 ◦C and a humidity between 40–60%. All indi-
viduals were housed separately in large polyurethane containers (70 cm × 34 cm × 54 cm)
containing wood shavings and paper towelling for nesting material. The animals were fed
daily with sweet potatoes and apple ad libitum.

2.4. Age

Relative age was determined using tooth eruption and wear as outlined by Bennett,
et al. [101], where animals were placed in relative age classes. Age has been observed to
affect oxidative stress [102–105]; therefore, relative age was included in all analyses.

2.5. Reagents

Unless otherwise stated, all chemicals, tools and reagents in this study were obtained
from Merck (Pty) Ltd. (Gauteng, South Africa).

2.6. Euthanasia and Tissue Excision

Samples were collected from 10 individuals (all non-breeders) per site (Somerset West:
6 males and 4 females; Darling: 5 males and 5 females; Steinkopf: 4 males and 6 females).
All mole-rats came from at least five or more colonies from each site. All individuals
were in captivity for no longer than a month (22–28 days) prior to being euthanised with
an overdose of isoflurane. All animals were weighed immediately after death (Somerset
West: 57.5 ± 3.33 g; Darling: 58.3 ± 4.31 g; Steinkopf: 74.7 ± 6.58 g). All liver and kidney
samples were collected at the same time of the day (10:00–13:00) to prevent daily rhythm
effects. Furthermore, tissues were collected in the same order (liver then kidney) within
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10 min post-mortem, with an approximate 1-min interval between tissues. This was done
to prevent and/or minimise proteins and metabolites from denaturing following dissection.
The liver and kidney were then washed in 20 mM phosphate-buffered saline (PBS) to
remove blood and flash-frozen in liquid nitrogen, and subsequently stored at −80 ◦C
until analysis.

2.7. Tissue Homogenization Procedure

Liver and kidney were homogenised on ice by 10% weight per volume of 20 mM
ice-cold PBS buffer in an 8 mL Potter–Elvehjem tissue grinder. Homogenates were split
into separate tubes and centrifuged according to kit specifications. The supernatant was
removed and stored in a −80 ◦C freezer until the time of analysis.

2.8. TOS

Tissue supernatant TOS levels were measured through Erel’s method [106]. Briefly,
this method is based on the oxidation of ferrous ion to ferric ion in the presence of various
oxidative species. The oxidation reaction is enhanced by glycerol molecules, which are
abundantly present in the reaction medium. The ferric ion makes a coloured complex with
xylenol orange in an acidic medium. The colour intensity, measured spectrophotometrically,
is related to the total amount of oxidant molecules that are present in the sample. The
results are expressed in terms of micromole hydrogen peroxide equivalent per g tissue.
Samples were run in duplicate and only once per plate with a repeatability of r = 0.89.
Intra-assay variability was 4.18%.

2.9. MDA

The concentration of MDA was measured in all liver and kidney samples collected
and was quantified using a commercially available kit (Sigma-Aldrich, cat. No. MAK085,
A6283, 258105, and 360465), following standard procedures [107]. Polyunsaturated fatty
acids (lipids) are susceptible to oxidative attack through ROS, resulting in MDA. The
kit determines MDA content by reacting with thiobarbituric acid (TBA) to form a colori-
metric complex at 532 nm. Absorbance was read using a Spectramax M2 plate reader
(Molecular Devices Corp., Sunnyvale, CA, USA) and compared to a 2 mM MDA standard
(2–10 nmol/mL). Results are expressed as nmol/g tissue. Samples were run in duplicate
with repeatability of r = 1.0 and the intra-assay variability was 1.37%.

2.10. TAC

TAC in homogenates of liver and kidney were quantified using a commercially avail-
able kit (Antioxidant Assay Kit, Cayman Chemical Co., Ann Arbor, MI, USA) which
measures the oxidation of ABTS (2.29-Azino-di- 3-ethybenzthiazoline sulphonate]) by met-
myoglobin, which is inhibited by non-enzymatic antioxidants contained in the sample.
Oxidized ABTS is measured by spectrophotometry at a wavelength of 750 nm. The capacity
of antioxidants in the sample to inhibit oxidation of ABTS is compared with the capacity of
known concentrations of Trolox. The results are expressed as μmol of Trolox equivalents
per g tissue. Absorbance was read using a Spectramax M2 plate reader (Molecular Devices
Corp., Sunnyvale, CA, USA). Samples were run in duplicate and only once per plate with a
repeatability of r = 0.99. Intra-assay variability was 2.65%.

2.11. SOD

We measured the total SOD activity of liver and kidney samples, where SOD is an
enzymatic antioxidant that catalyses the dismutation of superoxide anions to oxygen
and hydrogen peroxide [25]. We measured SOD content with a commercially available
kit (Superoxide Dismutase (SOD) Colorimetric Activity Kit, Arbor Assay, Arbor Assays,
Ann Arbor, MI, USA) that measures the percentage of superoxide radicals that undergo
dismutation in a given sample. Absorbances were read at 450 nm using a Spectramax M2
plate reader (Molecular Devices Corp., Sunnyvale, CA, USA). The results are expressed as
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SOD activity per milligram tissue (SOD activity/mg tissue). Samples were run in duplicate
and only once per plate with a repeatability of r = 0.99. Intra-assay variability was 5.07%.

2.12. OSI

The oxidative stress index (OSI) value was calculated according to the following
formula: OSI (arbitrary unit) = [(TOS, μmol H2O2 equivalent/g tissue)/(TAC, μmol Trolox
equivalent/g tissue)] ∗ 100, where the mmol value in the TAC test unit was converted to
μmol units as in the TOS test [108,109].

2.13. Statistical Analyses

All statistical analyses were performed in R 4.2.1 [110]. Tissues were analysed sep-
arately and not compared due to the discrepancy of inherent tissue differences such as
cellular turnover and accumulation or repair of damage [34]. As such, tissues were not
compared statistically, and only patterns between the liver and kidney were considered.
The normality of the response variables TOS, TAC, OSI, MDA and SOD was determined
using Shapiro–Wilk tests. The homogeneity of all dependent variables was confirmed with
Levene’s test. Log transformation was used to normalise all non-normal data. Data were
analysed using a linear model using the lme4 package [111]. All initial models contained
aridity; sex and aridity*sex interaction were run as predictors, with body mass and age
as covariates (Table S2). Backwards elimination of linear models were performed using
the step function of the lmerTest package in order to determine the best model for each
response variable determined through the AIC criterion [112]. The best models of the
backward elimination of all response variables are presented in Tables 1 and 2, while full
backward elimination of models can be viewed in the Supplementary Material (Table S2).
Significant variables in the regression models were followed up with post hoc comparisons,
conducted using Tukey’s HSD pairwise comparisons using the emmeans package [113].
Furthermore, Pearson correlations were conducted between SOD and MDA for kidney and
liver from each population differing in aridity. Data are presented as mean ± standard
error (s.e.m), and a p-value of ≤0.05 was defined as significant. Raw data can be observed
in the Supplementary Material (Table S3).

Table 1. The linear best model output for kidney oxidative markers, namely total oxidant status
(TOS), non-enzymatic total antioxidant activity (TAC), oxidative stress index (OSI), malondialdehyde
(MDA) and superoxide dismutase (SOD), for the common mole-rat (Cryptomys hottentotus hottentotus)
in response to body mass, age, aridity, sex and the interaction between sex and aridity determined
through backwards elimination based on the Akaike information criterion.

Kidney
Variables Kept in Best

Model
R2 Adjusted R2 F (df Regression, df Residual) p (<0.05)

TOS Aridity + Sex + Aridity*Sex 0.22 0.06 1.34 (5, 24) 0.28
TAC Aridity + Sex 0.41 0.35 6.13 (3, 26) 0.003 *
OSI Aridity + Sex 0.32 0.24 4.02 (3, 26) 0.02 *

MDA No variable 0.13 −0.15 0.46 (7, 22) 0.86
SOD Age 0.11 0.08 3.53 (1, 28) 0.07

Note: Full linear model before backwards elimination includes body mass, age, aridity, sex and sex*aridity as
variables. * indicates significance (p ≤ 0.05).
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Table 2. The linear best model output for liver oxidative markers, namely total oxidant status (TOS),
non-enzymatic total antioxidant activity (TAC), oxidative stress index (OSI), malondialdehyde (MDA)
and superoxide dismutase (SOD), for the common mole-rat (Cryptomys hottentotus hottentotus) in
response to body mass, age, aridity, sex and the interaction between sex and aridity determined
through backwards elimination based on the Akaike information criterion.

Liver
Variables Kept in Best

Model
R2 Adjusted R2 F (df Regression, df Residual) p (<0.05)

TOS No variable 0.15 −0.13 0.53 (7, 22) 0.80
TAC No variable 0.09 −0.20 0.31 (7, 22) 0.94
OSI No variable 0.09 −0.20 0.32 (7, 22) 0.94

MDA No variable 0.21 −0.04 0.84 (7, 22) 0.56
SOD Aridity + Sex + Aridity*Sex 0.29 0.14 1.98 (5, 24) 0.12

Note: Full linear model before backwards elimination includes body mass, age, aridity, sex and sex*aridity as
variables. * indicates significance (p ≤ 0.05).

3. Results

3.1. Oxidative Damage
3.1.1. Total Oxidant Status (TOS)

Age and body mass were not included in the kidney TOS best model (Table 1). At the
same time, the best model contained aridity, sex and sex*aridity; none of these significantly
affected kidney TOS levels (Table 1; Figure 2A).

The overall regression was not statistically significant, where no variable explained
variation in liver TOS levels (Table 2; Figure 2A).

Figure 2. Kidney and liver (A) total oxidant status (TOS—μmol H2O2/g tissue) and (B) malondialde-
hyde (MDA—nmol/g tissue) of the common mole-rat (Cryptomys hottentotus hottentotus) for each
population along an aridity gradient (arid—red (circles), semi-arid—moss (triangle), mesic—blue (x)).
Mean ± s.e.m. An asterisk (*) indicates significance (p ≤ 0.05).

3.1.2. Malondialdehyde (MDA)

The final regression models for kidney MDA (Table 1) and liver (Table 2) were not
significant for any variable explaining variation in MDA levels (Figure 2B).
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3.2. Antioxidant Defense
3.2.1. Total Antioxidant Capacity (TAC)

The overall regression was statistically significant for kidney TAC, where aridity and
sex were kept in the model, with aridity being a significant contributor to the variation
observed (F(2,26) = 7.5692, p = 0.003) (Table 1). Post hoc analyses for kidney TAC show
that the most arid individuals had the highest TAC as compared to semi-arid (t = −2.104,
p = 0.1086) individuals and significantly higher compared to mesic individuals, which
possessed the lowest TAC (t = 4.133, p = 0.0009; Figure 3A). Mesic and semi-arid populations
did not differ significantly from each other (t = 2.071, p = 0.1157) (Figure 3A).

In the final regression model, no variables explained any variation observed in liver
TAC levels (Table 2; Figure 3A).

Figure 3. Kidney and liver (A) non-enzymatic total antioxidant activity (TAC—mmol/g tissue)
and (B) enzymatic antioxidant activity through superoxide dismutase (SOD—U/mg tissue) of the
common mole-rat (Cryptomys hottentotus hottentotus) for each population along an aridity gradient
(arid—red (circles), semi-arid—moss (triangle), mesic—blue (x)). Mean ± s.e.m. An asterisk (*)
indicates significance (p ≤ 0.05).

3.2.2. Superoxide Dismutase (SOD)

Age was the only variable to explain any variation in kidney SOD levels and was
negatively correlated with age (r = −0.3, p = 0.07), but this variation was not significant
(Table 1; Figure 3B).

The best model for liver SOD levels included aridity, sex and aridity*sex, where aridity
explained significant variation in the main model (t = 2.886, p = 0.008) (Table 2; Figure 3B).
Post hoc analyses of aridity showed that no population was significantly affected by aridity
(arid–mesic (t = 1.043, p = 0.56), semi-arid–mesic (t = 2.267, p = 0.08) and arid–semi-arid
(t = 1.213, p = 0.46)) (Figure 3B).

3.3. Oxidative Stress: OSI

The kidney OSI regression model retained body mass, aridity and sex as variables
contributing to the variation in kidney OSI, where only aridity was found to be a signif-
icant contributor to kidney OSI (F((2,25) = 3.9429, p = 0.03) (Table 1; Figure 4). Post hoc
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comparisons show that mesic individuals had the highest OSI compared to semi-arid
individuals (t = −2.928, p = 0.0977) and significantly higher compared to arid individuals
(t = −2.928, p = 0.019) (Figure 4). Conversely, arid individuals had the lowest OSI compared
to semi-arid individuals, but this was not significant (t = 1.033, p = 0.5633) (Figure 4).

No variable explained any variation in liver OSI, with the regression model being not
significant (Table 2; Figure 4).

Figure 4. Kidney and liver oxidative stress index (OSI—%) of the common mole-rat (Cryptomys
hottentotus hottentotus) for each population along an aridity gradient (arid—red (circles), semi-arid—
moss (triangle), mesic—blue (x)). The OSI is the ratio of total oxidant status (TOS) to non-enzymatic
total antioxidant activity (TAC). Mean ± s.e.m. An asterisk (*) indicates significance (p ≤ 0.05).

3.4. SOD-MDA

A negative correlation was observed between kidney SOD and MDA for all three
aridity index regions, which was significant only for populations from the arid (r = −0.71,
p = 0.02) and semi-arid (r = −0.69, p = 0.03) regions, but not from the mesic region (r = −0.42,
p = 0.22) (Figure 5).

No significant correlation was observed between liver SOD and MDA for arid, semi
or mesic regions (r ≤ 0.08, p ≥ 0.71, for all three, Figure 5).

Figure 5. Correlations between malondialdehyde (MDA—nmol/g tissue) and superoxide dismutase
(SOD—U/mg tissue) activity in the kidney and liver of the common mole-rat (Cryptomys hottentotus
hottentotus) for each population along an aridity gradient (arid—red (circles), semi-arid—moss (triangle),
mesic—blue (x)). Kidney—arid: r = −0.71, p = 0.02; semi-arid: r = −0.69, p = 0.03; mesic: (r = −0.42,
p = 0.22. Liver—arid: r = 0.08, p = 0.84; semi-arid: r = −0.13, p = 0.71; mesic: r = −0.14, p = 0.71).

4. Discussion

In this study, we investigate for the first time (while controlling for age) the oxidative
ecology of a wild subterranean rodent along an aridity gradient. In contrast to our initial
predictions, we found that aridity did affect oxidative stress, but this was tissue-specific
and driven by both the access to food and different types of food available rather than
the production of ROS or resultant oxidative damage. Although the current study did
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not determine group sizes between the populations, our study investigated the same
populations as Spinks, Bennett and Jarvis [21], where tendencies toward larger group sizes
were observed in the arid population as compared to the mesic one.

The cost of digging in an arid environment may expose mole-rats to more frequent
metabolic exertion that subsequently results in increased oxidative stress, but the social
lifestyle of mole-rats may prevent over-exertion during digging, preventing oxidative
stress [17,66]. As predicted, TOS levels for each tissue were similar regardless of aridity,
where TOS levels are an indirect measure of the total ROS production [106]. Despite the
increased energetic costs and the consequent predicted increase of ROS production from
increased metabolism associated with digging in drier and harder soils [15–17], individuals
in arid environments did not appear to exhibit elevated ROS from exercise, dehydration
and/or heat stress generated as a consequence of digging. This implies that individuals
from the arid environment consisting of larger groups may burrow less often compared
to their counterparts in the mesic populations, that would burrow more frequently due to
the increased ease of digging. Support for this includes field activity rates that were higher
in a mesic-dwelling social African mole-rat species, the Natal mole-rat (C. h. natalensis)
(average colony size of seven) [68], compared to an arid-dwelling social mole-rat species, the
Damaraland mole-rat (Fukomys damarensis) (average colony size of 16) [114]. However, Hart
et al. [60] found no significant difference when comparing the daily energy expenditure of
the same two species. This may be a consequence of exposure to different soil moisture
profiles when digging and colony size differences between the species. These factors
promote social living and may help protect individuals from exercise-induced free radical
production during digging [15–17], and further promote that mole-rats in arid environments
are selectively digging during periods when the soil is workable [21,57,66]. Moreover, mole-
rats may likely stop digging when at risk of hyperthermia [67].

In contrast to our initial predictions, TAC changes, and the concomitant OSI changes
were significantly affected by aridity, which decreased with reduced aridity. A lower OSI
would be observed, suggesting efficient ROS scavenging for individuals inhabiting arid
environments in the kidneys. Non-enzymatic antioxidants are primarily obtained from
food [115–117], with others created endogenously in an organism [118,119]. Interestingly,
this trend is only observed in the kidneys, which may suggest that the food obtained
may selectively enhance antioxidants in a tissue-specific manner [79,120,121] or prioritise
kidney antioxidants through inter-organism transports of antioxidants [122,123]. Factors
contributing to TAC differences can also be related to the different environments associated
with aridity. Previous research has found a greater variety of geophytes available for arid
mole-rats [21,49], suggesting that arid individuals have a wider dietary niche as a conse-
quence of increased N and C isotopic values across all tissues [124]. Some geophytes with
high antioxidants are only found in arid environments of Steinkopf [125,126]. Furthermore,
alternative food sources such as clover and grass were also utilised [124]. As predicted by
the arid food-distribution hypothesis, the reduced food density in arid environments may
have relaxed the dietary specialization of arid dwelling mole-rats in order for them to adapt
and survive in more arid habitats [124]. At the same time, geophytes in arid environments
contain significantly more water [21], which may be a pre-emptive measure for plants to
combat excessive ROS as a consequence of drought [125,127,128]. This pre-emptive mea-
sure to combat drought is also associated with elevated antioxidants in the plants and even
their roots, which is likely to occur more regularly in arid environments [125]. It may be
that food sources for the common mole-rat in arid environments are richer in antioxidants,
compared to more mesic habitats, but this requires further investigation. Since group sizes
were not accounted for in the current study, we cannot say with certainty that our data
supports the aridity food-distribution hypothesis, however, access to the possibility of a
variety of different food sources leading to higher TAC values compared to the semi-arid
population suggests that arid animals have sufficient access to food.

The captivity effect on antioxidant activity also needs to be considered. Firstly, food is
provided and no longer foraged for, which may decrease the metabolic rate, where a drop
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in resting metabolic rate was observed after 3 months of acclimation to captivity [58]. The
observed acclimation was observed in mole-rats caught only from the most arid region,
Steinkopf. The drop in metabolism may affect endogenous antioxidant production [129],
likely affecting measured antioxidant levels. Furthermore, glutathione and other antioxi-
dants are rapidly turned over [130] suggesting that observed antioxidant levels may result
from captive feeding. Interestingly, if captive feeding was the only source of antioxidants
and feeding acclimation occurred, mole-rats from all populations would have demonstrated
the same TAC. This suggests that even if dietary acclimation occurred, arid dwelling mole-
rats still possess higher non-enzymatic antioxidants in their kidneys and selectively protect
them. Other variables which can influence observed levels include the rate of consumption
of food by mole-rats which was not controlled for. Furthermore, if additional food con-
sumption took place, the excess antioxidant could result in oxidative damage [131,132], but
oxidative damage did not occur, suggesting the mole-rats incorporated the same amount of
antioxidants into their system from exogenous sources.

Mammalian oxidative ecology demonstrates that generally, at the basal level, SOD
activity is higher in the liver as compared to the kidneys [115,133]. The current study found
that kidney SOD activity was slightly higher than that of the liver, and this pattern was
consistent regardless of aridity. This is in contrast to other subterranean species which
followed the general mammalian trend of higher SOD activity in the liver, such as Brandt’s
vole [10] and the Damaraland mole-rat [134]. It is not unusual for kidney SOD activity to
be higher than liver SOD activity, as this trend has previously been observed in Wistar
rats [135,136], broiler chickens [137] and North American beavers [115]. The common
mole-rat may represent one of the species with inherently higher SOD activity in the
kidneys as compared to the liver. Alternative ecological explanations for this phenomenon
may include hormesis, the process of protection against an oxidative insult resulting in
an overall benefit [138–141]. The kidneys play a critical role in the water balance and
retention in mole-rats as they only obtain water from their food resources [62], and the
inability of mole-rats to significantly concentrate urine [142], may necessitate protection of
kidneys from oxidative insults to maintain optimal kidney function. Additionally, SOD
activity levels in the kidneys demonstrated a near significant negative correlation with
age, a likely factor in preserving the longevity of common mole-rats. Liver SOD activity
also demonstrated a negative correlation, but not to the degree of the kidney. Lastly, an
inverse relationship was observed for SOD in relation to MDA for both tissues, but its
effect was significant only for the kidneys. Furthermore, this effect was only significant
for the arid and semi-arid population and not for the mesic population. This trend being
only significant for mole-rats occupying arid and semi-arid habitats suggests prioritised
protection of the kidney as compared to the liver in an arid environment, likely due to its
involvement in water retention [142–144] and possibly its susceptibility to hypoxia [145], a
lifestyle associated with subterranean and/or fossorial animals [53,54]. Water is likely still
a precious commodity despite its apparent abundance for social mole-rats, and emphasises
the importance of kidneys in the common mole-rat and likely other mole-rats for future
tissue oxidative status considerations.

One point of note of the current study is that all three sites have experienced aridifi-
cation, although this effect was most profound in the mesic and arid sites. Aridification
can influence vegetation, precipitation and soil properties [6–10], all ecological constraints
which explain why mole-rats have become social and increased in group size as predicted
by the arid food-distribution hypothesis [21,51]. Despite the mesic site being still considered
mesic, this phenomenon highlights the concern about the rate of aridification of this site. It
is uncertain whether current colony sizes may have contributed to differences observed
in kidney TAC values due to reduced efficiency in group foraging and/or the possible
differences in vegetation, and vegetation as a food source and antioxidant content. If the
aridity food-distribution hypothesis holds true, if the mesic population does not increase
group size with increasing aridity, it may limit the amount of food that is foraged and likely
force increased cooperation in the mesic-dwelling social mole-rats. Since TOS and MDA
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did not change regardless of aridity in each tissue, our results suggest that aridification did
not significantly affect oxidative damage at any degree of aridity.

There were some limitations to the current study where future studies may want
to direct their focus. Our first concern is the possible acclimation of animals to captivity
conditions, which could confound the mechanism behind our observation. As such, future
studies may benefit from in-field sampling; however, this requires preserving samples in
remote locations. Alternatively, animals may need to be sacrificed sooner to prevent captiv-
ity acclimation. Furthermore, the physiological mechanism can be investigated between
populations focusing on the kidneys, such as the diuretic hormone vasopressin [3] and
more in-depth exogenous antioxidants used by the kidneys, such as targeting glutathione,
vitamins C and E, carotenoids etc. [146]. Also, mole-rat food (e.g., geophytes), as suggested,
may differ in exogenous antioxidants along an aridity gradient, thus, future studies investi-
gating aridification should collect food items and determine antioxidant content. Lastly,
although we observed that the common mole-rat was unaffected by oxidative stress as a
consequence of aridification, this observation may only be true for the social species, as
aridification may pose a significant risk for solitary mole-rats. Hart et al. [60] found that
the arid-dwelling solitary mole-rat species, the Namaqua dune mole-rat (Bathergus janetta),
is close to local extinction, possibly due to the aridification of their habitat. The Namaqua
dune mole-rat and other solitary mole-rats have been observed to possess the lowest
plasma TAC when compared to their social counterparts, with the lowest observed for the
Namaqua dune mole-rat, the only arid-dwelling solitary mole-rat species (Jacobs unpub-
lish. data). This may suggest that solitary mole-rats may be more adversely affected by
aridification and should be considered for future investigation for conservation purposes.

5. Conclusions

This study found that wild, social, common mole-rats in arid environments value and
selectively protect their kidneys with higher antioxidants. The protection of the kidneys
may have longevity consequences, but as it stands, social mole-rats do not suffer oxidative
stress from aridification in the liver or kidney. An imbalance between oxidative damage
and defence (OSI) can have detrimental effects on a mammal’s health and life span. It is
clear that aridity affects this balance, and in light of climate change, it is critical to address
the dearth of knowledge regarding the effect of aridity on a mammal’s oxidative ecology.
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Abstract: Reactive oxygen species (ROS) are volatile and short-lived molecules playing important
roles in several physiological functions, including immunity and physiological adaptation to unsuit-
able environmental conditions. In an eco-immunological view, the energetic costs associated with an
advantageous metabolic apparatus able to cope with wide changes in environmental parameters,
e.g., temperature range, water salinity or drought, could be further balanced by the advantages that
this apparatus may also represent in other situations, e.g., during the immune response. This review
provides an overview of molluscs included in the IUCN list of the worst invasive species, highlighting
how their relevant capacity to manage ROS production during physiologically challenging situations
can also be advantageously employed during the immune response. Current evidence suggests
that a relevant capacity to buffer ROS action and their damaging consequences is advantageous in
the face of both environmental and immunological challenges, and this may represent a trait for
potential invasiveness. This should be considered in order to obtain or update information when
investigating the potential of the invasiveness of emerging alien species, and also in view of ongoing
climate changes.

Keywords: ecoimmunology; stress; immunity; haemocytes; biodiversity; Pomacea canaliculata; Achatina
fulica; Mytilus galloprovincialis; Dreissena polymorpha; alien species

1. Introduction

Climate change and invasive species are among the most relevant threats to biodiver-
sity [1]. Invasive alien species are demonstrating an outstanding capacity to adapt to the
new environment they colonize. Beside the adaptations to new physical-chemical environ-
mental aspects, invasive species must also present a high degree of metabolic plasticity
and an outstanding capacity of adaptation to new antigenic ecospaces [2,3]. In the IUCN
list of the worst invasive species [4], numerous invertebrate species are retrievable, pre-
senting hypervariable defence-related molecules and specific anti-microbial peptides [5,6].
In addition to the immune features and mediators that evolved or differentiated along
specific evolutionary lineages, one widespread function of the immune anti-pathogen re-
sponses is represented by the controlled production of reactive oxygen species (ROS) [7,8].
These volatile and short-lived molecules are of extreme importance both in invertebrate
and vertebrate immune response and, thanks to their non-specificity, they can be directed
against a plethora of potential pathogens. Beside this, environmental conditions can also
create oxidative stress in organisms [1,9]. In this last case, the ROS become a menace for the
organism itself, and oxidative stress must be managed in order to avoid permanent damage.

Oxidative stress is a ubiquitous phenomenon that can be studied at cellular, tissue,
organ and organism level. It occurs when the production or presence of ROS exceeds
antioxidant defence capabilities [10,11]. ROS-mediated oxidative stress can be promoted
either from the environment [12,13] or from the activity of endogenous enzymes, such as
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those involved in cellular respiration or various forms of oxydase [14]. The main cellular
effects of oxidative stress are unspecific and include lipid peroxidation, protein misfolding
and nucleotide alteration [15] although other more complex and less investigated effects
cannot be excluded [16].

As cellular respiration and metabolism are natural and constitutive sources of ROS [14],
all cells have evolved mechanisms of defence that include enzymes, e.g., catalases, per-
oxidases and superoxide dismutase and molecular scavengers, e.g., glutathione. More
complex molecular chaperones, such as heat shock proteins (HSPs), can also intervene in
recovering the protein misfolding promoted by oxidative stress [17]. While the molecular
bases of oxidative stress and their association with the immune defences are well conserved,
differences exist among organisms in the ability to manage ROS production during the
immune response [18] and physiologically challenging situations such as those experienced
as a consequence of a sudden change in oxygen availability, e.g., changes in water level or
arousal after estivation/hibernation periods [12,17,19,20].

2. The Oxidative Stress Response against Immune or Environmental Challenges in
Highly Invasive Mollusc Species

The resistance to oxidative stress introduces a further level of complexity in the
proper management of invasive species. It has already been documented that on some
occasions the usage of biocides may positively affect the spread of invasive species. An
experiment performed by exposing native and invasive ant species to sublethal doses of
a neonicotinoid, a class of highly diffused chemical biocides, demonstrated that it could
either increase or decrease the probability of invasive ant survival according to the exposure
status of the native ants [21]. Neonicotinoids may have important effects in non-target
organisms. These effects include DNA damage, protein oxidation and lipid peroxidation
that are largely the consequence of the increased ROS concentration that follows the altered
mitochondrial Ca2+ homeostasis and the hindered mitochondrial respiration [22]. The
invasive species endowed with a high resistance to ROS-mediated insults are less likely
to suffer consequences from those pesticides provoking ROS-mediated oxidative stress;
either the invasive species are the direct target of the treatment or they are non-target
species. This further restricts the number of the compounds available for pest control,
pushing researchers to investigate the effects of biological control [23] or biopesticides [24].
However, as is described in more detail below, biopesticide effects can also be limited by
highly efficient ROS detoxification.

The 2013 IUCN list of the worst invasive species [4] includes bivalves, e.g., Mytilus
galloprovincialis, Dreissena polymorpha and Potamocorbula amurensis and gastropods, e.g.,
Achatina fulica, Euglandina rosea and Pomacea canaliculata. Although a different level of
information is available for these species, the retrievable data point towards a common
trait of an efficient immune response and a relevant resistance to oxidative stress.

The Mediterranean mussel Mytilus galloprovincialis presents circulating haemocytes
(immunocytes) that support efficient cell-mediated innate immune functions [25–28]. ROS
species have been demonstrated to intervene during immune response and after the
tissue injury of M. galloprovincialis [29,30]. As a filter feeder and a species of economic
relevance, several studies have investigated the effects of environmental pollutants on
Mediterranean mussel health and anti-oxidant stress response [13,30]. As the increase
in water temperature may represent a threat for mussel cultivation, the possibility to
improve M. galloprovincialis heat stress response has been studied at physiological and
molecular levels. It has been demonstrated that a brief pre-exposure to thermal stress
(a procedure labelled as “hardening”) significantly increases the capability of mussels to
cope with a further and more prolonged exposure to high temperatures [31]. Among
the numerous parameters taken into account, oxidative stress and redox signalling were
studied by measuring the expression of different superoxide dismutases, glutathione-S-
transferase and catalase, the enzymatic activities of superoxide dismutases, catalase and
glutathione reductase and the protein levels of HSP70 isoforms (i.e., HSP72 and HSP73).

102



Antioxidants 2023, 12, 1266

Superoxide dismutase and catalase expression during the prolonged exposure to high
temperatures were increased, and they were significantly higher in hardened mussels
with respect to stressed but non-hardened animals. For some molecules, the increase in
enzymatic activities followed a similar temporal profile in hardened and non-hardened
mussels, but it was higher in hardened ones. Glutathione reductase acted similarly to
superoxide dismutases and catalase. Consistently, HSP72 and HSP73 protein levels were
higher in hardened animals, and the increased expression of electron transport system
elements seemed synchronized with that of the other components of the anti-oxidant
response [31]. The complex and adaptive anti-oxidant response of hardened mussels to
the experimental thermal stresses suggested that hardened mussels are able to manage
and coordinate both the metabolic and the oxidative stress responses in the face of sudden
temperature increase.

The zebra mussel D. polymorpha is an invasive species that can also be studied as a
sentinel organism in eco-physiological studies. As frequently reported in molluscs [32], the
haemocytes can be divided into two main morphologies, namely agranular and granular
haemocytes. Agranular haemocytes may include cells with different morphologies and,
possibly, functions, i.e., blast-like cells and hyalinocytes. In the zebra mussel, the latter
exhibited the highest oxidative activity, also in comparison with granular haemocytes [33].
In ex vivo experiments, D. polymorpha haemocytes exposed to chemical, physical and bio-
logical stresses elicited a complex response that included the expression of anti-oxidant
enzymes and they changed significantly on the basis of the stressor considered [34]. Nu-
merous studies included the effects of cadmium, as the zebra mussel has been proposed
as a sentinel organism in freshwater environments for the evaluation of water pollutant
effects [35]. The oxidative activity of D. polymorha haemocytes changed in different haemo-
cyte sub-populations, as the granular cells were the less affected by the treatment and the
hyalinocytes seemed to be influenced only at the highest doses of cadmium ions, indicating
an important stability of mitochondrial activity and ROS management for these two cell
populations [36], even in the presence of relevant stresses.

To our knowledge, no information comparable to that reported for M. galloprovincialis
and D. polymorpha is available for the Asian clam P. amurensis. This notwithstanding, ex-
periments correlating the HSP protein levels to water salinity values, as well as studies
comparing the aerobic-fermentative metabolism rates in relation to water salinity and
seasonal temperature changes, have been presented [37–39], suggesting that the Asian clam
could also finely adjust stress response and metabolism as a consequence of environmen-
tal changes.

The African giant snail A. fulica has been labelled as the most widely distributed
invasive pest land snail [40]. Its large haemocytes were described a long time ago; they
displayed phagocytic activity, were able to synthesise superoxide anion radical, but did
not present endogenous peroxidase activity [41]. As the intermediate vector of the human
pathogenic nematodes of the genus Angiostrongylus, the immune response of A. fulica to
these parasites has been investigated. In snails infected with Angiostrongylus vasorum larvae,
increased phenoloxidase (PO) activity and consequently a ROS-mediated immune response
were observed, with a PO activity peak in the immediacy of the infection. The activation of
PO was also followed by melanisation. Beside PO activation, the immediate increase in
nitric oxide (NO) production was also observed via Griess reaction, confirming that the
immune response against the nematode included a significant ROS-mediated component,
especially during the first phases of the infection [42]. Ex vivo experiments performed
by confronting withdrawn haemocytes with the axenic larvae of diverse metastrongyloid
lungworms also demonstrated that A. fulica haemocytes can release their nuclear content,
thus forming extracellular traps (ETs). Beside containing histones that exert a well-known
antimicrobial function [43], the A. fulica ETs also contained molecules similar to myeloperox-
idase, an enzyme involved in the production of hypohalous acids and exerting a cytotoxic
function especially by means of oxidative stress [44]. The exposure of A. fulica to the
causative agent of human eosinophilic encephalitis, Angiostrongylus cantonensis, promoted
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the metabolic shift towards oxidative activity by increasing the glycolytic pathway and
the activity of lactate dehydrogenase in order to keep the redox balance, at least in the
haemolymph [45]. As an invasive snail, A. fulica has also been the subject of experiments
aimed at controlling its diffusion without damaging other species. In this regard, the
efficacy of a nematode, Phasmarhabditis hermaphrodita, also used as a component of a bio-
based molluscicide, has been assessed on the giant African snail. Juvenile snails are highly
resistant to the nematodes as they are able to entrap them into the inner layer of the shell,
apparently without further metabolic or immune responses [46] (Figure 1).

Figure 1. Highly invasive molluscs of different Classes present common traits of resistance versus
oxidative stress that could be originated either from environmental stimuli or from immune chal-
lenges. The advantage of managing ROS increase is shared among diverse physiological responses,
thus limiting the associated energy expenditure and allowing efficient energy trade-offs [47]. Created
with BioRender.com (accessed on 2 May 2023).

While no specific information is retrievable about the immune defences and oxidative
responses of the rosy wolfsnail that, however, can be vehicle of A. cantonesis [48], more data
can be retrieved for the snail P. canaliculata. The circulating haemocytes of P. canaliculata have
been described [49–51] and their proteome is available [52]. In addition to the haemolymph,
the haemocytes have also been recognized within organs and in regenerating tissues [53,54],
increasing the number of potential sites where the haemocyte-mediated immune response
can take place and haemocytes can replicate. The immune system of P. canaliculata has
been the target of numerous studies focused on the control of its spread. The vegetal
pesticide pedunsaponin A modified the haemocyte number, membrane potential and
morphology and promoted ciliary loss in ciliated tissues, thus affecting snail respiration and
excretion [55,56]. The effects of the pesticide were increased after silencing the expression
of HSP70 by RNAi [57], suggesting a role for this chaperone in buffering pedunsaponin
A-mediated damage. As already reported above for A. fulica, the immune system of P.
canaliculata was also targeted by using a commercially available molluscicide based on
the nematode P. hermaphrodita. P. canaliculata exhibited a significant resistance to this
molluscicide. The recommended concentration of P. hermaphrodita determined an overall
low mortality and reduced the synthesis of an antimicrobial peptide alternatively in two
immune-related organs of the snails, i.e., the gills and the anterior kidney, in dependence
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of the temperature of the treatment [58]. The ultrastructural observation and proteomic
analysis of an organ associated with the oxidative stress resistance and potentially involved
in the immune response, namely the aortic ampulla [59,60], revealed that P. canaliculata
systemic reaction to the immune challenge, represented by the pathogenic nematode,
involved a diffused oxidative stress response, as suggested by the increased expression in
the ampulla of enzymes associated with ROS detoxification, such as Cu2+–Zn2+ superoxide
dismutase, catalase-like isoform X1, glutathione peroxidase-like protein and peroxiredoxin.
As the nematodes were not present in the ampulla of exposed snails, and no nematode
proteins were isolated or sequenced among the ampulla proteome, the increase in anti-
oxidant enzymes allowed the speculation that the organ was responding to a systemic
increase in ROS. Consistently, the snail self-protection from ROS-mediated damage was
also associated with the increased expression of HSP60, 70 and 90 [61].

3. The Eco-Immunological Advantage of Managing Oxidative Stress Response

While significant differences exist in the anatomical organization and physiology
of the invasive species introduced above, their high tolerance versus oxidative stress
represents a common trait in their immune response towards pathogens, pesticides and
environmental or experimental physico-chemical stressors. The invasiveness of a species
relies on different physiological features [62,63], not least the capacity to overcome or
tolerate the new potential pathogens. Invertebrate innate-only immune response has
been progressively described as anticipatory and highly specific, especially in light of
the numerous hypervariable molecules discovered in invertebrate taxa [64–68] and the
increasing evidence of circulating microbiotas [69–71] that some invertebrate species are
able to manage together with the intestinal microbiota. However, a specific and anticipatory
immune response could also miss new pathogens that may be encountered during the
colonization of new environments by the invasive species. In this respect, well-conserved
and unspecific responses, such as the increased synthesis of ROS, could become essential
for the adaptation to new environments. As an unspecific response based on short-lived
and volatile molecules, ROS-mediated immune defence is self-limited by the capability of
the host to manage the potential harm that these volatile molecules could determine; in
the majority of the invasive species mentioned here, a marked resilience versus oxidative
stress has been reported.

The mussel M. galloprovincialis can populate subtidal and intertidal environments.
It displays tolerance to temperature fluctuations [72] and its metabolic plasticity allows
the Mediterranean mussel to adapt and to react differently to environmental challenges
on the basis of the colonized habitat [73]. In D. polymorpha, an exceptional tolerance to
variable environmental conditions associated with strong anti-oxidant defences has been
reported [74], maybe in consequence of a high genetic diversity [75]. P. amurensis can
colonize subtidal and intertidal habitats and present a high tolerance to wide ranges of
water salinity and temperature [76,77], conditions that are connected to changes in oxygen
availability and require efficient oxidative stress response. Among invasive freshwater
gastropods, both A. fulica and P. canaliculata can undergo estivation [78,79], a physiological
adaptative response to unsuitable environmental conditions that relies on the ability to
manage the significant increase in ROS during the arousal, when oxygen concentration
quickly increases. In the African giant snail, mitochondrial or cytosolic superoxide dismu-
tase levels did not change during estivation, and the same held true for other anti-oxidant
enzymes such as glutathione peroxidase, glutathione reductase or catalase. While their
amount and activity are stable during estivation, during the arousal from estivation the
antioxidant enzymes increase their detoxifying activities with a time- and tissue-specific
distribution. Consistently, no signs of protein damage or lipid peroxidation were detected
in the heart tissues of African giant snails after four weeks of experimental estivation [78].
During estivation, A. fulica can accumulate urea, a nitrogen waste product less harmful
than ammonia. Evidence collected in A. fulica has demonstrated an astonishing capacity to
detoxify exogenous and injected ammonia via a significant increase in the urea synthesis
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rate, suggesting that urea could have other metabolic roles beside the excretory one [80]. In
P. canaliculata, the involvement of nitrogen compounds in the anti-oxidant response associ-
ated with the arousal from estivation has been documented in detail. In agreement with the
observations from A. fulica, the P. canaliculata presented a complex pattern of anti-oxidant
responses that involved enzymatic and non-enzymatic components which fluctuated in
an organ-specific fashion, especially during the arousal [81]. The nitrogen compound uric
acid is likely to play an important role in buffering the ROS concentration increase during
the arousal [82]. A specific tissue, labelled as urate tissue, is distributed among numerous
organs, i.e., the lung, the digestive system, the anterior kidney (also identified as pallial
ureter) and the ampulla, which are considered relevant organs in managing ROS levels
during the arousal [60,79] (Figure 2).

Figure 2. The invasive gastropods A. fulica and P. canaliculata can cope with ROS peaks in different
situations. Left: when the water and oxygen availability are sufficient (green), the snails do not
display a significant activity in detoxifying enzymes. When the water availability is reduced, e.g., as a
consequence of drought, the snails can enter estivation, reducing their metabolism, as a consequence
of reduced oxygen availability (red). Once the environmental conditions become more suitable for
their survival, the snails face a peak of ROS that follows the increase in the oxygen availability and in
the metabolic activity. This peak is associated with an increased enzymatic activity and, at least in P.
canaliculata, is sustained by nitrogen-containing compounds. Right: during the immune response
against pathogenic nematodes (grey), a similar trend of ROS production is observed, although in
this case it is also possible that immune-related components, e.g., haemocytes, can contribute to ROS
synthesis and increase. The protective elements employed during the arousal can also be utilized in
response to the immune challenge, allowing the snails to express a powerful ROS-mediated immune
response, avoiding self-damage. Created with BioRender.com (accessed 2 May 2023).

Recently, the response of P. canaliculata circulating haemocytes has also been investi-
gated, and differences have emerged in the mediators involved in the anti-oxidant response
versus experimental hibernation or estivation [83], confirming the high plasticity and adapt-
ability of the oxidative stress response in this invasive snail. The proteomic analysis of
ampullae collected from snails challenged with the pathogenic nematode P. hermaphrodita
evidenced a metabolic response that paralleled the adaptation to estivation, with a signifi-
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cant increase in anti-oxidant defences and an increase in aerobic metabolism, witnessed by
the increase in mitochondrial enzymes related to ATP synthesis [61].

The ability to cope with the environmental conditions that require an increased capabil-
ity of managing oxidative stress response represents a significant advantage that could help
the adaptivity and invasiveness of some species. Nonetheless, that capacity is associated
with the metabolic costs that the maintenance of a prompt anti-oxidant defence system
requires. In the eco-immunological perspective of efficient energy expenditure and man-
agement [84,85], the advantage of controlling the self-damaging consequences of oxidative
stress response could be more relevant if extended to other physiological functions such
as the immune response against pathogens. While the physiological immune functions
are deeply interconnected with metabolism, neural functions and development [86], and
their energetic demand is balanced together with that of the other physiological systems,
during the response against pathogens the energy demand of the immune system suddenly
increases and must be managed [84]. In this context, the possibility to take advantage of a
pre-set and dynamic anti-oxidant defence system such as those described above for inva-
sive molluscs may allow the organisms to express a potent and efficacious ROS-mediated
immune response without incurring the self-damage that ROS may determine for the host.
In organisms adapted to sustain the oxidant stress response derived from changes in water
temperature or salinity, or the arousal from estivation or hibernation, the self-limitations
that must be applied to the ROS-mediated immune response [87] could be less marked. This
would prove particularly functional for A. fulica and P. canaliculata in the presence of large
pathogens, such as the nematode P. hermaphrodita. From this perspective, the metabolic
costs associated with the adaptation to specific environmental conditions could be coun-
terbalanced by the advantages also reflecting on the immune functions, thus giving the
species endowed with this capacity a special advantage in the face of both environmental
and immunological challenges [1].

4. Conclusions

The updated determination of alien species’ potential of invasiveness and the conse-
quent polices for alien species control are becoming more urgent in view of the increasing
consequences of ongoing climate change. For instance, in 2012, the EU Parliament classified
Pomacea as a pest and invading genus and requested a comprehensive risk assessment on
Pomacea species [88] that included the potential establishment of these snails in EU territory.
Similar studies highlighted regions of India considered as more prone to invasion by the
African giant snail, A. fulica [89]. The different scenarios regarding the areas potentially
invaded and prospected in those risk assessments almost ten years ago, which considered
specific patterns of air, water temperature and rainfall fluctuations, might now need some
adjustments or updates. At the same time, climate change has also promoted an unan-
ticipated reduction of sea water pH. This acidification has been demonstrated to modify
the freeze tolerance of subtidal species, such as for instance M. galloprovincialis, and it will
likely modify the area of distribution of subtidal and intertidal Mytilus species [90].

Current evidence suggests that most invasive molluscs present a relevant capacity to
manage ROS increase, either derived from environmental cues or from immune stimuli.
From an eco-immunological perspective, the possibility of taking advantage of the same
metabolic ability in diverse functional contexts allows a better use of resources and energy
trade-offs. This shared capacity may likely represent a trait of potential invasiveness which,
associated with more species-specific characteristics, could justify the success of species
such as M. galloprovincialis, D. polymorpha, A. fulica and P. canaliculata to invade and adapt
to new environments and niches. From this perspective, the resistance to experimental
oxidative stress of emerging alien species could be further investigated in order to gain
more complete information on their potential of invasiveness and to formulate consistent
policies for their control.
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Abstract: Lipoic acid (LA) is a mitochondrial coenzyme that, depending on the concentration and
exposure time, can behave as an antioxidant or pro-oxidant agent and has a proven ability to modulate
metabolism by promoting lipid and glucose oxidation for energy production. To assess the effects of
LA on energy metabolism and redox balance over time, Artemia sp. nauplii was used as an animal
model. The administered concentrations of the antioxidant were 0.05, 0.1, 0.5, 1.0, 5.0, and 10.0 μM.
Therefore, possible differences in protein, triglyceride, glucose, and lactate concentrations in the
artemia samples and total ammoniacal nitrogen (TAN) in the culture water were evaluated. We also
measured the effects of LA on in vivo activity of the electron transport system (ETS), antioxidant
capacity, and production of reactive oxygen species (ROS) at 6, 12, 18, and 24 h post-hatching. There
was a decrease in glucose concentration in the LA-treated animals, and a decrease in ammonia
production was observed in the 0.5 μM LA treatment. ETS activity was positively regulated by
the addition of LA, with the most significant effects at concentrations of 5.0 and 10.0 μM at 12 and
24 h. For ETS activity, treatments with LA presented the highest values at 24 h, a period when ROS
production decreased significantly, for the treatment with 10.0 μM. LA showed positive regulation of
energy metabolism together with a decrease in ROS and TAN excretion.

Keywords: antioxidants; energy metabolism; nutritional supplements; nitrogen compounds

1. Introduction

The manner in which animals transform matter and the energy provided in their diet
varies widely depending on genotypic and environmental characteristics [1–3]. In general,
animals in aquatic environments rely primarily on proteins as an energy source; thus, their
utilization of protein synthesis and growth depends considerably on their energy require-
ments [4]. Consequently, the lipids and carbohydrates supplied by the diet play secondary
roles as energy substrates. Thus, it is estimated that approximately 80% of the required
ATP is synthesized by amino acid catabolism in fish [4,5]. Although lipids are important
energetic substrates, they are primarily used during the preprandial period, especially
when prolonged [6]. As for carbohydrates, there is a consensus that their contribution
to ATP synthesis in aquatic organisms is low, although their use also increases during
preprandial periods or prolonged fasting. Lipid mobilization is important for energy pro-
duction [6,7], and this may be due to the low availability of digestible carbohydrates in
natural aquatic environments [8]. There is a special interest in minimizing the protein
used as an energy source in aquaculture because it comes from raw materials in the diet
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with a considerable economic cost, as it is a non-renewable ingredient extracted from the
natural environment [9]. Thus, optimizing the use of amino acids from proteins for anabolic
processes linked to development and growth through various strategies, such as supple-
mentation with compounds capable of modulating metabolism, is an alternative approach
to explore in the search for more sustainable aquaculture activities [10,11]. Supplemental
feed within aquaculture is increasingly being used to improve the physiological parameters
that influence production performance [12–17]. This requires greater importance to be
placed on new trends, such as precision nutritional regulation under principles such as the
optimization of feeding and cycling of generated organic matter to decrease pollutant emis-
sions [18]. Precise nutritional regulation requires optimizing feed, products, and technical
and technological support for waste and metabolic management [18]. Thus, nutritional
supplements, which are understood as metabolic modulators, could become tools with
which to couple physiology with the zootechnical demands of a species of productive
interest [19–21]. There are compounds with the proven ability to significantly modulate the
energy metabolism of aquatic species, including an increase in β-oxidation and glycolysis
activity that can induce a protein-sparing effect [10,20,22]. Compounds with potential for
this purpose include lipoic acid (LA), a well-known antioxidant with physiological benefits,
as well as the ability to contain or decrease the impact of pro-oxidant events and modulate
the metabolism of the body by prioritizing metabolic pathways for mitochondrial biogen-
esis, mobilization of energy substrates, and energy production [23,24]. However, lipoic
acid undergoes a reductive reaction and produces dihydro lipoic acid, which consumes
NADPH, thereby lowering the reductive potential in the cell. Thus, depending on dose and
time, lipoic acid can also act as a pro-oxidant [25]. It has been noted that the mobilization of
energy reserves caused by LA leads to a decrease in protein oxidation for energy production
through the positive regulation of glycolysis and β-oxidation [11,26,27]. In aquaculture,
LA can be used as a promoter of protein efficiency and as a potential supplement with
which to decrease the protein requirements of cultured organisms [11,26]. Although there is
evidence that LA promotes protein efficiency in aquatic and terrestrial animals, the results
of Terjesen et al. (2004) [28] diverge from this idea, which may point to the possible inter-
actions of LA with the metabolism of the species and diet provided [22,29,30]. However,
the possible effects of a diet that is not adjusted to the animal’s requirements could lead to
inconclusive results regarding how LA functions at the metabolic level. Thus, a strategy is
needed at the experimental level to avoid possible misunderstandings in the assessment of
the metabolic effects of LA, such as using animal models at stages where they depend on
yolk reserves and adjusting to the requirements of animals at the predetermined stage of
development [31,32]. Therefore, this study aimed to evaluate the metabolic changes in the
use of nutrients in newly hatched Artemia sp. nauplii treated with LA and the effect of this
compound on the redox balance of the animals. The choice of artemia nauplii as an animal
model is due to the fact that this animal depends on yolk reserves, meaning that there is a
supply of LA within a nutritional context where the species’ requirements are met.

2. Materials and Methods

2.1. Artemia sp.

Artemia cysts were incubated in Imhoff cones to hatch at a ratio of 1 g L−1 cysts
at 28 ◦C, 28 g L−1 salinity, aeration, and constant light. After 24 h of incubation, the
newly hatched nauplii were collected in a single beaker, from which two aliquots of 1 mL
were diluted in 99 mL seawater. From these diluted suspensions, 1 mL was taken with
a glass pipette and the number of organisms was counted in duplicate. The average
counts from each 100 mL beaker were calculated. The result was multiplied by 100 to
determine the number of artemia mL−1 in the beaker. Thus, the density of artemia was
adjusted to 250 mL−1 by replacing 100% of the water in the collection beaker with water
treated with 15% sodium hypochlorite (final concentration 0.015%) and dechlorinated with
sodium thiosulfate.
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2.2. Standardization of the In Vivo Electron Transport System (ETS) Activity Protocol

This protocol was partially based on the protocol described by [33] Reid et al. (2018)
using Danio rerio. This procedure uses resazurin as a fluorophore, which, when reduced
by ETS mitochondrial proteins, is transformed into resorufin, a fluorescent substance
(excitation: 530 nm; emission: 590 nm). The variation in fluorescence per minute was
considered an indicator of the ETS activity. To standardize the artemia protocol, the
influence of the resazurin concentration (0.5, 0.75, and 1.00 mg mL−1 final concentrations)
and animal density (60, 120, and 240 artemia nauplii mL−1) on fluorescence readings was
tested using a full factorial design with three replicates per treatment. Readings were
performed on white 96-well plates at 28 ◦C for 1 hour with a reading frequency of 2 min
using a Synergy HT spectrofluorimeter (BioTek, São Paulo, Brazil). To assess the sensitivity
of the protocol to changes in ETS activity, the effect of potassium cyanide (KCN), an inhibitor
of ETS complex IV, on fluorescence kinetics was tested. Thus, final KCN concentrations
of 50, 100, 150, and 200 μM were used. Immediately after KCN was added to the nauplii
arranged in 96 white plate wells (240 nauplii mL−1), resazurin (0.01 mg mL−1) was added
to nine wells of each KCN concentration and nine wells that received only distilled water
as the KCN vehicle. Additionally, dichlorofluorescein diacetate (H2DCF-DA) was used at a
final concentration of 8.3 μM [34] and read at 485 nm (excitation) and 520 nm (emission) in
nine additional wells exposed to different KCN concentrations or distilled water to verify
ROS production as an additional marker of mitochondrial activity to confirm the effect
of KCN on mitochondria using a standardized method. It is worth emphasizing that the
nauplii remained alive after ETS and ROS measurements, including those exposed to KCN.

2.2.1. Isolation of the Mitochondrial Fraction

Mitochondria were extracted from artemia to estimate their capacity to reduce re-
sazurin in vivo. This analysis was designed to quantitatively determine the contribution
of the mitochondrial fraction of artemia to in vivo ETS activity. Mitochondrial fractions
were isolated in triplicate from three samples of artemia incubated separately under the
same conditions as those previously reported. Additionally, non-mitochondrial fractions
were recovered to evaluate their contribution to the fluorescence observed in the live
artemia specimens.

Two g of newly hatched artemia nauplii were gently homogenized using a Teflon
homogenizer in 16 mL of buffer 1 (0.125 M sucrose, 0.375 M sorbitol, 1 mM EGTA, 150 mM
KCl, 0.5% bovine serum albumin free of fatty acids, and 20 mM HEPES KOH, pH 7.5)
which had been cooled with ice [35]. Subsequently, the homogenate was centrifuged for
10 s at 3026× g and 4 ◦C. The supernatant was recovered and centrifuged for 15 min at
17,409× g and 4 ◦C. After discarding the supernatant from the previous centrifugation, the
pellet was resuspended in 32 mL of buffer 2 (0.125 M sucrose, 0.375 M sorbitol, 0.025 mM
EGTA, 150 mM KCl, 0.5% acid-free bovine serum albumin fatty acids, and 20 mM HEPES
KOH, pH 7.5) and centrifuged at 1082× g and 4 ◦C for 5 min. After centrifugation, the
supernatant was recovered and centrifuged for 15 min at 17,409× g and 4 ◦C. The generated
pellet (mitochondrial fraction) was resuspended in 300 μL of buffer 2 [35].

2.2.2. Measurement of the Reductive Capacity of Artemia Mitochondria

From an aliquot of the mitochondrial fraction, the protein concentration of the mi-
tochondrial fraction was determined using the Biuret method. Subsequently, in white
96-well plates, the reaction medium (5 mM sodium succinate; 0.125 M sucrose; 0.065 M
KCl; 0.002 M K2HPO4; and 0.01 M KOH-HEPES, pH 7.5) plus distilled water, adenosine
diphosphate (ADP; final concentration: 103 μM), or ADP 103 μM + KCN as inhibitor (final
concentration: 103 μM) along with resazurin (final concentration: 32.5 μM) were added
in sequence. Finally, buffer 2 was added to measure the blank for the analysis: fraction 1
(pellet resulting from the first centrifugation), fraction 2 (fractions discarded from subse-
quent centrifugations), and mitochondrial fraction, all of which had a final concentration
of 1 mg of protein mL−1. The generated fluorescence was used to measure the reducing
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mitochondrial capacity of resazurin (530 nm excitation and 590 nm emission) for 10 min at
28 ◦C, with readings taken every 1 min [35,36]. The fluorescence data were multiplied by
the amount of protein in each fraction, as follows:

mTmit = mmit × protmit·g−1 of brine shrimp

mTf1 = mf1 × protf1·g−1 of brine shrimp

mTf2 = mf2 × protf2·g−1 of brine shrimp

where mTmit, mTf1, and mTf2 represent the slopes of the mitochondrial fraction, fraction 1,
and fraction 2, respectively, for the total amount of protein present in each fraction for 1 g of
brine shrimp. In turn, mmit, mf1, and mf2 represent the slopes of the fluorescence units ob-
tained for the mitochondrial fraction, fraction 1, and fraction 2 exposed to succinate + ADP,
respectively. Multiplying the values of mmit, mf1, and mf2 by the amount of total protein in
each fraction present in 1 g of brine shrimp (protmit·g−1 of Artemia sp. nauplii, protf1·g−1

of Artemia sp. nauplii, and protf2·g−1 of Artemia sp. nauplii, respectively), the values of
mTmit, mTf1, and mTf2 were estimated. Based on the mTmit, mTf1, and mTf2 values, the
percentage of participation of each fraction in the resazurin reduction rate was calculated.
Additionally, statistical differences between the slopes of the fluorescence lines for each
substrate or inhibitor (succinate, succinate + ADP, and succinate + ADP + KCN) for each
fraction were evaluated.

2.3. In Vivo Exposure of Artemia to Lipoic Acid (LA)

Two experiments were performed to evaluate the effects of LA on artemia nauplii. In
the first experiment, we exposed the animals to LA to assess changes in nutrient reserve
consumption in the yolk, antioxidant capacity, and ETS for 24 h post-hatching. This
duration was selected because, according to [37] (1967), 30 h after hatching, artemia salina
had nearly consumed their yolk and obtained their first food. In the second experiment,
artemia nauplii were exposed to LA, and the ETS and ROS concentrations were measured
after 18 and 24 h. This is because, in animals at 12 h or less post-hatching, the ETS kinetic
readings showed determination coefficients below 40% (see Section 4).

2.3.1. Experiment 1

In 8 24-well plates, 2 mL of artemia nauplii was stocked (24 h post-rehydration)
per well at a density of 250 artemia nauplii mL−1, and 6 plates were treated with final
concentrations of 0.05, 0.1, 0.5, 1.0, 5.0, and 10.0 μM. One of the plates was used as a control
for the LA vehicle, which was treated only with dimethyl sulfoxide (DMSO) at a final
concentration of 0.005%. The remaining plate, to which only distilled water was added,
was used as the experimental control. Nauplii were collected from three wells of each
treatment every six hours for 24 h, filtered with 60 μm pore size screens, deposited into
previously weighed 2 mL microtubes, quickly submerged in liquid nitrogen, and stored
at −80 ◦C for further analysis. The water from each well was used to measure the total
ammonia nitrogen (TAN) concentration by means of the phenol-hypochlorite method [38].
A calibration curve with ammonium chloride obtained after the analysis of the water
samples was used to quantify the TAN. Owing to interference from DMSO in the reaction,
DMSO was added to the standard curve at the concentration used for the experiment.

2.3.2. Experiment 2

Artemia nauplii were stocked in 4 96-well plates 24 h post-rehydration at 240 organ-
isms mL−1. Twelve wells per plate were exposed to 0.05, 0.1, 0.5, 1.0, 5.0, and 10.0 μM
lipoic acid or the LA vehicle dimethyl sulfoxide (DMSO) at a final concentration of 0.005%.
In each case, only 20 μL of each solution was added to the wells to avoid extreme dilution
of the water salinity (the dilution factor was 1%). Because the metabolic rate of artemia
nauplii remained low at 6 and 12 h, ETS activity and ROS generation were only evaluated
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at 18 and 24 h. Thus, the fluorophores resazurin and H2DCF-DA were added to the plates,
with six wells for each fluorophore and each LA concentration or control. The fluores-
cence of each fluorophore was read every 2 min at the previously mentioned lengths for
3 h to obtain the fluorescence variations per minute and per well, following the study of
Rodrigues et al. (2021) [34].

2.4. Biochemical Analysis
2.4.1. Sample Processing

The microtubes with artemia nauplii were weighed, and the microtubes’ weights were
recorded to determine the weights of the collected samples. The samples were diluted five
times with buffer (0.09 M Na2HPO4, 0.09 M KHPO4, 0.45 mg mL−1 polyvinylpyrrolidone,
22.5 μM MgSO4, and 0.16% Triton X-100) and sonicated at 40 kHz with a 3 mm diameter
tip in 30 s pulses for 3 min while kept permanently on ice. After homogenization, samples
were centrifuged at 2500× g for 10 min at 4 ◦C. The supernatants were stored in 500 μL
microtubes at 80 ◦C for further analysis.

2.4.2. Determination of Protein Concentration

For protein analysis, the Bioclin kit for total protein was used. In 1.5 mL microtubes,
7.5 μL of sample supernatant, the homogenization buffer (blank), or a solution of 40 mg of
albumin mL−1 (protein standard), as well as 375 μL of Biuret reagent, was added [39]. The
resulting solutions were then homogenized using a vortex and incubated for ten minutes
before being transferred to 96 transparent flat-bottom microplates using two wells per
sample, including blank and standard. The absorbance was measured at 550 nm using
a spectrofluorometer, and the protein concentration of the samples was calculated based
on the absorbance obtained from the standard protein solution. The protein results are
expressed in mg g−1 of artemia nauplii.

2.4.3. Determination of Glucose Concentration

The dosage was determined using the Bioclin Monoreagent kit (Porto Alegre, RS,
Brazil) according to the manufacturer’s instructions. Homogenates of artemia nauplii
samples, homogenization buffer as an analysis blank, and a standard glucose solution at
1 mg mL−1 were used. The procedure was performed in 96-well transparent plates, and
after adding the monoreagent for the glucose samples and aliquots in duplicate, the plates
were incubated at 37 ◦C for 10 min and read at 505 nm. The glucose concentration in the
samples was calculated based on the absorbance of the standard glucose solution. The
glucose results are expressed in mg g−1 of artemia.

2.4.4. Determination of Lactate Concentration

This was aided by a commercial kit for lactate (Bioclin, Porto Alegre, RS, Brazil)
based on the production of NADH after the lactate and the NAD+ reaction to generate
pyruvate + NADH, catalyzed by the enzyme lactate dehydrogenase. NADH production
was measured fluorometrically for each sample in duplicate at 340 and 440 nm. A standard
lactate solution (0.3 mg mL−1) was used, from which six serial dilutions were made up to
a concentration of 0.004 mg mL−1, with which a calibration curve was constructed. The
lactate concentrations of the samples were measured five minutes after the addition of the
lactate dehydrogenase enzyme and NAD+ solution, and were then calculated against the
fluorescence obtained from the lactate calibration curve. Readings were taken on 96-well
white plates and each sample was replicated three times. The lactate results are expressed
in mg g−1 of artemia nauplii.

2.4.5. Determination of Triglyceride Concentration

The analysis was performed with the initial undiluted artemia nauplii homogenates
using a commercial monoreagent kit from Bioclin (Porto Alegre, RS, Brazil). The analysis
was performed in 96-well transparent plates. The samples, blank, and triglyceride standard
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(1 mg mL−1) were analyzed in duplicate. Next, the plates were incubated at 37 ◦C for five
minutes, and the absorbance was measured at 500 nm. The triglyceride concentrations in
the samples were calculated based on the absorbance of the standard triglyceride solution.
The results are expressed as artemia mg triglycerides g−1.

2.4.6. Determination of Total Antioxidant Capacity

The analysis of antioxidant capacity against peroxyl radicals was performed with
samples adjusted to a concentration of 0.5 mg of protein mL−1. The results are expressed
as the relative area of the fluorescence curves generated over time by the oxidation of
H2DCF-DA (Sigma-Aldrich, St. Louis, MO, USA) in the presence of the sample with or
without the peroxyl radical generator, 2,2-azobis-2-methylpropionamidine dihydrochloride
(ABAP Sigma-Aldrich). In this analysis, the larger the relative area obtained, the lower the
antioxidant capacity of the sample, and vice versa [40].

2.5. Statistical Analysis

After checking the assumptions of normality, homoscedasticity, and independence
of the variables, two-way analysis of variance (ANOVA) was performed (time and LA
concentration) and Bonferroni’s post hoc test was used to compare the means of each
treatment. For the experimental control without a vehicle, a single mean was calculated
for each evaluated response variable, grouping all collection times. Therefore, these data
were not included in the comparisons between the treatments. The slopes of the reductive
mitochondrial capacity isolated from artemia nauplii experiments were compared using
ANOVA and Tukey’s contrasts after verification of normality and variance homogeneity
(using the Shapiro–Wilk and Levene tests, respectively). Finally, principal component
analysis (PCA) was performed with the mean of each experimental group for each time,
scaling the variables used with a mean of 0 and a standard deviation of 1. In the statistical
tests, a significance level of 0.05 was adopted. In this sense, results with p-values lower
than 0.05 were considered significant.

3. Results

3.1. Standardization of Activity Protocol for the In Vivo Electron Transport System (ETS)

Figure 1a shows the significant effect of animal density on the increase in fluorescence
units per minute. However, the resazurin concentration did not have a significant effect
(p > 0.05). KCN exposure, as seen in Figure 1b (p < 0.050), promoted a dependent response
in terms of ETS determination using resazurin, whereas for ROS production, there were no
differences between KCN concentrations (Figure 1c; p > 0.05).

3.2. Measurement of the Reductive Capacity of Artemia Nauplii Mitochondria

All fractions reduced resazurin. However, the reduction rates found in the mito-
chondrial fraction were, on average, approximately five times higher than those found
in the other fractions. Percentage-wise, the mitochondrial fraction exposed to succinate
and ADP represented 80.29 ± 12.43% of the total resazurin reduction slope, followed by
fraction 2 (14.90 ± 0.5%) and fraction 1 (4.80 ± 0.8%) (Figure 2a). For the mitochondrial
fraction, significant differences were observed between the fluorescence slopes per minute,
depending on the type of substrate or inhibitor used. The mitochondrial fraction exposed
to succinate + ADP showed the highest resazurin reduction rate, followed by that exposed
only to succinate. The samples exposed to succinate + ADP + KCN showed the lowest
fluorescence growth rates (Figure 2b).
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Figure 1. (a) Fluorescence increment per minute using different densities of artemia nauplii and
different resazurin concentrations. Data are expressed as mean ± standard error (n = 3). (b) Effect of
KCN on the electron transport system (ETS) activity. (c) Effect of KCN in reactive oxygen species
(ROS) production. In (b,c), data are expressed as the mean ± standard error (n = 9). In all cases,
different letters indicate statistically significant differences (p < 0.05) between the treatments.
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Figure 2. (a) Slopes of fluorescence readings (RFU) over time (min) estimated for fractions 1, 2,
and the mitochondrial fraction exposed to succinate + ADP. The percentage values ± SD indicate
the contribution of each fraction to the net fluorescence increment per min and per mg of protein
contained in 1 g of artemia nauplii. Different letters indicate differences between the slopes of different
fractions (p < 0.05). (b) Response of the mitochondrial fraction to different substrates. Values ± SD
indicate the mean slopes of fluorescence increment per mg of protein contained in 1 g of artemia
nauplii for each evaluated substrate. Colored bands represent the 95% confidence intervals calculated
for each substrate. Different letters represent significant differences between the means of the slopes
(p < 0.05).

3.3. Experiment 1
3.3.1. Protein Concentration

The results are shown in Figure 3a. At six hours, only the 10 μM treatment showed a
lower protein concentration than the SCtrl treatment (control with DMSO) and the other
LA treatments. At 12 h, all groups treated with LA showed lower protein levels than
the SCtrl group. However, at 18 h, the treatment with 0.5 μM LA showed higher protein
levels than SCtrl, which contrasted with the values obtained by the treatment with 0.05 μM,
which were lower than those of SCtrl. After 24 h, no differences were found between
the treatments.
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Figure 3. (a) Protein levels in artemia nauplii at different experimental times (h). (b) Total ammoniacal
nitrogen (TAN) concentration in the water over time (h). Data are expressed as mean ± standard
error (n = 3). Different letters indicate statistically significant differences (p < 0.05) between treatments.
SCtrl: solvent control. Bars of different colors indicate exposure to different concentrations of lipoic
acid (μM).

3.3.2. Total Ammoniacal Nitrogen (TAN)

At 18 and 24 h, there were decreases in the TAN concentration in the water of the
treatment with 0.5 μM LA compared to SCtrl (Figure 3b).

3.3.3. Glucose Concentration

The results for glucose are shown in Figure 4a. For the six-hour duration, the treatment
with 10 μM showed significantly lower glucose values than in SCtrl; therefore, for the
twelve-hour duration, the treatment with 5 μM LA demonstrated the lowest glucose values.
At 18 h, all groups that received LA showed lower glucose values than those found in SCtrl,
and at 24 h, only treatments with 0.5, 1, and 5 μM LA showed differences compared to SCtrl.

3.3.4. Lactate Concentration

The lactate concentration showed differences between treatments. The treatments
conducted for six hours presented the lowest lactate values, with 0.05 and 0.1 μM LA. At
12 h, there was an increase in lactate in the 1 and 10 μM treatments compared to that in
SCtrl. At 18 h, the lactate values of the treatments with LA were generally lower than those
presented by SCtrl, except for the treatments with 0.5 and 5 μM LA. Finally, at 24 h, the
0.05 μM LA treatment showed lactate values above those presented by SCtrl (Figure 4b).
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Figure 4. Glucose (a), lactate (b), and triglyceride (c) levels over time (h) in artemia nauplii. Data are
expressed as means ± standard error (n = 3). Different letters indicate statistical differences (p < 0.05)
between treatments. SCtrl: solvent control. Bars of different colors indicate exposure to different
lipoic acid concentrations (in μM).

3.3.5. Triglyceride Content

The triglyceride content decreased at six hours in the groups treated with the highest
LA concentrations (1, 5, and 10 μM LA) (Figure 4c).

3.3.6. Total Antioxidant Capacity

Overall, LA decreased the antioxidant capacity (ACAP). An increase in the antioxidant
capacity was observed for the 10 μM treatment at the 24 h time point compared to the
1 and 5 μM treatments (Figure 5).
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Figure 5. Total antioxidant capacity against peroxyl radicals (ACAP) in artemia nauplii over time (h).
Data are expressed as means ± standard error (n = 3). Different letters indicate statistical differences
(p < 0.05) between treatments. SCtrl: solvent control. Bars of different colors indicate exposure to
different lipoic acid concentrations (in μM).

3.3.7. PCA Analysis

The first four PCA components explained 84.95% of the variance in the data matrix
(PC1 45.65%, PC2 16.64%, PC3 13.69%, and PC4 8.95%). Positive correlations were found
between PC1 and time (94%), as well as glucose (48%), and negative correlations were
observed for protein (−87%), TAN (−43%), lactate (67%), triglycerides (−80%), and ACAP
(76%). For PC2, two variables were strongly and negatively correlated with LA concen-
tration (−81%) and positively correlated with glucose (61%). PC3 showed the highest
correlation with TAN (73%), glucose, and lactate (−56%). PC4 showed the highest corre-
lation with glucose (−49%) and ACAP (−40%). Protein levels correlated positively with
lactate and triglycerides (53 and 70%, respectively) and negatively with time (77%). Triglyc-
erides were negatively correlated with time (−76%) and glucose (−31%), and positively
correlated with lactate (45%). ACAP was negatively correlated with time (−62%) and
positively correlated with protein (57%), TAN (40%), lactate (48%), and triglycerides (34%)
(Figure 6).

3.4. Experiment 2

The LA concentration and experimental time influenced the parameters of ETS activity
and ROS production, and a significant interaction (p < 0.05) was observed between the
LA treatments and exposure time for the variable ETS activity. Regarding this variable,
at 18 h, no differences were detected (p > 0.05) among the treatments, whereas at 24 h, all
treatments with LA showed higher ETS activity (p < 0.05) than SCtrl, with no differences
among them. For ROS production at 18 h, it was not possible to observe differences between
the experimental groups; however, after 24 h, there was a decrease in ROS production in
the treatment with 10 μM compared to SCtrl (p < 0.05) (Figure 7).

123



Antioxidants 2023, 12, 1439

Figure 6. PCA results. (a) The correlation matrix is transformed into a color scale. (b) Contribution of
each variable to the percentage of variance explained by the main components PC1 (x-axis) and PC2
(y-axis).
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Figure 7. (a) Electron transport system activity and (b) reactive oxygen species (ROS) concentration
at 18 and 24 h in artemia nauplii. Data are expressed as means ± standard error (n = 3). Different
letters indicate statistical differences (p < 0.05) between treatments. SCtrl: solvent control. Bars of
different colors indicate exposure to different lipoic acid concentrations (in μM).

4. Discussion

The standardization results of the resazurin protocol for kinetic analysis of ETS activity
indicate that this protocol can be used to evaluate the ETS function of artemia nauplii. In
animals 12 h or less post-hatching, the kinetic readings showed determination coefficients
below 40%. Therefore, we do not recommend using the protocol during this period of
life, as this phase should be associated with a low metabolic rate of the animals. At
16 h post-hatching, readings with determination coefficients above 90% were observed,
which was the time taken to perform the ETS measurements. As expected, the density
of the animals had a significant effect on the kinetics, indicating that the appearance
of fluorescence is dependent on the metabolic activity of the animals contained within
the well. However, the resazurin concentrations tested did not significantly affect the
fluorescence generated when a final concentration of 0.005 mg mL−1 was used, which
was four times lower than the concentration used by Reid et al. (2018) [33] for Danio rerio
fish. This concentration did not produce toxic effects in either the larval or adult stage.
Thus, it can be assumed that resazurin concentration allows for reliable estimation of
the organism’s metabolism without introducing technical artifacts. The lack of an effect
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of KCN on ROS levels (Figure 1c) could be associated with the existence of alternative
oxidases (AOX) [35], as discussed below. The analysis performed after the isolation of
the mitochondrial fraction of artemia nauplii showed that the highest net reduction of
resazurin occurred in the mitochondrial fraction. This result indicates the feasibility of the
method of quantifying in vivo mitochondrial activity in artemia nauplii, at least for the
first hours of life, as previously described in D. rerio [33]. Regarding the mitochondrial
fraction, the results indicated significant effects of the substrates on the resazurin reduction.
By comparing the obtained results with those generally expected from mitochondrial
respiratory activity, it is possible to explain the effects of each substrate on resazurin
reduction. In the case of succinate, an ETS substrate that enters complex II to be oxidized
as an electron donor increases the respiratory activity of the mitochondria. When this
occurs in the absence of ADP, the rates of oxygen consumption, despite existing, are low
(stage 4 of mitochondrial respiration), which leads to reduced mitochondrial capacity
(Figure 2b). However, with the addition of ADP (stage 3 of mitochondrial respiration),
an increase in oxygen consumption was expected to lead to an increase in the reducing
capacity of mitochondria (Figure 2b). Thus, the obtained results were consistent with
the bioenergetic mechanics of mitochondria, suggesting that resazurin is a reliable tool
for measuring in vivo mitochondrial activity. Using KCN, the reductive mitochondrial
capacity was not completely abolished. Rodriguez-Armenta et al. (2018) mentioned that
the use of cyanide and octyl-gallate were necessary to induce a full inhibition of A. salina
mitochondrial oxygen consumption, suggesting that an alternative oxidase may be present
in this organism. In this study, the authors reported that when KCN was added first, it
partially inhibited mitochondrial oxygen consumption (in our case, mitochondrial reductive
capacity, Figure 2b), and was completely inhibited after adding octyl-gallate. As mentioned
previously [41,42], oxyconformers present branched mitochondrial respiratory electron
chains. Together with the well-known mitochondrial oxidative phosphorylation (OxPhos)
components, other redox enzymes are present as alternative oxidases (AOX), which, as
mentioned above, are inhibited by other molecules such as octyl-gallate [35]. It is also
important to note that Talbot et al. (2008) [42] mentioned that cellular sites where resazurin
is reduced include the mitochondrial matrix. A study by Springer et al. (1998) [43] showed
that the inhibition of resazurin reduction occurs either by inhibiting complex I (using
antimycin A) or complex II (using malonate). It is known that the reduction potential (E0 at
pH = 7.0 and temperature = 25 ◦C) of resazurin is +380 mV, which is reduced by molecules
such as NAD(P)H (E0 = +320 mV), FADH2 (E0 = +220 mV), and cytochromes (E0 ranging
from −80 to +290 mV) [44]. It should be noted that cyanide, as well as other poisons,
like CO, arrest the whole process of mitochondrial respiration, reducing the oxidation of
NADH or FADH2 and, thus, decreasing the electron flow to reduce resazurin (Figure 2b).
Regarding the protein values observed in Experiment 1, the greatest changes were observed
over the exposure time, presenting a gradual decrease in their values. LA influenced the
values of this parameter, although to a lesser extent than time, which can be explained by
the fact that the animals were fasting. In this situation, the available protein is likely to be
used as an energy source and reduced to amino acids for the resynthesis of protein or for
the production of osmolytes such as taurine, which is synthesized from methionine [45–47].
Given that the protein concentration patterns of the LA-treated groups changed at different
exposure times compared with SCtrl (Figure 3a), it is possible to consider the interactions
between the developmental stage of artemia and LA as a metabolic modulator. Most of the
mass contained in yolk platelets is in the form of proteins [48], which need to be degraded
into amino acids that serve as the forming units of new proteins for nauplii [48]. This process
is catalyzed in the nauplii phase, primarily by thiol proteases, such as cathepsin B-like [49].
There is evidence of redox regulation by cathepsin B because molecules with thiol groups,
such as reduced glutathione (GSH), can elevate proteolytic activity in purified bovine
cathepsin B [49]. In the case of reduced LA (dihydrolipoic acid or DHLA), concentrations
between 1 and 10 μM have been observed to elevate proteolytic activity by up to 80% of the
maximum enzyme activity in a solution with 2 mM GSH [49]. The induced effect of LA on
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yolk protein degradation could subsequently favor the protein degradation of yolk platelets
for protein synthesis in the nauplii, as was observed at 18 h in the group supplemented
with 0.5 μM (Figure 3a).

Regarding TAN concentration in water, the decrease observed in the treatment with
0.5 μM LA after 18 and 24 h may indicate a decrease in the deamination of amino acids
for use as an energy source, possibly allowing greater efficiency to be achieved in protein
utilization for artemia development. This hypothesis could explain why the concentration
of 0.5 μM LA showed significantly lower TAN concentrations in water and higher protein
concentrations at the 18 h time point. LA has been observed to negatively regulate the
expression of proteins related to oxidative amino acid metabolism in experiments per-
formed with other species. In carp Ctenopharyngodon idellus, decreased expression of the
enzymes aspartate aminotransferase and alanine aminotransferase was observed when
supplemented with 600 and 1200 mg LA Kg−1 in the diet [11]. Both proteins actively
participate in amino acid catabolism and can be used as markers of the intensity of this
process [11,50]. In aquaculture, lower rates of protein utilization as an energy substrate
promote mass protein gain in animals, and can have considerable repercussions in terms of
decreasing the protein requirement of the diet [9]. In addition, lower ammonia production
influences the reduction in effluents rich in nitrogenous compounds from aquaculture
and, thereby, the sustainability of the activity [51]. However, a disclaimer observation
must be stated: no differences in protein levels at 24 h were observed between treatments
(Figure 3a), even when the TAN level of the group exposed to 0.5 μM LA was lower than
that of the control group (Figure 3b), a result that requires further confirmation.

In the case of triglycerides, it was not possible to observe a considerable effect of LA
compared to SCtrl over the experimental period. Throughout the experiment, there was
only one peak with a higher triglyceride concentration in the treatment with 0.5 μM LA in
the first six hours (Figure 4c). In artemia, most lipid fractions are stored as neutral lipids
(80%), with triglycerides representing approximately 70% [52]. Triglyceride utilization is
mainly divided into the synthesis of structural lipids and the supply of free fatty acid for
energy production [45]. Although these results do not show a significant effect of LA on
triglyceride concentration, unlike other existing studies [11,53], similar responses to those
found herein have been observed in other aquatic animal species, including crustaceans.
For example, in the crab Eriocheris sinensis, two studies have reported that LA has no
significant effect on the lipid content in this species [27,54].

In the case of glucose, there was an overall gradual increase in glucose levels until
the 18 h time period, and from the 24 h time period (Figure 4a), there was a general
decrease in the levels of this energy substrate. This behavior can be explained by the
amount of trehalose in artemia cysts. Trehalose is a disaccharide composed of glucose
monomers and is stored at high concentrations inside cysts, acting as a cellular protector
during the cryptobiosis phase [55]. However, when the organism returns to development
after rehydration, trehalose is hydrolyzed by the trehalase enzyme and transformed into
glucose, which acts as an energy substrate to supply accelerated metabolic activity during
development [56,57]. It is worth noting that glucose showed a negative correlation with the
protein and triglycerides variables according to the results obtained by PCA (Figure 6), since,
while the levels of protein and triglycerides decreased, glucose concentrations increased
at least until the 18 h time point, perhaps due to increased gluconeogenesis. This could
indicate that proteins and triglycerides participate as substrates for energy metabolism
under normal physiological conditions. From this moment on, glucose has begun to
occupy a place of greater importance as an energy substrate. In addition, it is particularly
interesting to note that during the experiment, there were always groups treated with LA
with glucose concentrations lower than those presented by the SCtrl group, corroborating
the importance of LA as a promoter of carbohydrate metabolism [22,24]. These results seem
to agree with those obtained for Macrobrachium nipponense, in which LA supplementation
(700 and 1400 mg Kg−1 feed) was found to increase the expression of glycolysis, Krebs cycle,
and oxidative phosphorylation enzymes [26]. In this same species, LA supplementation
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levels from 1000 to 5000 mg Kg−1 of feed resulted in biphasic behavior of the expression
of the enzymes hexokinase, phosphofructokinase, and pyruvate kinase, with the highest
expression at intermediate LA concentrations. This behavior was also observed for isocitrate
dehydrogenase expression, indicating an LA-induced hormetic-type effect [58]. Throughout
the experiment, notable increases in lactate concentration were observed in organisms
exposed to lactic acid. Under certain conditions and concentrations, LA may increase energy
metabolism above respiratory capacity, which could be compensated for by activating
metabolic pathways such as anaerobic glycolysis [59]. However, this should be explored
in future studies because of the lack of previous data indicating that LA increases lactate
concentrations, even when considering studies on other crustaceans [26,58]. Evidence
for an increase in metabolic activity caused by LA was found in the ETS capacity results.
During the experiment, this parameter increased according to the LA concentration, as
shown by the PCA results (Figure 6b), where a highly positive correlation between ETS
capacity and LA inclusion in the medium was observed. However, the mechanisms by
which this occurs remain unclear. Nevertheless, there is evidence for the participation of
the reduced nucleotides NADH and NADPH in LA reduction. Several proteins, including
thioredoxin reductase, lipoamide dehydrogenase, and the E3 subunit of α-ketoglutarate
dehydrogenase, can catalyze this reduction [60]. This process could imply a decrease
in cytoplasmic and mitochondrial NAD(P)H/NAD(P)+ ratios. Mitochondrial ADP and
AMP concentrations should increase under these conditions, favoring the consequent
activation of proteins such as AMPK, which promotes the catabolic metabolism of organic
macromolecules for the release of energy substrates, such as glucose or fatty acids, to restore
ATP levels [25,53,61]. One effect observed after LA supplementation was increased sirtuin
1-SIRT1 expression [22]. This NAD+-dependent deacetylase can also increase the activity of
transcription factors such as peroxisome proliferation-activated receptor gamma (PPARγ),
which acts as an agonist in mitochondrial biogenesis, with potential consequences in terms
of increasing ETS capacity [62].

This study did not show a consistent effect of LA on the antioxidant capacity, unlike
the results observed in several other animal models. States of lower antioxidant capacity
were observed at 6 and 18 h, whereas others had higher antioxidant capacity at 12 and
24 h, although at the latter time, this occurred only at the concentration of 10 μM LA
(Figure 5). These different responses reflect the dual role of LA as a pro-oxidant and
antioxidant, which explains the gradual decrease in the antioxidant capacity observed at
6 h as the concentration of LA increased. It should be considered that the increments in
ETS promoted by adding LA to the medium could have influenced the antioxidant capacity
results. Thus, these results can be strongly linked to the effects of LA as a promoter of
energy metabolism as an increase in oxidative phosphorylation can cause increased ROS
production [63], which, in principle, should be intercepted as a protective mechanism by
antioxidant defenses [64]. Alpha-lipoic acid, as an agent that modulates the redox state of
a cell by influencing the concentration of reduced nucleotides NAD(P)H, has the ability
to meddle with energy production routes by altering the equilibrium of NAD+/NADH
concentrations [25]. A relative surge in NAD+ concentrations can stimulate mitochondrial
activity to replenish reduced nucleotides serving as energy transporters for the electron
transport chain [65]. It is crucial to note that there is evidence of redox-type interactions
between alpha-lipoic acid and insulin receptors, which in turn boost insulin signaling
within cells [66].

The demand for endogenous antioxidants in situations of high ROS production can de-
crease the antioxidant capacity [67]. This could explain the metabolic increment associated
with the energetic cost of antioxidant synthesis to cope with the ROS increase. This idea is
based on evidence of the intimate relationship between AMPK activation and antioxidant
gene expression, where the post-transcriptional changes performed by this protein on
erythroid nuclear factor 2-related factor 2 (Nrf2) cause it to migrate to the nucleus, where
it acts as a ligand on AREs to activate its expression [68]. LA induces metabolic changes
(glucose and ETS output) in animals, which implies accelerated use of energy reserves that
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may interact with (or antagonize) normal physiological demands at this stage of life. In
this situation, the organism could be forced to prioritize physiological functions differently
than a more slowly developing organism and/or an organism with a constant nutrient
intake. Further studies are needed to determine how LA acts in animals at an accelerated
developmental stage with limited nutrient availability.

In the PCA analysis (Figure 6), owing to the high correlation of PC1 with time, it was
possible to determine that this factor contributed the most to the variability observed within
the data, where, in general, there was a decrease in nutrient concentration as the experiment
progressed. The correlation between treatment with LA and PC2 provided evidence of
the role of LA in data variability. Finally, it should be noted that the negative correlation
between glucose and LA concentrations may indicate the influence of LA as a promoter
of glucose catabolism (Figure 6a), possibly through positive regulation of mitochondrial
energy activity. Additionally, at 24 h, a gradual decrease in ROS production was observed
with the addition of LA, although the differences were only significant between the SCtrl
and 10 μM treatment groups. LA did not promote antioxidant capacity, but paradoxically,
it seemed to have had a sizeable effect on ROS production. This seems counterintuitive
given its high ETS activity and low antioxidant capacity. However, considering that ROS
production was lower than in SCtrl, the decrease in antioxidant capacity in LA-treated
animals may have been the result of decreased ROS production as an effect of LA, which
would be an adaptive response for the organism. Additionally, the observed increase in
ETS activity may have influenced the decrease in the antioxidant capacity to contain ROS,
a product of mitochondrial respiration.

To summarize the main findings observed in this study, we can mention that: (1) LA
induced a higher aerobic metabolism, as indicated by the electron transport system (ETS)
activity, pointing to its role as a metabolic regulator; (2) the in vivo ETS results can be
associated mainly with the mitochondrial activity of artemia; (3) additionally, LA promoted
glucose catabolism; (4) LA promoted a decrease in ROS production, as is consistent with its
well-known antioxidant properties; (5) some combinations of LA concentrations (0.5 μM)
and exposure time (18 h) induced higher protein levels and lowered TAN production.
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Abstract: Low temperature is a critical factor restricting the growth and survival of aquatic animals,
but research on the mechanism of response to low temperature in Cherax destructor is limited. C. de-
structor is one of the most important freshwater crustaceans with strong adaptability in Australia,
and it has been commercialized gradually in recent years. Here, growth indicators, antioxidant
parameters, anti-stress gene expression, and transcriptome sequencing were used on crayfish fol-
lowing 8 weeks of low-temperature acclimation. The results showed that weight gain, length gain,
and molting rates decreased as the temperature decreased. The activity of antioxidant enzymes
decreased, while the content of antioxidant substances and the expression of anti-stress genes in-
creased. Transcriptome sequencing identified 589 differentially expressed genes, 279 of which were
upregulated and 310 downregulated. The gene functions and pathways for endocrine disorders,
glucose metabolism, antioxidant defense, and immune responses were identified. In conclusion,
although low-temperature acclimation inhibited the basal metabolism and immune ability of crayfish,
it also increased the antioxidant substance content and anti-stress-gene expression to protect the
organism from low-temperature damage. This study provided molecular insights into the study of
low-temperature responses of low-temperature-tolerant crustacean species.

Keywords: antioxidant; Cherax destructor; heat shock proteins; low-temperature stress; transcriptomic
responses

1. Introduction

Water temperature is an inevitable factor causing aquatic animal stress, affecting
almost all physiological and biochemical processes of poikilothermic animals. It can in-
hibit individual growth or even lead to death at low temperatures [1,2]. When the water
temperature changes beyond the tolerance temperature range of poikilothermic animals,
oxygen free radicals increase, antioxidant-enzyme activity decreases, oxidative damage
is aggravated, and immunity becomes suppressed in the organism [3,4]. To adapt to the
drastic changes in the surrounding environment, individuals have evolved a series of tem-
perature stress response mechanisms, such as unfolded-protein response and apoptosis [5],
activation of desaturases [6,7], and increased lipid metabolism [8]. In addition, as a class of
molecular chaperones, heat shock proteins can prevent protein denaturation and play a
critical role in an organism’s resistance to environmental stress [9,10]. Heat shock proteins
are associated with temperature tolerance and organism upregulation of HSP expression
to protect cells from damage under temperature stress [10–12]. When an organism is sub-
jected to environmental stress, HSP70 can enhance cell viability by protecting cells from
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oxidative or nitrative stress, while HSP90 can defend against pathogenic infection [13],
thus improving the environmental adaptation of aquatic animals [14,15]. However, most
of these studies are concentrated in species that cannot tolerate low temperature, such as
Litopenaeus vannamei [3,16], Marsupenaeus japonicus [17], and Cherax quadricarinatus [18,19],
whereas less research has been done on low-temperature-tolerant crustaceans.

Cherax destructor is one of the Australian freshwater crayfish with a large size, fast
growth, high survival rate, and wide distribution [20]. Recently, C. destructor has been
commercialized gradually as a potential economic species [21]. Different from other
economically important Australian freshwater crayfish such as Cherax tenuimanus and
C. quadricarinatus, C. destructor has strong temperature adaptability, and it can tolerate low
temperatures [20]. At present, there are many studies on the tolerance of C. destructor to
environmental factors such as salinity [22], dissolved oxygen [23], and pH [24], but there
are fewer studies on low-temperature tolerance.

Investigating changes in gene expression patterns and metabolic pathways is the
focus of understanding the molecular-response mechanisms of crustaceans under low-
temperature stress. Currently, transcriptomic approaches based on high-throughput RNA
sequencing (RNA-seq) have provided new analytical avenues for revealing potential genes
and related pathways of organism-specific physiological processes under different environ-
mental conditions [19,25]. RNA-seq is now widely used to study the defense responses of
organisms under stress conditions. It provides comprehensive information for identifying
novel immune genes and reveals potential regulatory and adaptive mechanisms [26–28].
With the help of RNA-seq, previous studies have identified some functional genes and
physiological pathways of cold-tolerance mechanisms [29,30]. Therefore, using RNA-seq
to analyze C. destructor at the molecular level under low temperatures is expected to help
us better understand the cold-response mechanism of crayfish.

In this study, the weight growth rate and molting rate, the activity of antioxidant
enzymes and glutathione content, as well as the gene expression of heat shock proteins (HSPs)
and cold shock protein (CPS) in the hepatopancreas of C. destructor at different temperatures
were examined. Transcriptome sequencing and bioinformatics analysis were applied
to identify the essential genes and the major pathways in response to cold stress. The
results provide a theoretical basis and valuable insights for further exploring the regulatory
mechanisms of crustaceans under low-temperature stress.

2. Materials and Methods

2.1. Experimental Organisms

Healthy C. destructor were obtained from the Shanghai Academy of Agricultural Sci-
ences (Shanghai, China). The temperature acclimation experiment on crayfish was carried
out in culture tanks for 7 days. The tanks contained aerated water and were maintained at
20 ± 1 ◦C. The crayfish were fed daily with commercial feed during acclimatization, and
excrement and food residue were removed.

2.2. Experimental Procedures

After acclimatization, the crayfish (n = 150) were randomly assigned to tanks
(66 × 45 × 36 cm) for each temperature treatment at a density of 10 crayfish per tank.
Three tanks were used for each treatment group (30, 25, 20, 15, and 10 ◦C). For the tem-
perature treatment, 20 ◦C was maintained until the end of sampling. For the other four
temperature treatments, the water temperature was increased/decreased from 20 ◦C to
1 ◦C per day until the set temperature was reached. Subsequently, the temperatures were
maintained at the set temperature for 8 weeks before sampling.

During cultivation, the initial body weight and initial body length were recorded,
and the number of molting crayfish was recorded every day. After cultivation, final body
weight and final body length were measured, and the weight gain, length gain, and molting
rates were calculated. Hepatopancreas samples of C. destructor were rapidly removed,
flash frozen in liquid nitrogen, and stored at −80 ◦C for transcriptomic analysis and other
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biochemical assays. Only the hepatopancreas from the 25 ◦C and 10 ◦C groups were used
for transcriptomic analysis.

The crayfish were fed commercial feed, and the food residues and animal feces
were cleaned daily. Water temperatures were checked, and the water was changed ev-
ery day. The amount of water exchanged was one-third of the total, and the tank was
continuously aerated.

2.3. Antioxidant Index Detection

The hepatopancreas tissues from the different temperature groups (30, 25, 20, 15, and
10 ◦C) were combined with physiological saline. The hepatopancreas weight (g)/physiological
saline (mL) ratio was 1:9. Homogenate was prepared with a homogenizer on ice. The
contents of total glutathione (T-GSH), reduced glutathione (GSH), and oxidized glutathione
(GSSG), as well as the enzyme activity of glutathione reductase (GR) and glutathione-S-
transferase (GST), were detected using commercial kits purchased from Nanjing Jiancheng
Co., Ltd. (Nanjing, China). The experimental operation was carried out in strict accordance
with the instructions.

2.4. Detection of Anti-Stress-Gene Expression

Total RNA of hepatopancreas tissues was extracted by TRIzol reagent (Aidlab, Beijing,
China), following the manufacturer’s instructions. The concentration and quality of RNA
were detected by a NanoDrop-2000C (Thermo Scientific, Wilmington, NC, USA) and
1% agarose gel electrophoresis, respectively. Total RNA first-strand cDNA of each sample
was generated using the PrimeScript™ RT Master Mix Real Time Kit (Takara, Japan). The
transcribed cDNA was stored at −20 ◦C for subsequent experiments. The fluorescent
quantification dye was TransStart Top Green qPCR SuperMix (TransGen, Beijing, China).
Primer sequences for anti-stress genes are shown in Table S1. 18S rRNA was used as an
internal reference gene, and the 2−ΔΔct method was used for calculation [31].

2.5. Transcriptomic Analysis
2.5.1. Transcriptome Sequencing

Total RNA from hepatopancreas tissues of C. destructor in the 25 ◦C and 10 ◦C groups
was extracted using the mirVanaTM miRNA Isolation Kit (Ambion, Austin, TX, USA). An
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a NanoDrop
2000 spectrophotometer (Thermo Scientific) were used to analyze the RNA integrity and
quality, respectively. The TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego,
CA, USA) was used to construct cDNA libraries, following standardized kit procedures.
The libraries were sequenced on the Illumine sequencing platform (Illumina HiSeq X
Ten) at Shanghai OE Biotech Co., Ltd. (Shanghai, China), and 150 bp paired-end reads
were generated.

2.5.2. RNA-Seq Read Processing and Mapping

The raw image data obtained by high-throughput sequencing were converted into
raw sequence data by base calling analysis. They contained the sequence information of
the raw sequence data and the sequencing quality information. Trimmomatic software [32],
which controls the quality of raw data, including removal of adapters, low-quality reads,
and low-quality bases, was utilized as it also obtains high-quality clean reads. Clean reads
were mapped to the reference genome of C. destructor using HISAT2, and every sample was
independently mapped. The software parameters were default values.

2.5.3. Differentially Expressed Genes (DEGs) and Functional Enrichment

Htseq-count software was used to obtain the read counts of genes in each sample.
Cufflinks software was used to calculate the FPMK (fragments per kb per million reads)
value of each gene [33,34]. The estimates SizeFactors function of the DESeq R package was
used to normalize the data, and the nbinom Test function was used to calculate the p-value
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and fold change value. Genes with p < 0.05 and fold change ≥ 2 were considered DEGs. M-
versus-A (MA) and volcano plots were created to visualize the overall distribution of DEGs.
Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were performed on DEGs to determine the biological functions and
pathways that differential genes mainly affect. The GO enrichment analysis was divided
into biological processes, cellular components, and molecular functions.

2.6. Transcriptome Data Validation

To ensure the reliability of transcriptome data, fourteen genes were randomly selected
from DEGs and measured using qRT-PCR. The gene expressions were detected using
the qRT-PCR method, described in Section 2.4. Primer sequences for transcriptome data
validation are shown in Table S2. 18S rRNA was used as an internal reference gene, and the
2−ΔΔct method was used for calculation [31].

2.7. Statistical Analysis

All data were presented as the mean ± standard deviation (SD). One-way analysis
of variance and Tukey’s test were used to determine the differences among different
temperature groups. Statistical analyses were conducted with SPSS 19.0 (IBM, Chicago, IL,
USA), and graphs were constructed using Graph Pad Prism 5 (Graph Pad Software, La
Jolla, CA, USA). Significant differences were indicated when p < 0.05.

3. Results

3.1. Effects of Temperature on the Growth Indicators of C. destructor

As shown in Table 1, the weight gain rate and length gain rate were significantly
decreased in the 15 ◦C and 10 ◦C groups compared to the 30, 25, and 20 ◦C groups (p < 0.05).
There was no significant difference among the 30, 25, and 20 ◦C groups, as well as between
the 15 ◦C and 10 ◦C groups (p > 0.05).

Table 1. The growth indicators of C. destructor at different temperatures (30, 25, 20, 15, and 10 ◦C) for
8 weeks.

30 25 20 15 10

Initial crayfish wet weight (g) 3.40 ± 0.25 3.61 ± 0.32 3.47 ± 0.25 3.41 ± 0.41 3.39 ± 0.43
Initial crayfish body length (cm) 3.31 ± 0.45 3.29 ± 0.26 3.06 ± 0.40 3.32 ± 0.48 3.22 ± 0.35

Final crayfish wet weight (g) 10.86 ± 1.39 10.44 ± 0.74 9.95 ± 0.95 4.64 ± 0.26 4.46 ± 0.23
Final crayfish body length (cm) 7.95 ± 0.29 7.67 ± 0.37 7.62 ± 0.36 4.67 ± 0.53 4.63 ± 0.29

Weight gain rate (WG, %) 68.67% b 65.41% b 65.14% b 26.40% a 24.05% a

Length gain rate (LG, %) 58.37% b 57.08% b 59.86% b 28.82% a 30.55% a

Values are presented as the mean ± SD (n = 10); significant differences are indicated with different letters in the
same row (p < 0.05).

3.2. Effects of Temperature on the Molting Rate of C. destructor

In the 30 ◦C and 25 ◦C groups, the molting rate in the second and eighth weeks was
higher than in the fourth and sixth weeks. In the 20 ◦C group, the molting rate in the second
and sixth weeks was lower than in the fourth and eighth weeks. In the 15 ◦C and 10 ◦C
groups, the molting rate was enhanced as the time increased (Figure 1).

3.3. Effects of Temperature on Antioxidant Indicators of C. destructor

To evaluate the antioxidant properties of C. destructor at different temperatures, the
content of glutathione and the activities of antioxidant enzymes were detected. T-GSH
had maximum values in the 30 ◦C group, except in the 30 ◦C group, T-GSH increased as
the temperature decreased, and it significantly increased in the 15 ◦C and 10 ◦C groups
compared with the 25 ◦C group (p < 0.05, Figure 2A). GSSG and GSH peaked in the 30 ◦C
group and the 10 ◦C group, respectively, and there were no significant differences among
the other temperature groups (p > 0.05, Figure 2B,C). GSH/GSSG had an increasing trend
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with the temperature decrease, and it significantly increased in the 10 ◦C group compared
with the other groups (p < 0.05, Figure 2D). Except for the GST of the 10 ◦C group, the
activity of both GR and GST first decreased and then increased as the temperature decreased.
Compared with the 25 ◦C group, GST activity was significantly decreased in the 10 ◦C
group (p < 0.05), while GR activity had no significant (Figure 2E,F).

Figure 1. (A–F) The molting rate (%) of C. destructor at different temperatures (30, 25, 20, 15, and
10 ◦C) for 2, 4, 6, and 8 weeks. Data are presented as the mean ± SD. Means with different letters are
significantly different (p < 0.05).

Figure 2. (A–D) The contents of T-GSH, GSSG, GSH, and GSH/GSSG; and (E,F) activities of GST
and GR in the hepatopancreas of C. destructor at different temperatures (30, 25, 20, 15, and 10 ◦C)
for 8 weeks. Data are presented as the mean ± SD of three independent experiments. Means with
different letters are significantly different (p < 0.05).

3.4. Effects of Temperature on the Expression of Anti-Stress Genes in C. destructor

The results of the 25 ◦C group are set as 1. Compared with the 25 ◦C group, the expres-
sion of HSP20 significantly decreased as the temperature decreased (p < 0.05, Figure 3A).
The expressions of HSP21 and HSP90 were not significantly different in the low-temperature
groups compared with the 25 ◦C group (p > 0.05), while they significantly increased in the
30 ◦C group (p < 0.05, Figure 3B,E). As the temperature decreased, the expressions of HSP60,
HSP70, and CSP significantly increased compared with the 25 ◦C group (p < 0.05), and the
expression of CSP significantly increased in the 30 ◦C group (p < 0.05, Figure 3C,D,F).
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Figure 3. (A–F) The levels of HSP20, HSP21, HSP60, HSP70, HSP90, and CSP expression in the
hepatopancreas of C. destructor at different temperatures (30, 25, 20, 15, and 10 ◦C) for 8 weeks. Data
are presented as the mean ± SD of three independent experiments. Means with different letters are
significantly different at p < 0.05.

3.5. GO and KEGG Pathway Enrichment Analysis

The DEGs were visualized on the MA and volcano plots (Figure 4). A total of 589 DEGs
were identified, of which 279 were upregulated and 310 were downregulated.

Figure 4. Distribution of DEGs in C. destructor among the low-temperature and control groups.
(A) MA plot for DEG visualization. Each dot represents one gene, and the red dots represent DEGs.
(B) Volcano plot map for visualization. Red and green dots represent upregulated and downregulated
DEGs, respectively.

To identify the key functions in crayfish affected by cold temperature, 589 DEGs
were mapped into three GO items. The results showed that the top three categories of
biological processes enriched by DEGs were regulation of pupariation (GO: 0106023),
negative regulation of ecdysone receptor-mediated signaling pathway (GO: 0120143),
and cellulose catabolic process (GO: 0030245). The top three cellular components were
extracellular space (GO: 0005615), anchored component of the external side of the plasma
membrane (GO: 0005615), and mitochondrial envelope (GO: 0005740). The top three
molecular functions were oxidoreductase activity (GO: 0016491), cellulase activity (GO:
0008810), and cellulose binding (GO: 0030248) (Figure 5).

138



Antioxidants 2022, 11, 1779

Figure 5. GO functional classification of DEGs in C. destructor. Three items are included: biological
processes; cellular components; molecular functions.

As shown in Figure 6, KEGG enrichment was performed to further understand which
pathways were significantly affected in the cold temperature group. The top 20 KEGG
pathways that were significantly enriched were mainly involved in metabolic regulation
(carbohydrate metabolism), innate immune response (glutathione metabolism, cytochrome
P450 metabolism, neomycin, kanamycin, gentamicin biosynthesis, and retinol metabolism),
endocrine system (steroid hormone biosynthesis and thyroid hormone synthesis), and
low-temperature protective response (longevity-regulating pathway).

Figure 6. KEGG enrichment analysis of DEGs in C. destructor. The x-axis represents the pathway
name. The y-axis represents the gene numbers enriched in the pathway (left) and enrichment score
(right), corresponding to the blue bars and red lines, respectively.
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3.6. Data Validation

To verify the reliability of transcriptome sequencing results, we detected 14 randomly
selected genes using qRT-PCR, as shown in Figure 7. A significant positive correlation
(R = 0.810) between the RNA-seq results and qRT-PCR results indicates that the transcrip-
tome results were validated.

Figure 7. Validation of RNA-Seq results by qRT-PCR.

4. Discussion

Changes in water temperature profoundly impact the growth and metabolism of
aquatic ectothermic animals. Previous studies have shown that growth was significantly
inhibited in many species at low temperatures, such as Macrobtachium nipponense and
C. quadricarinatus [35,36]. Similar results were found in our experiments, where the weight
growth rate and length growth rate of C. destructor significantly decreased in the low-
temperature groups (15 ◦C and 10 ◦C) compared with other temperature groups (30, 25,
and 20 ◦C). The results indicated that when the temperature was lower than 15 ◦C, the
growth of C. destructor was inhibited. Crustacean growth is accomplished through a series
of molts [37]. In the present study, as the cultivation time increased, the molting rate of
C. destructor showed different trends in the different temperature groups. The molting
rate of crayfish was lower in the 15 ◦C and 10 ◦C groups than in the other groups after
two weeks of culture. The results showed that low temperature inhibited the molting rate
of C. destructor, thus likely leading to prolonged molting intervals in crustaceans [38,39].
With the increase in cultivation time, the molting rate of crayfish in the low-temperature
groups showed an upward trend, while the other groups showed a downward trend. We
speculate this may be related to the prolonged molt period in low temperatures. That
is, after 4–6 weeks of culture, the crayfish in the low-temperature group may gradually
enter the molting period, while the other groups were in the transition between two molts.
Further studies are still required to understand molting fully. These results suggested that
low temperature may inhibit the growth of C. destructor by reducing the molting rate and
prolonging the molting cycle.

To explore the physiological processes and metabolic pathways of C. destructor in
response to low temperature, we evaluated antioxidant and anti-stress indexes at different
temperatures and combined RNA-seq technology to analyze the hepatopancreas of crayfish
at 25 ◦C and 10 ◦C. GO enrichment results showed DEGs were mainly enriched in biological
processes related to growth and development, and molecular functions related to oxidore-
ductase. These results were in agreement with the growth parameters and antioxidant
indicators results.

The endocrine system regulates various physiological functions of organisms to cope
with environmental changes. In Macrobrachium rosenbergii and L. vannamei, changes in
endocrine hormone levels were found during cold stress [40,41]. These findings confirm
that the endocrine system affects individuals’ cold tolerance. In the present study, low
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temperature significantly altered the steroid hormone biosynthesis, including ecdysone and
estrogen. Ecdysone and estrogen control molting, embryogenesis, gonadal development,
and reproductive ability in aquatic animals [42–44]. Changes in the levels of these hormones
suggest that they are involved in suppressing molting and sexual maturation at low
temperatures. Responses of molting-related hormones and sexual-maturation-related
hormones to temperature changes were also found in L. vannamei and M. nipponense [45,46].
Except for the steroid hormone, thyroid hormone biosynthesis was also affected in the
low-temperature group. Thyroid hormone regulates the individual basal metabolic rate
and is known for regulating body temperature in homothermic animals, as well as growth
and development in poikilotherms [46–48]. It is affected by temperature in various aquatic
animals [49–51]. Iodide is an important micronutrient in thyroid hormone biosynthesis, and
iodide homeostasis within the thyroid gland is critical for thyroid hormone synthesis [52].
Iodotyrosine deiodinase is necessary to keep the balance between iodide and thyroid
hormones [53]. Transcriptome results showed that the gene expression of iodotyrosine
deiodinase was significantly down-regulated in the low-temperature group, suggesting
that iodotyrosine deiodinase can be an important indicator of low temperature inhibiting
thyroid hormone synthesis in crayfish. In addition, the thyroid hormone regulates thermal
acclimation in the zebrafish during temperature changes [54]. Little is known about the
regulatory control of thyroid hormone on thermogenesis in aquatic animals. Therefore,
the thermal regulation of thyroid hormone on crayfish at low temperatures needs further
exploration. The above results suggest that low temperature may lead to the synthesis and
secretion of hormone disorders and then cause endocrine disorders, which finally affect
individual growth and sexual maturity.

Previous studies have shown that amino acid metabolism and lipid metabolism are
the main energy sources for crustaceans to cope with cold stress, and acute cold stress can
lead to their dysregulation [17,55]. In the present study, among the top 20 KEGG pathways
significantly enriched by DEGs under long-term low-temperature acclimation, five glucose-
metabolism-related pathways (starch and sucrose metabolism, carbohydrate digestion
and absorption, pentose and glucuronate interconversion, glycolysis/gluconeogenesis,
and other glycan degradation) were affected. In addition, the qRT-PCR and transcrip-
tome results showed a low-temperature-induced significant decrease in the expression of
glycogenolysis-related genes, such as β-1,3-GA, CELLULASE, amylase, and endoglucanase.
But the rate-limiting enzyme of glucose decomposition, hexokinase, was significantly upreg-
ulated. These results showed that long-term low-temperature stress could lead to abnormal
glucose metabolism in individuals. Glucose is an important energy source that can be
broken down by the hepatopancreas as a rapid energy source under cold stress to meet the
needs of individual energy metabolism. Changes in glucose metabolism are an adaption
mechanism in individuals to low temperatures; for example, M. rosenbergii and L. vannamei
have increased blood glucose levels and decreased glycogen content during the adaptation
process [40,55]. This result indicates the importance of a sugar source for crayfish in a
long-term low-temperature environment.

The balance between the production and elimination of cellular reactive oxygen species
(ROS) is disrupted when an organism is stressed. The activation of antioxidant enzymes
and antioxidants is induced to prevent oxidative damage caused by excess ROS. Catalase
is an antioxidant enzyme that detoxifies ROS [56]. In the transcriptome and qRT-PCR
results, the expression of CAT in crayfish was decreased in the low-temperature group. A
decrease in antioxidant enzyme activity was also observed in Portunus trituberculatus and
C. quadricarinatus after low-temperature acclimation [10,18]. GSH is an antioxidant that
acts on ROS [57], maintains the balance of oxidative stress and the antioxidant system, and
converts GSSG to GSH via GR [58]. In L. vannamei, GSH has a regulatory role in temperature
stress [4]. In the present study, DEGs were significantly enriched in glutathione metabolism,
and the GSH content and GR activity were increased in the low-temperature group. In
addition, the down-regulation of glutathione hydrolase and the up-regulation of isocitrate
dehydrogenase prevent GSH breakdown and provide energy, respectively, for the GSH
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synthesis process [59]. They are both important enzymes that ensure GSH content. Our
results showed that glutathione metabolism is involved in long-term cold acclimation.
Low temperature regulates the activity of enzymes related to glutathione metabolism to
increase the content of GSH, which is very important in the low-temperature adaption
mechanism in C. destructor. Ascorbate is another antioxidant in organisms that scavenges
H2O2, O2

−, HO• and lipid hydroperoxides [60,61]. Previous studies found that ascorbate is
associated with resistance to environmental stress in aquatic animals [62,63]. The ascorbate-
related pathway is significantly altered in C. destructor in the low-temperature group. These
results suggest that long-term low temperature inhibits the activity of antioxidant enzymes
but activates antioxidant-related metabolism, implying the important protective role of
antioxidants during oxidative stress caused by long-term low temperature. This may be
a physiological compensation mechanism of crayfish under long-term low-temperature
acclimation [64].

Low temperature suppresses the immune performance of crayfish, such as antibacterial
and anti-inflammatory activity. Neomycin, kanamycin, and gentamicin are from the amino-
glycoside family of antibiotics [65–67]. They act against most gram-negative organisms
and exert their antibacterial effect by blocking bacterial protein synthesis [65,68]. Retinol
is involved in innate immunity and downregulates the expression of pro-inflammatory
factors to exert anti-inflammatory effects [69,70]. In humans and rats, retinol has been
found to have a regulatory effect at low temperatures [71,72]. In the present study, antibiotic
biosynthesis and retinol metabolism were significantly changed in the low-temperature
group. Mitogen-activated protein kinases (MAPKs) are involved in various physiological
processes and respond to various extracellular stimuli. In Meretrix petechialis, MAPK14 was
activated after being challenged by Vibrio and elicited a series of immune responses [73].
In Lateolabrax maculatus, the expression of MAPK14 was upregulated under hypoxia and
salinity stress [74]. In the present study, the expression of MAPK14 was increased in the low-
temperature group, while the expression of immunity genes such as AKP [75], GGT [76],
and AKR1B1 [77] was significantly decreased. These results further confirmed that low
temperature inhibited the innate immunity of crayfish. The above results indicate that the
antibacterial and anti-inflammatory abilities of individuals are reduced at low temperatures
and that the individual may be more susceptible to pathogen infection at this time.

Low temperature can induce a disorder of free-radical metabolism, destroy the physio-
logical functions of cells and tissues, and cause apoptosis [19]. HSPs maintain homeostasis
by protecting the structure and function of cells and tissues from various stressors, in-
cluding temperature stress [78]. According to the molecular weight, HSPs can be divided
into high-molecular-weight HSPs (i.e., HSP100, HSP90, HSP70, and HSP60) and small-
molecule HSPs (i.e., HSP40, HSP21, and HSP10) [79]. In M. rosenbergii and P. trituberculatus,
HSP70 and HSP90 were protective against temperature stress [10,13]. The expression of
HSP40 and HSP21 was induced under temperature stress in L. vannamei and C. quadri-
carinatus, respectively [18,80]. In the present study, the detection of expressions for three
high-molecular-weight HSPs (HSP90, HSP70, and HSP60) and two small-molecular-weight
HSPs (HSP21 and HSP20) suggest that HSPs with different molecular weights have dif-
ferent expression patterns during low-temperature adaptation. The different expression
profiles were observed in the same HSP genes under different environmental stressors in
L. vannamei [81], implying the necessity of different HSP expression patterns for individ-
ual survival. The expression of HSP60 and HSP70 was significantly upregulated, while
other HSPs decreased or had no significant change at low temperatures in crayfish. The
results indicated that HSP60 and HSP70 might have stronger protective effects at low-
temperature acclimation in C. destructor. This may be related to the ATP dependence of
high-molecular-weight HSPs [82].

ATP synthase is a protein that catalyzes the synthesis of ATP [83], and it provides
energy for individual protective mechanisms, including HSP. The upregulation of ATP
synthase was observed in both transcriptome and qRT-PCR results. In addition, it is
well studied that HSPs are also involved in immune responses such as antibacterial, anti-
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inflammatory, and disease control [84,85]. HSP70 is also a negative regulator of apoptosis,
interfering with the occurrence of apoptosis [86–88]. This is related to the fact that the
pathways involved in life regulation in crayfish are affected in the low-temperature group.
It emphasizes the protective role of HSPs in crayfish at low-temperature acclimation. In
transcriptome data, the longevity regulating pathway was significantly affected in the
low-temperature group. Previous studies have pointed out that low temperature can
improve the health and longevity of Drosophila melanogaster [89], Brachionus horeanus [90],
Caenorhabditis elegans, and other species. The effect of temperature on the lifespan of
C. elegans is related to daf-16 (a key gene regulating longevity) [91]. In the present study,
the expressions of HSP60, SOD (superoxide dismutase), SMK-1, and TCERG1 (transcription
elongation regulator1) in C. destructor were upregulated. SOD is an antioxidant enzyme that
prevents oxidative damage. SMK-1 is required for innate immune and oxidative stress and
modulates daf-16 transcriptional specificity that regulates longevity [92]. Moreover, the
overexpression of TCERG1 extends the lifespan of C. elegans [93]. The increase of these
genes showed low temperature could directly activate key genes that regulate lifespan in
C. destructor. The results provide important information for the survival of cold-tolerant
species at low temperatures.

CSPs are a class of RNA/DNA-binding proteins with one or more cold shock domains.
CSPs are a critical factor required for cellular adaptation to low temperatures and over-
coming the deleterious effects of cold stress [94,95]. Currently, increasing the expression
level of CSP at low temperatures has been found in crustaceans such as M. nipponense,
C. quadricarinatus, and Alvinocaris longirostris [96–98]. Similar results were also found in
our experiments. The expression of CSP significantly increased in C. destructor in the
low-temperature group, indicating CSP is indispensable for the survival of crayfish during
cold acclimation. The specific protective mechanism of CSP in crustaceans is less studied
and needs further exploration.

In general, stress responses are classified as primary stress responses (short term),
secondary stress responses, and tertiary stress responses (long term) [99]. Primary stress
responses are for the neuroendocrine system, and secondary and tertiary stress responses
are for cellular responses and individual or population changes, respectively [100]. In
crayfish, low-temperature acclimation affected the release of steroid hormone and thyroid
hormone, and it inhibited the individual basic metabolism level and developmental process.
Subsequently, a series of cellular immune responses such as antioxidant, antibacterial, anti-
inflammatory, and disease resistance of crayfish were suppressed. However, during the
process, anti-stress factors such as GSH, HSP60, HSP70, and CSP were activated to resist
the deleterious effects of low temperatures. Thus, the survival of crayfish is ensured
when the individual metabolism is slowed down, the molting is inhibited, and the growth
is restricted.

5. Conclusions

This study evaluated the growth, detected the antioxidant enzyme activity and an-
tioxidant substance content, measured the gene expression of HSPs and CSP, and used
transcriptomic to explore the response mechanism at the molecular level in C. destructor at
low temperature. The results showed that low temperature induces endocrine disorders,
affects basal metabolism and glucose metabolism, inhibits antioxidant enzyme activity
(GST) and immune gene expression (AKP, CAT, GGT, and AKR1B1), and slows individual
growth. However, low temperatures activate the synthesis of antioxidants (GSH, antibiotics,
and retinol), the expression of anti-stress genes (HSP60, HSP70, CSP, and MAPK14), and
lifespan-related genes (SMK-1 and TCERG1), which have important protective effects on
the survival of individuals at low temperatures. Our results provide valuable information
on the response metabolism of crustaceans at low temperatures.
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Abstract: As one of the most toxic elements, mercury (Hg) is a widespread toxicant in aquatic en-
vironments. Crayfish are considered suitable for indicating the impact of heavy metals on aquatic
crustaceans. Nevertheless, Hg toxicity on Procambarus clarkii is largely unknown. In this research, the
acute Hg-induced alterations of biochemical responses, histopathology, hepatopancreatic transcrip-
tome, and intestinal microbiome of Procambarus clarkii were studied. Firstly, Hg induced significant
changes in reactive oxygen species (ROS) and malonaldehyde (MDA) content as well as antiox-
idant enzyme activity. Secondly, Hg exposure caused structural damage to the hepatopancreas
(e.g., vacuolization of the epithelium and dilatation of the lumen) as well as to the intestines (e.g.,
dysregulation of lamina epithelialises and extension of lamina proprias). Thirdly, after treatment with
three different concentrations of Hg, RNA-seq assays of the hepatopancreas revealed a large number
of differentially expressed genes (DEGs) linked to a specific function. Among the DEGs, a lot of redox
metabolism- (e.g., ACOX3, SMOX, GPX3, GLO1, and P4HA1), ion transport- (e.g., MICU3, MCTP,
PYX, STEAP3, and SLC30A2), drug metabolism- (e.g., HSP70, HSP90A, CYP2L1, and CYP9E2), im-
mune response- (e.g., SMAD4, HDAC1, and DUOX), and apoptosis-related genes (e.g., CTSL, CASP7,
and BIRC2) were identified, which suggests that Hg exposure may perturb the redox equilibrium,
disrupt the ion homeostasis, weaken immune response and ability, and cause apoptosis. Fourthly,
bacterial 16S rRNA gene sequencing showed that Hg exposure decreased bacterial diversity and
dysregulated intestinal microbiome composition. At the phylum level, there was a marked decrease
in Proteobacteria and an increase in Firmicutes after exposure to high levels of Hg. With regards to
genus, abundances of Bacteroides, Dysgonomonas, and Arcobacter were markedly dysregulated after
Hg exposures. Our findings elucidate the mechanisms involved in Hg-mediated toxicity in aquatic
crustaceans at the tissue, cellular, molecular as well as microbial levels.

Keywords: Procambarus clarkii; mercury; histopathology; intestinal microbiota; hepatopancreatic
transcriptome

1. Introduction

In recent years, there has been increasing concern about aquatic heavy metal pol-
lution [1–3]. Mercury, a toxic element, reaches aquatic environments mainly via an-
thropogenic activities. Globally, it is the third most common environmental contami-
nant [4,5]. Mercury is transported and biomagnified in aquatic ecosystems via aquatic
animal food webs, such as algae, sediments, carnivorous fish, and benthic crustaceans.
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Methyl mercury (MeHg), a Hg compound, is obtained from Hg2+ via microbial activities [6].
It bio-accumulates in higher trophic consumers, particularly long-living, slow-growing
species [7–9]. In lakes as well as estuaries, sediments are common sites for MeHg [10–13].
However, anthropogenic mercury input is highly associated with elevated Hg2+ levels.
Thus, the accumulation of Hg2+ in benthic crustaceans found at the sediment and water
interface is a focus of research [14,15]. Unfortunately, in crustaceans, acute toxic responses
to inorganic Hg have not been fully established.

Adverse outcomes of Hg on organisms have been documented. Toxic effects of
mercury on animal models (e.g., fish and mouse), depending on their exposure duration
and dose, could cause hepatotoxicity [16], neurotoxicity [17], as well as endocrine [18] and
reproductive disruption [19]. The toxicity of Hg on crustaceans has also been documented;
however, most of them were focused on the larval stage and the median lethal concentration
(LC50). For instance, 96 h Hg LC50 values in various species were: 20 μg/L in Penaeus
monodon postlarvae [20], 1.2 μg/L in Penaeus japonicus postlarvae [21], 15 μg/L in Neomysis
awatschensis [22], 18 μg/L in Penaeus japonicus embryos [23], and 40 μg/L in Scylla serrata
juveniles [24]. Despite these studies, more research should be undertaken to determine
the impact of Hg on antioxidant enzymes, histopathology, hepatopancreatic transcriptome,
and intestinal microbiome structures of crustaceans.

It has been found that metals induced the production of ROS, which causes oxidative
stress, resulting in several detrimental effects on cells [25]. The overproduction of ROS
leads to the formation of malonaldehyde-like species in lipids [26,27]. Consequently, ROS
and MDA levels reflect the degree of oxidative damage. In order to protect themselves from
ROS, organisms (such as crustaceans) have mechanisms of non-enzymatic and enzymatic
antioxidants [28]. Non-enzymatic antioxidants contain tocopherols, ascorbic acid, and
glutathione (GSH). GSH is the most abundant cellular thiol and well-studied antioxidant
compound in organisms [29]. In terms of enzymatic defenses, superoxide dismutase (SOD),
catalase (CAT), and glutathione S-transferase (GST) are antioxidant enzymes responsible
for maintaining cellular redox status [30]. Higher enzyme activity means higher detoxifica-
tion capacity, which is important for counteracting ROS-induced cellular damage [31,32].
However, not much is known concerning the effects of Hg on oxidative stress damage and
the antioxidant system in crustaceans.

In crustaceans, the hepatopancreas is involved in metabolism, immune functions,
nutrient absorption, and xenobiotic detoxification [33,34]. In addition, the hepatopan-
creas is one of the key organs affected by environmental stressors [35–37]. In crustaceans,
transcriptome analysis is an effective method to provide information about the global
expression profiles of genes and related mechanisms involved in the toxicity of heavy
metals [38–40]. The intestinal microbiome is important in the sustenance of health and in
the regulation of many vital physiological host functions [41–43]. Studies on gut microbial
communities suggest that diseased and healthy shrimp have different intestinal bacterial
communities [43]. In addition, gut microbiota can be used to measure shrimp health [44].
Research on crustaceans has revealed the importance of diets [45], developmental stage [46],
health status [43], and risk factors [47,48] on the gut microbiota. Furthermore, the relation-
ship between heavy metal toxicity and intestinal microbiota alteration in crustaceans has
been studied. The concentration of 0.5 mg L−1 Cu2+ or more increases the abundance of
intestinal pathogens in Litopenaeus vannamei [49]. Cd exposure could alter the richness,
diversity, and composition of intestinal microbiota in Procambarus clarkii (P. clarkii) [47].
However, the toxicity of inorganic Hg to crustaceans has not been fully established. Deep
sequencing data of hepatopancreatic transcriptome and intestinal microbiota will reveal
abundant genetic and bacterial signatures of Hg toxicity.

Procambarus clarkii, the freshwater crayfish is an important commercial species [50,51].
Considering its long lifecycle, wide distribution, and simple anatomy, P. clarkii is often utilized
as a typical bioindicator of toxic pollutants in studies on aquatic environments [38,52–54].
Additionally, P. clarkii is considered a model organism for research in aquatic crustaceans [55].
In the present research, adult P. clarkii was exposed to acute Hg. On the basis of these previous
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studies, we investigated the bioaccumulation together with antioxidant enzymes, histological
variations, the hepatopancreatic transcriptome, and intestinal microbiota changes to further
reveal how P. clarkii responds to inorganic Hg2+ at the biochemical, physiological, molecular,
and intestinal microbiota levels. Another crucial question in our study is how Hg exposure
damages crustaceans’ tissues. The results of this study could serve as a physiological reference
for mitigating the negative effects of Hg stress on crustacean aquaculture.

2. Materials and Methods

2.1. Experimental Animals

To avoid gender-related differences and the influence of female oviposition, only male
adult freshwater crayfish with similar sizes (weight: 19.46 ± 2.84 g, length: 9.8 ± 1.4 cm)
were acquired from a commercial crayfish farm in Lixian (Changde, China). They were kept
in several glass aquaria (60 cm length, 40 cm width, and 35 cm depth) containing 30 L of de-
chlorinated tap water (temperature 24.0 ± 0.8 ◦C, CaCO3 hardness 44.21 ± 0.28 mg/L, pH
7.10 ± 0.07, and DO 6.76 ± 0.21 mg/L) for 7 days for acclimatization. Before experimental
procedures, all crayfish were fed once daily on red worms (Limnodrilus), but the crayfish
were not fed during exposure experiment. In addition, the photoperiod was 12 h/12 h
dark/light.

2.2. Toxicity Test

Crayfish were randomized into 4 groups (three replicates per group); in addition,
twelve specimens per replicate. There was no replacement of water during the static
exposure experiment. HgCl2 (Sinopharm Chemical Reagent Company, Shanghai, China)
at analytical grades was used. Previous study has indicated that 96 h LC50 concentration
of Hg2+ for freshwater crayfish at 24 ◦C is 0.35 mg/L [56], in order to better evaluate
the relationship between Hg concentration and toxicity; therefore, an appropriate Hg2+

exposure time of 96 h and temperature of 24 ◦C were chosen for this toxicity test. The Hg
exposure concentration drew on research conducted with another heavy metal cadmium
exposure on the crayfish [38], exposures of P. clarkii to Hg were respectively conducted
at doses of 0 (Control group, Ctrl, 0 μg/L Hg2+), 1/40 LC50 (Low concentration group,
Low, 8.75 μg/L Hg2+), 1/16 LC50 (Medium concentration group, Med, 21.875 μg/L Hg2+),
and 1/8 LC50 (High concentration group, High, 43.75 μg/L Hg2+). Figure 1 illustrates the
experimental procedure schematically. The doses of Hg2+ solutions were established by
dissolving the desired amount of Hg2+ stock solution in dechlorinated tap water. The other
exposure conditions were similar to those for the acclimatization described above. There
was no crayfish death during the exposure experiments.

2.3. Sampling

In the Hg2+ exposure experiment, all samples from each group were randomly selected
at 96 h and anesthetized with eugenol bath (1:10,000). To examine histopathology, crayfish
hepatopancreas and gut tissue samples were fixed in 4% paraformaldehyde. To avoid
inter-individual variation, tissues of three specimens were pooled together per biological
replicate. Three replicates of each Hg2+ treatment were collected for the analysis of total
mercury content, enzyme activities, hepatopancreas transcriptome, as well as intestinal
microbiota. To assess transcriptomic changes caused by Hg2+, 300 mg of the hepatopancreas
were acquired, instantly frozen in liquid nitrogen, and then kept at −80 ◦C for RNA
extractions. Subsequently, intestines were flushed thrice using PBS and dissected. Then,
intestinal contents were cautiously obtained in a 1.5 mL sterile centrifuge tube, immediately
frozen in liquid nitrogen, and kept at −80 ◦C until required. During sampling, all operations
were conducted on super clean workbench.
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Figure 1. Schematic representation of the experimental procedure.

2.4. Total Mercury Content Analysis

At 0 h and 96 h, water samples (10 mL) from each aquarium were taken and acidified
with HNO3 for later use. Samples of crayfish were digested according to a previous
publication [57]. In order to digest the tissue samples, a microwave digestion system
(MARS, CEM) was utilized. A total of 300 mg of each sample and 10 mL mixed liquid
of HClO4 (perchloric acid 70%) and HNO3 (Nitric acid 65% Suprapur®) were added to
the digestion vessel. Following is the digested program: 5 min to temperature 120 ◦C,
5 min at temperature 120 ◦C, 5 min to temperature 150 ◦C, 10 min at temperature 150 ◦C,
5 min to temperature 190 ◦C, and 20 min at temperature 190 ◦C. Once the cooling process
is complete, 2% HNO3 was added to the digestion solution to dilute it to 50 mL for later
use. The concentration of Hg was determined by atomic fluorescence spectrometer (AFS,
Wuhan, China).

2.5. Measurement of Enzyme Activities

The protein concentration, content of ROS (Cat. No. E004-1-1), MDA (Cat. No. A003-
1-1) as well as GSH (Cat. No. A006-2-1), and enzyme activities of SOD (Cat. No. A001-3-2),
CAT (Cat. No. A007-1), as well as GST (Cat. No. A004-1-1), were examined using Testing
Kit (Nanjing Jiancheng Bioengineering, Nanjing, China). DCFH oxidation method by
Keston and Brandt was used to determine the ROS levels in hepatopancreas [58]. SOD
was quantified based on the method of Marklund and Marklund [59]. MDA, CAT, and
GST were measured based on the methods of Satoh [60], Sinha [61], and Habig et al. [62],
respectively. Concentrations of GSH were estimated by the method of Moron et al. [63]. The
levels of ROS, MDA, GSH, SOD, CAT, and GST were normalized with the corresponding
protein content.

2.6. Histopathological Evaluation

Dehydration of the fixed hepatopancreas as well as the gut was performed through a
graded-ethanol serial, made transparent by soaking in xylene, and then paraffin-embedded.
After that, sections (4 μm thick) were prepared utilizing a rotary microtome followed by
hematoxylin and eosin staining. At last, stained sections were analyzed by a microscope
(Olympus IX73).

2.7. RNA Isolation, Preparation of the RNA-Seq Library, and Sequencing

Isolation of total RNA from the hepatopancreas was performed using the Tri Reagent,
as instructed by the manufacturer. With the Agilent Bioanalyzer 2100 system (Agilent
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Technologies, Shanghai, China), RNA Nano 6000 Assay Kit was used for the evaluation
of RNA integrity and quantification. In accordance with the manufacturer’s instructions,
sequencing libraries were prepared using NEBNext® UltraTM RNA Library Prep Kit for
Illumina® (NEB, Ipswich, MA, USA). After DNase I treatment, poly-T oligo (dT) magnetic
beads were used to purify mRNA from RNA. After purification and fragmentation, the
mRNA was utilized to synthesize cDNA. The downstream experiments were conducted on
samples with an RNA integrity number (RIN) > 7.0. SMARTer PCR cDNA synthesis kit was
used to prepare libraries for RNA sequencing. Twelve cDNA libraries were constructed
from the Ctrl, Low, Med, and High groups, each group with three biological replications. To
generate paired-end reads from the libraries, the Illumina HiSeq 2500 sequencing platform
was used.

2.8. Transcriptome Assembly and Annotation

The in-house Perl scripts were initially used to process raw reads in fastq format.
To obtain clean reads, adaptor sequences, low-quality sequences, as well as poly-N were
eliminated from raw reads. Subsequently, Q20, Q30, and GC levels of the clean reads were
evaluated. The Raw RNA-seq data were deposited in the NCBI Sequence Read Archive
(SRA) under BioProject PRJNA788175 (www.ncbi.nlm.nih.gov/bioproject/PRJNA788175,
accessed on 12 December 2021). Additionally, de-novo assembly of P. clarkii transcrip-
tome was accomplished utilizing Trinity software [64]. Gene function annotation was
based on GO (gene ontology), KO (KEGG Ortholog), NR, Pfam (protein family), STRING,
SWISSPROT, and KOG databases.

2.9. Identification of DEGs

DEGs were identified by “DESeq” in R [65]. Adjustments of p values were made to
control the FDR (false discovery rate) [66]. Genes with log2 |Fold Change| > 1 and adjusted
p-value (FDR) < 0.05 were assigned as DEGs. The R function prcomp was used to perform
the principal component analyses (PCA) for all genes. Hierarchical DEG clustering was
conducted using the R ‘heatmap’ package. Then, WEGO as well as Blast2GO v2.5 programs
were used to map the DEGs to the GO database for functional annotations. Furthermore,
all DEGs were mapped to terms in the KEGG database to establish the markedly enriched
KEGG terms.

2.10. Quantitative RT-PCR (qPCR) Assay

Primers of peroxisome-related genes were designed utilizing Primer Premier 6 soft-
ware. 18S rRNA gene was utilized as the reference “housekeeping” gene of P. clarkii
according to previous publications [38,51]. The primer sequences, amplicon size, and
amplification efficiency were displayed in Table S1. According to the documentation, qPCR
was performed using SYBR Green [67,68]. Briefly, qPCR was performed in 20 μL reactions
comprised of 2 μL of cDNA, 0.4 μL of 10 μM both the reverse as well as forward primers,
10 μL of 2 × SybrGreen qPCR Master Mix, as well as 7.2 μL of RNase-free H2O. The PCR
thermal cycle program consisted of 95 ◦C for 2 min, 45 cycles of 95 ◦C for 3 s, and 60 ◦C for
30 s. Analysis of relative expressions was conducted using the 2−��Ct method [69].

2.11. Extraction of DNA and PCR-Amplifications

Total intestinal DNA was extracted using the E.Z.N.A.TM Mag-Bind Soil DNA Kit
(Omega Bio-Tek, Norcross, GA, USA). PCR amplification of the 16S rDNA hypervariable
V3-V4 regions was performed using primers 338F 5′-ACTCCTACGGGAGGCAGCA-3′
and 806R 5′-GGACTACHVGGGTWTCTAAT-3′. All PCR reactions were conducted in
triplicate using a total volume of 20 μL reaction system containing 2 μL 2.5 mM dNTPs,
4 μL 5 × FastPfu Buffer, 0.4 μL FastPfu Polymerase, 0.8 μL each primer (5 mM), and 10 ng
template DNA. According to Zhang et al., PCR amplification was conducted [37].
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2.12. Illumina Miseq and Sequencing

The AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA)
was used to extract amplicons from 2% agarose gels after which they were purified. Quan-
tification of the PCR product was performed using the QuantiFluorTM-ST fluorescence
system (Promega, Madison, WI, USA). After that, the purified amplicons were pooled
in equimolar concentrations, then sequenced (2 × 300) on an Illumina MiSeq platform.
Demultiplexed 16S rRNA data were quality-filtered using the Quantitative Insights Into Mi-
crobial Ecology (QIIME 1.8.0) software package. Firstly, low-quality reads with scores < 20
or with a read length < 200 bp were filtered out. Secondly, barcodes were matched, while
ambiguous bases and unmatched barcodes were removed. Thirdly, unassembled reads
were discarded. Overlapping sequences longer than 10 bp were assembled based on their
overlap sequences. UPARSE 7.1 (http://drive5.com/uparse/ accessed on 12 December
2021) was used to cluster operational taxonomic units (OTUs). UCHIME was used to iden-
tify and remove chimeric sequences. Using a confidence threshold of 70%, RDP Classifier
(http://rdp.cme.msu.edu/ accessed on 12 December 2021) was used to analyze the taxon-
omy of individual 16S rRNA gene sequences against Silva (SSU115). Sequences obtained
by 16S rRNA sequencing were deposited in NCBI SRA under BioProject PRJNA788294
(www.ncbi.nlm.nih.gov/bioproject/PRJNA788294, accessed on 12 December 2021).

2.13. Biodiversity Analysis

Alpha diversity assessments, such as Community coverage index (Coverage), diversity
parameters (Simpson, Shannon), and richness parameters (Ace, Chao) were performed
using the MOTHUR software (v.1.30.1) [70]. QIIME (version 1.8.0) was used to construct
the rarefaction curves to evaluate sequencing depth. As for measurements of beta diversity,
unweighted Unifrac was utilized for Principal Coordinate Analysis (PCoA). Unweighted
pair-group method with arithmetic means (UPGMA) hierarchical clustering was performed
using QIIME and displayed using R. Venn diagrams were performed using R to display
shared, unique OTUs (operational taxonomic units) [71]. Diagrams of intestine microbial
community composition were plotted utilizing Origin 8.0 software. Differences in commu-
nal composition differences between the Hg2+ exposure and control groups were evaluated
by using one-way ANOVA, with p ≤ 0.05 signifying statistical significance.

3. Results

3.1. The Bioaccumulation of Hg in the Tissues of P. clarkii

As shown in Table S2, a slight decrease in Hg concentration in water was observed over
time due to accumulation by crayfish and adsorption on aquarium walls. After exposure
for 96 h, the measured Hg concentrations (mean ± SD) were 0, 8.56 ± 0.16, 21.39 ± 0.42,
and 43.72 ± 0.84 μg/L in Control, Low, Med, and High group, respectively.

Bioaccumulation of Hg in tissues during Hg2+ exposure is shown in Table S3. The
crayfish in control group showed very low Hg accumulation levels. In control tissues,
Hg accumulation levels were relative to each other as follows: gill > hepatopancreas >
abdominal muscle > antennal gland. With increasing Hg concentrations, the accumulation
level of Hg in all examined tissues significantly increased (p < 0.05) after 96 h of exposure.
In all tissues with Hg2+-treated for 96 h, Hg accumulation levels were relative to each
other as follows: gill > antennal gland > hepatopancreas > abdominal muscle. These
results indicated that Hg bioaccumulation in tissues (gill, antennal gland, hepatopancreas,
abdominal muscle) was dose-dependent.

3.2. Oxidative Stress and Antioxidant Parameters

As a result of Hg exposure, enzymes involved in the response to oxidative stress
were affected. As shown in Table S4, the ROS and MDA content of hepatopancreas in
all Hg-treated crayfish increased significantly (p < 0.05). After Hg exposure for 96 h,
ROS levels in Low, Med, and High groups increased by 37.21%, 41.24%, and 57.20%,
respectively. MDA levels increased by 23.77%, 29.60%, and 37.22%, respectively. With
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increasing Hg concentrations, the enzymatic activities of hepatopancreatic SOD and CAT
decreased gradually. The effects of Hg exposure on glutathione-mediated antioxidant
enzyme activities were also significant. Concentrations of GSH in crayfish hepatopancreas
were 17.45%, 23.73%, and 26.86% less, respectively, relative to that of control. Activity
of GST in crayfish hepatopancreas was 14.48%, 19.26%, and 26.46% greater, respectively,
relative to that of control.

3.3. Histopathology

Histological sections from hepatopancreas and intestines of Ctrl and Hg2+-treated
crayfish are shown in Figure 2. As shown in Figure 2A, the hepatopancreas cells from
Ctrl group displayed well-organized structures and asterisk-like shapes in the tubule
lumens. As shown in Figure 2B–D, compared with Ctrl group, the hepatopancreas cells
of crayfish treated with Hg exhibited histological changes. All Hg-treated (Low, Med,
and High concentrations of Hg2+) hepatopancreas cells exhibited tubule lumen dilatations
and apparent epithelium vacuolizations. In addition, this research demonstrated that
crayfish intestines treated with Hg2+ displayed signs of damage. The intestine cells from
Ctrl group showed normal palisade arrangements and a regular nucleus (Figure 2E).
Compared with Ctrl group, the intestine in Low group was nearly identical (Figure 2F). By
contrast, the crayfish intestines treated with Med and High concentrations of Hg displayed
histological differences from intestines of Ctrl group, including apparent vacuoles in the
microvilli, extended lamina proprias, and disordered lamina epithelialises (Figure 2G–H).
As shown in Figure S1, increased Hg concentration significantly increased the proportions
of hepatopancreatic tubule lumen dilatation and intestine microvilli vacuolization. After
Hg exposure for 96 h, the mean proportion of hepatopancreatic tubule lumen dilatation
in Control, Low, Med, and High groups were 5.6%, 32.9%, 63.8%, and 84.7%, respectively.
The mean proportion of intestine microvilli vacuolization in Control, Low, Med, and
High groups were 5.4%, 9.9%, 33.8%, and 44.7%, respectively. The above results indicate
that the degree of hepatopancreas and intestine tissue damage showed a dose-dependent
relationship with the concentration of Hg.

3.4. Transcriptome Sequencing and Assembly

In this study, we constructed cDNA libraries of mRNAs using the hepatopancreas
RNA isolated from the Ctrl and Hg-treated groups. RNA-seq generated 42,795,604 to
61,860,116 raw reads (Table S5). Subsequent to the initial quality control, 42,694,670 to
61,735,916 clean reads (99.69–99.82% of the raw data) were generated. From the 12 con-
structed libraries, the clean reads were utilized for sequence assembly. Additionally, a total
of 192,666 unigenes were generated by de novo assembly of RNA sequencing data using
Trinity software. The length distribution of the unigenes was as presented in Figure S2.
The average, largest, and smallest lengths for all unigenes were 711.6 bp, 36,069 bp, and
197 bp, respectively.

3.5. Functional Annotations and Classification

In our study, after transcriptome assembly, A total of 192,666 unigenes were identified
from the hepatopancreas of P. clarkii. By using BLASTx and BLASTn, 192,666 unigenes were
further classified based on their functional predictions. BLAST results showed that 6006,
5091, 11564, 5357, 7694, 6068, and 6409 unigenes matched with the annotated sequences in
GO, KO, NR, PFAM, STRING, SWISSPROT, and KOG databases, respectively (Table S6).

GO classification is a standardized system to categorize genes. According to Figure S3A–C,
31, 20, and 15 of these subcategories were grouped into biological processes, cellular compo-
nents, and molecular functions, respectively. Among the biological processes, cellular processes
were the most abundant with 5478 unigenes, metabolic processes with 4828 unigenes, and
biological regulation with 4293 unigenes. Among the sequences categorized as molecular
function, 4924 unigenes were included in binding and 3245 unigenes were predicted to possess
catalytic activity. Among the sequences categorized as component categories, cell was the most
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abundant with 5535 unigenes, cell part with 5530 unigenes, and organelle with 5178 unigenes,
which are involved in the basic functional and structural unit of organisms. These results
indicated that most of the annotated unigenes were related to various types of biological pro-
cesses. KOG database classified 6409 unigenes into 25 functional categories (Figure S3D). The
predominant category contains signal transduction mechanisms, general function prediction
only, cytoskeleton, function unknown, ribosomal structure and biogenesis, transcription, and
translation. In the KEGG pathway database, based on the KO database, a total of 5091 unigenes
were grouped into 364 pathways. The majority of the unigenes were divided into the categories
of signal transduction (813), transport and catabolism (502), endocrine system (466), immune
system (404), and translation (394). The top 34 of these KEGG biological pathway classifications
are shown in Figure S3E.

Figure 2. Hg exposure caused hepatopancreas and intestines injury. Hepatopancreas histology from
Ctrl (A), Low (B), Med (C), and High (D) group in 96 h. Intestines histology from Ctrl (E), Low (F),
Med (G), and High (H) group in 96 h. Black solid arrow: dilatation of tubule lumen; Black hollow
arrow: vacuolization; Lp: lamina propria; E: epithelium; L: lumen. H&E stain (100×). Ctrl: 0 μg/L
Hg2+; Low: 8.75 μg/L Hg2+; Med: 21.875 μg/L Hg2+; High: 43.75 μg/L Hg2+.
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3.6. The DEGs

Biological repetition is particularly important for biological experiments. To do so,
principal component analysis was used, as shown in Figure S4; the 3 parallels in each group
are very similar, indicating general comparability between the four groups. To evaluate Hg
toxicity, DEGs in Low, Med, and High groups relative to Ctrl group hepatopancreas were
determined. Compared with Ctrl group, 1670 genes were up-regulated, and 1534 genes
were down-regulated in Low group; 2025 genes were up-regulated, and 1948 genes were
down-regulated in Med group; 2249 genes were up-regulated, and 2043 genes were down-
regulated in High group (Figure 3A–C). The above results suggest that the number of
DEGs showed a dose-dependent relationship with the concentration of Hg. As shown in
Figure 3D, the Venn diagram depicts overlapping and non-overlapping numbers of DEGs
among three comparisons. The Venn diagram demonstrates that 641 genes were all signifi-
cantly changed in the three exposure groups (Low, Med, and High), indicating that these
genes might play important role in Hg exposure. The expressions of the 641 genes were
significantly changed under their exposure to Hg in different concentrations (Figure 3E).

Figure 3. DEGs were identified after treatment with different concentrations of Hg. Volcano plots
for DEGs in the 3 comparisons: (A) Ctrl vs. Low; (B) Ctrl vs. Med; (C) Ctrl vs. High. The red dots
indicate genes that are up-regulated, while the green dots indicate genes that are down-regulated.
(D) Venn diagram of DEGs in the 3 comparisons. (E) Heatmap based on fragments per kilobase
of transcript per million mapped reads (FPKM) values showing the variations in expressions of
overlapping DEGs. Genes whose expressions were greater than the mean are colored red while those
below the mean are colored blue. Ctrl: 0 μg/L Hg2+; Low: 8.75 μg/L Hg2+; Med: 21.875 μg/L Hg2+;
High: 43.75 μg/L Hg2+.

3.7. GO and KEGG Analyses of DEGs

GO analysis (Table S7) showed that the hormone metabolic process, anion transport,
response to drug, drug transmembrane transport, and drug transport were markedly enriched
(corrected p < 0.05) after exposure to low concentrations of Hg. Moreover, organic acid
metabolic processes, carboxylic acid metabolic processes, and small molecule metabolic
processes were significantly enriched after exposure to Med concentrations of Hg. Long-chain
fatty acid metabolic processes, small molecule metabolic processes, and fatty acid metabolic
processes were significantly enriched after exposure to high concentrations of Hg.
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Analysis of KEGG was conducted to confirm significantly enriched pathways in cray-
fish after Hg treatment. Each of the ten enriched KEGG pathways in the three comparisons
is presented in Figure 4. KEGG enrichment analysis showed the DEGs were enriched
in phagosome, peroxisome, apoptosis-multiple species, and biosynthesis of antibiotics
signaling pathways in comparisons (Ctrl vs. Low, Ctrl vs. Med, and Ctrl vs. High). Drug
metabolism—cytochrome P450, and arachidonic acid metabolism were significantly en-
riched in comparisons (Ctrl vs. Low, Ctrl vs. Med). Ascorbate and aldarate metabolism and
ABC transporters were significantly enriched in comparisons (Ctrl vs. Med, Ctrl vs. High).

Figure 4. KEGG enrichments of the DEGs after treatment with different concentrations of Hg. The
horizontal axis denotes the rich factor while the vertical axis denotes pathways. Color shades
represent different p-values while dot sizes denote the number of DEGs. A larger dot indicates more
DEGs. Ctrl: 0 μg/L Hg2+; Low: 8.75 μg/L Hg2+; Med: 21.875 μg/L Hg2+; High: 43.75 μg/L Hg2+.

In particular, the DEGs linked to redox metabolism (oxidoreductase activity and oxidation-
reduction process) (Figure 5A,B), ion transport (calcium ion transport, sodium ion transport,
potassium ion transport, phosphate ion transport, iron ion transport, zinc ion transport, cop-
per ion transport, and magnesium ion transport) (Figure S5A–I), drug metabolic process
(Figure 6A), immune response (Figure 6B), as well as apoptosis (Figure 6C), were analyzed.
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Figure 5. The effects of treatment with different concentrations of Hg on redox metabolism-related
gene expression. Terms linked to redox metabolism, such as oxidoreductase activity (A) and oxidation-
reduction process (B). Each gene was assessed based on its average FPKM value. The genes with
higher expression levels are colored red and those with lower expression levels are colored blue. Ctrl:
0 μg/L Hg2+; Low: 8.75 μg/L Hg2+; Med: 21.875 μg/L Hg2+; High: 43.75 μg/L Hg2+.

3.8. qPCR Analysis for Verification of Transcriptome Data

A total of 641 DEGs were shared under exposure to Hg in different concentrations
(Figure 3D). In order to validate the RAN-seq results, six of these shared DEGs, along
with being enriched into the peroxisome pathway (Figure S6), including PECI, CRAT,
XDH, DDO, ACOX1, and SCP2, were selected for qPCR analyses. As shown in Figure 7,
even though there were some variations in fold changes by different computing as well
as measuring methods, expression profiles of the chosen DEGs analyzed by qPCR were
consistent with the transcriptome data, indicating that the transcriptome data were reliable
and accurate.
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Figure 6. The effects of treatment with different concentrations of Hg on drug metabolism, im-
mune response, and apoptosis-related gene expression. The heat map illustrates variations in drug
metabolism (A), immune response (B), and apoptosis-related gene expression (C). Each gene was
assessed based on its average FPKM value. The genes with higher expression levels are colored red
and those with lower expression levels are colored blue. Ctrl: 0 μg/L Hg2+; Low: 8.75 μg/L Hg2+;
Med: 21.875 μg/L Hg2+; High: 43.75 μg/L Hg2+.

3.9. Sequencing

After screening for quality, 1,008,924 valid reads were obtained from all crayfish intestinal
samples. These valid sequences ranged from 65,704 to 94,362 (Table S8). As displayed in
Figure S7A, there was a fast ascension of the species accumulation curve, which reached
saturation as the sample number increased, implying that there were enough samples in this
assay to fully reflect microbial richness. Moreover, rarefaction curves (Figure S7B) revealed
high sampling coverage (>99%) in every sample with sufficient sequencing depth.

3.10. Alpha-Diversity, Beta-Diversity, and OTU Distribution

Alpha-diversity indices for the intestinal microbiome in the Ctrl and Hg-treated
crayfish are shown in Figure 8A,B and Table S8. The Chao index of P. clarkii was decreased
significantly in the Hg treatment groups, relative to Ctrl group. However, there was no
significant difference in the Shannon index of Hg-treated groups compared with Ctrl group.
Based on unweighted UniFrac distance PCoA analyses (Figure 8C), samples from Ctrl and
three Hg-treated were divided into four groups. It was found that Hg exerted potential
effects on the intestinal microbiota structures of crayfish.
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Figure 7. Validation of RNA-seq gene expressions in P. clarkii hepatopancreas by qRT-PCR: (A) Low
concentration of Hg (8.75 μg/L Hg2+). (B) Med concentration of Hg (21.875 μg/L Hg2+). (C) High
concentration of Hg (43.75 μg/L Hg2+).

Figure 8. Alpha- and Beta-diversities of intestinal microbiome of P. clarkii in the Hg-treated groups:
(A) Chao indices of bacterial community. (B) Shannon indices of bacterial community. (C) PCoA of
the microbiome. (D) Venn diagram showing the number of shared and unshared OTUs among the
different Hg-treated groups. * p ≤ 0.05, ** p ≤ 0.01. Data are shown as mean ± SD. Ctrl: 0 μg/L Hg2+;
Low: 8.75 μg/L Hg2+; Med: 21.875 μg/L Hg2+; High: 43.75 μg/L Hg2+.
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The Venn diagram in Figure 8D shows that 114 OTUs were common in all four groups,
suggesting that the OTUs could be insensitive to Hg. In addition, 162 OTUs were limited
to the control group, implying that they were sensitive to Hg. In comparison, 57, 27,
and 32 OTUs were, respectively, exclusive in Low, Med, and High groups. Thus, we
hypothesized that Hg altered the gut microbiome of crayfish.

3.11. Intestinal Microbiome Composition

Figure 9A showed that the most abundant bacterial phyla were Proteobacteria (43.97–61.83%),
Firmicutes (12.90–23.40%), Bacteroidetes (10.05–19.43%), and Tenericutes (1.23–3.84%) in the intestine
of P. clarkii. At the genus level (Figure 9B), the top four genera were Shewanella (16.08–28.60%),
Vibrio (5.98–19.45%), Bacteroides (6.45–13.28%), and Aeromonas (2.50–6.00%). Relative to Ctrl group,
the high concentration of Hg markedly decreased Proteobacteria abundance, whereas it induced
a significant increase in Firmicutes (Table S9). The relative abundance of the genera exhibited
marked variations in at least one Hg-treated group (Table S10). Arcobacter showed a signifi-
cant decrease in abundance, while Bacteroides and Dysgonomonas showed a significant increase
in abundance. Notably, these changes were primarily significant in the High concentration
treatment group.

Figure 9. The influences of Hg exposure on intestinal microbiome composition at phyla and genera
level: (A) Relative abundances of the dominant bacteria at phyla level among the four Hg exposure
groups. (B) Relative abundances of the dominant bacteria at genera level among the four Hg exposure
groups. Ctrl: 0 μg/L Hg2+; Low: 8.75 μg/L Hg2+; Med: 21.875 μg/L Hg2+; High: 43.75 μg/L Hg2+.

4. Discussion

Hg has previously been evaluated for its toxic effects on crustaceans, and most of these
studies were focused on the median lethal concentration (LC50). In these articles, the effect
of temperature on the LC50 of Hg, the effect of Hg exposure on ovarian maturation, and a
health risk assessment on humans of Hg accumulation in P. clarkii were researched [56,72,73];
however, Hg toxicity to crayfish has not been fully established. Therefore, we evaluated histo-
logical variations, the hepatopancreatic transcriptome, and intestinal microbiota to establish
how P. clarkii responds to Hg at biochemical, physiological, tissue, molecular, as well as gut
flora levels.

4.1. Influence of Hg on Biochemical and Physiological Variations in P. clarkii

In this research, we examined the concentration-dependent uptake of Hg into tissues
(gill, antennal gland, hepatopancreas, and abdominal muscle) of P. clarkii after aqueous
exposure. As a primary organ of detoxification, the hepatopancreas is a major reservoir of
xenobiotics and is vulnerable to metal accumulation [74,75]. In our study, with increasing
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Hg concentrations, the accumulation level of Hg in hepatopancreas significantly increased
(p < 0.01) after 96 h of exposure. These results are consistent with the above literature that
the hepatopancreas of P. clarkii could accumulate Hg effectively.

Apoptosis and the death of cells are linked to excessive ROS [76]. MDA is considered
a biomarker of oxidative damage and the main mechanism by which ROS induces tissue
injury [77]. In this research, increasing Hg concentrations significantly increased ROS
and MDA levels, suggesting that Hg exposure can induce oxidative stress and result in
membrane polyunsaturated fatty acid peroxidation. Antioxidants play a significant role
in regulating ROS levels in cells and preventing oxidative damage to the organism [78].
Biological systems establish a first-line defense against ROS by controlling SOD and CAT
activity [77]. CAT is an antioxidant that can protect cells and organs from H2O2-induced
damage [79]. In the present study, a decrease in SOD and CAT activity observed is consistent
with ROS being generated in response to Hg. The results are in accordance with the
literature that exposure to Hg reduced the SOD and CAT activity in Scylla serrata [80]. It
has been reported that the superoxide anion radical inhibits CAT activity, which may also
explain the lesser activity of CAT [81]. As a tripeptide, GSH stimulates strong antioxidant
activity by reversing ROS-induced damage [82]. In our study, as a result of Hg exposure for
96 h, GSH levels in hepatopancreas decreased significantly in a concentration-dependent
manner, indicating the rapid and sustained responses of GSH in Hg detoxification. Lower
concentrations of GSH are consistent with the greater utilization of GSH in reducing H2O2
to H2O. As a detoxifying enzyme, GST suppresses ROS production [83]. Hg exposure
results in higher GST activity, which indicates detoxification mechanisms are activated.
There has been evidence that Hg causes oxidative stress in several species [80,84]; as a
result, it could be hypothesized that GST’s greater activity in crayfish exposed to Hg is
an adaptation to oxidative stress. A dose-dependent increase in ROS levels was observed
after MeHg exposure in Brachionus koreanus and Paracyclopina nana [85]. The GSH levels in
Brachionus koreanus were also significantly decreased after exposure to 500 and 1000 ng/L
MeHg [86]. The above results of MeHg toxicity on ROS and GSH levers coincide with the
influence of inorganic Hg2+ on Procambarus clarkii in our study.

4.2. Influence of Hg on Histological Variations in P. clarkii

In this study, Hg toxicity was assessed by examining the histological alternations
of tissues. Hg was associated with various injuries to the hepatopancreas, including
epithelium vacuolization and lumen dilatation. Other studies showed that Hg caused
severe alterations in the hepatopancreas of prawn Macrobrachium malcolmsonii [87] and
tropical Macrobrachium rosenbergii [88]. In the intestine, after treatment with med and
high concentrations of Hg, there was apparent damage to epithelial cells. There were
irregular-shaped, abnormal palisade-arranged epithelial cells, implying that Hg damaged
the intestinal microvilli of P. clarkii. Intestinal histological damage or alterations were also
reported in common carp after exposure to Hg [89]. Thus, intestinal abnormalities imply
that intestinal structures of P. clarkii were damaged by Hg, which might, in turn, lead to
variations in the diversity, richness, and composition of the intestinal microbiome.

4.3. Influence of Hg on the Hepatopancreatic Transcriptome of P. clarkii

Using hepatopancreatic transcriptome analysis, the influences of Hg on redox metabolism,
ion transport, drug metabolism, immune response, as well as apoptosis-associated genes
and signaling pathways in P. clarkii were revealed. The following are the details of the
classified discussion.

4.3.1. Influence of Hg on Redox Metabolism in P. clarkii

Redox homeostasis is essential to sustain metabolism and growth [90]. As a result
of redox metabolism, excess levels of ROS are removed and cellular redox balance is
reestablished [91,92]. The related genes involved in the redox metabolism of P. clarkii
under exposure to Hg are still little known. In this study, a large number of genes related
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to oxidoreductase activity (Figure 5A) and the oxidation-reduction process (Figure 5B)
were identified to be involved in the molecular regulatory network of P. clarkii under the
exposure of Hg.

During the peroxisomal beta-oxidation of fatty acids, acyl-CoA oxidase 3 (ACOX3)
produces hydrogen peroxide (H2O2) [93]. Oxidative stress can be induced by H2O2, a
highly reactive oxidant [94]. Spermine oxidase (SMOX) can produce reactive oxygen
species (ROS) while degrading polyamines [95], further inducing oxidative stress. During
xenobiotic chemical metabolism, cytochrome P450 (CYP) produces oxygen free radicals,
which can lead to oxidative stress. In the early stages of exposure to chemicals, P450
is normally expressed [96]. In this study, ACOX3, SMOX, CYP2J6, CYP3A4, CYP3A8,
CYP4C1, CYP9E2, and CYP49A1 were found to be significantly up-regulated under single
or multiple concentrations of Hg exposure, which indicate that Hg exposure increases the
production of ROS and H2O2. These results provide evidence supporting our findings that
Hg exposure significantly increases the production of ROS, further causing oxidative stress
in P. clarkii.

Molecular antioxidants can prevent oxidative damage to target molecules [97]. As part
of the major oxidative pathway that involves alcohol metabolism, aldehyde dehydrogenase
(ALDH) plays a significant role [98]. As a result of the activation of ALDH isozymes,
reactive aldehydes within cells can be detoxified and oxidative insults from ROS could
be prevented [99]. Through the reduction in peroxides, glutathione peroxidase 3 (GPX3)
protects cells from oxidative damage [100]. Knockdown of glyoxalase 1 (GLO1) in nondi-
abetic mice can induce oxidative stress [101]. Additionally, the mammalian GLO1 gene
contains an antioxidant-responsive element, which helps GLO1 participate in the major
cytoprotective antioxidant system [102]. Through the HIF-1 pathway, Prolyl 4-hydroxylase
subunit alpha 1 (P4HA1) can inhibit oxidative phosphorylation and ROS generation [103].
In our study, these antioxidant-related genes include ALDH2, ALDH9A1, ALDH18A1,
GPX3, GLO1, as well as P4HA1, which were found to be significantly down-regulated
under single or multiple concentrations of Hg exposure. These results indicate that Hg
exposure decreases the antioxidant production related to these genes, further perturbing
the redox equilibrium of P. clarkii.

4.3.2. Influence of Hg on Ion Transport in P. clarkii

A number of crucial physiological parameters are controlled by ion transport, includ-
ing ion balance and membrane potential, which are prerequisites for regulating the vital
functions in life processes [104,105]. In this study, abundant genes related to ion transport
(Figure S5) were identified to be involved in the molecular regulatory network of P. clarkii
under the exposure of Hg.

Aspartyl/asparaginyl beta-hydroxylase (ASPH) regulates calcium (Ca) cycling in
cardiomyocytes, knockout ASPH in mice exhibits impaired fertility, morphological de-
fects, and abnormal heart function [106,107]. Calcium uptake protein 3 (MICU3) can
increase mitochondrial Ca2+ uptake dramatically. Multiple C2 and transmembrane domain-
containing protein (MCTP) stabilize baseline calcium release by acting downstream of
calcium influx [108]. In our study, ASPH was significantly changed, MICU3 was sig-
nificantly upregulated in Med and High groups, and MCTP was downregulated in all
Hg-treated groups; these above results indicated that Hg exposure showed a stronger effect
on the calcium cycling, mitochondrial Ca2+ uptake, and calcium influx.

In the liver and intestine, solute carrier family 10 member 2 (SLC10A2) encodes a
sodium-dependent bile acid transporter [109]. As a result of pyrexia (PYX) activation, potas-
sium will be effluxed from the cell [110]. The STEAP3 metalloreductase (STEAP3) converts
copper and iron from trivalent to divalent cationic forms and maintains homeostasis [111].
Tumor Suppressor Candidate 3 (TUSC3) plays a role in embryonic development, protein
glycosylation, and cellular magnesium uptake [112]. Zinc transporter 1 is encoded by the
soluble carrier family 39 member 1 gene (SLC39A1). Studies have shown that SLC39A1 is
overexpressed in prostate cancer, causing depletion of zinc in the glands [113,114]. Zinc
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transporter ZnT2 is also known as SLC30A2 (Solute carrier family 30 member 2) and is
crucial for transporting zinc into the mammary epithelium [115]. The over-expression
of SLC30A2 results in Zn vesicularization, reduced proliferation, and enhanced apop-
tosis [116]. In this study, these prominent changes in genes, including SLC10A2, PYX,
STEAP3, TUSC3, SLC39A1, and SLC30A2, indicate that Hg exposure has a negative in-
fluence on the ion transport of sodium, potassium, iron, copper, magnesium, as well as
zinc, and may well disrupt the ion homeostasis of P. clarkii. In addition, the significant
up-regulation of SLC30A2 with rising Hg concentrations suggest that Hg exposure may
cause apoptosis via Zn accumulation in hepatopancreas cell.

4.3.3. Influence of Hg on Drug Metabolism in P. clarkii

In response to Hg toxicity, a large number of drug metabolism-related DEGs were
identified (Figure 6A). The heat shock proteins (HSPs), also known as “stress proteins”, play
an important role in protecting the body from environmental and cellular stress [117,118].
Moreover, HSPs can protect against oxidative stress [119]. In the current study, the up-
regulation of HSP70 and HSP90A may protect hepatopancreas cells against the oxidative
stress and protein damage induced by Hg exposure. In addition, CYPs are involved in
exogenous substance detoxification and are a potential biomarker for evaluating pollutants
in aquatic environments [120]. The influence of Hg on CYPs is less studied in crustaceans.
In mouse, Hg was shown to up-regulate Cyp1a1, Cyp2b9, Cyp2b10, Cyp2b19, Cyp4a10,
Cyp4a12, and Cyp4a14 genes [121]. We found up-regulations of CYP2L1 and CYP9E2
in P. clarkii after exposure to Hg, which suggests that they play an important role in the
detoxification of Hg.

4.3.4. Influence of Hg on Immune Response in P. clarkii

In crustaceans, the hepatopancreas is a critical immune organ responsible for regulat-
ing metabolic processes and immune responses [122]. In our study, several genes related
to immune response (Figure 6B) were identified as belonging to the hepatopancreas in
P. clarkii under Hg exposure. Loss or deficiency of SMAD family member 4 (SMAD4) in T
cells often causes immune diseases [123]. By binding to the NF-kB co-repressor, histone
deacetylase 1 (HDAC1) has a wide range of effects on the immune system in mammals [124].
DUOX (dual oxidase) suppression promotes effective immune responses, leading to lower
infection loads [125]. After Hg exposure, the SMAD4 and HDAC1 were down-regulated
and DUOX was up-regulated in our study; these results suggest that Hg exposure could
weaken the immune response and ability, as well as induce immune diseases.

4.3.5. Influence of Hg on Apoptosis in P. clarkii

Apoptosis is important in homeostasis maintenance and in aquatic organisms; it is
initiated by several environmental stressors [126]. Hg was shown to initiate apoptosis
in various cell types, such as grass carp cell ZC7901 and marine teleost fish SAF-1 cell
lines [127,128]. In our study, expressions of various apoptosis-associated genes, such as
cathepsin L (CTSL), baculoviral IAP repeat containing 2 (BIRC2), and caspase 7 (CASP7)
were markedly altered in the P. clarkii hepatopancreas after Hg exposure. As a cysteine
protease, CTSL is highly involved in various apoptosis-associated pathways [129]. Elevated
CTSL induces apoptosis by the release of cytochrome c from the mitochondria and the acti-
vation of mitochondrial apoptosis [130,131]. BIRC2 belongs to the inhibitor of the apoptosis
family of antiapoptotic proteins. Apoptosis inhibitors suppress apoptosis by downregu-
lating procaspase activation, as well as by directly suppressing activated caspases [132].
CASP7 has been shown to be an important executioner protein of apoptosis [133]. In our
study, the expression of CTSL and CASP7 was overall increased and the expression of
BIRC2 was decreased under Hg exposure. These results indicate that apoptosis occurred
in P. clarkii hepatopancreas after acute exposure to Hg. Furthermore, the obvious tissue
damage in the hepatopancreas caused by Hg exposure may be mediated by the activation
of apoptosis.
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Integrating these above findings, we speculate a potential mechanism of how Hg
exposure damages crustaceans’ tissues. Our results lead to the following deduction, expo-
sure to inorganic Hg2+ induces apoptosis via oxidative stress and the dysregulation of ion
homeostasis, further causing tissue damage in crustaceans. On the one hand, exposure of P.
clarkii to Hg2+ significantly increases ROS and MDA levels and inhibits the activity of SOD
and CAT, further inducing oxidative stress and apoptosis. On the other hand, exposure to
Hg2+ downregulates MCTP expression and enhances Ca2+ influx, upregulating SLC30A2
and causing Zn vesicularization, further triggering apoptosis. However, this deduction
needs to be confirmed by further study.

4.4. Effect of Hg on Intestinal Microbiota in P. clarkii

The intestine is a complex micro-ecosystem, in which inhabits a huge and varied micro-
bial community consisting of archaea, viruses, bacteria, and various unknown eukaryotes.
Intestinal histopathology, morphology, and microbiota balance are important indicators
of intestinal health [134]. In our study, Hg exposure damaged the intestine resulting in
microvilli vacuolization and extended lamina proprias, which might lead to variations in
the diversity, richness, and composition of the intestinal microbiota.

The physiological status of the host, especially the immune system, is closely related to
the intestinal microbiota [135,136]. In this research, Hg exposure dysregulated the intestinal
microbiota in P. clarkii. The decreased ACE and Chao indices in Hg-treated groups showed
that intestinal microbiota exposed to Hg had a significantly low abundance (p < 0.05). Based
on PCoA plots, samples were allocated into four parts, implying that Hg dysregulated the
intestinal microbiome.

In this study, Firmicutes, Proteobacteria, and Bacteroidetes were established to be the
dominant phyla in the intestines of P. clarkii. These findings are in tandem with those
found in other aquatic crustaceans [137–139]. Thus, we concluded that these three phyla
are predominant in the gut of aquatic crustaceans. Proteobacteria plays various roles in
several biogeochemical processes, such as carbon, sulfur, and nitrogen cycling [140]. A high
abundance of Firmicutes enhances fatty acid absorption [141]. Bacteroidetes are involved
in the cycling of protein-rich substances as well as complex carbon [142]. In this study,
Proteobacteria, Firmicutes, as well as Bacteroidetes accounted for over 86.80% of the total
phyla in the gut of P. clarkii, implying that they are of significance in digestion as well as
absorption. Hence, the considerable decrease in Proteobacteria and increase in Firmicutes
suggest that carbon, sulfur, and nitrogen cycling were weakened, while fatty acid absorption
was promoted in the gut of P. clarkii after exposure to high concentrations of mercury.

Bacteroides secretes various capsular polysaccharides to change its surface antigenicity
in the human colon [143]. It can regulate the milieu via interactions with host immune
systems to control the proliferation of other bacteria [144]. Bacteroides has an abundance
of enzymes involved in carbohydrate transport as well as protein metabolism. Moreover,
it has vitamins, glycans, and co-factor enzymes, which are important in digestion [145].
Thus, a high intestinal abundance of this genus implied an adaptation of P. clarkii to Hg.
Dysgonomonas macrotermitis is the only Dysgonomonas species in invertebrates, and its major
role in hind-intestines of Macrotermes barneyi is to decompose lignocellulose and provide
nutrition to its host [146]. The high Dysgonomonas abundance indicates that Hg exposure
enhances the digestion of plant raw materials by P. clarkii. Meanwhile, there were also
some pathogenic bacteria, such as Arcobacter in the gut of Hg-exposed P. clarkii. Some
Arcobacter species induce infections in animals and humans, and they are also considered
zoonotic and enteropathogenic [147]. Taken together, Hg exposure damages the intestine
tissue, reduces the abundance of intestinal microbiota, and dysregulates the intestinal
microbiota composition, which suggests that Hg exposure can further affect the overall
health of P. clarkii.
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5. Conclusions

In this study, Hg accumulated in the hepatopancreas in a dose-dependent manner.
Oxidative stress and antioxidant parameters, including ROS, MDA, SOD, CAT, GSH, and
GST, showed significant variations after being challenged with Hg in the hepatopancreas.
Hence, these parameters might serve as effective, rapid, and sensitive biomonitoring param-
eters of mercury. Additionally, Hg exposure caused tissue damage to the hepatopancreas
and intestine, and the degree of tissue damage was shown to be dose-dependent. Us-
ing transcriptomes analysis, we identified a lot of redox metabolism, ion transport, drug
metabolism, immune response, as well as apoptosis-associated DEGs under Hg exposure.
Based on these genetic alterations, we clarified the potential mechanism involved in the
enhanced production of ROS in Hg exposure and speculated that Hg exposure may per-
turb the redox equilibrium, disrupt the ion homeostasis, weaken immune response and
ability, and cause apoptosis. Meanwhile, Hg exposure decreased microbiome richness,
and markedly altered the microbial structure in the intestines of crayfish at the phylum
as well as the genus level. As a result of this study, we gained valuable insight into the
toxic mechanisms of heavy metals in crayfish. Moreover, the insights gained from this
study will be useful for future research and the assessment of potential antioxidant and
immunomodulatory effects in polluted environments and crustacean farming.
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Abstract: The naked mole-rat of the family Bathyergidae has been the showpiece for ageing research
as they contradict the traditional understanding of the oxidative stress theory of ageing. Some other
bathyergids also possess increased lifespans, but there has been a remarkable lack of comparison
between species within the family Bathyergidae. This study set out to investigate how plasma
oxidative markers (total oxidant status (TOS), total antioxidant capacity (TAC), and the oxidative
stress index (OSI)) differ between five species and three subspecies of bathyergids, differing in their
maximum lifespan potential (MLSP), resting metabolic rate, aridity index (AI), and sociality. We also
investigated how oxidative markers may differ between captive and wild-caught mole-rats. Our
results reveal that increased TOS, TAC, and OSI are associated with increased MLSP. This pattern
is more prevalent in the social-living species than the solitary-living species. We also found that
oxidative variables decreased with an increasing AI and that wild-caught individuals typically have
higher antioxidants. We speculate that the correlation between higher oxidative markers and MLSP
is due to the hypoxia-tolerance of the mole-rats investigated. Hormesis (the biphasic response to
oxidative stress promoting protection) is a likely mechanism behind the increased oxidative markers
observed and promotes longevity in some members of the Bathyergidae family.

Keywords: oxidative stress; oxidative status; longevity; ageing; maximum lifespan potential; sociality;
metabolism; aridity; antioxidants; reactive oxygen species

1. Introduction

The ‘Great oxidation event’ (some 2.45 billion years ago) saw the Earth’s atmosphere
and the shallow ocean experience a significant rise in the amount of oxygen, likely a result
of the evolution of photosynthesis by Archean, anaerobic cyanobacteria [1–3]. The increase
in the oxygen composition of the atmosphere acted as an intense selective pressure on
anaerobic organisms, paving the way forward to a world dominated by aerobic organ-
isms [1,4,5]. However, despite the increased concentration of oxygen providing a more
energy-efficient means for metabolism, it also came with its own set of problems, the most
significant being the formation of oxygen4-derived free radicals or non-radical reactive
oxygen species, typically known as reactive oxygen species (ROS) [6–8]. ROS can harm
biological systems [9–11] and likely mediates ageing [12,13]. Thus, the study of ROS and
oxidative stress {the balance between oxidative damage and antioxidant (compounds and
mechanisms that inhibit oxidation) measures} has been of vital interest for investigating
life-history ecology and evolution [4,14–18].

Ageing has been described as gradual fitness loss due to detrimental changes at the cell
and molecular level over time [19–22]. Initially, it was proposed that the resultant damage
due to unscavenged ROS, which in turn can damage proteins, lipids, and DNA [15,18,23,24],
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may cause cellular attrition, mediating the ageing process through physiological decline, re-
sulting in eventual death [12–14,22,25–28]. This hypothesis was named the oxidative stress
theory of ageing (OSTA) or the free radical theory of ageing (FRTA) [12–14,22,25–28]. De-
spite the negative connotation to ROS, they are essential for normal physiological function
and are involved in cellular signalling [29], inflammation response [30], altering glucose
uptake and metabolism [31], and the immune response [11], allowing for the processes
associated with the dealing of tolerating hypoxic stress [32], osmoprotective signalling [33],
and the control of ventilation, nerve transmission, and immune regulatory processes [34].
However, it is crucial to consider that not all ROS can be scavenged and that some damage
will always transpire [18,22,28,35,36]. In general, oxidative stress and the resulting damage
can be due to a variety of factors, but it is primarily due to either the increased production of
pro-oxidants (compounds that induce oxidative stress, either by generating reactive oxygen
species or by inhibiting antioxidant systems), diminished antioxidant levels, depletion
of essential dietary metal cofactors which potentiate the activity of antioxidant enzymes,
and/or a failure in the repair of replacement systems [4]. It is thus generally accepted that
mild elevations of ROS can be beneficial through hormesis {an adaptive response of cells
and organisms to moderate (usually intermittent) stress} [16,32,37,38], where very high
ROS levels are considered detrimental [20,21,39,40].

The OSTA generally shows age is positively correlated with oxidative
damage [14,41,42], though some species, even when size is considered [41,43,44], contra-
dict this correlation [20,25,26,45]. These exceptions include primates [46,47], birds [48–50],
bats [51–54], as well as mole-rats [51,55–61]. These species are longer lived than others,
likely through mechanisms that may mitigate the oxidative damage-induced changes
usually associated with ageing [26,36,51,62] that affect the maximum lifespan potential
(MLSP) [41,63,64]. The most well-known species to violate the OSTA is the naked mole-rat
(Heterocephalus glaber) (NMR) [36,45,57,62,64–67]. Research on ageing in the NMR has
demonstrated that they, even at a young age, exhibit extremely high levels of oxidative
damage with no detriment to longevity, while the only finding of an oxidative damage
limitation involved the insignificant increase across age [57,65]. Some factors have been
identified which contribute to the longevity of the NMR, such as the poly-unsaturated fatty
acid (PUFA) composition relative to saturated fatty acids to similarly aged mice [67,68],
calorie-restriction-like symptoms such as a reduced metabolic rate, reduced body tempera-
ture, and reduced food consumption [69,70], and low circulating levels of methionine [69].
It is believed the main reason NMRs possess such unique characteristics is due to their
exclusively subterranean lifestyle [71–73]. Despite the interest in NMRs as a conundrum in
the oxidative stress theory of ageing [36,45,57,62,64–67], a comparison of their redox status
with that of other Bathyergidae has not previously been carried out. This is surprising,
as oxidative markers in tissues [45] and plasma [74] were previously found to differ, and
Dammann [51] proposed that the importance of oxidative stress in bathyergids may be
underestimated if only NMRs and mice are compared, or that the impact of oxidative stress
may very well differ between the NMR and other African mole-rat species. Comparisons
between the NMR and other African mole-rat species may allow for identifying the eco-
logical and physiological factors involved in redox biology that are not apparent when
considering only one species. Additionally, some other mole-rats, like the Damaraland
mole-rat (Fukomys damarensis) (DMR), share multiple characteristics in common with the
NMR but show a higher degree of similarity with humans in some aspects of their phys-
iology, where this higher degree of similarity of the DMR to humans, in contrast to the
NMR, may offer alternative insights to human biomedical research [75]. This may also be
applicable to other African mole-rats and not just the NMR and the DMR.

Therefore, this study sought to investigate the comparison of the redox status be-
tween family members of Bathyergidae due to their unique physiology, life-history, and
reproductive system as well as the current understanding of their oxidative ecology
(Supplementary File S1) [22,51,55,71,74,76–113]. The current study included eight different
subspecies and species of African mole-rats, namely the NMR, the DMR, the highveld
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mole-rat (Cryptomys hottentotus pretoriae) (CHP), the common mole-rat (C. h. hottentotus)
(CHH), the Natal mole-rat (C. h. natalensis) (CHN), the Cape mole-rat (Georychus capensis)
(GC), and the Cape Dune mole-rat (Bathyergus suillus) (BS) [77,80,114] (Table 1). These rep-
resentatives were chosen due to their available data for the oxidative markers investigated,
as well as representing some eusocial [96,97], social, and solitary species that vary in their
resting metabolic rate (RMR) [76,115] (Table 1).

Table 1. Common names and characteristics of the seven mole-rat subspecies and species used in
this study.

Subspecies and
Species Name

Sociality
Aridity Index (Habitat

Type)

Maximum
Lifespan

Potential (Years)
Body Mass (g)

Sample
Size

Mass-Specific Resting
Metabolic Rate (mL O2

h−1g−1)

Oxidative Stress
Data Source

Fukomys
damarensis Eusocial 0.10 (Arid) [76,115] 15.5 131 ± 26 15 0.87 [88] [74]

Heterocephalus
glaber Eusocial 0.08 (Arid) [76] 31 46 ± 10 14 1 [116] [74]

Cryptomys
hottentotus

pretoriae
Social 0.48 (Semi-arid) [76,115] 11

Wild-caught 108 ± 24 16 0.82 [88] [79]

Captive 133 ± 32 20 0.72 [92] This study

Cryptomys
hottentotus
hottentotus

Social 0.19 (Arid) [76,115,117] 11
Wild-caught 53 ± 16 19 1.32 [88] This study

Captive 68 ± 20 18 0.92 [118] This study

Cryptomys
hottentotus
natalensis

Social 1.33 (Hyper-mesic) [100] 11 103 ± 39 19 0.79 [88] [94]

Georychus
capensis Solitary 0.51 (Mesic) [76,115] 11 209 ± 33 9 0.59 [119] This study

Bathyergus suillus Solitary 0.51 (Mesic) [76,115] 6 838 ± 209 7 0.47 [120] This study

Data represent the mean ± SD. Maximum lifespan potential data obtained from AnAge [121] or laboratory
husbandry information.

The main objective of this study was to establish how NMRs are different from, or
similar to, other species from the family Bathyergidae with regards to their plasma oxidative
markers, namely, total antioxidant capacity (TAC), total antioxidant status (TOS), and the
ratio between these two (TOS:TAC) variables as an arbitrary measure of an oxidative stress
index (OSI), and how these oxidative markers may vary with maximum lifespan potential
(MLSP), RMR, the aridity index (AI), and sociality. These relationships were analysed
through a phylogenetically controlled comparison of all captive mole-rat species (Table 1),
wild-caught and captive comparisons (CHP and CHH), as well as wild comparisons
of subspecies (CHN, CHH, and CHP) from habitats differing in their AI to determine
the possible influences of the environment on oxidative markers. We also opted for a
principal component analysis (PCA) to avoid analysing oxidative markers in a vacuum
and determine their relationship simultaneously with variables of interest (MLSP, AI, RMR,
and sociality). In order to make the data standardised, we opted to use captive individuals
for the phylogenetic relationship and PCA analyses to avoid the complications of ecology
(environmental factors) on plasma oxidative markers. We further opted to utilise the
same markers analysed from the same laboratory, as markers measured from different
laboratories are rarely comparable [57]. Also, due to the confounding effects known in
social mole-rats species, namely a reproductive division of labour [74,79], we used only the
non-breeding colony members of social mole-rats and solitary mole-rats individuals outside
their breeding season for the current study. We realise that the markers investigated do not
include DNA damage, an important aspect associated with ageing [24,28,122]; however,
this study was undertaken as an initial overview of oxidative stress and ageing in this
unique rodent family.

These analyses allow us to investigate: (1) Is there a phylogenetic relationship of
plasma markers between African mole-rats? (2) To what extent does sociality explain the
differences in oxidative markers? (3) Do oxidative markers correlate with the MLSP of
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African mole-rats? (4) Do oxidative markers change between captive and wild-caught
species? And (5) Does the aridity of the environment influence oxidative markers?

2. Materials and Methods

2.1. Ethics Statement

The University of Pretoria, Faculty of Veterinary Science Animal Ethics Committee,
approved all experimental animal procedures under the NAS 068/2021 and NAS209/2021
project codes. In addition, DLRDD section 20 approval (SDAH-Epi-12/11/1/4/1 (1948
LH) and SDAH-Epi-21031811071) was also obtained along with relevant provincial animal
capture permits (Western Cape: CN44-87-13780; Northern Cape: FAUNA 0419/2021,
FAUNA 042/2021; Gauteng: CPF6-0124). All methods were performed following the
relevant guidelines and regulations. In addition, all experimental procedures were carried
out under the recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health [123].

2.2. Novel Data Analysis
2.2.1. Solitary Mole-Rats

Solitary mole-rats (GC and BS) were wild-caught during the non-breeding season
(September–October) in 2021 close to the town of Darling (33◦22′ S 15◦25′ E) in the South-
western Cape, South Africa. Animals were caught using Hickman live traps baited with
sweet potatoes [124]. Once captured, the animals were transported to the mole-rat lab-
oratory at the Department of Zoology and Entomology (25◦45′13.3′′ S, 28◦13′50.9′′ E),
University of Pretoria, Hatfield, South Africa. These solitary species were kept in captivity
for more than six months prior to sample collection (Table 1).

2.2.2. Social Mole-Rats

Wild-caught CHH used in the current study were captured at Klawer (31.7730◦ S,
18.6247◦ E) during the non-breeding season between November 2021 and March 2022.
The social mole-rats were captured and transported as outlined for solitary mole-rats. A
subset of animals (Table 1) was sampled within 72 h of being in captivity (similar to other
studies [79,94]). An additional subset was maintained under laboratory conditions for
more than six months before sampling.

All animals used in this study were considered adults and reproductively inactive
(non-breeders) {see Bennett and Faulkes [125] on how reproductive status was determined}
(Table 1). The use of non-breeders avoids complications between breeder and non-breeder
comparisons associated with oxidative stress due to reproduction [74,79] and the effects of
reproductive suppression differences [74,79,98–106,125,126] (Supplementary File S1).

2.2.3. Mole-Rat Blood Sample Collection

All plasma was collected between 08h00 and 13h00 to prevent the circadian rhythmicity
of oxidative markers [127,128]. The body mass of each animal was recorded to the nearest
0.01 g (Scout Pro SPU123; Ohaus Corporation, Pine Brook, NJ, USA) (Table 1). All mole-rats
were handheld, and venous blood samples were collected from the hindfoot, tail, or heart,
if euthanised with an overdose of isoflurane. Approximately 300–500 μL of blood was
collected from each animal. All blood was centrifuged at 13,300 rpm, and the resulting
plasma was decanted and stored at −70–80 ◦C until further analysis.

2.2.4. Oxidative Stress Markers

The oxidative stress markers of TOS, TAC, and OSI were measured in captive and
wild CHH, as well as captive CHP, captive GC, and BS (Table 1).

Reagents

Unless otherwise stated, all chemicals and reagents used in this study were obtained
from Merck (Pty) Ltd. (Gauteng, South Africa).
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Total Antioxidant Capacity (TAC) Assay

Plasma TAC levels were quantified using a commercially available kit (Antioxidant
Assay Kit, Cayman Chemical Co., Ann Arbor, MI, USA) which measures the oxidation
of ABTS (2,29-Azino-di-[3-ethybenzthiazoline sulphonate]) by metmyoglobin, which is
inhibited by the non-enzymatic antioxidants contained in the sample. Oxidised ABTS is
measured by spectrophotometry at a wavelength of 750 nm. The capacity of antioxidants
in the sample to inhibit the oxidation of ABTS is compared with the capacity of known
concentrations of Trolox, and the results are expressed as micromole Trolox equivalents per
litre (μmol Trolox equivalents/L). Samples were run in duplicate and only once per plate
with a repeatability of r = 0.96. The intra-assay variability (%CV) was 3.65%.

Total Oxidant Status (TOS) Assay

Plasma TOS levels were measured with Erel’s method [129]. Briefly, this method is
based on the oxidation of ferrous ions to ferric ions in the presence of various oxidative
species. The oxidation reaction is enhanced by glycerol molecules, which are abundantly
present in the reaction medium. In an acidic medium, the ferric ion makes a coloured
complex with xylenol orange. The colour intensity, measured using a spectrophotometer,
is related to the total amount of oxidant molecules that are present in the sample. The
results are expressed in terms of micromole hydrogen peroxide equivalent per litre (μmol
H2O2 equivalent/L). Samples were run in duplicate and not repeated once per plate with a
repeatability of r = 0.99. The intra-assay variability (%CV) was 4.5%.

Oxidative Stress Index (OSI)

Oxidative stress was determined by the TOS:TAC ratio, which represents the oxidative
stress index (OSI) arbitrary unit, which was calculated as follows: OSI = [(TOS, μmol H2O2
equivalent/L)/(TAC, mmol Trolox equivalent/L)].

2.3. Multi-Species Analyses
2.3.1. Animal Housing

All animals were housed in the mole-rat laboratory of the Department of Zoology and
Entomology at the University of Pretoria, South Africa, and all animals were maintained
under similar conditions. Animals were housed in climate-controlled rooms within their
thermal neutral zone (TNZ) [76] and were maintained on a 12L:12D photoperiod with 50–60%
relative humidity. The mole-rats were fed daily on sweet potatoes and apples ad libitum. All
animals were fed the same variety of chopped vegetables and drank no free water.

2.3.2. Resting Metabolic Rate of Mole-Rats

The mass-specific resting metabolic rates (msRMR) for each mole-rat species for wild
and captive mole-rats were obtained through several studies (Table 1). These msRMR values
for a species were multiplied by the individual’s body mass to estimate each individual
RMR, hereafter referred to as ERMR.

2.4. Aridity Index Data

The AI was gathered using the methods outlined by Jacobs et al. [94]. Climate data
for each species were retrieved from ERA5-Land of the European Centre for Medium-
Range Weather Forecasts—the latest generation created by the Copernicus Climate Change
Service [130]. The spatial resolution is 0.1 × by 0.1. These data were used to calculate an
annual AI (Equation (1)). Whereas the total precipitation (tp) was directly obtained from
ERA5-Land, the potential evapotranspiration (PET) was calculated from the well-known
Romanenko estimation (Equation (2)) [131]. For Equation (2), the relative humidity (RH)
was calculated from ERA5-Land d2m (Equation (3)).

AI =
tp

PET
(1)
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PET 0.0006 × (100 − RH)× (25 + Tair)2 (2)

RH = 100 × 107.591386( d2m
d2m+240.7263− Tair

Tair+240.7263 ) (3)

2.5. Phylogenetic Tree Determination

Cytochrome b gene sequence fasta files for each species were obtained from the exist-
ing GenBank data [132]. This involved the cytochrome b sequence for mole-rats, namely,
Heterocephalus glaber Accession No. MT8453841 [133], Fukomys damarensis Accession No.
AF012223.1 [134], Cryptomys hottentotus pretoriae Accession No. AF012236.1 [134], Cryptomys
hottentotus hottentotus Accession No. MH186559.1 [135], Bathyergus suillus Accession No.
KJ866687.1 [136], and Georychus capensis Accession No. U18837.1 [137]. We also obtained
the cytochrome b sequences for the two outgroups, namely, Rattus norvegicus Accession
No. KT024821.1 [138] and the Guinea pig Cavia porcellus Accession No. AY382793.1 [139].
Aligning was carried out using Mesquite version 2.75 [140]. Tree building was carried out
using the Molecular Evolutionary Genetic Analysis Version 11 (MEGA11) program [141].
Mesquite files were converted to mega files and, using the “Phylogeny” menu, neighbour-
joining trees were created using the Neighbour-Joining method [142]. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) are shown next to the branches [143]. The evolutionary history was
inferred using the evolutionary distances computed using the Maximum Composite Likeli-
hood method [144] and are in the units of the number of base substitutions per site. This
analysis involved eight nucleotide sequences. The best DNA substitution model for each
set of sequence alignments was found using the “Models” menu, and this was used to
create the trees. All ambiguous positions were removed for each sequence pair (pairwise
deletion option). There were a total of 1201 positions in the final dataset. Evolutionary
analyses were conducted in MEGA11 [145]. The optimal tree is shown and drawn to scale,
with the branch lengths the same units as those of evolutionary distances used to infer the
phylogenetic tree (Figure 1).

2.6. Statistical Analysis

Unless specified, all calculations, statistical, and visual analyses were performed using
the statistical software R version 4.2.2 [146] and GraphPad Prism 8.4.3. Data are presented
as the mean ± standard error (s.e.m), and a p-value of ≤0.05 indicates significance. The
normality of the response variables TOS, TAC, and OSI, was determined using Shapiro–Wilk
tests, and the homogeneity of all dependent variables was checked with Levene’s test.

2.6.1. Phylogenetic Analysis of Oxidative Variables

Individuals from five mole-rat species, of which two in the genus Cryptomys were two
subspecies, (NMR, DMR, CHH, CHP, GC, and BS) that had been housed in captivity for
longer than six months were used in the phylogenetic analysis. A generalised variance
inflation factor (GVIF) was used to determine multicollinearity between the life history
traits to account for the mix of continuous and categorical traits, undertaken in a stepwise
fashion. A generalised linear mixed-effects model using a Markov chain Monte Carlo
approach under a Bayesian statistical framework (MCMCglmm) was applied in the ‘MCM-
Cglmm’ package [147]. This methodology was used to incorporate the multiple studies per
subspecies or species that were present in the database. This approach fits the individual-
level data whilst controlling for relationships in species traits due to common ancestry.
A single consensus tree was used, and 130,000 iterations were applied with 100 thinning
intervals and 30,000 burn-in. ERMR, AI, and sociality were used as predictor variables.
The statistical significance of the genetic influence on TOS/TAC/OSI was assessed using
95% confidence intervals (CI) for the heritability estimates, which is the transmission of the
phenotypic variability within a population from generation to generation, and a heritability
value (H2) was obtained. All calculations and statistical analyses were performed using the
statistical software R version 4.2.2 [146].
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Figure 1. The optimal phylogenetic tree of five different captive mole-rat species and two subspecies,
the naked mole-rat, Heterocephalus glaber, the Damaraland mole-rat, Fukomys damarensis, the highveld
mole-rat, Cryptomys hottentotus pretoriae, the common mole-rat, C. h. hottentotus, the Cape mole-rat,
Georychus capensis, and the Cape Dune mole-rat, Bathyergus suillus, as well as two outgroup species, the
brown rat, Rattus norvegicus and the Guinea pig, Cavia porcellus. The tree is drawn to scale, with branch
lengths being the same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary history was inferred using the Neighbour-Joining method [142]. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates)
are shown next to the branches [143]. Evolutionary distances were computed using the Maximum
Composite Likelihood method [144] and are in the units of the number of base substitutions per site.
This analysis involved eight nucleotide sequences. All ambiguous positions were removed for each
sequence pair (pairwise deletion option). There were a total of 1201 positions in the final dataset.

2.6.2. Wild-Caught and Captive Mole-Rats Comparison

Wild-caught and captive mole-rat comparisons between the CHH and CHP used
oxidative markers (TAC, TOS, and OSI) as the response variable and used the subspecies
and status (wild-caught/captive) and their interaction as predictors, with ERMR as a
covariate. All values violated the assumptions of normality and homoscedasticity; and
as such, we used a generalised linear model (GZLM) with a gamma distribution with an
inverse link function using the lme4 package [148]. Models were model selected using the
MuMIn package [149] and dredged with a delta function <2. If only one model was given,
then that model was accepted as the best model. Significant variables in the linear modes
were followed up with post-hoc comparisons, conducted using Tukey’s HSD pairwise
comparisons using the emmeans package [150]. Only relevant biological comparisons were
presented in the results.

2.6.3. Wild-Caught Mole-Rat Comparison

For the analyses between the wild CHP, CHH, and CHN, we used subspecies as
our predictor and ERMR as a covariate. This analysis was used to infer whether species
differences exist due to these species occupying different AI habitats (Table 1). All values
violated the assumptions of normality and homoscedasticity; as such, we used a GZLM
with a gamma distribution with an inverse link function using the lme4 package [148].
Models were model selected using the MuMIn package [149] and dredged with a delta
function <2. If only one model was given, then that model was accepted as the best model.
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Significant variables in the linear modes were followed up with post-hoc comparisons,
conducted using Tukey’s HSD pairwise comparisons using the emmeans package [150]. To
prevent pseudo-replication when determining the aridity influence on wild-caught mole-
rats’ oxidative variables, the means of TAC, TOS, and OSI of each species were correlated
using simple linear regressions with an AI from where the animals were caught.

2.6.4. Principal Component Analysis (PCA)

We opted to perform a PCA analysis due to the limitations of our variables being
multicollinear. It has been proposed that PCAs can help investigate oxidative balance [151].
Briefly, this analysis allows for identifying the dimensionality of the oxidative variables
within a context, with their loadings inferring how they interact within this dimension-
ality [151]. Furthermore, the axes, such as principal components (PCs), group several
variables together, and that can be analysed as a new variable that can better represent
the underlying process involved, compared to analysing the individual oxidative markers
themselves [151]. Our study used the three oxidative markers (TAC, TOS, and OSI), AI,
ERMR, and body mass. Furthermore, we also opted to use the MLSP of each species as de-
termined through AnAge open-source dataset [121] and the mole-rat laboratory longevity
data (Table 1) as our seventh component, which was applied to the six captive mole-rat
species. The PCA was performed using the prcomp function using the ggplot2 package [152].
The number of PCs was determined through Eigenvalues, skree plots, and the cumula-
tive proportion of variance explained by the PCs [153]. We used the Kaiser criterion to
determine the number of PCs to analyse [153]. The functions ggbiplot from the ggplot2
package [152] and cor were used to determine the relationship of the variables within each
component and the loading of the variables within each PC was visualised as a biplot [154].
The ellipse probability was set to 68%.

3. Results

3.1. Phylogenetic Analysis of TOS, TAC, and OSI

Phylogenetic heritability (H2) or the lambda (λ) for TOS, TAC, and OSI suggest phy-
logeny does not strongly predict oxidative stress variables. Sociality and AI were not
significant predictors for TOS, TAC, and OSI (Table 2). Similarly, ERMR was not a signifi-
cant predictor for TOS and TAC but was a significant predictor of OSI (Table 2). A linear
regression analysis between OSI and ERMR demonstrated a significant negative correlation
(R2 = 0.2301, F(1,78) = 23.23, p < 0.001) (Figure 2). This linear regression remained significant
when the BS was removed (R2 = 0.09, F(1,71) = 6.844, p = 0.011) (Figure 2).

Table 2. The best generalised linear mixed-effects models using a Markov chain Monte Carlo
approach under a Bayesian statistical framework output for plasma oxidative markers, namely, the
total oxidant status (TOS), total antioxidant activity (TAC), and oxidative stress index (OSI) for the
five different captive mole-rat species and two subspecies, the naked mole-rat, Heterocephalus glaber,
the Damaraland mole-rat, Fukomys damarensis, the highveld mole-rat, Cryptomys hottentotus pretoriae,
the common mole-rat, C. h. hottentotus, the Cape mole-rat, Georychus capensis, and the Cape Dune
mole-rat, Bathyergus suillus in response to sociality (eusocial:social:solitary), the aridity index (AI),
and their estimated resting metabolic rate (ERMR).

TOS TAC OSI

H2/λ 0.72 0.46 0.33

post.mean p post.mean p post.mean p

Social~Solitary 0.123572 0.912 0.582482 0.350 −0.301008 0.864

Social~Eusocial −3.118303 0.640 0.523573 0.272 −0.573683 0.776

Solitary~Eusocial 2.615357 0.516 −0.0039322 0.892 −0.029933 0.936

AI −1.063284 0.830 −0.435481 0.684 2.632716 0.470

ERMR −0.009047 0.210 −0.000211 0.838 −0.012625 0.038 *
An * signifies significance.

182



Antioxidants 2023, 12, 1486

Figure 2. The significant negative linear regression output between the oxidative stress index (OSI)
and the estimated resting metabolic rate (ERMR) for five different captive mole-rat species and two
subspecies, the naked mole-rat, Heterocephalus glaber, the Damaraland mole-rat, Fukomys damarensis,
the highveld mole-rat, Cryptomys hottentotus pretoriae, the common mole-rat, C. h. hottentotus, the Cape
mole-rat, Georychus capensis and the Cape Dune mole-rat, Bathyergus suillus. The negative relationship
remains significant when B. suillus is removed (figure insert).

3.2. Wild-Caught and Captive Mole-Rats Comparison
3.2.1. TOS

The best model did not retain ERMR for wild-caught and captive mole-rats (CHP
and CHH) (Table 3). At the same time, species and captivity did not affect TOS (Table 3).
The interaction between subspecies and status (wild-caught or captive) was significant
(Table 3, Figure 3A). Post-hoc analyses revealed that wild-caught CHP had a significantly
lower TOS compared to captive CHP (t = −4.434, p = 0.0002, Figure 3A). Additionally, wild-
caught CHP had a significantly lower TOS as compared to wild-caught CHH (t = −5.254,
p < 0.0001, Figure 3A). No significant differences were observed between the TOS of captive
and wild-caught CHH (t = −0.175, p = 0.9981, Figure 3A).

Table 3. The best generalised linear model output for plasma oxidative markers, namely, the total
oxidant status (TOS), total antioxidant activity (TAC), and oxidative stress index (OSI) for wild-caught
and captive mole-rats, the highveld mole-rat, Cryptomys hottentotus pretoriae, and the common mole-
rat, C. h. hottentotus in response to subspecies, status (wild-caught/captive), the interaction between
subspecies and status, and the estimated resting metabolic rate (ERMR).

TOS TAC OSI

t p t p t p

Species 1.139 0.26 nr nr −0.459 0.65

Status 0.175 0.86 6.169 <0.001 * 3.344 0.001 *

Species ×
Status 3.631 <0.001 * nr nr 4.244 <0.001 *

ERMR nr nr nr nr nr nr
nr: Variable not retained in the final model. An * signifies significance.

183



Antioxidants 2023, 12, 1486

✱

✱

✱ ✱
✱

Figure 3. The plasma oxidative markers, (A) total oxidant status (TOS), (B) total antioxidant capacity
(TAC), and (C) oxidative stress index (OSI) of wild-caught common mole-rats, Cryptomys hottentotus
hottentotus and highveld mole-rats, C. h. pretoriae (blue bars and empty circles) compared to captive
common mole-rats and highveld mole-rats (red bars and crosses). Bars represent the mean ± s.e.m.
An asterisk (*) indicates significance (p ≤ 0.05).

3.2.2. TAC

The best model did not retain ERMR for wild-caught and captive mole-rats (CHP and
CHH) (Table 3). Only status (wild-caught vs. captive) was significant (Table 3), where wild-
caught individuals had a higher TAC (1.96 ± 0.04 mmol Trolox equivalents/L) compared
to captive individuals (1.37 ± 0.07 mmol Trolox equivalents/L) (Figure 3B). Subspecies or
species and the interaction between these and status did not significantly influence TAC
(Table 3; Figure 3B).

3.2.3. OSI

The ERMR for wild-caught and captive mole-rats (CHP and CHH) was not retained
in the best model (Table 3). The best model demonstrated the significance of the main
effect of status, where the wild-caught OSI was lower (3.49 ± 0.25) compared to cap-
tive mole-rats (6.42 ± 0.31), and the interaction between species and status was signifi-
cant (Table 3, Figure 3C). Post-hoc analysis revealed that wild-caught CHP had a signif-
icantly lower OSI compared to captive CHP (t = −7.088, p < 0.0001, Figure 3C). Further-
more, wild-caught CHP had a significantly lower OSI than wild-caught CHH individuals
(t = −4.472, p = 0.0002, Figure 3C). Interestingly, wild-caught and captive CHH significantly
differed in their OSI, whereas wild-caught CHH had a significantly lower OSI compared to
captive CHH (t = −3.344, p = 0.0073, Figure 3C).

3.3. Wild-Caught Mole-Rat Comparison
3.3.1. TOS

The ERMR for wild-caught mole-rats (CHP, CHH, and CHN) was not retained in the
best model (Table 4). A significant effect of species was observed in the model (Table 4).
Post-hoc comparisons between the three subspecies demonstrated that CHH had signifi-
cantly higher TOS as compared to CHN (t = −5.328, df = 51, p < 0.0001) and CHH had a
significantly higher TOS than CHP (t = −4.040, df = 51, p = 0.0005), but CHN and CHP
did not significantly differ in TOS (t = 1.236, df = 51, p = 0.44) (Figure 4A). Simple linear
regressions revealed that the TOS has a significant negative relationship with an increasing
aridity index (R2 = 0.3221, F(1,52) = 24.7, p < 0.0001) (Figure 4B).
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Table 4. The best generalised linear model output for plasma oxidative markers, namely, the total
oxidant status (TOS), total antioxidant activity (TAC), and oxidative stress index (OSI) for wild-caught
mole-rats, namely, the highveld mole-rat, Cryptomys hottentotus pretoriae, the common mole-rat,
C. h. hottentotus and the Natal mole-rat, C. h. natalensis, in response to subspecies and the estimated
resting metabolic rate (ERMR).

TOS TAC OSI

z p z p t p

Subspecies CHN 5.202 <0.0001 6.063 <0.0001 2.083 0.037

Subspecies CHP 3.906 <0.0001 0.885 0.38 3.773 <0.001

ERMR nr nr nr nr nr nr
nr: Variable not retained in the final model.

✱
✱

✱
✱

✱

Figure 4. The relationship between oxidative markers and the aridity index between three different
wild-caught mole-rats, namely common mole-rats, Cryptomys hottentotus hottentotus (CHH—red with
squares), highveld mole-rats, C. h. pretoriae (CHP—orange with diamonds) and the Natal mole-rat,
C. h. natalensis (CHN—blue with triangles) for (A,B) total oxidant status (TOS), (C,D) total antioxidant
activity (TAC), and (E,F) oxidative stress index (OSI). Bars represent the mean ± s.e.m. An asterisk (*)
indicates significance (p ≤ 0.05).
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3.3.2. TAC

The best model did not retain the ERMR for wild-caught mole-rats (CHP, CHH, and
CHN) (Table 4). A significant effect of subspecies was observed in the model (Table 4),
where post-hoc comparisons between the three subspecies demonstrated that CHN had
a significantly lower TAC compared to CHH (t = −6.319, df = 51, p < 0.0001) and CHP
(t = 5.122, df = 51, p < 0.0001) (Figure 4C). We also found that CHH had a higher TAC than
CHP, but this was not significant (t = −1.083, df = 51, p = 0.53) (Figure 4C). Simple linear
regressions revealed that TAC had a significant negative relationship with an increasing
aridity index (R2 = 0.5145, F(1,52)= 55.10, p < 0.0001) (Figure 4D).

3.3.3. OSI

The ERMR for wild-caught mole-rats (CHP, CHH, and CHN) was not retained in the
best model and was found to be significant (Table 4). A significant effect of subspecies
was observed in the model (Table 4). Post-hoc comparisons between the three subspecies
demonstrated that CHH had a significantly higher OSI as compared to CHP (t = −3.657,
df = 51, p = 0.002) and higher OSI as compared to CHN, but this was not significant
(t = −1.890, df = 51, p = 0.15) (Figure 4E). The OSI did not significantly differ between
CHN and CHP (t = −2.061, df = 51, p = 0.11), whereas the CHN had a slightly higher OSI
(Figure 4E). A simple linear regression found a non-significant relationship between the
OSI and the aridity index (R2 = 0.022, F(1,52)= 1.174, p = 0.28) (Figure 4F).

3.4. Principal Component Analyses of Species

PCA plots revealed underlying factors in the plasma oxidative markers for species.
Since sociality is not a continuous variable, species demarcation allows for the influence of
eusociality, sociality, and solitary lifestyles for interpretation. The benefit of using a PCA
over the previous analyses is the high likelihood of multicollinearity among variables, thus
avoiding that complication and allowing for a better understanding of the relationship of
these variables to each other.

Using the skreeplot, we identified two PCs with an Eigenvalue above one; as such,
we utilised two PCs (PC1 and PC2). PC1 and PC2 cumulatively explained 75.3% of the
variance (Figure 5). The loading of these variables within each PC was determined using
linear correlations and visually represented in the direction of the arrows (Figure 5).

Figure 5. Principal component analysis illustrating the relationships between the total oxidant
status (TOS-μmol H2O2 equivalents/L), total antioxidant capacity (TAC-mmol Trolox equivalents/L),
oxidative stress index (OSI-arbitrary unit), maximum lifespan potential (MLSP), aridity index (AI),
body mass (BM), and estimated resting metabolic rate (ERMR) for captive mole-rat species, namely,
the naked mole-rat Heterocephalus glaber (NMR), the Damaraland mole-rat, Fukomys damarensis (DMR),
the highveld mole-rat, Cryptomys hottentotus pretoriae (CHP), the common mole-rat, C. h. hottentotus
(CHH), the Cape mole-rat, Georychus capensis (GC), and the Cape Dune mole-rat, Bathyergus suillus
(BS). PC1 explained 55% of the variance and PC2 explained 20.3% of the variance for a cumulative
variance of 75.4%. The direction of the arrows represents the loadings of the variables within a PC.
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PC1 separated the species and subspecies mainly in two directions, where species
with a higher body mass and ERMR were found in habitats with a higher aridity index
(Figure 5). However, the direction of those three variables (BM, ERMR, and AI) negatively
influenced TOS, TAC, OSI, and MLSP (Figure 5). This suggests that the more social species
and subspecies (NMR, DMR, CHP, and CHH) orientated more to the left have a higher TOS,
TAC, and OSI, but interestingly, would tend to have a higher MLSP (Figure 5). Contrastingly,
the solitary species (GS and BS) are found on the right of the PCA, suggesting a lower TAC,
TOS, and OSI, and tend to have a lower MLSP (Figure 5). PC2 separated species primarily
on OSI, TAC, and the aridity index, implying that species and subspecies typically have a
higher OSI and lower TAC as the aridity index increases (Figure 5). The other variables
explained the minimal variance to these three factors (correlation < 0.25).

4. Discussion

This study investigated several factors which could have a possible influence on
oxidative marker levels, such as phylogeny [155,156], sociality [72,157,158], wild-caught
and captive differences [159], aridity [117], RMR [40,43,160], and MLSP [41,63,64]. Body
mass and RMR have previously been shown to correlate with free radical production,
where a higher metabolic rate would assume increased free radical production [12,160,161],
with some exceptions [43,162,163]. Oxidative stress in species with increased MLSP is
generally lower, whereby they either change the rate of production or have additional
means of protection [13,41,164]. African mole-rats present a conundrum as they typically
have lower metabolic rates and high oxidative stress, yet they are also long-lived. Our
goal in this study was to identify, from the data available, how some oxidative markers
correlate within and between subspecies and species of African mole-rats, where markers
can be directly compared. Our current analyses provide insights into the critical processes
that may influence the oxidative markers in African mole-rats. These observations include:
(1) oxidative markers and sociality may explain some patterns associated with longevity
but are likely outweighed by other factors, (2) a positive association between oxidative
stress and MLSP, and (3) oxidative markers can vary due to changes in RMR and aridity,
which may be more profound in some subspecies and species compared to others. There are
some limitations to the current study, with the most notable including the limited number
of species and subspecies of Bathyergidae investigated in this study. Some excluded species
include the highly social giant mole-rat, F. mechowii, and some solitary mole-rats, namely
the silvery mole-rat, Heliophobius argenteocinereus, and Namaqua Dune mole-rat, B. janetta.
Namaqua Dune mole-rat data are hard to obtain due to species decline in the arid habitat
(N.C. Bennett and D.W. Hart personal communication), resulting in their exclusion from
this analysis. Additional shortcomings include the lack of additional oxidative markers,
such as DNA-damage markers and enzymatic antioxidants.

Sociality and longevity are key aspects of the life history of a species [158,165,166],
i.e., Williams and Shattuck [157] identified that eusociality and habitat play a prominent
role in determining longevity. Zhu et al. [167] also provided further evidence for social
subspecies and species having greater longevity in mammalian phylogenies as compared
to solitary species. Previously, sociality has been correlated to longevity in insects [168]. It
was proposed that African mole-rats’ subterranean and social lifestyle contribute to their
longevity [72,157], but Healy [169] proposed that being subterranean is not associated with
MLSP. Our analysis emphasises habitat (determined through the AI) and sociality (social
species tend to be more to the left of the PCA analysis) to be two components determining
oxidative markers and orientation towards MLSP of the PCA. According to the aridity food
distribution [170] and behavioural osmoregulation hypotheses [115], animals in habitats
with increased aridity tend to be more social, and our data agree with this. However, this
increased aridity congruently contributes to elevated oxidative stress, which seems to be
promoting longevity in the social subspecies and species. One outlier in the study is that
the solitary GC appears closer to the social species as opposed to the BS. Because the GC is a
solitary species, it is expected to trend away from MLSP in our PCA. Since this was not the
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case, oxidative markers and the increased MLSP of a species are likely closely tied to other
factors and not sociality, despite sociality contributing to the observation (social species
tend to be more to the left in the direction of MLSP). Furthermore, Dammann, Šaffa and
Šumbera [72] have also shown extended longevity in the solitary silvery mole-rat. They
also agreed that sociality promotes longevity in this family [72]. Thus, our results agree
with Williams and Shattuck [157] and partially disagree with Healy [169], emphasising that
sociality plays a strong role in the correlations of oxidative markers to the MLSP in the
family Bathyergidae but that habitat may have a greater influence.

Increased ROS species formation has been predicted as a significant determinant of
the ageing process mediated through metabolic rate-producing free radicals [12,23,40,63].
Despite the simplicity of this hypothesis, recent evidence suggests that this link is not so
straightforward and even contradicting. The general trend accepts that reducing oxidative
stress promotes longevity, which is closely linked to body mass, metabolic rate, and the
rate of free radical production [15,41]. Astoundingly, some cases report increased ROS
formation to promote health and lifespan [40]. This phenomenon may likely manifest
under a biphasic response of hormesis [32,37,38,171], where it has previously been shown
that hormetic effects improve survival under chemical challenges such as hypoxia [32,172],
where an elevated oxidative stress profile is expected in order to upregulate defences. This
highlights a fundamental question: despite the high oxidative lipid peroxides in some
social African mole-rats, what is the baseline to indicate a detrimental oxidative stress
level to these mole-rats? Our data support the idea that increased oxidative stress benefits
animals, resulting in increased MLSP.

Previously, it has been shown that the overall levels of antioxidants among mammalian
species do not correlate with MLSP [45,173]. Since we compared captive individuals, food
provisioning can affect antioxidant levels, as non-enzymatic antioxidants are primarily
obtained from food [174,175]. Even with an extended time in captivity, these TAC dif-
ferences are still present, suggesting species differences in the inter-organ transport of
antioxidants [176,177]. Previously, NMRs have been suggested to have poor antioxidant
activity [178,179], where the antioxidant activity was proposed to be independent of the
high MLSP observed [45,180]. Munro et al. [60] found significantly higher antioxidant
defences for NMRs, as NMRs consume hydrogen peroxide at a much higher rate in the
matrix of mitochondria. In our study, NMRs had the highest TAC of all captive ani-
mals, which suggests NMR have the most effective non-enzymatic antioxidant activity
(Supplementary File S2). Furthermore, the TAC in our PCA analyses contributes to the
MLSP of the species. Importantly, NMRs were similar to the other social mole-rats and the
solitary GC when considering OSI, while only the DMR and BS had a lower OSI. Lastly,
since the GC demonstrated a similar OSI to the social species, but vastly different TOS and
TAC, it suggests that the GC have a similar ecological mechanism as their OSI is similar to
social mole-rats and maintains a higher MLSP than BS.

Emerging evidence suggests that an extended lifespan may be maintained by natu-
ral selection as a product of organismal adaption [181], where the majority of longevity
attributes are under genetic regulation [182,183], and that these genetic regulators are con-
strained by environmental factors [184,185]. Hypoxia tolerance is an adaptation that may be
one of the most relevant pathways promoting longevity in African mole-rats [73,88,89,186].
African mole-rats live in a subterranean environment, which is hypoxic and hypercap-
nic [72,125,157], promoting factors such as optimising oxygen uptake or reducing the
oxygen requirement for metabolism [187]. The most well-known hypoxia-driven adap-
tation involves selection on the central metabolism, cellular respiration, haemoglobin-
mediated oxygen transport, hypoxia-inducible factor pathways, and decreased thermo-
genesis [181,188–190]. Hypoxia adaptation induces hypothermia and hypo-metabolism,
which are physiologically similar to calorie-restricted animals [70,191] and linked to ex-
tended lifespan [69,71]. The adaptation of living in a subterranean habitat gave way to
these attributes [71,157], which suggests that for oxidative stress, hypoxia tolerance as an
adaptation to a subterranean lifestyle promotes MLSP and disagrees with Healy [169]. This
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is supported by a recent study where mice underwent metabolic remodelling by exposure
to NMR-like living conditions of hypercapnia and hypoxia (as experienced as a fossorial
animal), ultimately leading to these mice living longer [70]. From our data, all species
except for BS are hypoxia tolerant, with the NMR being the most extreme hypoxia-tolerant
species [88,89]. The consequences of hypoxia generally result in increased antioxidants and
increased ROS production, which can overall result in higher oxidative stress initiating
hormesis, thus promoting longevity [32,37,171]. This also supports why some of the more
hypoxia-tolerant species in this study have higher levels of all oxidative markers except
for GC. Two factors separate the GC from the other African mole-rats, despite similarities
in OSI. They live in a mesic habitat and are generally larger with a lower mass-specific
RMR [76,192], both characteristics that have been shown to alter observed oxidative marker
measurements. Additionally, despite being hypoxia tolerant like the social African mole-
rats species, the GC does differ in some of their responses to hypoxia compared to some
of the social species [88,193]. Lastly, Ivy et al. [88] suggested that these mechanisms were
independent of body size and sociality, suggesting environmental pressures from their
environment gave rise to these traits.

Oxidative markers, particularly non-enzymatic antioxidants, are influenced by the
immediate environment an animal finds itself in due to changes in food availability, food
types, and their antioxidant content [117,174,175,194,195]. Our study emphasises the com-
parison between captive and wild-caught species, as wild-caught species had a significantly
higher TAC than captive animals’ TAC. Our data likely support differences in diet under a
wild context and possible arid-adapted mechanisms to obtain higher antioxidants, as both
species had a similar TAC in captivity, supported by the significant negative relationship
observed between AI and TAC. One additional mechanism that could affect differences
observed in TAC is the differences in RMR, as elevated RMR may likely require additional
antioxidants to combat the effects of elevated metabolism and other confounding effects of
an increasingly arid environment such as water stress and thermal stress [92–94,196]. It may
also be that antioxidants are not just readily available in foods in more arid environments to
protect against droughts [194,197] but that animals in these more arid environments likely
mobilise antioxidants more readily to deal with thermal challenges [176,177]. A similar
observation was observed in the kidney tissues of CHH in differing arid environments [117].
Interestingly, this may suggest that oxidative kidney and plasma markers show similar
changes in TAC, but this requires further investigation. Lastly, previous studies have
observed differences in the RMR between wild-caught and captive species [88,92,120], but
the current study did not observe significant differences in the RMR between wild-caught
and captive mole-rats. This may likely be due to using an estimated measure of RMR which
could not compensate for possible individual differences in RMR determination or that
RMR differences between wild-caught and captive individuals are not large enough, as
some species, such as the CHH, demonstrate a much larger increased in metabolic rate
between captive and wild-caught individuals as opposed to the BS and CHP [88,92,120].

The study of the family Bathyergidae may have profound medical importance due to
their cancer resistance, hypoxia-tolerance, and factors that promote longevity [59,66,75,198].
Other factors include the reliance on glycolysis instead of oxidative phosphorylation [186],
which is enigmatic, as some African mole-rats demonstrate high oxidative stress despite
the reduced ROS production from glycolysis instead of oxidative phosphorylation [199].
This highlights several vital factors for future research. Firstly, the determination of how
other oxidative markers correlate, which can include other damage markers, in particular
DNA, due to the relevance of DNA damage to ageing [200–203], and other antioxidant
measures such as enzymatic activity [60,204] and other unconventional antioxidants such
as uric acid [65,205,206] or melatonin [204,207]. Secondly, the rate of free radical production,
instead of reliance on the measure of metabolism, as the metabolic rate may obscure the rate
of free radical production [43]. Despite this, cellular ROS production does not correlate with
longevity [208], although some studies have shown that where free radicals are produced is
essential (near DNA) [35,164]. Thirdly, the susceptibility to oxidative stress and/or damage
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may include factors such as repair mechanisms [35,71], lipid membrane composition,
which has previously also correlated to longevity [68,180], and protein structure and
stability [64,209]. Lastly, excluding the domestic rat, there was a lack of plasma TOS and
TAC oxidative markers available for phylogenetic-controlled redox comparisons outside
the family Bathyergidae. The guinea pig had a single study [210] and there have been
no studies on the African porcupine (Hystrix africaeaustralis), typical outgroup species
used for mole-rat phylogenetic analyses [89,134]. Acquiring oxidative data from outgroup
species is important to determine whether phylogeny is critical in redox physiology. As
suggested, several avenues remain to be explored, not just how these factors may mediate
oxidative markers but how they interact, to determine the mechanisms promoting longevity
in species.

Wong, Freeman and Zhang [75] have previously stated that, despite the convergent
evolution of the NMR and DMR, the DMR has demonstrated similar mechanisms to the
NMR but has attracted less attention. Additionally, many physiological mechanisms for
different adaptations in the NMR remain unexplored for the DMR [75]. From an oxidative
stress perspective, our results show that the DMR is similar to the other social African
mole-rat species, such as the Cryptomys sp. and GC, to some extent. In summary, we found
a positive oxidative stress relationship with MLSP and a negative relationship between
oxidative stress and RMR. This may be an evolutionary artefact present in African mole-rats,
but we encourage further research to determine the similarities and differences of the NMR,
not just to the DMR, but to the whole family of Bathyergidae.
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