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Simple Summary: The lack of oxygen is a significant challenge for most animals, which can lead
to tissue damage and death. The Siberian frog Rana amurensis is so far the only known amphibian
capable of surviving water anoxia for a long time. We compared metabolomic profiles of the liver,
brain, and heart under hypoxia for the Siberian frog and the Far Eastern (Rana dybowskii) frog, which
is highly susceptible to the lack of oxygen. One of the most interesting findings was that the organs
of the Far Eastern frog had more lactate (glycolysis end product) than those of the Siberian frog
despite a much shorter exposure time. The amounts of succinate were similar between the two
species. Interestingly, glycerol and 2,3-butanediol were found to be abundant under hypoxia in the
Siberian frog, but not in the Far Eastern frog. The role of these substances are still unclear. Based
on the obtained data, we suggest a bioenergetic pathway for metabolic changes in the Siberian frog
under anoxia.

Abstract: Anoxia is a significant challenge for most animals, as it can lead to tissue damage and death.
Among amphibians, the Siberian frog Rana amurensis is the only known species capable of surviving
near-zero levels of oxygen in water for a prolonged period. In this study, we aimed to compare
metabolomic profiles of the liver, brain, and heart of the Siberian frog exposed to long-term oxygen
deprivation (approximately 0.2 mg/L water) with those of the susceptible Far Eastern frog (Rana
dybowskii) subjected to short-term hypoxia to the limits of its tolerance. One of the most pronounced
features was that the organs of the Far Eastern frog contained more lactate than those of the Siberian
frog despite a much shorter exposure time. The amounts of succinate were similar between the
two species. Interestingly, glycerol and 2,3-butanediol were found to be significantly accumulated
under hypoxia in the Siberian frog, but not in the Far Eastern frog. The role and biosynthesis
of these substances are still unclear, but they are most likely formed in certain side pathways of
glycolysis. Based on the obtained data, we suggest a pathway for metabolic changes in the Siberian
frog under anoxia.

Keywords: metabolomics; Rana dybowskii; Rana amurensis; hypoxia

1. Introduction

Hypoxia poses a significant challenge to most terrestrial vertebrates. Mammals, even
the most hypoxia-tolerant ones like the naked mole-rat [1,2], can survive anoxia only for
minutes. Amphibians and reptiles are generally more resilient than mammals, mostly
due to their lower metabolic rate [3]. However, species-specific adaptations also play a
significant role in their survival [3]. For example, some turtle species can spend the winter
underwater with almost no dissolved oxygen [4–6]. While even the most hypoxia-tolerant
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amphibians are known to survive only for a few days at low oxygen [3], recent studies
identified two species capable of surviving extreme hypoxia. One is the Siberian frog Rana
amurensis Boulenger, 1886 that demonstrates exceptional tolerance for this group [7]. This
species can survive for several months under very low oxygen content at low positive
temperatures while retaining the ability to move and react to stimuli. The other is the Pallas’
spadefoot Pelobates vespertinus (Pallas, 1771) that overwinters underground at 10% of the
normal oxygen content [8]. The details of the physiological responses of the highly tolerant
species to hypoxia are of particular interest.

Metabolomic analysis allows one to obtain data for dozens of metabolites simultane-
ously from a small tissue sample [9,10]. Although metabolomic studies on amphibians are
still relatively scarce, some interesting species have already been investigated: the Xizang
Plateau frog Nanorana parkeri (Stejneger, 1927) [11,12], the moor frog Rana arvalis Nilsson,
1842 [13], and the Siberian salamander Salamandrella keyserlingii Dybowski, 1870 [14]. In
a previous study, we investigated the metabolomes of the heart and liver of the hypoxia-
tolerant Siberian frog [15]. We found significant changes under exposure to hypoxia,
including the accumulation of the products of glycolysis and several other biomolecules.
However, the interpretation of these data is impeded by the lack of a reference species. To
address this issue, here we attempted to add data for the Far Eastern frog Rana dybowskii
Günther, 1876. This species is known to overwinter in streams with fast-flowing, oxygen-
rich water. Its hibernation often occurs in bottom pits at the mouths of tributaries that
flow into rivers, as well as in shallow sections of rivers with polynyas. The oxygen content
in such places is high—ranging from 7 mg/L under the ice to 12–13 mg/L in shallow
river sections without ice (our unpublished data). Laboratory experiments suggest that
Far Eastern frogs are highly intolerant to hypoxia [16]. Conversely, the hypoxia-tolerant
species R. amurensis mostly hibernates in stagnant water bodies, many of which experience
severe winter freezing, with winter oxygen concentration dropping substantially below
1 mg/L (sometimes reaching anoxia). In order to perform such a comparison, we collected
Far Eastern frogs during autumn and divided them into the control and the experimental
samples. R. dybowskii is particularly vulnerable to hypoxia, and critical conditions can
arise within hours of exposure, as opposed to the Siberian frog, which takes months. Once
the individuals showed signs of critical conditions, we collected organs for metabolomic
analysis. We used 1H-NMR analyses to quantify metabolites in the heart, liver, and brain as
described in [15]. Comparing tolerant and susceptible species would allow us to elucidate
the biochemical basis underlying the remarkable hypoxia tolerance exhibited by R. amuren-
sis and could have significant practical applications. Additionally, we obtained data for
R. amurensis brain metabolomes under hypoxia and normoxia. The brains of most species
suffer irreversible damage under oxygen deprivation [3], so studying how it can remain
viable in R. amurensis is of significant interest to the field.

2. Materials and Methods
2.1. Animal Maintenance

Siberian and Far Eastern frogs were captured on 22 September 2022, near the village
of Arkhara in the Amur oblast (49◦ N, 130◦ E). The collected frogs were placed in 10 L open
containers filled with water containing 5–7 mg/L of oxygen, 6 individuals in each container.
The animals were kept for 2 days at 14–15 ◦C, followed by 4 days at 8 and 4 ◦C each, and
then transferred to 2–3 ◦C. Throughout the entire captivity period, the oxygen concentration
in the water for the amphibians was maintained in the range of 5–7 mg/L by changing
the water every other day. The captured frogs were not fed since they do not feed during
this season in the wild. Twenty days later, 12 individuals of each species were randomly
assigned to control and experimental groups, with 6 individuals in each. The control
(normoxic) groups remained in water with an oxygen content of 5–7 mg/L at a temperature
of 2–3 ◦C. The frogs in the experimental group were transferred to experimental containers
(with tightly sealed lids) filled with water containing 7 mg/L of oxygen at 2–3 ◦C. All
6 individuals of R. amurensis were placed in one container with a volume of 10.3 L, while
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each individual of R. dybowskii was placed in a separate container with a volume of 0.63 L.
In the experiment, the oxygen concentration in the water decreased due to the animals’
respiration. The condition of the frogs (motor activity, level of behavioral disorders) was
monitored by observing them through the transparent walls of the container.

In the container with R. amurensis, the oxygen content reached 0.1 mg/L after 7 days
and remained at this level throughout the experiment. The dissolved oxygen content
was measured using a digital single-channel multiparameter device, HACH HQ30D Flexi,
with a luminescent sensor, LDO101 (Hach Lange, Düsseldorf, Germany). The instrument
accuracy was 0.1 mg/L. The frogs were active during this time—they swam, moved around
the bottom, or sat in normal positions without showing signs of depression. The animals
were observed through the transparent walls of the container every 24 h. After 10 days
in water with an oxygen concentration of 0.1 mg/L, the frogs were euthanized by rapid
decapitation, and tissue samples were taken for analysis and frozen using liquid nitrogen.
Animal handling was performed according to the directions of the Bioethics Committee of
the Institute of Cytology and Genetics SB RAS (Protocol no. 153) within the budget project
FWNR-2022-0022.

In the case of the experimental R. dybowskii, signs of depression and near-coma state
appeared after only 1.5 days—the pupils were significantly constricted, body muscles were
relaxed, and the animal hardly reacted to flipping the container or touching it with a thin
plastic probe. Four hours after reaching this state, the frogs were euthanized, tissue samples
were taken for analysis, and the oxygen content in water was measured. It ranged from 0.9
to 1.1 mg/L in different containers.

2.2. Metabolites Extraction

The preparation of the metabolomic extracts from Far Eastern frog liver, heart, and
brain tissues, and from Siberian frog brain tissue was carried out according to the procedure
described in [15,17]. Briefly, each weighted sample of the tissue was disintegrated with a
TissueRuptor II homogenizer (Qiagen, Venlo, The Netherlands) in 1600 µL of cold methanol
(−20 ◦C), and after that, 800 µL of water and 800 µL of cold chloroform were added to
homogenate (−20 ◦C). Then the mixture was shaken with a shaker for 20 min and kept at
−20 ◦C for 30 min. The centrifugation of the mixture (16,100× g, +4 ◦C, 30 min) yielded
two immiscible liquid fractions separated by a protein layer. The upper (methanol–water)
fraction was collected and lyophilized.

2.3. NMR Measurements

For NMR measurements, the lyophilized extracts were dissolved in D2O with 2 × 10−5 M
sodium 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS, internal standard), and 20 mM
deuterated phosphate buffer (pH 7.2). The 1H-NMR measurements were carried out in
the Center of Collective Use «Mass spectrometric investigations» SB RAS on an AVANCE
III HD 700 MHz machine (Bruker BioSpin, Ettlingen, Germany). 1H-NMR spectra were
obtained with 64 accumulations of the free induction decay signal (with 90◦ detection pulse)
with 12 s repetition time between scans. Water signal pre-saturation was performed by the
use of low-power radiation at the water resonance frequency. Temperature of the sample
during the data acquisition was kept at 25 ◦C. Metabolite concentrations in the samples
were determined by integrating the peak areas relative to the internal standard.

2.4. Data Analysis

The baseline processing, identification, and integration of NMR spectra were per-
formed using the MestReNova v12.0 (Mestrelab Research, Santiago, Spain). The attri-
bution of spectral signals to metabolites and their quantification was performed as de-
scribed in [15] with the use of the Human Metabolome Database [9] and our own database
(https://amdb.online) (accessed on 8 August 2023). Only compounds with reliable identifi-
cation and quantification were included in the data analysis. The criteria for data exclusion
were: (a) unreliable metabolite identification: only one NMR signal was detected, and we
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did not have a standard compound to verify the identification; (b) unreliable quantification:
the observed NMR signal was strongly overlapped by signals from other compounds. For
further analysis, the data obtained in the present work were combined with the concentra-
tions of metabolites in R. amurensis heart and liver obtained in the previous study [15].

The chemometric analysis of obtained data including principal component analysis
(PCA) was performed on a MetaboAnalyst 5.0 web-platform (https://www.metaboanalyst.
ca/) (accessed on 8 August 2023). PCA scores, loading plots, and volcano plots were con-
structed with the data auto-scaled (mean-centered and divided by the standard deviation
of each metabolite concentration) to normalize the contributions of all metabolites. The
parameters for the volcano plots are: FC > 1.5, p < 0.1, FDR-corrected.

3. Results
3.1. Metabolomes of the Heart and Liver of the Far Eastern Frog

A total of 62 substances were identified in the liver of the Far Eastern frog. The set of
substances was similar in comparison to the Siberian frog, but the quantitative composition
was significantly different even under normoxia (Figure S1A). A total of 19 of the detected
substances showed statistically significant changes in response to hypoxia: 14 exhibited
an increase in concentration, and 5, a decrease. The metabolites that showed the most
pronounced accumulation under hypoxia were lactate (28-fold), alanine (9-fold), β-alanine
(6-fold), glucose (5-fold), glycerol (4-fold), and succinate (3-fold).

In the heart of the Far Eastern frog, 67 metabolites were quantified, with 15 of them
demonstrating increased concentrations in response to hypoxia, and 7 showing a decrease.
Again, the qualitative profiles differed from those of normoxic Siberian frogs (Figure S1B).
The same molecules that exhibited significant changes in the liver were also found to have
increased concentrations in the heart, including lactate (24-fold), alanine (7-fold), glucose
(7-fold), and succinate (7.5-fold). In addition, there was a 40-fold decrease in aspartate
content. The comparison of major metabolomic changes in tissues of Far Eastern and
Siberian frogs is demonstrated in volcano plots (Figures 1 and 2).

3.2. Brain Metabolomes of the Siberian and the Far Eastern Frogs

A total of 44 substances were identified in the brain of R. amurensis. The number of
detected metabolites was thus much lower compared to the heart and liver due to the fact
that sample (brain) sizes were much smaller and, correspondingly, the limit of detection
much higher. The same metabolite set was found in R. dybowskii, except for 2,3-butanediol.
In the Siberian frog, eight substances increased their concentrations in response to hypoxia,
and four, decreased; in the Far Eastern frog, this was six and five, respectively. The list
of affected substances included amino acids (alanine, aspartate, glutamate, glutamine,
isoleucine, leucine, valine), energy molecules (lactate and succinate), neuromediators
(GABA), and osmolytes (phosphocholine). In R. amurensis, we also observed an increase in
glycerol and 2,3-butanediol. Volcano plots for the comparison of the two species are shown
in Figure 3.

https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/


Animals 2023, 13, 3349 5 of 14

Figure 1. Volcano plots for the comparison of the metabolomic changes in the liver under hypoxia
as compared to normoxia for R. amurensis (A) and R. dybowskii (B). Substances with increased
concentrations under hypoxia are shown in red; decreased, in blue.
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Figure 2. Volcano plots for the comparison of the metabolomic changes in the heart under hypoxia
as compared to normoxia for R. amurensis (A) and R. dybowskii (B). Substances with increased
concentrations under hypoxia are shown in red; decreased, in blue.
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Figure 3. Volcano plots for the comparison of the metabolomic changes in the brain under hypoxia
as compared to normoxia for R. amurensis (A) and R. dybowskii (B). Substances with increased
concentrations under hypoxia are shown in red; decreased, in blue.

When comparing control samples of the two species, significant differences were
detected for six molecules: isoleucine, myo- and scyllo-inositol, phosphoethanolamine,
putrescine, and taurine. For the individuals exposed to hypoxia, the differences were more
pronounced: 18 substances demonstrated statistically significant differences between R.
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amurensis and R. dybowskii. This set included the important energy molecules (glucose,
lactate, succinate), neuromediators (GABA), and osmolytes (taurine, phosphocholine).

4. Discussion
4.1. Metabolomic Changes in the Far Eastern and Siberian Frogs in Response to Hypoxia

In this study, we hypothesized that there could be metabolomic differences between
the tolerant and the susceptible species exposed to hypoxia. Before the analysis we should
bear in mind that the Far Eastern frog was exposed only to brief hypoxia for several hours,
up to the limits of its tolerance. Therefore, on the one hand, the Far Eastern frog presumably
did not have time to accumulate as many substances as the organs of the Siberian frog. On
the other hand, the impact of hypoxia on R. dybowskii is much more severe. Based on our
findings, we could discern several points in the obtained data.

Despite much shorter exposure duration, all studied organs of the Far Eastern frog
had higher concentrations of lactate: about three times more in the brain and five times
in the heart and liver (Figure 4A). Lactate is a major damaging factor under hypoxia [18],
so the ability of the Siberian frog to deal with it must be the vital factor in adaptation to
hypoxia. There are different ways how this might be achieved, including lactate excretion,
lowering metabolic rate, or using alternative metabolic pathways.

Figure 4. The major molecules associated with energy metabolism in R. amurensis and R. dybowskii
exposed to hypoxia. Green columns (c), normoxia; red (h), hypoxia; a and b above bars indicate
statistical significance (Mann–Whitney test p < 0.05) of the differences between the two species: a,
control samples; b, hypoxia. *, statistical significance of the differences between the control and
hypoxic samples. Mann–Whitney test p < 0.05; ** p < 0.01; circles, individual data points; bar, SEM.
(A) lactate; (B) alanine; (C) succinate; (D) glutamate.
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We found that the levels of succinate in the liver and brain of R. amurensis and R.
dybowskii were similar, while those in the heart were much higher in the latter (Figure 4C).
Theoretically, succinate accumulation does not seem to be a factor for R. dybowskii survival:
the impact of this substance should demonstrate itself only during reoxygenation, while
the hypoxia step appears to be the most problematic for the Far Eastern frog. Sometimes
we observed that some of the frogs that were considered dead from hypoxia could revive
after return to air. However, lower succinate content in the heart of the Siberian frog could
be an adaptation for alleviating the reoxygenation stress.

In an earlier paper, we noted two products whose origin and role were unknown,
glycerol and 2,3-butanediol [15]. We found that the latter could not be detected (was either
absent or at trace levels) in the control R. amurensis, as well as in R. dybowskii, but was in
relatively high concentrations in all three tissues of the hypoxic Siberian frog (Figure 5C,D).
Glycerol was found in the Far Eastern frog and its average content increased in all three
organs, but its levels under hypoxia were much lower compared to the Siberian frog, from
4-fold in the brain to 15-fold in the heart.

Figure 5. Molecules associated with energy metabolism in R. amurensis and R. dybowskii exposed
to hypoxia. Green columns (c), normoxia; red (h), hypoxia; a and b above bars indicate statistical
significance (Mann–Whitney test p < 0.05) of the differences between the two species: a, control sam-
ples; b, hypoxia. *, statistical significance of the differences between the control and hypoxic samples.
Mann–Whitney test p < 0.05; ** p < 0.01; circles, individual data points; bar, SEM. (A) glutamine;
(B) glucose; (C) glycerol; (D) 2,3-butanediol.

It is known that glycolysis is much less energy efficient compared to oxidative phos-
phorylation, so energy would run out fast. However, the amounts of glucose in the organs
of the Far Eastern frog are on the average two- to four-fold higher compared to R. amurensis
(Table S1). This is expected because exposure to hypoxia was much shorter for the former
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species. Therefore, the lack of energy does not seem to be the main factor causing the death
of R. dybowskii.

Among other molecules, we should note the subunits and precursors of membranes
choline, phosphocholine, glycerophosphocholine, and serine-phosphoethanolamine
(Figure 6A–D) that also have a multitude of other functions. Changes in the concentra-
tions of these molecules are observed in both species in response to hypoxia, suggesting
membrane remodeling. On Figure 6A–D, one can see that the baseline content of these
substances differs in the two frog species, while the changes under hypoxia usually proceed
in the same direction. It might be noteworthy that the Siberian frog has more choline under
normoxia compared to the Far Eastern frog, and does not show its decrease under low
oxygen, in contrast to the latter species. Choline is the precursor to the neurotransmitter
acetylcholine, so the ability to retain its levels might play a role in survival. Glycerophos-
phocholine is also an osmolyte [19], as well as scyllo-inositol and taurine [20], and these
substances also demonstrate significant differences between the two species (Figure 6E,F).

Figure 6. Osmolytes and molecules involved in membrane synthesis in R. amurensis and R. dybowskii
exposed to hypoxia. Green columns (c), normoxia; red (h), hypoxia; a and b above bars indicate
statistical significance (Mann–Whitney test p < 0.05) of the differences between the two species: a,
control samples; b, hypoxia. *, statistical significance of the differences between the control and
hypoxic samples. Mann–Whitney test p < 0.05; ** p < 0.01; circles, individual data points; bar,
SEM. (A) choline; (B) phosphocholine; (C) glycerophosphocholine; (D) serine-phosphoethnolamine;
(E) scyllo-inositol; (F) taurine.
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4.2. Response of Energy Pathways to Hypoxia in the Siberian Frog

Based on the results obtained in our study, we constructed a diagram (Figure 7) that
represents the putative metabolic changes that occur as a result of hypoxia. The cessation
of oxidative phosphorylation leads to a decrease in energy production, which can be
compensated by glycogenolysis. This was shown, e.g., in the hypoxia-tolerant painted
turtle [21,22]. Glycogen is stored predominantly in the liver and the formed glucose is
transported to other organs. Our observations support this, as we observed an increase
in glucose concentrations in response to hypoxia (Figure 5B). As is commonly reported in
the scientific literature, hypoxia-induced glycolysis in vertebrates results in the conversion
of glucose to lactate. There are other substances considered as glycolysis end products
in hypoxia-tolerant animals. Alanine is widely present in this role in fish [23] and diving
turtles [24,25], as well as freeze-tolerant frogs [13,26,27]. Some fish species, e.g., the crucian
carp, also employ ethanol as an end product [28,29], and invertebrates can produce many
exotic molecules [20].
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Lactate is the primary substance that accumulates in hypoxic tissues, as shown in
Figure 4A. However, it is toxic in high concentrations since it leads to acidification [30,31].
Therefore, different hypoxia-tolerant organisms demonstrate certain adaptations, like
lactate sequestration in turtle shells and bones [30,32] and conversion of pyruvate to
ethanol with subsequent excretion in fish [33,34].

Here we also observed the diversion of pyruvate to other metabolic pathways. We
detected significant accumulation of alanine in the heart and liver under hypoxic conditions
(Figure 4B), indicating its potential role in energy metabolism. However, there is an
alternative possibility that the accumulation of alanine in liver might also be the result of
amino acid transport from the muscles. This can be hypothesized based on the observed
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accumulation of glutamine in the liver of the Siberian frog in high quantities (Figure 5A).
The usual pathway for the formation of this compound is from glutamate, but this reaction
consumes ATP, and, thus, would be unfavorable under hypoxic. On the other hand,
glutamine and alanine are imported into liver in the amino acid transport pathways [35].
To obtain energy, they have to be oxidized via the Krebs pathway, but this is impossible
under hypoxia.

While ethanol is known to be an alternative end product in fish, it is not typically
observed in tetrapods. In a previous study [15], we detected low levels of ethanol in R.
amurensis, but its volatility makes it sensitive to sample storage and processing.

In addition, two products were also found to be strongly accumulated under hypoxia,
glycerol and 2,3-butanediol (Figure 5C,D). Glycerol is known to be formed under hypoxia
in yeast [36,37], but we found no similar studies in vertebrates. This process consumes
ATP rather than forms it in contrast to glycolysis. However, it regenerates NAD+ [38]. The
role and biosynthesis pathways for 2,3-butanediol are unclear, although it is known to be
formed in vertebrates [39,40], in some cases in response to hypoxia [41]. 2,3-Butanediol
is known to be synthesized from pyruvate in bacteria in several steps, also regenerating
NAD+ [42].

As previously mentioned, under hypoxic conditions, alanine is believed to be pro-
duced as an alternative product from pyruvate [27]. This reaction is catalyzed by alanine
transaminase, which converts pyruvate and glutamate into alanine and α-ketoglutarate.
Normally, α-ketoglutarate participates in the Krebs cycle and is converted to succinate
via succinyl-CoA. However, under hypoxic conditions, other reactions are expected to
occur. Specifically, α-ketoglutarate is expected to be converted to oxaloacetate through a
transamination reaction that converts aspartate to glutamate [43]. This is supported by the
fact that in Siberian frogs, all detected amino acids, except aspartate, significantly increased
in concentration, while the latter was almost depleted.

The currently accepted view is that oxaloacetate is further converted to succinate via
the reversal of the Krebs cycle [43–45]. Succinate is accumulated under hypoxia in organs
of many mammals, including mice and humans [25,44,45], as well as in some hypoxia-
tolerant vertebrates, such as the crucian carp [23], and, to a lesser extent, in the diving
turtle [24,25,46]. Succinate is considered as one of the main factors contributing to damage
under reoxygenation: it is rapidly oxidized, partly leading to reverse electron transport
at the mitochondrial complex I, producing free radicals [47,48]. Therefore, one possible
pathway to divert from this route could be the formation of glutamate. This process also
generates a molecule of NAD+ or NADP+ (Figure 7).

5. Conclusions

Our comparison of the metabolomes of the two frog species with contrasting tolerance
to hypoxia suggests that the major difference between the two species lies in the ability
to lower lactate output. This is achieved by redirecting metabolic pathways towards
other products.
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