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Abstract—A comparative analysis is performed between the oxidoreductase activity (malate and lactate dehy-
drogenase: MDH, LDH) in the gills (the lamellae of first gill arch) and brain structures (medulla oblongata,
middle brain, forebrain, and diencephalon) of Scorpaena porcus L, 1758 under short-term separated exposure
to hypoxia (90 min, 1.7–3.7 mg О2/L and 0.3–1.0 mg О2/L) and hydrogen sulfide (5 min, 37 μМ and 74 μМ
Na2S). Under experimental conditions, the increase in hypoxic and hydrogen sulfide loading promotes an
increase in the interaction in the MDH ↔ LDH activity system in the tissues under study: the highest value
of the correlation coefficient is found in the gills (r = 0.87, p < 0.05) and medulla oblongata (r = 0.96, p <
0.01) This paper further considers the functional relationship between the oxidoreductase activities in the tis-
sues and discusses the metabolic effects of hypoxic and H2S loading on the activity of oxidoreductases and
the possible mechanisms of the effects.
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INTRODUCTION

Hypoxia and a high content of sulfides is a com-
mon problem for coastal and estuarial waters even in
aquatic environments not disturbed by humans in the
absence of penetrating vertical convection. The Black
Sea is an inland sea with extensive natural hydrogen
sulfide zone and significant anthropogenic loading.
Boundaries of the Black Sea hydrogen sulfide zone
exhibit spatial-temporal instability and depend on
horizontal and vertical transport, as well as mixing and
solar activity. By a depth of 3–7 m, gas seeps are
observed, characterized by detrital and microbial mats
with an increased concentration of organic matter,
where fish can feed on the organisms contained in
them (Zaika and Gulin, 2011; Eremeev and Kon-
ovalov, 2006). In the wild, black scorpionfish Scor-
paena porcus, 1758, or sea ruff, occurs at depths down
to 45 m; leads a benthic ambush-predator lifestyle;
and is tolerant to hypoxia, anoxia, and, apparently,
local concentrations of hydrogen sulfide.

The survival of the animals, which occur in an
aquatic environment with a low О2 content, largely
depends on the ability to maintain equilibrium
between energy exchange and demand for high-energy
compounds. The reactions of glycolysis, providing for
enzymes of malate dehydrogenase (L-malate: NAD-
oxidoreductase; MDH, 1.1.1.37) and lactate dehydro-
genase (lactate: NAD-oxidoreductase; LDH, 1.1.1.27), is
an essential part of normal metabolism and cell func-
tioning in the course of adaptation to changing envi-
ronmental conditions.

The cytosolic form of MDH is involved in aerobic
glycolysis and participates in malate-aspartate shunt,
oxidizing a malate, incoming from mitochondria, to
oxaloacetate with the formation of NADH; LDH cat-
alyzes the final stage of anaerobic glycolysis. Both
enzymes are involved in energy production and the
regulation of oxidation-reduction cell potential; the
ratio of their activity is used as an indicator of intensity
and directionality of oxidative processes in tissues
(Hochachka and Somero, 2002). A change in hydro-
logical characteristics of the environment and oxygen
content, in particular, causes shifts in the aerobic and
anaerobic metabolism in tissues.

The goal of the present paper is to compare the
effect of hypoxia and hydrogen sulfide loading on the

Abbreviations: GABA, γ-aminobutyric acid; LDH, lactate
dehydrogenase; MDH, malate dehydrogenase; NADH, nico-
tinamide adenine dinucleotide + hydrogen; NEC, neuroepithe-
lial cells; MO, medulla oblongata; MFD, middle brain, fore-
brain, and diencephalon; and РwO2, oxygen tension in aquatic
medium.
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activity of oxidoreductases in oxyphilic tissues, specif-
ically, gills and structures of the brain in the Black Sea
scorpionfish.

MATERIALS AND METHODS

The investigation included adult individuals of sea
ruff Scorpaena porcus (Scorpaenidae) during summer
period (34 ind., body length 12–17 cm, and body
weight 70–130 g). The fish were captured in July–
August with set gillnet and delivered to the laboratory
in plastic drums 60 L in volume with aeration. After
the transportation, the ruffs were kept in a f low-
through aquarium for 1 weak to relieve stress; the
study included only actively moving and feeding indi-
viduals.

The experiments were conducted in a specially
designed chamber at water temperature 21 ± 0.5°C
(Soldatov et al., 2020). The fish were kept at oxygen
concentration in water ranging from 4.5 to 6.7 mg/L
(normoxia), from 1.7 to 3.7 mg/L (test 1), and from
0.3 to 1 mg/L (test 2). The time of exposure to hypoxia
was 90 min; oxygen content in the water was moni-
tored using the ELWRO PRL T N5221 oximeter
(Poland). Short-term hydrogen sulfide loading was
created by 5 min of exposure of two experimental
groups of fish to different concentrations of sodium
sulfide as the hydrogen sulfide donor: 37 μM Na2S
(test 3) and 74 μM Na2S (test 4) while relying on data
of other researchers (Porteus et al., 2014). No distur-
bances of external respiration or behavioral responses
were observed in the fish during any of the tests.

Tissue dissection, homogenization, and centrifu-
gation were performed under cooling (0 ± 4°С). Sam-
ples of tissues, namely, filaments of the lamellae of the
first gill arch, the MO, and the MFD were collected
after the experiment immediately following decapita-
tion and stored prior to analysis under –80°С in a
freezer chamber (Farma 900 Series, Termo Scientific,
United States).

The specific activity of LDH (lactate: NAD-
oxidoreductase; LDH, 1.1.1.27) and MDH (L-malate:
NAD-oxidoreductase; MDH, 1.1.1.37) was measured
in spectrophotometric terms at 340 nm and 25°C
based on the NADH oxidation rate in the cytoplasm of
the tissues; protein content was determined using the
microbiuret method. Pyruvate and oxaloacetate
served as substrates for determining the LDH and
MDH activity, respectively (Mil’man et al., 1974).
Activity of the enzymes in tissues of the control group
of fish was taken as 100%. The diagram in Fig. 1 shows
a variation in activity of enzymes relative to the con-
trol. The results are presented in the form of M ± m;
the statistical significance of means was assessed using
Student’s t-test and differences were considered sig-
nificant at p < 0.05. Statistical processing and graphic
representation were done by the standard Microsoft
Excel software.
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RESULTS
Separate exposure to short-term hypoxia and

hydrogen-sulfide loading triggered the adaptive f luc-
tuation of activity of carbohydrate metabolism
enzymes (Fig. 1).

Test 1. Moderate hypoxia (1.7–3.7 mg O2/L)
resulted in a 50% decline in the activity of MDH and
LDH in gills (p < 0.05; Figs. 1a, 1b). The trends were
noted toward decline in the activity of both enzymes in
the MO and their increase in the MFD, which was sig-
nificant for the MDH (p < 0.05). The value of the
MDH/LDH index remained unchanged relative to
the control in gills and brain regions (Fig. 1e). The
correlation between the MDH and LDH activity reached
a maximum in MO (r = 0.96, p < 0.01) (Fig. 2a).

Test 2. Under acute hypoxia (0.3–1 mg O2/L), as
LDH activity decreased by 50%, insignificant increase
in MDH activity in gills (p < 0.05) triggered an
increase in the index by 40% (p > 0.05). In MO, the
activity of the enzymes returned to the control level. In
the MFD, the activity of both enzymes substantially
declined compared to test 1 (p < 0.05), which held an
MDH/LDH index constant. Correlation between the
MDH and LDH activity showed a maximum increase
in gills (r = 0.87) and the MFD (r = 0.81) and
remained high in the MO (r = 0.94, (p < 0.05–0.01)
(Fig. 2a).

Test 3. Moderate hydrogen sulfide loading (37 μM
Na2S) revealed a trend toward a decrease in activity of
MDH in gills and, conversely, the increase in the MO
and MFD (Fig. 1b). Compared to the control, LDH
activity declined 50% in gills (p < 0.05) and remained
unchanged in brain tissues (Fig. 1d). There was an
emerging trend toward an increase in the MDH/LDH
index in gills and MO (Fig. 1f). The correlation
between the MDH and LDH activity peaked in gills
(r = 0.75, p < 0.05) (Fig. 2b). Gill tissue lamella dark-
ened.

Test 4. Increased hydrogen sulfide loading (to 74 μM
Na2S) led to a slight increase in the MDH and LDH
activity in gills compared to test 3. Darkening of the
gill tissue progressed. In MO, the activity of MDH
persisted at test 3 level; LDH activity remained steady.
The activity of both enzymes, however, spiked in the
MFD compared to the control and test 3 (p < 0.05);
that is, it attained 212% for MDH and 185% for LDH.
The trend toward a large value of the MDH/LDH
index persisted in gills and the MO compared to the
control; the ratio of activity of the enzymes remained
unchanged in MFD. Coefficient r between the MDH
and LDH activity increased to 0.65 (p ≥ 0.05) in the
MFD and 0.94 (p < 0.01) in the MO.

DISCUSSION
Hypoxia has a substantial impact on the abundance

and diversity in microfauna, as well as structure and
function of marine ecosystems (Vaquer-Sunyer and
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Fig. 1. Activity of (a, b) MDH, (c, d) LDH, and (e, f) MDH/LDH index under (a, c, e) hypoxia and (b, d, f) hydrogen sulfide
loading in tissues of Scorpaena porcus. Here and in Fig. 2: (I) first gill arch, (II) medulla oblongata, (III) middle brain, forebrain,
and diencephalon; (C) control, (1) 1.7–3.7 mg О2/L, (2) 0.3–1 mg О2/L, (3) 37 μM Na2S, and (4) 74 μM Na2S.
*Significantly differ from control, р < 0.05.

**Significantly differ from another test, р < 0.05.
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Fig. 2. Correlation (r) between the MDH and LDH activity under (a) hypoxia and (b) hydrogen sulfide loading in tissues of Scor-
paena porcus. *р < 0.05, **р < 0.01.
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Duart, 2010). Ambient hypoxia and the corresponding
shift of anaerobic metabolism have been known to
pose a significant threat to energy balance in fish and
limit ability of the animals to produce a sufficient
amount of ATP for satisfying their metabolic
demands. Despite the critical importance of aerobic
respiration to sustain metabolic functions, multiple
organisms dwell and thrive under various hypoxic and
even oxygen-free ambient conditions.

During biochemical adaptation to hypoxia in an
aquatic habitat (Almeida-Val, 1993), metabolic reor-
ganization obeys two generalized patterns: either the
anaerobic synthesis of ATP increases (the Pasteur
Effect) or the level of ATP decreases (metabolic
depression). This kind of change in metabolism is
based on the activation of glycolysis with the involve-
ment of glycogen or glucose as substrates and lactate as
intermediate product. “Enzymatic adaptation” to
hypoxia also implies changes in the affinity of indivi-
dual enzymes involved in aerobic and anaerobic
metabolism (Lushchak et al., 1998).

All ectotherms and fish, in particular, employ
adaptive biochemical strategies to attain metabolic
homeostasis under the variation of oxygen dissolved in
water (Hochachka and Somero, 1984). In hypoxia,
survival of teleost fish primarily depends on the ability
to maintain cellular energy balance (steady ATP level),
despite a drop in the aerobic energy production (Rich-
ards, 2009).

Hypoxia vs. gills. Similar to other benthic fish spe-
cies, the gill apparatus in the scorpionfish is small in
INLAND WATER BIOLOGY  Vol. 14  No. 6  2021
area compared to active, faster swimming fishes

(Gray, 1954). We employed tissue of the first gill arch

only to study features of the scorpionfish metabolic

profile. First gill arches of many teleost fish, including

the scorpionfish, are innervated through (IX) glosso-

pharyngeal and (X) vagus nerves. The epithelium of

filaments of this gill arch includes NEC, which fulfills

the function of the special О2 sensor. As PwО2

declines, the activation of NEC, responding to О2

concentration, launches a cascade of cardiorespiratory

reflexes, which ensure the survival and adaptation of

the body to conditions of hypoxia. Due to gill epithe-

lium, the gill apparatus features other rather diverse

physiological functions. In addition to being consid-

ered the main organ of respiratory gas exchange, gills

play an important role in ionic and osmotic balance

and are the primary locus of elimination of nitroge-

nous matters (Mommsen, 1984b). Except for water,

oxygen, and carbon dioxide exchange, which appears

to be determined by simple diffusion, all other above-

mentioned processes require the application of con-

siderable metabolic activity. Gill tissues are character-

ized by a substantial “internal” absorption of О2 by gill

filaments, which are not immediately related to a

respiratory function of gill apparatus (Johansen and

Pettersson, 1981). The oxidative ability of gill tissue is

additionally represented by the excess of mitochondria

in specialized gill cells with particular functions. Due

to high oxidative ability of gill tissue, glucose and lac-

tate serve as the most important sources of carbon

(Mommsen, 1984a).
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The second-highest MDH activity (next to brain
tissues) was recorded by our study from gill tissue of
the scorpionfish. Under moderate hypoxia, the MDH
and LDH activity displayed a downward trend; how-
ever, under severe hypoxia, the MDH activity
increased to an extent, which produced rather high
values of MDH/LDH index, nearly twice exceeding
the comparable index of brain tissues.

Hypoxia vs. the brain. The brain is the most com-
plex organ sensitive to О2, consisting of multiple struc-

tural and functional components with remarkably dis-
tinct and independently regulated levels of functional
and metabolic activity. Aerobic oxidation, which is the
main pathway of glucose utilization by brain, deter-
mines the extremely high sensitivity of the brain to
hypoxia. In addition, part of intermediate products of
glucose oxidation is used by the brain to form media-
tors (acetylcholine and GABA), which (GABA in par-
ticular) sustain the brain’s resistance to hypoxia, as
well as store acetyl residue in the form of acetyl aspar-
tate (Yazykova, 2004; Marshal, 1995).

Five major regions are outlined in the brain of tele-
ost fishes, namely, the MFD and MO. The latter is
involved in the formation of the brainstem and con-
tains basic reflex centers regulating the respiration,
cardiac activity, vascular tone, and nuclei of six pairs
(V–X) cranial nerves and is a pathway for ascending
and descending neural tracts. Fish the MFD include
centers of olfaction, vision, and hearing; fulfill func-
tions of integration and regulation of the body func-
tions and motor coordination; and is involved in con-
trol over feeding (Kotrschal and Kotrschal, 2020;
Smirnov and Kuz’mina, 2020).

At the baseline level (normoxia), the MFD and
MO of the scorpionfish were reported to differ slightly
in a degree of MDH activity, which appears to reflect
a trend of higher intensity of aerobic processes in the
evolutionary younger MFD structures. As РwО2

declined (moderate hypoxia), MDH activity increased
in the MFD and remained within the limits of mea-
surement error in the MO. Under low РwО2 values

(acute hypoxia), MDH activity remained high in the
MO, while appreciably declining in the MFD, sug-
gesting a pronounced metabolic stability of MO,
which is required to maintain homeostasis. The adap-
tive stability of the MO at low РwО2 values is main-

tained by high LDH activity (within limits of control
level).

At the baseline (normoxia), MO and MFD had
comparable LDH values. The high LDH activity in
brain structures discovered by us determines the
“anaerobization” of pathways of energy metabolism
supporting the production of high-energy compounds
during change of РwО2 in bottom layers. Under expo-

sure to acute hypoxia, this degree of LDH activity was
maintained steady in MFD and MO. At the same
time, moderate hypoxia was accompanied by an
increase in LDH activity in MFD and decrease in
MO. Data obtained by us on the MDH and LDH
activity in the scorpionfish brain extend existing
knowledge of the preferred use of glycogen in the brain
of some jawless and benthic teleost fish species as the
closest source of glucose, as well as utilization in met-
abolic conversions of lactate or ketones if glucose sup-
ply is limited (Soengas and Aldegunde, 2002).

Importantly, under exposure to hypoxia, the
MDH/LDH index remained at a relatively steady level
within the limits of measurement error in all studied
brain regions; the ratio of MDH to LDH in MFD and
MO suggested that brain tissues retain oxidative ability
under various short-term hypoxia gradations. The per-
sistence of a high intensity of aerobic and anaerobic
processes in MFD and MO of the scorpionfish under
acute hypoxia may apparently suggest the existence of
various metabolic strategies in energy exchange for
evolutionary unevenly aged brain structures within the
range of РwО2 not critical for the particular species.

Additionally, the ability to sustain steady ATP levels in
tissues, especially in sensitive tissues such as the brain,
in particular, during hypoxia is considered an indica-
tor of tolerance to hypoxia (Hochachka et al., 1996),
which agrees with the “retention” of the MDH/LDH
index.

H2S as toxin and mediator. Sulfides (generalized

term for dissociated ions H2S ↔ НS– ↔ S2–) are

always present in the oxygen-free (anoxic) layer of
marine sediments; their diffusion to bottom water
horizons is governed by the diffusion rate and con-
sumption of oxygen in oxygenated sediments (Vaquer-
Sunyer and Duart, 2010). Therefore, the quantity of
sulfides increases during hypoxia. Specifically, the
mass mortality of hydrobionts during this time might
result from sulfide-induced toxicity and hypoxia
proper (Vaquer-Sunyer and Duart, 2010). The content
of sulfides in the water column might reach strong
concentrations and actively affect the physiology of
fish dwelling in shallow waters along the sea coasts
(Bagarinao and Vetter, 1992). The toxicity of sulfides
is largely determined by the inhibition of
cytochrome с-oxidase and interference with other
important enzymes (Bagarinao and Vetter, 1992).

Potential mechanisms assisting fish in surviving
sulfide toxicity include interactions with blood pro-
teins, anaerobic metabolism, a certain insensitivity of
cytochrome c-oxidase to sulfides, and methemoglo-
binemia (Torrans and Clemens, 1982; Bagarinao and
Vetter, 1989, 1990, 1992, 1993). Species highly resis-
tant to hypoxia are presumed to be distinguished by
high H2S-tolerance (Grieshaber and Völkel, 1998); at

the same time, long-term survival in the sulfide-con-
taining environment cannot be explained by a high
anaerobic potential (Völkel et al., 2001).

In addition to toxic action, H2S has been known to

fulfill the function of physiologically important signal-
ing molecule (Olson, 2012). As a mediator, endogenic
H2S is primarily synthesized from the amino acid of
INLAND WATER BIOLOGY  Vol. 14  No. 6  2021
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L-cysteine and/or homocysteine. The synthesis of
Н2S occurs in many (if not all) body tissues by two

cytosolic enzymes, namely, cystathionine β-synthase
(CBS) and cystathionine γ-lyase. H2S can also be gen-

erated in mitochondria under the action of cysteine
aminotransferase and 3-mercaptopyruvate transferase
(also present in cytosol). The main enzyme of H2S

synthesis (CBS) has been additionally shown to inte-
grate interaction between H2S and other gaseous sig-

naling molecules (CO, NO), while contributing to the
regulation of energy metabolism (Giuffréa et al.,
2014).

It should be acknowledged, however, that physio-
logical and biochemical responses to sulfide action in
fish are still not fully understood. Additionally, mod-
ern ideas defining hypoxia consider only the oxygen
concentration in the aquatic environment without
including a possible synergetic effect of hypoxia and
sulfide toxicity (Vaquer-Sunyer and Duart, 2010).

Our study involved provisionally “physiological”
concentrations of the H2S–Na2S donor, short-term

exposure to which was not accompanied in fish by dis-
orders and the depression of external respiration (Por-
teus et al., 2014), which suggested the absence of a
pronounced toxic effect of the abovementioned doses.

H2S vs. gills. Sulfides, easily penetrating to the gill

epithelium, are known to hamper the binding of О2 to

blood hemoglobin and promote the development of
tissue hypoxia similar to the one induced by cyanide or
decrease in О2 supply (Affonso et al., 2004). Accord-

ing to the described mechanism, the scorpionfish
might have also acquired a certain degree of hypox-
emia (decreased blood PO2) from the interaction of

H2S and blood hemoglobin. In fish, sulfide-oxidizing

activity of blood is assumed (Bagarinao and Vetter,
1989) to promote the minimization of the number of
potentially toxic compounds which enter vital organs
with blood flow. Sulfide-oxidizing activity has been
also reported from the fish gill tissue proper, spleen,
liver, and kidney (Bagarinao and Vetter, 1989).

Processes observed under the hydrogen sulfide
loading of gill tissue in the scorpionfish were charac-
terized by some signs of metabolic depression. This
was indicated by a decline in MDH activity in the first
gill arch, which indirectly suggested an interaction
between H2S and gill tissue.

H2S vs. brain. The scorpionfish exposure to low a

concentration of Na2S did not cause statistically sig-

nificant changes in the activity of oxidoreductases in
brain tissues, whereas these changes were more pro-
nounced with the twofold increase in Na2S concentra-

tion in the medium. This phenomenon of a nearly
absent response of oxidoreductase (within the limits of
measurement error) to low Na2S concentration on the

entire body level could be realized due to sulfide-bind-
ing activity of gill tissue and blood, which ensures the
scorpionfish protection against the entry of physiolog-
INLAND WATER BIOLOGY  Vol. 14  No. 6  2021
ically significant quantity of sulfides to the body. At
the same time, high concentration of Na2S synchro-

nously triggered in the MFD an increase in MDH and
LDH activity, which implies a close coordination in
the functioning of aerobic and anaerobic metabolic
pathways (Van Waarde, 1983). Proceeding under the
assumption of hypoxemia/tissue hypoxia at a high
Na2S dose, a significant boost in MDH activity in the

most О2-sensitive part of brain (MFD) could have

been primarily associated with the dual role of MDH
in aerobic and anaerobic metabolism (Hochachka and
Somero, 1984). Due to its high activity compared to
other enzymes of energy metabolism, MDH becomes
involved in anaerobic processes and glycolysis. Under
exposure to H2S, a simultaneous increase in the LDH

and MDH activity in oxyphilic brain structures points
to the presence of the hypoxemia/tissue hypoxia factor
occurring at high Na2S concentration, on the one

hand, and, on the other, indicates a direct “response”
of oxidoreductases on the presence of Н2S. It should

be noted that tentatively less О2-sensitive MO on the

level of oxidoreductases showed very little response
even to high Na2S concentration, which suggests a dis-

tinct metabolic regime in this brain region of the scor-
pionfish. The processes, occurring under hydrogen
sulfide loading, may include sulfide-oxidizing activity
under relatively low/nontoxic H2S concentrations in

the MO, which features a pronounced resistance to
РО2 variations and/or H2S proper.

Correlational relationship between the MDH and
LDH under hypoxia and hydrogen-sulfide loading. An
analysis of correlational relationship (r) between the
MDH and LDH activity in oxyphilic tissues has
shown an increase in the former as PwO2 declined,

which suggests an enhancement of the interaction
between these two enzymes against О2 deficiency.

Importantly, tissues of the first gill arch and MO,
which are the first to provide for cardiorespiratory
reactions under hypoxia, display the largest r values
compared to MFD, which may imply a functional
interrelationship of these two structures within the
regulatory cardiac and respiratory functions loop. The
obtained r values point to a more balanced interaction
of oxidoreductases in the MO compared to MFD,
which suggests a higher resistance of MO to hypoxia
and agrees with the absence of dramatic changes in the
MDH and LDH activity in MO tissue under different
PwO2 levels.

Compared to hypoxia, the pronounced “shift” of
correlation relation (r) between the MDH and LDH
activity of the first gill arch under hydrogen sulfide
loading appear to be mediated by the specific involve-
ment of gill tissue in the inactivation of H2S excess and

accompanying exposure to H2S hypoxemia. The max-

imum hydrogen sulfide loading revealed a significant
correlational relationship of MO oxidoreductases,
which sustain the production level of high-energy
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compounds to provide for the generation of cardiore-
spiratory “commands” aimed at the organism’s sur-
vival, which intensify against the background of
hypoxemia/tissue hypoxia.

CONCLUSIONS

These findings suggest a similarity in the alteration
of energy metabolism under hypoxia and hydrogen
sulfide loading between О2-sensitive brain tissues and

gills, which agrees with a previously proposed idea
about the identity of metabolic consequences of expo-
sure to hypoxia and H2S and responses to the activa-

tion of oxidoreductases of energy exchange (Oeschger
and Storey, 1990; Olson et al., 2006). Responses of
oxyphilic tissues to hydrogen sulfide loading in the
scorpionfish were largely manifested in the alteration
of energy metabolism oxidoreductase activity (MDH
and LDH), occurring as a result of inactivation of the
H2S excess. The oxyphilic structures that are more

functionally active/О2-sensitive or evolutionary younger

and require more spending from high-energy com-
pounds might be more susceptible to action of H2S vs.

hypoxia, based on competitive/reciprocal relations
between О2 and H2S. The response of the first gill arch

oxidoreductases to hypoxia and action of H2S have

certain similarity, which appears to be due to anatom-
ical disposition of gills towards environmental factors.
The first gill arch and MO, composing the regulatory
cardiac and respiratory functions loop, feature the
tightest/most pronounced coupling (r) of MDH and
LDH activity under exposure to hypoxia and hydrogen
sulfide.
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