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Abstract

Nitric oxide (NO), a gaseous free radical that functions as signal molecule, regulates several physiological functions. But
in teleost fishes, the influence of NO on mitochondrial energetics is not yet understood. With a view to understanding the
short-term in vivo action of NO on mitochondrial energetics in fish, we examined the effects of sodium nitroprusside, a
NO donor (SNP) and N-omega-nitro-L-arginine methyl ester (L-NAME), a competitive inhibitor of nitric oxide synthase
(L-NAME), on major electron carriers and oxidative status in heart and liver mitochondria of an obligate air-breathing
fish (Anabas testudineus Bloch) kept at either non-stressed or hypoxia-stressed condition. The total nitrate/nitrite (NO,/
NO,") level that corresponds to NO content showed a rise after SNP (5 ug g ') and a decline in the heart and liver of non-
stressed fish after L-NAME (100 ng g!) treatments for 30 min. Water immersion for 30 min that induced hypoxia lowered
NO,/NO," level in heart and liver, but showed a rise in NO,”/NO," level after SNP treatment of immersion-stressed fish.
Reactive Oxygen Species (ROS) production increased after SNP treatment but decreased after L-NAME treatment in heart
of hypoxia-stressed fish where as in liver both SNP and L-NAME treatments caused decrease of ROS in stressed fish. SNP
treatmentincreased and L-NAME treatment lowered peroxynitrite (ONOO-) level in heart and liver of non-stressed fish. SNP
treatment lowered the activity of cytochrome c oxidase (COX) but L-NAME treatment increased its activity in mitochondria
of heart of hypoxia-stressed fish. In liver mitochondria, however, COX activity showed a rise after these treatments. On the
contrary, SNP and L-NAME treatments in stressed fish elevated succinate dehydrogenase (SDH) activity in both heart and
liver mitochondria. In heart, LDH activity increased after SNP and L-NAME treatments in both non-stressed and stressed
conditions, but not in liver of stressed fish. Put together, the data provide evidence that NO exerts an integrative action on
mitochondrial energetics in heart and liver mitochondria of air-breathing fish during their exposure to hypoxia-stress.
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1. Introduction

Mitochondria, as the site of release of cellular energy,
are critical due to their ability to sense the environmen-
tal changes. A complex molecular network system exists
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in mitochondria for adjusting their bioenergetic and
oxidative responses for the reestablishment of homeo-
stasis!"2l. Given their crucial role in cellular physiology,
mitochondria are among the first responders to vari-
ous physiological stressors. It is known that the primary
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mediators of stress response such as glucocorticoids and
catacholamines exert numerous effects on mitochondrial
biogenesis, metabolism, ROS generation and apopto-
sis!> 391 In addition to that, mitochondria have also been
described as the site of synthesis of hormones such as glu-
cocorticoids and mineralocorticoids!”.

Nitric oxide (NO), as a gaseous signaling molecule,
plays many roles in the cardiovascular system and hepatic
system®1%, Cardiac muscle has the highest density of
mitochondria among all vertebrate organs due to its
high-energy demand. NO has been shown to regulate
mitochondrial respiration in vertebrate heart as these
mitochondria can generate all the ATP required for mus-
cle contraction in the heart!"". It is also known that NO
can play a key role in liver physiology where it acts as a
protective agent against onset of disease!'?.,

In mitochondria NO is known to regulate O, con-
sumption, energy metabolism and ROS formation at
physiological levels!*'*. Once NO is produced it may
rapidly react with ferrous iron which is either free iron
or iron within iron-sulphur centres or within haemopro-
teins!”*. In biological systems, the mode and rate of NO
metabolism is dependent on its diffusibility, its concen-
tration and the surrounding concentration of other biore-
actants!"®'7.. The main route by which NO is broken down
in the body of vertebrates is thought to be the reaction
with hemoglobin or myoglobin!"”.. In addition, NO would
also directly react with oxygen to produce NO, and N,O,
which is thought to be relatively slow at physiological
levels of NO!®. Furthermore, NO reacts with superoxide
(027) to produce peroxynitrite (ONOO"), a strong oxi-
dant that creates cytotoxicity!"”. NO can also react indi-
rectly with thiols to produce S-nitrosothiols (SNO)®20-2!l,
As potential physiological regulator of mitochondrial
respiration NO at physiological concentrations can cause
rapid and reversible inhibition of COX depending on the
intracellular O, concentration and redox state of COX*2.
When O, concentration is high, COX favors oxidized
state and consumes NO and converts it into nitrite®!.
On the contrary, when the concentration of O, is low, the
COX is in its reduced state, and NO accumulates in the
microenvironment*,

Induction of stress in teleosts evokes an array of
modulations in hypothalamo-pituitary-inter-renal (HPI)
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axis that causes adaptive physiological disturbances®2,
allowing the fish to regain homeostasis'*”. The release of
stress mediators such as catacholamines and glucocorti-
coids serve to maintain effective blood supply to the brain
and cardiac muscle, which increases energy production
through the recruitment of substrates such as glucose,
fatty acids and amino acids from liver and adipose tissue
in vertebrates®!. Likewise, organs with high metabolic
demand, like liver, initially cope with the initial energy
imbalance during stress by switching to fatty acid oxida-
tion™. It is likely that the physiological response of these
organs may serve as early markers of developing stress
response in animals. In the present study, we examined
the effect of NO on mitochondrial function in heart
and liver mitochondria of climbing perch in their non-
stressed and stressed states. We employed SNP, an agonist
that generates exogenous NO or L-NAME, an inhibitor
of NOS that depletes endogenous NO to delineate the
action of NO on mitochondrial energetics of an obligate
air-breathing fish kept immersed in water.

2. Materials and Methods
2.1 Fish Holding Conditions

Tropical freshwater air-breathing fish, commonly known
as climbing perch (Anabas testudineus Bloch) belonging
to order Perciformes and family Anabantidae, was used
as the test species. This native teleost fish inhabiting the
backwaters of Kerala is an obligate air-breathing fish
equipped to live in demanding environmental conditions
with their well defined physiological and biochemical
mechanisms®-3!. These fish in their post-spawning phase
were collected from the wild and maintained in the labo-
ratory for three weeks under natural photoperiod (12h
L: 12h D) at water temperature of 28+1°C with a mean
water pH of 6.2. Fish were fed with dry commercial fish
feed at 1.5% of body mass and transferred to 50L glass
tanks. Prior to experiment, the fish were kept in 100 L
aquaria for two weeks, and food was withdrawn since 24h
prior to sacrifice to ensure optimum experimental con-
ditions. There was no mortality during the experiments
and the stipulations of Animal Ethical Committee of the
University were followed.
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2.2 Experimental Design

Two independent in vivo experiments were conducted.
In the first experiment the effect of NO agonist SNP was
tested and in the second experiment the effect of NO antag-
onist L-NAME was tested in stressed and non-stressed
fish. Forty-eight laboratory-acclimated fish were assigned
to four groups of six each (each in replicate) in separate
glass tanks (60 x 30 x 30 cm). The fish in first and second
groups formed non-stressed fish whereas those in third
and fourth groups formed hypoxia-stressed fish. The fish
were immersion-stressed for 30 min by placing them in
water and preventing them from gulping air as reported
earlier’®. This was accomplished by keeping iron nets just
below the water surface. Fish in the first group of both
experiments were given saline injections (0.65% saline in
100 pL) and they served as non-stressed control fish. A
selected dose of SNP (5 ug g™') was used in experiment 1,
and a selected dose of L-NAME (100 ng g™') was used in
the experiment 2. The doses were selected based on the
ability to induce physiological modifications including
Na*/K* ATP-ase activity and nitrate/nitrite (NO,/NO,")
levels (unpublished). For both experiments 1 and 2, fish
in the third group were given saline injection and served
as hypoxia-stressed control fish, whereas fourth group
of fish was given intraperitoneal injection of the selected
dose of either SNP (5 pg g) or L-NAME (100 ng g™).
Care was taken to minimize stress due to injection and
handling. All fish were sampled 30 min after injection.

2.3 Sampling and Analysis

After treatments, fish were caught in nets and anes-
thetized in a 0.1% 2-phenoxyethanol solution (SRL,
Mumbai). Blood was drawn from the caudal artery and
fish were then sacrificed by spinal transection. Liver and
heart tissues were carefully excised. The tissues were then
stored in ice-cold 0.25 M SEI buffer (0.3 mM sucrose, 20
mM EDTA, 0.1 M imidazole, pH 7.1) for analyzing total
nitrate/nitrite and peroxynitrite levels and for the isola-
tion of mitochondrial fraction. Likewise, tissue samples
were also placed in 40 mM Tris-HCI buffer (pH 7.4) for
quantifying ROS. A portion of the tissue samples was also
placed in 0.05 M potassium phosphate buffer (pH 7.0) for
the LDH assay.
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2.3.1 Preparation of H Fraction and
Mitochondrial Suspension

Mitochondria were isolated from heart and liver tissues
following the method of Peter et al.,**. Briefly, 10% tis-
sue homogenates were prepared in 0.25 M sucrose EDTA
Imdazole (SEI, pH 7.4) buffer in a teflon pestle glass
homogenizer fitted with a motor (Remi, Mumbai). The
homogenate was centrifuged (Eppendorf, 5430R) at 700 x
g for 10 minutes at 4°C that separated cell debris and nuclei.
A portion of the collected supernatant as homogenization-
zero fraction (H,) was used for analyzing the levels of
total tissue nitrate/nitrite (NO,/NO,") and peroxynitrite
(ONOO") in tissues. The remaining portion was then
centrifuged at 10,000 x g for 10 min at 4°C (Eppendorf,
5430R) and the pellets were recovered, and washed thrice
by repeating the centrifugation. The final pellet was then
resuspended in fresh ice-cold 0.25 M SEI buffer which
served as the mitochondrial suspension and used for
analysis of the kinetics of activities of COX and SDH in
mitochondria. The protein concentrations in H fraction
and mitochondrial suspension were determined by Biuret
method using bovine serum albumin as the standard.

2.3.2 Determination of Total Nitrate/Nitrite
(NO,/NO,") Content in Tissue Samples

Total NO,/NO," content of liver and heart tissues were
determined by the method of Sastry et al.,**]. In brief, 100
uL of H fraction of liver and heart tissues were mixed
with 400 pL of 50 mM carbonate buffer (pH 9.0) and
0.15 g of activated copper-cadmium alloy filings and
incubated for 1 h at room temperature. The reaction was
stopped by addition of 100 pL of 0.35 M NaOH, followed
by 120 mM ZnSO, solution under vortex and the solution
was then allowed to stand for 10 min. The tubes were then
centrifuged at 4000 x g for 10 min. Thereafter, 100 uL of
clear supernatant in triplicate were added to the wells
of 96-well microplate and Griess reagent (75 uL of 1%
sulphanilamide prepared in 3 N HCI and 75 pL of 0.1%
N-naphthyl ethylene diamine, prepared in distilled water)
was added and incubated for 10 min. Then the absor-
bance was read at 545 nm in a microplate reader (Synergy
HT, Biotek, USA). A standard graph was plotted against
different concentrations of NaNO, and the NO,/NO,
content was derived and expressed in nmol mg protein™.
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2.3.3 Determination of Peroxynitrite (ONOO")
in Tissue Samples

Peroxynitrite-mediated nitration of phenol was measured
colorimetrically as described earlier® with some modifi-
cations. In brief, 5 uL of H_ fraction of tissue homogenates
was added to 5 mM phenol in 50 mM sodium phosphate
buffer (pH 7.4). After 2 h incubation at 37°C in the dark,
2 uL of 0.1M NaOH was added and the absorbance was
measured immediately at 412 nm (Synergy HT, Biotek,
USA). The yield of nitrophenol was calculated utilizing
e=4400 M "' cm™.

2.3.4 Determination of Reactive Oxygen Species
(ROS) in Tissue Samples

A flourimetric assay was used to determine the levels of
ROS such as superoxide radical, hydroxyl radical and
hydrogen peroxide according to the method described
earlier™ with some modifications. Briefly, 10% tissue
sonicate was prepared in ice-cold 40 mM Tris-HCl buffer,
pH 7.4, using a sonicator (At = 15 sec; UP 50H, Hielscher
Ultrasonics, Germany). These sonicates were then diluted
to 0.25% with more ice-cold Tris-HCI buffer. A frac-
tion of the sonicates was mixed with 40 uL of 1.25 mM
2, 7’-dichlorodihydrofluorescein diacetate (H,DCFDA,
Molecular Probes, USA) in methanol. Similarly, the other
fraction was mixed with methanol-added blank controls,
which were kept for detecting autoflourescence. All sam-
ples were incubated for 15 min at 37°C in water bath. After
incubation, 240 pL of these samples were added to the flat
bottomed transparent black 96-well microplates (Nunc,
Thermo Fisher Scientific, USA) and the fluorescence at
485 nm excitation and 525 nm emission was measured
in a fluorescence plate reader (Synergy HT, BioTek,
USA). The assay measured the oxidative conversion of
stable, non-fluorescent H DCFDA to the highly fluores-
cent 2} 7’-dichlorofluorescein (DCF) in the presence of
ROS. Unknown fluorescence values were standardized
using known concentrations of DCF (Sigma-Aldrich,
USA) in methanol. Protein quantification was done using
Bradford assay and the ROS production was expressed as
nmol/mg protein.

2.3.5 COX activity

The activity of COX was measured using a spectropho-
tometric method”” with some modifications. Briefly,
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mitochondrial suspension was incubated with 0.04%
saponin for 5 min at 37°C in water bath. Samples in dupli-
cates containing 1.0 pg protein were added to a 96-well
microplate, followed by the addition of substrate medium
containing 4mM 3, 3’-diamine benzidine tetrachloride
(DAB), 100 uM reduced cytochrome C, and 2 pg/mL cat-
alase in 0.1M NaPO,H,(pH 7.0). Reduced cytochrome C
was prepared in a pre-equilibrated G25 M Sephadex col-
umn by adding 5mg ascorbic acid to 100 mg cytochrome
Cin 2.5 mL of 100 mM sodium phosphate, pH 7.0). Soon
after the addition of substrate medium, the absorbance
variation was measured at 450 nm for 15 min and the
COX activity as the increase in OD was quantified. The
change in absorbance (AOD), expressed as micromoles of
cytochrome c oxidized mg protein™ min™, was calculated
after normalization with protein. The statistical signifi-
cance among groups was calculated by considering the
control as 100%.

2.3.6 SDH Activity

The activity of SDH was determined spectrophotometri-
cally following the method of Hollywood et al.*® with
some modifications. 2, 6-dichlorophenol-indophenol
(DCPIP) and sodium succinate acted as an artificial elec-
tron acceptor and the substrate were used in this assay.
Briefly, 0.05 mg of mitochondrial suspension of tissue
samples permeabilized with 1% sodium deoxycholate
(DOC; Sigma-Aldrich, USA) were added to the microplate
followed by the addition of reaction mixture containing
5 mM C,H,0,Na-6HO, 1 mM KFe(CN)-3H,0 and
0.1 mM DCPIP in 50 mM potassium phosphate buf-
fer, pH 7.5. After incubation for 2 min, the reduction
of DCPIP was monitored for 15 min at 600 nm. Blanks
were obtained in the absence of succinate. SDH activity
was calculated using the molar absorption coefficient of
reduced DCPIP, € = 21.0 mM™ cm™. The specific activity
was expressed in pmol DCPIP mg protein™' min™'.

2.3.7 LDH Activity

The activity of LDH was assayed by measuring the rate
of decrease of NADH absorbance at 340 nm (adopted
from Sensabaugh and Kaplan®'). Briefly, the stored
tissues were homogenized in 0.05 M potassium phos-
phate buffer, pH 7.0, containing 1 mM EDTA sodium
salt and 10% sucrose and then centrifuged at 27,000 x
g for 15 min at 4°C. The supernatant was collected and
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protein was measured using Bradford reagent. Samples
in duplicate were added to 96-well microplates followed
by the addition of reaction mixture buffer (0.1 M potas-
sium phosphate buffer, pH 7.5, containing 0.14 mM
NADH). The reaction was started with the addition of 1
mM C,H,NaO, in reaction mixture buffer, and changes
in absorbance were measured using microplate reader
(Synergy HT, Biotek, USA) for 5 min at 1 min inter-
vals at 25°C. The LDH activity was expressed in nmoles
NADH oxidized/min/mg protein.

2.4 Statistical Analysis

Before statistical analysis, data were checked for nor-
mal distribution and variance homogeneity. The values
were represented as mean + SEM and the statistical
difference among groups was tested by means of one-
way analysis of variance (ANOVA) followed by SNK
comparison test. Significance between the groups was

analyzed with the help of GraphPad software (Instat-3,
San Diego) and the level of significance was accepted if
P <0.05.

3. Results

3.1 Effect of SNP and L-NAME on Total
Tissue NO,/NO,, ROS and ONOO" in
the Heart and Liver of Non-Stressed and
Stressed Fish

Treatment of SNP for 30 min to non-stressed fish sig-
nificantly increased (P<0.001) the total tissue NO,/NO,,
ROS and ONOO- levels of heart (Tables 1, 2 & 3), whereas
the L-NAME treatment significantly decreased (P<0.001)
the levels of total NO,/NO,”and ONOO"™ without altering
the ROS level of heart (Tables 1, 2 & 3). Exposure of fish to
immersion stress decreased the total NO,/NO,"and ONOO-

Table 1. Total tissue NO,/NO,” (nmol. mg protein™) after SNP treatment (5 ug g™') and L-NAME (100 ng g*) for 30 min in
heart and liver of non-stressed and immersion-stressed (IMR) climbing perch

Total tissue NO,/NO,” (nmol. mg protein™)
Status

Heart Liver

SNP-treated fish
Control 3.39+0.87 3.56 £0.41
SNP 4.67 + 0.56%%** 4.55 + 0.16%:*
IMR 2.52+0.14@ 2.96 + 0.26@
SNP + IMR 3.09 + 0.69## 4.40 + 0.14###
L-NAME-treated fish

Control 3.36 £0.22 3.36 £0.18
L-NAME 1.03 £ 0.14%%% | 220+ 0.18%%*
IMR 280+ 0.10@@@ | 2.03 +0.17@
L-NAME+IMR 2.46+0.24 2.38+£0.21

Each value is mean + SEM of 12 fish. **(P< 0.01) and ###(P<0.001) denote significant difference between control and SNP-treated/
L-NAME treated fish. @ (P< 0.05) and @@@ (P < 0.001) denote significant difference between control and immersion-stressed
(IMR) fish. ## (P < 0.01) and ### (P<0.001) denote significant difference between immersion-stressed (IMR) and SNP-treated/

L-NAME treated fish.
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levels in heart (Tables 1&3), whereas ROS level showed a
significant rise in this fish (Table 2). SNP treatment further
increased the ROS production after immersion-stress, while
showing a rise in total NO,/NO," (Tables 1 & 2). On the con-
trary, L-NAME treatment decreased the ROS level in heart of
immersion-stressed climbing perch without altering the total
NO,/NO,” and ONOO" levels (Tables 1, 2 & 3).

In the liver of non-stressed fish, the levels of total
NO,/NO,” (P<0.01) and ONOO~(P<0.05) showed sig-
nificant rise after SNP treatment (Tables 1 & 3) but the
levels declined after L-NAME treatment (Tables 1 & 3).
Neither SNP nor L-NAME treatment affected the level of
ROS in the liver of non-stressed fish (Table 2). However,
immersion stress produced a rise in the level of ROS in
liver (P<0.001) (Table2), whereas total NO,/NO," level
decreased significantly (P<0.05) (Table 1). A decline
in the production of ROS occurred after SNP (P<0.05)
and L-NAME (P<0.01) treatments in the liver of stressed
fish (Table 2). However, these treatments in stressed fish

did not affect the levels of ONOO™and total NO,/NO,"
(Table 3).

3.2 Effect of SNP and L-NAME Treatments
on COX Activity in Heart and Liver of
Non-Stressed and Immersion-Stressed
Fish

In heart, the activity of COX increased significantly

(P<0.05) after SNP treatment in non-stressed fish (Figure

1A). Similar rise in its activity was found (P<0.05) after

L-NAME treatment in non-stressed condition (Figure

1B). The immersion-stress significantly (P<0.05)

increased the COX activity in heart mitochondria

(Figure 1A & B). However, the SNP treatment resulted in

decrease of COX activity (P<0.05) in stressed fish (Figure

1A), whereas the L-NAME treatment increased (P<0.05)
its activity further in these fish (Figure 1B). In liver, the

COX activity increased significantly (P<0.001) after

Table 2. Total tissue ROS (nmol. mg protein™) level after SNP treatment (5 ug g™) and L-NAME (100 ng g™') for 30 min in
heart and liver of non-stressed and immersion-stressed (IMR) climbing perch

Status Tissue ROS (nmol.mg protein*)
Heart | Liver
SNP-treated fish
Control 31.33 £3.26 19.43 + 0.99
SNP 60.43 + 2.28%%x* 21.13 £3.42
IMR 42.02 £ 0.46@@ 3131t 1.22@@@
SNP + IMR 53.22 £ 1.35## 20.31 + 2.73%
L-NAME-treated fish
Control 29.81 +2.09 21.89 +1.51
L-NAME 30.51 £2.16 2391 +1.37
IMR 39.16 £ 1.10@@ 34.13 £ 0.66@@@
L-NAME + IMR 15.87 = 1.4### 26.90 = 1.81##

Each value is mean + SEM of 12 fish. *#*(P<0.001) denotes significant difference between control and SNP-treated/ L-NAME
treated fish. @@ (P< 0.01) and @@@ (P< 0.001)denote significant difference between control and immersion-stressed (IMR) fish.
# (P<0.05), ## (P< 0.01) and ### (P<0.001) denote significant difference between immersion-stressed (IMR) and SNP-treated/

L-NAME treated fish.
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Table 3. Tissue ONOO™ (nmol. mg protein™") level after SNP treatment (5 ug g') and L-NAME (100 ng g™) for 30 min in

heart and liver of non-stressed and immersion-stressed (IMR) climbing perch

Status Tissue ONOO™ (nmol.mg protein™)
Heart | Liver
SNP-treated fish

Control 25.69 £ 2.59 30.89 £ 2.06

SNP 36.96 + 0.71 %% 34.99 + 1.3%

IMR 19.84 + 0.8@@ 32.73 £0.87

SNP + IMR 23.08 +1.74 30.13 +2.43

L-NAME-treated fish

Control 24.56 + 1.32 29.09 + 1.56

L-NAME 12.47 £ 0.78#** 26.24 + 1.48*

IMR 20.05+1.0l@e@ 30.50 + 0.56

L-NAME + IMR 18.31 £ 0.68 31.08 £ 1.06

Each value is mean + SEM of 12 fish. #(P< 0.05) and **#%(P<0.001) denote significant difference between control and SNP-treated/
L-NAME treated fish. @@ (P< 0.01) denotes significant difference between control and immersion-stressed (IMR) fish.

L-NAME treatment (Figure 1B), whereas SNP treatment
did not affect its activity (Figure 1A). It was observed that
the immersion stress increased the COX activity signifi-
cantly (P<0.05) in liver, which increased further after SNP
(P<0.05) (Figure 1A) and L-NAME (P<0.001) treatments
in stressed fish (Figure 1B).

3.3 Effect of SNP and L-NAME Treatments
on SDH Activity in the Heart and
Liver of Non-Stressed and Immersion-
Stressed Fish

In non-stressed fish, SNP treatment decreased the SDH

activity significantly (P<0.05) in heart mitochondria
(Figure 2A), whereas L-NAME treatment increased its

Vol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

activity (P<0.01) (Figure 2B). Immersion stress did not
alter the SDH activity in heart mitochondria (Figure 2A
& B). But the treatment of SNP in stressed fish produced
a rise in SDH activity in heart mitochondria (P<0.001)
(Figure 2A). Similar observation was made after L-NAME
treatment in which the activity increased significantly
(P<0.05) in heart mitochondria of stressed fish (Figure
2B). Neither SNP nor L-NAME treatment altered the
SDH activity of liver mitochondria in non-stressed fish
(Figure 2A & B). Likewise, immersion stress did not alter
SDH activity in liver mitochondria. However, the SNP
and L-NAME treatments increased the SDH activity sig-
nificantly (P<0.001) in liver mitochondria of stressed fish
(Figure 2A & B).
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and immersion-stressed climbing perch.

Each bar is mean + SE (n = 12). Statistical significance between non-stressed control (0) and non-stressed SNP-treated fish were
analyzed. Here *’ denotes (P<0.05) and “*#*#’ denotes (P<0.001) when compared to control. Similarly, significance between stressed
control (IMR) and stress plus SNP/L-NAME were also analyzed. Here, ‘#” denotes (P<0.05) and ‘###’ denotes (P<0.001) when
compared to stressed control. The statistical significance between non-stressed control (0) and stressed control (IMR) were also
analyzed. ‘@’ denotes (P<0.05) when compared to non-stressed control.
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when compared to stressed control.
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3.4 Effect of SNP and L-NAME Treatment
on LDH Activity in the Heart and
Liver of Non-Stressed and Immersion-
Stressed Fish

The LDH activity of liver remained unaltered after SNP
and L-NAME treatments in non-stressed fish (Figure
3A & B), whereas a significant rise in the activity of
LDH was found after immersion-stress (Figure 3A & B).
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Figure 3.

immersion-stressed climbing perch.

Treatments of SNP and L-NAME in immersion-stressed
fish further decreased the activity of LDH (Figure 3A & B).
The LDH activity in heart, however, increased signifi-
cantly (P<0.001) after SNP and L-NAME treatments in
both non-stressed and stressed fish (Figure 3A & B). On
the contrary, immersion stress did not produce any alter-
ation in the activity of LDH in heart tissue of climbing
perch (Figure 3A & B).

B mmm HEART
2000 1 = LIVER

1800
1600 -
1400 -
1200 -

mg pro‘tein"I

1000 -
800 1

. -1

LDH activity

.

E

© ]
E_ 600
400 1
200 4

0 L-NAME IMR

L-NAME+IMR
STRESSED

NON-STRESSED

LDH activity following SNP (A) and L-NAME (B) treatment in liver and heart tissues of non-stressed and

Each bar is mean + SE (n = 12). Statistical significance between non-stressed control (0) and non-stressed SNP-treated fish were
analyzed. Here ‘+” denotes (P<0.05) and ‘3’ denotes (P<0.001) when compared to control. Similarly, significance between stressed
control (IMR) and stress plus SNP/ L-NAME were also analyzed. Here, ‘#” denotes (P<0.05) and ‘###  denotes (P<0.001) when
compared to stressed control. The statistical significance between non-stressed control (0) and stressed control (IMR) were also
analyzed. ‘@@@’ denotes (P<0.001) when compared to non-stressed control.

4. Discussion

Mitochondria are the sensitive target of NO action as they
regulate mitochondrial complexes'**!. The rise in total
NO,/NO," level that corresponds to NO availability in
heart and liver of SNP-treated fish provides convincing
evidence for the presence of physiological concentrations
of NO in these tissues after SNP treatment. Similar rise
in NO concentration has been found after in vivo admin-
istration of SNP in the cells of higher animals, where the
pattern of NO action mainly depends on its concentra-
tion in tissues irrespective of its origin'*?l. Administration
of L-NAME, on the contrary, lowered NO,/NO, content
in the tested tissues, reflecting a lowered availability of
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endogenous NO due to the non-specific inhibition of
NOS. It is interesting to note that induction of hypoxia-
stress by water-immersion of perch resulted in lowered
NO,/NO," level and it indicates a higher utilization of
NO during hypoxia stress. This view is further confirmed
in the lowest level of NO in the heart tissue of SNP-treated
hypoxia-stressed fish.

Mitochondria play a critical role in O, sensing in
many vital organs including heart. The substantial rise in
ROS production in mitochondria of heart tissue by SNP
and its retention in the immersion-stressed fish indicates
arole for NO in ROS-mediated cellular activities. It is well
known that ROS at physiological levels activates many sig-
naling pathways that are involved in cellular activities**.
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However, the response of liver ROS to both SNP and
L-NAME treatments seems negligible, indicating that
NO may not depend on ROS in liver for effecting its
actions. It is, however, interesting to find that an elevated
ROS production is required to meet the mitochondrial
energetics in the heart of stressed fish, though NO deple-
tion by L-NAME treatment decreased the ROS produc-
tion substantially. It has been shown that hypoxia stress
generates more ROS from mitochondrial as well as extra-
mitochondrial sources, providing clue to the effect that
it can regulate cellular activity through redox modifica-
tions without affecting respiration'**¢/. Water immersion
of air-breathing fish has been shown to induce systemic
hypoxia due to the fall of blood PO, and total saturated
O, level and a rise in PCO, (unpublished data). The rise
in ROS in the heart and liver of climbing perch in immer-
sion-induced hypoxic condition thus clearly indicates
that the generation of more ROS is essential probably
to meet the demand for cell signaling that favors energy
reallocation during hypoxia. The rise in ROS production
in mitochondria of heart due to SNP treatment and its
decline by L-NAME treatment in hypoxia-stressed fish
further indicates a contributing action of NO on ROS-
induced mitochondrial energetics in heart.

Donors of NO, that generate exogenous NO in target
tissues, have been shown to alter mitochondrial func-
tion*”! due to their entry into mitochondria as low molec-
ular weight S-nitrosothiol (SNO) compounds!**°. These
SNO proteins have been demonstrated to inhibit complex I
of ETC and elevate ROS production in mammalian mito-
chondria®™. In the current study, the higher turnover of
ROS level together with a rise in total NO level in heart
after SNP treatment in non-stressed condition appears
to promote the production of ONOO™. The lowered
ONOO- level in L-NAME treated fish provides convinc-
ing evidence for its relationship with ROS and total tis-
sue NO levels. Interestingly, immersion-stress lowered
the ONOO-~ level and that may account for a lesser avail-
ability of NO. The reduced NO and ONOO" levels in
immersion-stressed fish provide further evidence for a
tight regulation of NO and nitrosative compounds dur-
ing hypoxic stress, which is not directly related to ROS
production.

The regulation of mitochondrial respiration is vital
due to its role in ATP synthesis, and in heart it is critical
for muscle contraction. Previous studies have shown that
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NO can inhibit COX activity, resulting in the inhibition
of mitochondrial respiration in the heart of many verte-
brates®**. However, in the present in vivo study the rise
in COX activity by NO donor in heart mitochondria of
non-stressed fish points to an augmented mitochondrial
respiration due to NO availability which was not found in
hypoxia-stressed fish. It is likely that conversion of redox
state of COX might happen during hypoxia stress. In
respiring cells, hypoxia stress has been shown to modu-
late the redox state of COX from oxidized state to reduced
state, due to alterred NO bioavailability?*. The reduction
of COX activity in the heart mitochondria of SNP-treated
stressed fish may be thus attributed to a lowered mito-
chondrial respiration due to a modified NO availability.
Alternatively, the elevated COX activity in these mito-
chondria of immersion-stressed fish could also be due
to an activation of epinephrine release as increased ATP
production by epinephrine has been shown in many tis-
sues of vertebrates®!. Similarly, the elevated COX activ-
ity may correspond to an elevated ATP production in
heart mitochondria. The inverse correlation between the
decrease of COX activity and the increase of SDH activ-
ity in the heart mitochondria of SNP-treated stressed fish
implies that an uncoupling action of NO occurs in heart
mitochondria, which is not found in NO-depleted mito-
chondria. L-NAME treatment that increased the COX
and SDH activities in heart mitochondria of both non-
stressed and stressed fish clearly indicates that similar
to action of exogenous NO, absence of endogenous NO
would also modulate mitochondrial energetics in heart.
In addition, the rise in peroxynitrite that could inhibit
SDH activity in heart mitochondria may account for an
incomplete oxidative phosphorylation as reported earlier
in many mammals®®®. This would also point to a direct
action of NO on reallocation of mitochondrial energy
partition particularly during hypoxia stress.

Unlike heart mitochondria, liver mitochondria have
more diversified roles to play in energy metabolism. We
found arise in NO concentration caused by SNP in liver of
non-stressed and stressed fish. However, such an increase
in NO content does not reflect on the activities of COX
and SDH, providing evidence to the effect that exogenous
NO may have fewer roles in mitochondrial respiration
in liver. On the contrary, depletion of NO by L-NAME
treatment increased the COX activity in liver, pointing
to a control of endogenous NO in hepatocyte mitochon-
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drial respiration. The regulatory role of NO on complex
IV / COX of the ETC is well established in mouse liver
mitochondria!. The present study thus demonstrates
a regulatory role of endogenous NO in the bioenerget-
ics of fish liver. However, unaltered SDH activity in the
NO-depleted state reveals a tight bioenergetic control of
endogenous NO on complex III of the ETC. The immer-
sion-induced hypoxia stress elevated the production of
ROS in liver. It is likely that the increased production of
ROS during stress would modulate the mitochondrial
complexes as immersion-induced hypoxia-stress can
increase the activity of COX without altering the SDH
activity. Hypoxia has been shown to decrease the activi-
ties of complexes II and III of the respiratory chain in iso-
lated rat liver mitochondrial®**°!.

The interactive action of NO on heart mitochondria
would demand participation of anaerobic respiratory
markers as evident in the elevated LDH activity by SNP
treatment. Simultaneous activation of LDH and COX
activities would be probably due to the transfer of lac-
tate to pyruvate in heart mitochondria. On the contrary,
the rise in LDH activity together with elevated COX and
SDH in the heart tissue of L-NAME-treated fish indi-
cates an activation of energy metabolism in NO-depleted
state. Similar to heart mitochondria, where activation of
mitochondrial energetics occurs, liver mitochondria also
show an active energetics during hypoxia as evident in the
elevated COX and SDH activities, and not with LDH as it
showed decreased activity. These results are in agreement
with previous reports showing that NO can function as an
endogenous protector against ischemia!®*¢!l,

In summary, the in vivo treatment of SNP that releases
higher NO,/NO,”, ROS and ONOO" levels, modifies
the mitochondrial complexes such as COX and SDH in
heart mitochondria of non-stressed fish. On the con-
trary, L-NAME treatment that lowers NO,/NO, and
ONOO" levels would also modulate the activities of COX
and SDH but without affecting ROS production in non-
stressed fish. It appears that NO would exert its action
through ROS production which in turn might demand
the involvement of other regulatory factors in the modu-
lation of mitochondrial energetics. Our data also provide
clues to the differential tissue response of NO to mito-
chondrial energetics. Furthermore, we found that NO

Vol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

demands energy reallocation in heart and liver mitochon-
dria of stressed fish, pointing to a regulatory role of NO in
the fish mitochondria. Overall, the present study provides
evidence for an integrative action of NO on mitochon-
drial energetics in the heart and liver mitochondria of
the air-breathing fish during their acclimation to water-
immersion stress.

5. Acknowledgments

We gratefully acknowledge the financial support from
iCEIB project (Higher Education Department, Govt. of
Kerala). The authors are grateful to Dr. Jag Mohan, Central
Avian Research Institute, Izatnagar, India, for providing
the copper-cadmium alloy and Dr. Pankaj Kumar, Rajiv
Gandhi University, Itanagar, India, for support. Thanks
are due to UGC-SAP-DRS 1I facility in the Department
of Zoology of the University of Kerala. VSP acknowl-
edges the emeritus scientistship of Kerala State Council of
Science, Technology and Environment (KSCSTE).

6. References

1. Manoli I, Alesci S, Blackman MR, Su YA, Rennert OM,
Chrousos GP. Mitochondria as key components of the
stress response. Trends Endocrinol Metab. 2007; 18:190-198.
https://doi.org/10.1016/j.tem.2007.04.004.

2. Picard M, McEwen BS, Epel ES, Sandi C. An energetic view
of stress: Focus on mitochondria. Front Neuroendocrinol.
2018;49:72-85. https://doi.org/10.1016/j.yfrne.2018.01.001.

3. Demonacos C, Djordjevic-Markovic R, Tsawdaroglou N,
Sekeris CE. The mitochondrion as a primary site of action
of glucocorticoids: The interaction of the glucocorticoid
receptor with mitochondrial DNA sequences showing
partial similarity to the nuclear glucocorticoid respon-
sive elements. J Steroid Biochem Mol Biol. 1995; 55:43-55.
https://doi.org/10.1016/0960-0760(95)00159-W.

4. Duclos M, Martin C, Gouarne C, Lettelier C. Effects of
corticosterone on muscle mitochondria identifying dif-
ferent sensitivity to glucocorticoids in Lewis and Fischer
rats. ] Endocrinol Metab. 2003; 286:E159-E167. https://doi.
org/10.1152/ajpendo.00281.2003.

5. Tome ME, Lee K, Jaramillo MC, Briehl MM. Mitochondria
are the primary source of the H(2) O(2) signal for glucocor-
ticoid-induced apoptosis of lymphoma cells. Exp Ther Med.
2012; 4(2):237-42. https://doi.org/10.3892/etm.2012.595.

Journal of Endocrinology and Reproduction


https://doi.org/10.1016/j.tem.2007.04.004
https://doi.org/10.1016/j.yfrne.2018.01.001
https://doi.org/10.1016/0960-0760%2895%2900159-W
https://doi.org/10.1152/ajpendo.00281.2003
https://doi.org/10.1152/ajpendo.00281.2003
https://doi.org/10.3892/etm.2012.595

R. Gayathry, Valsa S. Peter and M. C. Subhash Peter

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Vol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

. Picard M, Wallace DC, Burelle Y. The rise of mitochondria

in medicine. Mitochondrion, 2016; 30:105-116. https://doi.
org/10.1016/j.mito.2016.07.003.

. Midzak A, Papadopoulos V. Adrenal mitochondria and

steroidogenesis : From individual proteins to functional
protein assemblies. Front Endocrinol. (Lausanne) 2016;
7:106 https://doi.org/10.3389/fendo.2016.00106.

. Wiest R, Groszmann R]. The paradox of nitric oxide in

cirrhosis and portal hypertension: Too much, not enough.
Hepatology 2002; 35(2):478-490. https://doi.org/10.1053/
jhep.2002.31432.

. Hu LS, George J, Wang JH. Current concepts on the role of

nitric oxide in portal hypertension. World ] Gastroenterol.
2013;19:1707-17. https://doi.org/10.3748/wjg.v19.i111.1707.
Bohlen HG. Nitric oxide and the cardiovascular system.
Comp Physiol. 2015; 5(2):808-23. https://doi.org/10.1002/
cphy.c140052.

Brown GC, Borutaite V. Nitric oxide and mitochondrial
respiration in the heart. Cardiovasc Res. 2007; 75:283-90.
https://doi.org/10.1016/j.cardiores.2007.03.022.

Iwakiri Y, Kim MY. Nitric oxide in liver diseases.
Trends Pharmacol Sci. 2015; 36(8):524-36. https://doi.
org/10.1016/j.tips.2015.05.001.

Giulivi C, Kato K, Cooper CE. Nitric oxide regulation
of mitochondrial oxygen consumption. II: Molecular
mechanism and tissue physiology. AJP Cell Physiol.
2006;  292:C1993-C2003.  https://doi.org/10.1152/ajp-
cell.00310.2006.

Brown GC. Nitric oxide and mitochondria. Front Biosci.
2007; 1(12):1024-33. https://doi.org/10.2741/2122.

Cooper CE. Nitric oxide and iron proteins. Biochim Biophys
Acta - Bioenerg. 1999; 1411(2-3):290-309. https://doi.
org/10.1016/S0005-2728(99)00021-3.

Lancaster JR. A tutorial on the diffusibility and reactivity of
free nitric oxide. Nitric Oxide 1997; 1(1):18-30. https://doi.
0rg/10.1006/niox.1996.0112.

Kelm M. Nitric oxide metabolism and breakdown.
Biochem Biophys Acta. 1999; 1411(2-3):273-89. https://doi.
org/10.1016/S0005-2728(99)00020-1.

Patel RP, McAndrew J, Sellak H, White CR, Jo H, Freeman
BA, Darley-Usmar VM. Biological aspects of reac-
tive nitrogen species. Biochim Biophys Acta - Bioenerg.
1999; 1411(2-3):385-400. https://doi.org/10.1016/S0005-
2728(99)00028-6.

Radi R, Cassina A, Hodara R, Quijano C, Castro L.
Peroxynitrite reactions and formation in mitochondria. Free
Radic Biol Med. 2002; 33:1451-64. https://doi.org/10.1016/
S0891-5849(02)01111-5.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Gaston B. Nitric oxide and thiol groups. Biochim Biophys
Acta - Bioenerg. 1999; 1411(2-3):323-33. https://doi.
org/10.1016/S0005-2728(99)00023-7.

Cadenas E, Davies KJA. Mitochondrial free radical gen-
eration, oxidative stress and aging. Free Radic Biol Med.
2000; 29:201-383. https://doi.org/10.1016/S0891-
5849(00)00315-4.

Taylor CT, Moncada S. Nitric oxide, cytochrome ¢ oxi-
dase, and the cellular response to hypoxia. Arterioscler
Thromb Vasc Biol. 2010; 30:643-47. https://doi.org/10.1161/
ATVBAHA.108.181628.

Cooper CE, Brown GC. The inhibition of mitochondrial
cytochrome oxidase by the gases carbon monoxide, nitric
oxide, hydrogen cyanide and hydrogen sulfide: Chemical
mechanism and physiological significance. ] Bioenerg
Biomembr.  2008; 40:533-39. https://doi.org/10.1007/
$10863-008-9166-6.

Palacios-Callender M, Hollis V, Mitchison M, Frakich
N, Unitt D, Moncada S. Cytochrome ¢ oxidase regulates
endogenous nitric oxide availability in respiring cells: A
possible explanation for hypoxic vasodilation. Proc Natl
Acad Sci. 2007; 104:18508-18513. https://doi.org/10.1073/
pnas.0709440104.

Wendelaar Bonga SE. The stress response in fish. Physiol
Rev. 1997; 77:591-625. https://doi.org/10.1152/phys-
rev.1997.77.3.591.

Barton BA. Stress in fishes: A diversity of responses with
particular reference to changes in circulating cortico-
steroids. Integr Comp Biol. 2002; 42:517-25. https://doi.
0rg/10.1093/icb/42.3.517.

Peter MCS. Understanding the adaptive response in ver-
tebrates: The phenomenon of ease and ease response
during post-stress acclimation. Gen Comp Endocrinol. 2013;
181:59-64. https://doi.org/10.1016/j.ygcen.2012.09.016.
Charmandari E, Tsigos C, Chrousos G. Endocrinology of
the stress response. Annu Rev Physiol. 2005; 67:259-84.
https://doi.org/10.1146/annurev.physiol.67.040403.120816.
Alberti KGMM. The biochemical consequences of hypoxia.
J Clin Pathol. 1977; 14-20. https://doi.org/10.1136/jcp.
s3-11.1.14

Peter MCS, Rejitha V, Dilip DG. Handling of ferric iron by
branchial and intestinal epithelia of climbing perch (Anabas
testudineus Bloch). Indian ] Exp Biol. 2007; 45:896-900.
Peter VS, Peter MCS. The interruption of thyroid and
interrenal and the inter-hormonal interference in fish:
Does it promote physiologic adaptation or maladapta-
tion? Gen Comp Endocrinol. 2011; 174:249-258. https://doi.
org/10.1016/j.ygcen.2011.09.018.

Journal of Endocrinology and Reproduction

|41


https://doi.org/10.1016/j.mito.2016.07.003
https://doi.org/10.1016/j.mito.2016.07.003
https://doi.org/10.3389/fendo.2016.00106
https://doi.org/10.1053/jhep.2002.31432
https://doi.org/10.1053/jhep.2002.31432
https://doi.org/10.3748/wjg.v19.i11.1707
https://doi.org/10.1002/cphy.c140052
https://doi.org/10.1002/cphy.c140052
https://doi.org/10.1016/j.cardiores.2007.03.022
https://doi.org/10.1016/j.tips.2015.05.001
https://doi.org/10.1016/j.tips.2015.05.001
https://doi.org/10.1152/ajpcell.00310.2006
https://doi.org/10.1152/ajpcell.00310.2006
https://doi.org/10.2741/2122
https://doi.org/10.1016/S0005-2728%2899%2900021-3
https://doi.org/10.1016/S0005-2728%2899%2900021-3
https://doi.org/10.1006/niox.1996.0112
https://doi.org/10.1006/niox.1996.0112
https://doi.org/10.1016/S0005-2728%2899%2900020-1
https://doi.org/10.1016/S0005-2728%2899%2900020-1
https://doi.org/10.1016/S0005-2728%2899%2900028-6
https://doi.org/10.1016/S0005-2728%2899%2900028-6
https://doi.org/10.1016/S0891-5849%2802%2901111-5
https://doi.org/10.1016/S0891-5849%2802%2901111-5
https://doi.org/10.1016/S0005-2728%2899%2900023-7
https://doi.org/10.1016/S0005-2728%2899%2900023-7
https://doi.org/10.1016/S0891-5849%2800%2900315-4
https://doi.org/10.1016/S0891-5849%2800%2900315-4
https://doi.org/10.1161/ATVBAHA.108.181628
https://doi.org/10.1161/ATVBAHA.108.181628
https://doi.org/10.1007/s10863-008-9166-6
https://doi.org/10.1007/s10863-008-9166-6
https://doi.org/10.1073/pnas.0709440104
https://doi.org/10.1073/pnas.0709440104
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1016/j.ygcen.2012.09.016
https://doi.org/10.1146/annurev.physiol.67.040403.120816
https://doi.org/10.1136/jcp.s3-11.1.14
https://doi.org/10.1136/jcp.s3-11.1.14
https://doi.org/10.1016/j.ygcen.2011.09.018
https://doi.org/10.1016/j.ygcen.2011.09.018

Nitric Oxide Drives Mitochondrial Energetics in Heart and Liver Mitochondria of Hypoxia-Stressed Climbing Perch (Anabas
testudineus Bloch)

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

42

Simi S, Peter VS, Peter MCS. Zymosan-induced immune
challenge modifies the stress response of hypoxic air-
breathing fish (Anabas testudineus Bloch): Evidence for
reversed patterns of cortisol and thyroid hormone interac-
tion, differential ion transport. Gen Comp Endocrinol. 2016;
251:94-108. https://doi.org/10.1016/j.ygcen.2016.11.009.
Peter MCS, Mini VS, Bindulekha DS, Peter VS. Short-term
in-situ effects of prolactin and insulin on ion transport in
liver and intestine of freshwater climbing perch (Anabas
testudineus Bloch). ] Endocrinol Reprod. 2014; 18(1):47-58.
Sastry KVH, Moudgal RP, Mohan J, Tyagi JS, Rao GS.
Spectrophotometric determination of serum nitrite and
nitrate by copper-cadmium alloy. Anal Biochem. 2002;
306:79-82. https://doi.org/10.1006/abio.2002.5676.
Vanuffelen BE, van der Zee J, de Koster BM, Vansteveninck
], Elferink JG. Intracellular but not extracellular conversion
of nitroxyl anion into nitric oxide leads to stimulation of
human neutrophil migration. Biochem J. 1998; 330:719-22.
https://doi.org/10.1042/bj3300719.

Socci DJ, Bjugstad KB, Jones HC, Pattisapu J V, Arendash
GW. Evidence that oxidative stress is associated with the
pathophysiology of inherited hydrocephalus in the H-Tx
rat model. Exp Neurol. 1999; 155:109-117. https://doi.
org/10.1006/exnr.1998.6969.

Chrzanowska-Lightowlers ZMA, Turnbull DM, Lightqwlers
RN. A microtiter plate assay for cytochrome c oxidase in
permeabilized whole cells. Anal Biochem. 1993; 214:45-49.
https://doi.org/10.1006/abio.1993.1454.

Hollywood KA, Shadi IT, Goodacre R. Monitoring the suc-
cinate dehydrogenase activity isolated from mitochondria
by surface enhanced Raman scattering. ] Phys Chem. 2010;
C 114:7308-13. https://doi.org/10.1021/jp908950x.
Sensabaugh GFJ, Kaplan NO. Dehydrogenase specific to
the liver of Gadoid. J Biol Chem. 1972; 217:585-93.

Drapier JC, Hirling H, Wietzerbin J, Kaldy P, Kuhn LC.
Biosynthesis of nitric oxide activates iron regulatory fac-
tor in macrophages. EMBO J. 1993; 12:3643-49. https://doi.
0rg/10.1002/j.1460-2075.1993.tb06038 x.

Erusalimsky JD, Moncada S. Nitric oxide and mitochon-
drial signaling from physiology to pathophysiology.
Arterioscler Thromb Vasc Biol. 2007; 27:2524-31. https://
doi.org/10.1161/ATVBAHA.107.151167.

Pulatova MK, Sharygin VL, Rikhireva GT, Mitrokhin YT,
Todorov IN. The mechanisms of nitric oxide production
from exogenous and endogenous NO-donating compounds
in cells of higher animals and the influence of nitric oxide
on deoxyribonucleotide and DNA synthesis. Biol Bull. 2006;
33:441-56. https://doi.org/10.1134/51062359006050049.

Vol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Zhang J, Wang X, Vikash V, Ye QWu D, Liu Y, Dong W.
ROS and ROS-mediated cellular signaling. Oxid Med Cell
Longev. 2016; 1-18. https://doi.org/10.1155/2016/4350965.
Duranteau J, Chandel NS, Kulisz A, Shao Z, Schumacker
PT. Intracellular signaling by reactive oxygen species dur-
ing hypoxia in cardiomyocytes. J Biol Chem. 1998; 273:
11619-24. https://doi.org/10.1074/jbc.273.19.11619.
Chandel NS, Schumacker PT. Cellular oxygen sens-
ing by mitochondria: old questions, new insight. J Appl
Physiol. ~ 2000;  88:1880-89.  https://doi.org/10.1152/
jappl.2000.88.5.1880.

Guzy RD, Schumacker PT. Oxygen sensing by mitochon-
dria at complex III: The paradox of increased reactive
oxygen species during hypoxia. Exp Physiol. 2006; 91:807-
19. https://doi.org/10.1113/expphysiol.2006.033506.

Hill BG, Dranka BP, Bailey SM, Lancaster JR, Darley-
Usmar VM. What part of NO don’t you understand? Some
answers to the cardinal questions in nitric oxide biology.
J Biol Chem. 2010; 285:19699-704. https://doi.org/10.1074/
jbc.R110.101618.

Arnelle DR, Stamler JS. NO+, NO.and NO- donation by
S-nitrosothiols: Implications for regulation of physiological
functions by S-nitrosylation and acceleration of disulphide
formation. Arch Biochem Biophys. 1995; 318(2):279-85.
https://doi.org/10.1006/abbi.1995.1231.

Mannick JB, Schonhoff CM. Measurement of protein
S-nitrosylation during cell signaling. Methods Enzymol.

2008; 440:231-42. https://doi.org/10.1016/S0076-
6879(07)00814-2.
Piantadosi CA. Regulation of mitochondrial pro-

cesses by protein S-nitrosylation. Biochem Biophys Acta.
2012;  1820(6):712-21.  https://doi.org/10.1016/j.bba-
gen.2011.03.008.

Poderoso JJ, Peralta JG, Lisdero CL, Carreras MC, Radisic
M, Schopfer F, Cadenas E, Boveris A. Nitric oxide regulates
oxygen uptake and hydrogen peroxide release by the iso-
lated beating rat heart. Am J Physiol. 1998; 274:C112-C119.
https://doi.org/10.1152/ajpcell.1998.274.1.C112.

Clementi E, Brown GC, Foxwell N, Moncada S. On the
mechanism by which vascular endothelial cells regu-
late their oxygen consumption. Proc Natl Acad Sci. 1999;
96:1559-62. https://doi.org/10.1073/pnas.96.4.1559.
Borutaite V, Budriunaite A, Brown GC. Reversal of nitric
oxide- , peroxynitrite- and S -nitrosothiol-induced inhibi-
tion of mitochondrial respiration or complex I activity by
light and thiols. 2000; 1459:405-12. https://doi.org/10.1016/
S0005-2728(00)00178-X.

Journal of Endocrinology and Reproduction


https://doi.org/10.1016/j.ygcen.2016.11.009
https://doi.org/10.1006/abio.2002.5676
https://doi.org/10.1042/bj3300719
https://doi.org/10.1006/exnr.1998.6969
https://doi.org/10.1006/exnr.1998.6969
https://doi.org/10.1006/abio.1993.1454
https://doi.org/10.1021/jp908950x
https://doi.org/10.1002/j.1460-2075.1993.tb06038.x
https://doi.org/10.1002/j.1460-2075.1993.tb06038.x
https://doi.org/10.1161/ATVBAHA.107.151167
https://doi.org/10.1161/ATVBAHA.107.151167
%20https://doi.org/10.1134/S1062359006050049
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1074/jbc.273.19.11619
https://doi.org/10.1152/jappl.2000.88.5.1880
https://doi.org/10.1152/jappl.2000.88.5.1880
https://doi.org/10.1113/expphysiol.2006.033506
https://doi.org/10.1074/jbc.R110.101618
https://doi.org/10.1074/jbc.R110.101618
https://doi.org/10.1006/abbi.1995.1231
https://doi.org/10.1016/S0076-6879%2807%2900814-2
https://doi.org/10.1016/S0076-6879%2807%2900814-2
https://doi.org/10.1016/j.bbagen.2011.03.008
https://doi.org/10.1016/j.bbagen.2011.03.008
https://doi.org/10.1152/ajpcell.1998.274.1.C112
https://doi.org/10.1073/pnas.96.4.1559
https://doi.org/10.1016/S0005-2728%2800%2900178-X
https://doi.org/10.1016/S0005-2728%2800%2900178-X

R. Gayathry, Valsa S. Peter and M. C. Subhash Peter

54.

55.

56.

57.

58.

Vol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

Brown GC. Regulation of mitochondrial respiration by
nitric oxide inhibition of cytochrome c oxidase. Biochim
Biophys Acta. 2001; 1504:46-57. https://doi.org/10.1016/
S0005-2728(00)00238-3.

Collins-nakai RL, Noseworthy D, Lopaschuk GD.
Epinephrine increases ATP production in hearts by
preferentially increasing glucose metabolism. Am ]
Physiol. 1994; 267:H1862-H1871. https://doi.org/10.1152/
ajpheart.1994.267.5.H1862.

Radi R, Rodriguez M, Castro L, Telleri R. Inhibition of
mitochondrial electron transport by peroxynitrite. Arch
Biochem Biophys. 1994; 308:89-95. https://doi.org/10.1006/
abbi.1994.1013.

Sarti P, Arese M, Bacchi A, Barone MC, Forte E,
Mastronicola D, Brunori M, Giuffre A. Nitric oxide and
mitochondrial complex IV. IUBMB Life. 2003; 55:605-11.
https://doi.org/10.1080/15216540310001628726.

Schild L, Reinheckel T, Wiswedel I, Augustin W. Short-
term impairment of energy production in isolated rat liver

59.

60.

61.

mitochondria by hypoxia/reoxygenation: Involvement of
oxidative protein modification. Biochem J. 1997; 328:205-10.
https://doi.org/10.1042/bj3280205.

Reinheckel T, Kérn S, Méhring S, Augustin W, Halangk
W, Schild L. Adaptation of protein carbonyl detection
to the requirements of proteome analysis demonstrated
for hypoxia/reoxygenation in isolated rat liver mitochon-
dria. Arch Biochem Biophys. 2000; 376:59-65. https://doi.
org/10.1006/abbi.1999.1680.

Pabla R, Curtis MJ. Effect of endogenous nitric oxide on
cardiac systolic and diastolic function during ischemia
and reperfusion in the rat isolated perfused heart. ] Mol
Cell Cardiol. 1996; 28:2111-2121. https://doi.org/10.1006/
jmcc.1996.0203.

Masini E, Salvemini D, Ndisang JF, Gai P, Berni L, Moncini
M, Bianchi S, Mannaioni PE. Cardioprotective activity of
endogenous and exogenous nitric oxide on ischaemia reper-
fusion injury in isolated guinea pig hearts. Inflamm Res.
1999; 48:561-68. https://doi.org/10.1007/s000110050504.

Journal of Endocrinology and Reproduction

|43


https://doi.org/10.1016/S0005-2728%2800%2900238-3
https://doi.org/10.1016/S0005-2728%2800%2900238-3
https://doi.org/10.1152/ajpheart.1994.267.5.H1862
https://doi.org/10.1152/ajpheart.1994.267.5.H1862
https://doi.org/10.1006/abbi.1994.1013
https://doi.org/10.1006/abbi.1994.1013
https://doi.org/10.1080/15216540310001628726
https://doi.org/10.1042/bj3280205
https://doi.org/10.1006/abbi.1999.1680
https://doi.org/10.1006/abbi.1999.1680
https://doi.org/10.1006/jmcc.1996.0203
https://doi.org/10.1006/jmcc.1996.0203
https://doi.org/10.1007/s000110050504

