Neuroendocrinology Letters Volume27 No.5 2006

Melatonin restores the mitochondnal production
of ATP in septic mice
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Abstract OBJETIVES: To evaluate the changes in the mitochondrial ATP production during
sepsis and the participation of iNOS in these changes. We also assessed the effect of
melatonin administration in this experimental paradigm.

METHODS: The activity of ATPase, the level of adenine nucleotides, and the ATP
production were measured in mitochondria of diaphragm and hind leg skeletal mus-
cle of wild type (iNOS*/*) and knockout iNOS (iNOS~/~) mice. Three experimental
groups were done: control group; group of septic mice induced by cecal ligation and
puncture (CLP), and group of septic mice treated with melatonin. Mice were killed
24 hours after CLP. Melatonin was administrated in four doses (30 mg/kg b.w.) as
follows: 30 min before CLP (i.p.) and 30 min, 4 h and 8 h after CLP (s.c.).
RESULTS: Mitochondrial production of ATP decreased in iNOS*/*+ but not in
iNOS~/~ mice after sepsis. No changes in the ATPase activity were found in any
group. Melatonin treatment normalized the production of ATP in iNOS*/+ mice,
without affecting iNOS~/~ animals.

CONCLUSIONS: The reduction of the ATP production in iNOS*/+ but not in
iNOS~/~ mice suggest the participation of INOS in the impairment of mitochondrial
function in the former. Because ATPase was unaffected by sepsis, it is suggested
the ATP deficit dependend on the sepsis-induced respiratory chain damage. The
normalization of the production of ATP with melatonin may explain the reduction
of the mortality reported elsewhere in experimental and clinical sepsis after treat-
ment with the indoleamine.
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Abbreviations:

ATPase - ATP synthase

CLP - cecal ligation and puncture

ETC - electron transport chain

i-mtNOS - inducible mitochondrial nitric oxide synthase

iNOS - inducible nitric oxide synthase

LPO - lipid peroxidation

aMT - melatonin

NO* - nitric oxide

ONOO- - peroxynitrite

OXPHOS - Oxidative Phosphorylation

RNS - Reactive Nitrogen Species

ROS - Reactive Oxygen Species

SOD - superoxide dismutase
Introduction

Mitochondria are essential organelle to sustain the
life because they provide the energy required for almost
all cellular processes, including muscle contraction. This
energy is generated by the oxidative phosphorylation
(OXPHOS) system, through the production of ATP. In
this process, mitochondria consume 98% of the oxygen
reaching the cell. Mitochondrial failure to produce ATP
is involved in many pathologies [38]. Sepsis courses with
mitochondrial dysfunction and energy failure, which was
related to multiorgan failure and death. Mitochondria are
the primary targets for injury in several organs, including
skeletal muscle and diaphragm, in sepsis. The cause for
mitochondrial dysfunction in sepsis was related to an
increase of reactive oxygen (ROS) and nitrogen (RNS)
species [14]. Among RNS, nitric oxide (NO*) plays sev-
eral functions in the mitochondria. Under physiological
conditions, NO* regulates the activity of mitochondrial
complex IV competing with oxygen by the same site of
the enzyme [8]. At high concentrations, however, NO*
and peroxynitrite (ONOO™ ), a product of the reaction
between NO* and superoxide anion (O,*"), irreversibly
impairs the respiratory chain complexes. Among other
mitochondrial enzymes, ATP synthase may be also
inactivated during sepsis leading to energy depletion
[4, 5, 8, 11, 36]. This situation occurs during sepsis,
where the induction of iNOS increases the NO* levels
[15, 16, 24, 37]. The recently identified mitochondrial
iNOS (i-mtNOS) supports the relationship between an
excess of in situ production of NO* and mitochondrial
dysfunction [17, 18, 25, 46]. Recent data showed that the
sepsis-induced i-mtNOS was accompanied by an inhibi-
tion of the respiratory complexes [18, 25], an increase
in ROS/RNS production and lipid peroxidation (LPO),
and a reduction in the antioxidative defense in muscle
mitochondria [2, 18, 25]. These alterations did not occur
in iNOS deficient (iNOS-/-) mice. Others authors have
found modifications in mitochondrial respiration [4, 10,
20, 33] and adenine nucleotide levels [6, 7] in different
models of sepsis.

The neurohormone melatonin (aMT) is an efficient
antioxidant and free radical scavenger, showing anti-
septic properties in different experimental and clinical
conditions [19]. aMT inhibited the expression and activ-

ity of iNOS and the iNOS-induced mutiorgan failure in
the LPS model of sepsis [15]. The neurohormone also
counteracted i-mtNOS-dependent respiratory chain
damage in the cecal ligation and puncture (CLP) model
of sepsis in diaphragmatic and hind leg skeletal muscle
mitochondria [17, 18, 25]. In different models of mito-
chondrial dysfunction, aMT also improved the ability of
the mitochondria to produce ATP both in vitro and in
vivo [12, 29, 31, 41].

Mitochondrial respiratory chain damage can be
responsible for the bioenergetic failure and ventilatory
muscle impairment in sepsis [6, 14, 17, 23, 25]. However,
there are not studies regarding the role of aM T on the ATP
synthase activity and ATP production and its relation to
the i-mtNOS induction in sepsis. Thus, we evaluated the
mitochondrial complex V activity, adenine nucleotide
levels and ATP production in diaphragmatic and skeletal
muscle mitochondria of CLP-induced sepsis in iNOS*/*
and iNOS~/~ mice treated with aMT.

Material and methods

Chemicals

Melatonin, Nembutal, proteinase K, EGTA, HEPES,
Tris-HCI, BSA, KCl, mannitol, sucrose, ammonium
carbonate, potassium phosphate, succinate, rotenone,
AMP, ADP, ATP, magnesium chloride, perchloric acid,
trichloroacetic acid, ammonium molybdate and ferrous
sulfate were purchased from Sigma-Aldrich (Madrid,
Spain). Any other reagents were of highest purity avail-
able.

Animals, surgical procedures, and treatment

iNOS knockout B6.129P2-Nos2tm1Lau mijce (iNOS-/~
derived from C57/BL/6 mice) and their respective
controls C57/Bl/6 mice (iNOS*/*) were obtained from
Jackson’s Laboratory through Charles River Labs (Bar-
celona, Spain). The animals were maintained in the
University’s facility in a 12 h:12 h light/dark cycle (lights
onat 07 h) at 2242 °C and on regular chow and tap water.
Animals were used at 12-14 weeks of age and 25-30 g
body weight. All experiments were performed according
to the Spanish Government Guide and the European
Community Guide for animal care. Both iNOS*/*+ and
iNOS~/~ mice were divided in the following groups: a)
control; b) sham-operated; c) sepsis; d) sepsis + aMT, and
e) sepsis + vehicle. The data obtained in sham-operated
and vehicle-treated groups did not differ with those
found in control animals. Therefore, only control, sepsis
and sepsis + aMT groups are shown in the results. Sepsis
was induced by CLP [44] in mice anesthetized with
equithesin (1 ml/kg, i.p.). Four doses of melatonin (30
mg/kg b.w.) were injected as follows: one dose 30 min
before surgery (i.p.); the second dose just after surgery
(s.c.), and 4 and 8 h after surgery the other doses (s.c.).
Twenty-four hours after CLP, the animals were killed
and purified mitochondria from diaphragm and hind leg
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skeletal muscle were immediately prepared and frozen to
-80°C until remained assays were performed.

Mitochondria isolation

Samples of diaphragm and skeletal muscle were indi-
vidually processed to obtain mitochondria by differential
centrifugation. All procedures were performed on cold
ice. Briefly, diaphragm and skeletal muscle were excised,
washed with saline, treated with proteinase K (1 mg/ml)
during 30 s and 60 s, respectively, washed with buffer A
(220 mM mannitol, 70 mM sucrose, 1 mM EGTA, 20
mM HEPES and 1% BSA, pH 7.2, at 4°C), and homog-
enized (1/10, w/v) in buffer A at 800 rpm with a Teflon
pestle. The homogenates were centrifuged at 1,500 x g
for 5 min at 4°C, and the supernatants were centrifuged
at 23,000 x g for 5 min at 4°C. Then, the mitochondrial
pellets were suspended in 1 ml buffer A and centrifuged
at 10,300 x g for 3 min at 4 °C. The resultant pellets were
used for ATP assay or for measuring ATPase activity.

ATPase activity assay

Mitochondrial ATPase activity was measured follow-
ing the hydrolysis rate of ATP to ADP + Pi [13]. Briefly,
mitochondria (0.25-0.35 mg/ml) were incubated in
ATPase buffer (5 mM Cl,Mg, 50 mM Tris-Cl, pH 7.5)
containing 5 mM ATP during 10 min at 37°C. The reac-
tion was stopped after the addition of 5% trichloroacetic
acid and subsequent centrifugation at 3000 x g for 20 min
at 4°C. The pellet was keep at —-80°C to protein deter-
mination [26]. The supernatant was diluted two times
with water and ferrous sulfate-ammonium molybdate
reagent was added (1.5/1 v/v) to reaction with Pi [39].
After incubation during 20 min at room temperature,
the chromophore was detected at 660 nm in a microplate
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scanning spectrophotometer. The concentration of Pi in
the samples was calculated with a standard curve [40].
ATPase-independent Pi production was also measured
after incubation of the mitochondrial samples with
20 ug/ml oligomycin. ATPase activity was expressed in
nmol Pi / min / mg prot.

Measurement of adenine nucleotides and ATP

production

For the determination of adenine nucleotides and
ATP production, diaphragm and skeletal muscle were
excised, washed with saline, treated with proteinase K
(1 mg/ml) during 30 s and 60 s, respectively, washed
again with buffer A (220 mM mannitol, 70 mM sucrose,
1 mM EGTA, 20 mM HEPES and 1% BSA, pH 7.2, at
4°C), and homogenized (1/10, w/v) in the same buffer at
800 rpm at 4°C with a Teflon pestle. The homogenates
were centrifuged at 1,500 x g for 5 min at 4°C, and the
supernatants were centrifuged again at 23,000 x g for 5
min at 4°C. Then, the mitochondrial pellets were sus-
pended in 1 ml buffer A and centrifuged at 10,300 x g
for 3 min at 4°C. The resultant pellets (p1) were used
for adenine nucleotides determination (see below) and
for ATP production. For ATP production, p1 fractions
were suspended in respiration buffer (225 mM man-
nitol, 75 mM sucrose, 10 mM KCl, 10 mM Tris-Cl, 5
mM potassium phosphate, pH 7.2, saturated with O,,
plus 5 mM succinate at 30°C) and ATP production was
induced adding 125 nmol ADP. After 45 s, the samples
were centrifuged at 13,000 x g for 3 min at 2°C [28, 32]
and the ATP content in the pellets (p2) and supernatants
(s1) was measured. Ice-cold 0.5 M perchloric acid was
rapidly added to p1, p2 and sl fractions, mixed during 2
min in vortex and centrifuged at 25,000 x g for 15 min
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Figure 1. Changes in the mitochondrial production of ATP in hind leg skeletal muscle (A)
and diaphragm (B) of iNOS*/+ and iNOS~/~ mice. C = control, S = sepsis and S + aMT =
sepsis + melatonin. *P<0.05 vs. control; #P<0.05 vs. sepsis.
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Figure 2. Changes in mitochondrial ATPase activity in hind leg skeletal muscle (A)
and diaphragm (B) of iNOS*/+ and iNOS~/~ mice. C = control, S = sepsis and

S + aMT = sepsis + melatonin.

at 2°C to precipitate proteins. The pellets were frozen to
-80°C for protein determination [26] and the superna-
tants were mixed with 8 ul of 5 M potassium carbonate
to neutralize the pH and centrifuged at 12,000 x g for 10
min at 2°C. Adenine nucleotides were measured in the
resultant supernatants by HPLC with a 4 x 250 mm Pro-
Pac PA1 column (Dionex, Barcelona, Spain) [35]. After
stabilizing the column with the mobile phase, samples
(20 pl) were injected onto the HPLC system. The mobile
phase consisted in water (phase A) and 0.3 M ammo-
nium carbonate pH 8.9 (phase B), and the following time
schedule for the binary gradient (flow rate 1 ml/min) was
used: 5 min, 50% A and 50% B; 5 min 50% to 100% B
and then 100% B for 25 min; 5 min 100% to 50% B and
then, another 5 min with 50% B [23]. Water was used for
calibration purposes. Standard curves for AMP, ADP and
ATP were constructed with 3.125 pg/ml, 6.250 pg/ml,
12.5 ug/ml and 25 pg/ml of each nucleotide. Absorbance
of the samples was measured with an UV detector at 254
nm wavelength and the concentration of each nucleotide
in the samples was calculated according to the peak area
[35]. Adenine nucleotide levels were expressed in pg/mg
prot. ATP production was expressed in pg/min/mg prot.
Adenine nucleotide levels were expressed in pg/mg prot.
ATP production was expressed in pug/min/mg prot.
Energy charge was calculated according to the equation
(¢) = ([ATP]+0.5[ADP])/([ATP]+[ADP]+[AMP]) [3].

Statistical analysis

Data are expressed as the mean + S.E. of six experi-
ments assayed in duplicate. A Student’s ¢-test was used to
compare the mean between groups. A P value of less than
0.05 was considered to be statistically significant.

Results

ATP production

Figure 1 shows the ATP production by skeletal muscle
and diaphragmatic mitochondria. Sepsis reduced sig-
nificantly the ATP production in skeletal muscle (Fig.
1A) and diaphragmatic (Fig. 1B) mitochondria only in
iNOS*/+ mice. Administration of aMT normalized the
production of ATP by these mitochondria.

Under our conditions, less than 3% of the total
nucleotides measured corresponds to AMP (data not
shown), discarding extramitochondrial ATP production
by adenylate kinase. Besides, our results showed that
between 92% and 98% of the ATP produced was mea-
sured out of the mitochondria, suggesting an adequate
ATP/ADP ratio for OXPHOS.

ATPase activity

Figure 2 shows the activity of ATPase in muscle (A)
and diaphragmatic (B) mitochondria. No changes in
ATPase activity were observed in any tissue during sep-
sis. Treatment with aMT only reduced ATPase activity in
diaphragm of iNOS*/* mice.

Adenine nucleotide levels

Figure 3 shows the adenine nucleotide levels in
skeletal muscle mitochondria. In iNOS-/- mice, the
basal ATP/ADP ratio (Fig. 3B) and energy charge (Fig.
3D) were lower, and the basal adenine nucleotide levels
(Fig. 3C) higher than in iNOS*/+ mice. During sepsis,
the ATP/ADP ratio decreased in iNOS+/* and increased
in iNOS~/~ mice, and these effects were counteracted
by aMT administration (Fig. 3B). The energy charge
increased during sepsis in iNOS~/~ mice only, without
further effect of aMT administration (Fig. 3D). ATP
content (Fig. 3A) and total adenine nucleotides (Fig. 3C)
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Figure 3. Changes in the mitochondrial adenine nucleotides in hind leg skeletal muscle
of INOS*/+ and iNOS~/~ mice: (A) Changes in ATP levels; (B) Changes in ATP/ADP ratio;
(C) Changes in total adenine nucleotides (AN), and (D) Changes in energy charge (),
calculated as described in the Material and Methods section.

C = control, S = sepsis and S + aMT = sepsis + melatonin.
*P<0.05 and **P<0.01 vs. control; #P<0.01 vs. sepsis; *P<0.05 and +tP<0.01 vs.

iNOS*+ mice.
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Figure 4. Changes in the mitochondrial adenine nucleotides in diaphragm of iNOS*/+

and iNOS~/- mice: (A) Changes in ATP levels; (B) Changes in ATP/ADP ratio;

(€) Changes in total adenine nucleotides levels (AN), and (D) Changes in energy

charge (¢), calculated as described in the Material and Methods section.
C = control, S = sepsis and S + aMT = sepsis + melatonin.
*P<0.05 and **P<0.01 vs. control; +P<0.05 and +tP<0.01 vs. iINOS++ mice.
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did not change in any mice strain during sepsis or aMT
treatment

Figure 4 shows the adenine nucleotide levels in dia-
phragmatic mitochondria. Similar to the data found in
skeletal mitochondria, the lack of iNOS was accompa-
nied by a reduction of basal ATP/ADP ratio (Fig. 4B) and
energy charge (Fig. 4D), and an increase in basal adenine
nucleotide levels (Fig. 4C) compared with iNOS*/* mice.
During sepsis, the ATP/ADP ratio did not change in
iNOS*/* mice, whereas it increased in iNOS~/~ animals
(Fig. 4B).aMT treatment counteracted the sepsis-induced
ATP/ADP ratio in the latter. The energy charge increased
during sepsis in iNOS~/~ but not in iNOS*/+ mice (Fig.
4D), and aMT treatment did not modified this effect.
Also, mitochondrial content of ATP (Fig. 4A) and total
adenine nucleotides (Fig. 4C) did not change in any mice
strain during sepsis or aMT administration.

Discussion

Our results show that the ability of the ATP produc-
tion by diaphragmatic and skeletal muscle mitochondria
was significantly reduced during sepsis in iNOS*/+ but
not in iNOS~/~ mice. Decreased ATP production leads
to energy collapse, a finding that might be related to the
diaphragmatic and skeletal muscle failure in sepsis. Our
results also found that the administration of the neuro-
hormone aMT normalized the mitochondrial produc-
tion of ATP in iNOS*/+ mice, thus providing a protective
mechanism against muscle failure during sepsis.

Typically, sepsis is accompanied by an induction of
iNOS, producing high amounts of NO that participate
in the cell and organ failure. It was suggested that the
NO produced by iNOS might be also responsible for
the mitochondrial failure during endotoxemia [9]. The
presence of the i-mtNOS, a NOS isoform sharing kinetic
properties with iNOS, was recently confirmed in the
mitochondria from several tissues including diaphragm,
skeletal muscle, and liver of wild type animals [17, 18,
25]. The induction of i-mtNOS during sepsis in iNOS*/+
mice after CLP coursed with oxidative/nitrosative stress
and a reduction of the mitochondrial respiratory com-
plexes activity [18, 25]. Because these changes did not
occur in iNOS~/~ mice, it was suggested that i-mtNOS
induction, through the production of elevated amounts
of NO, was the responsible for the ETC damage in sepsis
[1]. Moreover, the lack of i-mtNOS expression in control
and septic iNOS~/- mice, suggested that this isoform
derives form cytosolic iNOS and it is coded by the same
gene [18, 25].

Although sepsis did not modified the ATP synthase
activity in any mice strain, our data showed a reduction
in the mitochondrial production of ATP in iNOS*/* but
not in iNOS~/~ mice. The reduction in the ATP produc-
tion accounted by a 44.5% and 16% in skeletal muscle
and diaphragmatic mitochondria, respectively. These
differences agree with the respiratory inhibition during
sepsis published elsewhere [18, 25]. In fact, sepsis caused

a higher reduction of the activity of the complexes I and
IV in skeletal muscle. that in diaphragm. These data
also correlate with the different expression of i-mtNOS
during sepsis, because its activity was three times higher
in skeletal muscle than in diaphragmatic mitochondria
[18, 25]. Thus, CLP-induced sepsis impaired ETC but
not ATP synthase, a finding also reported in the early
phases of the innate inflammatory response coursing
with iNOS induction [42]. Two main conclusions can be
obtained from these results. Firstly, the complex V seems
to be more resistant to nitrosative/oxidative stress during
sepsis than the ETC complexes. This difference probably
depends on the different structural composition of these
enzymes, because ETC complexes but not ATP synthase
contain Fe-S redox centers, that are very sensitive NO
damage [34]. Secondly, in absence of ATP synthase dam-
age, the inhibition of the respiratory chain can reduce
the membrane potential and the proton-motive force,
shifting the energy status [39].

It is interesting to note that iNOS-/~ mice showed
lower basal values of ATP/ADP ratio and energy charge
than iNOS*/* animals. These findings may reflect the
differences in the basal respiratory chain activity among
these mice strains reported elsewhere [18, 25]. Moreover,
the increase in ATP/ADP ratio and energy charge in
septic iNOS~/~ mice can reflect the slight increase in
the mitochondrial respiratory complexes found in these
conditions. Changes in the energy state suggest that NO
produced by i-mtNOS can have additional regulatory
effects on the respiratory chain than that known hitherto.
Anyway, both mice strains, INOS*/+ and iNOS~/~ mice,
had energy charge values higher than 0.68, supporting
available energy to maintain the cellular process.

Increasing evidences support that aMT reduces mito-
chondrial oxidative stress and increases the activity of
the respiratory chain, increasing the ATP production in
several models of mitochondrial dysfunction including
aging and sepsis [12, 17, 18, 25, 29-31]. In our hands,
aMT counteracted the sepsis-induced inhibition of
the ATP production in in iNOS*/* mice, whereas the
indoleamine had not effect on the production of ATP in
iNOS-/~ mice. Several reports supports the role of aMT
to recover the ETC activity from oxidative/nitrosative
damage [1, 26, 29-31]. Besides its antioxidative activity,
aMT also inhibits the expression and activity of both
iNOS and i-mtNOS [15, 17]. Thus, counteracting the
i-mtNOS-dependent oxidative/nitrosative stress, aMT
improved the ETC activity that, in absence of ATP syn-
thase activity modification, was able to increase the ATP
production [39]. The normalization of the ATP produc-
tion yields energy available for muscle contraction, thus
avoiding the respiratory muscle failure and reducing
the mortality in sepsis [19, 21]. Moreover, the effects of
aMT administration on the ATP/ADP ratio and energy
charge in both tissues, further support the role of the
indoleamine in mitochondrial homeostasis [1].

In conclusion, our results show that sepsis produced
a decrease in the ATP production by diaphragmatic and
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hind leg skeletal muscle mitochondria in iNOS*/* mice.
These effects were not due to an impairment of the ATP
synthase activity, and probably reflect the reduction of
the ETC activity in these conditions. Indeed, the fact that
sepsis did not affected the ATP production in iNOS-/~
mice, supports previous data showing the relationships
between endotoxemia, i-mtNOS induction and ETC
failure [18, 25]. The sepsis-induced energy deficit was
higher in hind leg skeletal muscle than in diaphragm,
and it can be related to ventilatory muscle failure during
endotoxemia [6, 14, 16, 22, 24]. Finally, administration
of aMT to septic iNOS*/+ mice restored the normal ATP
production in the tissues analyzed. This action of aMT
probably underlines the increase of survival in septic
animals [19, 27, 43, 45] and in human neonates treated
with the indolamine [21].
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