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rAbstract h

Purpose: To analyze the effect of methylene blue (MB) therapy during the liver ischemia-
reperfusion injury (I/R) process.

Methods: Thirty-five male Wistar rats were used, (70%) submitted to partial ischemia (IR) or
not (NIR) (30%) were obtained from the same animal. These animals were divided into six
groups: 1) Sham (SH), 2) Sham with MB (SH-MB); 3) I/R, submitted to 60 minutes of partial
ischemia and 15 minutes of reperfusion; 4) NI/R, without I/R obtained from the same animal
of group I/R; 5) I/R-MB submitted to I/R and MB and 6) NI/R-MB, without I/R. Mitochondrial
function was evaluated. Osmotic swelling of mitochondria as well as the determination of
malondialdehyde (MDA) was evaluated. Serum (ALT/AST) dosages were also performed. MB
was used at the concentration of 15mg/kg, 15 minutes before hepatic reperfusion. Statistical
analysis was done by the Mann Whitney test at 5%.

Results: State 3 shows inhibition in all ischemic groups. State 4 was increased in all groups,
except the I/R-MB and NI/R-MB groups. RCR showed a decrease in all I/R and NI/R groups.
Mitochondrial osmotic swelling showed an increase in all I/R NI/R groups in the presence or
absence of MB. About MDA, there was a decrease in SH values in the presence of MB and
this decrease was maintained in the I/R group. AST levels were increased in all ischemic with
or without MB.

Conclusions: The methylene blue was not able to restore the mitochondrial parameters
studied. Also, it was able to decrease lipid peroxidation, preventing the formation of reactive
OXygen species.
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[ | Introduction

In several situations, the liver is
submitted to periods of ischemia, as in hepatic
trauma, transplantation, partial liver resections
and circulatory shock. Blood deprivation
causes damage to the liver, and restoration of
blood flow, while allowing the supply of energy
and removal of toxic metabolites, causes
more severe effects than ischemia itself'2. The
ischemia and reperfusion injury (I/R) is related
to local and systemic damage, which can result
in loss or dysfunction of the organ, increased
morbidity, and mortality of patients submitted
to it. Thus, the search for new ways to mitigate
this type of injury is justified®2.

The damage caused by ischemia
is related to the depletion of adenosine
triphosphate (ATP), with activation of anaerobic
metabolic pathways and the development
of metabolic acidosis. Intracellular calcium
accumulation, lysosomal rupture, and cell
swelling also occur. On the other hand,
reperfusion injury involves, in its early stage,
mitochondrial dysfunction with the membrane
permeability transition (TPM) of this organelle.
In an intermediate phase, activation of the
Kupffer cells occurs, with the release of more
free radicals and pro-inflammatory cytokines.
In the late phase, the lesion is marked by the
activation of neutrophils®®.

Some measures are studied in the
possibility of reduction of I/R injury, such as
surgical interventions, through preconditioning
to ischemia, intermittent hepatic vascular
occlusion, and hypothermic perfusion. Also,
pharmacological measures can be used, such
as antioxidant therapies, protease inhibitors,
vasoactive drugs and magnesium sulfate*’*.

Methylene blue (MB) has been used
in procedures such as liver transplantation.
MB can block nitric oxide (NO) through the
inhibition of guanylate cyclase and nitric
oxide synthase (NOS), thereby reducing the
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formation of reactive nitrogen species and
preventing cell damage™.

MB can block oxidant production by
modulating the NO/guanylate cyclase pathway
by reducing oxidative stress, since it may be
an alternative electron acceptor. It also acts
to neutralize the mitochondrial metabolism
affected by mutagenic agents'’. Also, it
can anaerobically break hypoxanthine and
xanthine in uric acid by attenuating the effect
of hypoxanthine on ischemia, resulting in the
formation of superoxide through reduction
with molecular oxygen through xanthine
oxidase and improve cytochrome oxidase
activity!>13,

Therefore, this investigation aims
to verify if the MB can exert therapeutic
properties before the injury by I/R, analyzing
its effects when administered prophylactically
in livers submitted to partial ischemia of the
liver.

n Methods

Thirty - five male Wistar rats weighing
200-300g were used, and in one mouse
samples of blood and hepatic tissues were
submitted to ischemia-reperfusion (I / R) and
samples not submitted toischemia-reperfusion
(NI/R). The animals were anesthetized with
a 20 mg/ml xylazine hydrochloride solution
and ketamine hydrochloride (50 mg/ml) in
a ratio of 1:2 and applied at 100 mg/kg. The
anesthesia was applied to the right gluteal
muscle, and then the rat was placed in dorsal
decubitus on a wooden support with its legs
fixed in extension, followed by a trichotomy
of the thoracoabdominal area. The surgical
procedure was performed using a closed
environment under controlled temperature
(23°C). The liver was exposed by a median
laparotomy that extended from the lower third
of the xiphoid appendix to the pubis and with
the cerebral aneurysm clip after identification
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of the hepatic pedicle, the right medial, left
medial and left lateral lobes were ischemiated
for 60 minutes at the end of which, reperfused
for 15 minutes. The right lateral lobes and
the caudate lobe were not ischemia. Both
the saline solution and the MB solution were
applied to the inferior vena cava.

According to the technique described
abovel4 the animals were divided into six
groups containing 5 to 8 animals. The study
design included: 1) Sham group (SH), samples
submitted to surgical and anesthetic stress,
but without ischemia-reperfusion with 0.5
mL saline; 2) group SHAM with methylene
blue (SH-MB), samples submitted to the same
surgical stress without ischemia-reperfusion
with application of 0.5 mL MB; 3) I / R group,
I / R samples in which 0.5 ml of saline were
injected 15 minutes before reperfusion; 4) NI
/ R group, samples submitted to surgical and
anesthetic stress, that received 0.5 mL of saline
but without | / R, of the same animal of group
| / R; 5) group | / R-MB samples submitted
to | / R in which 0.5 ml of MB were injected
15 minutes before reperfusion; 6) group NI
/ R-MB, samples submitted to surgical and
anesthetic stress, that received 0.5 mL of MB
but without | / R, of the same animal of group
| / R-MB. The MB dose used was 15 mg/kg
for each animal. The animals were sacrificed
by total exsanguination through puncture
through the inferior vena cava after total
hepatectomy, according to the guidelines of
the Animal Experimentation Ethics Committee
of FMRP-USP.

At the time of sacrifice, hepatic
tissue samples were collected for the study
of mitochondrial respiration parameters
(O, consumption rates in state 3 and 4 and
respiratory control ratio - RCR)*>'’, a study
related to the permeability of the internal
mitochondrial membrane® and oxidative stress
(malondialdehyde -MDA)*. Blood samples
were taken for the serum determination of
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alanine aminotransferase (ALT) and aspartate
aminotransferase (AST)%.

Preparation of mitochondria

Isolation of liver mitochondria was
performed by differential centrifugation at
4°C. After the surgical procedure, the liver
was immediately removed and placed in
physiological saline in which it was washed.
Then placed in medium containing 250 mM
sucrose, 1 mM EGTA and 10 mM Hepes-
KOH, pH 7.2 in which it was perforated and
homogenized in Potter-Elvehjem through 3
cycles of 15 seconds with a 1-minute interval.
The homogenate was centrifuged at 770g
for 5 minutes and the resulting supernatant
centrifuged at 9800g for 10 minutes. The
obtained pellet was suspended in 10 ml of
medium containing 250 mM sucrose, 0.3 mM
EGTA and 10 mM Hepes-KOH, pH 7.2 and
centrifuged at 4500 g for 15 minutes. The final
pellet containing the isolated mitochondria
was suspendedin 0.5 mL of medium containing
250 mM sucrose and 10 mM Hepes-KOH, pH
7.2.

Protein determination

Mitochondrial proteins were
determined by the Coomassie Assay
(Coomassie plus - Bradford Assay ™ kit) at
595nm on a Versamax (Molecular Devices)
microplate reader. The results obtained were
expressed in mg / mL, using bovine serum
albumin as a standard?®®,

Oxygen consumption by mitochondria

Mitochondrial respiration was
monitored on a Hansatech-Oxygraph Plus
oxygraph equipped with an oxygen electrode
in medium containing 125 mM sucrose, 65
mM KCl, 1 mM MgCl, 2 mM KHPO,, 0.1
mM EGTA and Hepes 10 mM KOH, pH 7.4,
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energized with 5 mM potassium succinate. The
mitochondrial parameters evaluated were the
rate of oxygen consumption in state 4 (basal
respiration), the rate of oxygen consumption
in state 3 (respiration activated by adenosine
diphosphate - ADP) and respiratory control
ratio (RCR), which indicates the degree of
coupling between oxygen uptake and ADP
phosphorylation®’.

Determination of mitochondrial osmotic
swelling

The transition of the internal
mitochondrial membrane permeability
induced by 20 uM CaCl, and 1 mM KH, PO, was
determined spectrophotometrically at 540 nm
using a Beckman DU 640B spectrophotometer
by decreasing the optical density (ADO)*8.

Determination of the MDA

The colorimetric determination of
MDA by its reaction with thiobarbituric acid
was performed at 532 nm on a Versamax
(Molecular Devices) microplate reader using
1,1,3,3-tetramethoxypropane (0 to 100 uM)
as standard and the results obtained were
expressed in uM / mg of protein®.

Determination of alanine aminotransferase
and aspartate aminotransferase

ALT and AST were determined by the
kinetic method at 340 nm with the aid of the
CELM SB-190 apparatus using a Labtest kit®°.

Statistical analysis

The results were statistically analyzed
by the non-parametric Mann-Whitney test with
a significance level of 5% (P<0.05) between the
groups. Statistical analyzes were performed
with GraphPad Prism 6.02 software (GraphPad
Software Inc, California).
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n Results

Figure 1 shows the values of oxygen
consumption velocity by mitochondria in
the presence of ADP (state 3), expressed in
nmol of oxygen/min. There was a significant
difference (p<0.05) between SH and I/R, SH
and I/R-MB, SH and NI/R-MB, SH-MB and I/R-
MB, I/R and NI/R groups, I/R and I/R-MB, NI/R
and NI/R-MB and I/R-MB and NI/R-MB. State
3 showed inhibition in all ischemic groups
about the Sham group, which did not occur in
the non-ischemic contralateral portion of the
same liver, demonstrating inhibition of the
flow of electrons in the respiratory chain. In
the presence of MB, the potentiation of this
inhibition of state 3 was observed.

Figure 1 - Values of oxygen consumption velocity
by mitochondria in the presence of ADP, expressed
in nmol of oxygen/min. There was a significant
difference (p<0.05) between SH and I/R, SH and
I/R-MB, SH and NI/R-MB, SH-MB and I/R-MB, I/R
and NI/R groups, I/R and I/R-MB, NI/R and NI/R-MB
and I/R-MB and NI/R-MB.

Figure 2 shows the values of oxygen
consumption velocity by mitochondria in state
4 (basal), expressed in nmol of oxygen/min.
There was a significant difference (p <0.05)
between SH and SH-MB, SH and I/R, SH and
NI/R, I/Rand I/R-MB, NI/R and NI/R-MB groups.
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Figure 2 - Values of oxygen consumption velocity by
mitochondria in state 4 (basal), expressed in nmol
of oxygen/min. There was a significant difference
(p<0.05) between SH and MB, SH and I/R, SH and
NI/R, I/R and I/R-MB and NI/R and NI/R-MB groups.

Figure 3 shows the ratio between
oxygen consumption velocity by mitochondria
in state 3 and state 4 (RCR), presented a
decrease in all ischemic and non-ischemic
groups in the Sham group. The values show
a significant difference (p <0.05) between SH
and SH-MB, SH and I/R, SH and NI/R, SH and
I/R-MB, SH and NI/R-MB, SH-MB and I/R-MB,
I/R groups and NI/R and I/R-MB and NI/R-MB.

Figure 3 —Values of the ratio of oxygen consumption
velocity by mitochondria in state 3 and state 4
(respiratory control ratio - RCR). There was a
significant difference (p<0.05) between SH and MB,
SH and I/R, SH and NI/R, SH and I/R-MB, SH and
NI/R-MB, SH-MB and I/R-MB, I/R and NI/R and I/R-
MB and NI/R-MB.

1047

Evaluation of the therapeutic effect of methylene blue on the liver
of rats submitted to ischemia and reperfusion
Castro-e-Silva O et al.

The mitochondrial osmotic swelling, an
essential marker of the structural and functional
integrity of this organelle, showed an increase
in all ischemic and non-ischemic groups about
the SH group and this increase was maintained
about the ischemic group when compared to
the non-ischemic group, in the presence or
not of MB. Figure 4 shows the values of CaCl,
and KH,PO,-induced mitochondrial osmotic
swelling, expressed as optical density variation
(ADO), there was a significant difference (p
<0.05) between SH groups and all other groups,
I/R and NI/R, SH and SH-MB and I/R-MB and
NI/R-MB.

Figure 4 - Mitochondrial osmotic swelling values
induced by CaCl, and KH,PO,. There was a
significant difference (p<0.05) between SH groups
and all other groups, I/R and NI/R, SH and SH-MB
and I/R-MB and NI/R-MB.

The results regarding the production
of reactive species with thiobarbituric acid,
determined by the MDA, showed a decrease
in the values of the SH group in the presence
of MB in the SH group, and this decrease was
maintained in the I/R-MB group about the I/R
group, showing that MB treatment reduces
lipid peroxidation. Figure 5 shows the MDA
values expressed in uM/mg protein (x10%) with
significant difference (p<0.05) between SH and
SH-MB and between I/R and |/R-MB.
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Figure 5 - MDA values expressed in uM/mg protein
(x102). There was a significant difference between
SH and SH-MB and between I/R and |/R-MB.

Acta Cir Bras. 2018;33(12):1043-1051

Figure 6 shows the serum values of liver
enzymes ALT and AST, expressed as U/L. There
was a significant difference (p<0.05) between
the SH and I/R, SH-MB and I/R, SH-MB and
I/R-MB groups for both ALT and AST values.
Regarding the AST values, there was also a
difference between SH and I/R-MB, which did
not occur about ALT, showing protection of
MB.

Figure 6 - Serum values of liver enzymes ALT and AST expressed in U / L. There was a difference between SH
and. I/R, SH-MB e. I/R, SH-MB, and I/R-MB for both ALT and AST values. Regarding the AST values, there was

also a difference between SH and I/R-MB.

] Discussion

Many results found in this study show
a possible I/R lesion, noted by differences
between the sham groups and the non-I/R
groups compared to those submitted to I/R.

The decrease in the rate of oxygen
consumption in state 3 in the groups submitted
to I/R was potentialized by the treatment
with MB, showing an inhibitory effect on this
parameter, indicating a possible interaction
of MB in the respiratory chain. The difference
between the SH and NI/R-MB groups may also
be explained by hemodynamic adaptation
caused by 70% ischemia of the liver leaving a
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volumetric overload to the remaining 30% 21.

Regarding the state 4, although some
groups present anincrease in the rate of oxygen
consumption,itcannotbesaidthatthisincrease
is due to the action of MB. This doubt report
to the group I/R-MB, which presented values
similar to the SH group and inferior to the I/R
group, suggesting that the animals submitted
to I/R in the presence of MB presented
protection about the basal state of respiration,
that is, their mitochondria are not decoupled.
Regarding RCR, the decrease in values between
the SH group and the other groups (I/R, NI, I/R-
MB and NI-MB) is mainly due to the inhibition
of the rate of oxygen consumption in state 3,
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as explained above. However, the difference
in RCR values found between the SH and SH-
MB groups can be explained by the increase in
the rate of oxygen consumption in state 4, but
these values dynamic overload occurs in non-
ischemic lobes.

In an in vitro study with MB Visarius
and colleagues, demonstrated that in coupled
mitochondria, theincreasein MB concentration
caused a decrease in the respiratory control
ratio. Also, induced mitochondrial swelling,
while in mitochondria decoupled, the MB in
dose-dependent concentrations stimulated
respiration mitochondrial, showing that the
action of MB, depending on the conditions
of mitochondria, can decouple oxidative
phosphorylation or act as a mediator of
electron transfer to stimulate mitochondrial
respiration®.

It is already known that ischemia
followed by reperfusion may lead to a
permeability transition of the internal
mitochondrial membrane causing swelling
of the mitochondria®?. In figure 4 we can
observe that in the presence of MB the
osmotic swelling was maintained, showing that
it was not able to protect the mitochondrial
membrane. Also, the mitochondria of the SH-
MB and NI-MB groups over the SH group also
showed swelling, showing that MB was not able
to protect membrane permeability changes.

Reactive oxygen and nitrogen species
are generated in mitochondria during ischemia.
Hypoxia inhibits oxidative phosphorylation of
the cell and obstructs ATP production, causing
disorders in mitochondrial Ca*?, Na*, and H* ions
that may lead to the transition of mitochondrial
membrane permeability. Oxidative stress
plays an essential role in reperfusion injury?.
In this study, we used the determination of
MDA in order to evaluate oxidative stress
and MB was able to prevent the production
of reactive oxygen species, but without
preventing changes in membrane permeability
mitochondrial, showing the involvement of
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other factors in the process. In agreement
with these results, other laboratory studies
with MB at the same dose (15mg/kg) given
15 minutes before ischemia were also able to
reduce lipid peroxidation, showing that this
protective effect occurs both before ischemia
and reperfusion®. Some studies show that MB
prevents the production of reactive oxygen
species by acting as an alternative receptor for
xanthine oxidase electrons, competing with
molecular oxygen for the transfer of electrons
and preventing the formation of superoxide.
Also, methylene blue inhibits the activation of
soluble guanylate cyclase, thereby significantly
reducing the peripheral effects of NO without
detriment to other beneficial effects of this
substance, such as inducing the cytotoxicity of
macrophages against specific microorganisms
and specific tumor cells!?%,

An increase in serum AST levels was
observed in all ischemic groups in the SH group,
both in animals submitted to MB treatment
or not. However, about ALT, there was a
protection of the MB of the animals submitted
to I/R about the SH, showing possible specific
protection for the hepatic damage?. However,
the experimental study of Rosique et al.*®
regarding MB in livers of rabbits subjected
to ischemic burn and reperfusion showed no
attenuation of AST and ALT elevation, indicating
that MB did not protect the liver parenchyma.
Regarding the hemodynamic instability caused
by IR, it found better results with an infusion of
MB after reperfusion, that is, as treatment, and
not as prophylaxis, suggesting that the effect of
MB is more effective after injury. The results of
the use of the MB in patients undergoing liver
transplantation are conflicting. While the study
by Koelzow et al.*’ with 36 patients showed
attenuation of the hemodynamic changes
caused by IR in the Fukazawa and Pretto
study with 715 patients, MB was not able to
prevent postoperative hypotension the use of
vasopressors and the postoperative function of
the graft?.
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n Conclusions

At the concentration used and after
the installation of ischemia, the MB was not
able to restore the mitochondrial parameters
and processes studied, except for decoupling
protection. However, it was able to decrease
lipid peroxidation, preventing the formation of
reactive oxygen species, as well as attenuating
ALT levels, preventing greater I/R lesions.
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