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Abstract

Purpose: To evaluate the effects of treatment with Indigo Carmine (IC) on rat livers subjected
to ischemia-reperfusion injury.

Methods: The animals were subdivided into 4 groups: 1.SHAM group(SH)- saline; 2.SHAM group with
IC-2mg/Kg(SHIC); 3.IR group- rats submitted to ischemia and reperfusion with saline(IR); 4.IR group
with 1C-2mg/Kg(IRIC). The IR protocol consists of liver exposure and administration of drug or saline
intravenously, followed by 60 minutes of ischemia and 15 of reperfusion. Liver samples were collected
for biochemical analysis.

Results: State 3 of mitochondrial respiration showed a significant worsening of the IRIC group in
relation to all others. State 4 showed a difference between IRIC and SHIC. The Respiratory Control
Ratio showed statistical decrease in IR and IRIC versus Sham. The osmotic swelling showed significant
difference between SHxIR; SHICxIRIC and SHXxIRIC. There was a significant increase in ALT in the IRIC
group in relation to all the others. Concerning the nitrate dosage, there was a decrease in the group
treated with IC(IRXIRIC). There was no difference regarding the dosage of Malondialdehyde.

Conclusion: IC was not able to protect mitochondria from IR injury and proved to be a potentiating
agent, acting in synergy with the IR injury promoting damage to the hepatocyte membranes.
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m Introduction

When performing liver surgical procedures, such
as resections and transplants, blood flow must be
interrupted in order to contain bleeding. This control
can be achieved through the Pringle Maneuver, which
consists of a temporary occlusion of the portal triad
composed of the hepatic artery, bile duct and portal
vein'2, In situations of circulatory shock, there is an
important reduction in blood flow, which, as well as
in surgical situations, leads to a state of ischemia and,
therefore, injury to the liver parenchyma®**. When
the liver is revascularized, there is additional injury,
characterizing the ischemia - reperfusion injury (IRI)* and
this is the main cause of post - surgical liver dysfunction®.

There are several mechanisms involved in IR,
including  anaerobic  metabolism,  mitochondria
disfunction, calcium overload, activation of Kupffer
cells, oxidative stress, neutrophils, metalloproteinases,
cytokines and chemokines®.

With oxygen depletionin the tissues, there is a change
to anaerobic metabolism, as well as interruption of the
electrons transport mechanisms of the respiratory chain,
which causes a decrease in ATP levels, impairing the
functioning of the Na* / K* ATPase pump and culminates
in depolarization of the cell, along with calcium overload.
Calcium accumulation is part of a metabolic pathway
which triggers to activation of phospholipase C enzyme,
protein kinase C, and also proteases, ATPase, reactive
oxygen species (ROS) generation and, ultimately,
hepatocytes apoptotic mechanisms®.

The reestablishment of blood flow, paradoxically,
aggravates the injury started during ischemia. Due to
previous environment created by ischemia, mainly,
calcium overload, occurs an over production of ROS,
whose mitochondria is a main source, mostly from the
KC and neutrophils, along with production of
inflammatory mediators’. Concomitantly, increased
endothelial adherence, chemotaxis and even more injury
from accumulation of free radicals feeds the inflammatory
process previously established. Furthermore, a damaging
environment produced by polymorphonuclear infiltration
exerts an impairment in liver parenchyma and it is related
to worsening organ function®.

Drugs that are able to improve microcirculation
and also with free radicals scavenging properties, ergo
compensating unbalance oxidative species production,
have been tested and showed up as promising
therapeutic targets for preventing IRI4510,

Indigo Carmine or disodium salt of 5.5 indigo disulfonic
acid, belongs to the indigoid family*Z. It has great applicability
in diagnostic procedures and surgical evaluations using its
intense color to assess the analyzed structure. Itis a relatively
safe drug due to its predominantly renal excretion'?4.
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In addition, it has pharmacological properties described,
mainly in intravenous administration, with cardiovascular
effects, such as reports of hypertensive peaks?®, in addition
to antioxidants®® and anti-mitotic properties?’.

Meticulously, IC has a vasoconstrictor effect upon
attack on two distinct fronts; the first, endothelium-
independent, which suggests an action on smooth muscle
with inhibition of guanylyl cyclase®, bringing it closer to
the pharmacological properties of Blue of Methylene
(MB)*, widely used in the treatment of vasoplegic
syndrome? and, recently, with potential application on
IRl in the liver. The second and most auspicious pathway
is endothelium-dependent, capable of preventing the
formation of nitric oxide (NO), either by membrane
receptor or calcium ionophore channel A23187%,

It is known that the control of calcium concentrations
in the cytosol is critical, both in the production of NO
by endothelial cells, which implies calcium increase
for enzymatic process, and in the smooth muscle cell,
where the relaxation of smooth muscle fiber occurs by
calcium levels decrease*?,

Furthermore, IC presents antioxidant properties
related mainly to its scavenging of anion superoxide or
oxygen singlet ability**?* and, in view of this properties,
has been used to detect ozone*?%. Moreover, it is a
chelator of minerals such as copper, zinc, cobalt? insofar
as they participate in the Fenton reaction, which may
contribute to avoid oxidative stress.

m Methods

The procedures with animals and the experimental
protocols of this study were submitted to the Ethics
Committee on Animal Experimentation (CETEA), FMRP-
USP (protocol n2 014/2006).

Twenty four male Sprangue-Dawley rats between
200 - 400g were used. The animals were subdivided
into 4 groups of 5-7 animals: 1. SHAM group (SH) with
saline — rats that received saline solution intravenously
and were subjected to anesthetic and surgical stress for
75 min without clamping the hepatic pedicle; 2. SHAM
group with IC — 2mg/Kg (SHIC) - rats that received 2mg/
Kg of intravenous IC and were subjected to anesthetic
and surgical stress for 75 min without clamping the
hepatic; 3. IR group with saline - rats that received saline
solution intravenously and clamping of the hepatic
pedicle for 60 min, followed by 15 min of reperfusion;
4. IR group with IC — 2mg/Kg (IRIC) - rats that received
2mg/Kg of intravenous IC and clamping of the hepatic
pedicle for 60 min, followed by 15 min of reperfusion.

The animals were anesthetized with 0.2 mL/100g of
a mixture containing 1mL of 2% xylazine and 1mL of 10%
ketamine, applied to the right gluteal muscle. The rats were
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placed individually in a supine position on appropriate
support with paws fixed in extension, followed by the
abdominal region’s trichotomy. The surgical procedure was
performed in a closed environment. Median laparotomy
extended from the xiphoid process to the pubis was
performed to expose the liver and gain access to the
inferior vena cava (IVC). Saline solution or IC (2 mg/kg) was
applied in intravenously, depending on the study group.
Immediately afterward, it was made clamping of the hepatic
pedicle with cerebral aneurysm clip in the designation
Group I/R. This allowed the ischemia of the left medial and
lateral lobes and right medial lobes for 60 minutes. The
right lateral lobes and the caudate lobe were not subjected
to ischemia. After the ischemic period, cerebral aneurysm
clip was removed, beginning the period of reperfusion
for 15 minutes. At the time of sacrifice, blood samples
were taken and after clot retraction and centrifuged to
obtain the serum for subsequent determination of alanine
aminotransferase (ALT), aspartate aminotransferase (AST)
and lactate dehydrogenase (LDH). Hepatic tissue samples
were collected and processed immediately for assessing
mitochondrial respiration parameters (O, consumption
rates in state 3 and 4 and respiratory control ratio - RCR),
internal mitochondrial membrane permeability transition
(mitochondrial swelling). Part of the tissue was frozen
at -70°C for subsequent determination of the cellular
oxidative stress (MDA) and determination of the NO.

Isolation of liver mitochondria

Mitochondria  were isolated by differential
centrifugation. After the surgical procedure, the liver was
removed immediately and placed in saline where it was
washed. Then it was placed in medium containing 250 mM
sucrose, 1 MM EGTA, and 10 mM Hepes-KOH, pH 7.2 inwhich
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 was 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 4500g for 15
minutes. The final pellet containing isolated mitochondria
was suspended in 0.5 mL of medium containing 250 mM
sucrose and 10 mM Hepes-KOH, pH 7.2. All mitochondria
isolation steps were carried out at 4°C%,

Determination of mitochondrial protein

The mitochondrial protein was determined using
Comassie Plus (Bradford) Assay Kit - Thermoscientific
at 595nm in a Versamax microplate reader (Molecular
Devices). The results obtained were expressed in mg /
mL, using bovine serum albumin as a standard?®.
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Oxygen consumption by mitochondria

Mitochondrial respiration was monitored in
Hansatech-Oxygraph Plus equipped with an oxygen
electrode. Mitochondria (1 mg/mL) energized with
5mM potassium succinate were added to the breathing
medium containing 125 mM sucrose, 65 mM KC |, 1 mM
KCIZ, 2 mM KH,PO,, 0.1 mM EGTA and Hepes-KOH 10mM
pH 7.4. At this point, electron transfer begins along the
respiratory chain, generating consumption of O,, which is
called mitochondrial respiration. State 4 respiration, also
called basal respiration, consists of the consumption of
oxygen dissociated from ATP synthesis. After the addition
of 200 mM ADP, state 3 respiration begins, whose
consumption of O, by mitochondria is coupled to ATP
synthesis by FoF1- ATPase®.

Determination of mitochondrial osmotic swelling

Mitochondrial swelling is a method used to
demonstrate the permeability transition of the internal
mitochondrial membrane and was determined by
decreasing the absorbance at 540 nm, using a Beckman
DU 640B spectrophotometer (USA). Mitochondria
energized with 5 mM potassium succinate were added
to the medium containing 125 mM sucrose, 65 mM KCl,
and 10 mM Hepes-KOH pH 7.4 and mediated by 20 pM
CaCl, and 1 mM KH,PO,; mitochondrial swelling was
accompanied by a decrease in turbidity of the suspension,
and consequently, a proportional decrease in absorbance®!.

Determination of malondialdehyde (MDA)

The malondialdehyde is one of the final products
derived from the peroxidation of fatty acids, and its
determination allows a convenient measure of lipid
peroxidation. The colorimetric determination of MDA by
its reaction with thiobarbituric acid was performed at 532
nm in a Versamax microplate reader (Molecular Devices)
1,1,3,3-tetramethoxypropane (0 to 100 uM) as standard.
The results obtained were expressed in uM/mg of protein2,

Determination of nitrate (NO)

Liver samples were collected at 4° and stored at
-70°C. At the time of the test, the tissue was weighed,
perforated, and homogenized at 10% (w/v) in 20
mM Tris HCl, pH 7.4, and the homogenate obtained
was centrifuged at 5000 rpm for 10 minutes. The
supernatant was collected for protein determination.
The samples were then deproteinized by incubation
with 95% ethanol for 30 minutes and centrifuged
at 10.000 rpm for 5 minutes. With the supernatant
obtained, NO 3 was measured by chemiluminescence
NO / ozone. The sample (15 ul) was injected into
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the reaction chamber containing the reducing agent
(0.8% vanadium chloride in 1 N HCI) at 80°C, which
converts the nitrate into nitric oxide in equimolar
amounts. Nitric oxide is dredged by nitrogen gas to
the chemiluminescence chamber of the Sievers NO
Analyzer (Sievers 280i NOA, Sievers, Boulder, CO, USA),
where it reacts with ozone, emitting red light: NO + O,
- NO, +0,; NO, > NO, + hv.

The photon emitted by the reaction was detected
and converted into an electrical signal for the computer
analysis. The area under the curve generated by the
electric current corresponds to the concentration of
nitric oxide in the sample. The nitrate concentration was
calculated through a curve using sodium nitrate (100 to
1 uM) as a standard. The results obtained were expressed
in uM/mg of protein®,

Determination of alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and lactate
dehydrogenase (LDH)

Serum enzyme measurements were performed using

the kinetic method at 340 nm with the aid of the CELM
SB-190 apparatus, using the Labtest kit3*.

Statistical analysis

Statistical analysis was performed using the GraphPad
Prism program (GraphPad Software Corporation, version
8.0). The results were statistically analyzed using the
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Mann Whitney nonparametric test with significance
level p<0.05 between groups.

m Results

The rate of consumption of O, in the presence of
ADP (State 3) of all ischemic groups (IR, IRIC) was lower
than the sham groups (SH, SHIC), demonstrating the
effectiveness of the ischemic surgical procedure. The
use of IC without performing surgical ischemia (SHIC)
did not promote changes with statistically significant
differences when compared to the Sham group (SH). The
IRIC group worsened in State3 when compared to the IR
group (Fig. 1A). The baseline mitochondrial consumption
rate (State 4) evidences the integrity of mitochondrial
membranes. IC when associated with ischemia (IRIC)
showed difference statistically significant when compared
to the SHIC group. The other groups were similar
concerning State 4 (Fig. 1B). The Respiratory Control Ratio
(RCR), given by the ratio between State 3 and State 4 is a
useful parameter that relates directly proportional to the
structural and functional integrity of the mitochondria.
There was a statistical difference between the SH group
and the IR and IRIC groups (SH x IR; SH x IRIC) (Fig. 1C).
The mitochondrial osmotic swelling representing the
transition of the mitochondrial internal membrane
permeability, showed a significant difference between the
SH x IR groups; SHIC x IRIC and SH x IRIC. It is known that
ischemia leads to a loss of membrane selectivity, whereas
the use of IC does not alter the IR lesion (Fig. 1D).
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Figure 1 - (A) The oxygen consumption by mitochondria in the presence of ADP — State 3, values expressed in nmol / min /
mg (p<0.05: SH x IR; SHIC x IRIC; SH x IRIC; IR x IRIC). (B) The baseline oxygen consumption by mitochondria — State 4, values
expressed in nmol / min / mg (p<0.05: SHIC x IRIC). (C) The State 3/ State 4 ratio, respiratory control ratio (RCR) (p<0.05: SH
x IR; SH x IRIC). (D) Mitochondrial swelling induced by CaCl2 and KH2 PO4. p <0.05: SH x IR; SHIC x IRIC; SH x IRIC.
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The determination of tissue MDA is a marker of

lipid peroxidation and the researchers found no
significant difference between groups (Fig. 2A).
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Regarding the determination of tissue NO, it presented
a reduction between IRIC when compared with IR group
(Fig. 2B).
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Figure 2 - (A) MDA, there was no statistically significant difference between groups. (B) NO, p<0.05: SHIC x IR; IR x IRIC.

In the measurement of serum concentration of
alanine aminotransferase (ALT) there is a statistical
difference between SH x IR, which guarantees
sufficient ischemia; SH x IRIC, which shows that there
is no protection by the drug against induced injury; IR
x IRIC shows the worsening effect by Indigo Carmine
in increasing the lesion IR (Fig. 3A). The serum

determination of aspartate aminotransferase (AST)
levels noted that the IC has no protective effect on
the IRI since there is a significant difference between
the groups SHIC x IRIC; SH x IRIC (Fig. 3B). The serum
determination of lactate dehydrogenase (LDH) reveals
a gap between SH x IRIC confirming the ineffectiveness
of the drug in protecting the hepatocyte (Fig. 3C).
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Figure 3 - (A) ALT, p<0.05: SH x IR; SHIC x IRIC; SH x IRIC; IR x IRIC. (B) AST, p<0.05: SH x IR; SHIC x IRIC; SH x IRIC. (C) LDH,

p <0.05: SH x IR; SH x IRIC; SHIC x IR.

m Discussion

The results obtained show a successful experimental
model of ischemia — reperfusion (IR) injury, that can be
perceived by the differences between Sham and IR, with
and without treatment.

Regarding the assessment of mitochondrial integrity,
our results towards the consumption of O, show that
IC is nearly inert in effects on mitochondria when not

subjected to the stress of ischemia and reperfusion,
fact evidenced by the comparison between Sham
groups with and without the drug in State 3 and State
4. However, considering the IRI, there is a synergism
worsening the consumption of mitochondrial O, when
treated with IC. This is evident in State 3, which shows
a more significant increase in IRIC group compared to
all others; and in State 4, in which there is a difference
(p <0.05) between treated Sham and IR (SHIC x IRIC),
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a fact that cannot even be seen between untreated
Sham and IR, which, again, reinforces the drug enhancer
effect in the face of IRI. These data indicate a possible
interaction between the drug and the mitochondrial
respiratory chain.

However, such consumption rates, when expressed
in reason - RCR - are attenuated, what would probably
be corrected with an increase in the number of animals
in each group. The results found in the three parameters
are similar to those obtained by Castro e Silva® in
the treatment with Methylene Blue, which supports
the pharmacological similarity of the compounds
considered in this study®.

The synergism mentioned and suggested in
this study, however, becomes less evident in the
mitochondrial osmotic swelling, since there is a
tendency of more severe injury of IRIC concerning IR,
yet without a significant difference (p> 0.05). Whereas
the treated Sham group (SHIC) is similar to the Sham
group (SH), which again reinforces absolute inactivity of
the drug in the absence of ischemia. It is well described
in the literature that IRl may cause a transition of
mitochondrial membrane permeability, leading to the
so-called osmotic swelling®®. Figure 1D shows that such
mitochondrial phenomenon was present in both IR
groups and that the treatment with IC was unable to
protect the organelle membrane.

Mitochondria is a significant source of reactive
oxygen species (ROS)%¥3% |ts massive production,
mainly during reperfusion, leads to an imbalance
known as oxidative stress, which is a fundamental part
of IRI*°. Figure 2B reveals that the treatment with IC was
able to reduce the levels of oxidative stress to similar
proportions as seen in Sham groups, highlighting a
difference (p <0.05) between IR and IRIC groups. The
antioxidant capacity of Indigo Carmine can be attributed
to its double central bond, which, when cleaved,
produces two molecules of sulfonic acid, constituting
a reducing agent and superoxide anion scrubber?.
However, our data could not endorse that, as seeing
in Figure 2 in which MDA dosage showed no significant
difference and NO dosage revealed (p<0.05) between
SHIC x IR and IR x IRIC groups. Ergo, it is inconclusive
if these results are either caused by inhibition of NO
synthesis or its anti-oxidant properties.

Large amounts of NO can damage liver tissue and IC
was capable of reducing NO levels similar to Sham groups
as showed in Figure 2B. Nevertheless, our data suggest
that these benefits were not capable to overcome
the damage caused by the likely contribution in the
imbalance between NO and endothelin-1, probably by
inhibiting NO synthesis®. Such imbalance is a critical
characteristic of IR injury®. Thus, the data from this study
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corroborate with Ramalho et al.” about the importance
of micro-circulatory insufficiency in IR injuries.

Along with oxidative stress, intracellular calcium
homeostasis is one of the significant phenomena
involvedin IR*, since both are two vital pillars of injury>®.
Calcium overload is related to the excessive formation
of ROS which can lead to organelle dysfunction and cell
death?!. Also, blocking calcium channels to avoid such
overload proved to be able to mitigate the liver’s IRI*.
It is described in the literature the ability to block the
calcium ionophores A23187 by the IC, in addition to
being able to inhibit the synthesis of endothelial NO
through the activation of transmembrane receptors,
whose activation cascades involve calcium?®22%3, Since
IC acts on endothelial cells by a couple of ways, being
them transmembrane receptors and calcium channel,
that culminates in inhibition of NO production®®. The
enzyme NO-Synthase is present in mitochondria, and
its output is controlled in typical situations*; however,
when in excess, NO can lead to the formation of ONOO"
(peroxynitrite), which outcomes the transition of
membrane permeability with a subsequent imbalance
in calcium homeostasis**. Therefore, it would be
expected that the lesion on mitochondria would be
lessened when exposed to treatment.

Paradoxically, the high concentration of free
calcium in the cytosol of endothelial cells is probably
one of the main factors involved in the activation of
the NOS enzyme (NO - Synthase) and this free radical
is pointed out by many authors as a protector in IRI?4,
However, given the enzymatic variant iNOS (induced
NO synthase) induced by inflammatory cytokines,
there is an overproduction of NO*’. This phenomenon
is present in the IR lesion®*” and in vasoplegic syndrome,
a condition that post-transplant patients are more
likely to develop?, and, for this, methylene blue and IC
are therapeutic options?. The vasoconstrictor effect of
IC in specific concentrations can be powerful enough to
generate deleterious effects, as reported by Jeffords®®
in one case report of hypertension blood malignant
during cystography with use of IC. Hooson¥, assessing
IC toxicity, observed microinfarctions in rat livers
submitted to 0.4% dietary doses, with significance
(p <0.05) over control group.

The failure to achieve the expected protective effect
of IC in this study permeates some possibilities. On the
one hand, we may be faced with a misunderstanding in
the results of intracellular calcium in an IR situation, as
proposed by Duong*®, when indicating that its overload
in these injury models reduces the production of free
radicals by mitochondria. On the other hand, we
may have established here a particular hierarchy of
importance in front of the performance of drugs that aim
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to mitigate the effects of IR. Thus, a therapy that could
offer antioxidant effects and stabilize the membrane in
terms of calcium influx without, however, harming the
liver microcirculation is a promising option.

m Conclusions

The feasible antioxidant capacity of the IC was
not enough to mitigate the hepatocyte injury.
Furthermore, IC proved to be a potentiating agent,
acting in synergy with the IR injury, promoting damage
to the hepatocyte membranes.

m References

1. Castro e Silva Jr O, Centurion S, Pacheco E, Brisotti J,
Oliveira A, Dal Sasso K. Basics aspects of the ischemia
reperfusion injury and of the ischemic preconditioning.
Acta Cir Bras. 2002;17(3):96-100. doi: 10.1590/50102-
86502002000900020.

2. Van Riel WG, Van Golen RF, Reiniers MJ, Heger M, Van
Gulik TM. How much ischemia can the liver tolerate during
resection? Hepatobiliary Surg Nutr. 2016;5(1):58-71. doi:
10.3978/j.issn.2304-3881.2015.07.05.

3. Teixeira AC, Souza FF, Mota GdA, Martinelli AdLC,
Sankarankutty AK, Castro e Silva O. Liver transplantation:
expectation with MELD score for liver allocation in
Brazil. Acta Cir Bras. 2006;21:12-4. doi:10.1590/50102-
86502006000700003.

4. Peralta C, Jiménez-Castro MB, Gracia-Sancho J. Hepatic
ischemia and reperfusion injury: effects on the liver
sinusoidal milieu. J. Hepatol. 2013;59(5):1094-106. doi:
10.1016/j.jhep.2013.06.017.

5. Cannistra M, Ruggiero M, Zullo A, Gallelli G, Serafini S,
Maria M, Naso A, Grande R, Serra R, Nardo B. Hepatic
ischemia reperfusion injury: A systematic review of
literature and the role of current drugs and biomarkers. Int
J Surg. 2016;33:557-570. doi: 10.1016/].ijsu.2016.05.050.

6. Nakazato PCG, Victorino JP, Fina CF, Mendes KDS, Gomes
MCJ, Evora PRB, D’Albuquerque LAC, Castro-e-Silva O.
Liver ischemia and reperfusion injury. Pathophysiology
and new horizons in preconditioning and therapy.
Acta Cir Bras. 2018;33(8):723-35. doi: 10.1590/s0102-
865020180080000008.

7. Ramalho FS, Fernandez-Monteiro |, Rosello-Catafau
J, Peralta C. Hepatic microcirculatory failure. Acta Cir
Bras. 2006;21(Suppl 1):48-53. doi: 10.1590/s0102-
86502006000700012.

8. Jaeschke H, Woolbright BL. Current strategies to minimize
hepatic ischemia—reperfusion injury by targeting reactive
oxygen species. Transplant Rev (Orlando). 2012;26(2):103-
14. doi: 10.1016/j.trre.2011.10.006.

9. Varela AT, Rolo AP, Palmeira CM. Fatty liver and
ischemia/reperfusion: are there drugs able to mitigate
injury? Curr Med Chem. 2011;18(32):4987-5002. doi:
10.2174/092986711797535164.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Evaluation of Indigo carmine on hepatic ischemia and reperfusion injury
Rancan EA et al.

Soares RO, Losada DM, Jordani MC, Evora P, Castro-e-Silva
0. Ischemia/reperfusion injury revisited: an overview
of the latest pharmacological strategies. Int J Mol Sci.
2019;20(20):5034. doi: 10.3390/ijms20205034.

Singh S, Das M, Khanna SK. Biometabolism of Green S and
Indigo Carmine through cecal microflora of rats. Biochem
Biophys Res Commun. 1993;195(1):490-6. doi: 10.1006/
bbrc.1993.2070.

Lethco EJ, Webb JM. The fate of FD & C blue no. 2 in rats. J
Pharmacol Exp. Ther 1966;154(2):384-9.

Gaunt |, Grasso P, Kiss IS, Gangolli S. Short-term toxicity
study on indigo carmine in the pig. Food Chem Toxicol.
1969;7:17-24. doi: 10.1016/50015-6264(69)80261-0.
Mahadevan MM, Weitzman GA, Hogan S, Breckinridge
S, Miller MM. Methylene blue but not indigo carmine
is toxic to human luteal cells in vitro. Reprod Toxicol.
1993;7(6):631-3. doi: 10.1016/0890-6238(93)90041-5.
Jeffords DL, Lance PH, Dewolf WC. Severe hypertensive
reaction to indigo carmine. Urology. 1977;9(2):180-1. doi:
10.1016/0090-4295(77)90192-3

Farias-Silva E, Cola M, Calvo TR, Barbastefano V, Ferreira
AL, Michelatto DDP, Almeida ACA, Hiruma-Lima CA, Vilegas
W, Brito ARMS. Antioxidant activity of indigo and its
preventive effect against ethanol-induced DNA damage in
rat gastric mucosa. Planta Med. 2007;73(12):1241-6. doi:
10.1055/s-2007-981613.

Leite SP, de Medeiros PL, da Silva EC, de Souza Maia MB,
de Menezes Lima VL, Saul DE. Embryotoxicity in vitro with
extract of Indigofera suffruticosa leaves. Reprod Toxicol.
2004;18(5):701-5. doi: 10.1016/j.reprotox.2004.04.004.
Chang KS, Zhong MZ, Davis RF. Indigo carmine inhibits
endothelium-dependent and -independent vasodilation.
Hypertension. 1996;27(2):228-34. doi: 10.1161/01.hyp.27.2.228.
Archer TL. Like methylene blue, indigo carmine might
counteract vasoplegia: hemodynamic evidence obtained
with pulse contour analysis. J Clin Anesth. 2009;21(7):544-
6. doi: 10.1016/j.jclinane.2009.03.009.

Liu H, Yu L, Yang L, Green MS. Vasoplegic syndrome: an
update on perioperative considerations. J Clin Anesth.
2017;40:63-71. doi: 10.1016/j.jclinane.2017.04.017.
Dusse LMSA, Vieira LM, Carvalho MdG. Nitric oxide
revision. J Bras Patol Med Lab. 2003;39(4):343-50. doi:
10.1590/S1676-24442003000400012.

Porrini C, Ramarao N, Tran SL. Dr. NO and Mr. Toxic - the
versatile role of nitric oxide. Biol Chem. 2020;401(5):547-
72. doi: 10.1515/hsz-2019-0368.

Kettle AJ, Clark BM, Winterbourn CC. Superoxide converts
indigo carmine to isatin sulfonic acid implications for the
hypothesis that neutrophils produce ozone. J Biol Chem.
2004;279(18):18521-5. doi: 10.1074/jbc.m400334200.
Savel J, Kosin P, Broz A. Indigo carmine degradation
in the presence of maltose and ethanol. J Inst Brew.
2015;121(4):548-52. doi: 10.1002/jib.261.

Wentworth P, McDunn JE, Wentworth AD, Takeuchi C,
Nieva J, Jones T, Bautista C, Ruedi JM, Gutierrez A, Janda
KD, Babior BM, Eschenmoser A, Lener RA. Evidence for
antibody-catalyzed ozone formation in bacterial killing
and inflammation. Science. 2002;298(5601):2195-9. doi:
10.1126/science.1077642.


https://doi.org/10.1590/S0102-86502006000700003
https://doi.org/10.1590/S0102-86502006000700003
https://doi.org/10.3390/ijms20205034
https://doi.org/10.1016/j.reprotox.2004.04.004
https://doi.org/10.1161/01.hyp.27.2.228

Evaluation of Indigo carmine on hepatic ischemia and reperfusion injury
Rancan EA et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Babior BM, Takeuchi C, Ruedi J, Gutierrez A, Wentworth
P. Investigating antibody-catalyzed ozone generation
by human neutrophils. Proc Natl Acad Sci U.S.A.
2003;100(6):3031-4. doi: 10.1073/pnas.0530251100.
ZanoniTB, Cardoso AA, Zanoni MVB, Ferreira AAP. Exploratory
study on sequestration of some essential metals by indigo
carmine food dye. Braz J Pharm Sci. 2010;46(4):723-30. doi:
10.1590/51984-82502010000400014.

Pedersen PL, Greenawalt JW, Reynafarje B, Hullihen J,
Decker GL, Soper JW, Bustamente E. Preparation and
characterization of mitochondria and submitochondrial
particles of rat liver and liver-derived tissues. Methods Cell
Biol. 1978;20:411-81. doi: 10.1016/S0091-679X(08)62030-0.
Bradford MM. A rapid and sensitive method for the
guantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem. 1976;72(1-
2):248-54. doi: 10.1016/0003-2697(76)90527-3.

Chance B, Williams G. The respiratory chain and oxidative
phosphorylation. Adv Enzymol Relat Areas Mol Biol.
1956;17:65-134. doi: 10.1002/9780470122624.ch2.
Kowaltowski AJ, Castilho RF, Vercesi AE. Opening of the
mitochondrial permeability transition pore by uncoupling
or inorganic phosphate in the presence of Ca2+ is
dependent on mitochondrial-generated reactive oxygen
species. FEBS Lett. 1996;378(2):150-2. doi: 10.1016/0014-
5793(95)01449-7.

Lapenna D, Ciofani G, Pierdomenico SD, Giamberardino
MA, Cuccurullo F. Reaction conditions affecting the
relationship between thiobarbituric acid reactivity and
lipid peroxidesin human plasma. Free Radic Biol Med.
2001;31(3):331-5. doi: 10.1016/50891-5849(01)00584-6.
Dweik RA, Laskowski D, Abu-Soud HM, Kaneko F, Hutte R,
Stuehr DJ, Erzurum, SC. Nitric oxide synthesis in the lung.
Regulation by oxygen through a kinetic mechanism. J Clin
Investig. 1998;101(3):660-6. doi: 10.1172/JCI1378.

Henry RJ, Chiamori N, Golub OJ, Berkman S. Revised
spectrophotometric methods for the determination
of glutamic-oxalacetic transaminase, glutamic-pyruvic
transaminase, and lactic acid dehydrogenase. Am J Clin
Pathol. 1960;34:381-98. doi: 10.1093/ajcp/34.4_ts.381.
Castro-e-Silva O, D’Albuquerque LAC, Silveira MRG, Zorzi
P, Liu JB, Campos DTQ, Victorino JP, Jordani MC, Mendes
KDS, Evora PRB. Evaluation of the therapeutic effect of
methylene blue on the liver of rats submitted to ischemia
and reperfusion. Acta Cir Bras. 2018;33(12):1043-51. doi:
10.1590/s0102-865020180120000001.

Handy DE, Loscalzo J. Redox regulation of mitochondrial
function. Antioxid. Redox Signal. 2012;16(11):1323-67.
doi: 10.1089/ars.2011.4123

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Acta Cir Bras. 2020;35(9):e202000901

Guan LY, Fu PY, Li PD, Li ZN, Liu HY, Xin MG, Li W.
Mechanisms of hepatic ischemia-reperfusion injury and
protective effects of nitric oxide. World J Gastrointest Surg.
2014;6(7):122-8. doi: 10.4240/wjgs.v6.i7.122.

Chouchani ET, Pell VR, James AM, Work LM, Saeb-Parsy K,
Frezza C, Krieg T, Murphy MP. A unifying mechanism for
mitochondrial superoxide production during ischemia-
reperfusion injury. Cell Metab. 2016;23(2):254-63. doi:
10.1016/j.cmet.2015.12.009.

Sastre J, Serviddio G, Pereda J, Minana JB, Arduini A,
Vendemiale G, Poli G, Pallardo FV, Vina J. Mitochondrial
function in liver disease. Front. Biosci. 2007;12:1200-9.
doi: 10.2741/2138

Camara-Lemarroy CR, Guzman-de la Garza FJ, Alarcén-
Galvdn G, Cordero-Pérez P, Mufioz-Espinosa L, Torres-
Gonzédlez L, Fernadndez-Garza NE. Hepatic ischemia/
reperfusion injury is diminished by atorvastatin in Wistar
rats. Arch Med Res. 2014;45(3):210-6. doi: 10.1016/j.
arcmed.2014.02.001.

Feissner RF, Skalska J, Gaum WE, Sheu S-S. Crosstalk
signaling between mitochondrial Ca2+ and ROS. Front
Biosci. 2009;14:1197-218. doi: 10.2741/3303.

Chang WIJ, Chehab M, Kink S, Toledo-Pereyra LH.
Intracellular calcium signaling pathways during liver
ischemia and reperfusion. J Invest Surg. 2010;23(4):228-
38. doi: 10.3109/08941939.2010.496036.

Habib S, Ali A. Biochemistry of nitric oxide. Indian J Clin
Biochem. 2011;26(1):3-17. doi: 10.1007/s12291-011-0108-4.
Beckman JS, Koppenol WH. Nitric oxide, superoxide,
and peroxynitrite: the good, the bad, and ugly. Am J
Physiol Cell Physiol. 1996;271(5):C1424-37. doi: 10.1152/
ajpcell.1996.271.5.C1424.

Abu-Amara M, Yang SY, Seifalian A, Davidson B, Fuller B.
The nitric oxide pathway--evidence and mechanisms for
protection against liver ischaemia reperfusion injury.
Liver Int. 2012;32(4):531-43. doi: 10.1111/j.1478-
3231.2012.02755.x.

Denny JT, Burr AT, Balzer F, Tse JT, Denny JE, Chyu D.
Methylene blue treatment for cytokine release syndrome-
associated vasoplegia following a renal transplant with
rATG infusion: a case report and literature review. Exp Ther
Med. 2015;9(5):1915-20. doi: 10.3892/etm.2015.2349.
Hooson J, Gaunt |, Kiss IS, Grasso P, Butterworth K. Long-
term toxicity of indigo carmine in mice. Food Chem Toxicol.
1975;13(2):167-76. doi: 10.1016/S0015-6264(75)80001-0.
Duong QV, Hoffman A, Zhong K, Dessinger MJ, Zhang Y, Bazil
JN. Calcium overload decreases net free radical emission
in cardiac mitochondria. Mitochondrion. 2020;51:126-39.
doi: 10.1016/j.mito0.2020.01.005.


https://doi.org/10.1016/0014-5793(95)01449-7
https://doi.org/10.1016/0014-5793(95)01449-7
https://doi.org/10.1089/ars.2011.4123
https://doi.org/10.2741/3303
https://doi.org/10.3109/08941939.2010.496036
https://doi.org/10.1007/s12291-011-0108-4
https://doi.org/10.1152/ajpcell.1996.271.5.C1424
https://doi.org/10.1152/ajpcell.1996.271.5.C1424
https://doi.org/10.1111/j.1478-3231.2012.02755.x
https://doi.org/10.1111/j.1478-3231.2012.02755.x

Acta Cir Bras. 2020;35(9):e202000901 Evaluation of Indigo carmine on hepatic ischemia and reperfusion injury
Rancan EA et al.

Correspondence: Conflict of interest: none

Eduardo Alexandre Rancan Financial sources: CNPq, CAPES, and FAPESP
Faculdade de Medicina de Marilia

Avenida Monte Carmelo, 800

17519-030 Marilia - SP Brasil

Tel.: (55 14)3402-1744

rancan.eduardo@gmail.com 'Research performed at Liver Transplantation Unit,

Surgery and Anatomy Department, Faculdade de
Received: May 03, 2020 Medicina de Ribeirdo Preto, Universidade de Sdo Paulo
Review: July 01, 2020 (FMRP-USP), and Department of Gastroenterology, USP,
Accepted: Aug 06, 2020 Sao Paulo-SP, Brazil.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, @)y |
and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/deed.en

