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Abstract: Background/Objectives: Treatment of patients with myocardial ischemic diseases crucially
involves cardiac reperfusion (CR). However, oxidative stress and tissue lesions caused by CR may
also lead to lethal complications, such as arrythmias and vasoplegic syndrome (VS). Although
methylene blue (MB) has long been used to treat VS due to cardiac ischemia and reperfusion (CIR)
and/or surgery because of its vascular effects, MB’s effects on the heart are unclear. Therefore, we
investigated the potential cardioprotective or arrhythmogenic effects of MB in an animal model
of CIR. To this end, 12–16-week-old male Wistar rats were divided into four experimental groups:
(a) rats subjected to SHAM surgery with no ischemia; (b) rats subjected to CIR and treated with a
vehicle (SS + CIR); and (c) rats subjected to CIR and treated with 2 mg/kg i.v. MB before ischemia
(MB + ISQ) or (d) after ischemia but before reperfusion (ISQ + MB). An ECG analysis was used to
evaluate the incidence of ventricular arrhythmias (VAs), atrioventricular blocks (AVBs), and lethality
(LET) resulting from CIR. After CIR, rat hearts were removed for histopathological analysis and lipid
hydroperoxide (LH) measurements. Results: The incidence of VA, AVB, and LET was significantly
increased in the MB + ISQ group (VA = 100%; AVB = 100%; LET = 100%) but significantly reduced in
the ISQ + MB group (VA = 42.8%; AVB = 28.5%; LET = 21.4%) compared with the SS + CIR group
(VA = 85.7%; AVB = 71.4%; LET = 64.2%). LH concentration was significantly reduced in both MB-
treated groups, but myocardial injuries were increased only in the MB + ISQ group when compared
with the SS + CIR group. Conclusions: These results indicate that MB produces a biphasic effect on
CIR, with cardiotoxic effects when administered before cardiac ischemia and cardioprotective effects
when administered after ischemia but before cardiac reperfusion.
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1. Introduction

Myocardial ischemia, such as that caused by acute myocardial infarctions, is a leading
cause of damage to the structure and function of the heart, leading to severe clinical conse-
quences. Tissue reperfusion is a crucial strategy for the prevention of ischemia-induced
damage, and interventions include pharmacological and mechanical thrombolysis, coro-
nary bypass surgery, etc. However, the most hazardous effector phase of cardiac ischemia
and reperfusion (CIR) occurs when previously ischemic tissue suffers cardiac reperfusion;
reperfusion injury, stabbing, and microvascular damage are the main causes of cell death,
and they frequently worsen cardiac dysfunction and myocardial stunning. Additionally,
CIR can also lead to heart rhythm abnormalities, particularly ventricular arrhythmias
(VAs), including ventricular tachycardia, ventricular fibrillation, and premature ventricular
contractions; Torsades de Pointes; and atrioventricular block (AVB) of the first, second, and
third degree. These arrhythmic events, in turn, lead to sudden cardiac lethality (LET) [1–3].

These reperfusion injuries are predominantly triggered by an intense inflammatory
process and an increase in pro-inflammatory cytokines such as interleukins-1 and -6 and
tumoral necrosis factor-α, as well as oxidative stress resulting mainly from the metabolism
of NO [4–7]. Inflammatory cytokines increase catecholamine secretion by the adrenal
glands, which increases vasoconstriction and blood pressure; however, this hypersecretion
subsequently leads to catecholamine depletion. Additionally, there is also a desensitization
of α1-adrenoceptors present in blood vessels, causing an intense and continuous relaxation
of vascular smooth muscle. This excessive vasodilation, in which the effect of NO pre-
dominates with no commensurate sympathetic counterpart, is called vasoplegic syndrome
(VS) [4–8].

VS is a deadly complication consecutive to CIR and/or cardiovascular surgical proce-
dures [7,8]. VS is characterized by hypotension, leading to the hypoperfusion of different
and relevant organs, such as the brain, kidneys, and the heart itself. It is also characterized
by normal or elevated cardiac output, low systemic vascular resistance, and decreased
filling pressures, leading to a heightened rate of morbimortality [4–8]. The main therapeutic
intervention to increase systemic vascular resistance and reduce vasopressor requirements
in human VS is methylene blue (MB) [8–10].

MB was first used as a textile dye but has been employed in laboratories and clinics
since the 1890s. By inhibiting the soluble guanylate cyclase (GC) [11–13] through the oxi-
dation of its active heme core or the inactivation of its heme-deficient apoenzyme [11,12],
MB counteracts NO-mediated vasodilatation. Furthermore, MB binds to and inactivates
NO in addition to being a strong inhibitor of NOS [10]. Moreover, MB is useful in reducing
ischemia-reperfusion syndrome [13]. It accomplishes this by competing with molecular
oxygen for the transfer of electrons by xanthine oxidase, thereby inhibiting the production
of free oxygen radicals and superoxide (reactive oxygen species) [14]. Because free-radical-
mediated injury has been hypothesized to be one of the primary causes of post-ischemic
reperfusion injury, MB, a type of free-radical scavenger, may provide an alternative treat-
ment in post-resuscitation syndrome [4,5].

Generally, the beneficial effects of MB in VS are attributed to a reduction in vascular
nitric oxide (NO) bioavailability, which basically results from its selective inhibition of GC
and consequent inhibition of cellular responses mediated by cyclic guanosine monophos-
phate (cGMP) [6,7]. Nevertheless, in some animal models of CIR, MB also promotes the
stabilization of systemic circulation without significantly increasing total peripheral re-
sistance during reperfusion, instead decreasing lipid peroxidation and inflammation and
reducing anoxic tissue injury in the heart [2,4,5]. MB also attenuates the elevation of plasma
creatine kinase induced by CIR [15], suggesting that MB produces cardioprotective effects,
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as it does in different animal models of ischemia and reperfusion injury, including isolated
rat lungs [16], lung transplantation [17], pig-controlled cardiopulmonary resuscitation [18],
and graft reperfusion in orthotropic liver transplantation [19].

Despite the crucial role of MB in vasoplegic syndromes, we have previously not
observed cardioprotection with MB in an animal model of CIR. On the contrary, when
MB was administered before CIR, it had significant cardiotoxic effects that resulted in
an increase in lethal arrhythmias [8]. The putative cardioprotective effects of MB are
likely related to its attenuation of lesions associated with oxidative stress, which are more
pronounced during reperfusion. Indeed, we have previously seen that the timing of
interventions, such as ischemic preconditioning, is relevant for cardioprotection [20]. Thus,
we compared the effect of MB when administered before ischemia or after ischemia but
before reperfusion on myocardial structure, lipid peroxidation, electrical activity, and LET
in rats subjected to CIR.

The present study shows that the incidence of AVB, VA, LET, myocardial injuries,
and lipid hydroperoxide (LH) concentration related to CIR were significantly higher in
the pre-ischemia MB group compared with non-treated CIR animals, suggesting that MB
produced cardiotoxic effects when administered before ischemia. In contrast, the same
parameters were significantly lower in the post-ischemia, before reperfusion MB group,
suggesting that MB has useful cardioprotective effects when administered in this time
window. These findings represent an important advancement in the understanding of the
cardiac effects of MB and its safe use in the appropriate phase of lesions associated with
cardiac ischemia and/or surgery.

2. Materials and Methods
2.1. Animals

Male adult (12–16-week-old) Wistar rats were provided by the Center for the Develop-
ment of Experimental Models in Medicine and Biology (CEDEME) of the Escola Paulista de
Medicina/Universidade Federal de São Paulo (UNIFESP). Rats were kept under standard
conditions of nutrition, hydration, temperature, humidity, and luminosity until the moment
of experimentation. All experimental procedures were approved by the Ethics Committee
on Animal Use of UNIFESP (#9447210317) and were in accordance with the National Coun-
cil for the Control of Animal Experimentation regulations (CONCEA, Brazil). All animal
handling and surgical procedures were strictly conducted according to the NIH’s Guide for
the Care and Use of Laboratory Animals (8th ed.).

2.2. Surgical Protocol for Induction of Cardiac Ischemia and Reperfusion (CIR)

Surgical procedures to induce CIR were performed in accordance with the method-
ology previously described by our research group [21,22]. In this CIR protocol, rats were
anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine and mechanically ventilated
[Harvard Apparatus, Boston]. After a 15 min stabilization period, the heart was exposed
by left thoracotomy for mechanical occlusion of the left anterior descending artery with a
plastic rod (ischemia). After 10 min of ischemia, the rod was removed to allow coronary
reperfusion for 75 min. During all CIR protocols, cardiac electrical activity was monitored
by an electrocardiogram (ECG) analysis using AqDados 7.02 software, while raw data were
evaluated with AqDAnalysis 7 software [Lynx Tecnologia Ltd.a, São Paulo, Brazil] to record
the incidences of ventricular arrhythmias (VAs), atrioventricular block (AVB), and lethality
(LET) induced by CIR.

A total of 52 rats were randomly allocated into four experimental groups:
(1) SHAM group (n = 10): rats subjected to all surgical procedures performed in the

CIR group, with the exception of garroting of the left anterior descending coronary artery;
(2) SS + CIR group (n = 14): rats subjected to the CIR protocol and treated with

0.9% saline solution (SS) intravenously (i.v.) administered through the left femoral vein
before ischemia;
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(3) MB + ISQ group (n = 14): rats subjected to the CIR protocol and treated with
2 mg/kg methylene blue (MB) i.v. through the left femoral vein before ischemia;

(4) ISQ + MB group (n = 14): rats subjected to the CIR protocol and treated with
2 mg/kg MB i.v. through the left femoral vein after ischemia but before reperfusion.

Figure 1 shows the experimental protocol designs for the treatments used in the
present study:
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Figure 1. Design of treatment experimental protocols used in the study. In the SHAM-operated
group (n = 10), rats were subjected to all surgical procedures performed in other groups except for
garroting of the left anterior descending coronary artery. In the SS + CIR group (n = 14), rats were
subjected to CIR protocol and treated with i.v. 0.9% saline solution (SS) administered before ischemia.
In the MB + ISQ group (n = 14), rats were subjected to the CIR protocol and treated with i.v. 2 mg/kg
methylene blue (MB) before cardiac ischemia. In the ISQ + MB group (n = 14), rats were subjected to
the CIR protocol and treated with i.v. 2 mg/kg MB after cardiac ischemia but before reperfusion.

2.3. Biochemical Analusis of Serum Biomarkers of Cardiac Injury

At the end of the CIR protocol, blood samples were drawn from the abdominal aorta
and centrifuged for 40 min at 2500 rpm, 5 ◦C. To prepare it for biochemical examination,
the serum was kept at −20 ◦C. Quantitative determination of creatine kinase (CK) and
creatine kinase MB fraction (CK-MB) was carried out using a kinetic UV technique with a
measurement point of 340 nm with a commercial kit (Katal Biotecnológica Ind. Com. Ltd.a.,
Belo Horizonte, MG, Brazil) [23].

2.4. Biochemical Analysis of Cardiac Lipid Hydroperoxide

In addition, rat cardiac tissue samples were collected to measure LH, homogenized,
and centrifuged at 10,000 rpm for 10 min at 20 ◦C. Subsequently, the supernatant was
collected for LH and total protein determination [24]. The quantification of hydroperoxide
concentration was performed according to the technique described by [25], considered
one of the most sensitive methods for determining lipid peroxidation. The lipid oxidation
process occurs due to the release of hydrogen and the addition of molecular oxygen and,
subsequently, the reduction of hydroperoxyl radicals to hydroperoxides. The principle of
the technique used in the present study consists, briefly, of the oxidation of ferrous ions
(Fe2+) to ferric ions (Fe3+) by hydroperoxides under acidic conditions. Xylenol orange, a
substance used as an indicator, binds to ferric ions, producing a blue-purplish chromophore.
The color intensity of this chromophore is directly related to the concentration of lipid
hydroperoxide in the sample.

2.5. Histopathological Analysis of Left Ventricle Miocardial Tissue

After the surgical protocol for CIR, the abdominal cavity was opened, and the abdomi-
nal aorta was accessed and punctured to collect arterial blood. After collecting the blood,
the thoracic cavity was opened with an incision along the entire length of the sternum. Then,
with sharp scissors, the circulatory vessels were disconnected from the heart, ending with
the complete removal of the heart, which was immediately washed with saline solution
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and placed in a vial with a volume of 20 mL of buffered 10% formalin and sent for analysis
by the Histocell pathology laboratory (Sao Paulo, Brazil). Then, the atria and ventricles
were separated by a cross-section at the height of the lower atrial edge, and the fragment
containing the atria and other adjacent structures was discarded. The fragment containing
the left ventricle was again sectioned in axial cross-sections into three parts (apex, mid, and
distal regions) of approximately equal thickness, which were subsequently dehydrated in
progressive concentrations of ethanol for 1 h each. The samples were then diaphanized
with two 1 h xylol baths, bathed twice for 1 h, and blocked in 60 ◦C paraffin.

The material was cut into 4–5 µm thick cross-sections, which were washed in 45 ◦C
water and fixed with Mayer’s albumin. After heating for 60 ◦C for 2 h, tissue sections
were deparaffinized and stained with hematoxylin-eosin (HE). The mid-section of the
left ventricle myocardium was imaged in the hearts of animals from all groups with a
Zeiss Axion Image A2®, Oberkochen, Germany, optical microscope (×400 and ×1000) by a
skilled pathologist who was blinded to the various groups for descriptive analysis. The
presence of hyperemic blood vessels, pyknosis, inflammatory infiltration, cardiomyocyte
degeneration, loss of striation, and interstitial edema were evaluated as CIR-related lesions.

2.6. Statistical Analysis

Incidences of VA, AVB, and LET were expressed as percentages and compared with
Fisher’s exact test. CK-MB and LH levels were expressed as the mean ± standard error
of the mean (SEM) and compared with one-way ANOVA with Tukey’s post hoc test. A
p-value of <0.05 was considered statistically significant. GraphPad Prism 8.0 (GraphPad
Software Inc., La Jolla, CA, USA) was used for statistical analysis.

3. Results
3.1. Incidence of VA, AVB, and LET

Figures 2 and 3 show that administration of MB before ischemia or before reperfusion
produced opposite effects on the incidence of VA, AVB, and LET compared with the SS + CIR
(control) and SHAM groups. When administered before cardiac ischemia (MB + ISQ), MB
significantly increased the incidence of VA (100%), AVB (100%), and LET (100%) compared
with SS + CIR (VA = 85.7%; AVB = 71.4%; LET = 64.2%). In contrast, when administered
after cardiac ischemia but before reperfusion (ISQ + MB), MB had a significantly protective
effect and reduced the incidence of VA (42.8%), AVB (8.5%), and LET (21.4%) compared
with SS + CIR.
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Figure 2. Electrocardiograms of animals belonging to different experimental groups. Representative
ECG tracings of rats belonging to the: (Blue color) group treated with saline solution and subjected to
the cardiac ischemia and reperfusion protocol (SS + CIR); (Red color) group treated with 2 mg/kg
methylene blue (MB) and subjected to cardiac ischemia and reperfusion (MB + ISQ); and (Green
color) group treated with 2 mg/kg methylene blue after ischemia but before cardiac reperfusion
(ISQ + MB). Yellow arrows indicate sinus rhythm, white arrows indicate ventricular arrhythmias,
and red arrows indicate atrioventricular blocks. Representative segments of approximately 4.5 s from
each phase are shown.
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Figure 3. Incidence of ventricular arrhythmias (VAs), atrioventricular block (AVB), and lethality (LET).
In the SHAM, SS + CIR, MB + ISQ, and ISQ + MB groups. VA, AVB, and LET increased significantly
in the MB + ISQ group when compared with SS + CIR. When methylene blue was administered
after ischemia but before reperfusion (ISQ + MB), it significantly reduced VA, AVB, and LET when
compared with SS + CIR. SHAM rats had no VA, AVB, or LET. Data were compared using Fisher’s
exact test.

3.2. Histopathological Analysis of the Myocardium

Figure 4 shows that MB administration before ischemia or before reperfusion had
opposite histopathological effects on the myocardial tissue when compared with SS + CIR
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(control). In the SHAM group, the myocardial tissue is free of necrosis, with striated cells
with well-centralized nuclei of normal color and size. In the SS + CIR group, the myocardial
tissue shows intense necrosis due to coagulation, with pyknotic cells and a marked number
of cells undergoing karyolysis and swelling and vacuolization. In the MB + ISQ group,
similar findings are observed, with necrosis due to coagulation, intense tissue loss, areas of
myocytolysis, muscle fibers with swelling, vacuolation, and cells with reduced nuclei or in
karyolysis. However, in the ISQ + MB group, necrosis by coagulation is milder, with mild
pyknosis, mild karyolysis, swelling and absence of vacuolization, and preservation of a
large part of the striated cells.
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Figure 4. Histopathological analysis of the myocardium of animals belonging to different experimen-
tal groups. Representative photomicrographs of histopathological analyses of the rat myocardium
from the SHAM, SS + CIR, MB + ISQ, and ISQ + MB groups. In the SHAM group, the myocardium
is characterized by the absence of necrosis and striated cells with well-centralized nuclei of normal
color and size. In the SS + CIR group, there is intense necrosis due to coagulation, with pyknotic
cells (decentralized nuclei and condensation of the chromatin), a marked number of cells undergoing
karyolysis (absence of nucleus and cytoplasmic eosinophilia), and swelling and vacuolization. In
the MB + ISQ group, similarly, there is intense necrosis due to coagulation, with intense tissue loss,
areas of myocytolysis, muscle fibers with swelling (increase in cell volume due to accumulation of
water, due to ionic imbalance, reversible), vacuolation, and cells with reduced nuclei or in karyolysis.
However, in the MB + ISQ group, the myocardium shows mild necrosis by coagulation, with mild,
mild karyolysis, swelling, absence of vacuolization, and preservation of a large part of the striated
cells (HE with 400× magnification).

3.3. Serum Concentration of Total Creatine Kinase (CK) and Creatine Kinase-MB (CK-MB)

Figure 5 shows that administration of MB before ischemia or before reperfusion also
had opposite effects on the serum concentration of biochemical markers of myocardial in-
jury, CK and CK-MB, compared with the SS + CIR and SHAM groups. In the SS + CIR group,
the concentrations of CK (4195.7 ± 305.1 U/L, n = 4) and CK-MB (1850.8 ± 221.9 U/L,
n = 4) were higher than the concentrations of CK (2013.4 ± 317.9 U/L, n = 4) and CK-MB
(807.8 ± 72.1 U/L, n = 4) in the SHAM group. When administered before cardiac ischemia
(MB + ISQ group), MB significantly increased the concentration of CK (5891.1 ± 320.4 U/L,
n = 4) and CK-MB (2446.6 ± 154.1 U/L, n = 4) compared with the SS + CIR group. In con-
trast, when administered after ischemia but before cardiac reperfusion (ISQ + MB group),
MB significantly reduced the concentration of CK (2013.4 ± 317.9 U/L, n = 4) and CK-MB
(1274.2 ± 81.9 U/L, n = 4), compared with SS + CIR.



Biomedicines 2024, 12, 2575 8 of 12

Figure 5. Serum concentrations of biochemical markers of cardiac injury creatine kinase and creatine
kinase-MB fraction. Effects of methylene blue (MB) treatment on serum concentrations of total creatine
kinase (CK), and creatine kinase-MB (CK-MB) in the SHAM, SS + CIR, MB + ISQ, and ISQ + MB
groups. While MB increased CK and CK-MB when administered before ischemia (MB + ISQ), it had
an opposite, protective effect when administered after ischemia but before reperfusion (ISQ + MB).
Data are shown as scatterplots with the mean ± SEM and were compared with ANOVA followed by
Tukey’s post hoc test. ns = represents groups that are not statistically different.

3.4. Cardiac Concentration of Lipid Hydroperoxide (LH)

Figure 6 shows that the concentrations of LH (nmol/g tissue) in the cardiac tissue of
the MB + ISQ, ISQ + MB, and SHAM groups were significantly lower compared with the
SS + CIR group. Treatment with MB either before or after ischemia significantly reduced
cardiac LH when compared with the SS + CIR group, though only ISQ + MB LH was
reduced to levels not significantly different from SHAM controls.
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MB + ISQ, and ISQ + MB groups. Results are expressed as scatterplots with the mean ± SEM
(n = 5) and were compared with an ANOVA followed by Tukey’s post hoc test. Treatment with
MB either before or after ischemia significantly attenuated LH increase seen in the SS + CIR group,
though only ISQ + MB LH was reduced to levels not significantly different from the SHAM controls.
ns = represents groups that are not statistically different.

4. Discussion

Although MB has been used to treat VS and other conditions related to cardiac surgery
in humans [6], the cellular and molecular mechanisms involved in its cardiovascular effects
remain under investigation. MB is mostly used due to its inhibition of vascular GC, reduc-
ing cGMP synthesis and producing relaxation of the vascular smooth muscle [6–9,23,24].
Nevertheless, in addition to its important role in vasodilation, cGMP is also involved
in cellular responses in other tissues, including in the heart [8]. In cardiac cells, cGMP
accounts for the low susceptibility to ventricular fibrillation observed in hearts perfused
after sustained ischemia [26–30]. Though MB is supposed to reduce cardioprotective cGMP,
the administration of MB in post-cardiac surgery VS and septic shock is associated with
the rapid recovery of hemodynamics, lesser need for vasopressors, lower mortality and
incidence of renal failure, and shorter length of stay [31,32]. Therefore, it is likely that MB
exerts other, yet undescribed, non-cGMP dependent cardioprotective roles.

To promote advancements in the knowledge on these MB effects, the present work
studied the effects of MB on cardiac structure and electric activity in rats subjected to CIR.
We showed that cardiac effects of MB are highly time-dependent within the ischemia and
reperfusion process. The incidence of myocardial injuries, lipid peroxidation, AVB, and
LET were significantly increased in the MB + ISQ group compared with the SS + CIR group,
suggesting that MB produces cardiotoxic effects when administered early, before ischemia.
In contrast, these incidences were significantly lower in the ISQ + MB group, indicating that
when ischemia has already taken place, MB has cardioprotective effects when administered
before reperfusion. Further investigation about the therapeutic window for the cardiac
effects of MB may therefore increase its therapeutic efficacy in cardiac surgery.

The mechanisms through which MB may exert its cardiotoxic or cardioprotective
effects remain unclear. In the presence of O2 and superoxide radicals, NO chemically reacts
to form other products that are extremely cytotoxic and have a high destructive potential
for cellular components, such as lipids [10,14], proteins, and nucleic acids, including
peroxynitrite (ONOO−), in addition to peroxynitrous acid and its decomposition products.
(HO− and NO2) [33,34]. Indeed, myocardial LH levels were significantly reduced by MB,
particularly when it was administered after ischemia. The redox protective effects of MB on
mitochondria and inhibition of oxidative stress might be particularly relevant for protection
against reperfusion-induced damage [19,35].

In addition to acting as a GC inhibitor, MB acts on L-type Ca2+ channels via protein-
kinase-G-dependent phosphorylation of Ca2+ channels or some associated proteins [36–39]
and binds and blocks M2 muscarinic receptors in atrial and ventricular cardiomyocytes [40,41].
Thus, in addition to its protection against structural oxidative damage, MB might directly
modulate cardiac electric activity to increase or reduce lethal arrhythmias. The blockage
of cardiac M2 receptors inhibits vagal negative inotropic and chronotropic effects while
accelerating atrioventricular node conduction. The onset of most ventricular tachyarrhyth-
mias occur during ischemia, while lethal AVBs predominate in the later, reperfusion stage.
The anti-M2 effect of MB might then explain its deleterious role when administered pre-
ischemia, when VA and fibrillation constitute the most lethal effects. On the other hand,
M2 blockage by MB is likely beneficial in preventing lethal AVBs in the reperfusion phase.
Nevertheless, MB still aggravated AVB when administered pre-ischemia and attenuated
VA post-ischemia. Thus, the biphasic cardiac effect of MB, observed in the present study,
appears to be mediated by a combination of multiple actions, such as blockage of cardiac
M2 receptors, inhibition of NO biosynthesis, modulation of cellular Ca2+ homeostasis,
mitochondrial bioenergetic [42,43], and oxidation status [44–46].
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5. Conclusions

The experimental findings obtained in the present work indicate that MB treatment
could have important implications in cardiac surgery, especially in cardiac transplant. MB
treatment can produce cardiotoxic effects when administered before ischemia, representing
a risk for cardiac surgery. In contrast, it can also produce cardioprotective effects when
administered before reperfusion, representing a new and efficient pharmacological strategy
to treat the myocardial injury resulting from reperfusion of the cardiac tissue.
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