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Abstract

BACKGROUND—Calcium channel blocker poisonings account for a substantial number of
reported deaths from cardiovascular drugs. While supportive care is the mainstay of treatment,
experimental therapies such as high dose insulin-euglycemia and lipid emulsion have been studied
in animal models and used in humans. In the most severe cases even aggressive care is inadequate
and deaths occur. In both experimental models and clinical cases of vasodilatory shock, methylene
blue improves hemodynamic measures. Methylene blue acts as both a nitric oxide scavenger and
inhibits guanylate cyclase that is responsible for the production of cGMP. Excessive cGMP
production is associated with refractory vasodilatory shock in sepsis and anaphylaxis. The aim of
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this study was to determine the efficacy of methylene blue in an animal model of amlodipine-
induced shock.

METHODS—Sprague-Dawley rats were anesthetized, ventilated and instrumented for continuous
blood pressure and heart rate monitoring. The dose of amlodipine that produced death within 60
minutes was 17 mg/kg/hour (LDsgg). Rats were divided into 2 groups: amlodipine followed by
methylene blue or amlodipine followed by normal saline (NS) with 15 rats in each group. Rats
received methylene blue at 2 mg/kg over 5 mins or an equivalent amount of NS in three intervals
from the start of the protocol: Minute 5, 30, and 60. The animals were observed for a total of 2
hours after the start of the protocol. Mortality risk and survival time were analyzed using Fisher’s
exact test and Kaplan Meier survival analysis with the log rank test.

RESULTS—Ouverall, 1/15 (7%) rats in the saline-treated group survived to 120 minutes
compared with 5/15 (33%) rats in the methylene blue-treated group (difference —26%, 95% CI —
54%, 0.3%). The median survival time for the NS group was 42 min (95% CI, 28.1,55.9) and the
methylene blue group was 109 min (95% ClI, 93.9,124.1). Heart rate and MAP differences
between groups were analyzed until 60 minutes. Heart rate was significantly higher in the
methylene blue-treated group starting 25 min after the start of the amlodipine infusion (95% ClI,
30-113) that was analyzed until 60 minutes. MAP was significantly higher in the methylene blue-
treated group starting 25 min after the amlodipine infusion (95% CI, 2-30) that was analyzed up
until 60 minutes.

CONCLUSIONS—Methylene blue did not result in a significant difference in mortality risk.
There was an increase heart rate, MAP and median survival time in the methylene blue group.

Introduction

Acute drug poisoning is one of the leading causes of injury-related fatality in the United
States and the leading cause of cardiac arrest in victims under the age of 40 years
encountered in the emergency department.1:2 The cardiovascular drug class accounts for a
significant proportion of the reported poisoning fatalities. Over the last 5 years, there were
over 12 million exposures with over 7,000 poisoning-related deaths reported to the
American Association of Poison Control Centers National Poisoning Data System
(NPDS).3-7 Cardiovascular drugs were involved in over 4% of the reported exposures and
accounted for nearly 18% of poisoning fatalities. Within this class, calcium channel blockers
(CCBs) were the most common cardiovascular drugs involved in poisoning fatalities. CCBs
accounted for over 50,000 cases reported over the past five years with 301 cases resulting in
major effect and over 100 deaths.3~" CCB-related fatalities typically result from the
combination of refractory hypotension and bradycardia that produce multiorgan
dysfunction.8

CCBs act with different degrees of selectivity on cardiac myocytes, conductive cardiac
tissue, and vascular smooth muscle. CCBs are commonly categorized into two groups:
dihydropyridines and non-dihydropyridines.® The dihydropyridines such as nifedipine and
amlodipine act predominantly on the vascular smooth muscle producing peripheral
vasodilation and are commonly used as antihypertensive agents. The two non-
dihydropyridines, verapamil and diltiazem, act predominantly on the cardiac myocytes and
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are more commonly used for treatment of arrhythmias. Historically, the non-
dihydropyridines account for over 90% of all CCB-related fatalities. Although some may
view dihydropyridine poisoning as inconsequential when compared to the non-
dihydropyridines, morbidity and mortality with the dihydropyridine CCBs are not
uncommon, perhaps due to their widespread therapeutic availability.10-13

Management of patients with severe CCB poisoning consists primarily of gastrointestinal
decontamination, fluid resuscitation, and administration of calcium, glucagon, and
vasopressors.14-16 Because mortality remains high despite supportive care, novel therapies
are often utilized such as high dose insulin-euglycemic therapy, intravenous lipid emulsion,
and levosimendan.17-19 Despite promising results from experimental models and case
reports, there is still no consistently successful treatment for severe CCB poisoning, and
deaths are still reported.20-22 There is therefore important need for new therapy in the
treatment of patients with severe CCB poisoning. One such therapy that has been used for
other shock states such as sepsis and anaphylaxis is methylene blue.23-26 The aim of this
study was to determine the efficacy of methylene blue in an animal model of amlodipine-
induced shock.

Study Design

This is an unblinded controlled laboratory investigation using methylene blue in the setting
of severe amlodipine toxicity. Adult Sprague-Dawley rats (300-400 grams) were chosen
because they have been used in multiple studies of calcium blocker poisoning and
shock.20:27:28 The animal care and use committee of the institution approved this protocol
and the care and handling of the animals were in accordance with National Institutes of
Health guidelines. The animals were housed in plastic cages with 12-hour light and dark
cycles and allowed free access to food and water.

Animal Preparation

All animals were prepared and instrumented in a similar manner. The animals were allowed
access to food and water ad libitum until the night prior to the study protocol. After fasting
overnight, intravenous access was obtained and general anesthesia was induced with 5%
isoflurane and maintained with 1.5% isoflurane for the duration of the protocol. Animals
were given a tracheostomy and ventilated with a Harvard rodent ventilator (Model: 683,
Harvard Apparatus Inc., Holliston, MA). Bilateral femoral cutdowns were performed, and
each femoral vein cannulated with a 24 g catheter for infusion of amlodipine in one femoral
vein and treatments in the other side. The right external carotid was cannulated with a 22 ¢
catheter for hemodynamic monitoring. Heart rate (HR) and mean arterial pressure (MAP)
tracings were recorded using a Power Lab 4/20 ML 840 (ADI Instruments, Houston, TX).

Study Protocol

The dose of amlodipine that produced death within 60 minutes was 17 mg/kg/hour (LDs)
based on a dose-finding study.2? Rats were divided into 2 groups by block randomization:
amlodipine followed by methylene blue or amlodipine followed by 0.9% sodium chloride
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solution (NS). At 15 rats per group our study had an 81% power to detect an absolute 50%
difference in percent survival. Rats received methylene blue at 2 mg/kg (1 cc) over 5
minutes or an equivalent volume of (1 cc) NS in three intervals from the start of the
protocol: Minute 5, 30, and 60. The animals were observed for a total of 2 hours after the
start of the protocol. The primary outcome was survival to a 2-hour endpoint. The secondary
outcomes were HR and MAP.

Measurements

The cardiac rhythm (three-lead), MAP, and HR were monitored continuously using a Power
Lab 4/20 ML 840.

Data Analysis

Results

Mortality risk was compared using Fischer’s exact test. The survival times were compared
using the Kaplan—Meier method, and the two groups were compared using the log-rank test.
Medians were used for non-parametric testing and median differences were given with 95%
confidence intervals (Cls). One-way analysis of variance with repeated measures was used
to analyze continuous variables (HR and MAP) over time to compare differences between
groups and data were reported as mean SEM. All statistical tests were two-tailed. Data were
analyzed using SPSS statistical software (version 8.0; SPSS Inc., Chicago, IL).

Mortality and Survival Times

Overall, 1/15 (7%) rats in the saline-treated group survived to 120 minutes compared with
5/15 (33%) rats in the methylene blue-treated group (difference —26%, 95% CI -54%,
0.3%). The median survival time for the NS group was 42 min (95% ClI, 28.1-55.9) and the
methylene blue group was 109 min (95% CI, 93.9-124.1) Figure 1 shows the Kaplan—-Meier
analysis comparing survival times and mortality rates in the methylene blue and control
groups. The log-rank test revealed a statistically significant difference between the survival
rates over time (p = 0.002).

Hemodynamic Parameters

Heart rate was significantly higher in the methylene blue-treated group starting 25 min after
the start of the amlodipine infusion (95% CI, 30-113) which was analyzed up until 60
minutes as the majority of the subjects expired within an hour. The MAP was significantly
higher in the methylene blue-treated group starting 25 min after the amlodipine infusion
(95% ClI, 2-30) that was analyzed up until 60 minutes.

Limitations

Our study utilized a rodent model of amlodipine toxicity with multiple dosing of methylene
blue. This may not be the optimal dosing strategy of methylene blue for CCB toxicity.
However, there is reported variability in the dosing of methylene blue for refractory septic
shock.30:31
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Our study did not demonstrate a change in mortality risk at 120 minutes. This may be
because we used a large effect size and were underpowered to detect smaller effects. While
we did perform block randomization we were not blind to the treatments. Blinding the
treatments was difficult due to the readily recognizable blue color of methylene blue
compared to NS.

We did not employ other antidotal therapies or fluid resuscitation commonly used for CCB
toxicity, as we wanted isolate methylene blue effects. We also used a continuous infusion of
amlodipine to simulate oral ingestion with continued GI absorption. These conditions may
not mimic the actual reality of clinical medicine.

Dimethyl sulfoxide (DMSO) may hypotension. In our own experience we have observed
very high concentrations of DMSO (100%) resulting in hypotension in canines. Prior to the
initiation of our study we used varying concentrations of DMSO alone (up to 60%) in rats
and observed no alterations in hemodynamics. As we utilized a 20% DMSO solution to
dissolve the amlodipine, it is unlikely DMSO had an interaction with the results of this
study.

We did not specifically perform baseline blood gases on the animals in this study. In our
prior studies using similar models of CCB toxicity with nifedipine and verapamil, all
animals at baseline have similar pH, pCO2, pO2 and base excess. The animals from prior
studies were ventilated with oxygen and never became hypoxemic. In our prior studies,
when the animals became hypotensive from the CCB poisoning, they developed a metabolic
acidosis with increasingly negative base excess. However, they compensated for the
metabolic acidosis by decreasing their pCO2 to produce a respiratory alkalosis.

Discussion

Methylene blue is used for many purposes such as the treatment of acquired
methemoglobinemia and less commonly for the treatment of shock from sepsis and
anaphylaxis.32 Although the mechanism of action of methylene blue for the treatment of
shock from sepsis and anaphylaxis is not established, suggested mechanisms implicate the
nitric oxide pathway, which includes inhibition of certain isoforms nitric oxide synthase,
scavenging nitric oxide, and inhibition of guanylate cyclase.33-35 Inhibition of excessive
production and activity of both nitric oxide and cGMP may be critical in the treatment of
refractory shock that occurs in cardiac bypass, sepsis, and anaphylaxis.30-36.37

Experimental studies demonstrate that certain calcium channel blockers may also modulate
blood pressure through a nitric oxide mechanism in addition to blockade of L-type calcium
channels. One study demonstrated that amlodipine and some other dihydropyridine CCBs
release nitric oxide (measured as an increase in nitrite) in a dose-dependent fashion from
canine coronary microvessels.3® The R+ enantiomer of amlodipine induced nitric oxide
release whereas the S— enantiomer only blocked the L-type calcium channels with no release
of nitric oxide.3? Although the exact mechanism is uncertain, amlodipine appears to increase
nitric oxide production by increasing endothelial nitric oxide synthase activity through
phosphorylation of this enzyme.*° Another in vivo study demonstrated that rabbit femoral
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artery vasodilation from amlodipine was partly dependent on nitric oxide generation through
the mediation of bradykinin B,-receptors.4!

Nitric oxide synthase plays an important role in regulating vascular tone and is an important
mediator of shock. There are 3 isoforms of nitric oxide synthase: neuronal nitric oxide
synthase, inducible nitric oxide synthase, and endothelial nitric oxide synthase. Endothelial
nitric oxide synthase generates nitric oxide in blood vessels and is involved with regulating
vascular function.#? Inducible nitric oxide synthase is produced in vascular smooth muscle
cells and cardiac myocytes by mediators such as tumor necrosis factor, various cytokines,
and oxidative stress. Activation of either endothelial or inducible nitric oxide synthase
isoform increases production of nitric oxide, which in turn increases the generation of cyclic
guanosine monophosphate (cGMP) by activation of guanylate cyclase.*® The accumulation
of cGMP leads to vasodilatation and decreased systematic vascular resistance. Another
effect of increased cGMP concentration is decreased contractile response to vasoconstrictors
such as norepinephrine.?* This dysregulation of nitric oxide synthesis and release occurs in
conditions such as anaphylaxis, sepsis, and cardiac bypass and is believed to be the main
mechanism responsible for refractory distributive shock.*

Non-specific competitive nitric oxide synthase inhibitors such as N-monomethyl-L-arginine
increase mean arterial pressure in sepsis, however no mortality benefit has been
demonstrated. In fact, the use of non-specific nitric oxide synthase inhibitors results in
increased mortality in both animals and humans.*6:47 Non-specific inhibition of nitric oxide
synthase may be detrimental in part because nitric oxide is also vital in other important
physiological pathways. More selective inhibition along the NO-cGMP pathway, with
methylene blue use to inhibit guanylate cyclase to decrease the actual production of cyclic
guanosine monophosphate may avoid the detrimental effects with general NO inhibition.
Studies demonstrate decreased vasopressor requirement and an increase in systemic vascular
resistance with the use of methylene blue when used for the treatment of both sepsis and
anaphylaxis.3048-52 At this time there are only a few case reports and no experimental
evidence to support the use of methylene for the treatment of shock from acute drug
poisoning.23:54

Using a rodent model of severe amlodipine poisoning we demonstrated that methylene blue
increased survival time and was associated with an increase in HR and MAP. One theory for
these results may be related to the nitric oxide pathway. Certain CCBs such as amlodipine
lower blood pressure when used in the therapeutic setting through the combination L-type
calcium channel blockade and nitric oxide formation.

The dose for methylene blue utilized for shock from sepsis and anaphylaxis varies
depending on the study. The dosing regimen for methylene blue used in our study is based
on both experimental and clinical data and is similar to what is used for the treatment of
methemoglobinemia: 1-2 mg/kg. The dosing used for refractory septic shock has included a
single bolus, repeated bolus based on response, low-dose infusion, and infusions following a
bolus.39:31 Based on other studies, a cumulative dose of methylene blue greater than 7
mg/Kkg is associated with adverse effects such as paradoxical induction of
methemoglobinemia, acute hemolytic anemia, and impaired pulmonary function.>®
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There are several complications to consider when methylene blue is used as a treatment for
shock. Methylene blue may cause acute hemolytic anemia with high doses, blue
discoloration of body fluids, and shortness of breath.56 Another adverse effect is the
precipitation of serotonin syndrome. Serotonin syndrome is a potentially fatal condition
characterized by autonomic instability that includes agitation, muscle rigidity, and
hyperthermia due to excessive stimulation at the 5-HT 2A receptor.®’ In 2011, the FDA
issued a safety announcement that methylene blue, even at therapeutic doses, may cause
serotonin toxicity which may be due to both the parent compound and metabolite, azure B,
which inhibits monoamine oxidase (MAO-A).58-62

Our results indicate that methylene blue did not result in a significant difference in mortality
risk at two hours but there was an increase in median survival time in the methylene blue
group. There was also an increase in HR and MAP in the methylene blue group. Further
studies with other models and different CCBs should be done before methylene blue is
routinely implemented for the care of CCB-poisoned humans.
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Figure 1.
Kaplan-Meier Survival curve comparing methylene blue and normal saline for treatment of

amlodipine toxicity in a rodent model with protocol summary and timeline.
5*, 30*, 60* - Infusion of methylene blue 2 mg/kg (1 mL total) or normal saline (1 mL) over
5 minutes
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