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Abstract: Previous studies have shown that medications from the cyclodextrin family bind to verapamil. The aim of our
study was to determine whether sugammadex could bind to verapamil and prevent the cardiovascular toxicity of that drug.
Twenty-eight sedated Wistar rats were infused with verapamil at 37.5 mg/kg/h. Five minutes after the start of infusion, the
animals were treated with a bolus of either 16 mg/kg, 100 mg/kg or 1000 mg/kg sugammadex. The control group was
treated with an infusion without sugammadex. The heart rate and respiratory rate were monitored, and an electrocardio-
gram was recorded. The primary end-point was the time to asystole. The verapamil infusion continued until the animals
arrested. The asystole time for the S16 group was significantly longer compared to those for the control and S1000
groups (p < 0.05). The asystole time for the S1000 group was significantly shorter than those for all of the other groups
(p < 0.05). Reflecting these data, there was a near doubling of the mean lethal dose of verapamil from 13.57 mg/kg (S.D.
+8.1) in the saline-treated rats to 22.42 mg/kg (S.D. +9.9) in the sugammadex 16 group (p < 0.05). However, for the
sugammadex 1000 group, the mean lethal dose was found to be 6.28 £ 1.11 mg/kg. This dose is significantly lower than
those for all of the other groups (p < 0.05). We found that treatment with 16 mg/kg sugammadex delayed verapamil car-
diotoxicity in rats. However, 1000 mg/kg sugammadex accelerated verapamil cardiotoxicity in rats. Further studies must be

conducted to investigate the interaction between verapamil and sugammadex.

Intoxication with medications is one of the most common rea-
sons for patients to visit emergency departments. After motor
vehicle accidents, intoxications are a substantial cause of mor-
tality in young people [1]. Cardiovascular drugs are the second
most common cause of mortality in drug intoxications, after
overdoses by sedative-hypnotic/antipsychotic drugs. Accord-
ing to the 2012 Annual Report of the American Association
of Poison Control Centres, these drugs were responsible for
10.77% of fatalities, either directly or as a potential contribu-
tor to death [2].

Calcium channel blockers are frequently used to treat hyper-
tension and rhythmic dysfunction. However, these compounds
frequently cause medication intoxication [3]. Their toxic/thera-
peutic ratio is relatively narrow, and serious toxicity may occur
with therapeutic doses. Toxicity from calcium channel antago-
nists may occur with a therapeutic use or as a result of an acci-
dental or intentional overdose. Overdoses of calcium channel
antagonists are frequently life-threatening and represent an
increasingly important source of drug-induced mortality [4].

Calcium channel blocker overdoses can cause hypotension,
non-cardiogenic pulmonary oedema, sinus arrest, atrioventricu-
lar block, a reduction in cardiac output and hyperglycaemia
[5-8]. To restore blood pressure, inotropic agents, pacemaker
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devices or intra-aortic balloon pumps may be used [9-11].
Case studies emphasize the advantages of ECMO and heart—
lung machines [12,13].

There is no specific antidote for calcium channel blocker
intoxication. For this reason, the delaying effects of various
agents in calcium channel blocker poisoning have been inves-
tigated. These agents include intravenous lipid treatment, high-
dose insulin and levosimendan [14-18]. However, a therapeu-
tic antidote has not been found.

Cyclodextrins are molecules that are frequently used in the
food and pharmaceutical industries. They are commonly used
to convert lipophilic medications to hydrophilic forms [19,20].
Beta-cyclodextrin has been evaluated as an antidote for verap-
amil toxicity. Researchers have found that beta-cyclodextrin
interacted with verapamil [21,22].

Sugammadex is a modified gamma-cyclodextrin that has
recently entered trade use. Sugammadex has a distinctive
molecular structure that allows it to encapsulate rocuronium, a
neuromuscular blocker, and remove it from the muscle-nerve
junction; it is used to selectively and quickly reverse neuro-
muscular blockage [23]. The affinity of sugammadex for
verapamil is nearly 120-700 times less than that for rocuroni-
um, but it is still known to interact with verapamil [24].
Although the interaction of beta-cyclodextrin with verapamil
in animal models is known [21,22], there is no information
available on the interaction between sugammadex and verapa-
mil in a clinical setting.

© 2013 Nordic Pharmacological Society. Published by John Wiley & Sons Ltd



SUGAMMADEX AND VERAPAMIL TOXICITY 281

The hypothesis of our study is that sugammadex, similar
to beta-cyclodextrin, will have a delaying effect in a
cardiotoxicity model induced by verapamil. To test this
hypothesis, rats that were given verapamil infusions were
administered sugammadex at doses of 16 mg/kg, 100 mg/kg
and 1000 mg/kg, and the effects of sugammadex on verapamil
cardiotoxicity were investigated.

Materials and Methods

After obtaining permission from the Dokuz Eylul University School of
Medicine (DEUSM) Local Animal Experiments Ethical Committee
(16.11.2012, number: 63/2012, Yolmaz O), the research was carried
out at the DEUSM Animal Experiment Laboratories. The study included
28 Wistar Albino rats that weighed between 250 and 400 g. The rats
were housed in temperature-controlled (22—-24°C) rooms that were lit on
a daily schedule (12:12 hr light/dark) before the study. All of the rats
were fed standard rat pellets. During the experimental period, the care of
the laboratory animals was in accord with international guidelines.

The weights and ages of all of the rats were recorded. The rats were
divided into four groups of seven rats: Group C, Group S16, Group
S100 and Group S1000.

The rats were administered intraperitoneal 60 mg/kg ketamine for
anaesthesia. All of the rats were monitored using electrocardiography
(ECG), and their heart rate was tracked throughout the entire study.
Using sterile techniques, all of the rats had a 24 G (Vasofix Safety
FEP, Braun, Germany) cannula placed in the lateral tail vein for the
administration of liquids and medications during the study. After cath-
eterization, the rats were given a 1 ml normal saline infusion to
replace the blood lost during the procedure. After the saline infusion,
control heart rate values were taken. Oxygen was administered at a
rate of 1 I/min through a nasal cannula.

A verapamil infusion of 37.5 mg/kg/hr was begun using an infu-
sion pump through the lateral tail vein starting at time O (TO). This
infusion rate was determined based on doses used in previous experi-
mental studies on cardiotoxicity in rats [25]. The heart rate was
recorded every minute until death. In the control group (Group C),
the rats were given 12.4 ml/kg normal saline; the dose began 5 min.
after verapamil was given (T5) and lasted for a period longer than
5 min. In the experimental groups, the rats were given 16, 100 and
1000 mg/kg sugammadex infused in 12 ml/kg normal saline volume;
the dose began 5 min. after verapamil was given and lasted for a

period longer than 5 min. The verapamil infusion continued until
death. Rat death was defined on ECG as more than 1 min. of asys-
tole or a lack of respiratory effort.

The sugammadex doses were determined by the doses used in
previous experimental studies [26].

For all of the rats, the time between beginning the verapamil infu-
sion and asystole was recorded in minutes (duration from TO to the
death of the rat). The total verapamil amount infused over this period
and the average fatal verapamil dose (mg/kg) for each rat were
recorded separately.

Statistical analysis. For statistical analysis, the program Statistical
Package for Social Sciences 15 (SPSS 15.0, Chicago, IL, USA) was
used. The distribution of the data was examined using the
Kolmogorov—Smirnov test. To evaluate the significance of the
comparisons between groups, the Kruskal-Wallis and Mann—Whitney
U-tests were used. Statistical significance was accepted as p < 0.05.

Results

The mean baseline ages, weights, heart rates and respiratory
rates were similar between the controls and all of the treatment
groups (S16, S100 and S1000) (table 1).

The T5 heart rates for the control, S16, S100 and S1000
groups were 339.85 + 30.55, 341.70 &+ 46.99, 337.71 =+
32.24 and 347.86 £ 28.37, respectively. At the end of the
sugammadex infusion (T5), there was no significant difference
in the heart rates between the saline- and sugammadex-treated
groups (p > 0.05).

The asystole time of the S16 group was significantly longer
compared to those of the control and S1000 groups
(p < 0.05). The asystole time for the S1000 group was signifi-
cantly shorter than those for any of the other groups
(p < 0.05) (table 2, fig. 1).

In the S16 group, six rats lived to the 25th min., whereas
only one rat lived longer than 25 min. in the verapamil group.
In the S1000 group, all of the rats expired before the 15th
min. (figs 1-4).

Reflecting these data, there was a near doubling of the mean
lethal dose of verapamil from 13.57 mg/kg (S.D. +8.1) in the

Table 1.
Baseline characteristics (mean 4+ S.D.).
Group Control (n = 7) S16 (n =7) S100 (n =7) S1000 (n = 7) p-value
Age (days) 202 + 56.49 212 + 59.49 225 + 54.73 174 + 31.93 0.271
Weight (g) 301.428 £ 35.50 310.71 + 42.44 311.28 £ 34.35 280.85 + 17.52 0.244
Heart rate (beats/min.) 38242 £ 31.75 386.28 £ 22.70 373.85 £ 27.16 385.57 £ 26.95 0.623
Respiratory rate (breaths/min.) 85.28 + 14.55 84.28 + 14.81 85.85 + 13.50 87.42 + 13.16 0.948
p < 0.05, compared with Group 1000, Mann—Whitney U-test.
p < 0.05, compared with Group 16, Mann—Whitney U-test.

Table 2.
Comparison of time to death and lethal dose of verapamil between groups
Group Control (n = 7) S16 (n =17) S100 (n = 7) S1000 (n = 7) p-value
Time to death (min.) 22.57 4 12.88%" 33.28 £+ 16.17* 25.28 + 16.50* 10.14 + 1.77 0.001
Lethal dose of verapamil (mg/kg) 13.57 + 8.10% 22.42 £+ 9.96* 16.00 £+ 10.03* 6.28 + 1.11 0.001

*p < 0.05, compared with Group 1000, Mann—Whitney U-test.
p < 0.05, compared with Group 16, Mann-Whitney U-test.
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control group to 22.42 mg/kg (S.D. £9.9) in the S16 group
(p <0.05; fig. 2). However, the mean lethal dose was
6.28 £+ 1.11 mg/kg for the S1000 group. This dose was signifi-
cantly lower than those for all of the other groups (p < 0.05).

The heart rate decreased over time during the verapamil
infusion; however, the rate of decrease was significantly
slower in the S16 group compared with that in the control
group. In addition, the heart rate in the S1000 group decreased
at a significantly faster rate than did those in all of the other
groups (p < 0.05) (fig. 3,4).

The ECG revealed that the dominant rhythm was sinus bra-
dycardia, with some of the rats developing slow atrial fibrilla-
tion, junctional or idioventricular rhythms or varying degrees
of heart block.

In the arterial blood gas analyses of the control rats, none
showed respiratory acidosis, hypoxia or hypercarbia. Sponta-
neous ventilation was adequate for most of the experiment. In
all of the animals, the terminal event was respiratory arrest,
most often preceded by primary apnoea and then gasping res-
pirations.

Discussion

The results concerning the effectiveness of various doses of
sugammadex on animal models of verapamil-induced cardio-
toxicity indicated that 16 mg/kg sugammadex delayed cardio-
toxicity, whereas a 1000 mg/kg dose of sugammadex hastened
cardiotoxicity.

Verapamil is a potent calcium channel blocker and is used
to treat hypertension, ischaemic heart disease and supraventric-
ular tachyarrhythmia [27,28]. Overdoses of verapamil may
cause hypotension, sinus arrest, atrioventricular block, a reduc-
tion in cardiac output and hyperglycaemia [6,8,28,29]. There
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Fig. 1. Box-and-whisker plot of time of death by sugammadex (S16,
S100, S1000) and control group status. Median indicated by black
line, and upper and lower quartiles indicated by box edges.

is no known antidote to verapamil, and intoxication with this
drug may cause multiorgan failure [6,28]. Treatment typically
includes preventing gastrointestinal system absorption and a
symptomatic approach. Bay K 8644 and 4-aminopyridine
show promise as potential antidotes, but these compounds are
currently still experimental [30].

The first step in treating patients with calcium channel
antagonist toxicity should be to maintain an adequate airway,
ventilation, oxygenation and haemodynamic support, as is the
case for all serious poisonings. Due to the depressed mental
state or evolving ARDS of the patients, endotracheal intuba-
tion and mechanic ventilation are frequently required in cases
of serious poisoning with these agents. The essential elements
in intensive care unit management include close monitoring of
cardiac thythms, vital signs, respiratory status and urine output
[6]. Many modalities are typically employed to treat the car-
diovascular system impairments associated with these agents.
Calcium, glucagon, sympathomimetics, insulin, inamrinone,
pacing and mechanical cardiac assistance devices have been
used. For a patient who sustains a cardiac arrest, the patho-
physiological changes induced by calcium channel antagonists
are potentially completely reversible despite prolonged resusci-
tations. They should be treated aggressively using a supportive
approach [6].

Therefore, the effectiveness of various agents to delay car-
diotoxicity during calcium channel blocker poisoning is under
investigation. The use of intravenous lipid treatment, high-
dose insulin and levosimendan for delaying the cardiotoxicity
from calcium channel blocker poisoning has been studied, and
these agents have been observed to possess variable efficacies
[14-16,25,31-36]. Research continues to identify an effective
and, if possible, specific antidote for verapamil intoxication.

Various cyclodextrins have been used to transform lipopho-
bic agents into lipophilic compounds in the drug industry.
These molecules are ‘donut-like’ due to their circular 3-D
structure with sugar rings (D-glucopyranose units) forming an
empty cut cone or hydrophobic cavity and a hydrophilic outer
structure. The negative load hydroxyl groups cause the mole-
cule to be water soluble. The internal alpha 1-4 bonded
carbon atoms create a lipophilic cavity. Consequently, the
water-soluble molecule surrounds a lipophilic core. This struc-
ture possesses the appropriate size to encapsulate lipophilic
medications and increases their water solubilities. Non-cova-
lent thermodynamic interactions create an inclusion complex.
The cavity size is larger than that in alpha-, beta- or gamma-
cyclodextrin and is 0.8 mm. Thermodynamic, Van der Waals,
hydrophobic, hydrogen and load-transfer interactions
strengthen the formation of the inclusion complex (host—guest
complex). The inclusion complex encapsulates a lipophilic
molecule [19].

Limited previous research has shown that cyclodextrin has
an antagonist effect, due to its molecular characteristics, and
may be useful to reverse verapamil toxicity [21,22]. In the lit-
erature, there are only two studies that examine cyclodextrin
as an antidote for verapamil toxicity [21,22]. Both are experi-
mental. Initially, Mottram ef al. [21] induced intoxication in
rats using verapamil and found that the group treated with
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Fig. 2. Dot plot of lethal dose of verapamil by sugammadex (16 mg/kg, 100 mg/kg, 1000 mg/kg) and control groups status.
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Fig. 3. Dose-response curves for sugammadex and control groups. *p < 0.05, compared with Group 1000, chi-squared test. fp < 0.05, compared

with Group 16, chi-squared test.

2.25 g/kg sulphobutylether-b-cyclodextrin (SBE-CD) did not
exhibit any differences in heart rate, asystole and apnoea times
compared to the control group; in fact, contrary to their
hypothesis, 2.25 g/kg SBE-CD increased the verapamil toxic-
ity. They emphasized the need to conduct further studies to
elucidate the mechanism of increased toxicity and later per-
formed a second dose-linked study [22]. In the group given a
1:4 ratio of verapamil to SBE-CD concentration infusion, a
delay in the asystole time was observed compared to the con-
trol group, and this difference was found to be significant
(21.2 min. compared to 17.6 min.). There were no significant
differences between the groups in terms of the heart rate, inha-
lations and apnoea time. Together with the evidence that a 1:4
verapamil/SBE-CD concentration was the most effective
model, other than at this dose, there were no significant differ-
ences in the asystole time improvements [22].

However, these experimental models all used beta-cyclodex-
trin. There are no studies on gamma-cyclodextrin (gamma-
CyD, a molecule used in the trade) as an antidote or as a
potential source of medication interactions.

Sugammadex has a modified gamma-cyclodextrin structure
with a wider cavity distinct from that of beta-cyclodextrin and
is the only example of a molecule used in anaesthetic practice
as a binding molecule for selective neuromuscular agents.
Human and animal studies on the deep neuromuscular block-
age caused by sugammadex and rocuronium have revealed
that reversal occurs without muscle weakness [37]. In recent
years, the use of this agent in anaesthetic practice has become
popular for this reason. Because it provides quick and prob-
lem-free recovery, it has become an agent that is favoured by
anaesthetists, and the use of sugammadex has increased in
anaesthesia management.

© 2013 Nordic Pharmacological Society. Published by John Wiley & Sons Ltd
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compared with Group 16, Mann—Whitney U-test. Min., Minute.

For the cases in which sugammadex is used, it is important
to know whether it might interact with previously taken medi-
cations. Apart from the rocuronium/sugammadex interaction,
this compound interacts in various forms from the perspec-
tives of both pharmacokinetics and pharmacodynamics. Sug-
ammadex may cause the precipitation of protamine,
amiodarone and dobutamine [38]. Additionally, sugammadex
may interact with over 40 lipophilic, steroidal and non-steroi-
dal medications. These medications include propofol, thiopen-
tal, fentanyl, remifentanil, gentamicin,
salbutamol, aminophylline, atropine, ephedrine, phentolamine,
verapamil, cortisone and hydrocortisone [39]. Although sug-
ammadex has an affinity for verapamil, that is, up to 120-700
times lower than that for rocuronium, it still binds to verapa-
mil [24]. However, no experimental or clinical studies on the
interaction between sugammadex and verapamil were found
in the literature.

In our study on the cardiotoxicity caused by verapamil, sim-
ilar to studies using beta-cyclodextrin, the group given a
16 mg/kg dose of sugammadex with verapamil showed longer
asystole times than did the control group. Our study showed
that a 16 mg/kg dose of sugammadex caused the development
of cardiovascular toxicity to be delayed. Again, similar to
studies using beta-cyclodextrin, the 1000 mg/kg sugammadex
group showed significantly shorter asystole times compared to
those of the control, S16 and S100 groups; 1000 mg/kg sug-
ammadex hastened the cardiotoxicity caused by verapamil.

Cyclodextrins have been used at various doses in experi-
mental studies on rats [21]. Tomak et al. [27,40,41] used vari-
ous doses of sugammadex, including 16 mg/kg, 96 mg/kg and
100 mg/kg, in their studies. The beta-cyclodextrin sulphobuty-
lether-b-cyclodextrin (SBE-CD) was used at 2.25 g/kg dose to
treat verapamil toxicity [21]. Similar to the doses used in these
previous experiments, we used 16 mg/kg, 100 mg/kg and
1000 mg/kg. We included a 1000 mg/kg dose because sug-
ammadex interacts with verapamil with an affinity 120-700
times less than that for rocuronium. In a preliminary study

vancomycin,

before the main experiment, 1000 mg/kg sugammadex was
given to rats, and they were observed for 1 hr; no respiratory
depression or asystole was observed in any individual, so we
determined that a 1000 mg/kg dose of sugammadex was
appropriate for use in our model.

There are some limitations of this study. The possible effect
of ketamine, used for anaesthetic purposes in our rats, on hae-
modynamic changes is one limitation. However, there are no
anaesthetics that are devoid of haemodynamic effects. Another
limitation is that mechanical ventilatory support was not pro-
vided to the rats. Similar to many experimental studies, the
present study used spontaneous respiration of the animals
[42,43]. This study is also limited with respect to an explana-
tion for the observed controversial findings in groups S16 and
S1000. This result was possibly due to mechanical factors
between the sugammadex and verapamil molecules, but at this
moment, this issue remains speculative.

In conclusion, this study showed that the effects of various
doses of sugammadex in a rat model of cardiotoxicity caused
by a 16 mg/kg dose of verapamil delayed verapamil cardio-
toxicity and that a 1000 mg/kg dose hastened cardiotoxicity.
Future studies should investigate the mechanisms of the rela-
tionship between verapamil and sugammadex.
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