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Summary

Residual paralysis, with its subsequent postoperative pulmonary sequelae, is one of the major

complications of anaesthesia, and was recognised shortly after the introduction of neuromuscular

blocking drugs into routine clinical practice. Although its incidence decreased with the introdu-

ction of intermediate duration drugs, and further diminished with routine neuromuscular moni-

toring and reversal with cholinesterase inhibitors, residual paralysis still remained a problem. In the

search for alternatives to stop the effect of neuromuscular blocking drugs and to match their

duration of action to clinical need, chelation of the non-depolarising neuromuscular blocking drugs

was considered. It was recognised that cyclodextrins could encapsulate steroidal molecules and

thereby inactivate the aminosteroidal neuromuscular blocking drugs. In order to improve the

binding of rocuronium to the cyclodextrin and to increase the compound’s water solubility, the

molecule was modified. This led to the development of sugammadex (Org 25969), a modified

c-cyclodextrin. The modification of the molecule and the initial in vitro studies that led to in vivo

and later human studies of this conceptually new drug for anaesthesia are described.
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Ever since the introduction of curare-like drugs in the

routine clinical practice of anaesthesia by Griffith and

Johnson, it was noticed that curare influences pulmonary

function and causes morbidity and mortality. In 1954,

Beecher and Todd [1] published a controversial paper

showing that the mortality amongst patients in whom

curare was used was five to six times higher than in

those not given curare. As can be read from their tables,

but which was apparently not realised by the authors,

this was especially so in the non-depolarising drug

group. The authors did not recognise the reason for the

increased mortality, but were postulating an inherent

toxic curare effect. The conclusions of the paper were

heavily disputed by anaesthetists and others.

In 1959, Bunker et al. [2] demonstrated that there was

no increased mortality after the use of suxamethonium,

although they found a 16% pulmonary area collapse in the

neuromuscular blocking drug (NMB) group and 10% in

the non-NMB group. After this publication the discus-

sion about the long duration of the NMBs and their

postoperative residual effects continued. To overcome the

disadvantageous long duration, ways of antagonising

neuromuscular blockade were considered. This led to

the use of the cholinesterase inhibitors neostigmine,

pyridostigmine and edrophonium for this purpose.

Although the incidence of residual paralysis was decreased

by use of the cholinesterase inhibitors, it was never

completely prevented. Besides, the cholinesterase inhib-

itors had many adverse effects. In 1949, Macintosh [3] had

already described a patient dying immediately after the

administration of atropine and neostigmine for reversal of

tubocurarine. Studies with 4-aminopyridine, which stim-

ulates the release of acetylcholine, were giving disap-

pointing results [4]. Continuous research in the field led

to the development of shorter-duration non-depolarising

NMBs vecuronium, rocuronium, atracurium, and miva-

curium. However, a useful, ultra-short-duration NMB

has so far not been found. Although morbidity and

mortality decreased with the development of intermedi-

ate-duration NMBs, it was not completely avoided as was

demonstrated by Berg et al. [5].

Many more studies have been published on residual

curarisation as is mentioned by others in this supple-

ment. Arbous et al. [6] demonstrated that routine

reversal decreased given postoperative mortality. Devel-

opment of new clean cholinesterase inhibitors did not

lead to compounds without side effects; in addition,

their onset of action remained relatively slow and their
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time to peak effect long. So other pathways had to be

explored.

Chemical antagonism

Already in 1924 Petroff in Russia had noticed that congo

red inactivates crude curare in dogs. He suggested a

mechanism involving binding of curare to the colloidal

congo red micelle. This was supported by the observation

that a precipitate is formed when congo red and crude

curare are mixed in vitro. In 1948, Kensler [7] studied the

interaction of congo red with tubocurarine in more

detail. He confirmed the observation both in vitro and in

vivo, and proved that it was not due to cholinesterase

inhibition. He also showed that the reversal was abso-

lutely dependent upon an interaction between congo red

and curare in a molar 1 : 1 relationship, the binding being

between the sulphuric acid groups of congo red and the

nitrogen groups of tubocurarine. Brücke et al. [8] dem-

onstrated in 1955 that the azo-dye congo red also reverses

decamethonium-induced blockade both in vitro and in

vivo. They also studied germanine (suramin, also an azo-

dye) and found that it had antagonistic properties but was

less potent than congo red. Later it was demonstrated that

it is not binding of germanine with curare that causes

reversal, but an action promoting relatively short lasting

release of acetylcholine [9]. This presumably results from

an interaction with prejunctional calcium channels [10].

In 1953, Gaddum [11] mentioned so-called antagonism

by neutralisation, namely two drugs combining with one

another to form an inactive compound. In 1956, Ariens

et al. [12] also mentioned chemical interaction: ‘The

interaction between a substance A and one receptor

system, while in the same medium substance B reacts with

A. Neither B nor the reaction product AB reacts with the

receptor system’. They gave the interaction between

decamethonium, as agonist, and germanine, as antagonist,

as an example. Removal of NMBs from the receptor was

mentioned as a possible way of reversing paralysis in 1961

by Linssen [13] in his PhD thesis in Nijmegen. He

described in vitro and in vivo studies with germanine,

antagonising gallamine, d-tubocurarine and suxametho-

nium. He wrote: ‘By chemical antagonism or antagonism

by neutralisation is an antagonism meant in which a

pharmacological active substance is removed from the

(receptor) environment via another, possible pharmacolog-

ical inactive, substance. The effective concentration of the

pharmacological active substance in the biophase is

thereby decreased’. And further: ‘In case of chemical

antagonism is the activity of the antagonist not deter-

mined by its affinity for certain specific receptors, but by

the affinity between the pharmacological active substance,

the agonist, and the antagonist’.

The antagonisms that he described are types of

chelation. The substance administered to bind the active

compound is called the host, the active compound is

called the guest; the combination the host–guest complex.

The mechanism of action of chemical antagonism implies

that neither the host nor the host–guest complex has an

intrinsic activity, thus they are pharmacologically inactive.

Chemical antagonism (chelation, complexation or encap-

sulation) has a long history in clinical use for the reversal

of the action of heparin by protamine.

The birth of an idea

In the search for new methods of reversal of non-

depolarising neuromuscular block at Organon Laborato-

ries in Newhouse, Scotland (now part of Schering

Plough), studies were started with new anticholinesterase

inhibitors [14, 15]. These were disappointing because the

new compounds retained the muscarinic side effects

observed with the older traditional cholinesterase inhib-

itors. The work progressed to the potential reversal of

NMBs by chemical chelation with anionic cyclophanes

[16]. This was based on the knowledge that both

quaternary ammonium guests and steroidal guests form

complexes with cyclophanes. Three compounds were

synthesised and studied in vitro in the chick biventer

cervicis preparation, reversing the NMBs pancuronium

and gallamine. The compounds proved to be less

potent in vitro in their reversal activity than the

traditionally used cholinesterase inhibitor neostigmine,

although with one of the compounds almost complete

reversal could be achieved when administered in a high

concentration of 2.3 mM. However, the cavity of such

small host-molecules vary considerably and their

water solubility is relatively low. It was anticipated that

this might cause problems for the reliability and safety of

reversal.

Dr Anton Bom, also at the Organon Laboratories at

Newhouse, was searching for a new solvent for rocuro-

nium bromide. At some point he worked with cyclo-

dextrins and detected that, besides the excellent solubility

of the cyclodextrins, there was a decreased potency and a

change in the pharmacodynamics of rocuronium [17]. He

interpreted these changes as being due to a decreased

release of rocuronium because of a more permanent

binding to the cyclodextrin. He also realised that

cyclodextrins have a better defined lipophilic cavity and

are more soluble in water than the cyclophanes that were

tested previously at Newhouse. This started the search for

more specific binding of rocuronium to cyclodextrins to

produce host–guest complexes. It was known from

publications on research into chemical steroid receptors

that the a-cyclodextrin cavity is too small to hold a
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steroid nucleus, so it was speculated that investigations

could be limited to the b and c-series [18].

The history of cyclodextrins

Cyclodextrins were first described in France by Villiers in

1891 as ‘cellulosine’ [19]. He detected both the a and

b-cyclodextrins as a product of digestion of starch by

Bacillus amylobacter. In 1903, the Austrian microbiologist

Schardinger [20] suggested that the term ‘crystalline

dextrin’ was a better name for the compounds which he

isolated from material produced by Bacillus macerans, and

which seemed to be identical to the compounds isolated

by Villiers. Later he changed the names into a-dextrin

and b-dextrin and laid the foundation for cyclodextrin

chemistry. This resulted in the name ‘Schardinger-

dextrins’ for the compounds.

In 1935 c-cyclodextrin was discovered by Freudenberg

and Jacobi [21]. Freudenberg also discovered in 1936 that

the cyclodextrins have a ring structure of a(1 fi 4)-

linked glucose units with a central cavity [22]. In 1948,

Freudenberg and Cramer discovered the c-cyclodextrins.

It was Saenger [23], in 1980, who discovered that the

amylase called cyclodextrin glucosyl transferase (GCTase)

could detach a turn of the polysaccharide helix and link

the two ends of the fragment to give cyclic dextrin.

CGTase is produced by micro-organisms of the genus

Micrococcus and Klebsiella. After this discovery of the

synthesis pathway mass production of cyclodextrins could

start. The compounds were used as solubilisers and, in

1953, Freudenberg et al. [24] obtained the first patent on

the use of cyclodextrins for drug formulation. Many

lipophilic drugs are currently complexed with cyclodext-

rins to increase their water solubility, i.e. prostaglandins,

dexamethasone, nitrogycerin, cephalosporins, diphenhy-

dramine, chlordiazepoxide, piroxicam, itraconazole, chl-

oramphenicol, cisapride, nicotine, dextromethorphan,

omeprazole, diclofenac, etc. However, the most intensive

use of cyclodextrins is in the food and cosmetic industries

where they are used as solubilisers and stabilisers [25]. It is

estimated that the daily intake with food of c-cyclodex-

trin is 4 g per person per day with a maximum of 8.8 g

per person per day [26]. That such amounts do not lead to

adverse effects is an indication that the cyclodextrins are

safe and have a low toxicity.

The structure and use of the cyclodextrins in

anaesthesia

Cyclodextrins are cyclic oligosaccharides consisting of six

or more a-1,4-linked D-glucopyranose units, containing

a large number of hydroxyl groups (Fig. 1). Their cyclic

structure makes a cavity with a water-soluble hydrophilic

exterior and a hydrophobic interior. They are known to

be able to form inclusion complexes with many hydro-

phobic organic molecules, and have good biological

tolerance. The number of glucopyranose molecules

determine the size of the cavity. When six glucopyranose

units are incorporated we call them a-cyclodextrins, with

seven molecules b-cyclodextrins and with eight mole-

cules c-cyclodextrins. Fewer glucopyranose molecules

then six cannot form cyclodextrins because of steric

hindrances. Cyclodextrins with nine or more glucopyra-

nose molecules are frequently unstable and upon synthesis

contain many impurities. In addition, their cavity is

collapsed and can only contain smaller molecules. The

a-cyclodextrins have a cavity opening with a diameter of

4.7–5.3 Å, the b-cyclodextrins 6.0–6.5 Å, and the

c-cyclodextrins 7.5–8.3 Å. The size of the cavity diam-

eter limits the size of the molecules that can be

encapsulated. The depth of the cavity largely determines

the binding strength. The encapsulation process is

extremely fast at rates close to diffusion. In humans the

cyclodextrins are not metabolised due to a lack of the

required enzymes, but they are excreted via the kidneys.

Some b-cyclodextrin derivatives that encapsulate drug

molecules in a reversible manner have been studied

as carriers for anaesthetic drugs like etomidate (in

2-hydroxypropyl-beta-cyclodextrin), propofol (in sulfo-

butyl ether-b-cyclodextrin), sufentanil (in hydroxypropyl-

beta-cyclodextrin and ropivacaine [27–29]. If the

encapsulation is made irreversible then the cyclodextrins

can be theoretically used for detoxification or reversal of

drug effects.

Figure 1 Structure of cyclodextrins.
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The emergence of sugammadex

After Anton Bom had developed the idea of using

cyclodextrins to encapsulate rocuronium, studies were

started. Because of publications it was known that both

b- and c-cyclodextrins could encapsulate steroidal struc-

tures. The water solubility of the b-cyclodextrins, how-

ever, is markedly less than that of the c-cyclodextrins

which could also fit the rocuronium molecule more easily

because of its larger cavity. It was found that the binding

was relatively weak, and strong binding was considered

crucial to prevent liberation of rocuronium resulting in

recurarisation. Studies with modified cyclodextrins were

performed on rocuronium-induced neuromuscular block

in the mouse phrenic nerve hemi-diaphragm preparation.

The reversal potencies clearly depended on the cavity size,

with the c-cyclodextrins having the highest potency.

Studies using nuclear magnetic resonance, microcalori-

metry, and crystallography techniques revealed that

natural cyclodextrins have a relatively short cavity that

only could host the A, B and C rings of the steroid

nucleus.

Thus elongation of the cavity was thought to be a

solution to strengthen the binding force. Side chains were

attached to the eight glucose monomers at the 6-position,

extending the depth of the cavity. Binding force was

further enhanced by attaching a negative charge

(an anionic carboxylic function) to the end of these

side-chains. This creates electrostatic interaction with the

positively charged nitrogen of rocuronium and increases

binding. Attaching these side-chains elongated the cavity

from a depth of 7.9 to 11–12 Å and a diameter of

7.5–8.3 Å. Studies confirmed that, by this elongation of

the cavity, the whole rocuronium molecule was encap-

sulated. A series of 41 per-6-thiolated cyclodextrins was

developed that made complexes with rocuronium bro-

mide and caused reversal of neuromuscular blockade in in

vitro mouse nerve-hemi-diaphragm preparations [30].

Further modifications with 4-carboxybenzyl moieties

were made on the c-cyclodextrins [31]. It appeared that

the derivatives with negatively charged carboxyls at the

rim of the cyclodextrin cavity, had a higher potency

because of electrostatic interaction with the quaternary

nitrogen of rocuronium. A number of compounds were

further studied both in vitro and in vivo. From this

modulated series of c-cyclodextrin derivatives, Org

25969 (Octakis-(6-deoxy-6-S-mercaptoproprionyl-cCD

sodium salt) was selected for its high affinity. Org 25969

(see Fig. 2) received the generic name sugammadex and is

the first selective and efficient NMB-binding agent.

The affinity of the cyclodextrins for the steroidal

NMBs was determined using micro-calorimetry. Both

vecuronium and rocuronium demonstrated with nuclear

magnetic resonance spectroscopy using single crystal

X-ray analysis a 1 : 1 binding to sugammadex (Org

25969) [32–34]. It was found that all four rings of the

steroid nucleus were in close contact with the lipophilic

wall of the sugammadex cavity. The positively charged

nitrogen in the D-ring is surrounded by the carboxylic

function of the thiopropanic acid substituents in the

sugammadex molecule (see Fig. 3) [35]. The association

constants were determined to be respectively 10 -

megamol)1 for vecuronium and 25 megamol)1 for

rocuronium. In mouse phrenic nerve hemi-diaphragm

preparations, sugammadex caused a dose-dependent

reversal of a 4 lM rocuronium-induced complete block.

Sugammadex 3.9 lM caused 50% reversal in a mean (SD)

time of 120 (17) s, and a dose of 11 lM in 27 (5) s [36]. In

mouse nerve-hemi-diaphragm studies, 4.0 lM rocuroni-

um, 2.0 lM pancuronium, and 1.0 lM vecuronium

concentrations were needed to cause complete blockade

of contractions; 50% recovery of these blocks were

obtained with 1.22 lM and 0.52 lM sugammadex respec-

tively for rocuronium and vecuronium, while pancuro-

nium was only reversed by 60%.

Figure 2 Structure of sugammadex.

Figure 3 The relation between rocuronium and sugammadex.
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This indicates that rocuronium is indeed more effec-

tively reversed than the other aminosteroids. Studies were

also performed with atracurium, mivacurium and sux-

amethonium; they appeared not to be reversed [37]. To

explain the binding of the different aminosteroids with

their different geometry, studies were performed using

nucleomagnetic resonance, isothermal titration calorim-

etry, fluorescence in solution, and X-ray crystallography.

They showed that the modified c-cyclodextrin and the

aminosteroids can change their conformation, allowing

adaptation of their structures to fit the different steroid

molecules and their chair and twist-boat conformations

[38].

Studies were performed regarding the possibility that

sugammadex binds other drugs or endogenous substances.

However, many anaesthesia-related drugs needed sug-

ammadex concentrations 120–700 times higher than

those required for the antagonism of rocuronium and

vecuronium [39]. Sugammadex is thus highly selective for

aminosteroidal neuromuscular blocking agents.

Toxicological studies with intravenous administration

of c-cyclodextrins were performed in rats [40]. They

showed that daily intravenous administration of 120–

200 mg.kg)1 were tolerated without adverse effects. With

dose levels of 600–630 mg.kg)1 transient changes were

observed that were considered as biochemical responses

without toxicological relevance. Sugammadex also

underwent toxicological screening and no relevant

adverse effects were observed.

The mechanism of action of sugammadex in

reversing neuromuscular blockade

Sugammadex is a highly selective binding agent for

aminosteroidal NMBs. It encapsulates the complete

steroid skeleton of the aminosteroidal NMB molecule

in its elongated cavity, while the negatively charged

carboxyl-groups bind to the positively charged nitrogen

in the D-ring. This makes solid binding of the NMB

molecule to the sugammadex molecule, decreasing the

free NMB concentration in the central compartment.

The penetration of the hydrophobic part of the NMB

molecule into the cavity causes dehydration of the guest

molecule and indicates that van der Waals forces and

hydrophobic interactions are involved in the binding.

Due to the binding of NMB a concentration gradient

develops, that moves NMB from the biophase toward the

central compartment by diffusion. This causes liberation

of acetylcholine receptors to which acetylcholine can

then bind again. The whole process is rapid because the

encapsulation speed is similar to the speed of diffusion of

the rocuronium molecules. As a result neuromuscular

blockade will recover and the total rocuronium plasma

concentration will increase. That such an increase in

plasma rocuronium concentration parallels the recovery

of muscle contraction was demonstrated in in vivo studies

[41]. The rocuronium–sugammadex complex is rapidly

excreted via the kidneys, as was confirmed in studies in

the guinea pig [42]. The excretion proved to be similar to

creatinine clearance indicating that it is mainly via

glomerular filtration. Furthermore, sugammadex has a

small volume of distribution and a short elimination half-

life. In the same investigation it was demonstrated that

sugammadex enhances the urinary excretion of rocuro-

nium. Because sugammadex does not affect the acetyl-

choline receptor or the amount of acetylcholine present at

the nicotinic or muscarinic receptor, is it not to be

expected that there will be adverse effects related to these

receptors from its administration.

Conclusion

Sugammadex emerged from the search for a safer reversal

agent for the non-depolarising NMBs. This modified

c-cyclodextrin binds steroidal non-depolarising NMBs

rapidly and ‘permanently’. Because its effect is based on a

chemical interaction with the NMB molecule in which no

receptors are involved, adverse effects are not to be

expected. Furthermore, in many other human applica-

tions, the c-cyclodextrins have been proven to be without

allergic or toxicological effects, as confirmed in toxicology

studies with sugammadex. Based on the in vitro studies,

sugammadex was further developed in in vivo animal and

human studies as described in this supplement.
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