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Abstract

Macrocycles and congeners are now being used to reverse the effects of poisonous substances and
to alleviate the toxicity of several medicines /1 vivo. Here we showcase the emergence of this class of
compounds behaving as supramolecular antidotes, some of which outperform “gold standards” in
the field.
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A brief introduction on supramolecular antidotes

A paradigm shift in the intentional use of poisonous substances for medical applications (e.g.,
anesthesia) has encouraged the controlled administration of relevant antidotes to cancel the transient
“toxic” effects and restore “normal” status. Many poisonous substances are small molecules amenable
to be captured by macrocycles via host-guest interactions (Figure 1). In this context, supramolecular
antidotes refer to artificial receptors, often macrocycles or congeners, that can specifically trap toxic
guest molecules /n vivo, thereby effectively reversing or inhibiting their toxicities. Research on
synthetic receptors has expanded tremendously since the discovery of the first macrocycles, and
several receptors have shown low toxicity along with highly selective affinities for several poisons.
Emerging applications along this line of research deal with the use of macrocycles and congeners to
(i) alleviate several kinds of medicine’s toxicities, eventually decreasing their side effects, and (ii) reduce
the impact of suicidal, homicidal, or accidental poisoning (such as pesticide poisoning). Finally, these
host compounds have recently been reported to efficiently capture illicit drugs, therefore alleviates
alleviate acute toxicity caused by overdose on illicit drugs may also become possible.

The first successful case: a cyclodextrin derivative

Cyclodextrins (CDs) are cyclic oligosaccharides possessing a hydrophobic cavity capable of
complexing a large variety of guest molecules. These compounds are characterized by appropriate
aqueous solubility, low toxicity, and facile functionalization due to the presence of numerous primary
and secondary hydroxyl groups. In fact, most CDs often show rather modest affinities towards their
guest molecules, making them unsuitable for specifically capturing poisonous molecules in complex
physiological environments. Sugammadex, a y-CD derivative consisting of 8 glucopyranose units
each carrying a thiopropionate group, was precisely designed and synthesized to strongly bind
rocuronium and vecuronium, two aminosteroid-based neuromuscular blocking agents (NMBAS)
(Figure 2) [1]. Rocuronium and vecuronium are extensively used for surgeries to relax skeletal muscles
of patients, ensure their immobility, and facilitate endotracheal intubation. This muscle relaxation
needs to be terminated after surgeries to limit allergic reactions and prevent the occurrence of various
side-effects, some of which can be life-threatening. These NMBAs can be encapsulated by
Sugammadex with affinities of 1.79x10" and 5.72x10° M, respectively, enabling this artificial receptor
to competitively capture NMBAs from their pharmacological receptor, the nicotinic ACh receptor [1].
Sugammadex was shown to effectively reverse the neuromuscular blocking effects of NMBAs
facilitating the recovery from anesthesia [2]. The safety and efficacy of Sugammadex has been
demonstrated in clinical studies and it has been successfully commercialized under the brand name
Bridion. Sugammadex is now one of the key antidotes to counteract the action of several
aminosteroid-based NMBAs in clinical practice. This success paved the way for the development of a
growing family of emerging supramolecular antidotes with significant clinical potential.

Another class of artificial receptors: calixarenes

Calix[n]arenes (C[n]As) are a family of cyclic phenolic oligomers with historically limited application in
biomedical sciences because the parent members of this family have shown poor water solubility and
high toxicity. Several functionalized C[71]As have been developed for potential antidotal applications.
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For instance, negatively-charged p-sulfonatocalix[n]arenes (SC[n]As, n = 4-8) are not only water
soluble and much less toxic, but also capable of complexing a variety of cationic guest species with
relatively high affinities. Paraquat (PQ) is a commonly used cationic pesticide with well-known toxicity
that has caused a significant number of casualties globally as a consequence of accidental ingestion
or suicide. Currently, there is no specific antidote against the toxicity of PQ. Interestingly, SC[71]As were
shown to alleviate PQ poisoning in mice presumably by forming inclusion complexes with PQ (binding
constant of up to 10° M™) (Figure 2) [3].

Recently, SC[4]A was further shown to be able to significantly improve the survival rate of mice
poisoned by a lethal dose of succinylcholine (Sch), the most widely used depolarizing NMBA, likely
via supramolecular interactions between SC[4]A and the Sch (A ~ 10° M™), suggesting that SC[4]A
has potential as a supramolecular antidote [4].

More recently, an oligoethylene glycol functionalized, positively-charged guanidinocalixarene
(GC[4]AOEG) was prepared in an attempt to neutralize the toxicity of unfractionated heparin (UFH)
[5]. UFH is clinically used as an anticoagulant agent, but when administered in sensitive populations
or overdosed, UFH can decrease blood pressure and slow heart rate, potentially causing internal
bleeding. The use of the only Food and Drug Administration (FDA) approved UFH neutralizer,
protamine sulfate, is not without risks. GC[4]JAOEG was shown to effectively reverse UFH-induced
excessive bleeding of several external and internal injuries in mice, with no adverse effects observed,
highlighting its significant potential for clinical translation.

Old macrocycles, new tricks: cucurbiturils

Cucurbit[]urils (CB[n]s, n = 5-8) are pumpkin-shaped rigid macrocycles containing a hydrophobic
cavity lined with two carbonyl portals, accessible to a large spectrum of guest compounds in water
and often showing high binding affinities. It has been over a century since the 1% synthesis of CB[6],
and two decades since the other key members of the cucurbiturils (e.g., CB[5], CB[7], and CBI[8]) were
discovered from the same synthetic approach. However, it was not until 2015 that CB[7] was found
to reverse anesthesia in zebrafish induced by the FDA approved veterinary drug tricaine mesylate via
supramolecular capture (Figure 2) [6]. Recently, CB[7] was demonstrated to moderately improve the
overall survival rate of mice poisoned by a lethal dose of Sch, a typical depolarizing NMBA frequently
used during general anesthesia [4]. Both of these examples illustrate the potential of CB[7],
unfunctionalized, as a supramolecular antidote in anesthesiology.

In another recent study, CB[7] was further shown to significantly alleviate the toxicity of PQ by
decreasing its levels in the plasma and major organs, thereby reducing the mortality rate and related
adverse effects of mice poisoned by PQ [7]. Impressively, CB[7] outperformed activated charcoal, the
“gold standard” antidote for the treatment of PQ poisoning.

Adaptable congeners: acyclic cucurbiturils

Rather unexpectedly, acyclic congeners of cucurbiturils have shown quite preserved binding behavior
in a number of cases with physiochemical properties compatible with biological applications [8]. For
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instance, congeners named Calabadion 1 (CLBD1) and Calabadion 2 (CLBD2) are C-shape, flexible
analogues of cucurbiturils with good water solubility and low toxicity, and have shown tight binding
affinity toward a variety of cationic guest species in an adaptable manner, including rocuronium (A =
3.4x10° M™ for CLBD2) [9], leading to an improved performance to reverse rocuronium-induced
anesthesia /n vivo compared to the clinical “gold standard”, Sugammadex.

Very recently, CLBD1 and CLBD2 were found to bind a range of illicit drugs with high affinities.
Particularly, CLBD2 can significantly reduce the hyperlocomotive activity of rats induced by
methamphetamine (Figure 2) [10]. Hence, acyclic CB[71] congeners may have promising applications
as versatile supramolecular antidotes against both NMBAs and illicit drugs.

A rising star: pillararenes

Pillar[n]arenes (PA[r]s) belong to a recently developed class of synthetic macrocycles. The structural
tunability of both rims has fueled an ever-increasing pool of structures for a plethora of applications.
Some of the PA[ 1] derivatives exhibit good water solubility, low toxicity, and selective binding affinities
for guest molecules, fulfilling the fundamental requirements to be considered as supramolecular
antidotes. For instance, water soluble carboxylated pillar[6]arene (WPA[6]) was previously shown to
reverse the toxicity of PQ /n vitro [11], and was demonstrated more recently to effectively reverse the
toxicity of lethal doses of Sch in mice [4], in a more pronounced manner than that of SC[4]A or CB[7].
In the latter example, WPA[6] remarkably decreased a variety of severe side-effects of Sch in mice
(Figure 2). These examples showcase the significant potential of water-soluble PA[7]s as universal
antidotes for cationic drugs and poisonous molecules.

Outlook and challenges

Upon the successful clinical translation of Sugammadex, scientists have started to investigate
macrocycles and congeners as potential supramolecular antidotes for a broad spectrum of medicines
and poisons. Several compounds have emerged as excellent antidotes showing promising efficacy
and safety profiles /n vivo, pushing forward the frontiers of the domain. Despite these preliminary
scientific and commercial success, several key questions remain. First, for clinical translation, receptors
must be available at a relatively large scale as commercial products. Can some of these clinically
promising macrocycles and congeners be made on a sufficient commercial scale? Second, the balance
between specificity and generality of an antidote must be carefully considered. Some supramolecular
antidotes are specific to some poisons (e.g., Sugammadex) at the expense of the broadness of toxicity
reversal. Others, such as cucurbit[r]urils and water-soluble pillar[s7]arenes are more general antidotes
towards several types of poisonous molecules; however, lower specificity may lead to unexpected
toxicity. Third, can supramolecular antidotes complement traditional ones? Combined therapies
based upon both supramolecular capture and pharmacological antidote may provide a new venue
for improved treatments of poisoning or chemical toxicity. With the rapid expansion of macrocyclic
chemistry, there is no doubt that more and more supramolecular antidotes will be designed and
developed in the future, not only for outperforming or complementing the current clinical antidotes
in both safety and efficacy, but also extending the scope of poisons that can be treated.
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Figure 1. A cartoon of the concept of supramolecular antidotes. The cartoon shows various
artificial receptors functioning as supramolecular antidotes to capture poisonous molecules.
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Figure 2. A general timeline of supramolecular antidote development. The timeline demonstrates
representative examples from each family of macrocycles and congeners.
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