pharmaceuticals

Review

FDA-Approved Oximes and Their Significance in Medicinal

Chemistry

Jyothi Dhuguru !, Eugene Zviagin 2 and Rachid Skouta 3*

Citation: Dhuguru, J.; Zviagin, E.;
Skouta, R. FDA-Approved Oximes
and Their Significance in Medicinal
Chemistry.

Pharmaceuticals 2022, 15, 66.
https://doi.org/10.3390/ph15010066

Academic Editor: Marialuigia

Fantacuzzi

Received: 6 December 2021
Accepted: 30 December 2021
Published: 4 January 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Mitchell Cancer Institute, University of South Alabama, 1660 SpringHill Avenue, Mobile, AL 36604, USA;
jyothi.dhuguru@gmail.com

2 Department of Chemistry, University of Michigan, 930 N. University Ave.,
Ann Arbor, MI 48109, USA; ezviagin@umich.edu

3 Department of Biology, University of Massachusetts, Amherst, MA 01003, USA

* Correspondence: rskouta@umass.edu; Tel.: +1-413-577-4167

Abstract: Despite the scientific advancements, organophosphate (OP) poisoning continues to be a
major threat to humans, accounting for nearly one million poisoning cases every year leading to at
least 20,000 deaths worldwide. Oximes represent the most important class in medicinal chemistry,
renowned for their widespread applications as OP antidotes, drugs and intermediates for the syn-
thesis of several pharmacological derivatives. Common oxime based reactivators or nerve antidotes
include pralidoxime, obidoxime, HI-6, trimedoxime and methoxime, among which pralidoxime is
the only FDA-approved drug. Cephalosporins are (3-lactam based antibiotics and serve as widely
acclaimed tools in fighting bacterial infections. Oxime based cephalosporins have emerged as an
important class of drugs with improved efficacy and a broad spectrum of anti-microbial activity
against Gram-positive and Gram-negative pathogens. Among the several oxime based derivatives,
cefuroxime, ceftizoxime, cefpodoxime and cefmenoxime are the FDA approved oxime-based anti-
biotics. Given the pharmacological significance of oximes, in the present paper, we put together all
the FDA-approved oximes and discuss their mechanism of action, pharmacokinetics and synthesis.

Keywords: oximes; organophosphates; acetylcholinesterase; antidotes; pralidoxime; obidoxime;
HI-6; trimedoxime; methoxime; cefuroxime; ceftizoxime; cefpodoxime; cefmenoxime; antibiotics;
cephalosporins

1. Introduction

Oximes are the most common and widely acclaimed nitrogen containing biological
motifs, with diverse biological and pharmacological applications. These hydroxy-imine
derivatives are regarded for their antibacterial, anti-fungal, anti-inflammatory, anti-oxi-
dant and anti-cancer activities [1,2]. Oximes have gained wide popularity due to their
potency to act as antidotes against nerve agents. This is achieved by their ability to reac-
tivate the enzyme—acetyl-cholinesterase (AChE) [3]. Organophosphates (OPs) are the
compounds commonly used as pesticides, insecticides, medications and as nerve agents
in chemical weapons. These compounds are extremely toxic and OP poisoning symptoms
can vary from nausea, vomiting, diarrhea, muscle tremors and confusion, and can lead to
fatality in a few minutes to days, depending on the toxicity of the agent [4]. Although the
first OP insecticide was engineered in the mid-1800s, it only came to light after World War
II.

A seminal work by Wilson et al., demonstrated that cholinesterase inhibition by the
OPs can be reversed by hydroxamic acid and other oxime derivatives, and can therefore
be used as powerful antidotes [5]. This discovery was further extended in the year 1958
by Grob et al., who reported two novel oximes named pyridine-2-aldoxime or pralidox-
ime (2-PAM) and diacetyl monoxime (DAM) as adjunts to atropine, which can reverse the
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neuromuscular block due to OP poisoning and activation of AChE [6]. Ever since the dis-
covery of 2-PAM for organophosphate poisoning, a large number of bioactive compounds
bearing oxime moieties were synthesized by various research groups towards the devel-
opment of more effective antidotes. In addition to 2-PAM, other oxime derivatives, such
as obidoxime, HI-6, trimedoxime and methoxime, were used as one of the standard anti-
dotes for OP poisoning (Figure 1). Nevertheless, the antidote 2-PAM is the only FDA-
approved drug until now, for the treatment of OP poisoning (Figure 1).
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Figure 1. Chemical structures of oxime-based nerve antidotes.

In addition to being used as OP antidotes, oxime-based cephalosporins are utilized
as anti-microbial agents [7]. Among the 3-lactam antibiotics, penicillin and cephalosporin
drugs are the most widely and commonly prescribed anti-bacterial agents against infec-
tions [8]. The discovery of cephalosporin C in the 1950s, paved the way to the develop-
ment of hundreds of novel cephalosporins [9]. Mechanistically, cephalosporin C is sub-
jected to chemical or enzymatic hydrolysis to obtain 7-aminocephalosporanic acid, which
serves as a key intermediate to synthesize several cephalosporin derivatives [10]. Oxime
based cephalosporins are widely used drugs against bacterial infections and, among them,
cefuroxime, ceftizoxime, cefpodoxime and cefmenoxime are FDA-approved oximes used
against several bacterial infections (Figure 2). Their synthesis and pharmacokinetics will
be discussed in this review.
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Figure 2. Chemical structures of FDA-approved oximes.

1.1. The Sources and Discovery of Oximes

Oximes constitute a very important class of compounds in plants and serve as key
players in the metabolism and a variety of biosynthetic pathways [11,12]. A wide range of
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oximes are found in plants and several structurally diverse oximes are involved in the
metabolism of plant growth and development. The most common varieties include vola-
tile organic compounds, cyanogenic glucosides and glucosinolates, which explains the
ubiquitous nature of these enzymes in plants [11].

Early reports on the occurrence of oximes in plants were reported by Tapper et al., in
1967 [13]. They identified the isobutyraldoxime compound from linen flax (Linum usitatis-
simum), during their investigation on cyanoglucoside linamarin [13]. The cyanoglucoside
compounds family are most commonly encountered in plants, and play a vital role in the
plant’s defense mechanism by the release of hydrogen cyanide. Concurrently, preliminary
reports on their occurrence in the biosynthesis of glucosinolates were presented by Un-
derhill et al., who isolated and identified phenylacetaldehyde oxime via phenylalanine
from Tropaeolum majus shoots through their C14 labeling experiments [14]. Phenylacetal-
dehyde oxime was found to be the precursor of the glucosinolate glucotropaeolin. In
members of Brassicaceae and Arabidopsis, the formation of indole-3-acetadoxime from tryp-
tophan serves as an important biosynthetic pathway for the biotransformation to other
important metabolites, such as camalexin, via indole-3-acetonitrile, auxins, such as indole-
3-acetic acid, and other indole-3-glucosinolates [15,16]. An extensive review by Mahade-
van et al., in 1973, described the role of oximes as intermediates in their biotransformation
to amino acids and secondary metabolites, such as cyanogenic glucosides, nitriles and
other derivatives [17]. Notably, oximes in plants are derived from amino acids through
biosynthetic pathways catalyzed by the CYP79 family —a class of enzymes that are known
to play a critical role in both normal and specialized metabolism [11].

1.2. The Synthesis of Oximes

Oximes have gained wide interest in the field of organic chemistry due to their ease
of synthesis from the carbonyl compounds, and their facile conversion to nitriles, amines,
nitro compounds and other heterocyclic compounds [18]. In addition, they are popular as
protecting groups of carbonyl compounds and as intermediates in the Beckmann rear-
rangement for the synthesis of important (3-lactam derivatives [19]. Oximes have wide
ranging industrial applications and a classic example of their significance is indicated by
the great production of caprolactam, which is a precursor to nylon-6, whose production
exceeds over five million tons per year [20].

The classical method of oxime synthesis involves the treatment of hydroxylamine
with aldehydes or ketones. Oximes can also be derived from non-carbonyl compounds,
and the reduction of nitroalkenes is the most useful method to generate both aldoximes
and ketoximes [21]. The reduction of a,3-unsaturated nitroalkenes (when the nitro group
is terminal) with a slightly acidic medium, such as tin (II) chloride, results in aldoximes in
a high yield. On the other hand, the reduction of a,-unsaturated nitroalkenes (when the
nitro group is internal) with alkaline medium, such as sodium stannite (Na25nQ:), yields
ketoximes in high yields [22]. In addition to oximes, oxime ethers and esters, amidoximes
have also gained the attention of organic chemists in the recent years, owing to their ability
to generate a variety of heterocyclic compounds that are of great biological and pharma-
cological interest. The detailed description of the synthesis of oximes and their derivatives
were extensively reviewed [22,23].

1.3. Isomerism of Oximes

Oximes generally exist in the form of interconvertible E and Z stereoisomers, depend-
ing on the orientation of groups around the C=N bond [24]. These isomers can have dif-
ferent physical properties and can be readily isolated by chromatography or recrystalliza-
tion techniques. Oxime stereoisomers have important pharmacological properties and
studies revealed that Z-isomers are more stable and predominant than E-isomers. Differ-
ential scanning calorimetry studies also proved this fact that heating and melting of E-
oxime readily afforded the Z-oxime. Interestingly, the reagents used for the synthesis of
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oximes from aldehydes and ketones can also catalyze the interconversion of E and Z iso-
mers. Temperature plays a critical role in the determination of the isomer ratio, as any
change in the temperature can vary the position of equilibrium and subsequently alter the
equilibration ratio of the isomer mixture [25].

The discussion on oxime isomerism cannot be complete without referring to other
tautomers of oximes [26]. Three main tautomeric forms have been identified, namely ox-
imes, nitrones and nitroso compounds. Oxime-to-nitrone isomerization through a thermal
1,2-hydrogen shift was first identified by Grigg et al. [27] Both nitrone and nitroso tauto-
mers were found to be less stable than oximes. Nitrones are found to be more reactive
than oximes, and, therefore cannot be isolated, but can be trapped as intramolecular cy-
cloaddition products [28].

1.4. Bioisosterism and Its Pharmacological Relevance in Oximes

Jung et al. proposed 1,2,3-triazole as an isostere for oxime in the synthesis of potential
cytochrome P450 stabilizers [29]. On the other hand, Patani and LaVoie reported meth-
yleneaminoxy methyl (MAOM) moiety as a bioisostere for benzene rings (Figure 3a) [30].
In this way, the oxime ether 2 can serve as a [3-adrenoblocker (Figure 3a), and an anti-
inflammatory agent 4 analogous to diclofenac 3 (Figure 3b). Morpholine-based antide-
pressants, similar to viloxazine 5, modified with MAOM (6, Figure 3c) showed similar in
vivo and in vitro results. The same bioisosterism principle was applied for the modifica-
tion of penicillins; however, the minimum inhibitory concentrations were significantly in-
creased when using derivative 8 instead of penicillin G 7 (Figure 3d). The inversion of the
oxyimino group also proved to be isosteric in terms of pharmacophoric homology and
chemical reactivity, as in the case of 3-adrenergic activity for derivatives 9 and 10 (Figure
3e). Oximes also showed comparable results to ketones, in the studies of LTB4 inhibition.
However, most importantly, oximes and oxime ethers can be used as analogs for phos-
phate groups and for peptide bonds [31,32,33]. Potentially, such bioisosterism can lead to
the discoveries of new therapeutic agents for the treatment of nucleotide and protein-re-
lated illnesses.
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Figure 3. (a—e): Representative structures of MAOM moiety-modified bioisosteres of common bio-
active compounds.

The advantages of using oximes-based derivatives as therapeutic agents can be ex-
plained by a close investigation of the structure of the hydroxyimino (or alkoxyimino)
group (Figure 4) [34]. Due to tautomerism and the possibility of E- and Z-isomers of ox-
imes, this moiety proves its universality and can thus be used for various purposes of
medicinal chemistry. This is evident by the tautomerization observed in the formation of
the nitro isomer, as shown in Figure 4. Another reason of oxime relevance for the phar-
maceutical industry is its ability to play a dual role as a hydrogen bond donor and an
acceptor.
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Figure 4. Isomerism in oximes.

2. Classification of FDA-Approved Oximes

Despite the growing number of oxime-based compounds that have passed clinical
testing and are already widely used for medicinal purposes, the FDA approved only six
of them, which include pralidoxime, teboroxime (a myocardial imaging agent) and four
oxime-based cephalosporines. We summarize the known pharmacokinetic properties of
these FDA-approved oximes, the state-of-the-art acknowledged mechanism of their ac-
tion, their close analogs and synthesis. As teboroxime is an imaging agent and does not
have a therapeutic activity, in this short review, our center of focus will be on OP treat-
ment agents and oxime-based cephalosporines. The FDA-approved oxime-based drugs
can be classified into two categories, namely (a) oximes as organophosphate poisoning
antidotes and (b) oximes based cephalosporin antibiotics.

2.1. Oximes as Organophosphate (OP) Poisoning Antidotes

Tetraethylpyrophosphate (TEPP) was the first OP, synthesized in 1854 by the French
chemist Philippe de Clermont [35]. The general structure of OPs was first provided by
Schrader in 1937, which is comprised of esters or thioesters or anhydride derivatives of
phosphoric acid [36]. OPs contain a facile leaving group, which is prone to hydrolysis and
is eliminated by the phosphorylation of acetylcholinesterase [37].

Before the administration of oximes for OP poisoning, it is critical to remove any OP
residues from the patient. Depending on the affected area of poisoning, which can be ei-
ther the skin (dermal), eyes (ocular) or by ingestion (gastric), decontamination is the pre-
liminary approach to relieve the patient of OP poisoning [38,39]. While the exposed re-
gions must be thoroughly decontaminated using soap and water, oral ingestion entails
the need of gastric aspiration and lavage [38]. Decontamination methods also encompass
the use of hypochlorite, Fuller's earth, sodium hydroxide or sodium bicarbonate,
depending on the scale of OP poisoning. In addition to the use of antidotes, other physical
and photochemical methods are also being applied for decontamination. Photochemical
methods, such as photolysis, photocatalysis and photosensitizers, and the use of metal
organic frameworks, non-thermal plasma, cyclodextrins and gamma irradiation are
among other common methods for OP decontamination [40,41,42,43]. After the prelimi-
nary steps to counteract the OP poisoning, a second strategy will be to administer bi-
oscavengers, either through aerosols or intravenously to purge the patient from the toxins.
These bioscavengers are of three types, which include stoichiometric, catalytic and pseu-
docatalytic classes [44]. The stoichiometric category includes the single-use enzymes,
while the catalytic group has a high turnover and can be divided into either mammalian
and bacterial types, based on the source of the enzyme. Some bacterial enzymes include
phosphotriesterase, methyl parathion hydrolase and organophosphate acid anhydrolase,
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while paraoxonase, the human senescence marker protein and human triphosphate nu-
cleotidohydrolase are some of the mammalian catalytic bioscavengers employed for the
OP poisoning treatment [44,45]. The treatment of OP poisoning by using oximes, which is
our current discussion, and other enzyme inactivators falls under the pseudocatalytic type
[39].

The most important application of oximes is their ability to treat OP poisoning by the
reactivation of acetylcholinesterase, which is inactivated by the OPs that form the dime-
thyl- or diethylphosphoryl-acetylcholinesterase complex [24,46]. The current known or-
ganophosphates that are used as nerve poisons include sarin, cyclosarin, tabun, VX, Rus-
sian VX, Chinese VX, soman and novichok (Figure 5) [47,48,49,50]. A detailed investiga-
tion on the OP poisoning and the development of AChE reactivators as antidotes ap-
peared in the literature [51]. A recent literature review by Worek et al., focused on the area
of OP poisoning and lists the systematic development of oxime reactivators to counter the
toxic effects of OP derivatives [52].
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Figure 5. Chemical structures of selected organophosphate agents.

2.2. Significance of Acetylcholinesterase and Its Inhibition in OP Poisoning

Acetylcholinesterase (AChE, also known as acetylcholinehydrolase) is an enzyme
that catalyzes the hydrolysis of neurotransmitter acetylcholine to choline and acetic acid
(or acetate) [53]. Acetylcholine is a major neurotransmitter found in the central and pe-
ripheral nervous systems, best known for the transmission at the neuromuscular junction
and at ganglionic synapses, and is broken down by the action of AChE [36]. AChE is com-
posed of a serine site and an anionic site. The serine site is embedded in the active site of
the enzyme and is prone to OP attack, ultimately resulting in the phosphorylation of ser-
ine site and the inactivation of AChE through the formation of a strong covalent bond.
This irreversible binding results in the AChE inhibition by excessive cholinergic stimula-
tion on the nicotinic and muscarinic receptors. This overstimulation can result in a variety
of symptoms based on the type of receptor. Hyperstimulation of muscarinic receptors can
lead to nausea, vomiting, diarrhea, seizures, abdominal cramps, incontinence of feces and
urine, while the hyperactivation of nicotinic receptors can result in hypertension, muscle
cramps, fasciculations, tachycardia and paralysis [54]. Death in patients due to OP poi-
soning, commonly occurs from the respiratory failure.

The normal mechanism of action of AChE (Figure 6) includes the binding of acetyl-
choline to the anionic site via its positively charged quaternary nitrogen, and to the serine
hydroxyl group via a hydrogen bond with the carbonyl oxygen of acetyl group [34]. Such
combined action fixates acetylcholine in a position that strongly favors a nucleophilic at-
tack by the water molecule on the carbonyl group, and, hence, the hydrolysis of the mol-
ecule, as shown in Figure 6.
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2.3. Detoxification of OP Poisoning by Pralidoxime

The inactivation of AChE by OPs leads to the accumulation of acetylcholine in the
exposed patients, resulting in the overactivation of muscarinic and nicotinic receptors,
which ultimately culminates in the range of aforementioned symptoms [55]. The mecha-
nism of action of the reactivation of AChE by oximes can be best described using the FDA-
approved drug, 2-pyridine-aldoxime methyl chloride (2-PAM) (also known as pralidox-
ime), as a classic example (Figure 7). The 2-PAM is the most popular and well-investigated
agent, along with HI-6 and obidoxime [4,36,56]. The 2-PAM has a positively charged qua-
ternary nitrogen atom of the pyridinium ion that specifically interacts with the anionic site
of the AChE, and, then, the hydroxyl group of the oxime moiety replaces the serine resi-
due by nucleophilic substitution, releasing the free hydroxy (OH)-group of the amino acid
(Figure 7) [57,58,59]. This can be explained due to the higher affinity of 2-PAM to become
phosphorylated over the serine residues by the OP agent, and thereby liberating the en-
zyme and making it available to bind to acetylcholine [53]. This AChE restoration relieves
the associated symptoms of OP poisoning, such as muscle twitching and tremors, convul-
sions, difficulty breathing and fatigue [36].



Pharmaceuticals 2022, 15, 66

9 of 26

A)

Aniohic
site

II‘

if¥ = OR’
"aging"

sy

B) q.
v.9 x

| Esteric
1 sn:e
'

electrostatic 0
interaction Y- P‘X

%

|
(L“ oﬁ‘

ROH
0
p

F R'OH

‘c')X
HO- P’

=Y/
[reactlvated AChE ,-

Figure 7. (A) Organophosphate poisoning of AChE. (B) Reactivation of AChE by pralidoxime.

The major limitation of oxime treatment in OP poisoning, lies in the fact that none of
these drugs can effectively reactivate the AChE inactivation induced by all OP com-
pounds, and their efficacy is dictated by the therapeutic window, controlled by the time
of administration and “aging” [60,61]. As observed earlier, OP compounds have a facile
leaving group that is lost during the serine phosphorylation; if an additional alkyl group
is lost in the process producing an oxyanion on the phosphoryl group, then this process
is referred to as EagingE. Aging in OPs stabilizes the oxyanion with the positively charged
histidine residues by the electrostatic attraction, thereby making the AChE resistant to the
reactivation by oximes [61].

3. Computational and SAR Studies of AChE Reactivators

Several studies based on molecular modeling and computer simulations appeared in
the literature, to aid the experimental research in the efforts to design efficient oximes for
the deactivation of a broad spectrum of OP compounds, as no single oxime available in
the market can target the broad spectrum of OP derivatives [62,63,64]. For instance, dock-
ing studies and DFT calculations, conducted by Ramalho et al., demonstrated that the
theoretical data aligned well with the experimental results, in the prediction of free ener-
gies of oximes that can further aid in designing effective oximes targeting AChE [65].

Jokanovic and Prostran reviewed the known structure-activity relationship (SAR)
studies of oxime-based antidotes, including 2-PAM [66]. Their key findings revealed that
(a) the presence of quaternary cationic nitrogen is essential; (b) the length of the linker
between the two bispyridinium rings affects their potency; and (c) better results were ob-
served for compounds in which the hydroxyimino group is in position 2 or 4 in the pyri-
dinium ring relative to the nitrogen atom, due to the hydroxyimino increased acidity.
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Binding mode of HI-6 and obidoxime:
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The in silico docking study of oxime-based OP antidotes such as HI-6 and obidoxime
against the 3D crystal structure of mouse AChE (Figure 8: PDB: 2GYW) was reported by
Bhattacharjee and co-workers [34]. Their studies showed that binding to the potential ac-
tive site of AChE occurs via strong cation-m interactions between the Trp286 and Tyr124
side chains, and the 4-carboxylamine-pyridinium ring of the HI-6. Tyr337, Phe338 and
Tyr341 were also reported to interact via nonbonding contacts and hydrogen bonds to the
2-hydroxy-iminomethylpyridinium ring of HI-6. Additional analysis of the binding mode,
showed the hydrogen bond donor of the oxime group with Val282 and via cation-m inter-
actions with Trp286 and Tyr72 side chains. The hydroxyl group of the oxime was also
found to form hydrogen bonding acceptors with the Phe 295 and Arg 296 side chains.
Authors also stated that the binding of obidoxime to AChE, proceeds through the cation—
7t and m-1t interactions of both pyridinium rings with the sidechains of the AChE protein
(Tyr124, Trp286, Tyr72, Tyr341 and Phe338). More importantly, oximes were showed to
form a hydrogen bond with the carbonyl oxygen of Val282 (Figure 8). This highlights the
significance of the oxime group in the OP antidotes [67].
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Figure 8. Binding modes of (a) HI-6, (b) obidoxime and (c) structure activity relationship (SAR)
study based on oxime 11 dependence of ICso (half maximal inhibitory concentration) for the reacti-
vators of the human recombinant AChE, PDB# 2GYW (stated are the positions of oxime groups in
the pyridinium rings related to the nitrogen atom, number of carbon atoms in the linker and ICso of
the reactivation of acetylcholinesterase using compounds 11).

Sepsova et al. investigated the SAR studies of twenty four various oximes, which are
close structural analogs of 2-PAM and HI-6, and obtained by changing the position of the
hydroxyimino group in the aromatic ring and the nature of the linker between two pyri-
dine fragments [68]. The tests were carried out for human recombination AChE and the
results were compared to the earlier reports. They confirmed that the highest activity is
observed for the ortho-oximes, and the size of the linker should be larger than five carbon
atoms (Figure 8).
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Musilek et al. reviewed a variety of the different AChE reactivators discovered by
that time and discussed their structure—activity relationship, including oxime- and non-
oxime-based reactivators [69]. They concluded that mono-oxime based compounds per-
formed better than bis-oximes, whereas bis-quaternary compounds are preferable over
mono-quaternary derivatives. At the same time, the non-oxime part of the oxime reacti-
vator is also very important, as it was stated for molecules containing carbamoyl, methyl-
carbonyl or isoquinolinium moieties. However, Gorecki et al. recently reported the effi-
cacy of uncharged non-zwitterionic bis-oximes, showing their SAR by in silico experi-
ments [70].

Castro and Figueroa-Villar performed calculations using Hartree—Fock, Moller—Ples-
set and density functional theory (DFT) methods, such as B3LYP, for the determination of
rotational barriers, charge distribution and some geometrical and equilibrium parameters
for both protonated and unprotonated (zwitterion) forms of pralidoxime [71]. These two
forms are present in the physiological conditions and the mechanisms of action are still
an object of debate. Despite the fact that the unprotonated form is biologically active, its
rigidity due to conjugation and the weaker nucleophilicity of oxygen makes its hard to
bind to the active center of acetylcholinesterase, thereby favoring the protonated form.
This arrangement makes the side chain flexible, to adjust to the geometry of the enzyme.
The weaker nucleophilicity of the oxygen results from the contribution of the non-aro-
matic resonance form that decreases the partial negative charge of atoms.

Silva et al. later investigated the geometric parameters and charge distributions of
another organophosphate antidote —HI-6 [72]. The results for the charge densities for ox-
ime oxygen were contradictory, and, therefore, could not be used to indicate the existence
of resonance forms for the HI-6 molecule. The general trend for negative charge density
of the side chain oxygen atom favors various electrostatic interactions, which can explain
the high efficiency of HI-6 in the treatment of OP poisoning. Further studies on the ration-
alization of the structure of the AChE reactivator to lower the toxicity of the substance and
increase its lipophilicity and reactivation rate are in progress [73,74].

Table 1 is a compilation of a short comparison of the most important pharmacokinetic
parameters for oxime-based AChE reactivators that are already in use, and some most
promising experimental oximes. Bohnert et al. also recently reviewed the pharmacokinetic
data of 2-PAM, HI-6 and obidoxime, as parts of OP poisoning treatment (in combination
with each other and atropine) [56]. The problem of slow development of this class of com-
pounds is due to their slow transition from clinical trials to real-time applications, as it
occurred to HI-6 in the past [52]. From the latest data, one of the most promising oxime
reactivators is K203 [75].

Table 1. Various pharmacokinetic parameters of common oxime based antidotes. (ti2: half-life ex-
cretion time; Cmax: maximum concentration in blood plasma; and Tmax: time to reach Cmax). (Cmaxand
Tmax listed for injected concentrations not exceeding 50 mg/kg).

Oxime ECso Tmax Cmax T2 Status
(mg/L) (min) (uM) min

2-PAM [62] 4.67 10 37-132 37.6-55  Approved
Obidoxime [73,74,75] 57.0 4.5 78 28.4 Approved
HI-6 [37,73,76] 304 5.8 138 25.7 Approved
RS194B [77] ND 5 112 52 Candidate
K027 [76,78] 229 5 586 60 Candidate
K203 [79] ND 22 242 101 Candidate

The most recent data showed that several oximes were effectively used, even as pre-
treatment for the paraoxon poisoning [76]. Examples include RS194B, K027, K074, K075,
K156, K868 and K869 (Figure 9). Although there have been significant advancements dur-
ing recent years, there is a crucial need for the development of new oxime derivatives to
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overcome the shortcomings of the existing ones, such as the low lipophilicity of oxime-
based compounds and improving the blood-brain barrier penetration [77,78]. In this di-
rection, continuous research is in progress for the development of more efficient oxime
derivatives to reduce the toxicity and increase potency [79].
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Figure 9. Chemical structures of oxime-based organophosphate antidotes.

4. Oxime Based FDA Approved Drugs
4.1. Pralidoxime

Pralidoxime is an FDA-approved acetylcholinesterase reactivator and is the most
used oxime for the treatment of OP poisoning. In addition to being approved as an anti-
dote for the nerve agent poisoning, it is also most often used as an antidote for OP poison-
ing in conjunction with atropine. Although it exists in various other salt forms, such as
mesylate, methiodide and methyl sulfate forms, chloride is the most predominant form of
2-PAM, owing to its low molecular weight, excellent water solubility and high potency
[53,54,80]. The minimum therapeutic amount of 2-PAM was reported to be 4 pg/mL in the
blood plasma, which can be reached within 15 min of a single intramuscular injection, and
a similar dose can be repeated after one hour of the symptoms [81]. Maximum concentra-
tion is reached within 35 min [53,80]. As noted earlier, pralidoxime acts by the binding of
the pyridine moiety next to the damaged organophosphate-modified serine site in the
AChE, and the nucleophilic attack of the phosphorus atom by the oxime oxygen.

Pralidoxime is an active ingredient in medications, such as Atnaa, Duodote (with at-
ropine), pralidoxime chloride and protopam chloride (Table 2) [82].

Pralidoxime chloride is synthesized, as shown in the synthetic Scheme 1 [83]. The
first step involves the treatment of pyridine-2-carboxaldehyde (12) with hydroxylamine
hydrochloride to obtain an aldoxime intermediate 13. The resulting oxime (13) is further
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methylated using a corresponding methylation agent, to obtain N-methylated-pyri-
dinium intermediate (14). The final step involves the treatment of compound 14 with dry
HCl gas in isopropyl alcohol, to afford the desired 2-pralidoxime chloride.

| = NH2OH, H,0 | = CH3X RS dry HCI | X
_— > R —— _ Y™ .
N5 24h N“>~>Ngoy  EtOH,24h N7 >N, Isopropyl alcohol ~yZ >N
I X | CI
12 ° 13 14
X=Ts, Ms, | Pralidoxime chloride

Scheme 1. Synthetic scheme of pralidoxime chloride.

Table 2. FDA-approved oximes, their brand names (discontinued and active) and medicinal appli-
cations. **: cited references.

Structure Brand Applications (References) **
S Atnaa, Duodote

| (with atropine),

FN =N Organophosphate poisoning and pre-treatment

N "OH Pralidoxime
CH; Chloride, [57,82].
Pralidoxime Protopam Chloride

Cardiotec Agent for myocardial perfusion imaging [84,85].

Teboroxime

H:N
SA N o H Gonorrhea, pelvic inflammatory disease,
E’g/\\c/ S urinary tract infections, cystitis, epiglottitis,
/ ] N Cefizox meningitis, osteomyelitis, pneumonia, skin/soft
o~ N (0] tissue infection and other diseases caused by
/ 0% “OH Gram(+) and Gram(-) bacteria [86].

Ceftizoxime
"y o
N
S\)\\\/ );—‘N/ P 0 . Acute bronchitis, pneumonia,
N N Banan, Vantin, .. ye s .
o 0 CH; Cefoodoxim pharyngitis/tonsillitis, gonorrhea, urinary tract
e e
‘CH3 0“0 O CH; I]; il infections, otitis and other diseases caused by
roxeti
)\ S /I\ Gram(+) and Gram(-) bacteria [87,88,89].

HsC”~ "0~ ~0” “CH,

Cefpodoxime
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Cefuroxime

Treatment of female gynecologic and obstetric

infection, gonorrhea, otitis, skin/soft tissue
Cefmax . . S .
infection, sinusitis and other diseases caused by

Gram(+) and Gram(-) bacteria [90,91].

. . Skin and middle ear infections, tonsillitis, throat
Ceftin, Cefuroxime, . . .. - .
. infections, laryngitis, bronchitis, pneumonia,
Cefuroxime . ; .
urinary tract infections, gonorrhea and other

diseases caused by Gram(+) and Gram(-)
bacteria [92,93].

sodium, Kefurox,
OH Zinacef

4.2. Teboroxime

Teboroxime or technetium-99m-teboroxime (Tc-99m-teboroxime) is a small, neutral,
lipophilic mixture obtained from the boronic acid adducts of technetium dioxime com-
plexes (BATOs) [94,95,96]. It is synthesized from methylboronic acid, stannous chloride
and 99m-technetium salts following the synthetic route, as shown in Scheme 2. It is used
as amyocardial perfusion imaging agent, ever since FDA approval in the year 1991 [97,98].
Tc-99m-teboroxime was then withdrawn from the market because of rapid clearance ki-
netics that did not allow high qualities of the images.[85] Nevertheless, it was taken back
to the market, in some countries, for the solid-state photon emission computed tomogra-
phy (SPECT). Its pharmacokinetics and distribution were discussed in relation to coronary
artery disease and ischemia [99,100]. Teboroxime was the active ingredient in previously

FDA-approved Cardiotec (Table 2) [101].
l l

NaTcO4 oM IN |\ I\ Hs
HsC._ _OH

i B 8 /CI\|\
: NN ENEEEENEEEE
OH SnCly, H,0 Q\ ,,,,,,,,,, ,
100 °C, 20 min / \N:O
H

16

Teboroxime

Scheme 2. Synthetic scheme of teboroxime.

4.3. Oxime-Based Cephalosporins

[-lactam antibiotics: The discovery of Penicillium by Alexander Fleming, in 1928, rep-
resents a remarkable milestone in the history of science, as it revolutionized the field of
medicinal chemistry towards the development of various anti-bacterial drugs against a
spectrum of bacterial infections [102,103]. Today, (3-lactam antibiotics have emerged as the
most common and widely used tools to treat the bacterial infections and include several
classes, such as penicillins, cephalosporins, carbapenems, (-lactamase inhibitors and
monolactams [8,104,105]. They inhibit the bacterial cell wall synthesis by interfering with
the biosynthesis of peptidoglycan, which occurs when antibiotics bind to specific penicil-
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lin binding proteins involved in the transpeptidation reactions, ultimately leading to bac-
terial cell lysis and death [8,10]. Cephalosporins are a large group of 3-lactam derivatives,
first isolated from the fermentation products of Cephalosporium acremonicum near a sewage
coast of Sardinia [9].

Cephalosporins: Cephalosporins are comprised of a large amount of cephalosporin
C, which is made of 7-amino-cephalosporanic acid (7-ACA) and alpha-aminoadipic acid
[7,9,10]. As shown in Figure 10, cephalosporin core is comprised of a B-lactam ring teth-
ered to a 6-membered dihydrothiazine ring. This structure sets them apart from penicillins
and renders them resistant to the p-lactamase action of microbes. Cephalosporins can be
derivatized into several types, based on two primary structural modifications-one on the
amino group of the (3-lactam ring and the other on the 3rd position of dihydrothiazine
ring.

COOH

Cephalosporir

Figure 10. Structure of cephalosporin C.

Cephalosporins are categorized into five groups, usually designated as first to fifth
generations, based upon their discovery and spectrum of anti-bacterial activity [10,104].
The most recent ones include fifth generation cephalosporins. First generation cephalo-
sporins have a wide range of anti-bacterial activity against Gram-positive cocci and enter-
obacteria, but limited activity against Gram-negative microbes. Second generation cepha-
losporins are less potent against Gram-positive bacteria, but have improved activity
against Gram-negative bacteria, compared to the first generation. The most popular ox-
ime-based drugs in this class includes cefuroxime (Figure 11). Third generation cephalo-
sporins exhibit extended activity against Gram-negative pathogens, and this class is
known for their resistance to p-lactamase and shows a high potency against resistant
strains of Gram-negative bacteria.
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Figure 11. Representative examples of cephalosporin-based oximes.

Oxime-based cephalosporins of this class include ceftriaxone, ceftazidime, cefotax-
ime, ceftizoxime, cefixime and cefpodoxime (Figure 11). Fourth generation cephalospor-
ins have a wide spectrum and improved activity against both Gram-positive and Gram-
negative bacteria. Cefepim and cefpirome belong to this category (Figure 11). Fifth gener-
ation cephalosporins includes ceftaroline with a broad-spectrum anti-bacterial activity,
and its ability to treat methicillin-resistant Staphylococcus aureus and other pathogenic
strains, such as Listeria monocytogenes and Enterococcus faecalis, makes it unique among
other classes.

4.4. Cefuroxime

Cefuroxime is a second generation cephalosporin, usually sold in the form of its Ax-
etil ester (Table 2 and Figure 12d) [92,93,106]. It is reported that it takes less than 3 min to
be converted to free acid, once the substance is in the body. Its bioavailability is considered
to be higher in a fasting state than after a meal, which needs further validation. It is vari-
ably distributed in organs and tissues, but is shown to accumulate in the respiratory tract
tissues. Most anti-bacterial medications of this class are shown to induce nausea, vomit-
ing, diarrhea and gastrointestinal side-effects [92,107]. This semisynthetic antibiotic is re-
ported to be effective against lower respiratory tract infections, skin and soft tissue infec-
tions and even on the early stages of the Lyme disease [108]. Its pharmacokinetics, thera-
peutic efficacy and pharmacodynamics are thoroughly reviewed in recent publications
(Table 3). Cefuroxime is an active ingredient of medications, such as discontinued Ceftin,
Cefuroxime, Cefuroxime sodium, Kefurox and currently prescribed Zinacef (Table 2)
[109].
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s
)\NHz

Ceftizoxime

t12=1.6-2.6 hrs ty2=1.9-2.8 hrs

solubility in water 229 mg/mL R=H o solubility in water 400 mg/mL
Chax = 34.7 mg/L Cpmax = 1.0-4.5 mg/L
Trmax = 1.5 hrs R=“LLLLg o)k o Tmax = 1.9-3.1 hrs

/
c ; O/N
efmenoxime h
ty2= 1.3-1.58 hrs R=H ty2=3.1hrs
solubility in water 450 mg/mL (o] solubility in water 107 mg/mL
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e e el e

Figure 12. Pharmacokinetic parameters for (a) ceftizoxime, (b) cefpodoxime, (c) cefmenoxime, and
(d) cefuroxime compounds.

The synthetic scheme of cefuroxime is shown in Scheme 3 [104]. The first step in-
volves the treatment of 2-acetyl-furan (17) with nitrous acid to obtain compound 18, which
is further converted to a methoxy-imine intermediate (19), by the reaction with methoxyl-
amine. Compound 19 is further treated with oxalyl chloride to obtain compound 20, which
is then converted to 22 by the reaction with a 7-amino-cephalosporanic acid intermediate
(21). Compound 22 is deacetylated and converted to 24 via intermediate 23 using
chlorosulfonyl isocyanate. Compound 24 is further hydrolyzed to 25, and the final step of
benzhydryl deprotection using trifluoroacetic acid, afforded the desired product of ce-

furoxime.
0
H3C0\N
NaNOaHCI Hye N s
Fy o NeNORE _HaN-OCH; | N 9 - . H
o 0 M Bcocn
CHy COOH COOH cocl o 3 % cocky
17 18 0P n
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N sozm N
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Ph“Ph Ph
23 24 25
H3CO-
3 [;] H
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° !
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Cefuroxime

Scheme 3. Synthetic scheme of cefuroxime.
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4.5. Ceftizoxime

Ceftizoxime is a third-generation cephalosporin anti-bacterial agent, introduced in-
travenously or intramuscularly (Figure 12a) [110,111]. Just like other third-generation an-
tibiotics, it is active against many Gram-positive and Gram-negative bacteria, including
those that have evolved to produce 3-lactamases [110]. The main adverse effects of the
drug include gastroenteric tract symptoms, such as nausea, vomiting, diarrhea and rashes
[112]. The rate of binding to the protein is tested to be 30%, and ti2 of the subject compound
is proved to be around 1.5 h (Table 3). Additional details from the pharmacokinetic studies
are presented in Table 3. The cumulative review informs us that ceftizoxime is particularly
good for the treatment of lower respiratory tract and skin and soft issue infections [86].
Ceftizoxime is an active ingredient of discontinued Cefizox (Table 2) [111].

Table 3. Pharmacokinetic parameters of the FDA-approved oximes. (ti2: half-life excretion time;
Cmax: maximum concentration in blood plasma; and Tmax: time to reach Cmax).

Compound

Ceftizoxime [113]

Cefpodoxime [120]

Cefmenoxime
[124,125]

Cefuroxime
[127,128]

ECso (mg/L) tu2 (h) Solubility Cmax (mg/L) Tmax (h) Target
5.7-9.4 (rabbits)
B. fragilis: 202 1 [61027]57 Water (229 347 15 S. aureus: PBP 2
E. cloacae: 51 o mg/L) [117] ’ S [118] [119]
(people)
[114,115,116]
H. influenzae:
0.04 E. coli:
M. catarrhalis: Water (400 Peptidoglycan
0.12 1.9-28 ug/mL) [122] 1045 1931 synthase Ftsl
S. pneumoniae: [123]
0.27 [121]
E. coli:
ND 1315 vater(d0 g o673 0s7-077 eptidoglycan
mg/L) [126] synthase Ftsl
[90]
Water (107
mg/L), good
in acetone, Clostridium
K. pneumoniae: sparingl 4.1-4.8 2.0-2.5; i
5.61 (124 224 S(I))lubleg iZ\ 86-90 1804 Pefringens: PBP
1A [129]
chloroform,
ethyl acetate,
methanol

Ceftizoxime is synthesized as shown in Scheme 4 [104]. Synthesis begins with the
reduction of 4-nitrobenzylester derivative (26), to obtain intermediate 27. Compound 27
is acylated using acetic anhydride and pyridine to obtain compound 28, which is then
deacetylated to 29, and further converted to 7-amino intermediate 30 using a mixture of
phosphorus pentachloride and pyridine. Compound 30 is first acetylated at the 7-amino
position, and subsequently transformed to intermediate 32 by treatment with 31. The ni-
tro-benzyl ester of compound 32 is further deprotected using palladium over carbon, to
obtain intermediate 33 and, ultimately, deformylated to obtain the desired compound,
ceftizoxime.
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Scheme 4. Synthetic scheme of ceftizoxime.

4.6. Cefpodoxime

Cefpodoxime is a third-generation antibiotic of the cephalosporin class, active
against most Gram-positive and Gram-negative bacteria with good activity against He-
mophilus spp., Moraxella spp., Klebsiella spp. and E. coli (Figure 12b) [89,130,131]. Usually
administered orally, the drug inhibits the cell wall synthesis by interfering with the pep-
tidoglycan synthesis. Cefpodoxime proxetil is de-esterified to its active metabolite-
cefpodoxime, by the action of esterase at the intestinal wall. The oral bioavailability is
around 50%, after rapid absorption from the gastrointestinal tract within Tmax of 3 h. The
pharmacokinetic studies of cefpodoxime were also carried out and were extensively re-
viewed [87,89]. Minimum inhibitory concentration (MIC) values were summarized by
Todd et al., which report cefpodoxime as a highly effective agent against many species of
Enterobacteriaceae with MIC values as low as 0.6 pg/mL. However, Morganella and Entero-
bacter species, including P. aeruginosa and some strains of M. morganii, E. cloacae and K.
pneumoniae, were found to be resistant [87]. It was observed that upon oral administration,
cefpodoxime accumulated in tonsillar and parotid tissue, lung parenchyma, pleural fluid
and inflammatory fluid, and it was recovered unchanged in the urine. Its relatively long
ti2 time of excretion (1.9-2.8 h) allowed for less frequent dosing (Table 3) [88,121,132].
Cefpodoxime is effective in curing urinal and respiratory infections, including some skin
conditions [133]. It is poorly soluble in water (400 pug/mL) and the recent computational
studies showed that it is even less soluble in many other solvents. Cefpodoxime proxetil
is an active ingredient of FDA-approved medications, such as discontinued Banan, Vantin
and currently prescribed Cefpodoxime Proxetil (Table 2) [134].

Cefpodoxime is synthesized from 7-ACA, as shown in Scheme 5 [135]. In the first
step, 7-ACA (34) is treated with the acid chloride of thiazolyl derivative (35) to obtain
compound 36. The resulting intermediate (36) is treated with aqueous methanol and cal-
cium chloride to obtain the deacetylated intermediate (37). In the next step, intermediate
38 is obtained by dechloroacylation using thiourea, which is subsequently treated in the
final step with 1-iodoethyl isopropyl carbonate (39) to afford the desired compound,
cefpodoxime.

HaN H3C cl cl—
N To 8 i f\fﬂu N O il }4‘"‘: n O N s
; d = - o = c— _S.
e Ao R e R B P ]
N__\._.0. CH; MeOHM,0 N7 NSO
- [} -0 N SN N 3 2 N ~"""CH
o7 oH CIF o @ I g o ©° /L 3
CHs o7 oH © CH5 07 "OH
34 35 36 37
HoN
o H
HaN_ o, H \ N e s
Thiourea N \C"N S _— 7
—/ r CH3 0 CH; Dichyclohexylamine \/ N‘ //,L o
NaHCO3H,0 /J, bo L N P,
N “CH; 1 o 07 “CHj N,N - dimethylacetamide o
Yo CHs 0”0 o CcH;
s oA e
HL™ "0” "0” “CH3
38 39 Cefpodoxime

Scheme 5. Synthetic scheme of cefpodoxime.
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4.7. Cefmenoxime

Cefmenoxime is a third-generation cephalosporin, predominantly used in the treat-
ment of gynecological and obstetric infections, in addition to nosocomial pneumonia (Fig-
ure 12c) [90,136]. Studies revealed the slow development of drug resistance by E. coli, K.
preumoniae and S. aureus [91]. On the other hand, the strains of P. aeruginosa have a ten-
dency to make cefmenoxime inactive. Gambertoglio et al. evaluated the pharmacokinetics
of cefmenoxime in 5 volunteers and 15 patients with renal insufficiency [137]. After a 5
min long intravenous infusion of 10 mg/kg dose, the peak concentration in blood plasma
was 95 mg/L, and the cumulative 24 h recovery of the subject compound was 81% for the
volunteers; the number was smaller for the patients. Other studies conducted by Polk et
al., using 30 min long intravenous infusion of 15 mg/kg dose, were also in line with Gam-
bertoglio’s results [138]. A more detailed study of pharmacokinetics was published by
Granneman et al., who determined the excretion and metabolism times, AUC, Cmax and
Tmax for the different sizes of single intravenous and intramuscular injections of cefmenox-
ime [125]. Evidently, the Cmaxvalues were much greater and depended on the dose injected
(Table 3). Cefmenoxime is an active ingredient in discontinued Cefmax (Table 2) [139].

Cefmenoxime can be synthesized, as shown in Scheme 6 [140]. The synthesis of
cefmenoxime consists of two parts, which includes the synthesis of two major intermedi-
ates: (a) thiazole intermediate (43) and (b) 7-amino-cephalosporanic acid derivative (47).
To begin with, the methoxyimino intermediate (40) is treated with thiourea (41) to obtain
the thiazole intermediate (42), which is further hydrolyzed to a 2-amino-thiazole deriva-
tive (43). The 7-ACA intermediate (34) is obtained by the esterification of intermediate (44)
in an aqueous solution of methyl acetate. The resulting intermediate (34) is coupled with
the tetrazole intermediate (46), in the presence of boron trifluoride to obtain the interme-
diate 47, which is subsequently treated with intermediate 43 in the final step to afford the
desired compound cefmenoxime.

NH
o N= 2 §— HiCO
Na;COj, Na,SO q N= NaOH, H,0, 55 °C -
e R N ) L
NHz  CHy(CHj)gsNMeg Br 1 HCI, H0 )
H,0, MeOH N OCH, o TOH
42 a3
HaN, sz N HN s N
)“_/S\ T 46 Al 43 /“//\‘C/N¥ _-S.
N\ _o__cHy BF R T N ':"bs N s 0]
7 1.E1,0 o y =0 Et3N, CH,Cly, rt N O N_= S_ N
A I)r ACN, 50°C, J\ 1,(,’“ 2. HCI:H;0, pH:2 ¥ o’ e
07 0H 3h 07 "oH - HaN oPon NN
34 47

Cefmenoxime

Scheme 6. Synthetic scheme of cefmenoxime.

5. Conclusions

The hidden medicinal activity of oximes derivatives found a remarkable place as de-
toxification agents in the field of OP poisoning, and as ground-breaking antibiotics in the
form of cephalosporin derivatives. Currently, six oxime-based drugs were approved by
the FDA. Among them, 2-PAM is an FDA-approved oxime, used to restore the activity of
AChE in OP poisoning; teboroxime, a myocardial perfusion agent; and the other four be-
ing cefuroxime, cefpodoxime, ceftizoxime and cefmenoxime, belonging to the cephalo-
sporins class.

Acetylcholinesterase reactivation has gained a lot of addition, in recent years, with
the growing number of suicides resulting from the use of OP agents as insecticides and
nerve warfare agents. Although, other oxime-based drugs, such as HI-6, obidoxime and
methoxime can also be used for OP poisoning, only 2-PAM has gained the FDA approval
for resurrecting the AchE inactivation. With the challenges associated with the so-called
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“aging” process, toxicity and low blood-brain barrier penetration, there is a rising de-
mand for the development of effective therapies against OP poisoning to overcome these
current limitations and the associated side effects.

On the other hand, alkoxyimino derivatives of cephalosporins feature a higher sta-
bility against many known [3-lactamases, and are effective against several Gram-positive
and Gram-negative bacterial infections. With the readily accessible structure and unique
electronic properties of oximes, which make it a hydrogen bond donor and acceptor, a
new subclass of cephalosporin anti-bacterial agents has come to light. This novel class of
oxime derivatives shows promising anti-bacterial action and great pharmacokinetic pa-
rameters over the existing antibiotics.

Author Contributions: Conceptualization, R.S., ].D and E.Z.; Methodology, n/a; Software, n/a.; Val-
idation, n/a.; Formal Analysis, n/a; Investigation, n/a; Resources, n/a.; Data Curation, n/a.; Writing-
Original Draft Preparation, E.Z. and R.S.; Writing-Review & Editing, ].D. and R.S.; Visualization,
J.D. and R.S.; Supervision, R.S.; Project Administration, n/a.; Funding Acquisition, R.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors thank the: (i) Department of Chemistry and Department Biology
at the University of Massachusetts (UMASS), (ii) Lung Cancer Research Foundation, (iii) Institute
for Applied Life Sciences /Collaborative Cancer Research Grant at UMASS for financial support.

Conflicts of Interest: The authors declare no conflicts of interest

References

1. Kozlowska, J.; Potaniec, B,; Zarowska, B.; Aniol, M. Synthesis and Biological Activity of Novel O-Alkyl Derivatives of
Naringenin and Their Oximes. Molecules 2017, 22, 1485, https://doi.org/10.3390/molecules22091485.

2. Zhmurenko, L.A; Litvinova, S.A.; Kutepova, L.S.; Nerobkova, L.N.; Mokrov, G.V.; Rebeko, A.G.; Voronina, T.A.; Gudasheva,
T.A. Synthesis of Dibenzofuranone-Oxime Derivatives with Anticonvulsant, Antihypoxic, and Anti-Ischemic Activity. Pharm.
Chem. ]. 2020, 53, 997-1004, https://doi.org/10.1007/s11094-020-02112-2.

3. Purves, D.; Williams, S.M. (Eds.) Neuroscience, 2nd ed.; Sinauer Associates: Sunderland, Massachusetts, USA, 2001.

4.  Robb, E.L,; Baker, M.B. Organophosphate Toxicity. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020.

5. Wilson, I.B.; Ginsburg, S. A Powerful Reactivator of Alkylphosphate-Inhibited Acetylcholinesterase. Biochim. Biophys. Acta 1955,
18, 168-170, https://doi.org/10.1016/0006-3002(55)90040-8.

6.  Grob, D.; Johns, R.J. Use of Oximes in the Treatment of Intoxication by Anticholinesterase Compounds in Normal Subjects. Am.
J. Med. 1958, 24, 497-511, https://doi.org/10.1016/0002-9343(58)90290-0.

7. Shahbaz, K. Cephalosporins: Pharmacology and Chemistry. Pharm. Biol. Eval. 2017, 4, 234, https://doi.org/10.26510/2394-
0859.pbe.2017.36.

8.  Lima, L.M,; da Silva, B.N.M,; Barbosa, G.; Barreiro, E.J]. B-Lactam Antibiotics: An Overview from a Medicinal Chemistry Per-
spective. Eur. J. Med. Chem. 2020, 208, 112829, https://doi.org/10.1016/j.ejmech.2020.112829.

9.  Abraham, E.P. The Cephalosporin C Group. Q. Rev. Chem Soc. 1967, 21, 231-248, https://doi.org/10.1039/QR9672100231.

10. Bui, T.; Preuss, C.V. Cephalosporins. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020.

11. Serensen, M.; Neilson, E.H.].; Meller, B.L. Oximes: Unrecognized Chameleons in General and Specialized Plant Metabolism.
Mol. Plant 2018, 11, 95-117, https://doi.org/10.1016/j.molp.2017.12.014.

12.  Surowiak, A.K,; Lochynski, S.; Strub, D.]. Unsubstituted Oximes as Potential Therapeutic Agents. Symmetry 2020, 12, 575,
https://doi.org/10.3390/sym12040575.

13. Tapper, B.A.; Conn, E.E.; Butler, G.W. Conversion of a-Keto-Isovaleric Acid Oxime and Isobutyraldoxime to Linamarin in Flax
Seedlings. Arch. Biochem. Biophys. 1967, 119, 593-595, https://doi.org/10.1016/0003-9861(67)90500-0.

14. Underhill, E.W. Biosynthesis of Mustard Oil Glucosides: Eur. ]. Biochem. 1967, 2, 61-63, https://doi.org/10.1111/j.1432-
1033.1967.tb00106.x.

15. Mano, Y.; Nemoto, K. The Pathway of Auxin Biosynthesis in Plants. J. Exp. Bot. 2012, 63, 2853-2872,
https://doi.org/10.1093/jxb/ers091.

16. Dhuguruy, J.; Skouta, R. Role of Indole Scaffolds as Pharmacophores in the Development of Anti-Lung Cancer Agents. Molecules

2020, 25, 1615, https://doi.org/10.3390/molecules25071615.



Pharmaceuticals 2022, 15, 66 22 of 26

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Mahadevan, S. Role of Oximes in Nitrogen Metabolism in Plants. Annu. Rev. Plant Physiol. 1973, 24, 69-88,
https://doi.org/10.1146/annurev.pp.24.060173.000441.

Bolotin, D.S.; Bokach, N.A.; Demakova, M.Y.; Kukushkin, V.Y. Metal-Involving Synthesis and Reactions of Oximes. Chem. Rev.
2017, 117, 13039-13122, https://doi.org/10.1021/acs.chemrev.7b00264.

Beckmann, E. Zur Kenntniss der Isonitrosoverbindungen. Berichte Dtsch. Chem. Ges. 1886, 19, 988-993,
https://doi.org/10.1002/cber.188601901222.

Tinge, J.; Groothaert, M.; op het Veld, H.; Ritz, J.; Fuchs, H.; Kieczka, H.; Moran, W.C. Caprolactam. In Ullmann’s Encyclopedia
of Industrial Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2018; pp. 1-31,
https://doi.org/10.1002/14356007.a05_031.pub3.

Sahyoun, T.; Arrault, A.; Schneider, R. Amidoximes and Oximes: Synthesis, Structure, and Their Key Role as NO Donors. Mol-
ecules 2019, 24, 2470, https://doi.org/10.3390/molecules24132470.

Robertson, G.M. Imines and Their N-Substituted Derivatives: Oximes and Their O-R Substituted Analogues. In Comprehensive
Organic Functional Group Transformations; Elsevier: 1995; pp. 425-441, https://doi.org/10.1016/B0-08-044705-8/00171-0.

Abele, E.; Lukevics, E. Recent Advances in the Chemistry of Oximes. Org. Prep. Proced. Int. 2000, 32, 235-264,
https://doi.org/10.1080/00304940009355921.

Bohle, D.S.; Chua, Z.; Perepichka, I.; Rosadiuk, K. E/ Z Oxime Isomerism in PAC(NOH)CN. Chem. Eur. J. 2013, 19, 4223-4229,
https://doi.org/10.1002/chem.201203357.

Sharghi, H.; Sarvari, M.H. Selective Synthesis of E and Z Isomers of Oximes. Synlett 2001, 2001, 0099-0101,
https://doi.org/10.1055/s-2001-9719.

Blatt, A.H. The Tautomersim of Oximes. ]. Org. Chem. 1938, 3, 91-98, https://doi.org/10.1021/j001219a001.

Grigg, R.; Gunaratne, H.Q.N. Prototropic Generation of Dipoles. A New Synthesis of Indole-3-Carboxylic Acids. J. Chem. Soc.
Chem. Commun. 1984, 10, 661-662, https://doi.org/10.1039/c39840000661.

Noguchi, M.; Okada, H.; Nishimura, S.; Yamagata, Y.; Takamura, S.; Tanaka, M.; Kakehi, A.; Yamamoto, H. A Simple Oxime—
Nitrone Isomerisation and Intramolecular Nitrone-Cycloaddition Reaction of 3-(Alk-2-Enylamino)Propionaldehyde Oximes. J.
Chem. Soc. Perkin Trans. 11999, 2, 185-192, https://doi.org/10.1039/a807542e.

Jung, S.; Choi, K.; Pae, A.N.; Lee, ].K.; Choo, H.; Keum, G.; Cho, Y.S.; Min, S.-]. Facile Diverted Synthesis of Pyrrolidinyl Triazoles
Using Organotrifluoroborate: Discovery of Potential MPTP Blockers. Org. Biomol. Chem. 2014, 12, 9674-9682,
https://doi.org/10.1039/C40B01967 A.

Patani, G.A.; LaVoie, E.J. Bioisosterism: A Rational Approach in Drug Design. Chem. Rev. 1996, 96, 3147-3176,
https://doi.org/10.1021/cr9500664.

Balachandran, N.; To, F.; Berti, P.J. Linear Free Energy Relationship Analysis of Transition State Mimicry by 3-Deoxy-D-Arabino-
Heptulosonate-7-Phosphate (DAHP) Oxime, a DAHP Synthase Inhibitor and Phosphate Mimic. Biochemistry 2017, 56, 592-601,
https://doi.org/10.1021/acs.biochem.6b01211.

Rose, K. Facile Synthesis of Homogeneous Artificial Proteins. | Am. Chem. Soc. 1994, 116, 30-33,
https://doi.org/10.1021/ja00080a004.

Stanley, M.; Virdee, S. Genetically Directed Production of Recombinant, Isosteric and Nonhydrolysable Ubiquitin Conjugates.
ChemBioChem 2016, 17, 1472-1480, https://doi.org/10.1002/cbic.201600138.

Bhattacharjee, A.K.; Kuca, K.; Musilek, K.; Gordon, R K. In Silico Pharmacophore Model for Tabun-Inhibited Acetylcholinester-
ase Reactivators: A Study of Their Stereoelectronic Properties. Chem. Res. Toxicol. 2010, 23, 26-36,
https://doi.org/10.1021/tx900192u.

Holmstedt, B. Structure-Activity Relationships of the Organophosphorus Anticholinesterase Agents. In Cholinesterases and An-
ticholinesterase Agents; Koelle, G.B., Eichler, O., Farah, A., Eds.; Handbook of Experimental Pharmacology; Springer: Berlin/Hei-
delberg, Germany, 1963; Volume 15, pp. 428-485, https://doi.org/10.1007/978-3-642-99875-1_9.

Eyer, P. The Role of Oximes in the Management of Organophosphorus Pesticide Poisoning: Toxicol. Rev. 2003, 22, 165-190,
https://doi.org/10.2165/00139709-200322030-00004.

NATO Advanced Study Institute on Toxicology of Pesticides; Costa, L.G.; Galli, C.L.; Murphy, S.D.; North Atlantic Treaty Or-
ganization; Scientific Affairs Division. Toxicology of Pesticides: Experimental, Clinical, and Regulatory Perspectives; Springer: Ber-
lin/Heidelberg, Germany, 1987.

Balali-Mood, M.; Saber, H. Recent Advances in the Treatment of Organophosphorous Poisonings. Iran. ]. Med. Sci. 2012, 37, 74—
91.

Alozi, M.; Rawas-Qalaji, M. Treating Organophosphates Poisoning: Management Challenges and Potential Solutions. Crit. Rev.
Toxicol. 2020, 50, 764-779, https://doi.org/10.1080/10408444.2020.1837069.

Jacquet, P.; Daudé, D.; Bzdrenga, J.; Masson, P.; Elias, M.; Chabriere, E. Current and Emerging Strategies for Organophosphate
Decontamination: Special Focus on Hyperstable Enzymes. Environ. Sci. Pollut. Res. 2016, 23, 8200-8218,
https://doi.org/10.1007/s11356-016-6143-1.

Reddy, P.V.L.; Kim, K.-H. A Review of Photochemical Approaches for the Treatment of a Wide Range of Pesticides. |. Hazard.
Mater. 2015, 285, 325-335, https://doi.org/10.1016/j.jhazmat.2014.11.036.

Mondloch, J.E.; Katz, M.].; Isley, W.C., III; Ghosh, P; Liao, P.; Bury, W.; Wagner, G.W.; Hall, M.G.; DeCoste, ].B.; Peterson, G.W.;
et al. Destruction of Chemical Warfare Agents Using Metal-Organic Frameworks. Nat. Mater. 2015, 14, 512-516,
https://doi.org/10.1038/nmat4238.



Pharmaceuticals 2022, 15, 66 23 of 26

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kim, S.H.; Kim, ].H.; Kang, B.-K. Decomposition Reaction of Organophosphorus Nerve Agents on Solid Surfaces with Atmos-
pheric Radio Frequency Plasma Generated Gaseous Species. Langmuir 2007, 23, 8074-8078, https://doi.org/10.1021/1a700692t.
Mukherjee, S.; Gupta, R.D. Organophosphorus Nerve Agents: Types, Toxicity, and Treatments. ]. Toxicol. 2020, 2020, 1-16,
https://doi.org/10.1155/2020/3007984.

Thakur, M.; Medintz, I.L.; Walper, S.A. Enzymatic Bioremediation of Organophosphate Compounds —Progress and Remaining
Challenges. Front. Bioeng. Biotechnol. 2019, 7, 289, https://doi.org/10.3389/fbioe.2019.00289.

Eddleston, M. Are Oximes Still Indicated for Acute Organophosphorus Insecticide Self-Poisoning? |. Med. Toxicol. 2018, 14, 1-
2, https://doi.org/10.1007/s13181-018-0651-y.

Nepovimova, E.; Kuca, K. Chemical Warfare Agent NOVICHOK —Mini-Review of Available Data. Food Chem. Toxicol. 2018,
121, 343-350, https://doi.org/10.1016/j.fct.2018.09.015.

Vale, J.A.; Marrs, T.C.; Maynard, R.L. Novichok: A Murderous Nerve Agent Attack in the UK. Clin. Toxicol. 2018, 56, 1093-1097,
https://doi.org/10.1080/15563650.2018.1469759.

Lyagin, I.; Efremenko, E. Theoretical Evaluation of Suspected Enzymatic Hydrolysis of Novichok Agents. Catal. Commun. 2019,
120, 91-94, https://doi.org/10.1016/j.catcom.2018.11.019.

Jeong, K.; Choi, ]. Theoretical Study on the Toxicity of Novichok’ Agent Candidates. R. Soc. Open Sci. 2019, 6, 190414,
https://doi.org/10.1098/rs0s.190414.

de Castro, A.A.; Assis, L.C.; Soares, F.V.; Kuca, K.; Polisel, D.A.; da Cunha, E.F.F.; Ramalho, T.C. Trends in the Recent Patent
Literature on Cholinesterase Reactivators (2016-2019). Biomolecules 2020, 10, 436, https://doi.org/10.3390/biom10030436.
Worek, F.; Thiermann, H.; Wille, T. Organophosphorus Compounds and Oximes: A Critical Review. Arch. Toxicol. 2020, 94,
2275-2292, https://doi.org/10.1007/s00204-020-02797-0.

Gupta, R.; Parmar, M. Pralidoxime. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020.

Kharel, H.; Pokhrel, N.B.; Ghimire, R.; Kharel, Z. The Efficacy of Pralidoxime in the Treatment of Organophosphate Poisoning
in Humans: A Systematic Review and Meta-Analysis of Randomized Trials. Cureus 2020, 12, 7174, https://doi.org/10.7759/cu-
reus.7174.

Costa, L.G. Organophosphorus Compounds at 80: Some Old and New Issues. Toxicol. Sci. 2018, 162, 24-35,
https://doi.org/10.1093/toxsci/kfx266.

Bohnert, S.; van den Berg, RM.; Mikler, J.; Klaassen, S.D.; Joosen, M.J.A. Pharmacokinetics of Three Oximes in a Guinea Pig
Model and Efficacy of Combined Oxime Therapy. Toxicol. Lett. 2020, 324, 86-94, https://doi.org/10.1016/j.toxlet.2020.01.013.
Roberts— Agency for Toxic Substances and Disease Registry.Pdf. https://www.atsdr.cdc.gov/csem/cholinesterase/docs/cholin-
esterase.pdf

Kesharwani, M.K.; Ganguly, B.; Das, A.; Bandyopadhyay, T. Differential Binding of Bispyridinium Oxime Drugs with Acetyl-
cholinesterase. Acta Pharmacol. Sin. 2010, 31, 313-328, https://doi.org/10.1038/aps.2009.193.

Cholinesterase Inhibitors: Part 2: What Are Cholinesterase Inhibitors? | Environmental Medicinel ATSDR. Available online:
https://www.atsdr.cdc.gov/csem/cholinesterase-inhibitors/inhibitors.html (accessed on 21 December 2021).

Zhuang, Q.; Young, A.; Callam, C.S.; McElroy, C.A.; Ekici, O.D.; Yoder, R.J.; Hadad, C.M. Efforts toward Treatments against
Aging of Organophosphorus-Inhibited Acetylcholinesterase: Treatments against Aging of OP-Inhibited Acetylcholinesterase.
Ann. N. Y. Acad. Sci. 2016, 1374, 94-104, https://doi.org/10.1111/nyas.13124.

Marrs, T.C.; Rice, P.; Vale, J.A. The Role of Oximes in the Treatment of Nerve Agent Poisoning in Civilian Casualties. Toxicol.
Rev. 2006, 25, 297-323, https://doi.org/10.2165/00139709-200625040-00009.

De Boer, D.; Nguyen, N.; Mao, J.; Moore, ].; Sorin, E.J. A Comprehensive Review of Cholinesterase Modeling and Simulation.
Biomolecules 2021, 11, 580, https://doi.org/10.3390/biom11040580.

Singh, S.P.; Gupta, D. Discovery of Potential Inhibitor against Human Acetylcholinesterase: A Molecular Docking and Molecu-
lar Dynamics Investigation. Comput. Biol. Chem. 2017, 68, 224-230, https://doi.org/10.1016/j.compbiolchem.2017.04.002.
Joniczyk, J.; Kukutowicz, J.; Latka, K.; Malawska, B.; Jung, Y.-S.; Musilek, K.; Bajda, M. Molecular Modeling Studies on the
Multistep Reactivation Process of Organophosphate-Inhibited Acetylcholinesterase and Butyrylcholinesterase. Biomolecules
2021, 11, 169, https://doi.org/10.3390/biom11020169.

Ramalho, T.C.; Franga, T.C.C.; Renné, M.N.; Guimaraes, A.P.; da Cunha, E.F.F.; Kuda, K. Development of New Acetylcholines-
terase Reactivators: Molecular Modeling versus in Vitro Data. Chem. Biol. Interact. 2010, 185, 73-77,
https://doi.org/10.1016/j.cbi.2010.02.026.

Jokanovic, M.; Prostran, M. Pyridinium Oximes as Cholinesterase Reactivators. Structure-Activity Relationship and Efficacy in
the Treatment of Poisoning with Organophosphorus Compounds. Curr. Med. Chem. 2009, 16, 2177-2188,
https://doi.org/10.2174/092986709788612729.

Pathak, A.K.; Bandyopadhyay, T. Dynamic Mechanism of a Fluorinated Oxime Reactivator Unbinding from AChE Gorge in
Polarizable Water. ]. Phys. Chem. B 2018, 122, 38763888, https://doi.org/10.1021/acs.jpcb.8b01171.

Sepsova, V.; Karasova, ].; Korabecny, J.; Dolezal, R.; Zemek, F.; Bennion, B.; Kuca, K. Oximes: Inhibitors of Human Recombinant
Acetylcholinesterase. A Structure-Activity Relationship (SAR) Study. Int. J. Mol. Sci. 2013, 14, 16882-16900,
https://doi.org/10.3390/ijms140816882.

Musilek, K.; Dolezal, M.; Gunn-Moore, F.; Kuca, K. Design, Evaluation and Structure-Activity Relationship Studies of the AChE
Reactivators against Organophosphorus Pesticides. Med. Res. Rev. 2011, 31, 548-575, https://doi.org/10.1002/med.20192.



Pharmaceuticals 2022, 15, 66 24 of 26

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

Gorecki, L.; Gerlits, O.; Kong, X.; Cheng, X.; Blumenthal, D.K,; Taylor, P.; Ballatore, C.; Kovalevsky, A.; Radi¢, Z. Correction:
Rational Design, Synthesis, and Evaluation of Uncharged, “Smart” Bis-Oxime Antidotes of Organophosphate-Inhibited Human
Acetylcholinesterase. ]. Biol. Chem. 2020, 295, 6784, https://doi.org/10.1074/jbc. AAC120.013785.

Castro, A.T.; Figueroa-Villar, ].D. Molecular Structure, Conformational Analysis and Charge Distribution of Pralidoxime: Ab
Initio and DFT Studies. Int. |. Quantum Chem. 2002, 89, 135-146, https://doi.org/10.1002/qua.10302.

Silva, G.R.; Borges, I; Figueroa-Villar, ].D. DFT Conformational Studies of the HI-6 Molecule. Int. ]. Quantum Chem. 2005, 105,
260-269, https://doi.org/10.1002/qua.20700.

Chambers, J.E.; Meek, E.C. Novel Centrally Active Oxime Reactivators of Acetylcholinesterase Inhibited by Surrogates of Sarin
and VX. Neurobiol. Dis. 2020, 133, 104487, https://doi.org/10.1016/j.nbd.2019.104487.

Gorecki, L.; Korabecny, J.; Musilek, K.; Nepovimova, E.; Malinak, D.; Kucera, T.; Dolezal, R.; Jun, D.; Soukup, O.; Kuca, K.
Progress in Acetylcholinesterase Reactivators and in the Treatment of Organophosphorus Intoxication: A Patent Review (2006—
2016). Expert Opin. Ther. Pat. 2017, 27, 971-985, https://doi.org/10.1080/13543776.2017.1338275.

Kuca, K.; Musilek, K; Jun, D.; Zdarova-Karasova, J.; Nepovimova, E.; Soukup, O.; Hrabinova, M.; Mikler, J.; Franca, T.C.C; Da
Cunha, E.F.F,; et al. A Newly Developed Oxime K203 Is the Most Effective Reactivator of Tabun-Inhibited Acetylcholinesterase.
BMC Pharmacol. Toxicol. 2018, 19, 8, https://doi.org/10.1186/s40360-018-0196-3.

Lorke, D.E.; Nurulain, S.M.; Hasan, M.Y; Kuc¢a, K,; Petroianu, G.A. Oximes as Pretreatment before Acute Exposure to Paraoxon.
J. Appl. Toxicol. 2019, 39(11), 1506-1515, https://doi.org/10.1002/jat.3835.

Sakurada, K.; Ohta, H. No Promising Antidote 25 Years after the Tokyo Subway Sarin Attack: A Review. Leg. Med. 2020, 47,
101761, https://doi.org/10.1016/j.legalmed.2020.101761.

Norrrahim, M.N.F.; Razak, M.A.LLA.; Shah, N.A.A.; Kasim, H.; Yusoff, W.Y.W.; Abdul Halim, N.; Nor, S.A.M.; Hasnawati Jamal,
S.; Khim Ong, K.; Yunus, W.M.Z.W; et al. Recent Developments on Oximes to Improve the Blood Brain Barrier Penetration for
the Treatment of Organophosphorus Poisoning: A Review. RSC Adv. 2020, 10, 4465-4489, https://doi.org/10.1039/CI9RA08599H.
Jacevi¢, V.; Nepovimova, E.; Kuca, K. Interspecies and Intergender Differences in Acute Toxicity of K-Oximes Drug Candidates.
Chem. Biol. Interact. 2019, 308, 312-316, https://doi.org/10.1016/j.cbi.2019.05.035.

PROTOPAM Chloride (Pralidoxime Chloride) for Injection. Available online: https://www.accessdata.fda.gov/drugsat-
fda_docs/label/2010/014134s0221bl.pdf.

Kassa, J. Review of Oximes in the Antidotal Treatment of Poisoning by Organophosphorus Nerve Agents. J. Toxicol. Clin. Toxicol.
2002, 40, 803816, https://doi.org/10.1081/CLT-120015840.

Worek, F.; Thiermann, H.; Wille, T. Oximes in Organophosphate Poisoning: 60 Years of Hope and Despair. Chem. Biol. Interact.
2016, 259, 93-98, https://doi.org/10.1016/j.cbi.2016.04.032.

Unnisa, L.; Sumakanth, M.; Rao, B.L.; Divi, M.K,; Rao, A. A Simple Process for the Preparation of Pralidoxime Chloride. Indian
J. Chem. 2014, 4, 431-435.

Berman, D.S,; Kiat, H.; Maddahi, J. The New 99mTc Myocardial Perfusion Imaging Agents: 9mTc-Sestamibi and 99mTc-Te-
boroxime. Circulation 1991, 84 (Suppl. 3), I7-121.

Beanlands, R.S.B.; deKemp, R.A.; Harmsen, E.; Veinot, ].P.; Hartman, N.G.; Ruddy, T.D. Myocardial Kinetics of Technetium-
99m Teboroxime in the Presence of Postischemic Injury, Necrosis and Low Flow Reperfusion. |. Am. Coll. Cardiol. 1996, 28, 487—
494, https://doi.org/10.1016/0735-1097(96)00159-3.

Richards, D.M.; Heel, R.C. Ceftizoxime A Review of Its Antibacterial Activity, Pharmacokinetic Properties and Therapeutic Use.
Drugs 1985, 29, 281-329, https://doi.org/10.2165/00003495-198529040-00001.

Todd, W.M. Cefpodoxime Proxetil: A Comprehensive Review. Int. | Antimicrob. Agents 1994, 4, 37-62,
https://doi.org/10.1016/0924-8579(94)90062-0.

Chugh, K., Agrawal, S. Cefpodoxime: Pharmacokinetics and Therapeutic Uses. Indian ]. Pediatr. 2003, 70, 227-231,
https://doi.org/10.1007/BF02725589.

Frampton, ].E.; Brogden, R.N.; Langtry, H.D.; Buckley, M.M. Cefpodoxime Proxetil: A Review of Its Antibacterial Activity,
Pharmacokinetic Properties and Therapeutic Potential. Drugs 1992, 44, 889-917, https://doi.org/10.2165/00003495-199244050-
00011.

Tsuchiya, K.; Kondo, M.; Kida, M.; Nakao, M.; Iwahi, T.; Nishi, T.; Noji, Y.; Takeuchi, M.; Nozaki, Y. Cefmenoxime (SCE-1365),
a Novel Broad-Spectrum Cephalosporin: In Vitro and in Vivo Antibacterial Activities. Antimicrob. Agents Chemother. 1981, 19,
56-65, https://doi.org/10.1128/AAC.19.1.56.

Stamm, J.M.; Girolami, R.L.; Shipkowitz, N.L.; Bower, R.R. Antimicrobial Activity of Cefmenoxime (SCE-1365). Antimicrob.
Agents Chemother. 1981, 19, 454—460, https://doi.org/10.1128/AAC.19.3.454.

O’Callaghan, C.H.; Sykes, R.B.; Griffiths, A.; Thornton, J.E. Cefuroxime, a New Cephalosporin Antibiotic: Activity In Vitro.
Antimicrob. Agents Chemother. 1976, 9, 511-519, https://doi.org/10.1128/AAC.9.3.511.

Scott, L.].; Ormrod, D.; Goa, K.L. Cefuroxime Axetil: An Updated Review of Its Use in the Management of Bacterial Infections.
Drugs 2001, 61, 1455-1500, https://doi.org/10.2165/00003495-200161100-00008.

McSherry, B.A. Technetium-99m-Teboroxime: A New Agent for Myocardial Perfusion Imaging. J. Nucl. Med. Technol. 1991, 19, 5.
Narra, RK.; Nunn, A.D.; Kuczynski, B.L.; Feld, T.; Wedeking, P.; Eckelman, W.C. A Neutral Technetium-99m Complex for
Myocardial Imaging. J. Nucl. Med. 1989, 30, 1830-1837.

Kowalsky, J. Technetium Agents and Thallium for Myocardial Perfusion Imaging. https://pharmacyce.unm.edu/nuclear_pro-
gram/freelessonfiles/volllesson2.pdf



Pharmaceuticals 2022, 15, 66 25 of 26

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Kane, S.M.; Davis, D.D. Technetium-99m. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021.

Ghosh, P.R. FDA Approves Two New Technetium-Labeled Cardiac Agents and a Pharmacologic Alternative to Exercise in
Stress-Thallium Studies. . Nucl. Med. Off. Publ. Soc. Nucl. Med. 1991, 32,11N, 14N-16N, 19N.

Okada, D.R; Johnson, G.; Okada, R.D. Myocardial Clearance of Technetium-99m-Teboroxime in Reperfused Injured Canine
Myocardium. EJNMMI Res. 2014, 4, 42, https://doi.org/10.1186/s13550-014-0042-6.

Berman, D.S,; Kiat, H.; Van Train, K.F.; Friedman, J.; Garcia, E.V.; Maddahi, ]. Comparison of SPECT Using Technetium-99m
Agents and Thallium-201 and PET for the Assessment of Myocardial Perfusion and Viability. Am. ]. Cardiol. 1990, 66, E72-E79,
https://doi.org/10.1016/0002-9149(90)90616-9.

Labonté, C.; Taillefer, R.; Lambert, R.; Basile, F.; TonThat, T.; Jarry, M.; Léveillé, ]. Comparison between Technetium-99m-Te-
boroxime and Thallium-201 Dipyridamole Planar Myocardial Perfusion Imaging in Detection of Coronary Artery Disease. Am.
J. Cardiol. 1992, 69, 90-96, https://doi.org/10.1016/0002-9149(92)90681-N.

Heatley, N.G. Alexander Fleming. The Man and the Myth. Med. Hist. 1984, 28, 453-455.

Fleming, A. Classics in Infectious Diseases: On the Antibacterial Action of Cultures of a Penicillium, with Special Reference to
Their Use in the Isolation of B. Influenzae by Alexander Fleming, Reprinted from the British Journal of Experimental Pathology
10:226-236, 1929. Rev. Infect. Dis. 1980, 2, 129-139.

Vardanyan, R.S.; Hruby, V.J. Antibiotics. In Synthesis of Essential Drugs; Elsevier: 2006; pp 425-498, https://doi.org/10.1016/B978-
044452166-8/50032-7.

Bush, K.; Bradford, P.A. B-Lactams and (-Lactamase Inhibitors: An Overview. Cold Spring Harb. Perspect. Med. 2016, 6,
https://doi.org/10.1101/cshperspect.a025247.

Dellamonica, P. Cefuroxime Axetil. Int. ]. Antimicrob. Agents 1994, 4, 23-36, https://doi.org/10.1016/0924-8579(94)90061-2.
Barza, M. Pharmacokinetics of Newer Cephalosporins After Subconjunctival and Intravitreal Injection in Rabbits. Arch. Oph-
thalmol. 1993, 111, 121, https://doi.org/10.1001/archopht.1993.01090010125038.

Ren, X.; Wang, Y.; He, Z,; Liu, H.; Xue, K. Effects of Cefuroxime Axetil Combined with Xingpi Yanger Granules on the Serum
Gastrin, Motilin, and Somatostatin Levels in Children with Upper Respiratory Tract Infection Accompanied by Diarrhea: Re-
sults of a Randomized Trial. Transl. Pediatr. 2021, 10, 2106-2113, https://doi.org/10.21037/tp-21-314.

Cefuroxime Advanced Patient Information. Available online: https://www.drugs.com/cons/cefuroxime.html (accessed 12 Oc-
tober 2021).

Fu, K.P.; Neu, H.C. Antibacterial Activity of Ceftizoxime, a Beta-Lactamase-Stable Cephalosporin. Antimicrob. Agents Chemother.
1980, 17, 583-590, https://doi.org/10.1128/AAC.17.4.583.

Cefizox Injection —FDA Prescribing Information, Side Effects and Uses. https://www.drugs.com/pro/cefizox-injection.html
Platt, R. Adverse Effects of Third-Generation Cephalosporins. ]. Antimicrob. Chemother. 1982, 10 (Suppl. C), 135-140,
https://doi.org/10.1093/jac/10.suppl_C.135.

Stearne, L.E.T.; van Boxtel, D.; Lemmens, N.; Goessens, W.H.F.; Mouton, ].W.; Gyssens, I.C. Comparative Study of the Effects
of Ceftizoxime, Piperacillin, and Piperacillin-Tazobactam Concentrations on Antibacterial Activity and Selection of Antibiotic-
Resistant Mutants of Enterobacter Cloacae and Bacteroides Fragilis In Vitro and In Vivo in Mixed-Infection Abscesses. Antimicrob.
Agents Chemother. 2004, 48, 1688-1698, https://doi.org/10.1128/AAC.48.5.1688-1698.2004.

Wang, L.; Zheng, X.; Zhong, W.; Chen, ].; Jiang, J.; Hu, P. Validation and Application of an LC-MS-MS Method for the Deter-
mination of Ceftizoxime in Human Serum and Urine. ]. Chromatogr. Sci. 2016, 54, 713-719, https://doi.org/10.1093/chrom-
sci/bmv243.

Neu, H.C. Ceftizoxime: A Beta-Lactamase-Stable, Broad-Spectrum Cephalosporin. Pharmacother. ]. Hum. Pharmacol. Drug Ther.
1984, 4, 47-58, https://doi.org/10.1002/j.1875-9114.1984.tb03313.x.

Cutler, R.E.; Blair, A.D.; Burgess, E.D.; Parks, D. Pharmacokinetics of Ceftizoxime. J. Antimicrob. Chemother. 1982, 10 (Suppl. C),
91-97, https://doi.org/10.1093/jac/10.suppl_C.91.

Human Metabolome Database: Showing Metabocard for Ceftizoxime (HMDB0015427) https://hmdb.ca/metabo-
lites/HMDB0015427

Yanagawa, A.; Shimada, J.; Mori, N.; Sugihara, T.; Sakai, A.; Yamaji, S.; Yano, K,; Kitamura, T.; Kano, T. Effects of Gastrointes-
tinal Stimulant and Suppressant Pretreatment on the Pharmacokinetics of AS-924, a Novel Ester-Type Cephem Antibiotic. Int.
J. Antimicrob. Agents 2001, 18, 483-487, https://doi.org/10.1016/50924-8579(01)00442-3.

Leski, T.A.; Tomasz, A. Role of Penicillin-Binding Protein 2 (PBP2) in the Antibiotic Susceptibility and Cell Wall Cross-Linking
of Staphylococcus Aureus : Evidence for the Cooperative Functioning of PBP2, PBP4, and PBP2A. |. Bacteriol. 2005, 187, 1815-1824,
https://doi.org/10.1128/JB.187.5.1815-1824.2005.

Borin, M.T. A Review of the Pharmacokinetics of Cefpodoxime Proxetil: Drugs 1991, 42 (Suppl. 3), 13-21,
https://doi.org/10.2165/00003495-199100423-00005.

Liu, P.; Rand, K.H.; Obermann, B.; Derendorf, H. Pharmacokinetic-Pharmacodynamic Modelling of Antibacterial Activity of
Cefpodoxime and Cefixime in in Vitro Kinetic Models. Int. [ Antimicrob. Agents 2005, 25, 120-129,
https://doi.org/10.1016/j.ijantimicag.2004.09.012.

Khan, F.; Katara, R.; Ramteke, S. Enhancement of Bioavailability of Cefpodoxime Proxetil Using Different Polymeric Micropar-
ticles. AAPS PharmSciTech2010, 11, 1368-1375, https://doi.org/10.1208/s12249-010-9505-x.

Boaretti, M.; Lled, M.M.; Canepari, P. In Vitro Activity, Beta-Lactamase Stability and PBP Affinity of RU 51,746-2, the Active
Metabolite of the New Orally Absorbed Cephalosporin Ester, RU 51807. ]. Chemother. Florence Italy 1991, 3 (Suppl. 1), 57-61.



Pharmaceuticals 2022, 15, 66 26 of 26

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Pangon, B.; Joly, V.; Vallois, ].M.; Abel, L.; Buré, A.; Brion, N.; Contrepois, A.; Carbon, C. Comparative Efficacy of Cefotiam,
Cefmenoxime, and Ceftriaxone in Experimental Endocarditis and Correlation with Pharmacokinetics and in Vitro Efficacy.
Antimicrob. Agents Chemother. 1987, 31, 518-522, https://doi.org/10.1128/AAC.31.4.518.

Granneman, G.R.; Sennello, L.T.; Steinberg, F.J.; Sonders, R.C. Intramuscular and Intravenous Pharmacokinetics of Cefmenox-
ime, a New Broad-Spectrum Cephalosporin, in Healthy Subjects. Antimicrob. Agents Chemother. 1982, 21, 141-145,
https://doi.org/10.1128/AAC.21.1.141.

Human Metabolome Database: Showing Metabocard for Cefmenoxime (HMDB0014412). https://hmdb.ca/metabo-
lites/HMDB0014412

Perry, C.M.; Brogden, R.N. Cefuroxime Axetil: A Review of Its Antibacterial Activity, Pharmacokinetic Properties and Thera-
peutic Efficacy. Drugs 1996, 52, 125-158, https://doi.org/10.2165/00003495-199652010-00009.

Sommers, D.K.; Van Wyk, M.; Williams, P.E.; Harding, S.M. Pharmacokinetics and Tolerance of Cefuroxime Axetil in Volun-
teers during Repeated Dosing. Antimicrob. Agents Chemother. 1984, 25, 344-347, https://doi.org/10.1128/AAC.25.3.344.

Shimizu, T.; Ohtani, K.; Hirakawa, H.; Ohshima, K.; Yamashita, A.; Shiba, T.; Ogasawara, N.; Hattori, M.; Kuhara, S.; Hayashi,
H. Complete Genome Sequence of Clostridium Perfringens, an Anaerobic Flesh-Eater. Proc. Natl. Acad. Sci. USA 2002, 99, 996—
1001, https://doi.org/10.1073/pnas.022493799.

Pahwa, R.; Rana, A.S.; Dhiman, S.; Negi, P.; Singh, I. Cefpodoxime Proxetil: An Update on Analytical, Clinical and Pharmaco-
logical Aspects. J. Curr. Chem. Pharm. 2015, 5, 56—66.

Chocas, E.C,; Paap, C.M.; Godley, P.J. Cefpodoxime Proxetil: A New, Broad-Spectrum, Oral Cephalosporin. Ann. Pharmacother.
1993, 27, 1369-1377, https://doi.org/10.1177/106002809302701111.

Cefpodoxime proxetil (Vantin®). Available online: https://www.reliasmedia.com/articles/139852-cefpodoxime-proxetil-vantin
(accessed 12 October 2021).

El-Shabrawi, M.H.; Tolba, O.A.; El-Adly, T.Z. Efficacy and Safety of Cefpodoxime in the Treatment of Acute Otitis Media in
Children. Egypt. Pediatr. Assoc. Gaz. 2016, 64, 81-85, https://doi.org/10.1016/j.epag.2016.03.001.

Cefpodoxime Uses, Side Effects & Warnings. Available online: https://www.drugs.com/mtm/cefpodoxime.html (accessed 12
October 2021).

Rodriguez, J. An Improved Method for Preparation of Cefpodoxime Proxetil. I Farm. 2003, 58, 363-369,
https://doi.org/10.1016/S0014-827X(03)00051-X.

Fuchs, P.C,; Jones, R.N.; Thornsberry, C.; Barry, A.L.; Gerlach, E.H.; Sommers, H.M. Cefmenoxime (SCE-1365), a New Cepha-
losporin: In Vitro Activity, Comparison with Other Antimicrobial Agents, Beta-Lactamase Stability, and Disk Diffusion Testing
with Tentative Interpretive Criteria. Antimicrob. Agents Chemother. 1981, 20, 747-759, https://doi.org/10.1128/AAC.20.6.747.
Gambertoglio, ].G.; Alexander, D.P.; Barriere, S.L. Cefmenoxime Pharmacokinetics in Healthy Volunteers and Subjects with
Renal Insufficiency and on Hemodialysis. Antimicrob. Agents Chemother. 1984, 26, 845-849, https://doi.org/10.1128/AAC.26.6.845.
Sica, D.A,; Polk, R.E.; Kerkering, T.M.; Patterson, P.; Baggett, ]. Cefmenoxime Kinetics during Continuous Ambulatory Perito-
neal Dialysis. Eur. ]. Clin. Pharmacol. 1986, 30, 713-717, https://doi.org/10.1007/BF00608221.

Cefmax Generic. Price of Cefmax. Uses, Dosage, Side Effects. Available online: https://www.ndrugs.com/?s=cefmax (accessed
12 October 2021).

Zhang, X. Cefmenoxime compound and synthetic method thereof. PCT Int. Appl. CN1709880, 2007.



