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Coordination Compounds against Multi-drug Resistant Bacteria: a
Critical Review
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In the effort to shed some light on the bacterial multiresistance problem and the lack of a dynamic approach able to
overcome the drug innovation gap, coordination compounds arise as a very promissing source of potential antibacterials.
Ubiquitously active against several biomolecular components of the bacterial cell, these potential therapeutics have
presented low probability of resistance development . As adjuvants those compounds were shown to reverse bacterial
resistance against certain antibacterial drug. Herein the readership will find both historically revelant and current
developments of coordination compounds encompassing transition and post-transition metal complexes as well as
metalloid-based molecules that have shown activity against resistant strains. Seeking to further stimulate drug development,
pivotal information regarding virulence and resistance factors of nosocomial pathogenic bacteria can also be found as bullet

statements.

Introduction

The Antibiotic Era is on the verge of its downfall, caused by the
emergence of multidrug resistant bacteria(MDRB).! Although a
seemingly alarmist statement, since its infancy in the 20t
century, the discovery and further clinical introduction of
antibacterial chemotherapeutics was followed very shortly by
the emergence of bacterial strains able to overcome the
selective pressure caused by the (sometimes unregulated)
clinical application of antibacterial compounds.?23® The drug
development pipeline is far behind the remarkable adaptability
of these pathogenic organisms highlighting an unfortunate
perspective for any prophylactic or therapeutic approach that
demand antibacterial chemotherapeutics.'® Organizations
such as the World Alliance against Antibiotic Resistance suggest
that the currently approved drugs may lose completely their
effectiveness in the next few years® potentially hindering
routine antibacterial treatments such as tonsil infections as well
as prophylactic surgical
procedures as, for instance, heart transplants.

Today, around 700,000 people die each year due to drug-
resistant infectious diseases, and 10 million deaths per year are
estimated for 2050 if no immediate action is established

measures related to intricate
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globally.10 In addition, CDC calculates that, every year, more
than 2.8 million bacterial resistant infections occur only in the
United States, with more than 35,000 MDRB-related deaths.1!
Although antibiotics are not directly related to COVID-19, 15%
of the hospitalized individuals can develop opportunistic
bacterial types of pneumonia with the progress of the disease.12
Such infections may delay patients recovery or even increase
the number of COVID-19 related-deaths.

Therefore, there is an imperative need for a more dynamic
approach able to overcome the drug innovation gap seeking to
follow up the fast adaptability observed in pathogenic bacteria,
in terms of emergence of resistance. In this context,
coordination compounds (CCs) have gained the spotlight due to
their versatility in terms of antiproliferative activities:
unreachable to purely organic compounds, their differential
structural and chemical features can be fine-tuned onto the
generation of highly efficient drugs against infections caused by
pathogens such as viruses, bacteria and protozoa.13-19

A few very good reviews have covered, both historically and in
perspective terms, the general topic of metal complexes as
potential antibacterial agents.29-28 Nevertheless, in front of the
diversity of such compounds one could naturally raises the
question: among the plethora of these CCs reported within the
years with a diversity of metal ions, oxidation numbers, ligands,
and structural scaffolds, which have shown to be active against
MDRB? Could they be capitalized as hits for antibacterial
chemotherapeutics able to overcome multi-resistance?

Herein, the readership may find a selection of coordination
compounds encompassing transition, post-transition metal ions
as well as metalloids which have shown activity against MDRB.
In a seek of clarity, these CCs were organized by their possible
mechanisms of action. When possible, the authors will point out
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the similarities, in terms of chemical features, among the CCs
which are active against a particular MDRB. In the fine line
between a comprehensive and critical approach, the authors
intend to highlight CCs that could be further explored as anti-
MDRB compounds along with the challenges entailed to the
development of such entities.

Finally, a brief guideline towards MDRB features such as their
virulence factors and mechanisms or resistance are briefly
presented aiming to inspire further development of Anti-MDRB
CCs with differential activities. Possible complementary assays
to the commonly employed disc diffuse and MIC methods are
also presented to further stimulate the gap shortening between
CCs development and application.

Coordination compounds to the rescue?

Differently to organic compounds, CCs may present more than
one mode of action, and the potential ubiquitous and dynamic
nature of such compounds may explain their activity towards
MDRB with a low probability of resistance development. After a
long usage of silver compounds to fight bacteria, only few
reports on resistance can be found, demonstrating the
potential of metal-based antibacterials.2® Prone to exert their
biological activities through several mechanisms, CCs generally
possess a leading pathway in which they accomplish their
antiproliferative effect. As follows, CCs are presented according
to their proposed mechanisms.

Membrane Disruption

CCs have presented abilities to interact with membrane
biomolecular constituents (e.g. proteoglycans) enabling higher
intracellular accumulation and/or membrane disruption. These
compounds have been explored as potential antiproliferative
agents against several diseases such as cancer as well as those
caused by Leishmania sp. or bacteria, with at least one CC (silver
sulfadizine) currently employed as an antibacterial drug. For
instance, Casini and Miguel reported that the ability of
cyclometallated CAN Au"' complexes to affect the membrane
integrity of L. amazonensis amastigotes may be related to the
their high effectivity in vitro.3° Farrell et al., on the other hand,
reported that the interaction of polycationic amine-bearing
trinuclear Pt" complexes (TriplatinNC®) with heparan sulfate
proteoglycans of cancer cell membranes enabled higher
intracellular accumulation of these compounds when compared
to neutral Pt" drugs such as cis-diamminedichloroplatinum(ll)
and oxalato-(1,2-cyclohexanediamine)platinum(ll) — cisplatin
and oxaliplatin, respectively.3132 This accumulation along with
the further interaction of these compounds as phosphate
clamps towards DNA and RNA were suggested to play an
important role on their increased activity against human colon
carcinoma (HCT116) and osteosarcoma (SAOS-2) tumor models.
31-34Gjlver(l) sulfadiazine (Figure 1, Ag-1) has been successfully
employed as a topic antibacterial agent against Gram-positive
and Gram-Negative bacteria. 35-38 Ag-1 is mainly employed as a
prophylaxis and/or treatment agent against bacteria in burns
and wounds. Mechanistic studies encompassing the Ag-1
complexes with radioactive silver (119Ag) or the radioactive
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ligand (35S) were carried out against Pseudomonas aeruginosa
(P. aeruginosa) and Staphyloccocus aureus (S. aureus). These
studies suggested that Ag', rather than the whole complex Ag-1
is bound to the bacteria. The unbound ligand sulfadiazine plays
a synergistic role on the antibacterial effect.3¢ Ag-1 seems to
possess a ubiquitous mechanism, interacting with DNA,
polyssacharides, generating of free radicals as well as affecting
the integrity of the bacterial membrane. 36394041
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Fig. 1. Schematic representation of silver(l) sulfadiazine monomer (CCDC
1103733).37

In fact, Ag' ions from AgNOs have been proven to interact with
Escherichia coli (E.coli) envelope proteins (OmpA, OmpC, OmpF,
Oppa and MetQ) and one might suggest such mechanism of
interaction could be shared by Ag-1.#2 Interestingly, bacteria
appears to do not develop resistance to Ag-1 and the combined
use of this CC to quinolones reduced the ability of P. aeruginosa
to develop resistant strains while potentializing the quinolones
activities.*® Most recently the effect of Ag-1 against Methicillin-
resistant S. aureus (MRSA) biofilms was evaluated.*? MRSA
ATCC BAA-2856 (0J-1), a high biofilm forming strain, was
employed in the assays. Differently from AgNOs, Ag-1 was able
to eradicate mature biofilms in concentrations lower (< 4000 pg
mL?1) than what is found available commercially (i.e. in
Silvadene® cream, 10000 pg mL1) and bactericidal activity in the
same concentration.*!

A series of chiral cyclometallated CAN palladium-terpene
complexes (Figure 2, Pd-1 to Pd-6), inactive against Gram-
negative bacteria, had their antimicrobial activity reported
against MRSA. The organometallics Pd1l - Pd5 exhibited
minimum inhibitory concentration (MIC) values in the range of
1 - 32 mg L, with Pd-2 presenting the lowest MIC (1 mg L?).
Despite Pd-2 cytotoxicity against human embryonic kidney cell
models (HEK293 ATCC CRL-1573; CCsp = 12.4 mg L) and
haemolytic activity (HC10; against HRBC red blood cells) of 1.83
mg L1, this CC presented a promising selectivity index (SI = 12).
Complex Pd-1 was the second most active with a MIC of 4 mg L
1 but with much lower SI (CCso=3.0 mg L1, SI =0.75 and HCyp=
1.0 mg L1).44 Pd-6, a coordination compound bearing a terpene
derivative of ethylenediamine as ligand, presented a MIC of 8
mg L1 with low cell viability and high haemolytic activity (CCso =
0.6 mg L, HCy10 = ~1 mg L1). Such toxicity towards human cells
was associated with the high lipophilicity conferred by the tert-
butyl group. Overall, the authors suggested that the Pd-1 to Pd-
6 activities against MRSA may be associated to a non-specific
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membrane disruption which leads to both antibacterial and

haemolytic activities. 4
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Fig.2. Schematic representation of the coordination of complexes Pd-1 to Pd-4,
and structures of Pd-5 and Pd-6. Ligands of Pd-1 to Pd-4 are presented inbox.

Brahma’s group synthesized and evaluated the activity of a
thiosemicarbazone derived hexadentated macrocyclic Cu"
complex (Cu-1, Figure 3) against a selection of Gram-negative
(P. aeruginosa, Acinetobacter baumanii, Klebsiella pneumonia,
and Escherichia coli) and Gram-positive (Staphylococcus aureus,
Clostridium difficile, and Enterococcus faecalis ) bacteria.*>46
The best results were obtained against two clinical isolates
strains of MRSA (ATCC 33592 and ATCC 700699) and a
Methicillin-sensitive S. aureus (MSSA) strain (ATCC 29213), in
which the MIC values were of 6.25 mg L1 against ATCC 33592
and 29213, and of 12.5 mg L against ATCC 700699.4¢ The
possibility of resistance development to MRSA strains towards
Cu-1 was evaluated by adding sub-inhibitory concentrations of
Cu-1 in continuous MRSA cell passaging during 15 days. No
resistance development was observed.*® Conversely, MRSA
developed resistance against ofloxacin within few days of
exposure.

Cu 2c1
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Fig.3. Proposed coordination of the macrocyclic ring to the Cu' ion in Cu-1.

Interestingly, Cu-1 showed a significant anti-biofilm effect,
inhibiting 50% of 24h and 72h old biofilms at 9.18 + 0.16 mg L
and 8.51 + 0.68 mg L1, respectively. 4°

Assays employing propidium lodide (Pl) uptake using Flow
cytometry in S.aureus cells indicated that there was an uptake
of 41.7% of Pl after treatment with Cu-1.%¢ For untreated cells
only a 8.3% Pl uptake was observed. Additionally, Scanning
Electron Microscopy (SEM) of S. aureus cells treated with Cu-1
presented numerous protrusions on the cell surface along with
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cell membrane damage, and lysis.*®¢ Moreover, studies
employing RAW 264.7 cell (Murine Macrophage cells, ATTC TIB-
71) infected with S. aureus showed that Cu-1 has anti-S. aureus
activity intracellularly. Cu-1 was able to reduce 96.6% of the
bacterial load at a concentration of 10 mg L1 whereas no
assayed antibacterial chemotherapeutic (oxacillin, vancomycin,
and linezolid) showed more than 77.3% reduction. CCso for Cu-
1in this model was 62.99 + 1.48 mg L1.46

Dithiocarmabate Zn'" complexes (Zn-1 and Zn-2, Figure 4) had
their antimicrobial and antibiofilm activities screened against
susceptible and MDR strains of S. aureus and E. coli.*’” Such
compounds were active against the susceptible and the MRSA
strains with MIC values of 4 mg L1 (susceptible strain)and 16 mg
L1 (MRSA strain) for both complexes. Minimum biofilm
inhibitory concentration (MBIC) values were of 1 mg L'1and 2
mg L1 against the susceptible strain, and of 8 mg L'1and 4 mg L
1 against the MRSA strain for Zn-1 and Zn-2, respectively.
Further investigations were carried with complex Zn-1 in which
a MRSA biofilm reduction of 94.71% and 81.53% was observed
at concentrations of 8 mg L1 and 4 mg L1, respectively.
Fluorescence microscopy was carried out indicating that Zn-1
induces MRSA death by damaging its membrane.*”

Mn! tricarbonyl complexes bearing tripodal ligands (Figure 5,
Mn-1 to Mn-4) were evaluated against MDR Acinetobacter
baumanii (A. baumannii) and P. aeruginosa strains.*8 Among the
CCs, complex Mn-4 presented the best results with MIC of 100
pmol Lt (~ 66 mg L?) to all A. baumannii strains and 50 pmol
L1 (~ 33 mg L) to PA 92 strain. Mn-4 results for the other P.
aeruginosa MDR strains ranged from 200 pmol L* to 800 pmol
L'1.48 In general, the order of activity, from the higher to the
least active complexes against A. baumanii and P. aeruginosa
MDR strains, was Mn-4 > Mn-3 > Mn-2 > Mn-1. Authors
correlated such order to the number of quinolinylmetil groups
and, therefore, the increased lipophilicity of the complexes
from Mn-1 to Mn-4.48 Prior studies also indicated that Mn-4 can
act synergistically to the antibacterial chemotherapeutic colistin
against avian MDR Escherichia coli (E. coli), which might suggest
that such CC may be employed as an adjuvant.*84? Monitoring
the extracellular ATP levels of A. baumanii AB184 and P.
aeruginosa PA1 cultures suggested that complexes Mn-1 to Mn-
4 are able to compromise the inner bacterial membrane.*8
Nevertheless, additional intracellular interactions to bacterial
supramolecular structures cannot be discarded. Further toxicity
assays employing Galleria mellonella (“honeycomb moth”)
larvae as model of infection indicated no toxicity of Mn-4 at
doses up to 80 mg kgl. Post-infection treatment with Mn-4
(5mg kgt in PBS) against A. Baumanii (AB12, AB184) and P.
aeruginosa (PA92, PA1) infected larvae indicated 80% and 50%
survival rate, respectively.

Interaction with DNA

DNA and RNA are among the most common CC targets. These
complexes may be directly coordinated to DNA (e.g.
nucleobases) or interact non-covalently through electrostatic
(e.g. phosphate clamps)3?2 and m-stacking interactions. For
instance, the anticancer mechanism of Pt" drugs such as cispla-
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Crystal structure of Zn-1 inbox.

tin, carboplatin and oxaliplatin entails majorly the coordination
of DNA guanine residues to Pt" in an intra-strand 1,2-GpG
fashion, ultimately leading to cancer death.50-53

Additionally, as previously mentioned, Ag-1 antibacterial action
also encompass the coordination by the bacterial DNA to Ag'.3¢
Other examples involves the study of complexes as
intercalators, able to interact with bacterial DNA through non-
covalent interactions (mt-stacking).>* Some of these complexes
were active against MDRB.%*

Curcumin-based Ru' complexes (Ru-1 and Ru-2, Figure 6) had
their antibacterial activities assayed against ESKAPE pathogens,
including clinically isolated MRSA and Vacomycin Resistant
Staphylococcus aureus (VRSA) with an equipotent MIC of 1 — 2
mg L1.55 Despite the activity of Ru-2 against A. baumannii BAA-
1705 (MIC 8-16 mg L1), the other pathogens were not affected
by the compounds.>°> These CCs were viable to Vero cell models
(ATCC CCL-81) with a SI > 80 towards bacterial cells. Biophysical
assays employing ethidium bromide displacement of DNA
resulted in apparent binding constants (Kapp) on the order of 106
L mol?l, suggesting a stronger binding affinity with groove
binding as the most probable mode of interaction.%®
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Fig. 6. Schematic structure of Ru-1 and Ru-2. Crystal structures are represented
inbox.
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Stern-Volmer quenching constants and binding constants of the
interaction between the Ru" complexes and HSA are on the
order 10° L mol* and 108 L mol%, respectively.>®

Such values indicate strong binding affinity of the complexes.
Since HSA is a carrier protein for many compounds and metal
ions in the bloodstream, this interaction might enhance CCs
biodistribution if eventually applied in vivo.>>

Bolhuis and co-workers evaluated the antibacterial activities of
three Ru" polypyridyl complexes (Ru-3 to Ru-5, Figure 7).5* The
CCs showed no effect against Gram-negative bacteria but
promising results MIC and minimum bactericidal concentration
(MBC) against MRSA strains. The order of activities was Ru-5 >
Ru-4 > Ru-3. The best activity of Ru-5 was observed against
MRSA252 (MIC =2 mg L'1; MBC = 8 mg L1). Time-kill assays were
also performed employing Ru-5 against MRSA252 indicating a
concentration-activity dependence onto bactericidal activity.>*
Ru-5 was also screened using S. aureus-infected Caenorhabditis
elegans (C. elegans) in vivo models. C. elegans were infected
with S. aureus 1h prior to Ru-5 treatment. At concentrations of
8 or 32 mg L! of Ru-5, a 80% nematodes survival was observed
after 6 days. Untreated S-aureus-infected C. elegans died within
6 days. Although C. elegans may be considered a good model in
the evaluation of toxicity of a certain compound in higher
eukaryotes, no mammalian cell cultures were assayed in this
study.>* Authors suggested that the DNA-binding affinity order
of the ligands (dppz, of Ru-5 > dpqC, of Ru-4 > dpq, of Ru-3) may
be related to the observed antibacterial activities.>*>6

Li and co-workers reported the strong activity of complexes Ru-
6 to Ru-10 (Figure 7) against MSSA, MRSA, E. coli (ATCC 25922)
and P. aeruginosa (ATCC 27853).57 The activity of the
compounds was slightly higher over the MSSA and MRSA strains
when compared to E. coli, and even more when compared to P.
aeruginosa. Among these complexes Ru-8 was the most active
against MRSA (1 mg L1 of MIC and MBC), followed by Ru-7 (1
and 2 mg L'1) and Ru-9 (4 and 8 mg L1).

Time-kill curve indicated that Ru-7 and Ru-8 are bactericidal at
2x MIC, killing 99% of the bacterial population within 2 - 6 h,
with Ru-8 presenting a faster effect when compared to Ru-7.57
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Fig. 7. Schematic structures of Ru" polypyridyl complexes Ru-3 to Ru-10
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Ru-7 showed the highest cellular uptake in the MRSA strain,
explaining the highest MIC.57

It is puzzling, however, that the effect of light-driven oxidative
damage on MRSA was not explored in Ru-3 to Ru-10 complexes,
especially considering that all three Ru' complexes present
chromophores and might act as photosensitizers.>85° For
instance, Glazer and co-workers investigated similar polypyridyl
compounds that were able to produce DNA photocleavage
and/or DNA photobinding.>® In absence of light no activity is
observed.>®

Efflux pump

The expression of efflux pumps, biofilm formation and bacterial
quorum sensing (QS) controls are related to bacterial
resistance.

Kincses and co-workers evaluated the antibacterial and anti-
biofilm activities of a series of 2-trifluoroacetonylbenzoxazole
derivatives and their CCs encompassing a variety of metal ions
(Fe", Mn", Zn", Cu", Ag' and Pd") against S. aureus ATCC 25923,
MRSA 272123, E. coli AG100, Chromobacterium violaceum 026,
and Enterobacter cloace 3198 strains.®® The potential inhibition
of efflux pumps and QS was also assessed. Among the results of
antibacterial activity, the best MIC values observed were of
3.125 pmol L%, 6.25 pmol L't and 12.5 umol L, for L-2, Zn-3 and
Cu-2 (Figure 8), respectively, against the MRSA strain.
Resistance modulation effects of the ligands and complexes at
0.25 MIC was evaluated in the presence of antibacterial
chemotherapeutics ciprofloxacin (CIP) and tetracycline (TET).
Especially, a synergistic activity was observed between CIP and
L-3, Zn-3 and Cu-2, in which CIP MIC was reduced from 12.5
umol L1 to 6.25 umol L1, 60 Efflux-pump (EP) inhibition was
assessed through on real-time automated ethidium bromide
intracellular accumulation.®® Although only L-3 was able to
successfully inhibit the EP in MRSA, complexes Zn-3 and Ag-2
presented remarkable inhibition of AcrAB-TolC in non- resistant
E.coli AG100.69 Authors suggested that the observed differences
between EP inhibition profiles in MRSA and E. coli are related to
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cell wall composition and the thick peptidoglycan layer of Gram-
positive MRSA may present different essential membrane
protein distribution when compared to E. coli (Gram-
negative).6° Quorum-sensing inhibition using Chromobacterium
violaceum 026 sensor strain and Enterobacter cloace 3198 (AHL
producer) was observed for L-3 as well as highlighted complexes
Zn-3 and Ag-2.%% No highlighted complex presented anti-biofilm
activity against S. aureus ATCC 25923 (non-resistant) model.50
Another interesting work reports the evaluation of Cu'' and Co"
complexes (Cu-3 and Co-1, Figure 9) with the ligand
pyrophosphate against a series of bacterial strains, including a
multidrug resistant tuberculosis (MDR-TB). 61 Cu-3 and Co-1
presented specificity over Mycobacteria, notably against the
MDR-TB, with MIC of 2.8 umol L (1.95 mg L) and 2.41 pmol
L1 (2.44 mg LY), respectively. Authors suggested that, for Cu-3,
the mechanism entail copper overload. The active uptake
through the transmembrane channel protein Rv1698 leads to
copper intoxication. In a similar mechanism, the M. tb CorA
protein responsible for transporting Mg2* to the cell may also
transports Co'", potentially increasing intracellular Co"
concentration upon Co-1 administration.? Continuous
treatment with sub-MIC concentrations of Co-1 did not
generate resistant strains. Multiple
tuberculosis biomolecular machinery might explain the lack of
resistance towards Co-1.61

Redox homeostasis

interactions with M.

CCs can both trigger the generation ROS through light and non-
light activated mechanisms. For the first case, the non-light
activated ROS generation may occur through two distinct
pathways: redox reaction of the CC with inert oxygen species
generating ROS as byproducts, and/or inhibition of redox
enzymes, further leading to imbalance on the intracellular
redox homeostasis.

For instance, diphosphine Au' compounds have shown to
interact majorly with mitochondrial thioredoxin/thioredoxin
reductase (Trx/TrxR) system of cancer cells, causing imbalance
to tumors redox homeostasis thus triggering apoptosis by a
apoptosis stimulating kinase 1 (APK1) mechanism.62
Trypanothione/Trypanothione reductase inhibition by Au'/Au'
CCs have been observed in trypanosomatids.52.63 Bacterial
Trx/TrxR along with NADPH exert a critical role on DNA
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synthesis.®* As for the case of human Trx/TrxR system, it is
responsible for redox homeostasis in bacterial cells with almost
low homology between human and bacterial TrxR.%* Such
system can thus be explored as an antibacterial target for both
metal and metalloid-based compounds.

Metalloid-based competitive inhibitors of TrxR such as ebselen
(Se-1, (2-phenyl-1,2 benziselenazol-3(2H-one), Figure 10) have
shown bactericidal activities against macrolide resistant
Helicobacter pylori (H. pylori MR162 and MRG193) and
multidrug-resistant Mycobacterium tuberculosis (M.
tuberculosis panel 3:24 and BTB 98-310) strains with MICs of
12.5 and 20 mg L'}, respectively.®*

Ag'ions, on the other hand, were reported to be coordinated by
antioxidant proteins superoxide dismutase A (SodA), DNA-
protection during starvation protein (Dps) and glutharedoxin
(GrxB), thus inducing oxidative stress in E. coli by ROS
generation.®> One might suggest that such mechanism can also
be shared by Ag' CCs, especially those in which the ligand is a
carrier for Ag'ions such as Ag-1
Copper(ll)-bis(thiosemicarbazonate) complexes Cu-4 and Cu-5
(Figure 11) have been reported to inhibit respiratory electron
transfer processes in Neisseria gonorrhoeae (N. gonorrhoeae)
strains via succinate and NADH dehydrogenases.®® Complexes
Cu-4 and Cu-5 were evaluated against N. gonorrhoeae MDRB
strain.®” Cu-5 presented higher activity with MIC of 0.1 pmol L
for all MDRB strains. Cu-4, on the other hand presented MIC in
the range of 0.7 to 3.0 umol L for the resistant N. gonorrhoeae
strains.®’” The ligands themselves would act as carriers for Cu"
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Fig. 10. Metalloid-based compound Ebselen®, Se-1.
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ions, enabling copper-poisoning. Differences among the
activities of Cu-4 and Cu-5 were assigned to different efflux
profiles caused MtrCDE efflux pump inhibition. Inactivation of
mtrD gene, responsible for MtrCDE expression, generated
higher MIC values for Cu-4 whereas for Cu-5 no difference was
observed. Authors suggested that Cu-4 is effluxed by MtrCDE
while Cu-5 is not.®”

Auranofin (Au-1, Figure 12) is a Au' complex employed as an
antiarthritic drug which has been explored as an antimicrobial
agent against pathogens such as viruses and bacteria.l? Au-1
displays antibacterial activity especially against Gram-positive
bacteria and M. tuberculosis due to the inhibition of TrxRs
enzymes.

Marzo's group evaluated the effect of Au-1 and Au' and Ag'
complexes (Au-2 to Au-6 and Ag-3 to Ag-6, Figure 12) against
Gram-positive and Gram-negative MDRB.%8 Au-2 to Au-5
exhibited antibacterial activity comparable to or slightly lower
than Au-1 against the Gram-positive MDR strains, with MICs
<0.062 mg L1, while Au-6 presented to be less active, with MIC
ranging between 0.5 to 8 mg L'1. When it comes to the Gram-
negative MDR strains, Au-1 activity is reportedly to be scarcel??,
however, Au-2 to Au-5 presented slightly greater activity than
Au-1 but in lower effect than against the Gram-positive, with
MIC in the range between 4 and >32 mg L1. Again, Au-6 were
the less active, with MIC of 16 mg L-* against all Gram-negative
strains. The compounds were also assessed in combination with
the permeabilizing agent polymyxin B nanopeptide (PMBN),
and results displayed an increase of the antibacterial activity for
Au-1 and Au-2 to Au-5 (MIC=0,125 to 2 mg L'1). Au-6 presented
no significant increase of the antibacterial effects even in the
presence of PMBN, nevertheless, specifically against P.
aeruginosa Vr143/97, the MIC of all Au' compounds, including
Au-6, decreased noticeably, and this effect may be related to
the already observed higher susceptibility of this stain to
PMBN.68,198

Au-2-Au-4 are Au-1 analogues where the thiosugar ligand is
replaced by a halide ligand. Considering that the results
obtained for these compounds are similar to one another, and
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also comparable or slightly lower than Au-1, the authors implies
that the thiosugar is not essential for the antimicrobial activity

HiC, CHy

o) ) (o
Ao Shigs /—P>—M—<"—/ x

OAc \\ HC
Au-1 HiC CHy

Au-5, M= Au, X =Cl
Ag-6, M =Ag, X =NO;

HiC Au-2,M = Au, X =Cl
Au-3, M = Au, X =Br
Au-4, M=Au X=I

Ag3, M=Ag, X=Cl
Ag-4, M = Ag, X =Br
Ag-5 M=Ag X=1 Au-6

K[ NEC—Au—CEN]

Fig. 12. Schematic structures of complexes Au-1 to Au-6, and Ag-3 to Ag-6.

of the latter, neither is the halide ligand for Au-2 - Au-4.
Actually, the antimicrobial activity may be related to the
[Au(PEt3)]* moiety. For the case of Au-6, the lack of activity may
be related to the stronger coordination of the cyanide ligand to
Au' in comparison to other ligands impairing cyanide
dissociation and subsequent biding of Au' to bacterial targets.%8
Despite the known antimicrobial properties of silver
compounds (e.g. Ag-1), replacement of Au' with Ag' resulted in
decrease of the antibacterial potency of the compounds against
both Gram-positive and Gram-negative MDR strains even in the
presence of PMBN. According to NMR experiments, this
decrease may be related to the lower stability of the silver
complexes in the biological medium.%8

In a recent study, Wu and collaborators synthesized 40 Au-1
analogues and evaluated their activity against ESKAPE
pathogens.%° Different phosphine and thiol ligands were utilized
in the analogues synthesis to effectively modulate the anti-GNB
activity of Au-1.%°

Generally, the best compound against all four MDR Gram-
negative strains was Au-7 (Figure 13), with MIC in the range of
2.9 to 23 umol L't and MBC in the range of 2.9 to 91 umol L.
The lowest MIC and MBC (2.9 umol L1) was obtained against E.
clocae, 65-fold more active than Au-1.%° Specifically against A.
baumannii, Au-7 and Au-8 (Figure 13) exhibited the best activity
with MICs of 5.7 and 13 umol L, respectively. In the case of P.
aeruginosa, the best analogue was Au-9 (Figure 13) presenting
MIC and MBC of 41 umol L1, 9 times better than Au-1. Au-7 was
also the best complex against K. pneumoniae with MIC of 11 mg
LY, which is 34-fold better than Au-1. Furthermore, a
cytotoxicity assay utilizing A549 (ATCC CCL-185)
demonstrated that Au-7, Au-8 and Au-9 present similar or lower
mammalian cell toxicities compared to Au-1.5°

cells

S. (
AcO O ,s< HO/\/ Au_
AcO Au. p< P\/
OAc \
Au-8 Au-9
/\/S\
HO Au_ -~

Fig. 13. Schematic structures of Au-7 to Au-9.
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Although these complexes were not assayed as for the redox
imbalance, the well reported interaction of Au' and Ag'
complexes onto the interaction with redox proteins leads to the
suggestion that these complexes present antibacterial activities
through similar pathways.

ROS Generation by Photosensitizers:

Light-activated ROS generation by CCs have been covered by
several current and historically relevant reviews.217071 Metal-
based aggregation-induced emission luminogens are also
broadly discussed elsewhere.”?2 Herein, a very strict selection of
CCs photosensitizers which were assayed against MDRB is
presented. In 2020, Pierce’s group synthesized Ru-12 (Figure
14) conjugated with the peptide buforin Il, characterized by
targeting DNA. Ru-12 was analysed as an antimicrobial
photodynamic therapy (APDT) agent against MDR A. baumannii
Naval-17 in the dark and under irradiation conditions of 470 nm
light over 12 h (12 mW/cm?2).73 The results obtained were of MIC
4 pumol L1 in the dark and 0.5 pmol L1 under irradiation.
Furthermore, electrophoresis assay utilizing the plasmid pUC19
demonstrated that Ru-12 might damage DNA model under
irradiation by generation of ROS. The authors suggest that Ru-
12 is addressed to the DNA by influence of the peptide.”?

Heme analogs and Iron uptake transporters

Hijazi’s group evaluated three Ga'"' compounds (Figure 15) in
three different media with diverse iron concentration against
several microorganisms, including MRSA strains. Ga-1, Ga-2 and
Ga-3 had its effects evaluated.’*

Ga-3 demonstrated MIC in the range of 0.06 to 0.12 umol L1
against S. aureus ATCC 43300, S. aureus Saull7 and S. aureus
UD95 and of 16 to 32 umol L against A. baumannii AYE, A.
baumannii ACICU and A. baumannii C13-373. Considering that
Ga'" act as a metabolic competitor of Fe'", it was expected that
the scarcity of iron in the utilized medium would influence the
antibacterial activity of the compound, enhancing it.
Highlighting the concentration of iron in both media that
showed the lowest MIC values, the obtained results suggests
that Ga-3 does not depends on a mechanism of action
responsive to this metal.”*

The reason why all S. aureus strains presented resistance
against Ga-3 (MIC > 128 umol L) was attributed to the
presence of human serum albumin (HSA) in media which might
reduce Ga-3 bioavailability, since this protein might bind to the
compound due to its chemical similarities with heme, impairing
its translocation across the cell membrane through heme-
uptake systems. Similarly, low MIC against A. baumannii ACICU

r 72+

Ru-12

Fig. 14. Schematic structure of Ru-12.
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Fig. 15. Schematic structures of Ga-1 to Ga-3.

(1 umol L) and A. baumannii C13-373 (0.25 umol L) might be
related to the expression of hemT and hemO heme-uptake
clusters, increasing Ga-3 intracellular availability. Ga-1 and Ga-
2 displayed MIC in the range of 0.5 to 16 umol L against K.
pneumonia, A. baumannii and P. aeruginosa MDR strains.”* Ga-
3 was previously assayed in 2015 against multiple strains of A.
baumannii with different profile of resistance. However, the
rich media utilized in the study might have not mimic the real
condition encountered in vivo.”>

Pyridine-2-thiol 1-oxide (Hmpo) metal complexes (Figure 16)
with Bi"' (Bi-1), Fe'' (Fe-1), and Ga'"' (Ga-4) were evaluated
against MDR M. tuberculosis strains.’® Ga-4 and Fe-1 presented
MIC in the range of 0.94 to 2.03 umol L'and 0.80 to 2.46 umol
L1, respectively, both more active than the free ligand assessed
alone. Additionally, toxicity assays were realized on VERO cells
(ATCC CCL-81) to determine ICso and SI. Results obtained were
of ICso of 10.04 pmol L1 for Ga-4 and 4.61 pumol L1 for Fe-1, and
Sl of 9.37 for Ga-4 and 3.03 for Fe-1, indicating that Ga-4 is a
promising candidate for drug development.’®

™ ft
H N =
— [ ] Q, :
— 2 AN
“ o
Hmpo Bi-1: M = Bi
Fe-1: M = Fe
Ga-4: M = Ga

Fig. 16. Schematic structure of Bi-1, Fe-1, Ga-4 e mpo.

More recently, Campos et al synthesized and investigated the
same Fe'l complex Fe-1 against two MDR and one XDR M.
tuberculosis strains by determination of MIC, time-kill curve, IC
in eukaryotic cells (MRC-5—ATCC CCL-171), and SI.77 Against the
MDR strains, MIC obtained for Fe-1 were 2.25 + 0.7 and 0.30 +
0.1 umol L, and 2.25 + 0.7 pumol L? against the XDR strain. In
the time-kill curve assay, utilizing the MIC concentration, Fe-1
sterilized one of the MDR strains in 11 days in vitro,
demonstrating a remarkable potential in the treatment of TB.
The salt alone presents a sterilizing effect in 7 days at MIC of
6.52 + 4.0 umol L 1. According to the authors, Fe-1 takes longer
to exert its effect due to Fe"" uptake by bacterial siderophores
releasing the mpo molecules that posteriorly display its activity.
Fe-1 ICso and SI over MRC-5 were of 5.26 umol L1 and 4.9,

8 | J. Name., 2021, 00, 1-3

respectively, while the ligand appears to be less toxic with ICsg
of 88.7 umol L'1and SI of 12.3, requiring some modifications to
improve Fe-1 toxicity profile.””

Metal ions coordinated by antibacterial chemotherapeutics: CCs
with Synergistic Effect

As previously mentioned, the combination of Ag-1 with
quinolones (e.g. norfloxacin, perfloxacin, and enoxacin) had
increased the activity of these drugs against bacterial commonly
found in burns (i.e. P. aeruginosa).*3 Especially, this association
also seemed to decrease the ability of P. geruginosa strains to
develop resistance towards the quinolones.*3

One complementary strategy to the combinatory treatment
rely on the direct coordination of antibacterial drugs to the
metal ions, also seeking synergistic effects.

For this reason, Kanwar et al. synthesized an
isonicotinoyldithiocarbazic acid (IN-DtczH) ligand derived from
Isoniazid (INH), one of the recommended first-line drugs for the
treatment of TB, and developed Ni-1, Co-2, Zn-4 and Cu-6
(Figure 17) to evaluate their activity against mycobacteria,
including the MDR-TB strain BC-750.78 From the complexes, Ni-
1 expressed the highest activity against the MDR-TB strain, with
MIC of 10 mg L1, followed by Zn-4, with MIC of 50 mg L.
Furthermore, Ni-1 and Zn-4 were very well tolerated on
rhabdomyosarcoma cells without compromising cell survival
even at the highest tested concentration of 75 mg L'1.78
Likewise, INH-like Ru" complexes were synthesized and tested
in vitro against M. tuberculosis susceptible and resistant
strains.”® Ru-13 (Figure 18), however, was the only that
presented activity against the resistant strains, with MIC of
22.55 and 24.26 mg L1, Ru-13 ICsp was 250 mg L't and its Sl =
416.66, exhibiting no toxicity in VERO epithelial cells and low
cytotoxicity against J774A.1 macrophage cells. The authors
considered these result promising, as INH did not show any
inhibition even in the concentration of 25.00 mg L1.7°

)
Nx [M(L),]cl,
= s M = Zn (Zn-4)
)I\ Co (Co-2)
0 N—N 5 Ni (Ni-1)
H H Cu (Cu-6)

Fig. 17. Schematic structure of ligand IN-DtczH and molecular formula for its metal
complexes. For all complexes n =2.
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Inorganic Compounds as Adjuvants

Antibacterial adjuvants constitute an alternative and complementary
strategy of drug development.8%81Adjuvants are small molecules that
do not kill bacteria directly. However, they can potentialize or even
restore the previously lost antibacterial activities of current
chemotherapeutics, thus surpassing the multi-drug resistance
threshold. In order to accomplish the reactivation of the antibacterial
activity, these compounds target mostly the bacterial resistance

mechanisms.

= w2+
NH,
HalNy,, wWiHs
HSN/ \NHJ
N
=
Hil\l o]
L NH, | ruas

Fig. 18. Schematic structure of Ru-13.

In 2016, Cu-7, Cu-8 and Cu-9 (Figure 19) were synthesized with
Casiopeinas® and assayed against M. tuberculosis strains,
including MDR-TB, individually and combined with the
antibiotics INH, rifampicin (RIF), or ethambutol (EMB), to
evaluate if any antituberculosis activity was expressed.82
Individually, MIC were obtained in the range of 0.78 to 12.50.
Fractional inhibitory concentration index (FICI) was calculated
to evaluate the expression of synergistic effects and only values
< 0.5 were considered as an indication of synergy.82 Under this
criterion the following combinations presented synergy:
INH/Cu-8, RIF/Cu-7, RIF/Cu-9, EMB/Cu-7, EMB/Cu-8, and
EMB/Cu-9, in which the compounds with EMB displayed better
results. Supposedly, the polymerization of cell wall arabinan of
arabinogalactam by EMB improves the compounds uptake,
which in turn presents various levels of hydrophobicity.82
Protein inhibition

Silver(l) ions have shown to be able to interact with bacterial
envelope proteins (see section Membrane Disruption) also
displaying capacity to interact with E. coli 30S ribosomal
subunits (S6, IbpA and IbpB).#2 Such proteins possess chaperone
function against stress induced protein denaturation.42

Sun and co-workers efforts towards the mechanism of activity
of Ag' ions indicated that such ions are able to target primarily
enzymes in related to glycolysis and the oxidative branch of
Citric Acid Cycle (CAC).%583 Gel-electrophoresis coupled with ICP-
MS showed that three E.coli enzymes involved in glycolysis,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
phosphoglycerate kinase (Pgk) and dihydrolipoyl
dehydrogenase (LpdA) were found to be coordinated to Ag'.6>
Further  studies encompassing  continuous-flow  gel
electrophoresis coupled with ICP-OES and single-crystal X-Ray
crystallography showed that the inhibition GAPDH occurs
through coordination of Cys149 and His176 catalytic site to Ag'.
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Another two Ag' ions are seen coordinated by Cys288 and
Glu286 non-catalytic site being further stabilized by
argentophilic interactions.83 The authors suggested stated that
such inhibition may affect E. coli glucose consumption.®>
Additionally, an 80% and 50% inhibition of the CAC proteins
isocitrate dehydrogenase (lcd) and malate dehydrogensa (Mdh)
was observed, respectively.®> These data together with the
observed depletion of CAC substrates citrate, 2-oxoglugarate
and isocitrate indicates that Ag' ions affect CAC oxidative
branch.®
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Fig. 19. Schematic structures of Cu-7 to Cu-9.

Other possible effects

Zombies effect is a term related to bacteria which were killed
by a metal ion.3884 Such bacteria function as a reservoir of these
metal ions and, as a delivery system, is able to induce death to
live strains. Such effect was firstly reported by Wakshlak and co-
workers for Ag'-killed bacteria.3884

MDRB Virulence and Mechanisms of Resistance

ESKAPE pathogens are the bacteria mainly involved in the
resistance process. Such acronym is composed by the first
letters of the bacteria Enterococcus faecium (E. faecium), S.
aureus, K. pneumoniae, A. baumanii , P. aeruginosa, and
Enterobacteriaceae.®> In a seek to provide additional data that
could further help on the development of effective antibacterial
CCs, the readership will find as follows some bullet information
regarding ESKAPE and non-ESKAPE multi-drug
pathogens. Additionally, from a microbiology point-of-view,
some antimicrobial assays are herein highlighted. Most of these
assays were employed in this
manuscript.

According to Diard and Hardt, virulence is the capacity of a

resistant

in the works discussed

microorganism to cause damage to the host.1?® The concept of
virulence factors covers a variety of molecules produced by
microorganisms that enhance their ability to evade the defense
mechanisms of the host and cause diseases. Products such as
toxins, enzymes, cell surface structures, and the regulation of
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genes involved in the expression of these molecules can be
considered virulence factors.2%0

Enterococcus faecium is commonly found in the gut, oral cavity
and female genital tract. Several strains of these bacteria are
responsible for intra-abdominal, urinary tract and bloodstream
infections.86 E. faecium may present several virulence factors in
which one could highlight the SagA protein (75kDa) that binds
to human extracellular matrix and is essential for bacterial
growth and biofilm formation.8” The first VRE strains were
reported in 1986.888% |n this bacteria, mobile gene clusters
confer resistance to glycopeptide antibiotics such as
vancomycin and teicoplanin, by the vanA and vanB genotypes.®°
Likewise, the acquisition of mobile genetics elements also
confer resistance to [-lactams, and
fluoroquinolones.8”

Staphylococcus aureus are bacteria that infect the blood stream
causing endocarditis, pneumonia as well as bone and joint
infections, which ultimately leads to sepsis.86. Several factors
contribute to its virulence such as the production of exotoxins,
tissue invasion enzymes as well as the expression of immune-
evasive surface factors.? Many of these factors are acquired by
mutations in the core genome or, majorly, though horizontal
transference of mobile genetic elements (MGE) between
different bacterial strains.?2 These MGEs are known to provide
resistance to B-lactam antibiotics, trimethoprim, erythromycin,
clindamycin and tetracyclines and vancomycin.?1-96
Enterobacter aerogenes strains are facultative anaerobic Gram-
negative and non-spore-forming bacilli commonly associated
with respiratory, bloodstream, skin and soft tissue as well as
urinary tract infections.?”%8Its most common virulence factors

aminoglycosides

are adherence to mucosal and epithelial surfaces, expression of
enterobactin and salmochelin siderophores,
mucoid phenotype A and production of toxins, such as

regulation of

enterotoxin, microcin and colibactin.?® E. aerogenes strains
have a considerable ability to generate resistance factors to
antimicrobials, such as the superexpression of efflux pumps.®®
Broad-spectrum [R-lactamase expression associated with
aminoglycoside enzymatic resistance also corroborates the
resistance  profile of these B-lactam
chemotherapeutics. 98100

K. pneumoniae is a fermenting Gram-Negative bacteria natural

bacteria to

to human gut and known to become an opportunistic
pathogen.191 Despite living the human gastrointestinal tract
asymptomatically, it may cause pneumonia as well as urinary
tract and bloodstream infections, mostly in
immunocompromised individuals.102-104 |t s a nosocomial
problem usually triggering infections on surgical sites which can
eventually escalate to sepsis.104105 Four virulent factors play the
major roles in K. pneumoniae: pili, capsule, lipossacharides
(LPS), and iron carriers.19¢ The pili promotes adhesion to
immune and epithelial cells, as well as to abiotic surfaces. Its
capsule, confers protection against immune response and it is
associated with the high-mucus phenotype of hypervirulent K.
pneumoniae.1®” LPS modifications may occur in order
“camouflage” the bacteria, thus inhibiting the inflammatory
response and reducing its clearance from the organism.108,109
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The expression of iron carriers, in their turn, play major roles in
the growth and replication of bacterial cells.106

As for the case of resistance, K. Pneumoniae generally develops
resistance horizontally through plasmids encoding antibiotic
resistance genes (ARGs).110 For example, it was reported that
genes from aac, ant and aph families confers resistance against
aminoglycosides 111 whereas the gnr gene encodes proteins
responsible for the protection of DNA gyrase and
topoisomerase IV from quinolones 112, and ramA is responsible
for efflux pump activation, increasing acquired B-lactamase-
mediated B-lactam resistance.l13 As a result of the acquired
resistance, carbapenem-resistant K. pneumoniae for instance,
possess high mortality rates (up to 48%) when compared to
susceptible strains (17%).114

Acinetobacter baumanii is a non-fermenting Gram-negative in
which the mortality rates may reach up to 54%.115 In most cases,
A. baumannii causes ventilator-associated pneumonia and
bloodstream infections, but it is also responsible for infections
in the skin, soft tissues, urinary tract, and central nervous
system.116  These bacterial strains possess remarkable
survivability in a variety of environments, thus facilitating its
dissemination as a nosocomial pathogen.1%’

A. baumannii virulence factors are related to outer membrane
proteins (Omp) such as OmpA, Omp 33-36, and CarO which
have important roles in biofilm formation, dissemination into
the bloodstream, cell invasion and death.118-122 Other virulence
factors are lipossacharides and capsule, which confers
resistance and protection against the immune system116,123-125
as well as the expression of several enzymes able to promote its
survivability and dissemination as, for instance, phospholipases
and the enzyme CpaA.126:127 The formation of biofilm mediated
by Quorum Sensing (QS) is another important virulence factor
that confers resistance against external stress (e.g. antibiotics,
immune system clearance, and desiccation) and allows bacterial
interaction with the host, by cell attachment.12812°

A. baumanii resistance is a major concern since its resistance
profile is converting from MDRB to pan-drug resistant bacteria.
130-132 Thjs is expressed depending on the
antibacterial chemotherapeutic: enzymes and nonenzymatic

resistance

mechanisms; energy-dependent efflux pumps and proteins that
shield bacterial ribosomes; mutations on DNA gyrase and DNA
topoisomerase 1IV; AbeS small multidrug resistance pumps;
MacA-MacB-TolC tripartite complex transmembrane machine;
mechanisms involving synthesis and composition of lipid A of
the outer membrane as well as deficient expression of cell wall
polysaccharide (LPS) synthesis cofactors are the main examples.
116,133-138

Pseudomonas aeruginosa, also a non-fermenting Gram-
negative bacteria, is an opportunistic pathogen that takes
advantage of immunocompromised and/or critically ill
patients139-142 1t is related to ventilator-associated pneumonia,
can cause urinary tract infections, external otitis as well as infect
burns, wounds, bone and joints.143.144 |f not threated correctly
those infections can escalate to bacteremia.145-147

Since the introduction of carbapenems, carbapenem-resistant
P. aeruginosa (CRPA) strains have been describe.148149 Several
factors are determinant in expression of resistance by P.
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aeruginosa, as the emergence of sequential chromosomal
mutations that alters the cell permeability over these
substances and hiperexpresses MDR efflux (MEX) pumps, as
MexAB-OprM  and  MexEF-OprN.130-152  An  important
characteristic of these MEX pumps is that they lack specificity,
affecting different classes of antibacterial
chemotherapeutics.’> Additionally, the acquirement of pB-
lactamases like MBLs and OXA-type carbapenemases has
increased spreading of resistant strains.145150,153

As A. baumannii, P. aeruginosa also relies on QS for the
production of biofilm and regulation of gene expression, thus it
is closely related to virulence. In P. aeruginosa, QS is responsible
for the upregulation of key virulence factors.1>4-157 For example,
pyocyanin, a phenazine cytotoxic to host cells, tissues, and
immune system cells, that induces apoptosis and causes
oxidative stress.158-160

Additionally, QS regulates the production of Lectin A, an
important protein for cell attachment, cell-cell interaction, and
biofilm formation, which also influences intestinal epithelium
permeability to ExoA.161-163 ExoA, considered one of the most
toxic virulence factors in P. aeruginosa, is exotoxin regulated by
QS which inhibits protein synthesis by the host cell causing cell
death, tissue damage, bacterial and
immunosuppression.164-166

A. baumannii, P. aeruginosa, and K. pneumoniae, considering
that these pathogens are among major causes of high-mortality
HAIs 167 and are responsible for up to 40% of ICU infections.168
Other non-ESKAPE MDRB

Staphylococcus epidermidis also express antibiotic resistance,
including against to metbhicillin and even in higher rates than S.

invasion,

aureus.1® This resistance comes from the same MGE present in
MRSA, namely the SCCmec containing mecA. 17° Additionally, S.
have acquired
flouroquinolones, gentamicin, tetracycline, chloramphenicol,

epidermidis resistance to rifamycin,
erythromycin, clindamycin, sulfonamides and, in some cases,
vancomycin.171.172

Corynebacterium are Gram-positive, pleomorphic and non-
sporulating bacilli that are usually part of the skin and the upper
respiratory tract microbiota.l’3 Corynebacterium striatum
MDRB may cause respiratory and urinary tract infections It may
also be responsible for skin and eye wounds, endocarditis,
meningitis, osteomyelitis, septic arthritis and bacteremia.173-175
Corynebacterium spp. virulence
formation and adherence to human epithelial cells, which is
mediated by cell surface pili.17¢ These structures are also
implicated in the colonization of host cells and evasion of the
immunity. 173177Resistance is mediated by the expression of
resistance genes leading to the resistance to a variety of
chemotherapeutics such as macrolides, lincosamides,
streptogramins B, clindamycin and aminoglycosides. 178-182
Additionally, mutations on gyrA gene was described to confer
resistance to ciprofloxacin and moxifloxacin.180
Mycobacterium tuberculosis is a bacillus that, different from
the other bacteria herein presented, is a Gram-variable
microorganism.183 The distinct coating complex on its cell
surface that precludes Gram staining and is described as “a

waxy mycolic acid lipid complex” by Talip et al in 2013,

relies mainly on biofilm
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composed by a soluble outer compartment containing lipid-
linked polysaccharides, and by an insoluble inner compartment
of peptidoglycan, arabinogalactan, and mycolic acid.184-186

M. tuberculosis is the causative agent of tuberculosis, one of the
major causes of death worldwide, and the leading cause of
death from a single disease.'®” About 206 030 people around
the globe were notified with multidrug-resistant M. tuberculosis
in 2019, a 10% increase from 2018. MDR-TB are those strains
which are resistant to at least isoniazid and rifampicin, and its
infections require longer (6 — 20 months) and expensive
treatments that with low success rate (57%).187 M. tuberculosis
aerosolization implicates in air-born infections. entering the
lungs and triggering symptoms of prolonged coughing, chest
pain, dyspnea, low-grade fever, night sweats and severe weight-
loss.183 Aggravatingly, it can also infect other organs displaying
symptoms as meningitis, synovitis, pericarditis, cervical
lymphadenitis, pleuritis, and infections of the skin, joints, bones
and internal organs.188189

Antimicrobial Assays

Commonly in vitro employed assays to determine a
microorganism susceptibility towards a certain compound
encompasses the disk diffusion method and micro-dilution in
broth (MIC determination).1%0 Nevertheless, from these assays
no information is gathered in terms of a bactericidal or
bacteriostatic mode of action.'®® Among in vitro and post-MIC
determination, one should highlight the death kinetics assays,
the evaluation of synergism with commercial antimicrobials,
along with the determination of post-treatment membrane
integrity through ATP bioluminescence.®! Virulence factors
inhibition entails the evaluation of biofilm eradication, exotoxin
and quorum sensor synthesis inhibition.1921%3 The ADMeTox
assessment of a compound in then performed by in vivo assays,
which include larvae (e.g. Galleria mellonella; Caenorhabditis
elegans), Zebrafish as well as small mammals such as mice.193

Conclusions and Perspectives

Infectious diseases caused by MDRB are far from being a
manageable problem and a health crisis is a probable upcoming
reality. 4 Medium-term economic and social welfare aside, the
less profitable revenue expected on the development and
commercialization of antibacterial agents seems to be the main
cause of pharmaceuticals low interest on this classes of drug.1®*
Although some companies such as Paratek Pharmaceuticals
have been swimming against the tide with the development and
test of new antibacterial chemotherapeutics (e.g.
omadacycline, Nuzyra), the low approval of antibiotics in Phase
I clinical trials (~ 14%) along with the aforementioned less
profitable commercial niche are a good ally to the end of the
Antibiotic Era.12 Could COVID-19 pandemic be a wake-up call to
prevent the next crisis?12 And how could CCs be capitalized in
this context?

Able to impair cell metabolic pathways through coordination
with the biomolecular machinery, to catalytically generate
cytotoxic compounds including reactive oxygen species, to
deplete substrates that are essential to bacterial multiplication,
CCs may be the (possibly underrated) required arsenal against
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pathogenic bacteria.1951%  With differential ligand
arrangements around the metal center depending on the ligand
themselves, the metal nature and its nox such compounds can
easily form three-dimensional structures able to access
underexplored sites in biomolecules. 19519 Moreover, such
structures can become even more intricated when less planar
ligands are considered, allowing the fine-tune between the
three-dimensional structures and their biomolecule recognition
sites. 1951% |n between the possibility of specific bimolecular
interaction and a ubiquitous antibacterial activity, CCs may
provide long-term choices of antibacterial drugs, with less
probability of resistance development thus, fulfilling the
innovation gap currently observed. Although such compounds
would have to be submitted to the same hurdles faced by any
other potential antibacterial drug (especially those financially-
related) CCs development could provide a more assured
approach to overcome the limited lifespan observed of such
class of compounds, guaranteeing the long-term profit desired
by pharmaceutical companies.1? Finally, from the results herein
presented, it is clear that in vitro assays are generally the only
assessment such compounds are submitted to. There is a clear
lack of information both from in vitro and in vivo tests regarding
the toxicity of such compounds, their ADMeTox profiles as well
as first passage effects, which are mandatory if one is willing to
give the next steps towards a possible clinical trial.
Furthermore, although the ubiquitous nature of activity of such
compounds is a promise towards overcoming (multi)drug
resistance, the possibility of interactions with the host
biomolecular machinery is a reality that cannot be discarded.
Biorthogonal with pathogenic
biomolecular targets are thus somewhat envisaged in order to
induce reduced adverse effects.

interactions bacteria

Author Contributions

Christian C. Benedicto: survey, writing, review; Antonio Margal Neto:
survey, writing, review; Ralciane P. Menezes: survey, review; Ana
Carolina G. Jardim: conceptualization, review; Camilla Abbehausen:
discussion, review; Carlos H.G. Martins: conceptualization, review;
Fernando R.G. Bergamini: conceptualization, writing, discussion,
review and editing.

Conflicts of interest

There are no conflicts to declare.

Dedicatory

CCB dedicates this manuscript to the memory of his
grandfather, Mauro Benedicto, who passed away during this
year.

FRGB dedicates this manuscript to the memory of his former
professors of IQ-UNICAMP, Dr. Ronei J. Poppi and Dr. Oswaldo
L. Alves and to his colleagues of IQ-UFU, Dr. Maria Stela C.
Gomdin and Mr. Anibal A. Ladir who passed away during the last
year.

12 | J. Name., 2021, 00, 1-3

Acknowledgements

This study was supported by grants from Brazilian Agency CAPES
(Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior)— Brazil — Prevention and Combat of Outbreaks,
Endemics, Epidemics and Pandemics — Finance Code
#88881.506794/2020-01; CAPES— Finance Cod 001. FRGB, CCB
and AMN thanks to the license for academics of MarvinSketch®
(ChemAxon) employed in the chemical structures.

References

1 K. Bockstael and A. Van Aerschot, Cent. Eur. J. Med., 2009,
4,141-155.

2 C. Yilmaz and G. Ozcengiz, Biochem. Pharmacol., 2017, 133,
43-62.

3 M. L. Cohen, Nature, 2000, 406, 762-767.

4 H. Yoneyama and R. Katsumata, Biosci. Biotechnol.
Biochem., 2006, 70, 1060-1075.

5 M. Bassetti, M. Merelli, C. Temperoni and A. Astilean, Ann.
Clin. Microbiol. Antimicrob., 2013, 12, 1.

6 L. L. Ling, T. Schneider, A. J. Peoples, A. L. Spoering, I.

Engels, B. P. Conlon, A. Mueller, D. E. Hughes, S. Epstein,
M. Jones, L. Lazarides, V. A. Steadman, D. R. Cohen, C. R.
Felix, K. A. Fetterman, W. P. Millett, A. G. Nitti, A. M. Zullo,
C. Chen and K. Lewis, , DOI:10.1038/nature14098.

7 A. Zipperer, M. C. Konnerth, C. Laux, A. Berscheid, D. Janek,
C. Weidenmaier, M. Burian, N. A. Schilling, C. Slavetinsky,
M. Marschal, M. Willmann, H. Kalbacher, B. Schittek, H.
Brotz-Oesterhelt, S. Grond, A. Peschel and B. Krismer,
Nature, 2016, 535, 511-6.

8 L. M. Weiner, A. K. Webb, B. Limbago, M. A. Dudeck, J.
Patel, A. J. Kallen, J. R. Edwards and D. M. Sievert, Infect.
Control Hosp. Epidemiol., 2016, 37, 1288-1301.

9 A. C. Rios, C. G. Moutinho, F. C. Pinto, F. S. Del Fiol, A.
Jozala, M. V. Chaud, M. M. D. C. Vila, J. A. Teixeira and V.
M. Balcdo, Microbiol. Res., 2016, 191, 51-80.

10 I. on A. Resistance, No Time To Wait: Securing the Future
From Drug-Resistant Infections Report To the Secretary-
General of the United Nations, 2019.

11 Centers for Disease Control and Prevention, Biggest
Threats and Data | Antibiotic/Antimicrobial Resistance |
CDC.

12 M. McKenna, Nature, 2020, 584, 338-341.

13 R. E. F. De Paiva, A. Margal Neto, I. A. Santos, A. C. G.

Jardim, P. P. Corbi and F. R. G. Bergamini, What is holding
back the development of antiviral metallodrugs? A
literature overview and implications for SARS-CoV-2
therapeutics and future viral outbreaks, 2020, vol. 49.

14 F. R. G. Bergamini, M. A. Ferreira, R. E. F. de Paiva, A. F.
Gomes, F. C. Gozzo, A. L. B. Formiga, F. C. A. Corbi, I. O.
Mazali, D. A. Alves, M. Lancellotti and P. P. Corbi, RSC Adv.,
2012, 2, 10372.

15 N. P. E. Barry and P. J. Sadler, Chem. Commun., 2013, 49,
5106-5131.
16 A.T. Fiori-Duarte, F. R. G. Bergamini, R. E. F. de Paiva, C. M.

Universidade Federal de Uberlandia



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

Manzano, W. R. Lustri and P. P. Corbi, J. Mol. Struct., 2019,
1186, 144-154.

C. M. Manzano, D. H. Nakahata, J. C. Tenorio, W. R. Lustri,
F. A. Resende Nogueira, N. A. Aleixo, P. S. da Silva Gomes,
F. R. Pavan, J. A. Grecco, C. M. Ribeiro and P. P. Corbi,
Inorganica Chim. Acta, 2020, 502, 119293.

Z. A. Carneiro, J. C. Lima, C. D. Lopes, A. P. S. Gaspari, S. de
Albuquerque, L. R. Dinelli, L. L. W. Veloso-Silva, M. O.
Paganelli, S. H. Libardi, C. G. Oliveira, V. M. Deflon, R. J.
Oliveira, J. C. Borges and P. I. S. Maia, Eur. J. Med. Chem.,
2019, 180, 213-223.

E. J. Anthony, E. M. Bolitho, H. E. Bridgewater, O. W. L.
Carter, J. M. Donnelly, C. Imberti, E. C. Lant, F. Lermyte, R.
J. Needham, M. Palau, P. J. Sadler, H. Shi, F. X. Wang, W. Y.
Zhang and Z. Zhang, Chem. Sci., 2020, 11, 12888-12917.
A. Frei, Antibiotics, , DOI:10.3390/antibiotics9020090.

P. Bieganski, t. Szczupak, M. Arruebo and K. Kowalski, RSC
Chem. Biol., 2021, 2, 368—-386.

H. Li, R. Wang and H. Sun, Acc. Chem. Res., 2019, 52, 216—
227.

M. Pervaiz, S. Sadiq, A. Sadiq, U. Younas, A. Ashraf, Z.
Saeed, M. Zuber and A. Adnan, Coord. Chem. Rev., 2021,
447,214128.

D. M. Griffith, H. Li, M. V Werrett, P. C. Andrews and H.
Sun, Chem. Soc. Rev., , DOI:10.1039/D0CS00031K.

C. B. Scarim, R. Lira de Farias, A. Vieira de Godoy Netto, C.
M. Chin, J. Leandro dos Santos and F. R. Pavan, Eur. J. Med.
Chem.,, DOI:10.1016/j.ejmech.2021.113166.

A. C. Munteanu and V. Uivarosi, Pharmaceutics, ,
DOI:10.3390/pharmaceutics13060874.

M. Ferreira and P. Gameiro, Microorganisms, ,
DOI:10.3390/microorganisms9071506.

A. Pandey and E. Boros, Chem. - A Eur. J., 2021, 27, 7340—-
7350.

P. Kaur and D. V. Vadehra, Antimicrob. Agents Chemother.,
1986, 29, 165-167.

K. Minori, L. B. Rosa, R. Bonsignore, A. Casini and D. C.
Miguel, ChemMedChem, 2020, 15, 2146-2150.

H. Silva, F. Frézard, E. J. Peterson, P. Kabolizadeh, J. J. Ryan
and N. P. Farrell, Mol. Pharm., 2012, 9, 1795-1802.

N. P. Farrell, Chem. Soc. Rev., 2015, 44, 8773-8785.

J. Malina, N. P. Farrell and V. Brabec, Inorg. Chem., 2014,
53, 1662-1671.

J. Malina, N. P. Farrell and V. Brabec, Angew. Chemie, 2014,
126, 13026-13030.

C. L. J. Fox, Arch. Surg., 1968, 96, 184-188.

S. M. Fox, C. L., and Modak, Antimicrob. Agents
Chemother., 1974, 5 (6), 582-588.

D. S. Cook and M. F. Turner, J. Chem. Soc. Perkin Trans. 2,
1975, 1021.

S. Medici, M. Peana, V. M. Nurchi and M. A. Zoroddu, J.
Med. Chem., 2019, 62, 5923-5943.

R. J. Oaks and R. Cindass, Silver Sulfadiazine, 2021.

S. M. Modak and C. L. Fox, Biochem. Pharmacol., 1973, 22,
2391-2404.

Y. Ueda, M. Miyazaki, K. Mashima, S. Takagi, S. Hara, H.
Kamimura and S. Jimi, Microorganisms, 2020, 8, 1-12.

Universidade Federal de Uberlandia

42

43

44

45

46

47

48

49

50
51

52

53

54

55

56

57

58

59

60

61

62

63

64

C. N. Lok, C. M. Ho, R. Chen, Q. Y. He, W. Y. Yu, H. Sun, P. K.
H. Tam, J. F. Chiu and C. M. Che, J. Proteome Res., 2006, 5,
916-924.

S. M. Modak, L. Sampath and C. L. Fox, J. Burn Care
Rehabil., 1988, 9, 359-363.

0. Zalevskaya, Y. Gur’eva, A. Kutchin and K. A. Hansford,
Antibiotics, 2020, 9, 1-10.

R. Kothari, V. Jha, B. Sharma, R. Ahmad, J. Kushwaha, D.
Mukhraiya and A. K. Balapure, Int. J. Biol. Pharm. Allied Sci.,
2016, 5, 708-724.

U. Brahma, R. Kothari, P. Sharma and V. Bhandari, Sci. Rep.,
2018, 8, 1-8.

V. K. Maurya, A. K. Singh, R. P. Singh, S. Yadav, K. Kumar, P.
Prakash and L. B. Prasad, J. Coord. Chem., 2019, 72, 3338—
3358.

P. Glintzel, C. Nagel, J. Weigelt, J. W. Betts, C. A. Pattrick, H.
M. Southam, R. M. La Ragione, R. K. Poole and U.
Schatzschneider, Metallomics, 2019, 11, 2033-2042.

J. Betts, C. Nagel, U. Schatzschneider, R. Poole and R. M. La
Ragione, PLoS One, 2017, 12, e0186359.

L. Kelland, Nat. Rev. Cancer, 2007, 7, 573-84.

A. Gelasco and S. J. Lippard, Biochemistry, 1998, 37, 9230—
9239.

P. M. Takahara, C. A. Frederick and S. J. Lippard, J. Am.
Chem. Soc., 1996, 118, 12309-12321.

P. M. Takahara, A. C. Rosenzweig, C. A. Frederick and S. J.
Lippard, Nature, 1995, 377, 649-652.

A. Bolhuis, L. Hand, J. E. Marshall, A. D. Richards, A. Rodger
and J. Aldrich-Wright, Eur. J. Pharm. Sci., 2011, 42, 313—
317.

P. Srivastava, M. Shukla, G. Kaul, S. Chopra and A. K. Patra,
Dalt. Trans., 2019, 48, 11822-11828.

S. Delaney, M. Pascaly, P. K. Bhattacharya, K. Han and J. K.
Barton, Inorg. Chem., 2002, 41, 1966—-1974.

F. Li, M. Feterl, Y. Mulyana, J. M. Warner, J. G. Collins and
F. R. Keene, J. Antimicrob. Chemother., 2012, 67, 2686—
2695.

G. Shi, S. Monro, R. Hennigar, J. Colpitts, J. Fong, K.
Kasimova, H. Yin, R. DeCoste, C. Spencer, L. Chamberlain,
A. Mandel, L. Lilge and S. A. McFarland, Coord. Chem. Rev.,
2015, 282-283, 127-138.

F. Heinemann, J. Karges and G. Gasser, Acc. Chem. Res.,
2017, 50, 2727-2736.

A. Kincses, S. Szabd, B. Racz, N. Szemerédi, G. Watanabe, R.
Saijo, H. Sekiya, E. Tamai, J. Molnar, M. Kawase and G.
Spengler, Antibiotics, 2020, 9, 1-12.

A. E. Hoffman, M. DeStefano, C. Shoen, K. Gopinath, D. F.
Warner, M. Cynamon and R. P. Doyle, Eur. J. Med. Chem.,
2013, 70, 589-593.

S. J. Berners-Price and A. Filipovska, Metallomics, 2011, 3,
863.

L. B. Rosa, R. L. Aires, L. S. Oliveira, J. V. Fontes, D. C.
Miguel and C. Abbehausen, ChemMedChem, 2021, 16,
1681-1695.

J. Lu, A. Vlamis-Gardikas, K. Kandasamy, R. Zhao, T. N.
Gustafsson, L. Engstrand, S. Hoffner, L. Engman and A.
Holmgren, FASEB J., 2013, 27, 1394-1403.

J. Name., 2021, 00, 1-3 | 13



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

H. Wang, A. Yan, Z. Liu, X. Yang, Z. Xu, Y. Wang, R. Wang,
M. Koohi-Moghadam, L. Hu, W. Xia, H. Tang, Y. Wang, H. Li
and H. Sun, PLOS Biol., 2019, 17, e3000292.

K. Y. Djoko, B. M. Paterson, P. S. Donnelly and A. G.
McEwan, Metallomics, 2014, 6, 854—863.

K. Y. Djoko, M. M. Goytia, P. S. Donnelly, M. A. Schembri,
W. M. Shafer and A. G. McEwan, Antimicrob. Agents
Chemother., 2015, 59, 6444—6453.

T. Marzo, D. Cirri, S. Pollini, M. Prato, S. Fallani, M. I.
Cassetta, A. Novelli, G. M. Rossolini and L. Messori,
ChemMedChem, 2018, 13, 2448-2454.

B. Wu, X. Yang and M. Yan, J. Med. Chem., 2019, 62, 7751-
7768.

T. H. S. Souza, J. F. Sarmento-Neto, S. O. Souza, B. L.
Raposo, B. P. Silva, C. P. F. Borges, B. S. Santos, P. E. Cabral
Filho, J. S. Rebougas and A. Fontes, J. Photochem.
Photobiol. C Photochem. Rev., 2021, 100454.

A. Jain, N. T. Garrett and Z. P. Malone, Photochem.
Photobiol., , DOI:10.1111/php.13435.

P. Prasad, A. Gupta and P. K. Sasmal, Chem. Commun.,
2021, 57, 174-186.

S. Pierce, M. P. Jennings, S. A. Juliano and A. M. Angeles-
Boza, Inorg. Chem., 2020, 14866—-14870.

S. Hijazi, D. Visaggio, M. Pirolo, E. Frangipani, L. Bernstein
and P. Visca, Front. Cell. Infect. Microbiol., 2018, 8, 1-11.
B. A. Arivett, S. E. Fiester, E. J. Ohneck, W. F. Penwell, C. M.
Kaufman, R. F. Relich and L. A. Actis, Antimicrob. Agents
Chemother., 2015, 59, 7657-7665.

I. MacHado, L. B. Marino, B. Demoro, G. A. Echeverria, O. E.
Piro, C. Q. F. Leite, F. R. Pavan and D. Gambino, Eur. J. Med.
Chem., 2014, 87, 267-273.

D. L. Campos, |. Machado, C. M. Ribeiro, D. Gambino and F.
R. Pavan, J. Antibiot. (Tokyo)., 2020, 73, 120-124.

S. S. Kanwar, K. Lumba, S. K. Gupta, V. M. Katoch, P. Singh,
A. K. Mishra and S. B. Kalia, Biotechnol. Lett., 2008, 30,
677-680.

I. De Aguiar, A. Tavares, A. C. Roveda, A. C. H. Da Silva, L. B.
Marino, E. O. Lopes, F. R. Pavan, L. G. F. Lopes and D. W.
Franco, Eur. J. Pharm. Sci., 2015, 70, 45-54.

G. D. Wright, Trends Microbiol., 2016, 24, 862-871.

Y. Liu, R. Li, X. Xiao and Z. Wang, Crit. Rev. Microbiol., 2019,
45, 301-314.

A. R. Barbosa, K. R. Caleffi-Ferracioli, C. Q. F. Leite, J. C.
Garcia-Ramos, Y. Toledano-Magania, L. Ruiz-Azuara, V. L. D.
Siqueira, F. R. Pavan and R. F. Cardoso, Chemotherapy,
2016, 61, 249-255.

H. Wang, M. Wang, X. Yang, X. Xu, Q. Hao, A. Yan, M. Hu, R.

Lobinski, H. Li and H. Sun, Chem. Sci., 2019, 10, 7193-7199.
R. B. K. Wakshlak, R. Pedahzur and D. Avnir, Sci. Rep., 2015,
5, 1-5.

H. W. Boucher, G. H. Talbot, J. S. Bradley, J. E. Edwards, D.
Gilbert, L. B. Rice, M. Scheld, B. Spellberg and J. Bartlett,
Clin. Infect. Dis., 2009, 48, 1-12.

F.D. Lowy, N. Engl. J. Med., 1998, 339, 520-532.

W. Gao, B. P. Howden and T. P. Stinear, Curr. Opin.
Microbiol., 2018, 41, 76-82.

R. Leclercq, E. Derlot, J. Duval and P. Courvalin, N. Engl. J.

14 | J. Name., 2021, 00, 1-3

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

Med., 1988, 319, 157-161.

A. C. Uttley, C. H. Collins, J. Naidoo and R. C. George,
Lancet, 1988, 331, 57-58.

B. P. Howden, K. E. Holt, M. M. C. Lam, T. Seemann, S.
Ballard, G. W. Coombs, S. Y. C. Tong, M. L. Grayson, P. D. R.
Johnson and T. P. Stinear, MBio, ,
DOI:10.1128/mBio0.00412-13.

N. A. Turner, B. K. Sharma-Kuinkel, S. A. Maskarinec, E. M.
Eichenberger, P. P. Shah, M. Carugati, T. L. Holland and V.
G. Fowler, Nat. Rev. Microbiol., 2019, 17, 203-218.

N. Malachowa and F. R. Deleo, Cell. Mol. Life Sci., 2010, 67,
3057-3071.

C. P. Harkins, B. Pichon, M. Doumith, J. Parkhill, H. Westh,
A. Tomasz, H. de Lencastre, S. D. Bentley, A. M. Kearns and
M. T. G. Holden, Genome Biol., , DOI:10.1186/s13059-017-
1252-9.

Y. Katayama, T. Ito and K. Hiramatsu, Antimicrob. Agents
Chemother., 2000, 44, 1549-1555.

L. B. Rice, Am. J. Med., 2006, 119, 11-19.

W. A. Mcguinness, N. Malachowa and F. R. Deleo,
Vancomycin Resistance in Staphylococcus aureus, 2017,
vol. 90.

A. Davin-Regli, J.-P. Lavigne and J.-M. Pages, Clin. Microbiol.
Rev.,, DOI:10.1128/CMR.00002-19.

A. Davin-Regli and J.-M. PagA’s, Front. Microbiol.,
DOI:10.3389/fmicb.2015.00392.

H. Passarelli-Araujo, J. K. Palmeiro, K. C. Moharana, F.
Pedrosa-Silva, L. M. Dalla-Costa and T. M. Venancio, FEBS
J., 2019, 286, 3797-3810.

K. E. Preston, C. C. A. Radomski and R. A. Venezia,
Antimicrob. Agents Chemother., 2000, 44, 3158-3162.

O. D. CHAPMAN, J. Bacteriol., 1946, 51, 637.

C.l.Kang, S. H. Kim, J. W. Bang, H. Bin Kim, N. J. Kim, E. C.
Kim, M. D. Oh and K. W. Choe, J. Korean Med. Sci., 2006,
21, 816.

L. Chen, B. Mathema, K. D. Chavda, F. R. Deleo, R. A.
Bonomo and B. N. Kreiswirth, Trends Microbiol., 2014, 22,
686—696.

L. S. Munoz-Price, L. Poirel, R. A. Bonomo, M. J. Schwaber,
G. L. Daikos, M. Cormican, G. Cornaglia, J. Garau, M.
Gniadkowski, M. K. Hayden, K. Kumarasamy, D. M.
Livermore, J. J. Maya, P. Nordmann, J. B. Patel, D. L.
Paterson, J. Pitout, M. V. Villegas, H. Wang, N. Woodford
and J. P. Quinn, Lancet Infect. Dis., 2013, 13, 785-796.

M. K. Paczosa and J. Mecsas, Microbiol. Mol. Biol. Rev.,
2016, 80, 629-661.

A.S. Shon, R. P. S. Bajwa and T. A. Russo, Virulence, 2013,
4,107-118.

G. Li, S.Sun, Z. Y. Zhao and Y. Sun, J. Int. Med. Res., 2019,
47, 4344-4352.

S. Merino, S. Camprubi, S. Alberti, V. J. Benedi and J. M.
Tomas, Infect. Immun., 1992, 60, 2529-2535.

E. Llobet, V. Martinez-Moliner, D. Moranta, K. M.
Dahlstrém, V. Regueiro, A. Tomasa, V. Cano, C. Pérez-
Gutiérrez, C. G. Frank, H. Fernandez-Carrasco, J. L. Insua, T.
A. Salminen, J. Garmendia and J. A. Bengoechea, Proc. Natl.
Acad. Sci. U. S. A., 2015, 112, E6369-E6378.

Universidade Federal de Uberlandia



110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130
131

132

133

134

135

G. Wang, G. Zhao, X. Chao, L. Xie and H. Wang, Int. J.
Environ. Res. Public Health, 2020, 17, 1-17.

Y. Doi, J. ichi Wachino and Y. Arakawa, Infect. Dis. Clin.
North Am., 2016, 30, 523-537.

E. Ruiz, Y. Sdenz, M. Zarazaga, R. Rocha-Gracia, L. Martinez-
Martinez, G. Arlet and C. Torres, J. Antimicrob. Chemother.,
2012, 67, 886—897.

J.-C. Jiménez-Castellanos, W. A. K. Wan Nur Ismah, Y.
Takebayashi, J. Findlay, T. Schneiders, K. J. Heesom and M.
B. Avison, J. Antimicrob. Chemother., 2018, 73, 88-94.

D. Ben-David, R. Kordevani, N. Keller, I. Tal, A. Marzel, O.
Gal-Mor, Y. Maor and G. Rahav, Clin. Microbiol. Infect.,
2012, 18, 54-60.

A. Bianco, A. Quirino, M. Giordano, V. Marano, C. Rizzo, M.
C. Liberto, A. Foca and M. Pavia, BMC Infect. Dis., ,
DOI:10.1186/s12879-016-2036-7.

C. A. Moubareck and D. H. Halat, Antibiotics, 2020, 9.

A.Y. Peleg, H. Seifert and D. L. Paterson, Clin. Microbiol.
Rev., 2008, 21, 538-582.

J. Lin, S. Huang and Q. Zhang, Microbes Infect., 2002, 4,
325-331.

C. H. Choi, E. Y. Lee, Y. C. Lee, T. I. Park, H. J. Kim, S. H.
Hyun, S. A. Kim, S. K. Lee and J. C. Lee, Cell. Microbiol.,
2005, 7,1127-1138.

Y. Smani, M. J. McConnell and J. Pachén, PLoS One, ,
DOI:10.1371/journal.pone.0033073.

Y. Smani, J. Dominguez-Herrera and J. Pachon, J. Infect.
Dis., 2013, 208, 1561-1570.

Y. Sato, Y. Unno, S. Kawakami, T. Ubagai and Y. Ono, J.
Med. Microbiol., 2017, 66, 203-212.

S. R. Haseley, R. Pantophlet, L. Brade, O. Holst and H.
Brade, Eur. J. Biochem., 1997, 245, 477-481.

E. Geisinger and R. R. Isberg, PLOS Pathog., 2015, 11,
€1004691.

J. K. Singh, F. G. Adams and M. H. Brown, Front. Microbiol.,
2019, 9, 3301.

L. Camarena, V. Bruno, G. Euskirchen, S. Poggio and M.
Snyder, PLoS Pathog., 2010, 6, 1-14.

U. Waack, M. Warnock, A. Yee, Z. Huttinger, S. Smith, A.
Kumar, A. Deroux, D. Ginsburg, H. L. T. Mobley, D. A.
Lawrence and M. Sandkvist, MBio, 2018, 9, 1-15.

Y. Doi, G. L. Murray and A. Y. Peleg, Semin. Respir. Crit.
Care Med., 2015, 36, 85-98.

C. Greene, J. Wu, A. H. Rickard and C. Xi, Lett. Appl.
Microbiol., 2016, 63, 233-239.

Saudi Med. J., 2017, 38, 444-445.

I. Goic-Barisic, M. Seruga Music, A. Kovacic, M. Tonkic and
J. Hrenovic, Microb. Drug Resist., 2017, 23, 494—496.

A. S. Smiline Girija and J. Vijayashree Priyadharsini, Med. J.
Islam. Repub. Iran, , DOI:10.34171/mijiri.33.3.

K. Yamane, J. I. Wachino, Y. Doi, H. Kurokawa and Y.
Arakawa, Emerg. Infect. Dis., 2005, 11, 951-953.

G. Huys, M. Cnockaert, M. Vaneechoutte, N. Woodford, A.
Nemec, L. Dijkshoorn and J. Swings, Res. Microbiol., 2005,
156, 348-355.

A. Hamouda and S. G. B. Amyes, J. Antimicrob. Chemother.,
2004, 54, 695-696.

Universidade Federal de Uberlandia

136

137

138

139

140

141

142

143

144

145

146
147

148

149

150

151
152

153

154

155

156

157

158

159

160

161

V. B. Srinivasan, G. Rajamohan and W. A. Gebreyes,
Antimicrob. Agents Chemother., 2009, 53, 5312-5316.

U. Okada, E. Yamashita, A. Neuberger, M. Morimoto, H. W.
Van Veen and S. Murakami, Nat. Commun., ,
DOI:10.1038/s41467-017-01399-2.

W. G. Lima, M. C. Alves, W. S. Cruz and M. C. Paiva, Eur. J.
Clin. Microbiol. Infect. Dis., 2018, 37, 1009—-1019.

M. W. Silby, C. Winstanley, S. A. C. Godfrey, S. B. Levy and
R. W. Jackson, FEMS Microbiol. Rev., 2011, 35, 652—-680.
M. F. Moradali, S. Ghods and B. H. A. Rehm, Front. Cell.
Infect. Microbiol., 2017, 7, 39.

M. Ruhnke, R. Arnold and P. Gastmeier, Lancet Oncol.,
2014, 15, e606—e619.

B. Borgatta, L. Lagunes, A. T. Imbiscuso, M. N. Larrosa, M.
Lujan and J. Rello, Eur. J. Clin. Microbiol. Infect. Dis., 2017,
36, 1097-1104.

D.J. Weber, W. A. Rutala, E. E. Sickbert-Bennett, G. P.
Samsa, V. Brown and M. S. Niederman, Infect. Control
Hosp. Epidemiol., 2007, 28, 825-831.

D. Koulenti, E. Tsigou and J. Rello, Eur. J. Clin. Microbiol.
Infect. Dis., 2017, 36, 1999-2006.

M. Bassetti, A. Vena, A. Croxatto, E. Righi and B. Guery,
Drugs Context, 2018, 7, 212527.

L. L. Burrows, ACS Infect. Dis., 2018, 4, 1041-1047.

J. Botelho, F. Grosso and L. Peixe, Drug Resist. Updat., ,
DOI:10.1016/j.drup.2019.07.002.

G. L. Drusano and H. C. Standiford, J. Antimicrob.
Chemother., 1989, 24, 161-167.

K. H. Bischer, W. Cullmann, W. Dick, S. Wendt and W.
Opperkuch, J. Infect. Dis., 1987, 156, 681-684.

E. Ruppé, P. L. Woerther and F. Barbier, Ann. Intensive
Care, 2015, 5.

E. M. Eichenberger and J. T. Thaden, Antibiotics, 2019, 8.
L. E. Brooks, S. Ul-Hasan, B. K. Chan and M. J. Sistrom,
mSystems, , DOI:10.1128/msystems.00024-18.

T. Karampatakis, C. Antachopoulos, A. Tsakris and E.
Roilides, Eur. J. Clin. Microbiol. Infect. Dis., 2018, 37, 1211—-
1220.

M. Whiteley, K. M. Lee and E. P. Greenberg, Proc. Natl.
Acad. Sci. U. S. A., 1999, 96, 13904-13909.

S. P. Diggle, K. Winzer, A. Lazdunski, P. Williams and M.
Cémara, J. Bacteriol., 2002, 184, 2576—-2586.

V. E. Wagner, D. Bushnell, L. Passador, A. I. Brooks and B.
H. Iglewski, J. Bacteriol., 2003, 185, 2080—-2095.

R. Garcia-Contreras, Front. Microbiol., ,
DOI:10.3389/fmich.2016.01454.

B. E. Britigan, T. L. Roeder, G. T. Rasmussen, D. M. Shasby,
M. L. McCormick and C. D. Cox, J. Clin. Invest., 1992, 90,
2187-2196.

E. F. A. van ‘t Wout, A. van Schadewijk, R. van Boxtel, L. E.
Dalton, H. J. Clarke, J. Tommassen, S. J. Marciniak and P. S.
Hiemstra, PLOS Pathog., 2015, 11, e1004946.

S. Hall, C. McDermott, S. Anoopkumar-Dukie, A. J.
McFarland, A. Forbes, A. V. Perkins, A. K. Davey, R. Chess-
Williams, M. J. Kiefel, D. Arora and G. D. Grant, Toxins
(Basel)., 2016, 8.

J. Glick and N. Garber, J. Gen. Microbiol., 1983, 129, 3085—

J. Name., 2021, 00, 1-3 | 15



162

163

164

165

166
167

168

169

170

171

172

173

174

175

176

177

3090.

S. P. Diggle, R. E. Stacey, C. Dodd, M. Camara, P. Williams
and K. Winzer, Environ. Microbiol., 2006, 8, 1095-1104.
C. Chemani, A. Imberty, S. De Bentzmann, M. Pierre, M.
Wimmerova, B. P. Guery and K. Faure, Infect. Immun.,
2009, 77, 2065-2075.

C. M. Pillar and J. A. Hobden, Investig. Ophthalmol. Vis. Sci.,
2002, 43, 1437-1444.

A. Daddaoua, S. Fillet, M. Fernandez, Z. Udaondo, T. Krell
and J. L. Ramos, PLoS One, 2012, 7, €39390.

M. Michalska and P. Wolf, Front. Microbiol., 2015, 6, 15.
A. Cassini, L. D. Hogberg, D. Plachouras, A. Quattrocchi, A.
Hoxha, G. S. Simonsen, M. Colomb-Cotinat, M. E.
Kretzschmar, B. Devleesschauwer, M. Cecchini, D. A.
QOuakrim, T. C. Oliveira, M. J. Struelens, C. Suetens, D. L.
Monnet, R. Strauss, K. Mertens, T. Struyf, B. Catry, K.
Latour, I. N. Ivanov, E. G. Dobreva, A. Tambic Andrasevic, S.
Soprek, A. Budimir, N. Paphitou, H. Zemlickova, S. Schytte
Olsen, U. Wolff Sonksen, P. Martin, M. Ivanova, O.
Lyytikdinen, J. Jalava, B. Coignard, T. Eckmanns, M. Abu Sin,
S. Haller, G. L. Daikos, A. Gikas, S. Tsiodras, F. Kontopidou,
A. Té6th, A. Hajdu, O. Gudlaugsson, K. G. Kristinsson, S.
Murchan, K. Burns, P. Pezzotti, C. Gagliotti, U. Dumpis, A.
Liuimiene, M. Perrin, M. A. Borg, S. C. de Greeff, J. C.
Monen, M. B. Koek, P. Elstrgm, D. Zabicka, A. Deptula, W.
Hryniewicz, M. Caniga, P. J. Nogueira, P. A. Fernandes, V.
Manageiro, G. A. Popescu, R. I. Serban, E. Schréterova, S.
Litvova, M. Stefkovicova, J. Kolman, I. Klavs, A. Korosec, B.
Aracil, A. Asensio, M. Pérez-Vazquez, H. Billstrom, S.
Larsson, J. S. Reilly, A. Johnson and S. Hopkins, Lancet
Infect. Dis., 2019, 19, 56—66.

U. Theuretzbacher, Curr. Opin. Microbiol., 2017, 39, 106—
112.

D. J. Diekema, M. A. Pfaller, F. J. Schmitz, J. Smayevsky, J.
Bell, R. N. Jones and M. Beach, in Clinical Infectious
Diseases, University of Chicago Press, 2001, vol. 32.

K. Hiramatsu, L. Cui, M. Kuroda and T. Ito, Trends
Microbiol., 2001, 9, 486—493.

R. S. Schwalbe, J. T. Stapleton and P. H. Gilligan, N. Engl. J.
Med., 1987, 316, 927-931.

K. L. Rogers, P. D. Fey and M. E. Rupp, Infect. Dis. Clin.
North Am., 2009, 23, 73-98.

S. Alibi, A. Ferjani, J. Boukadida, M. E. Cano, M. Fernandez-
Martinez, L. Martinez-Martinez and J. Navas, Sci. Rep.,
2017,7,9704.

W. O. Hahn, B. J. Werth, S. M. Butler-Wu and R. M. Rakita,
Emerg. Infect. Dis., , DOI:10.3201/eid2211.160141.

P. V. P. Baio, H. F. Mota, A. D. Freitas, D. L. R. Gomes, J. N.
Ramos, L. O. Sant’Anna, M. C. Souza, T. C. F. Camello, R.
Hirata Junior, V. V. Vieira and A. L. Mattos-Guaraldi, Mem.
Inst. Oswaldo Cruz, 2013, 108, 23-29.

S. Alibi, J. Ramos-Vivas, W. Ben Selma, H. Ben Mansouir, J.
Boukadida and J. Navas, Microb. Pathog., 2021, 155,
104887.

J. N. Ramos, I. dos S. Rodrigues, P. V. P. Baio, J. F. C. Veras,
R.T.J. Ramos, L. G. Pacheco, V. A. Azevedo, R. Hirata
Junior, M. A. Marin, A. L. de Mattos-Guaraldi and V. V.

16 | J. Name., 2021, 00, 1-3

178
179

180

181

182

183

184

185
186

187

188

189
190

191
192

193

194
195

196

197

198

199

Vieira, Mem. Inst. Oswaldo Cruz, , DOI:10.1590/0074-
02760180051.

A. Olender, Chemotherapy, 2013, 59, 294-306.

I. Fernandez-Natal, J. A. Sdez-Nieto, D. Rodriguez-Lazaro, S.
Valdezate-Ramos, T. Parras-Padilla, M. J. Medina, R. H.
Rodriguez-Pollan, J. Blom, A. Tauch and F. Soriano, New
Microbes New Infect., 2016, 10, 116-121.

J. N. Ramos, C. Souza, Y. V. Faria, E. C. da Silva, J. F. C.
Veras, P. V. P. Baio, S. H. Seabra, L. de Oliveira Moreira, R.
Hirata Junior, A. L. Mattos-Guaraldi and V. V. Vieira, BMC
Infect. Dis., 2019, 19, 672.

A. Tauch, E. Trost, A. Tilker, U. Ludewig, S. Schneiker, A.
Goesmann, W. Arnold, T. Bekel, K. Brinkrolf, I. Brune, S.
Gotker, J. Kalinowski, P.-B. Kamp, F. P. Lobo, P. Viehoever,
B. Weisshaar, F. Soriano, M. Drége and A. Puhler, J.
Biotechnol., 2008, 136, 11-21.

J. Schréder, 1. Maus, K. Meyer, S. Woérdemann, J. Blom, S.
Jaenicke, J. Schneider, E. Trost and A. Tauch, BMC
Genomics, 2012, 13, 141.

B. A. Talip, R. D. Sleator, C. J. Lowery, J. S. G. Dooley and W.
J. Snelling, Infect. Dis. Res. Treat., 2013, 6, 39-50.

E. C. Hett and E. J. Rubin, Microbiol. Mol. Biol. Rev., 2008,
72, 126-156.

P. Draper, Front. Biosci., 1998, 3.

P.J. Brennan, in Tuberculosis, Churchill Livingstone, 2003,
vol. 83, pp. 91-97.

World Health Organization (Global Tuberculosis
Programme), Global tuberculosis report 2020, 2020.

S. Ahmad, Clin. Dev. Immunol., 2011, 2011.

N. A. Knechel, Crit. Care Nurse, 2009, 29, 34—43.

L. Scorzoni, F. Sangalli-Leite, J. de Lacorte Singulani, A. C. A.
de Paula e Silva, C. B. Costa-Orlandi, A. M. Fusco-Almeida
and M. J. S. Mendes-Giannini, J. Microbiol. Methods, 2016,
123, 68-78.

M. Balouiri, M. Sadiki and S. K. Ibnsouda, J. Pharm. Anal.,
2016, 6, 71-79.

T. M. Belete, Hum. Microbiome J., 2019, 11, 100052.

S. Laishram, A. K. Pragasam, Y. D. Bakthavatchalam and B.
Veeraraghavan, Indian J. Med. Microbiol., 2017, 35, 445—
468.

B. B. Plackett, Nature, 2020, 586, S50-S52.

A. Frei, J. Zuegg, A. G. Elliott, M. Baker, S. Braese, C. Brown,
F. Chen, C. G. Dowson, G. Dujardin, N. Jung, A. P. King, A.
M. Mansour, M. Massi, J. Moat, H. A. Mohamed, A. K.
Renfrew, P. J. Rutledge, P. J. Sadler, M. H. Todd, C. E.
Willans, J. J. Wilson, M. A. Cooper and M. A. T. Blaskovich,
Chem. Sci., 2020, 11, 2627-2639.

E. J. Anthony, E. M. Bolitho, H. E. Bridgewater, O. W. L.
Carter, J. M. Donnelly, C. Imberti, E. C. Lant, F. Lermyte, R.
J. Needham, M. Palau, P. J. Sadler, H. Shi, F.-X. Wang, W.-Y.
Zhang and Z. Zhang, Chem. Sci., 2020, 11, 12888-12917.

S. Thangamani, H. Mohammad, M. F. N. Abushahba, T. J. P.
Sobreira, V. E. Hedrick and L. N. Paul, Sci. Rep., 2016, 6,
22571.

H. Tsubery, I. Ofek, S. Cohen and M. Fridkin, J. Med. Chem.,
2000, 43, 3085-3092.

M. Diard and W.-D. Hardt, FEMS Microbiology Reviews,

Universidade Federal de Uberlandia



Please do not adjust margins

Journal Name ARTICLE

2017, 41, 679-697.
200 J. H. Leitdo, Int. J. Mol. Sci., 2020, 21, 5320.

Universidade Federal de Uberlandia J. Name., 2021, 00, 1-3 | 17

Please do not adjust margins




