Published on 14 May 2019. Downloaded by RSC Internal on 9/17/2019 2:59:09 PM.

MedChemComm

{ '.) Check for updates ‘

Cite this: Med. Chem. Commun.,
2019, 10, 1391

Christine M. DuChane,

Joseph O. Falkinham 1112® and Joseph S. Merola

' ROYAL SOCIETY
OF CHEMISTRY

Iridium piano stool complexes with activity
against S. aureus and MRSA: it is past time to truly
think outside of the boxf

3 George W. Karpin,®® Marion Ehrich,?

*xab

A new class of piano-stool iridium complexes with 1,2-diaminoethane ligands are shown to be effective

and safe antimicrobials with activity against Staphylococcus aureus, including various isolates of

methicillin-resistant strains (MRSA). Comparison to other piano stool complexes with activity against

mycobacteria are made along with a discussion of structure-activity relationships. The structures of one
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the most active complexes with the ligand cis-1,2-diaminocyclohexane and one of the least active com-
plexes with the ligand trans-1,2-diaminocyclohexane are compared and discussed with respect to their
drastically different activities. In vitro toxicity studies for all of the complexes are described. In addition, a

mouse study with one of the complexes, [(pentamethylcyclopentadienyl)(cis-1,2-diaminocyclohexane)-
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1 Drug resistance: a serious threat

In 2010 the World Health Organization (WHO) determined
that antimicrobial resistance is one of the three greatest
threats facing humanity today. That same year, the Infectious
Diseases Society of America put forth the “10 x '20 Initiative™"
stating that it will be necessary to develop 10 new antimicro-
bials by 2020 to address this issue. As of the writing of this ar-
ticle, that goal is nowhere near having been achieved. This
initiative was developed in order to combat the growing num-
ber of multi-drug resistant strains of bacteria and the threat
of an imminent infectious disease epidemic. The WHO has
also reported that 2 billion people are infected with some
form of Mycobacterium tuberculosis. The increased frequency
of antibiotic-resistant mutants is adding to growing numbers
of multi-drug resistant (MDR) strains of all tuberculosis devel-
oping each year.> On top of the growing number of antibiotic-
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(chloro)iridium]chloride, showed no ill effects on the mice at high doses.

resistant strains of tuberculosis, treatment for these types of
infections can take years to complete.” The longer patients
are prescribed a specific set of antimicrobials, the higher the
risk for the drugs to select resistant mutant strains. These
long term dosage regimes are a major concern when it comes
to the dangers of side effects toxic to patients and often in-
crease the mutation selection among these microbes.

While methicillin-resistant forms of S. aureus (MRSA) have
been known since the 1960s, the occurrence, virulence, and
further resistance to antibiotics has risen steadily.”” MRSA
as a food-borne pathogen has also increased making it an
“evolving threat”.® As the number of MDR strains increase,
current treatments are becoming more and more inadequate.
The United States Center for Disease Control (CDC) made the
alarming statement that “We are in a post-antibiotic era
where doctors and patients are faced with untreatable infec-
tions™.>'® Overall, there is no shortage of papers and reports
extolling the crisis of antimicrobial resistance.'* ™

There is no doubt that much of our current crisis has been
fueled by misuse and overuse of antibiotics thus resulting in
the evolution of pathogens resistant to the current library of
antimicrobials."®™"® While education and better treatment
practices will help to slow the growth of this crisis, the addi-
tion of new antimicrobials to our current arsenal is absolutely
essential in going forward in the fight against dangerous,
multi-drug resistant pathogens. On the natural product front
and on the synthetic organic chemistry front, new discoveries
are being made on a daily basis, yet we have still not devel-
oped much in the way of new antimicrobial agents that can
address the crisis in untreatable infections.
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While antimicrobial resistance is a complex issue that will
not be solely resolved by finding new antimicrobials, one thesis
of this paper is that the scientific community is not yet daring
enough in its approaches and is still “stuck inside a box” of con-
ventional thinking with respect to what kinds of molecules
could act as antimicrobial agents. Interest in metal based anti-
microbial agents is growing, though many of the recent reports
feature complexes of metals with organic molecules that are al-
ready known to have antimicrobial properties.>*>* Indeed, a
new edition of “Metals in Medicine” has a larger section on
antimicrobials than did the previous edition, but there still, the
bulk of the section deals with complexes of known drugs.”
Lately, we have reported on a class of what are known as “half-
sandwich” metal complexes that can be tuned for activity
against mycobacteria®**® as well as against S. aureus including
MRSA.?® This paper gives further details of our work on anti-
staph complexes including an initial toxicity screening and
makes the case that, as strange as this class of compounds may
seem to many practitioners in the field, it is time to be bold in a
much deeper and broader examination of metal compounds.*”

2 Experimental
2.1 General synthetic techniques

The syntheses of the various diamine complexes discussed in
this paper have been described before.”® All compounds are
air-stable and water soluble, so no special handling tech-
niques are needed. The best candidates of all of the diamine
complexes tested were subject to a number of in vitro proce-
dures to test for toxicity toward mammalian cells. The effect
of our compounds on both vero®® and HEK cells were mea-
sured using ATP assays.>® One of the best candidates was the
subject of a mouse toxicity safety study described here. All
animal experiments were performed in accordance with the
“Guide for the Care and Use of Laboratory Animals” pub-
lished by the National Research Council, with protocols
reviewed and approved by Virginia Tech's Institutional Ani-
mal Care and Use Committee (IACCUC).

2.2 X-ray crystallography

The crystal structures of the Cp* iridium complexes of both
the cis- and trans-isomers of 1,2-diaminocyclohexane were de-
termined. Data was collected on an Oxford diffraction
Gemini_Mo_Eos diffractometer with crystals maintained at
99.9 K during data collection. Structures were solved and re-
fined using SHELX>® software and figures and other crystallo-
graphic output were made using OLEX2.>" Full details of the
experimental data for the crystal structures may be found in
the supplemental material and the cif files may be
downloaded from the Cambridge Crystallographic Data Cen-
tre, CCDC 1901126 for 1 and CCDC 1901125 for 2.2

2.3 Toxicology studies

Hemolysis of sheep red blood cells was carried out following
the procedure described previously.>® The sheep red blood
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cells were obtained from VWR (Atlanta, GA) as a 10% suspen-
sion. In vitro cytotoxicity of the transition metal-diamine
complexes were measured using Vero cells and the CellTiter
96 One Solution Cell Proliferation assay (Promega Corp.,
Madison, WI). Vero Cells were obtained from ATCC.** Fur-
ther in vitro toxicity testing was carried out by studying the ef-
fect of compound 1 on ATP concentration in human embry-
onic kidney cells.*> HEK-93 cells were obtained from Sigma-
Aldrich (St. Louis, MO).

Insufficient resources were available to carry out com-
plete pharmacokinetic and biodistribution studies for com-
pound 1. However, a model safety experiment with the most
active anti-MRSA iridium-containing complex was carried
out. Compound 1 could be safely given intravenously (IV) to
adult male outbred white mice (ICR strain) at a dose of 2.5
mg kg™: a dose that provided blood concentrations >10-
fold above the minimal inhibitory concentration (MIC) of S.
aureus without causing neurobehavioral, pathologic, or his-
topathologic changes in treated mice.*® The same was true
for mice given a double dose of 5.0 mg kg '. The adminis-
tered IV dose was similar to that used for aminoglycoside
antibiotics such as tobramycin, the lipopeptide daptomycin,
and the polymyxin colistimethate.’”*® Blood samples were
drawn periodically during the two week study. Weights of
mouse groups did not significantly change during the two
week observation period. At the end of two weeks, all mice
were sacrificed, a necropsy was performed, and the blood,
organs, and urine (not quantitatively, simply for analysis)
were collected. The collected urine, intermediate blood sam-
ples, and final organ digestions were analyzed for Ir content
by ICP-OES. Fig. 8 shows a comparison between the levels
of iridium found in mouse blood, urine, and organ samples
taken one, four, and fourteen days post administration of
an iridium metal complex antimicrobial (Ir-MCA). This rep-
resentative data readily demonstrates that a significant por-
tion of the iridium is eliminated from the blood over a rela-
tively short period of time. The mouse studies were
conducted in approved facilities with an approved protocol,
IACUC #12-CVM.

2.4 Calculations

The X-ray crystal structure of complex 1 showed two confor-
mations of the 1,2-diaminocyclohexane group in the indepen-
dent unit. In solution, as measured by proton NMR spectro-
scopy, only one species of complex 1 was observed,
suggesting that a rapid interconversion of conformers is tak-
ing place in solution. To obtain some support for this hy-
pothesis, Gaussian calculations to determine the energy of
the conformers as well as the activation barrier for intercon-
version were carried out. Calculations were performed using
Gaussian 09°%*° at the B3LYP level of theory’"** using the
lanl2dz basis set.”> The relative energy levels of the con-
formers shown in Fig. 5 and 6 were 0 kcal mol™ assigned for
the conformer in Fig. 5 and +0.47 kcal mol ™" higher for the
conformer in Fig. 6. A calculation of the optimized transition

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9md00140a

Published on 14 May 2019. Downloaded by RSC Internal on 9/17/2019 2:59:09 PM.

MedChemComm

state geometry showed the barrier to the conformational
change was less than 10 kcal mol ™.

3 Results and discussion

3.1 A brief summary of previous work with piano stool
complexes

In a previous paper, we showed that piano stool compounds
of cobalt, rhodium and iridium with Cp*® ligands and chelat-
ing amino acids, (Fig. 1, left), were effective antimicrobial
agents against mycobacteria, including tuberculosis (TB).**
We also reported on an extensive series of -diketonate Cp*
rhodium and iridium complexes (Fig. 1, right) with anti-
mycobacterial activity.>

In both of these series, similar structure activity relation-
ships (SARs) were observed: a) longer alkyl chains (R) on the
Cp*® ligand increased activity up to the point at which the
longer chains significantly decreased water solubility; b) hy-
drophobic groups on the amino acid or -diketonate ligands
also increased activity. For the amino acid complexes, one of
the more subtle relationships is that r-amino acid complexes
were active, but a direct comparison to the corresponding
p-amino acid complex showed significantly decreased activity.
The fact that there are strong relationships between antimi-
crobial activity and the identity of the chelating ligand espe-
cially shows that activity depends, in part, on those ligands
and is not the result of decomposition of the complex to
some indiscriminately poisonous metal-containing fragment.

As mentioned above, many of the metal-based antimicro-
bial agents that have been investigated in the literature fea-
ture chelating ligands that are already known to have antimi-
crobial properties, including biguanide*’ and sulfadoxine.*?
While the majority of ligands discussed in this article are not
known to have antimicrobial activity, we noted that the
known tuberculosis drug, ethambutol,*>** is a 1,2-diamine
and we thought to make a metal complex of it (Fig. 2) to de-
termine if the metal complex would retain its potency against
Mycobacterium tuberculosis.

Interestingly, we found that the ethambutol complex of
Cp*Ir was inactive against mycobacteria, but did have some
activity against S. aureus, including MRSA (Table 1). That led
us to begin an investigation into the activity of chelating di-
amine piano-stool compounds of Rh and Ir. Before moving
on to the discussion of S. aureus, it is important to note an-

M = Rh, Ir
R R  R=H
[ methyl

=-

~M-.,, ~M-.,, alkyl
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R'#O \—&(0 benzyl
cyclohexyl
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Fig. 1 Examples of (Cp*?)M complexes found to be active against
mycobacteria. Additional details regarding the substituents are given in
ref. 24 and 25.
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Fig. 2 The known anti-tuberculosis drug ethambutol (left) and [Cp*
IrCl(ethambutol)ICl (right), found to be active against staphylococcus.

other significance of this total lack of activity against
mycobacteria: side by side MIC comparisons of ethambutol
and an ethambutol complex showed that there can be no de-
composition of the ethambutol complex leading to free eth-
ambutol in the solutions. Had this decomposition taken
place, even to a small degree, enough ethambutol would have
been released to show some antimycobacterial activity at the
higher concentrations of the complex tested.

3.2 1,2-Diamino alkane complexes - effective against MRSA

The experience with ethambutol led us to investigate more
complexes of 1,2-diamines (Fig. 3) from the simplest 1,2-
diaminoethane (ethylenediamine, en) to more complicated
and substituted diamines. The structure-activity relation-
ships for (Cp*®)Ir(1,2-diamine)Cl cations were reported previ-
ously,”® but the overall theme would suggest some of the most
important characteristics were: a) a longer hydrophobic chain
on the Cp*® ring; b) increased hydrophobicity of the substitu-
ents on the 1,2-diaminoalkane, either on the nitrogen or the
alkyl backbone; and, c) the presence of hydrogen-bond do-
nors (N-H) on the diamine ligand all correlated with higher
antimicrobial activity. However, there was one subtlety that
will be discussed in greater detail below: a large difference in
activity was found between cis-1,2-diaminocyclohexane and
trans-1,2-diaminocyclohexane complexes. While both com-
plexes could be synthesized readily and are quite stable, the
complex of the cis isomer was significantly more active than
the trans. Moreover, neither diamine was active as the free li-
gand (Table 1), thus none of the activity could be attributable

Table 1 MICs of MCAs against S. aureus and MRSA, ug mL™ (uM). More
details are provided in ref. 26

Compound S. aureus MRSA
Cp*IrCl(L-phengly) >64 (>125) >64 (>125)
[Cp*IrC](ethylenediamine)|Cl 35 (76.3) 33 (72.0)
[Cp*IrCI(N,N"- 40 (82.2) 40 (82.2)
dimethylethylenediamine)]CI

[Cp*IrC](N-benzylethylenediamine)]Cl 7.5 (13.7) 7.5 (13.7)

[Cp*IrCl(cis-1,2-diaminocyclohexane)]Cl 5 (9.8) 7.5 (14.6)
[Cp*IrCl(trans-1,2-diaminocyclohexane)|Cl  >64 (>125) >64 (>125)
[Cp*IrCl(ethambutol)|CI 35 (58.1) 40 (66.4)
[Cp*IrCl,], >64 (>80.3) >64 (>80.3)
Ethylenediamine >64 >64
(>1065) (>1065)

cis-1,2-Diaminocyclohexane
trans-1,2-Diaminocyclohexane

>64 (>560) >64 (>560)
>64 (>560) >64 (>560)
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Fig. 3 Examples of (Cp*R)Ir complexes found to be active against
staphylococcus. Additional details regarding the substituents are given
in ref. 26.

to a decomposition of the diamine complexes leading to re-
lease of the free ligand. Indeed, this was already seen with
the ethambutol complex - no decomposition was observed as
evidenced by no activity against mycobacteria.

3.3 (Cp*™)IrCl complexes of 1,2-diaminocyclohexane:
comparison between the R,S (cis) and the S,S (+) (trans)
isomers

One very distinct difference between the antimycobacterial
compounds (Cp*®)MCl(acac) and (Cp**)MCl(aa) (Fig. 1), and
the anti-MRSA complexes (Fig. 3) described herein is that the
former are neutral and the latter are cationic, with a non-
coordinating chloride as the counter-anion. This surely must
affect how these two classes of compounds cross cellular
membranes as well as with which sites they may interact to
provide their antimicrobial activity. Hydrolysis studies may
help elucidate differences between these compounds, but
there is no spectroscopic evidence for chloride dissociation
for these already cationic complexes. Further, complex 1 was
given in isotonic saline solution which, as well as chloride
concentration in blood, should further inhibit any chloride
dissociation. Studies to help identify the site of action of both
classes of molecules are ongoing.

One of the most remarkable activity differences was found
in direct comparison between [Cp*IrCl(cis-1,2-diamino-
cyclohexane)]|Cl and [Cp*IrCl(trans(+)-1,2-diamino-
cyclohexane)]Cl (Fig. 4). While the complex of the cis isomer
was very active, the complex of the ¢rans isomer showed very

® o ® o
| Cl . Cl
Ir"u, Ir"'u
HoN" 1\ Cl H.N/ C
NH2 NHE‘
cis-isomer trans-isomer
1 2

Fig. 4 Labeling notation for the (Cp*R)Ir complexes primarily
discussed in this article.
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little activity. This led us to conduct single crystal X-ray dif-
fraction analysis of complexes of both isomers, complexes 1
and 2. Though Cp*® complexes with R = C¢H,; were more ac-
tive, crystals of Cp* were more easily obtained and should
still provide relevant information on the key differences be-
tween the cis- and trans-complexes. The full details and tables
of the two structures may be found in the ESI{ as well as
from the Cambridge Crystallographic Data Centre (CCDC) (1:
CCDC 1901126; 2: CCDC 1901125). Fig. 5 and 6 show the
thermal ellipsoid plot of the cationic [Cp*IrCl(cis-1,2-
diaminocyclohexane)]" and Fig. 7 shows the thermal ellipsoid
plot of a cation of [Cp*IrCl(trans-1,2-diaminocyclohexane)]".
Figures showing the full asymmetric units for both structures
may be found in the ESL}

The most striking and, perhaps, the only significant differ-
ence between the two structures is the conformation of the
cyclohexyl rings. The inactive complex with the trans-1,2-
diaminocyclohexane shows a conformation with the cy ring
laying fairly flat and projecting away from the Ir atom. The
distance between Ir and the distal H atom of the cy ring in
the trans complex is 6.31 A. The same distances for all of the
molecules in the asymmetric unit (4 unique molecules) is 5.7
A. Another indicator of the conformational difference be-
tween the complexes of the two isomers is the difference in
the measurements of the “bounding box” around the two
molecules. The “bounding box” is the box into which the
molecule just “fits” using the van der Waals radii of the
atoms. For the complex of the trans isomer, the bounding
box has dimensions of 9.027 x 8.542 x 11.845 with a volume
of 913.37 A®. The more folded structure of the complex of the
cis isomer has a bounding box of 8.389 x 8.539 x 11.423 with
a volume of 818.35 A®. One supposition is that the complex
of the cis isomer fits into a pocket of the target of activity
while that of the trans isomer does not.

Fig. 5 Thermal ellipsoid plot of one conformer of the cis-
diaminocyclohexyl compound, 1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Thermal ellipsoid plot of a second conformer of the cis-
diaminocyclohexyl compound, 1.

In the crystal lattice, there are two conformers of the
complex of the cis isomer of 1,2-diaminocyclohexane, one
with the ring tucked under the metal and pointing toward
the chlorine atom (Fig. 5) and one with the ring flipped
and pointing away from the chlorine atom (Fig. 6). The
interconversion between these two conformers is similar to
the conformational flip observed in (cis)-decalin, which
shows a barrier to ring inversion of about 8 kcal mol™. It is
likely that the barrier to this conformational flip is similar
to that of cis-decalin and that there is interconversion be-
tween conformations at room temperature in solution.*® In-
deed, the proton NMR spectrum for complex 1 shows evi-

Fig. 7 Thermal ellipsoid plot of the trans-diaminocyclohexyl
compound, 2.

This journal is © The Royal Society of Chemistry 2019
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dence for only one species in solution. Further support for
a low barrier to conformer interconversion comes from the-
oretical calculations showing the barrier is less than 10 keal
mol ™.

The marked difference in MIC between the complexes of
the two ligand isomers is further indication that these com-
plexes are stable under physiological conditions. Had these
complexes decomposed to some other species of the Cp*Ir
fragment, they would have shown similar activity to each
other. This point is further bolstered by the lack of activity of
ligand-free [(Cp*)IrCl,], (Table 1). Thus, neither the ligand
nor the ligand-free iridium complex show activity. While it
appears that this argument has been overly repeated in this
paper, this is the most important point of this paper: to indi-
cate that at least some of these half-sandwich compounds are
safe for administration to mammals and to overcome a
widely-held view that metal compounds are only appropriate
for anti-cancer studies.

3.4 Safety

A common theme from reviewers of both papers and pro-
posals dealing with the antimicrobial activity of transition
metal compounds is that these complexes could never be
used as antibiotics because they will surely be toxic to mam-
malian cells. This misunderstanding is easy to rationalize.
Following the discovery of the anticancer activity of cisplatin,
nearly all studies of the biological activity of transition metal
complexes have been directed toward their anticancer proper-
ties.”” Thus, they always seem to be viewed as toxic to mam-
malian cells. We were prompted to carry out both in vitro
and in vivo studies to show that, at levels therapeutic for bac-
teria, in this case S. aureus, our most active complex was not
a problem for mammalian cells.

3.4.1 In vitro studies. All compounds in our studies at
50% toxicity concentration showed no hemolytic activity with
sheep red blood cells. In addition, testing cytotoxicity with an
ATP concentration assay using vero cells and also with hu-
man embryonic kidney (HEK) cells showed no toxicity at con-
centrations at least 50 times higher than MICs.

3.4.2 In vivo study. In a study involving the [Cp*IrCl(cis-
1,2-diaminocyclohexane)]Cl complex 1, a toxicity screening
was carried out using n = 10 per group of adult outbred
white mice (ICR strain) obtained at weights of 25-30 g and
dosed when they had an average weight of 40 g. In addition
to a control group given vehicle alone (saline), one group of
mice was given a single IV dose of 1 at a level of 2.5 mg
kg™ while a second group was dosed at 5 mg kg '. Mice
were observed initially and then periodically over a two
week period. Mice were examined for a series of behavioral
indices using a modified functional observational battery at
1, 4, and 6 h, and 1, 2, 7, 9, 12, and 14 days post-dosing.*®
Body weight was measured and recorded at the time of each
assessment. Blood and tissue samples were collected at 24
h, 4 days, and 14 days for clinical pathology and histopatho-
logical assessment. Of the animals receiving 1, 5/19 animals
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Fig. 8 Detection of iridium in blood and urine (ppm) over the course
of the 2 week study. Iridium content was determined via ICP-OES.

showed immediate signs of distress following dosing. Signs
of distress ceased within one minute and animals had nor-
mal appearance, activity, and locomotion within 5 minutes.
No subsequent evidence of neurobehavioral, clinical or his-
topathological detriments was noted. There were no obser-
vations of any untoward behavioral changes during the two
weeks — mice had expected weight gains and displayed nor-
mal behavior. Further blood test information indicating no
significant effects on various blood parameters may be
found in the ESL}

ICP-OES analysis of those samples for iridium showed
the following (Fig. 8): 1. the concentration of Ir in the blood
on day 1 was what was expected for the given dose and the
expected blood volume in the mouse; 2. the concentration
of iridium in the blood samples at day 4 dropped precipi-
tously and liver and kidney showed significant presence of
iridium; 3. there was no Ir detectable in blood samples
taken following sacrifice on day 14 and the amount of irid-
ium in the organs studied dropped. Individual urine sam-
ples were not obtained, but rather urine was collected at
the end of the 14 day period (unfortunately, not quantita-
tively) and ICP-OES showed significant Ir content in the
urine. The blood, urine, and organ analysis together show
that mice have a mechanism to distribute the complex for
uptake into organs, and for elimination from the organs
and body overall. It is important to note that, in this study,
the identity of the eliminated iridium species was not deter-
mined since we only quantified the presence of total ele-
mental iridium content.

In addition to behavioral observation during the two week
trial, following sacrifice, necropsies were performed and
there were no lesions, tumors, discoloration, or
malformations of any of the internal organs. Thus, as much
as one can conclude from this limited toxicity study, these
compounds are safe in mammals.
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4 Conclusions

A class of transition metal piano-stool complexes has been
shown to exhibit potent activity against Staphylococcus au-
reus, including against several strains of methicillin-resistant
S. aureus (MRSA). In vitro and in vivo toxicity studies show
that, to the extent knowable at this time, complex 1 is both
potent against one of the most problematic drug resistant
bacterial strain and well tolerated by mammalian cells, in-
cluding in mice. This provides strong evidence that, in order
to address the crisis of drug resistance across the globe, it is
time to truly think “outside the box” of purely organic/natural
product compounds for antimicrobial agents and continue to
study the alternatives of transition metal complexes in
greater depth and breadth. Nearly all of the studies advocat-
ing approaches to fighting the growing concern over drug re-
sistance in pathogens make two strong recommendations: 1)
better education so that antimicrobials are not abused with
such abuse leading to development of resistance; and, 2) that
new “weapons in our arsenal” to combat drug resistance
must be developed. This paper shows one pathway to combat
drug resistance that we must continue to explore.
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