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Metal complexes as potential modulators of
inflammatory and autoimmune responses

Chung-Hang Leung,*® Sheng Lin,® Hai-Jing Zhong® and Dik-Lung Ma*®

Over the past few decades, the realm of inorganic medicinal chemistry has been dominated by the study of
the anti-cancer properties of transition metal complexes, particularly those based on platinum or
ruthenium. However, comparatively less attention has been focused on the development of metal
complexes for the treatment of inflammatory or autoimmune diseases. Metal complexes possess a
number of advantages that render them as attractive alternatives to organic small molecules for the
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1 Introduction

The past few decades have witnessed the emergence of inor-
ganic medicinal chemistry as an independent field. Leading the
forefront of this movement has been the identification and
development of platinum anti-cancer drugs for the treatment of
various types of cancer. For example, the introduction of
cisplatin 1 (Fig. 1) as the frontline treatment for testicular
cancer has seen survival rates for this previously deadly disease
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inflammatory or immune pathways in cells.

exceed 90%.' More recently, transition metal complexes based
on other metal ions such as ruthenium, iridium and rhodium
have also attracted attention as anti-cancer agents. Notable
examples of ruthenium agents that have reached clinical trials
include the anti-metastatic agent indazolium ¢rans-[tetrachloro-
(S-dimethyl sulfoxide)(1H-imidazole)ruthenate(u)] (NAMI-A) 2
and the anti-neoplastic agent imidazolium trans-tetra-
chlorobis(1H-indazole)-ruthenate(i)] (KP-1019) 3.

Given the revolutionary success of cisplatin and its
analogues, it is unsurprising that the field of inorganic medic-
inal chemistry has been dominated by studies on the anti-
cancer activity of metal complexes. Recent review articles
describing the application of transition metal complexes as
anti-cancer agents have been published by leaders in the field,
including Sadler,> Meggers,* Che,> Barton,® Alessio,” Ott,*
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Fig. 1 Chemical structures of cisplatin 1, NAMI-A 2 and KP-1019 3.

Dyson,”™* Sheldrick'> and others.”** However, relatively less
attention has been devoted to the development of metal
complexes for anti-inflammatory or anti-autoimmune applica-
tions. Auranofin 4 [triethylphosphine-(2,3,4,6-tetra-O-acetyl-B-p-thi-
opyranosato)-gold(1)], solganal/aurothioglucose [{(2S,3R,4S,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)-oxane-2-thiolato}gold(1)] 5
and myochrysine/sodium aurothiomalate [sodium((2-carboxy-
1-carboxylatoethyl)thiolato)gold(1), GST] 6 (Fig. 2) are gold
compounds that are used for the treatment of rheumatoid
arthritis. However, to our knowledge, no other metal-based
drug has been approved for the treatment of inflammatory or
autoimmune diseases.

Metal complexes possess several notable advantages that
render them as attractive alternatives to organic small mole-
cules for the development of therapeutic agents. The basic
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Fig.2 Chemical structures of auranofin 4, solganal 5 and myochrysine 6.

Hai-Jing Zhong completed her
BSc degree in 2011 at Jinan
University, Guangzhou, China.
She is currently undertaking her
PhD studies at the University of
Macau under the supervision of
Dr Chung-Hang Leung and Dr
Dik-Lung Ma. Her research
interest lies in the development
of screening platforms for drug
discovery and development.

872 | Chem. Sci., 2015, 6, 871-884

View Article Online

Perspective

structure of a transition metal complex consists of a central
metal ion bonded via dative covalent bonds to one or more
organic or inorganic ligands. Metal complexes can adopt
numerous geometries, including square-planar, square-pyra-
midal, trigonal-bipyramidal and octahedral, depending on the
coordination number of the metal ion. Notably, many of these
geometries are unavailable to purely organic molecules, which
are limited to linear, trigonal planar or tetrahedral shapes
because carbon cannot normally exceed a coordination number
of 4. Extraordinarily, an octahedral metal complex that
possesses six different ligands can adopt up to 30 different
stereoisomeric configurations, whereas a tetrahedral carbon
atom with four different groups generates only a maximum of
two enantiomers. The diversity of molecular architectures
afforded by transition metal complexes may therefore allow
them to sample regions of the chemical space that are inac-
cessible to organic molecules. Additionally, the nature of the
auxiliary ligands has a large influence on the thermodynamic
and kinetic properties of the metal complexes. Together with
the modular nature of inorganic synthesis, the pharmacological
properties of metal complexes can often be readily fine-tuned by
adjustment of the attached ligands without the need for lengthy
synthetic protocols. Finally, metal complexes can undergo redox
reactions and ligand-exchange reactions inside the body,
allowing for unique mechanisms of action to take place.
For example, the high oral bioavailability of satraplatin
(bis-(acetato)-ammine dichloro-(cyclohexylamine)platinum(iv))
compared to classical platinum anti-cancer drugs has been
attributed to the presence of its two acetate groups. Once inside
the body, satraplatin is reduced to Pt(u) and behaves analo-
gously with cisplatin, undergoing ligand-exchange reactions
with nucleobases and generating intrastrand and interstrand
DNA cross-links.*®

This perspective aims to survey examples of metal complexes
that been investigated for anti-inflammatory or anti-autoim-
mune activity that have been developed within the past five
years. For ease of access, the examples chosen have been clas-
sified by the type of mechanism displayed: (i) metal complexes
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of anti-inflammatory compounds, (ii) metal complexes that
covalently bind biomolecules, and (iii) kinetically inert metal
complexes. This review intends not to be exhaustive, but aims to
highlight some of the more interesting examples in this field
that have been reported in the last few years.

2 Metal complexes of anti-
inflammatory compounds

The coordination of bioactive molecules to metal ions is a
common strategy to improve the therapeutic potency and/or to
reduce the toxicity of drug molecules. The resulting metal
complexes frequently possess superior lipophilicity profiles
compared to the free ligands, allowing them to more easily pass
through cell membranes to exert their biological effects. In an
example from antibiotic drug discovery, a Pt(u) tetracycline
complex was six times more potent against Escherichia coli
compared to the free ligand.*" The following examples highlight
studies in which bioactive ligands have been tethered to metal
ions, generating metal complexes with anti-inflammatory and
other biological activities.

The anti-inflammatory effects of the classical non-steroidal
anti-inflammatory drug (NSAID) aspirin (asp) 7 (Fig. 3) are
achieved by inhibiting prostaglandin (PG) synthesis, via the
irreversible inhibition of cyclo-oxygenases (COX). COX-1 is
present in most tissues, including in the gastrointestinal tract
where it plays an important role in maintaining the stomach
lining, whereas COX-2 is primarily present at sites of inflam-
mation.”® Therefore, COX-2-selective inhibitors such as cele-
coxib and rofecoxib are associated with less gastric irritation
and ulceration.”®**

Previous studies have indicated that the copper-aspirin
complex tetrakis-p-acetylsalicylato-dicopper(n) (Cu-aspirin)
exhibited more potent anti-inflammatory activity than aspirin 7
in rats or mice, with fewer adverse effects.? The crystal structure
of Cu,(asp), has been previously reported,* though in aqueous
solution the compound will most likely coordinate to water in a
manner similar to that observed in the crystal structure of
Cu,(asp),(DMSO), 8.*” To investigate the basis of the enhanced
efficacy of Cu-aspirin, Shen and co-workers evaluated the
selectivity of Cu-aspirin for COX-1 and COX-2.>® The results
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Fig. 3 Chemical structure of aspirin 7 and crystal structure of Cus(-
asp)4(DMSO), 8.
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revealed that Cu-aspirin exhibited weaker inhibition of COX-1
in resting human umbilical vein endothelial cells compared to
aspirin 7. In contrast, Cu-aspirin displayed significantly
stronger inhibition of COX-2-mediated prostaglandin E, (PGE,)
synthesis in activated macrophages compared to aspirin 7. The
selectivity index of Cu-aspirin for COX-2 over COX-1 was 3.33
compared to 0.42 for aspirin 7, indicating that Cu-aspirin was
ca. 7-fold more selective for COX-2 compared to aspirin 7. This
significant selectivity may be attributed to the steric properties
of Cu-aspirin when it interacts with COX-1 and COX-2. Being a
small molecule, aspirin 7 is able to fit into the pockets of both
COX-1 and COX-2 to acetylate Ser530, leading to pan-COX
inhibition. On the other hand, the COX-2-selective inhibitors
celecoxib and rofecoxib possess a large sulfanilamide side
chain, and are therefore unable to enter the side pocket of COX-
1. The Cu-aspirin complex, being far larger than aspirin 7
alone, is likely to exhibit selectivity for COX-2 over COX-1 for the
same reason. In a control experiment, the Cu-asp complex was
found to be more potent against COX-2 compared to a mixture
of CuSO, and aspirin, with CuSO, alone having no activity,
indicating that the COX-2 inhibitory activity of asp was more
than a simple cumulative effect of the drug and the metal ion.
Moreover, the mixture of CuSO, and aspirin showed improved
COX-2 inhibitory activity compared with aspirin alone, sug-
gesting that some Cu-asp could have been formed in situ.
Kale and co-workers investigated the effect of zinc
complexation on the anti-inflammatory activity of the non-
steroidal anti-inflammatory drug (NSAID) aceclofenac 9
(Fig. 4).* Like a number of other NSAIDs with similar side
effects, aceclofenac 9 promotes the formation of stomach ulcers
with the mechanism of association in part due to its carboxylic
acid functionality. In the stomach, aceclofenac 9 exists in its
neutral form, and is able to pass into the cells of the gastric
mucosa. However, the higher pH of the cells promotes in the
intracellular dissociation of the acid, resulting in a constant
backflow of protons into these cells with associated cellular
injury. In the study, the authors hypothesized that the carboxyl
group in aceclofenac 9 could be effectively masked by coordi-
nation to zinc. The zinc complex was more stable in HCI (pH
1.2) than in phosphate buffer (pH 7.4), suggesting that it would
remain stable in the stomach. The results revealed that ace-
clofenac 9 and its corresponding zinc complex showed similar
abilities to reduce inflammatory edema in the paws of rats
challenged by carrageenan. Importantly, however, the zinc-
aceclofenac complex induced fewer ulcers in rat stomachs
compared to the parent drug 9. This suggests that the
complexation of NSAIDs with zinc may be an effective strategy

aaaeW
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aceclofenac (9)

Fig. 4 Chemical structure of the NSAID aceclofenac 9.
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for limiting the adverse gastrointestinal side effects of these
agents. The structure of the zinc complex was characterized by
elemental analysis, but not by mass spectrometry or NMR
spectrometry. While the authors proposed a two-coordinate
zinc ion in the structure of the zinc-aceclofenac complex, we
think it more likely that the zinc ion will adopt an octahedral
geometry in aqueous solution, with two bidentate aceclofenac
ligands and two water ligands.

Co(u) complexes bearing the NSAID mefenamic acid ligand
have also been investigated as potential anti-inflammatory
agents (Fig. 5).* Physicochemical and spectroscopic data sug-
gested that mefenamic acid acted as a deprotonated mono-
dentate ligand, which coordinated to the Co(u) ion through its
carboxylato oxygen atom, forming octahedral [Co(mef),-
(MeOH),] 10 or [Co(mef),(MeOH),(N"N)] 11a-c (where mef =
mefenamic acid and N*N = 2,2'-bipyridine, 1,10-phenanthro-
line or (pyridine),) complexes. In this study, the free radical
scavenging abilities of the complexes against 2,2-diphenylpi-
crylhydrazyl (DPPH), 2,2'-azinobis [3-ethylbenzothiazoline-6-
sulfonicacid]-diammonium (ABTS) and hydroxyl radicals were
investigated. All of the complexes showed stronger DPPH free
radical scavenging activity than mefenamic acid. [Co(mef),-
(MeOH),(phen)] 11b was the only complex to exhibit a lower
scavenging activity than the parent ligand against hydroxyl
radicals, whereas [Co(mef),(MeOH),(py),] 11c showed the
highest scavenging activity against both hydroxyl and ABTS
radicals. The distorted octahedral geometry of the complexes
was confirmed by X-ray crystallography, while EPR studies
suggested that the complexes retain their structures in frozen
solution. However, it is likely that the methanol ligands will be
replaced by water in an aqueous environment. In later studies,
research groups also reported Cu(u) complexes of mefenamic
acid,** naproxen, diclofenac,®* diflunisal,®> and flufenamic
acid,* Co(u) complexes of naproxen® and tolfenamic acid,* and
Mn(u) complexes of tolfenamic acid®® that showed anti-inflam-
matory activity.

Anthranilic acid is a core precursor to a number of anti-
inflammatory agents, such as mefenamic acid.*” From 2013,
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Igbal and co-workers evaluated the anti-inflammatory and COX
inhibitory activities of Mn(u) (12), Fe(u) (13), Co(u) (14), Ni(u) (15)
and Zn(u) (16) complexes containing Schiff base ligands derived
from anthranilic acid and aldoses (Fig. 6).*® The metal ions
formed four-coordinate, ML,-type complexes with the bidentate
Schiff base ligands, with spectral and magnetic data indicating
a tetrahedral geometry for Mn(u) and Fe(u) complexes, and a
square-planar geometry for the Co(u), Ni(u) and Zn(u)
complexes. Oral administration of the Mn(u) and Zn(u)
complexes reduced kaolin-induced paw edema in rats, indi-
cating that the complexes possessed anti-inflammatory activity.
Furthermore, all of the complexes displayed COX-2/COX-1
selectivity index values of 0.34-0.52, which were similar to that
of aspirin 7 (0.41). Unfortunately, the ligands were found to be
unstable and could not be isolated in the free state. Addition-
ally, the stability of the complexes was not reported.

o
CHR /
N—N—1
/  CHR
o
0

M = Mn(ll) (12), Fe(ll) (13), Co(ll) (14), Ni(ll) (15), Zn(ll) (16)

OH OH OH

R= ~__OH W\OH
OH OH OH
D-Arabinose D-Xylose
OH OH OH OH

~_OH
Y OH
OH OH OH OH
D-Glucose D-Galactose

Fig. 6 Chemical structures of the metal complexes 12-16 containing
Schiff base ligands derived from anthranilic acid and aldoses.
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Fig. 5 Chemical structures of [Co(mef),(MeOH)4] 10 and [Co(mef),(MeOH),(NAN)] 11la—c (where mef = mefenamic acid and NAN = 2,2'-

bipyridine, 1,10-phenanthroline or (pyridine),) complexes.
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In 2011, Beraldo and co-workers reported the anti-inflam-
matory activities of salicylaldehyde benzoyl hydrazones 17 and
18 and their dimeric Zn(i) complexes (Fig. 7).>* The structures of
the Zn(u) complexes were characterized by elemental analysis,
but not by mass spectrometry. All compounds showed the
ability to inhibit the migration of monocytes and neutrophils
into the peritoneal cavity induced by zymosan with comparable
or superior potency compared to indomethacin, a COX-1
selective inhibitor. Furthermore, the ability of the complexes to
reduce formalin-induced pain in mice was investigated.
Formalin-induced pain can be divided into two phases, known
as the neurogenic (first) and inflammatory (second) phases of
the nociceptive response. The results showed that all four
compounds reduced the sensitivity of mice to pain induced by
formalin. Interestingly, the analgesic ability of the 2-benzoyl
derivative H,LASSBio-466 17 was enhanced upon complexation
with Zn(u), whereas the reverse was true for the 4-benzyol
derivative H,LASSBio-1064 18. H,LASSBio-466 17 was only able
to inhibit the neurogenic phase of the formalin-induced noci-
ceptive response, whereas its Zn(ir) complex showed activity in
both the first and second phases, indicating the potential of the
complex to inhibit inflammatory pain. On the other hand,
H2LASSBio-1064 18 was active in both neurogenic and inflam-
matory phases, but its effects were diminished upon complex-
ation with Zn(un). The authors postulated that the different
potencies of the Zn(un) complexes could be attributed to differ-
ences in the rate of the release of hydrazone. Alternatively, as
[Zn(LASSBio-466)OH,], contains a di-anionic hydrazone moiety,
whereas [Zn(HLASSBio-1064)Cl], contains a mono-anionic
hydrazone moiety, the different electronic effects of the
complexes could also affect their bioavailability profiles in
different ways. However, the pharmacological targets of the
complexes remain unknown.

Recently, Ali and co-workers investigated the anti-inflam-
matory properties of Ni(u) (19), Zn(u) (20) and Co(u) (21) metal
complexes bearing Schiff base ligands derived from salicy-
laldehyde and glycine (Fig. 8).** Oral administration of the
complexes reduced inflammatory edema in rats challenged by
carrageenan, with greater potency compared to the NSAID
diclofenac. The ability of the compounds to inhibit paw edema
in the second phase of inflammation (mediated by prosta-
glandin release) suggested that the compounds may possibly
inhibit COX, in a manner similar to indomethacin. The finding
demonstrated that the compounds showed moderate analgesic
activity against acetic acid or thermal injury, but with lower

|
OH N,

H2LASSBI0-466 (17) H2LASSBI0-1064 (18)

Fig.7 Chemical structures of the salicylaldehyde benzoyl hydrazones
17 and 18.
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OH,
M = Ni(ll) (19), Zn(Il) (20), Co(ll) (21)

Fig. 8 Chemical structures of the transition metal complexes 19-21
bearing Schiff base ligands derived from salicylaldehyde and glycine.

potency compared to diclofenac. However, whether the
peripheral anti-nociceptive activity of the compounds was
mediated by interfering with the local reactions induced by the
irritant or by inhibiting the synthesis, release and/or antago-
nizing the activity of pain regulators at the peripheral target
sites was undetermined.

Naik and co-workers have investigated the anti-inflammatory
activity of a series of Schiff bases derived from 2-mercapto-3-
formyl quinoline/2-hydroxy-3-formyl quinoline with 2,6-dia-
minopyridine (DAP) and their corresponding Co(u) (22, 26),
Ni(u) (23, 27), Cu(u) (24, 28) and Zn(u) (25, 29) complexes
(Fig. 9).** Most of the complexes significantly reduced inflam-
matory edema in rats challenged by carrageenan. Among the
compounds tested, the Cu(u) complexes 24 and 28 showed the
highest biological activities. Moreover, the complexes did not
induce ataxia, tremors, convulsions, sedation, lacrimation or
changes in motor activity in mice, and caused no significant
toxicity to the stomach, intestines and liver of mice.

A series of Cu(u), Ni(u) and Co(u) metal complexes with the
tridentate Schiff base ligand 2,4-bis(indolin-3-one-2-ylimino)-6-
phenyl-1,3,5-triazine (BIPTZ) 30 (Fig. 10) has recently been
reported by Tharmaraj and co-workers.*> Metal complexes were
observed to adopt a square-pyramidal geometry for the [ML]-
type complexes and an octahedral geometry for [ML,]-type
complexes by electronic absorption spectra and magnetic
susceptibility. Moreover, metal complexes and the free ligand
were able to reduce inflammatory paw edema volume in rats

‘ X
—NT N7 SN=
Mo M = Co(ll) (22)
7\ Q&M@é 7N\ Ni(ll) (23)
=N N= Cu(ll) (24)
Zn(ll) (25)
| X
—N7 N7 SN=
SmZor M = Co(ll) (26)
A W= A Ni(ll) (27)
=N N= Cu(l) (28)
Zn(lly (29)

Fig. 9 Chemical structures of the Cof(n), Ni(), Cu(l) and Zn(n)
complexes 22-29 with Schiff bases derived from 2-mercapto-3-
formyl quinoline or 2-hydroxy-3-formyl quinoline with 2,6-dia-
minopyridine (DAP).
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BIPTZ (30)

Fig. 10 Chemical structure of BIPTZ 30.

challenged by carrageenan, indicating that they possessed anti-
inflammatory activity.

A range of germ-line-encoded receptors, termed pattern-
recognition receptors (PRRs), respond to conserved signatures
on invading microorganisms, resulting in the transcriptional
activation of pro-inflammatory responses.”* PRRs include the
Toll-like receptors (TLRs), C-type lectins (CTLs), cytoplasmic RI
GI-like receptors (RLRs), and nucleotide binding domain,
leucine-rich repeat-containing family proteins (NLRs), which
include the nucleotide-binding oligomerization domain (NOD)
proteins NOD1 and NOD2. NOD2 is important in triggering
inflammatory responses to bacterial infection because it
recognizes muramyl dipeptide (MDP), which is common to all
bacterial peptidoglycans. In 2010, Schmalz, Kufer and co-
workers investigated the application of chromium-containing
arene (arene-Cr(CO);) complexes 31a-d (Fig. 11) as specific
inhibitors of NOD2 signaling.** The complexes contained an
arene ligand that was structurally related to anti-inflammatory
diterpenes produced by the sea whip Pseudopterogorgia eli-
sabethae.* Several of the Cr(0) complexes specifically interfered
with NOD1/2-mediated nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) signaling in human
embryonic kidney (HEK293T) cells and endogenous NOD
activity in human acute monocytic leukemia (THP1) myeloid
cells. The most active compound 31a probably inhibited NOD2
activation directly in a competitive manner. Further evidence
for this mechanism stemmed from the observation that while
31a reduced NOD2/MDP-induced NF-kB activation, it did not

= _~OMe
Cr(CO)3

(31c)

(31d)

Fig. 11 Chemical structures of the chromium-containing arene
(arene—Cr(CO)z) complexes 3la—d.
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inhibit NF-kB activation driven by overexpression of receptor-
interacting protein kinase 2, which is a signaling molecule
located directly downstream of NOD2 in the signaling cascade.
Structure-activity analysis of a number of chromium derivatives
revealed the structural features required for NOD2 specificity.
The most efficacious compound 31a, specifically antagonized
MDP-mediated NF-«kB activation without inhibiting TLR2-
TLR4- or tumor necrosis factor (TNF)-mediated NF-kB activa-
tion. However, complexes that lacked a benzylamino or benzy-
loxy substituent at the benzylic position (C3) (e.g. 31b and 31c)
or a 2-methyl-2-propenyl side chain at C7 (e.g. 31d) were effec-
tive against all the tested pathways, indicating that those
structures were important for NOD2 specificity. Additionally,
the free ligand exhibited pronounced cytotoxicity but did not
exhibit significant activity against NOD2- or TLR4-mediated NF-
kB activation, demonstrating the importance of the Cr(0) metal
center in determining biological activity. However, the precise
mechanism by which the Cr(0) complexes antagonized NOD2
was not determined.

Gudasi and co-workers investigated the anti-inflammatory
properties of Cu(u) (32), Zn(u) (33), Mn(u) (34) and Ni(u) (35)
complexes of a 1,2-dihydroquinazolinone derivative (Fig. 12).%¢
Pyridine-2-ethyl-(3-carboxylideneamine)-3-(2-phenyl)-1,2-dihy-
droquinazolin-4(3H)-one behaves as a neutral, tridentate
ligand, generating five-coordinated transition metal complexes
with metal ions. The complexes exhibited a dose-dependent
reduction of edema volume in rats challenged with carra-
geenan, with the Cu(u) complex 32 again exhibiting the most
potent anti-inflammatory activity. Significantly, the anti-
inflammatory activities of the metal complexes were superior to
that of the parent ligand, which was attributed to their
enhanced lipophilicities. Enoxacin (eno) 36 is a potent inhibitor
of the bacterial enzyme DNA gyrase that exhibits anti-bacterial
activity against both Gram-negative and Gram-positive bacteria
and reduces gingival inflammation.*” In 2009, Arayne and co-
workers investigated the anti-inflammatory properties of Cu(u)
(37), Ni(u) (38), Mn(u) (39) or Fe(u) (40) complexes of enoxacin
36 (Fig. 13).*® Infrared spectroscopic analysis suggested that
enoxacin 36 acted as a monoanionic bidentate ligand and
coordinated to the metal ions via its carboxyl and carbonyl
groups. The anti-inflammatory properties of the enoxacin
complexes 37-39 were evaluated by measuring the levels of
reactive free radicals released by activated phagocytic cells. The
Mn(u) (39) and Cu(u) (37) enoxacin complexes were found to be

cl Cl
\M/
ol/ ’ \N = |
@f\N/N SN

©

N

H

M = Cu(ll) (32), Zn(ll) (33), Mn(ll) (34), Ni(ll) (35)
Fig. 12 Chemical structures of the transition metal complexes 32—-35

of pyridine-2-ethyl-(3-carboxylideneamine)-3-(2-phenyl)-1,2-dihy-
droquinazolin-4(3H)-one.
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Fig. 13 Chemical structures of the complexes of enoxacin (eno) 36,
[M(eno),(OHy),]-30H, 37-39 (where M = Cu(i), Ni(n) or Mn(i)) and
[Fe(eno)(OH,),ICl-40H, 40.

the most active against free radical release, with ICs, values of
15.3 and 18.7 pg mL ', respectively, whereas enoxacin and
its Fe(m) (40) and Ni(u) (38) complexes were less potent
(ICso > 50 pg mL™'). However, the molecular mechanism
governing the immunomodulatory effect of the enoxacin
complexes was not determined.

The coagulation of blood and the inflammatory activation of
platelets, endothelial cells and monocytes are events that can
lead to the formation of an oncogenic inflammatory microen-
vironment in tissues. These events are regulated by a network of
mediators, including thrombin and platelet-activating factor
(PAF).*>** Mitsopoulou and co-workers have recently reported
the biological properties of fac-[Re(phendione)(CO);Cl] 41
(where phendione = 1,10-phenanthroline-5,6-dione) as inhibi-
tors of PAF-induced aggregation of washed rabbit platelets
(WRPs) in vitro (Fig. 14).°' Additionally, complex 41 and
[Re(COs5)CI] showed activity against PAF-basic metabolic
enzyme activities in rabbit leukocyte homogenates. In cellular
proliferation studies, the free ligand phendione was found to be
highly cytotoxic towards a range of cancer cell lines, but this
toxicity was markedly reduced upon complexation to Re(1).
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=

fac-[Re(phendione)(CO);Cl] (41)

Fig. 14 Chemical structure of fac-[Re(phendione)(CO)sCl] 41 (where
phendione = 1,10-phenanthroline-5,6-dione).
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One limitation of the studies presented in this section is that
control experiments with the separate metal ions and the
ligands were not always performed to assess whether or not the
effects observed were not only a cumulative effect of the indi-
vidual species. Several studies compared the potency of the
metal complexes to the free ligand, but only one (Cu-aspirin)
investigated the activity of the metal ion alone. Besides ruling
out cumulative effects, such control experiments could also
clarify the role of the metal ion in conferring enhanced bio-
logical activity to the metal complex over the free ligand.
Additionally, the stabilities of many of the complexes in water
were not reported. Given that potential drugs will eventually
enter into an aqueous environment in the body, it would be
important to investigate the possibility of metal complex
hydrolysis to ascertain whether the intact complex and/or its
derivatives are the biologically active species.

3 Metal complexes that covalently
bind biomolecules

The ability of metal ions to form coordinative bonds with
biomolecules has been harnessed in the development of
numerous classes of metallodrugs. For example, cisplatin and
its analogues act by covalently binding to nucleobases of DNA,
generating intrastrand or interstrand DNA lesions that interfere
with cellular replication or metabolic processes.” In this
section, we discuss examples of metal complexes that have been
demonstrated to form covalent bonds to biomolecules, thereby
exerting potential anti-inflammatory effects.

The gold(1) salts auranofin 4, solganal 5, and myochrysine 6
have been approved for the treatment of rheumatoid arthritis.
Despite their over two decades of use, however, their mecha-
nism of action has not yet been fully elucidated. The gold
compounds have been hypothesized to produce various
metabolites in vivo, including gold(),*® [Au(CN),] ,** or Au(m)*®
that exert various biological effects. Proposed mechanisms of
action of gold salts include the inhibition of selenium enzymes
such as thioredoxin reductase,*® redox cycling to target mito-
chondria,” the induction of heme oxygenase-1 (HO-1) expres-
sion,*® and the inhibition of signal transducer and activator of
transcription 3 (STAT3),* NF-kB,* and TLR4 activation.**

The ability of gold(1) complexes to interact with thioredoxin
reductase can be rationalised by Pearson's acid base concept,*
which suggests that the “soft” gold(i) ions preferentially bind to
soft Lewis base ligands such as thiolato and selenolato ions, or
phosphine derivatives. In the blood, the gold(r) complexes bind
well to sulfhydryl-containing compounds, such as cysteine or
glutathione, as well as to albumin or globulins via a ligand
exchange mechanism. In the case of auranofin 4, the tetraace-
tylthioglucose is displaced first, followed by the replacement of
the triethylphosphine ligand that is subsequently oxidized to
triethylphosphine oxide. The cooperative effects of adjacent
thiolato or selenolato ligands neighbouring the interaction site
play an important role in the incorporation of gold into the
active site of selenium-containing flavoreductases, such as thi-
oredoxin reductase.
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In 2012, Travnicek and co-workers investigated the anti-
inflammatory activities of gold(1) complexes with the general
formula [Au(L)(PPh;)]-xOH, (42a-h; x = 0-1.5), where L repre-
sented the deprotonated form of benzyl-substituted derivatives
of 6-benzylaminopurine (Fig. 15).°* The gold(1) complexes
significantly reduced the production of pro-inflammatory cyto-
kines such as TNF-o, interleukin-1 beta (IL-1B) and high-
mobility group protein B1 (HMGB1) in lipopolysaccharide
(LPS)-activated macrophages,® but did not inhibit the secretion
of the anti-inflammatory cytokine interleukin-1 receptor
antagonist (IL-1Ra). Complexes 42a and 42f also reduced
inflammatory edema volume in rats challenged by carrageenan.
Notably, all of the tested gold(i) complexes exhibited compa-
rable or superior activity compared to auranofin at equitoxic
doses. Electrospray ionization mass spectrometry experiments
revealed that the complexes could bind to cysteine via the
displacement of the 6-benzylaminopurine N-donor ligand.
Hence, these gold() complexes were considered to act as pro-
drugs in a similar manner to auranofin 4. Moreover, certain
complexes showed cytotoxic activity against THP1 cells. In a
later study, Travni¢ek and co-workers studied the biological
properties of related derivatives containing a 2-chloro substit-
uent on the adenine moiety.®® These complexes inhibited TNF-a.
and IL-1P secretion in cells, but did not show anti-inflammatory
activity in vivo. Electrospray ionization mass spectrometry
analysis suggested that the 2-chloro complexes were relatively

Complex R Rs R,
42a F H H
42b H F H
42c Cl H H
42d H Cl H
42e H H Cl
42f H Me H
42g H H Me
42h H OMe H
Ry
Rg R4
R
Ry 3
NH Ry
N7 N
A\
@D NH
NN
[AUCI(PPhy)] N7 SN
Acetone K | >
4h N~ N
25°C /lxu
(42a-h)

Fig. 15 Synthesis and chemical structures of the gold() complexes
with the general formula [Au(L)(PPhs)]-xOH, (42a—h; x = 0-1.5).
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unstable, as revealed by the formation of [Au(PPhs),]" in all
solutions. Taken together, these studies demonstrate that the
anti-inflammatory activities of gold(1) complexes may be highly
sensitive to structural variation in the auxiliary ligands.

STAT proteins are responsible for regulating fundamental
cellular processes, including cell growth and differentiation,
development, apoptosis, inflammation and immunity.**%
Constitutive STAT3 activity has been detected in a number of
human cancers.®® The tumorigenic potential of dysregulated
STAT3 has been linked to its effects on pro-oncogenic inflam-
matory pathways, including NF-«xB and interleukin-6 (IL-6)-
GP130-Janus kinase (JAK) pathways.**”® Moreover, STAT3 has
been found to play a critical role in both chronic inflammation
and joint inflammation in rheumatoid arthritis.”* Alternatively,
STAT3 has been reported to exert anti-inflammatory activities
via interleukin-10 (IL-10) signaling.”

Turkson and co-workers have investigated the application of
platinum compounds 43-46 (Fig. 16) as inhibitors of STAT3
signaling.” The Pt(iv) compounds CPA-1 43, CPA-7 45 and Pt(wv)
Cl, 46 blocked STAT3 DNA-binding activity and STAT3-driven
activity in vitro, and inhibited cell growth and induced
apoptosis in malignant cells harboring constitutively active
STAT3. On the other hand, the Pt(i) compounds CPA-3 44 and
cisplatin 1 showed little inhibition of STAT3 activity in cells,
indicating the importance of the Pt(iv) center in achieving
cellular activity. Based on Kkinetic experiments, the authors
postulated that there could be two mechanisms by which the
Pt(iv) complexes disrupted STAT3 activity in cells. The first
mechanism involved the direct targeting of STAT3 protein by
the Pt(iv) compounds, while the second mechanism involved a
decrease in STAT3 phosphorylation levels mediated by the
complexes. In a later study, the group identified 1S3 295 47, a
piperazine salt of hexachloroplatinate(wv) (Fig. 16), from the NCI
2000 diversity set as an inhibitor of STAT3 activity.” Preliminary
evidence suggested that IS3 295 47 interacted with cysteine
residue(s) within STAT3, forming thiol conjugates that do not
bind effectively to DNA.

NO,
s [
NHA, | Cl NH, cl

¢]]
CPA-1 (43) CPA-3 (44)
NO,
HsN—J,_—Cl Cl— p—Cl
H3N/P|t\CI o—P=g
Cl
CPA-7 (45) Pt(IV)Cl, (46)
cl 1z
Cl | Cl "o N N on
2H+ ~— —
o ’t\CI { \__/ §
Cl
1S3 295 (47)

Fig. 16 Chemical structures of CPA-1 43, CPA-3 44, CPA-7 45 and
Pt(iv)Cly 46 and 1S3 295 47.
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4 Kinetically inert metal complexes

Meggers has pioneered the development of kinetically inert
metal complexes as inhibitors of protein kinases.” Remarkably,
even though all kinases share highly similar active sites, the
compounds have managed to achieve significant selectivity for
specific kinases despite being limited to purely reversible
interactions, and many of these compounds showed potent
anti-cancer activity. This section highlights the application of
kinetically inert metal complexes as inhibitors of inflammatory
or autoimmune signaling molecules.

Tumor necrosis factor-o. (TNF-a) is a pro-inflammatory
cytokine that plays an important role in regulating key biolog-
ical processes, including inflammation, immunity and haema-
topoiesis.”® The dysregulation of TNF-a activity has been
implicated in transplant rejection, viral replication, septic
shock, diabetes, tumorigenesis, and autoinflammatory diseases
such as rheumatoid arthritis, psoriatic arthritis, and Crohn's
disease. In 2012, Leung, Ma and co-workers reported the
cyclometalated Ir(m) complex [Ir(ppy).(biq)]PFs 48 containing
the bidentate 2-phenylpyridinato (ppy) ligand and the 2,2’-
biquinoline (biq) ligand (Fig. 17) as the first iridium-based
inhibitor of TNF-a..”

The synthesis of the enantiopure complexes A-48 and A-48
was achieved using a novel asymmetric strategy reported by
Meggers and co-workers in 2013,”® which employed (S)-4-tert-
butyl-2-(2"-hydroxyphenyl)oxazoline as a chiral auxiliary
(Fig. 17). In a cell-free assay, complexes A-48 and A-48 inhibited
the TNF-o-TNFR interaction with a potency comparable to
SPD304, a potent small-molecule inhibitor of TNF-a. Further-
more, complexes A-48 and A-48 inhibited TNF-a-induced NF-kxB
luciferase activity in human hepatocellular carcinoma (HepG2)
cells with superior potency to SPD304.”” Intriguingly, the anal-
ogous Rh(m) complex showed markedly reduced inhibitory
activity, indicating the importance of the metal center in
determining the TNF-a inhibitory activity of the complexes.

Similar to most protein-protein interfaces, the binding site
on the TNF-o. dimer is mostly hydrophobic and featureless,
primarily consisting of glycine, leucine, and tyrosine subunits.
Consequently, the interaction between small molecules and the
TNF-o dimer has been presumed to be mainly hydrophobic and
shape-driven. The authors anticipated that the extended
aromatic biq ligand of complex 48 could facilitate favorable

slo
N x

[Ir(ppy)2(biq)IPFg (48)

Fig. 17 Chemical structure of the cyclometalated Ir(i) complex
[Ir(ppy)2(big)IPFes 48.
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hydrophobic interactions with the TNF-a. dimer binding inter-
face, thereby blocking the association of the third subunit and
the formation of the active trimer complex. Molecular modeling
analysis revealed that the biq ligand of A-48 contacted the (-
strand of the A subunit of TNF-a, while the ppy units contacted
the B-strand of the B subunit. On the other hand, the A-48
enantiomer was predicted to be situated in the same binding
pocket, but with the biq ligand and one of the ppy ligands of A-
48 contacting the B-strands from both subunits of the TNF-a
dimer complex. The absence of hydrogen bonding or salt-bridge
interactions in the models suggested that the interaction
between the B-strands of the TNF-a. dimer with A-48 or A-48 was
primarily hydrophobic in nature, which was consistent with
previous reports. This report demonstrates that kinetically inert
organometallic compounds can be utilised for targeting
protein-protein interactions, which are typically considered to
be difficult to target with small molecules.

The cyclometallated rhodium(m) complex 49 (Fig. 18) has
recently been reported as an inhibitor of lipopolysaccharide
(LPS)-induced nitric oxide (NO) production in RAW264.7
macrophages.” The generation of NO by inducible nitric oxide
synthase (iNOS) can be triggered by various inflammatory
stimuli, leading to the formation of reactive intermediates of
NO that can promote pro-inflammatory responses.** Complex
49 inhibited NO production as well as NF-kB transcriptional
activity in LPS-induced RAW264.7 macrophages. Moreover,
complex 49 antagonized vasculogenic activity in human
umbilical vein endothelial cells, which was attributed, at least
in part, to the inhibition of NF-kB activity and NO production in
cellulo. However, the mechanism of action of this rhodium(ur)
complex was undetermined.

As upstream activators of the STAT proteins, Janus kinase 2
(JAK2) has also been considered as a possible target for anti-
inflammatory and anti-autoimmune applications.**"** In 2012,
two cyclometalated rhodium complexes rac-[Rh(ppy),(C=NL),]"
50 and rac-[Rh(bzq),(C=NL),]" 51 (ppy = 2-phenylpyridine; bzq
= benzoquinoline and C=NL = 2-naphthylisocyanide) (Fig. 19)
were developed as non-covalent JAK2 inhibitors.** Results from
biological experiments indicated that complexes 50 and 51
inhibited JAK2 enzyme phosphorylation activity and reduced
JAK2 autophosphorylation in cellulo. Furthermore, the
complexes exhibited micromolar cytotoxicity towards human
erythroleukemia (HEL) cancer cells, which harbor constitutive
JAK?2 activity.

(49)

Fig. 18 Chemical of structure of Rh(i) complex 49.
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Fig.19 Chemical structures of rac-[Rh(ppy),(C=NL),]OTf 50 and rac-
[Rh(bzq),(CNL),]OTf 51 (ppy = 2-phenylpyridine; bzq = benzoquino-
line and C=NL = 2-naphthylisocyanide).

Ma, Leung and co-workers have also reported a Rh(m) complex
52 (Fig. 20) as a kinetically inert metal-based inhibitor of STAT3
dimerisation.** A fluorescence polarisation assay revealed that
complex 52 targeted the SH2 domain of STAT3. Furthermore,
complex 52 inhibited the STAT3 DNA-binding activity, phosphory-
lation, dimerization, and signaling activity in vitro. Whereas
complex 52 was able to significantly reduce tumor size and
angiogenesis in an in vivo mouse xenograft model, immunohis-
tochemical experiments showed that the levels of COX-2 and iNOS
in the tumor tissues were also reduced by complex 52. Since STAT3
promotes the expression of COX-2*® and iNOS,* this suggests a
possible mechanism by which complex 52 may exert anti-inflam-
matory activity. Moreover, complex 52 induced no signs of gross
toxicity or weight loss in treated rats, and did not significantly
affect the mean weights of the heart, liver and kidney, demon-
strating its relatively non-toxic nature.

Gunning and co-workers reported the first application of
coordination complexes 53, 54 and 55 (Fig. 21) mimicking the
Src homology 2 (SH2) phosphopeptide-binding domain.*® The
authors postulated that the SH2 domain of STAT3 could be

“ T|PFs

|
OHC Rh/
OHC r ™~
N
]
X
(52)

Fig. 20 Chemical of structure of Rh(i) complex 52.
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effectively mimicked by metal complexes, leading to the inhi-
bition of SH2-phosphotyrosine interactions that are essential
for STAT3 signaling. As a proof-of-concept, functionalized bis-
dipicolylamine (BDPA) copper(u) complexes were developed
that disrupted STAT3-STAT3 protein interactions. The Cu(u)
complexes inhibited STAT3 homodimer DNA-binding activity in
mouse fibroblast nuclear extracts containing constitutively
activated STAT3. The inhibitory action of the Cu(u) complexes
WAS attributed to their mimicry of the SH2 domain-phospho-
tyrosine binding function.

The mammalian target of rapamycin (mTOR) controls
metabolism, growth, and cell survival, and has recently
emerged as a key regulator of innate immune cell homeo-
stasis.®” Inhibition of mTOR by rapamycin in human monocytes
induces the production of IL-12, TNF-a, or IL-6 via the activation
of transcription factor NF-kB, but attenuates the active release
of IL-10 via STAT3 activation. Recently, a series of Rh(u) and
Ir(m) complexes have been reported as inhibitors of mTOR
activity.” The Rh(m) complex 56 (Fig. 22) attenuated mTOR
activity in a cell-free system and in mTOR immunoprecipitates
from treated cells, with a potency comparable to that of rapa-
mycin. Furthermore, the inhibition by complex 56 was found to
be dependent on FK506-binding protein 12 (FKBP12). The
authors postulated that complex 56 may first bind to FKBP12,
creating an interface that is subsequently recognized by the
mTOR  FKBP12-rapamycin-binding domain. Therefore,
complex 56 may be tentatively considered as a protein—protein
interaction stabilizer of the mTOR-FKBP12 interaction, and
could potentially be further developed as a modulator of the
inflammatory response. Preliminary structure-activity rela-
tionship analysis with related complexes indicated that the size
and hydrophobicity of the N*N donor ligand and the nature of
the metal center were important determinants for mTOR
inhibitory activity.

A redox imbalance between endogenous reactive species,
such as nitric oxide, superoxide, hydrogen peroxide,

T

"-CO,CHj, (54)
NH, (55)

Fig.21 Chemical structures of the coordination complexes 53, 54 and
55 as functional proteomimetics of the Src homology 2 (SH2) phos-
phopeptide-binding domain.
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Fig. 22 Chemical structure of Rh(i) complex 56.

peroxynitrite, and endogenous antioxidants, can cause damage
to biological molecules and impair signaling pathways. Oxida-
tive stress has been linked to a wide range of human diseases,
such as ischemia-reperfusion disorders, central nervous system
disorders, cardiovascular disorders, inflammatory disorders,
cancer and diabetes. Therefore, compounds capable of
reducing the levels of reactive species can suppress oxidative
damage to biological molecules as a consequence of primary
oxidative insult. Moreover, certain transcription factors such as
NF-kB require reactive species for activation. Hence, the
removal of reactive species can also reduce general transcrip-
tional activity, thereby suppressing excessive inflammation and
leading to continuous oxidative stress and secondary oxidative
damage of biomolecules.

Superoxide dismutase (SOD) is an endogenous enzyme that
eliminates superoxide by catalyzing its dismutation into O, and
H,0, (Fig. 23). A large range of Mn porphyrins,”*** Mn cyclic
polyamines'”™* and Mn salen derivatives'® """ have been devel-
oped as SOD mimics (Fig. 24). The redox cycle of the Mn SOD
mimics involves catalyzing the oxidation of O," to O, by Mn(m)
SOD, followed by reduction of O,"~ to H,O, by Mn(u)SOD. Some
Mn porphyrins have been reported to target the mitochondria,
whereas others are able to cross the blood-brain barrier and were
effective in stroke and hemorrhage models. Moreover, as reactive
species are required for general transcriptional activity, some Mn
SOD mimics have been found to be effective not only when
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Fig. 23 The dismutation of O,"" catalyzed by MnSOD.
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Fig. 24 Chemical structures of Mn porphyrins, Mn cyclic polyamines
and Mn salen derivatives.

delivered to the site of primary oxidative injury, but also when
administered hours (as in stroke) or weeks (as in radiation expo-
sure) after the injurious event, via the repair of damage caused by
continuous inflammation. Excellent review articles on the appli-
cation of Mn complexes as anti-oxidant and anti-inflammatory
compounds have been published."*™** Besides Mn compounds,
other metallo SOD mimics such as Fe porphyrins or Cu porphyrins
have been reported, though these have found more limited
application.

5 Conclusion and outlook

Compared to the comprehensive body of work established with
metal anti-cancer compounds, the field of metal-based anti-
inflammatory and anti-autoimmune agents is still immature.
To date, the gold compounds auranofin 4, solganal 5 and
myochrysine 6 used for the treatment of rheumatoid arthritis
are among the only metal-based compounds that have been
approved for the treatment of inflammatory or autoimmune
diseases.

This review has highlighted some recent examples of tran-
sition metal complexes that have been investigated for anti-
inflammatory or anti-autoimmune activity. A common strategy
that has been employed is the coordination of anti-inflamma-
tory compounds or other bioactive molecules to metal ions,
resulting in enhanced activity. For example, the anti-inflam-
matory activities of metal complexes 32-35 of a 1,2-dihy-
droquinazolinone derivative were superior to those of the free
ligand.*® This was attributed to the higher lipophilicity of the
metal complexes compared to the free ligand, potentially
improving the ability of the complexes to pass through cellular
membranes and into cells. In the case of the NSAID aceclofenac
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9, complexation with zinc generated a zinc-aceclofenac
complex that induced fewer stomach ulcers in rats, while having
comparable anti-inflammatory activity to the parent drug.>® The
authors postulated that the ulcerogenic carboxyl group in ace-
clofenac could be effectively masked by its coordination to zinc,
resulting in less severe adverse side effects in the stomach.

The second strategy utilises metal complexes with labile ligands
that can coordinate directly with biomolecules. Travnicek and co-
workers demonstrated that gold() complexes 41 bearing
substituted 6-benzylaminopurine and triphenylphosphine ligands
displayed stronger anti-inflammatory activity in vitro and in vivo to
auranofin at equitoxic doses.*® Interestingly, analogues containing
a 2-chloro group on the adenine moiety were inactive in vivo,
indicating that minor changes in the structure of these gold(i)
complexes can have a significant effect on their anti-inflammatory
properties.®® The third approach described in this review involves
kinetically inert metal complexes that target specific biomolecules
in a non-covalent fashion. For example, the cyclometalated Ir(i)
complex [Ir(ppy),(biq)]PFs developed by Leung, Ma and co-workers
represented the first metal-based inhibitor of TNF-o. 48.7” Alter-
natively, Mn porphyrin, cyclic polyamine and salen derivatives are
able to catalyse redox reactions that eliminate reactive species and
suppress oxidative stress and inflammation.

One important aspect that has to be critically considered in
the design and development of metal complexes as anti-
inflammatory agents is their toxicity. Notable adverse side
effects of gold drugs include oral ulcers, altered taste, skin
rashes, skin pigmentation, anemia (thrombocytopenia) or renal
toxicity (proteinuria, nephropathy). Additionally, toxic effects
on the brain have also been reported. On the other hand, plat-
inum compounds have been linked with nephrotoxicity,
neurotoxicity, cardiotoxicity and myelosuppression,** and their
use in the body can also lead to the development of chemo-
resistance via multiple mechanisms."® As the use of metal
complexes as anti-inflammatory agents is still a relatively new
and emerging topic, extensive studies on the toxicity of the
compounds described in this review were infrequently per-
formed. Nevertheless, as toxicity often represents one of the
most common limits to the use of metal complexes in medicine,
toxicity evaluation is an essential step that is needed to deter-
mine the potential pharmacological application of these metal
complexes as anti-inflammatory agents.

Toward the future, we believe that further elucidation of the
precise mechanism of action of anti-inflammatory activity of the
bioactive metal complexes is necessary in order to facilitate the
rational design of metal complex analogues that could display
improved potency or selectivity, while minimizing toxicity. In
particular, potential chemical transformations or reactions of
the metal complexes in vivo should be more fully characterised.
Additionally, we believe that the application of kinetically inert
metal complexes to specifically target biomolecules in cells
deserves further investigation. Members of cellular inflamma-
tory or immune pathways interact with each other via protein-
protein interfaces that are typically large and amorphous. Such
protein-protein interactions could be potentially targeted by
kinetically inert metal complexes that possess ligands of suit-
able shape and hydrophobicity for binding to the protein-
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protein interface. Finally, advances in molecular biology and
interactomics may present novel targets for the development of
new anti-inflammatory or anti-autoimmune metal complexes.
Given the diverse variety of promising studies highlighted in
this review, we envisage that it is only a matter of time before the
next transition metal complexes are approved in the clinic for
the treatment of inflammatory or autoimmune diseases.
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