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of the structures for the most cytotoxic complexes allows the identification of structural similarities and
basic features that could lead to their cytotoxicity and might be useful for future investigations. Finally,
the information from the analysis of the rhenium compounds subjected to cellular studies is compared to
data on the rhenium compounds that have been involved in in vivo evaluation and clinical trials.
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1. Introduction

Although a vast number of compounds with anticancer effects
have been identified, cancer is still among the leading causes for
death worldwide [1]. Cancer treatment options depend on type,
stage and location of the cancer. Often, all malignant cells are
removed by surgery. Alternatively, either with or without surgery,
chemotherapeutic agents or hormonal agents are used to treat the
cancerous cells followed by continued treatments such as radio-
therapy [2]. Increasingly, the biological targets of the chemothera-
peutic drugs are identified leading to a better understanding of
their mechanism of action. This growing knowledge allows the
development of new and more powerful target-specific drugs. This
is important, as cells can develop immunity against commonly
used, rather unspecific anticancer drugs, like cisplatin [3,4]. It is
critical that scientists continue to identify innovative approaches
to combat cancer cells, and consequently information on the
molecular structures for active compounds are essential for any
structural based approaches to drug development.

Diagnosis at an early stage of cancer is also a crucial factor for
successful treatment and therefore survival of patients. Thus, diag-
nostic nuclear medicine using radiolabeled cancer-targeting com-
pounds represents a powerful, non-invasive tool. One of the most
widely applied radioactive isotopes in this field is technetium-
99m, which emits y-radiation with an energy of 140 keV and a
half-life of 6 h which is ideal for diagnostic imaging. Its congener
rhenium has both stable isotopes and radioactive isotopes suitable
for therapeutic applications. Due to similar physicochemical prop-
erties, Tc and Re are often applied to combine diagnostic and ther-
apeutic (‘theranostic’) approaches, and such applications have
frequently been reviewed [5-12]. Furthermore, Re compounds
are promising theranostic candidates due the diagnostic applicable
v-emission of 18Re and '®8Re isotopes or by replacing the Re core
by 99™Tc. Therapeutic possibilities are provided by cytotoxic Re
compounds, based on either non-radioactive Re isotopes or B-
emitting '®Re and '®Re. In addition, non-radioactive Re com-
pounds are studied for their medicinal benefits. For example, lumi-
nescent Re carbonyl complexes and their application as imaging
agents as well as (photo)cytotoxic and photosensitizing agents
are summarized in some recent reviews [13-15]. However, the
reported anticancer effects of Re and its ability to be used for ther-
apeutic purposes makes this element particularly attractive as a
drug component.

Already clinically approved drugs like cisplatin for treatment of
cancer and chloroquine for treatment of malaria have been widely
applied for decades and resistances to these drugs have been doc-
umented and increasingly becoming a problem. In the case of cis-
platin, the observed resistance is presumably a consequence of
genetic and epigenetic changes of different cellular pathways as
well as inherent cellular defense mechanisms activated in response
to external toxins [4]. P. falciparum, a parasite that causes malaria
in humans and is treated with chloroquine, develops resistance
over the years of chloroquine treatment by changes in the para-
site’s chromosome [16]. Therefore, many studies focus on over-
coming resistance, and replacing these older drugs.

Thus, in-depth biological studies on Re(I) tricarbonyl complexes
are performed by several groups [17,18] and an excellent review
reported in 2014 by Gasser et al. [19] summarizes the effects of
cytotoxic Re(I) carbonyl complexes. In addition covering recent
results, this review describes cytotoxic Re complexes in various
oxidation states and coordination modes, the limited number of
Re compounds in in vivo studies, and highlights the class of com-
pounds having advanced to clinical trials. Additionally, where
investigated, the studies on the mechanism of action of the com-
plexes and their biological targets are discussed. Thus, the aim of
this review is to identify basic concepts and structural features
for future investigations on Re based pharmaceuticals.

2. Basics of bioinorganic rhenium anticancer studies: rhenium
chemistry and compounds

2.1. Elemental rhenium’s occurrence and application

Rhenium is one of the rarest earth metals and the last of the
stable elements that has been identified [20,21]. In nature, rhe-
nium is only found in association with other, more common metals
such as molybdenum in ores and not as an element [22].
Comparatively high amounts of Re sulfide are associated with
molybdenum sulfide ores where Re is obtained by roasting and
reduction processes. The most stable natural Re isotopes are
185Re  (37.4%, stable) and '8Re (62.6%, P -radiation,
t12 = 4.3 x 10'° years). Additionally, the most prominent artificial
isotopes are '%°Re (91%, p~-radiation, ty; = 89.3 h, Eqax = 1.07 MeV;
9% vy-radiation, 137keV) and !%®Re (85%, P -radiation,
t12=17.021 h, Emax=2.12 MeV; 15%, y-radiation, 155 keV) [23].
The global annual Re metal production was about 49.4 tons in
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2015, which is an increase of 5% compared to 47.1 tons in 2014
[24]. The most common industrial application of Re is in super
alloys found in turbine blades, combustion chambers and the
exhaust nozzles of jet engines. The second most common applica-
tion is in industrial catalysis, e.g. the “Rheniforming process” for
production of lead-free gasoline [25]. Further industrially relevant
catalytic reactions of Re compounds include hydrogenations, dehy-
drogenations, oxidations, olefin metathesis, aldehyde olefinations
and epoxidation reactions [26-28].

Re and its radioactive congener Tc have similar physical proper-
ties such as ionic radii, shape, dipole moment and lipophilicity due
to lanthanide contraction [29]. However, their chemical properties
differ specifically in terms of their thermodynamic stability in high
oxidation states and ligand substitution on the metal center, which
is responsible for the differences when comparing Re and Tc com-
pounds [11,29]. Nevertheless, the similarity of Tc and Re can be
exploited for analysis of Tc compounds with methods requiring
non-radioactive compounds as well as for combining therapeutic
and diagnostic approaches for medicinal purposes without struc-
tural modifications of the compound [8]. Non-radioactive Re com-
plexes are also applied in biological studies, which is a topic
thoroughly discussed in this review. In the following, different bio-
logically active Re complexes are described and classified based on
the oxidation states of Re.

2.2. Methods of evaluating cytotoxicity in cell culture

To obtain insight into the degree of the compounds’ cytotoxicity
and/or antiproliferative effects, in vitro studies with various cancer
cell lines are performed [30]. The most commonly applied assay
method to evaluate anticancer effects is the MTT assay. Its name
is derived from the yellow reagent 3-(4,5-dimehtylthiazol-2-yl)-2
,5-diphenyltetrazolium bromide (MTT), which is converted to pur-
ple formazan upon transformation by mitochondrial reductase
which only occurs in healthy, living cells. The amount of formazan

can be quantified through changes in absorbance at 570 nm, which
is proportional to the number of viable cells [31].

An alternative assay, the resazurin assay, makes use of the blue,
non-fluorescent  7-hydroxy-10-oxidophenoxazin-10-ium-3-one
(resazurin), which is also reduced in living cells to yield resofurin,
a pink fluorescent dye. This reduction is also proportional to the
amount of living cells and can be quantified by either measuring
the absorbance or the fluorescence of a cell suspension [32,33].
Resazurin is also used in the alamar blue assay where supplements
preventing the formation of resofurin are added to avoid reduction
of the dye prior to its application in cell culture. Thus, a longer
incubation period is required [32,33]. Another colorimetric method
to determine the quantity of living cells in an assay is the crystal
violet stain. Crystal violet has a strong affinity to the external sur-
face of the DNA double helix and can stain DNA by intercalation
[34]. In the lactate dehydrogenase assay, lactate is oxidized to
pyruvate at the same time NAD is reduced to NADH [35,36]. These
assays are readily monitored using the absorbance of NADH at
340 nm and belongs to a class of enzyme assays that takes advan-
tage of the chromophore of the NADH/NAD couple. Such assays are
used to display many different reactions that either use the NADH/
NAD or NADPH/NADP directly or are connected to such a reaction.
The reader is referred to other publications to obtain more infor-
mation regarding assays [32,35,37].

The observed growth inhibition in these cytotoxicity assays is
measured by calculating the number of living cells and plotting
them against the concentration of the applied drug. For evaluation,
a descending sigmoidal dose-response curve will be generated. In
there, the concentration of the substance that is needed to inhibit
cell growth by 50% is represented by the ICsq value. The identifica-
tion of ICsq values is mostly used to determine the cytotoxicity of a
drug. In contrast, the half-maximal effective concentration (ECsg) is
the concentration of the substance that gives half-maximal
response/effect, whereas the curve is ascending (see Fig. 1). The
difference between ICsq (where ‘I’ stands for inhibition) and ECsq
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Fig. 1. Schematic representation of ECsg, ICso and LDsq values.
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(where ‘E’ stands for effect) is just the definition of the starting
point and the end of the curve. Accordingly, ICso values can be cal-
culated for antagonists and ECsq for agonists. Furthermore, LDsg is
the concentration of the compound that is lethal to half of the pop-
ulation of the organisms that are being studied. A schematic repre-
sentation of how these values can be obtained is given in Fig. 1. For
calculation of IC/ECsq values, different software packages can be
used, for example Origin®, SigmaPlot®, Excel® or GraphPad®. They
are able to calculate dose-response curves using the ‘dose’ of the
applied substrate in the experimental cell assay (usually the loga-
rithmic scale of the compound concentration) as the x-axis and the
‘response’ measured by spectrophotometry as the y-axis.

A standard dose-response curve can be calculated by non-linear
regression using different calculation approaches. One is the four-
parameter logistic equation (see Eq. (1)). The four parameters are
the top and the bottom plateaus of the curve, the IC/ECsg and the
slope factor (Hill slope), which is —1.0.

Y = min + (max — min)/(1 + 10(X — logICsp)) (1)

This standard assumption is the easiest one for a data set with
few data points; a variable slope is only useful with many data
points (Eq. (2)).

Y = 100/(1 + 10(logICs — X)slope) 2)

Ideally, the curve matches the experimental data points [38].

Accordingly, the lower the ICsq value, the more cytotoxic the
tested compound. Compounds with ICsq values >100 uM are ter-
med ‘non-toxic’. Compounds with an ICsq value between 5 and
100 uM are named ‘moderately cytotoxic’ and cytotoxic com-
pounds have ICso values <5 uM. Moreover, incubation times of
24 h represent the acute toxicity of the compound, whereas an
incubation time of 72 h rather represents systemic influence of
the test compound on cell growth, namely the antiproliferative
properties of the compound. Some researchers will provide one
or more times depending on the assay.

ICs values provide preliminary insights into biological effects
and the biological potency of the molecules in certain cell lines.
In such assays, different biochemical processes occur and various
receptors are presented by the cells. Hence, determination and
comparison of ICsg values are measures for biological characteris-
tics and profiles of potential drugs. Many issues complicate the
observation and interpretation of cell growth studies, because it
is usually assumed that the compound investigated readily pene-
trates the membrane and the compound reaches the active site
in the cell. However, if the drug is not soluble in water, a DMSO
solution is used for in vitro studies to administer the drug. If precip-
itation takes place when mixing the test solution with cell med-
ium, the drug uptake will be delayed/reduced and thus the effect
on cell growth will not be as large as anticipated. Therefore, drug
precipitation will result in lower measurement of drug toxicity
compared to a soluble drug. Nevertheless, cell culture evaluations
have been used for many years, providing a well-known tool for
comparing various compounds. However, caution must be used
when comparing the values in various publications, as reported
by Di et al. [30] and Sebaugh et al. [39]. It is every researcher’s
responsibility to consider published ICsy values when evaluating
properties of compounds as potential drugs. Since many drugs
are hydrophobic, they have limited cell culture media solubility
and this fact may delay cellular uptake, which will result in
reduced measurement of toxicity. Considering that many com-
pounds under evaluation as potential drugs are very hydrophobic,
such systematic errors in measurements are a widespread problem
that should not be neglected.

Many studies include control drugs to provide a reference for
their assays. Examples of control drugs that are used are cisplatin,
chloroquine or, for specific drug-conjugated metal complexes, the

corresponding ligand. These benchmark systems are well known
with regard to their mechanism of action and their biological
effects and therefore provide a valuable baseline to evaluate the
potential of new compounds. Appropriate study designs will
include growth studies in diseased, normal, and drug-resistant cell
lines with the potential drug under investigation and the proper
controls.

3. Organometallic Re(I) compounds

3.1. Fundamental chemical properties of organometallic Re(I)
compounds

Synthesis and characterization of organometallic Re carbonyl
complexes started in the early 1940’s when Walter Hieber et al.
studied the substitution of halogen Re pentacarbonyl complexes
[40]. The Re(I)(CO)3 core is very stable even in the presence of coor-
dinating solvents or in solutions of dilute hydrochloric acid. Only
sulfuric acid and nitric acid are capable of oxidizing the Re core
and consequently decomposing these compounds [40].

The basic Re carbonyl chemistry and the synthetic procedures
are well established. Depending on the nature of the ligands, the
kinetically inert Re carbonyl complexes can exhibit distinct phos-
phorescence/luminescence properties and are therefore increas-
ingly applied as photosensitizers and bioimaging agents [15].
Accordingly, investigations are ongoing to develop non-toxic imag-
ing agents. Two reviews focusing on bioimaging, photocytotoxicity
and photophysical properties of Re complexes were recently pub-
lished [14,15].

Moreover, numerous cytotoxic Re(I) tricarbonyl complexes
have been synthesized and evaluated for their anticancer proper-
ties since the first cytotoxic Re(I)(CO); complexes, namely
[Rea(p-OH)3(CO)s],  [Rea(p-OH)(p-OPh)a(CO)s],  [Rex(p-OMe)a(pi-
dppf)>(CO)s], and [Rey(p-OPh)(p-dppf),(CO)s] (dppf = 1,10-bis(di
phenylphosphino)-ferrocene) were reported in 2000 by Yan et al.
[41]. A review by Gasser et al. published in 2014 summarizes the
biological evaluation of different Re(I)(CO); based complexes
[19]. The general structural feature of the rhenium complexes is
the octahedral coordination geometry of the rhenium core provid-
ing three vacant coordination sites besides the three coordinated
carbonyls. Considering the ‘Hard and Soft Acid and Base’ (HSAB)
concept developed in 1963 by Pearson [42], the Re(I) carbonyl core
is recognized as a hard Lewis acid. Accordingly, DFT calculations as
well as experimental data determined the stability of Re(I) car-
bonyl complexes resulting in complex stabilities in the order
N>S> O for donor atoms of the coordinating ligands stabilizing
the Re(I)(CO)3 core [43]. Therefore, predominantly Re(I) tricarbonyl
complexes of pyridine, bipyridine and phenanthroline based
ligands are found in literature, as the following sections show.
However, convenient structural modifications of the Re complexes
are possible, creating task-specific compounds for desired applica-
tion, e.g. by changing the solubility and/or introducing certain
functionalities. For biological applications, the relatively small
and compact size of the Re carbonyl moiety compared to chelates
and coordination complexes can be advantageous as well as the
kinetic stability and inertness of the Re(I)(CO); core [5].

In the following biomedical studies with different classes of Re
(I) complexes will be summarized.

3.2. (CO)sRe(1)Cp derivatives

Cyrhetrene [(CO)sRe(n’-CsHs)] based compounds are increas-
ingly applied in biological studies due to their photo-physical
and electrochemical properties, high stability in water and air,
lipophilicity and specific biological activities [44,45]. This class of
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Fig. 2. Structures of (CO)sRe(I)Cp based compounds 1 to 5 (corresponding ICsq values are given in Table 1) and 6 and 7 (corresponding ICsy values are given in Table 2).
Additionally, the structures of the reference drugs ferroquine and chloroquine are given.

Table 1 Klahn et al. published antimalarial studies on this class of com-
Antimalarial -activ-ity ‘given as 1Cso values in uM for different (CO)3Re(l)Cp based pounds in 2010 with different linkers between the chloroquine
complexes with diamine appendages, 1 to 5 and the reference drugs ferroquine and entity and cyrhetrene (Fig. 2, compounds 1_4)' Additionally, the

chloroquine. N A N A A .
influence of metallocene substitution on antimalarial activity was
Compound [ref.] Anti-malarial activity studied by modification of the cyclopentadienyl ring with an
(P. fulciparum) electron-withdrawing group. The highest activities are shown by
, Chloroquine-sensitive Chloroquine-resistant 1 and 3, respectively, against the CQS strain (Table 1). Compound
Strain 3b7 w2 2 displays higher cytotoxicity in the CQR strain exceeding even
[1;6] 0.064 £ 0.014 2.563+0.772 chloroquine. Attempts to correlate the lipophilicity with growth
2 0.497 4 0.042 0267 £ 0.083 inhibition did not yield an qbwous assoc1atloq [46].
[46] Nordlander et al. synthesized compound 5 in order to compare
3 0.085 +0.017 2.167 +0.306 the influence of the metal center on the antimalarial activity. How-
[46] ever, a comprehensive evaluation of this study is difficult as the
¥ 5.500£0.557 2.533£0.153 experimental section contains too little information about the
[46] .
Ferroquine" 0.0034 + 0.0006 0.0068 + 0.0007 assay proc_edure [47]. Even though the IC59 values are reported in
[46] the low micromolar range, the full potential of these compounds
Chloroquine® 0.023 +0.005 0.563 +0.085 remains unclear due to solubility issues and the difficulties in car-
[46] rying out an evaluation with such compound properties [47].
Strain D10 Dd2 Further studies from the Klahn group focus on investigations of
5 0.27 +0.05 0.37 +0.06 ferrocene-cyrhetrene derivatives 6 and 7 and their anticancer
[47] activity (Fig. 2 and Table 2) [44]. Compound 7 is both more stable

and more active in cancer cell lines than 6, although like cisplatin,
is more cytotoxic to normal cells. Due to structural differences, the
comparison of the ICsq values of 6 and 7 to 1-4 are based on func-

compounds is often studied as antimalarial [46,47] and anticancer ~ tion and show that 1 to 4 have significantly lower ICso values and
agents [44,48-52]. The compounds shown in Fig. 2 are conjugated ~therefore are more potent than 6 and 7 [44].

@ 1Cso determination using microdilution radioisotope assay of Dejardins [46].
b ICso determination using lactate dehydrogenase assay [47].

to a chloroquine moiety, which was a very successful organic anti- (CO)sRe(I)Cp compounds 8 and 10 conjugated to the cell-
malarial agent for decades until resistances to it were developed penetrating peptide sC18 were synthesized, tested in vitro and
[47]. Therefore, research focused on chloroquine derivatives, like compared to the corresponding Mn complexes 9 and 11 by
ferroquine, a ferrocene-chloroquine conjugate (structure given in Schatzschneider et al. [48]. The corresponding ICsq values are given
Fig. 2), which is currently in phase II clinical trials [53]. in Table 3, the structures in Fig. 3. The results indicate that the
Cyrhetrene-chloroquine conjugates 1 to 5 (Fig. 2) were studied exchange of the metal center has no influence on the cytotoxicity.
for their biologic activity. The ICs, values against chloroquine- However, the change of the linker from keto (8 and 9) to aliphatic
sensitive (CQS) and chloroquine-resistant (CQR) strains of Plasmod- (10 and 11) slightly decreases the ICso value from about 60 uM to
ium falciparum are given in Table 1. about 40 uM [48]. The peptide itself is non-toxic [54].

Table 2

ICso values [uM] determined for (CO)s;Re(I)Cp based complexes with imine appendages, 6 and 7, in cancer and non-cancer cell lines applying a colorimetric assay with an
incubation time of 72 h.

Compound [ref.] Human cancer cell lines Human non-cancer cell line
MCF-7 MDA-MB-231 HCT-116 BJ

6 >30 >30 >30 712

[44]

7 12+5.2 74+15 7.8+33 212

[44]

Cisplatin 12+238 13+£1.8 14+£1.0 23+2

[44]
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Table 3

Cytotoxicity and antiproliferative properties given as ICso values in [uM] of (CO)3Re(I)Cp compounds with cell-penetrating appendages 8 to 14.

Compound [ref.] Human cancer cell lines

Murine cell line

MCE-7 A431 Hela A375 B16F1

8 59.2+7.3

[48]

9° 56.9+2.1

[48]

10° 40.8+8.9

[48]

11° 43.8+6.4

[48]

12° 9.47 13.7 14.4 14.7 9.82
[49]

13° 15.2 17.1 13.3 23.3 12.6
[49]

14° 11.4 17.3 8.34 12.5 15.2
[49]

SAHA" 3.74 4.44 4.45 4.58 3.67
[49]

@ Resazurin assay read after 24 h of incubation time [48].
b MTT assay read after 72 h of incubation time [49].
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Fig. 3. Structures of (CO)3;Re(I)Cp compounds with cell-penetrating appendages 8 to 14. Corresponding ICso values are given in Table 3.

In 2012, Alberto et al. examined the influence of the substitution
of phenyl rings and different linker length of (CO)s;Re(I)Cp based
complexes on the biological activity by investigating histone
deacetylase (HDAC) inhibition of SAHA conjugated compounds
12-14 (Fig. 3) [49]. It was shown that this modification does not
alter the antiproliferative effect against different cancer cell lines.
Complex 12 is the most active organometallic compound, though
the organic compounds have lower ICsy values (1.6-5 uM). Com-
pared to the activity of SAHA in HeLa cells, compound 12 has an
ICso value about twice of that of SAHA [49]. Additionally, the
authors present a new versatile synthesis for [**™Tc(I)(CO)s(Cp-
R)] imaging complexes. The published method involves amide-
coupled Thiele’s acids dimers (HCp-R), with two R substituents
leading to two different °™Tc labeled compounds via metal-
mediated retro Diels-Alder reaction [49].

A comparison of the ICsq values of the compounds within
Table 3 is problematic, because the incubation times are quite dif-
ferent, and it has been shown that the results of this type of study
depend on incubation times [30]. Although compound 9 has a
higher ICsg value after 24 h, it might be in the same range as 12
after 72 h.

The compounds studied by Metzler-Nolte et al. are based on
(CO)sRe(I)Cp imines and conjugated to piperazine derivatives
(compounds 15-22 in Fig. 4), which are assumed to target GSK-
3B kinase [50]. These compounds were evaluated for their ability
to inhibit growth of HT-29 and PT-45 cells. The results of the
growth inhibiting studies are the ICsq values given in Table 4. For
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Fig. 4. Structures of (CO);Re(I)Cp based complexes with imines or carbonyl
appendages 15 to 22. Corresponding ICso values are given in Table 4.

the HT-29 growth inhibition, the results are in the same order of
magnitude as cisplatin, which was also tested in the same study
for comparison and gives an ICso value of 32.6 + 0.7 uM for cis-
platin. In contrast, the compounds are almost inactive in PT-45
cells. Overall, complex 18 shows the lowest ICsq value for both cell
lines [50].

Luyt et al. published Re(I)Cp carbonyl complexes conjugated to
a specific peptide (ghrelin) with varying linker length (compounds
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Table 4

ICs values in [uM] of (CO)sRe(I)Cp based complexes with imines or carbonyl appendages 15 to 22.

Compound [ref.] Human cancer cell lines

Compound [ref.]

Chinese hamster cell line Human cancer cell line

HT-29 PT-45 CHO-K1 H1299

15° 97.27 £ 0.06 na 19° 0.035

[50] [51]

16° 72.78 +0.04 na 20° 0.174

[50] [51]

17° 76.38 +0.05 90.16 £ 0.05 21° 37.5+£6.6
[50] [52]

18° 30.48 £0.03 25.82+0.03 22¢ 243 +83
[50] [52]

Cisplatin® 32.6+0.7 22+03 Cisplatin® 12.8+5.6
[50] [52]

(na = not active).
@ MTT assay read after 72 h of incubation time [50].
b Radio ligand binding assay; no incubation time given [51].
€ MTT assay read after 24 h of incubation time [52].

19 and 20 in Fig. 4) [51]. Compound 19, with a shorter linker, has a
significantly lower ICsq value than complexes with a longer linker
(see Table 4). Thus, the linker length clearly influences the binding
affinity to the receptor [51].

Concha et al. investigated the biological behavior of (CO)s;Re(I)
Cp tosylhydrazone complexes 21 and 22 (Fig. 4) [52]. These com-
pounds were tested in MTT assays in comparison to the corre-
sponding Mn and FeCp complexes as well as cisplatin. The
resulting ICso values are higher than that for cisplatin. The results
of the study indicate that the electronic effect of the hydrazone
substituent has much more influence on the biological activity
than the metal center. This shows the importance of the applied
ligand system [52].

Jaouen et al. modified Tamoxifen, one of the best-evaluated
Selective Estrogen Receptor Modulators (SERMs), which are used
to treat hormone dependent breast cancer, with organometallic
moieties [55-57]. For a description on the mechanism of action
of SERMs, the reader is referred to the publication by Jaouen
et al. [55]. Modifications of Tamoxifen with cyclopentadienyl moi-
eties of Fe, Ti, Re or °*™Tc were studied to improve the therapeutic
efficacy of this class of drugs [55]. Re(I) carbonyl derivatives of
Tamoxifen (isomers of compound 23 in Fig. 5) are active in ERo
positive breast cancer cells and inactive in ERo negative cells, sim-
ilar to the parent drug. In brief, two different sub-types of estrogen
receptor (ER) were discovered to play an important role in many
physiological functions in the human body as well as in the evolu-
tion of breast cancer, namely ERa and ER. ERa is considered to be
responsible for increased proliferation in breast tumors and in con-
trast, ERB is thought to prevent proliferation. Accordingly, treat-
ment of breast cancer should be possible applying ERa-
antagonists or ERB-agonists, respectively [58]. To evaluate whether
a compound is acting as an agonist or antagonist, different cell
models were applied. In the present study, the MVLN cell line with
high ERa expression and the MDA-MB-231 cell line without ERa

OH
HsCH,C Q

O(CH2)4N(CHa), O(CH2)2N(CHg),

23 (Z+E) 4-hydroxytamoxifen (Z + E)

Fig. 5. Structure of (CO);Re(I)Cp based Tamoxifen derivative 23 and 4-
hydroxytamoxifen.

Table 5

Antiproliferative activity of compound 23 and 4-hydroxytamoxifen on MVLN (high
ERa expression) and MDA-MB-231 (no ERa expression, supposedly ERB expression)
breast cancer cell lines in % of luciferase induction after 24 h of culture [56].

Compound [ref.] Molarity Human cancer cell line
MVLN MDA-MB-231

23 1x10°6 55.5 n.d.

[56]

23 1x1077 51.5 91

[56]

4-Hydroxytamoxifen 1x1077 51.5 88

[56]

n.d. = not determined.

expression (but supposedly ERpB expression) were used. The results
shown in Table 5 display no effect of incubating an isomeric mix-
ture of Re complex 23 as well as Tamoxifen on MDA-MB-231 cells,
however both tested compounds show antiproliferative effects in
MVLN cells. This indicates an anti-oestrogenic effect (control is
set at 100%; a value above 100% indicates an oestrogenic effect
and a value lower than 100% an anti-oestogenic effect) [56].
Replacing the non-radioactive Re core by either '®Re or '86Re
for therapeutic purposes and by ®*™Tc for diagnostic applications
provides theranostic use of these Tamoxifen derivatives [59].

3.3. (CO)3Re complexes with N-donor ligands

Efforts have been made to design complexes with improved
cytotoxic activity for treatment of cancer. One approach taken is
to add a ligand, which will provide additional toxicity to the com-
plex. For example, the ligand is derived from organic drugs with
known anticancer properties like doxorubicin or the ligand system,
can be tuned resulting in increased cytotoxicity upon photolysis.
Examples for such systems are shown in Fig. 6.

The (CO)sRe(I) core is known to have photosensitizing proper-
ties and it was shown that the cytotoxicity increased upon irradi-
ation. Patra et al. studied (CO);Re(I) based complexes with
iminedipyridyl ligands 24 to 27 for their cytotoxicity in healthy
and cancerous cell lines (Fig. 6 and Table 6) [60]. Moderate growth
inhibition was observed with the lowest ICsq value of 7.8 £ 1.9 uM
for complex 24 against HeLa cells, which is even lower than that
determined for cisplatin in this cell line (see Table 6). However,
no toxicity in HepG2 and healthy cells was observed, indicating
that these compounds possess the potential to have a good and
safe activity profile suitable for treatment of cervical cancer [60].

Paulo et al. studied the (photo)cytotoxicity of a series of (CO)s;Re
(I) based complexes with iminedipyridyl ligands including a heter-
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Fig. 6. Structures of (CO)3;Re(I) based complexes with iminedipyridyl ligands 24 to 27. Corresponding ICso values are given in Table 6.

Table 6

IC50 values [uM] of different (CO)sRe(I) based complexes with iminedipyridyl ligands

determined in different human cell lines.

Compound [ref.] Human cancer cell lines

Human non-cancer cell line

HepG2 Hela MRC-5
24° >100 7.8+19 >100
[60]
25° >100 10.2+2.0 22.8+3.1
[60]

26" >100 8.0+1.0 n.d.

[60]

27° 52.7+9.7 26.3+0.8 36.9+5.0
[60]

Cisplatin® 55%0.5 11529 7912
[60]

n.d. = not determined.

4 MTT assay read after 48 h of incubation time [60].

I clr

Nit2 ¢

H
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e
33 OH

obimetallic complex 29 shown in Fig. 7. The Re complexes 28 and
29 are cytotoxic in the dark as well as upon irradiation against cis-
platin resistant cells. For both complexes, the IC5o values decreased
upon irradiation to less than half compared to the ICsq values in the
dark. The ICso value in healthy cells in the dark is slightly higher
than the values obtained by irradiation (Table 7). For cisplatin, a
contradictory effect was observed leading to higher ICso values
upon irradiation, which is explainable by the shorter incubation
time [61].

Superior cytotoxicity has been found for (CO)sRe(I) complexes
(and include two (CO)sRe(I)Cp complexes) with doxorubicin conju-
gates 30-34 reported by Alberto et al. One of these complexes, 33,
has an ICsg value of 0.34 uM in Hela cells (Table 7). Moreover, it
was shown by confocal microscopy and ICP-MS that in contrast
to the parent drug and compounds 30-32, complexes 33 and 34
accumulate to a much higher extent in mitochondria (2% and

T*‘ TFA™

NH, TFA

‘Re(CO)3

34

Fig. 7. Structures of a series of (CO)3;Re(I) based complexes with iminedipyridyl ligands (28 to 32) and two (CO)s;Re(I)Cp complexes with doxorubicin conjugates (33 to 34).

The corresponding ICso values are given in Table 7.
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Table 7

ICsp values in [uM] determined for (CO)3;Re(I) based complexes with iminedipyridyl ligands (28 to 32) and two (CO)sRe(I)Cp complexes with doxorubicin conjugates (33 and 34).

Compound [ref.] Human non-cancer cell line

Human cancer cell line

Murine cell line

MRC-5 RPE1-hTERT Hela A2780 A2780R B16F1
28° 121£10.1 155+22/20.1+6.5 46.1+6.5/7.8+1.6 198 £20.5/19.3 + 2.1
[61]
29° 22.0£53 42.8+4.7[13.5+4.1 28.7+42/184+52 27.8+4.7/165+2.7
[61]
Cisplatin® 8.4+2.1 10.2+2.3/35.2+4.6 1.7405/9.3+2.1 9.5+2.3/27.5+3.1
[61]
30° 19.7 2.1 11449
[62]
31° 6.2+23
[63]
32° 12.2+2.4
[63]
33° 1.82+0.54 0.34 +0.03
[64]
34" 1.27 £0.53 1.65 +0.26
[64]
Doxorubicin 0.093 +£0.02 0.095 +0.01
[62]

3 Resazurin assay in the dark, read after 48 h of incubation/4 h incubation with complex followed by 10 min irradiation with wavelength of 350 nm (2.58 J cm™') [61].

b Resazurin assay read after 48 h of incubation time [62-64].

30%, respectively). This is important and suggests that some cyto-
toxic action may involve the critical energy production in the mito-
chondria. All these compounds were found to be inhibitors of
human topoisomerase with a comparable affinity to the parent
drug. Comparison of in vivo bio-distribution of doxorubicin and
its conjugates with Re (complex 32) and °°™Tc showed that the
metal coordination does not significantly alter the bio-
distribution [62-64].

Gasser et al. reported two (CO)sRe(I)N,N-bis(quinolinoyl) com-
plexes (35 and 36, Fig. 8) and their potential application in photo-
dynamic therapy (PDT). However, PDT can only treat surface
cancers or those accessible by endoscopy. The investigated com-
plexes contain two different targeting peptides (NLS and bombe-
sin) for an increased selectivity towards cancer cells, which is
connected via a photolinker (36-NLS/bombesin to 38 in Fig. 8).
Upon irradiation, the bio-conjugates are separated from the Re
moiety and singlet oxygen is generated which results in ICsq val-
ues ~ 9 uM, which is lower than the value determined for cisplatin
(Table 8). Notably, precursors 28 and 35 are similar except for their
length (one CH, group) and have comparable ICsq values against
MRC-5 and Hela cells (see Tables 7 and 8, respectively). The most
cytotoxic complexes against HeLa and PC3 cancer cell lines were
found to be the bombesin conjugates 36-bombesin and 38, which
additionally have the highest ICso values in healthy cells. The
investigation of the mode of action of 37 reveals that this
compound induces a combination of apoptosis and necrosis
[19,65-67].

Furthermore, vitamin B, conjugates with (CO)s;Re(I)phenan-
throline 40 and 41 were studied in PC3 cells by Santoro et al
[68]. Table 8 shows the ICsq values for complex 40 and the Re(I)
starting material 39. Due to the instability of 40, it can be assumed
that both ICsy values represent the toxicity of 39 with different
axial ligands, because MeOH is not strongly bound to Re(I) and
may be replaced by water or chlorine when dissolved in the cell
medium [68]. Similar observations were noted in a study published
by Wilson et al. [69]. Further investigations concerning the axial
ligand and ICsy determination of additional cell lines might be
promising for 39 and 41 [68].

Luengo et al. published heterometallic Re(I)/Au(I) complexes
42-47 (Fig. 9) in 2017. Their cytotoxic properties in A549 cells
show double the activity for trimetallic complexes 45-47 than

for bimetallic compounds (see Table 9). This finding may be attrib-
uted to an increased cellular uptake resulting from a beneficial bal-
ance of the charge and lipophilicity. These compounds can be
tracked and further studied for their location/accumulation in cells
by fluorescence microscopy for a better understanding of their bio-
logical behavior and targets [70].

A549 cells were also used by Maislus et al. for evaluation of the
biologic properties of B-carboline compounds 48-51 (Fig. 9), which
have suitable photochemical properties for investigations using
fluorescence microscopy. It was shown that 51 exhibits the lowest
ICso value (10 uM) compared to all compounds given in Table 9,
which is comparable to cisplatin (8 uM). Therefore, further evalua-
tion of this compound in cisplatin-resistant and healthy cells
would be of interest [71].

Ye et al. studied the inhibitory effect of histone deactylase
(HDAC) inhibitor conjugated to Re(I) carbonyl complex 52
(Fig. 10 and Table 10). The inhibition of HDAC was measured in
nuclear extracts from HeLa cells as well as on the isolated enzyme
human recombinant HDAC7. The corresponding ICso values are
given in Table 10 and are in high nanomolar range, which is com-
parable to the parent drug SAHA. Studies were performed with this
compound to determine its mode of action. According to the
results, the mechanism could not be identified, however, the bio-
logical response is not identical to the one resulting from SAHA
or cisplatin treatment. SAHA is an organic small molecule causing
cell death by inhibiting HDAC, and cisplatin is a small inorganic
drug causing cell death by binding to DNA and inhibiting its repli-
cation. Further studies of 52 in cisplatin/SAHA resistant cell lines
were performed to verify the different mode of action [72]. In
Table 3, results are summarized with the (CO);Re(I)Cp based com-
plexes with cell-penetrating appendages, 12-14, also modified
with the SAHA moiety. These ICso values are in the range of 8.3
to 23.3 uM, which is significantly higher than the nanomolar values
determined for 52. However, the nanomolar values are obtained on
nuclear extracts, which are not directly comparable to intact cell
measurements. Accordingly, values for SAHA are 0.078 uM (cell-
based measurement) and 4.45 uM (isolated enzyme) [49,72].

Water-soluble porphyrin conjugates 53 and 54 were studied
in vitro for their photocytotoxicity. Complex 54 shows no toxicity
in the dark; however, it exhibits moderate activity upon irradia-
tion, which is also observed for the corresponding organic deriva-
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ICsp values in [uM] determined for (CO)sRe(I) complexes with NLS and bombesin ligands 35 to 41.

Compound [ref.]

Human non-cancer cell line

Human cancer cell lines

3T3 MRC-5 Hela PC3

35° >100/40.3 +5.4 187.1+17.9/17.3£2.9 >100/>100"
[66]

36° >100 >100/9.3 £2.2°

[65]

36-NLS® 17.8+1.8/13.0£2.5 35.1+1.8/183+1.4 nd.

[66]

37° 36.2£0.6/20.5£5.5 14.5+5.2/93+0.8 nd.

[66]

36-bombesin® 44.1+9.9/41.6+15.9 >100/53+1.0 >100 [13.6+ 1.7
[66]

38° 723£3.6/23.3£06 >100/9.7 + 4.4’ >100/19.2 +2.4
[66]

Cisplatin 10.5+2.8/47.8+1.5 9.2+0.6/268+1.7

[66]

39° 45+3 4+2

[68]

40° 47 +7 7+1

[68]

41° 200 15+2

[68]

n.d. = not determined.

" 10 min irradiation with UV-A light (350 nm, 2.58 ] cm ') [66].
¢ Resazurin assay read after 48 h of incubation time [65,66].
Y Trypan blue assay read after 48 h of incubation time [68].
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Fig. 9. Structures of (CO)sRe(I) complexes with (bi)pyridine ligands 42-51. Corresponding ICso values are given in Table 9.

Table 9

ICso values in [uM] determined for (CO)sRe(I) complexes
with (bi)pyridine ligands 42 to 51 using the MTT assay
and read after 24 h of incubation.

Compound [ref.] Human cancer cell line

A549
42 75.25 +10.67
[70]

43 67.80 4.1
[70]

44 64.69 +3.32
[70]

45 42.44+4.03
[70]

46 36.09 +16.99
[70]

47 35.82+1.82
[70]

48 85+ 1

[71]

49 88+ 1

[71]

50 65+1

[71]

51 101

[71]

tive. Thus the observed activity is at least in part due to the ligand
of the Re(I) complex. The cytotoxicity of compounds 53 and 54 is
significantly higher upon irradiation both in cancerous and healthy

cells (see ICsq values in Table 10). The influence of further metal
complexation of the porphyrin moiety remains to be determined,
but would be of interest for understanding the potential modula-
tion of the activity of this system [73].

(CO)sRe(I) based B-elemene conjugates 55-57 were synthesized
and tested in vitro by Ren et al. [74]. These systems showed compa-
rable cytotoxic activity in the cancer cell lines (see Table 10). Fur-
thermore, the radioactive '®Re analogues were synthesized [74]
although no further evaluation of their biological activity has been
reported so far.

Policar et al. evaluated the influence of the length of the side
chain on lipophilicity, cellular uptake and antiproliferative effect
of the luminescent compounds 58 to 60. The results reveal that
the higher the lipophilicity, the greater the cell uptake and there-
fore the highest antiproliferative effect with the lowest ICsq (of
3.3 uM) is found for the compounds with the C;, side chain 60
(see Fig. 11 and Table 11) [75]. A purity of 95% in HPLC analysis
using water/acetonitrile indicates that these are relatively stable
coordination complexes with regard to ligand exchange compared
to other Re coordination complexes [69,75].

Complexes 61 to 63 published by Lo et al. are shown to selec-
tively react with azide-functionalized proteins making them useful
for imaging of azide-labeled biomolecules. However, these com-
plexes exhibit a cytotoxicity of 3-10 uM in the Chinese hamster
cell line CHO and therefore displays higher cytotoxicity than cis-
platin (Table 11). Additionally, an increased cellular uptake is pos-
sible when the cells are pretreated with an azide-modified
glycoprotein-labeling probe [76].
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Fig. 10. Structures of (CO)s;Re(I) complexes with long tethers 52-57. Corresponding ICsq values are given in Table 10.

Table 10
ICs values in [uM] determined for (CO)sRe(I) complexes with long tethers 52 to 57.
Compound [ref.] Human cancer cell lines Human non-cancer cell line
Hela HDAC7 H460M2 LLC HBL-100
52° 0.106 + 0.007 0.682 +0.060
[72]
SAHA® 0.0786 + 0.006 0.529 +0.048
[72]
53 >100/1.4+1.3 7.4+20/05+02 33.7+14.5/0.5+0.1
[73]
54 >100/73 +19 >100/12+5 >100/42.8+5.3
[73]
55° 10912 50119
[74]
56" 11.2+15 51+13
[74]
57° 10529 48423
[74]

@ MTT assay; no incubation time given [72].
" Irradiation with wavelength of 650 nm with a total light dose of 10 J cm~'; MTT assay read 24 h post-irradiation [73].
b WST-1 assay read after 24 h of incubation time [74].
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Fig. 11. Structures of (CO)sRe(I) complexes with lipophilic appendages 58-65. Corresponding ICso values are given in Table 11.

Table 11
ICsp values in [nM] determined for (CO)sRe(I) complexes with lipophilic appendages
58 to 65.

Human non-cancer
cell lines
HEK293

Compound Human cancer Chinese hamster
[ref.] cell lines cell line
MDA-MB-231 CHO

58° 19000 + 300

[75]

59° 4000 + 200

[75]

60° 3300 + 100

[75]

61° 9550 + 1550
[76]

62" 3500 + 30
[76]

63" 2940 +20
[76]
Cisplatin®
[76]

64° 0.076 +0.001
[77]

65° 44404

[77]

25490 * 54

2 Methylene blue staining read after 5 d of incubation time [75].
b MTT assay read after 48 h of incubation time [76].
¢ Forskolin-stimulated cAMP accumulation assay [77].

Metzler-Nolte et al. reported complexes 64 and 65 combining
the opioid peptide dermorphin with a Re carbonyl core. By evalu-
ating their biological effects, the authors discovered in a blocking
group scan that not only the N-terminal domain is a ligand binding
site but also the C-terminal domain. The binding affinities of these
complexes to the opioid receptor give ICsq values in the nano- to
subnanomolar range (see Fig. 11 and Table 11). Moreover, a
dose-dependent analgesic effect was observed in the preliminary
in vivo studies which potentially paves the way to complexes that
binds as substrates for opioid receptors [77].

3.4. (CO)sRe complexes with pyridine ligands

The following section covers Re(I) carbonyl complexes coordi-
nated to ligands derived from the fundamental pyridine structure,
starting with Mao’s publications from 2016 to 2018 [78-80]. These
phosphorescent compounds can be divided into two structural
groups: the phenanthroline (66a-f) and diphenyl-phenanthroline
(67a-j) coordinated complexes (Fig. 13). Comparison of the ICsq
values given in Table 12 shows that diphenyl-phenanthroline coor-
dinated complexes are more active than the phenanthroline based
ones. These complexes have a higher lipophilicity and therefore
show an increased cell uptake leading to increased cytotoxicity.
The increased cell uptake was confirmed by confocal microscopy.
In addition, the ICso values are lower in cisplatin-sensitive and
cisplatin-resistant cell lines than the values determined for cis-
platin (21.5 and 65.6 uM, respectively). Complex 67e displays a
low ICsg value (0.52 uM) in HeLa cells and shows toxicity against
other cancer cell lines, particularly when compared to healthy cells
(see Table 12). The selectivity towards cancer cells is further veri-
fied by co-incubation and imaging experiments (Fig. 12). The high
cytotoxicity of compounds 67a-j is caused by selectively targeting
the mitochondria, inducing mitochondrial damage and caspase-
dependent apoptosis [78,79]. Moreover, evidence for selective
apoptotic cell death was observed for complexes 67d and 67e.
Therefore, A549 cells were stained with Hoechst, a cell-
permeable blue dye, which readily stains the nucleus of living cells
(see Fig. 12, ‘Hoechst’ column). These pre-stained cancerous A549
cells were co-cultured with healthy, non-stained LO2 cells fol-
lowed by treatment of these co-cultured A549/LO2 cells with the
Re complexes. Finally, annexin V/PI double staining was performed
on these co-cultured cells. Annexin V is a protein with high affinity
to phosphatidylserine, another protein that is only present on the
surface of apoptotic cells. By modification of annexin V with a flu-
orescent tag (a green fluorescent dye shown in Fig. 12), apoptotic
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Fig. 12. Confocal microscopic images of A549 cells pre-stained with Hoechst following treatment and co-incubation of pre-stained A549 and LO2 cells with 5 uM of either
complex 67d or 67e. Final annexin V/PI staining shows the capability of complex 67e to selectively induce apoptosis in cancer cells. Reprinted with permissions from ACS
Appl. Mater. Interfaces, 9 (2017) 13900-13912. Copyright 2018 American Chemical Society.

cells can be displayed using fluorescence microscopy. Propidium
iodide (PI) is a cell impermeable, red fluorescent dye that interca-
lates with DNA. PI only stains apoptotic and/or necrotic cells,
because apoptotic and necrotic cells have a decreased nuclear
and plasma membrane integrity and thus PI is able to pass through
these membranes and intercalate with the DNA of these cells and
stain them. This means that PI cannot pass the membranes of living
or early apoptotic cells and therefore are not stained. Accordingly,
these fluorescent markers are applied in fluorescence microscopic
experiments to distinguish between living and dying/dead cells.

In Fig. 12, the confocal microscopic images of A549 (blue
nuclei)/LO2 co-cultured cells treated with complexes 67d (refer-
ring to 2b in the figure) and 67e (referring to 3b in the figure)
and stained with different fluorescent labels are presented. Consid-
ering the different staining properties of the applied labels, 67d
displays lower selectivity of killing healthy and cancerous cells
compared to complex 67e, because not all three labels (Hoechst
in blue, annexin V in green and PI in red) are always located in
the same cells when looking at the overlay. Nevertheless, this
experiment reveals a good selectivity of compound 67e in killing
cancer cells rather than healthy cells [78].

In addition, a recent study of Mao et al. shows submicromolar
ICso values for the mitochondria-targeting compound 67j, which
is coordinated to dichloroacetate (DCA), a metabolic modulator.
This complex is shown to inhibit the pyruvate dehydrogenase
kinase (PDK) and therefore selectively target and kill the PDK-
overexpressing cells NCI-H1229 and RKO as indicated by the
ICso values (see Table 12). This compound also shows high anti-
cancer and anti-angiogenetic activity compared to its DCA-free
analogue. Therefore, this study shows that targeting the metabo-
lism of cancer cells is a highly effective and selective method for
cancer treatment as well as understanding the mechanism of
action [80].

Gasser et al. studied the fluorescent complex 68 in detail for its
anticancer activity, showing an activity comparable to 66 and 67

(Fig. 13) [81]. However, the selectivity towards cancer cells over
healthy cells was not determined. Experiments on a biosensor-
chip micro bioreactor reveals that this complex is also targeting
the mitochondria and inhibits the mitochondrial respiration [81].

Red light emitting, CF; functionalized complexes 69 and 70
(Fig. 13) were biologically evaluated by Mueller et al. [82]. The
ICsp values in Table 12 show a certain selectivity for different cell
lines and activity in a range of 4-84 uM. Additionally, the position
of CF3 is shown to strongly influence the cytotoxicity, thus, the ICsq
values are comparable to the structurally related complexes 67a-j
[78-80].

In a further publication, Gasser et al. showed an enhanced cyto-
toxicity of luminescent Re carbonyl complexes 71 (Fig. 14), when
coupled to a lipid-modified peptide, which is known to increase
cell permeability. The ICso values of precursor 71 and the
peptide-conjugate 72 are given in Table 13, which is, for 72, in
the range of cisplatin (9.1 £ 2.8 uM) [83].

Lo et al. reported a series of Re(I) carbonyl complexes 73-78
(Fig. 14). Their study shows that the glucose-free compounds
(73-75, for ICsq values see Table 13) have lower ICsq values com-
pared to the p-glucose conjugated (CO)s;Re-complexes (76-78).
Moreover, the cytotoxicity of the compounds can be related to
the respective lipophilicities and thus the cellular uptake of these
complexes. Additional biological evaluation of glucose-conjugates
indicates a strong affinity for the GLUT receptor [84]. A further
publication by Lo et al. describes trifunctional complexes 79-81.
These luminescent fluorine-containing Re(I) carbonyl complexes
contain different functional groups for conjugation with biomole-
cules, like bovine serum albumin (BSA) or glutathione, and there-
fore are precursors rather than bioactive molecules. However,
compound 81 is not stable in aqueous solution and was therefore
not submitted for cytotoxicity evaluation [85].

Table 13 shows how different results can be obtained in the
same cell line for the same compound, like cisplatin. Therefore,
these values just represent a basis for evaluating cytotoxic effects,
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Fig. 13. Structures of compounds 66a-70. Corresponding ICso values are given in Table 12.

however, these compounds need to be further studied in vivo to
reveal their effects in animals and human.

Lo et al. performed biological and photophysical studies on
(CO)sRe polypyridine complexes 82-89 and the influence of the
modification with a PEG appendage for their potential application
as non-toxic multicolor probes in fluorescence lifetime imaging
microscopy (FLIM). In particular, the non-toxic compound 85 has
an ICsg value >1151 pM, and can potentially be applied as a FLIM
imaging agent [85]. The PEG conjugation does not significantly
affect the luminescence properties and the cytotoxicity of these
compounds [86]. A follow-up study by Lo et al. evaluated the bio-
logical activity of a highly photo-cytotoxic (CO)sRe(I)-fructose con-
jugate 90 (Fig. 15), which can enter the cell via the fructose
transporter and ultimately accumulates in the mitochondria. How-
ever, the fructose-free complex 91 also exhibits a higher photocy-
totoxicity (see Table 14) [87]. In summary, Lo et al. investigated
several luminescent, structurally related (CO)s;Re(I) polypyridine
complexes exhibiting cytotoxicity in the range of 3.5-90 uM in
MTT assays using HeLa cells for applications such as imaging,
and as antibacterial and anticancer agents [15,88].

Wang et al. reported photocytotoxic compounds 92 and 93
(Fig. 15). The photophysical and cytotoxic properties of these com-

pounds were examined resulting in micromolar ICso values
(Table 14). The observed ICsq value for complex 93 decreases upon
irradiation with 365 nm LED light [89].

Rajagopal et al. showed that compounds 94-96 (Fig. 16) are able
to bind to the groove of calf thymus DNA. The determined binding
constants are one order of magnitude higher for compounds 95
and 96 than for 94, indicating the importance of the lipophilic alkyl
chains on the bipyridine ligand. This trend can also be observed for
the IC5g values (Table 15). Additionally, the comparison of the ICsq
values in cancerous and healthy cells indicates a good selectivity
towards the cancer cells [90]. Co-incubation of healthy cells with
cancerous cells and in vivo studies could further confirm this
selectivity.

3.5. (CO)sRe complexes with mixed donor ligands

Mandal et al. screened a library of Re carbonyl complexes with
mixed donor ligands against breast cancer cells for their cytotoxic
properties. In Table 16, the most potent compounds and the corre-
sponding ICsy values are listed. These compounds, in particular
compounds 97 to 99 (Fig. 17), have remarkably low ICsq values
in the submicromolar range in MCF-7A, MCF-10A and MDA-MB-
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Table 12

ICso values [uM] of (CO)sRe(I) based (poly)pyridine compounds tested in different cell lines.

Compound [ref.] Human non-cancer cell lines Human cancer cell lines

LO2 Hela A549 A549cisR  HepG2 MCF-7 U20s THP-1 ~ RKO NCI-H1229
66a° >100 447+40  >100 >100 39.8+3.7
[79]
66b° 12412 2.0+0.2 4603  1.6x0.1 3.1£03
[79]
66¢ >100 >100 >100 >100
[78]
66d° >100 >100 >100 >100
[78]
66e° >100 646+22  758%23 373%1.1
[78]
661" 479+15 525+3.0 398:07 365%18
[78]
67a° 56.2+4.7 9.1+0.8 11.7+41 115%1.0 12011
[79]
67b° 102+1.0 1.7£0.1 20£02  1.9%01 2.1£02
[79]
67¢ 3.1£05 095£0.11 39%07 12%05
[78]
67d° 7.6+09 1.7+04 55+06 2.7%05
[78]
67¢° 18.7+1.1 052007 34%06 075+0.12
(78]
67f 6407 5.9+0.9 224+12 85%11
[78]
67g" 30.0£1.1 18.1+23 17.8+22 32.1+2.1 142+17 124+£14
(80]
67h" 21.0£32 15014 159%2.1 14412 9.7+1.1  3.7£02
[80]
67i° 20.0£3.5 11.0+12 13.0+34 7.6+1.1 9.1+08 29:0.1
(80]
67§ 22.0£2.1 4109  43x07 40£12 22402 0801
[80]
Cisplatin® 29.9+2.1 89+1.0 215+25 656+1.6
[78]
Re(CO)sBr >100 76.9+38 >100
(81]
68° 208+10 86%02 169%15
[81]
Cisplatin® 39+1.0 27:01 82%15
[81]
69° 456+3 3.62+038 33+16
(82]
70¢ 83+80 47625 14+4.1
[82]

@ MTT assay read after 48 h of incubation time [78,79].

b MTT assay read after 24 h of incubation in the dark [80].
€ Resazurin assay read after 48 h of incubation time [81].
4 MTS assay read after 72 h of incubation time [82].

231 cell lines. Such high cytotoxic activity of the (CO)sRe(I)-
phenyl-phenanthroline compounds was also observed for the
(CO)sRe(I) complexes previously discussed, like 67j. As stated
before, the authors attribute the effect to the lipophilicity of these
complexes, which is important for cell membrane penetration and
their ability to intercalate with DNA [91]. However, this is not the
case for all of these compounds, e.g. the diphenyl-phenanthroline
coordinated complex 97 is the most active one in MCF-7 cells,
however, the diphenyl-phenanthroline based complex 111 is the
least active (see Table 16). For MCF-10A cells, the
phenanthroline-based complex 98 has the lowest ICsq value and
the diphenyl-phenanthroline coordinated 104 displays the highest
ICso value. Overall, the exchange of the axial ligand seems to have
less influence on the activity than the changes on the phenanthro-
line moiety. This can be seen by looking at complexes 102 and 103
(additional benzyl moiety on the axial ligand), which shows less
significant changes in ICsq values in all cell lines, as compared to
103 (diphenyl-phenanthroline) and 109 (phenanthroline).

Yan et al. studied Re phosphine compounds 112-118, [NBuy]
[ReO4] and [NEt4]>[ReBr3(CO)s (Fig. 18) for their cytotoxic effects
in cultured cell line suspensions (Table 17) and in solid tumor cul-
tures (Table 18). However, the authors determined EDsq values
(mean effective dose of the compound) in pug per ml and not the
molar concentration. Recalculation of these values to ECsq values
(molar concentration) using the molecular weight of the com-
pounds results in values that are more comparable. Since the
ECso values are easier to compare, the presented discussion is
based on the recalculated ECsy values. However, both values are
included in Tables 17 and 18 in the order EDso/ECsq value to show
the difference in the values and the importance of using the molar
concentration and not the dose of a test compound.

The recalculated ECsq values range from 0.93 to 18.00 uM. Com-
pound 116 displays the lowest ECsq values in almost all tested cell
lines except for A549, 1-A9 and T-molts, where compound 115
shows the lowest values (see Tables 17 and 18). In cultured cell
line suspensions, the lowest observed ECsy value is 0.93 uM for
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Fig. 14. Structures of (CO)sRe(I) based (poly)pyridine compounds 71-89. Corresponding ICso values are given in Table 13.

compound 116 in HeLa-S3 cells. In healthy cells, this compound
has an ECsq value of 5.99 uM (see Table 17). In solid tumor cultures,
the lowest ECso value is observed for complex 116 (0.99 uM in
MCEF-7, see Table 18).

In summary, all compounds given in Tables 17 and 18 have low
ED/ECsq values in the same range, despite the fact that the struc-
tures have few common characteristics other than the Re(CO)**
core [92,93].

A detailed study on the cytotoxicity, reactivity and mechanism
of action of (CO);Re(I)BiPy" compounds 119-121 (see Fig. 20) was
reported by Wilson et al. [69,85]. When chloride is coordinated
instead of a water molecule to these Re complexes, the compounds
display a decreased water-solubility. However, the axial water/
chloride ligand can easily be exchanged. The evaluation of the
cytotoxicity of water-coordinated complexes 119-121 in Hela
cells reveals low ICsq values (see Table 19). These compounds were
then further tested in different wild type and cisplatin resistant
cells resulting in comparable or even lower ICsq values with com-
plex 121 being the most active complex (data not shown). More-
over, these complexes are less toxic against the normal cell line
MRC-5 than cisplatin (0.43 uM). Complex 121 was analyzed for
its cytotoxicity, nucleobase and amino acid binding, in the annexin
V/PI assay, ROS assay, JC-1 assay, western blot for protein expres-
sion, cellular uptake assays and it was screened in a cell viability

test in the presence of different inhibitors as well as a NCI-60
tumor cell panel-screen. Together, these studies indicate that the
complex is able to overcome cisplatin resistance and induces
caspase-independent cell death [69]. Fluorescence microscopy
making use of the luminescence of complex 121 in the yellow light
region was performed to evaluate the intracellular localization of
the Re compound (Fig. 19). The images in Fig. 19 show distribution
of complex 121 all over the cytosol and formation of cytoplasmic
vacuoles. More information about the nature of these vacuoles
was obtained using transfection methods to express organelle-
specific proteins fused with a fluorescent protein (RFP-Rab5 and
RFP-2xFYVE) and a lysosomal tracker (LysoTrack) (see Fig. 19).
The results indicate either that the complex labels a wide range
of different endosomes and lysosomes or that the vacuoles have
lysosomal characteristics and are part of an endosome-lysosome
fusion process [69]. More information on the investigation of the
mechanism of action of these compounds require further experi-
mental methods.

Re(I) pyridocarbazole complexes 122-125 (see Fig. 20) are
shown to have suitable properties for photodynamic therapy
(PDT) induced by a red light. Moreover, these compounds exhibit
nanomolar affinity (see Table 19) for protein kinase Pim1, which
potentially enables selective targeting of Pim1 expressed in cancer
cells [94]. Cyz et al. biologically evaluated compounds 126-129
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Table 13
ICsp values [uM] of (CO)sRe(I) based (poly)pyridine compounds tested in HeLa cells.

Compound [ref.] Human cancer cell lines

Hela
71° 29.9+6.1
[83]
72° 13.0+2.0
[83]
Cisplatin® 9.1+28
[83]
73° 22.8+52
[84]
74° 7.7+0.6
[84]
75° 28404
[84]
76° >150
[84]
77° 90.0+7.6
[84]
78° 68923
[84]
Cisplatin® 27.6+18
[84]
79° 8.70
[85]
80° 17.02
[85]
82° 263+1.6
[86]
83" 11.9+1.6
[86]
84" 6.6+0.4
[86]
85" >1151.7
[86]
86" 15.0+4.8
[86]
87" 5.0%04
[86]
88® 3604
[86]
89" 159.1+8.0
[86]

¢ Resazurin assay read after 48 h of incubation time [83].
b MTT assay read after 48 h of incubation time [84-86].

(Fig. 20, Table 19). Comparing the ICsq values, compounds 126 and
127 are slightly more active than 128 and 129. Additionally, these
compounds were shown to initiate apoptosis [95].

The EGFR inhibiting compound 130 was evaluated in A431 cells
by Permettis et al. showing a slightly lower ICsq value (2.0 uM, see
Table 19) than the parent compound (4.8 uM) [96].

Mieczkowski et al. studied the cytotoxicity of complexes 131-
136 against ovarian cancer cell lines and healthy cells [97]. The
results against wild type and cisplatin resistant cell lines indicate
that complex 133 has low ICsg values in both cancer cell lines
and a high value in healthy cells (see Table 20). Interestingly, the
difference between compounds 131-133 is the substitution of a
coordinated halogen resulting in a dramatically different cytotoxi-
city [97].

An additional publication by Wilson et al. studied the photo-
cytoxicity of structurally comparable compounds 137 and 138
(Fig. 21) to their previous publication (compounds 119-121 in
Fig. 20) which are highly cytotoxic (1.2 uM) when exposing the
cells to visible light. Importantly, complexes 137 and 138 are not
toxic in the dark, but after irradiation at 365 nm, ICsq values of
2.2 uM in wild type cells and 3.2 uM in cisplatin resistant cells
are observed for complex 138 (see Table 20). Interestingly, the
complexes 137 and 138 are shown to release CO upon irradiation
with UV light and are therefore useful for photodynamic therapy
(PDT) or photoactivated chemotherapy (PACT) [98].
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Fig. 15. Structures of compounds 90-93. Corresponding ICsqy values are given in
Table 14.

Wong et al. reported a study on the cytotoxicity of 139 (Fig. 21)
and its interaction with calf thymus DNA. The ICsq values obtained
by MTT assays in HepG2, HeLa and KB-3-1 cells are 30-50 uM with
less toxicity towards normal cells (Table 20). The observed changes
in pH in solid tumor cell lines was shown to have no influence on
the effects of these compounds. For multi-drug resistant KB-V-1
cells, the ICsq value is about 4 times higher, but considering the cell
lines resistance to other drugs, the observed effects are still
promising [99]. Moreover, in Table 20 the varying ICsq values for
cisplatin evaluated in the same cell line is observed. For A2780cisR
this value ranges from 5 to 30 uM.

Natile et al. evaluated bimetallic Re(I) carbonyl complexes 140
and 141 conjugated to a translocator protein (TSPO) (Fig. 21 and
Table 20). Structurally, 141 has two Re(CO); moieties, whereas
140 has one Re(CO); and one PtCl moiety. Interestingly, for these
complexes the biological evaluation indicates a slightly higher
cytotoxicity for the ligand (9.0 uM), than for the Re complexes.
However, the heterobimetallic complex 140 exhibits only a slightly
higher ICsq value than the Re-free analogue, and both maintain
antiproliferative activity in cisplatin resistant cells [101]. Of these
compounds, the ligand is the most active [100]. Overall, of the
compounds in Table 20, the most active compounds are the irradi-
ated photoactivated complexes 133, 137 and 138 with ICsq values
of 2-4.6 M in A2780 and A2780cisR cell lines.

Manimaran et al. reported three studies on Re(I) metallacycles
142-151 (Fig. 22) [102-104]. These complexes were tested in dif-
ferent cancer cell lines as well as in normal blood cells for their ICsq
values (see Table 21). A great selectivity towards cancer cell lines
was observed since the complexes are inactive (ICso val-
ues > 100 uM) in normal blood cells. Overall, the tested compounds
have a moderate activity comparable to cisplatin (26 uM in A549
cells), which was included in the assay studies. The lowest ICso
value is observed for complex 151 in MCF-7 cells. Morphological
observations on cells treated with complexes 142 and 146 indicate
that these compounds induce apoptosis [102-104].

Desmaéle et al. synthesized four Re carbonyl complexes with
diseleno-ether ligands. Due to water insolubility and limited solu-
bility in DMSO only complex 152 was tested in vitro. The complex
shows cytotoxicity in MCF-7 cells (see Table 21) and moderate to
no activity in the other tested cell lines [105]. Therefore, this com-
plex was further evaluated in breast-cancer-bearing mice showing
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Table 14

ICso values [uM] determined in MTT assays for (CO)s;Re(I) based (poly)pyridine complexes in different human and murine cell lines.

Compound [ref.] Murine cell lines

Human non-cancer cell lines

Human cancer cell lines

LLC NIH/3T3 HEK293T MDA-MB-231 HepG2 A549 MCEF-7
90 21+03 6.7+0.7 49+04 339+09 26.8+2.1 9.6 +0.6/2.0 £ 0.04°
[87]
91 1.8+03 21+0.2 23+0.2 5.7+04 26+03 3.9+0.3/0.3+£0.01°
[87]
92 18.72/17.65°
[89]
93 20.63/12.93°
[89]
@ Irradiated with LED 365 nm [89].
b Irradiated with light (wavelength > 365 nm) for 4 h [87].
. j + - Table 16
oTf - OTf ICs values in uM of different (CO)sRe(I) based complexes having mixed donor ligands
co Z | co “ ‘ determined in different breast cancer cell lines.”
0C( | MNx oc | Nx
"Re _Re/ Compound [ref.] Human cancer cell lines
oc” | N7 \ oc” | N7 | MCF-7A MCF-10A MDA-MB-231
= NS = X
. +0. .78 +0. . +0.
S | . ‘ 97 0.337 £0.303 1.78+0.173 0.248 £ 0.336
[91]
98 0.425 +0.226 0.023 £0.02 6.39 +0.362
94 95 [91]
T + 99 0.849 £ 0.255 2.51+0.187 0.716 £ 0.242
o F ¢ oTf~ [91]
oc\ ‘ N 100 0.958 +£0.261 1.47 £0.177 1.06 £0.375
Re [91]
oc | NP 101 1.25 +0.607 12.1+0.554 6.17 £0.767
NI [91]
S | 8 102 1.27 £0.228 3.46 £0.186 1.27 £0.361
[91]
103 1.31+0.297 2.79+0.250 1.08 £0.198
96 [91]
104 1.33+0.29 6.38+0.316 0.591 £ 0.145
Fig. 16. Structures of (CO)sRe(I) complexes with a bipyridine ligand and a [91]
hydrophobic appendage 94-96. Corresponding ICso values are given in Table 15. 105 151 +0.243 3.02+0.133 123 40.197
[91]
106 1.54+0.179 1.59+0.351 2.78 +0.373
Table 15 [91]
IC50 values [uM] determined for (CO)sRe(I) complexes with a bipyridine ligand and a 107 1.55+0.285 5.7+0.337 3.09 +0.284
hydrophobic appendage 94-96 in different human cell lines.” [91]
Compound [ref.] Human cancer cell Human non-cancer cell line Fgoli 1.56+0.420 2.65+0.253 170314
lines. 109 1.58 +0.263 1.66 +0.229 1.86+0.318
Raji Jurkat PBMC [91]
9 31405 37422 117+3 110 1.65+0.171 6.31+0.240 1.03 £0.181
- - - [91]
LQSO] 23+1 28 +1.1 135+5 111 1.7 £0.226 3.63 +0.403 1.53+0.143
[90] [91]
96 15£1.7 18£0.2 93+25 2 Alamar blue assay read after 72 h of incubation time [91].
[90]

@ MTT assay read after 72 h of incubation time [90].

that a cure is possible with a treatment dose of 10 mg/kg/d for
4 weeks [106]. More details on the in vivo evaluation is given in
section 6.1.

Yan et al. evaluated the cytotoxicity of complexes 153-158
(Fig. 23) in cancerous and healthy cell lines. The most cytotoxic
compound is 157 with an ICsy value of 1.0 uM in MOLT-4 cells
but also 9 uM was found in normal fibroblasts. Combined, 156
has the better cytotoxic overall profile with an ICsq value of 7 uM
in MOLT-4 cells and no toxicity in healthy cells (see Table 22).
Increasing incubation time from the 24 h, which was used in the
assay, may still reveal some cytotoxicity. Moreover, the complex
was shown to dimerize in DMSO solution by the loss of bromide
and coordination of the OH group to the second Re atom, which
might also happen in vitro. Additionally, the phenolic OH groups
interacts via proton transfer with guanosine and induces apoptosis
in cancer cells [107].

A Re dimer 159 was reported by Policar et al. and tested against
breast cancer cell lines showing good antiproliferative properties
(see Table 22). A comparison with complexes 153-158 cannot be
made due to varying incubation times used in the study; however,
compound 159 has a lower ICsq value in MCF-7 cells than the other
compounds. Tamoxifen, which is used as reference drug for MCF-7
cells, was shown to have higher ICsq values (11.2 uM in MCF-7 and
13.4 uM in MDA-MB-231 cells) [108].

Further bromide (CO)sRe(I) hydrazine complexes 160-162
(Fig. 24), which form dimers in solution, were reported by Gam-
bino et al. [109]. These compounds were tested in vitro against Try-
panosoma cruzi and healthy cells (see ICsq values in Table 23). The
comparison of the ICsqy values shows a good selectivity for T. cruzi
over healthy cells and an increased cytotoxicity compared to the
reference drug Nifurtimox (20.1 uM). Compounds 160 and 162
have comparable cytotoxicity of about 2 pM, compound 161 has
a lower value of 1.3 uM, however, it exhibits an increased toxicity
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Fig. 17. Structures of different (CO);Re(I) based complexes 97-111 having mixed donor ligands. Corresponding ICs, values are given in Table 16.
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Fig. 18. Structures of (CO);Re(I) compounds 112-118. Corresponding ED/ECsq
values are given in Table 17 (cultured cell line suspensions) and 18 (solid tumor
cultures).

against healthy cells. Therefore, the biological profile of 160 and
162 is better. Additionally, the authors were able to show that
these compounds inhibit the respiration system of mitochondria
[109]. Targeting the mitochondria was also shown to increase cyto-
toxicity by Mao et al., who introduced two groups of (CO)s;Re(I)
containing phenanthroline (66a-f) and diphenyl-phenanthroline
compounds (67a-j) discussed in Table 12 [78-80].

Massi et al. published a very detailed biological study on (CO)s-
Re(I) carbene complexes 163-165, which are modified with indo-
methacin, an anti-inflammatory drug, and tested their
antiproliferative activity against different pancreatic cancer cell
lines and healthy HEK cells (see Table 23). In the same setup,
ruthenium complexes with the same indomethacin-based ligand
system were also examined and showed no activity. The deter-

mined ICsq values for the (CO)s;Re(I) carbene based complexes are
in the low micromolar range (similar to cisplatin) for all three can-
cer cell lines and are slightly higher for healthy cells. Further bio-
logical studies were performed to investigate the origin of the
varying biological effects observed for these compounds. A series
of these complexes were subjected to an anticancer screen, the
results of which showed that the most influential structural varia-
tion involves the lability of the ancillary bromide ligand. Further-
more, it was shown that complexes 163-165 inhibit
phosphorylation of Aurora-A kinase and thus induces partial cell
cycle arrest at the G2/M phase (in about 26% of the cells) [110].
Wilson et al. similarly observed cell cycle arrest of the G2/M phase
induced by compound 121 reaching about 50% of the cells [69].

4. Re coordination compounds

In coordination compounds, Re is mostly reported in oxidation
states III, IVand V [111-113] as well as Re(VII) in trioxo complexes
[114]. It was initially assumed that Re(IV) and (V) complexes were
disproportionating in aqueous solution, until Davison et al
reported highly stable Re(V) and Tc(V) oxobis(dithiolato) com-
plexes [115]. The increased complex stability opened up the appli-
cations of Re coordination complexes in medicinal chemistry and
underscore the importance of the ligand system as a crucial drug
component for medical application as evidenced by the com-
pounds that are in clinical trials (see below).

4.1. Coordination compounds of Re(Ill), Re(1V) and Re(V)

The following paragraph describes the cytotoxic effects of Re
coordination complexes, where Re exists in oxidation states III, IV
or V. A detailed biological study on this class of compounds was
reported by Lippard et al. [116]. The structures of the studied Re
(V)oxo phenanthroline complexes 166 and 167 are given in
Fig. 26. The cytotoxic properties of complexes 166 and 167 were
compared to cisplatin, which was evaluated in the same assay,
showing that 166 and 167 exhibit lower ICsy values in most of
the cell lines (see Table 24). In A2780 cisplatin resistant cells, both
complexes have low ICso values compared to cisplatin
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Table 17

99

ED/ECs values of different (CO)sRe(I) based complexes having mixed donor ligands determined in different cell line suspensions ([pg/ml]/[uM]; ECsq values are recalculated by

considering the molecular weight of the respective compound).?

Compound [ref.] Human cancer cell lines

Murine cell lines

Human non-cancer cell lines

HL-60 T molts T molt, HuT-78 THP-1 HeLa-$3 L1210 P388 RMPI 1788
112 342/407  327/3.89  452/5.38 260309  210/250  269/3.20  236/281  2.72/324  6.78/8.07
[19123] 333/412  470/582  436/5.40 296/3.67  328/406  232/2.87  1.72/213  291/3.60  7.02/8.70
[1224] 2.14/235  517/567  432/4.74 255/2.80  3.30/3.62  2.68/294  192/211  230/252  7.60/8.34
[19125] 337/348  3.01/3.11  3.64/3.76 353/364  521/538  2.85/2.94 2.80/289 3.61/373  6.86/7.08
[IE;ZG] 205/132  3.06/1.97  6.16/3.97 270/1.74  3.87/249  145/093  290/1.87  202/1.30  9.31/5.99
[1227] 3.01/4.09  3.17/431  5.44/739 348/473  493/6.70  3.02/410  3.09/420  2.49/338  8.50/11.55
[19138] 597/628  3.74393  5.64/5.93 3.58/3.76  2.86/3.01  2.75/2.89  3.15/3.31  248/261  6.70/7.05
%31?3]114][Re04] 356/7.23  3.59/7.29  4.96/1007  2.54/516  210/426  3.12/633  3.65/741  2.69/546  7.18/14.57
{z?l’i]m]zReBrg(CO)g] 3.83/497  3.96/5.14  4.60/5.97 3.17/411 285370  242/3.14  265[344  455/591  8.00/10.38
[93]

2 Measurements were carried out using the Trypan blue exclusion method.

Table 18

ED/ECsg values of different (CO)sRe(I) based complexes having mixed donor ligands determined in different solid tumor cultures in [ug/ml]/uM using crystal violet/MeOH (ECso
values are recalculated by considering the molecular weight of the respective compound).

Compound [ref.] Human cancer cell line

KB A549 1-A9 MCF-7 UM 86 HCT-8 HSO SK2 PL HepG2
112 6.88/8.19  802/9.55  7.71/9.18  3.52/419  8.99/10.71  5.45/6.49 4.59/5.47 6.11/7.28  3.90/464  4.76/5.67
[15123] 488/6.04  402/498  339/420 201/249  649/804  10.69/1324  532/6.59 418/518  7.30/9.04 507/6.28
[191%1] 434/476  851/933  892/9.78 237260  9.05/9.93  3.95/4.33 5.86/6.43 345/3.78  5.06/5.55  4.02/4.41
[15125] 645/6.66 324334  3.72/3.84 242250  6.67/6.88  4.55/4.70 7.72/7.97 133/13.73  8.61/8.89  4.49/4.63
[19126] 549/3.53  6.82/439  7.39/476  1.53/0.99  7.78/5.01 5.65/3.64 5.00/3.22 2.87/1.85  495/319  3.74/2.41
[19127] 371/504  553/752  6.07/825 3.60/489  489/6.65  3.51/4.77 7.11/9.66 2.85/3.87

[1912;;] 6.74/7.09  576/6.06  248/2.61 3.11/327  7.28/766  6.33/6.66 13.12/13.80  4.15/4.36

{z%]uz;][ReOz;] 7.79/1581  8.87/18.00 4.18/848  7.99/1622  826/16.77  8.04/16.32 12.48/2533  3.82/7.75

ﬁ?ﬁ]’E‘,]ZReBrg(CO)g] 727/944  835/10.84 537/697 2.17/282  8.15/10.58  10.92/1417  6.74/8.75 4.46/5.79

[93]

(ICs0 = 0.042 pM and 8.42 pM, respectively, see Table 24). However,
166 and 167 show lower ICsq values in healthy MRC-5 cells than
cisplatin.

Studies investigating the mechanism of action of these com-
pounds were performed. The mechanism of cell death induced by
the test compounds was investigated by staining A549 cells with
the fluorescent dyes Hoechst, a cell-permeable bisbenzimide dye
staining the cell nucleus, and propidium iodide (PI), a cell imper-
meable DNA intercalating dye. The differences in cell permeability
of these dyes are used in fluorescence microscopy experiments to
distinguish between intact living cells and dying, necrotic or late-
apoptotic cells with a damaged plasma membrane. Furthermore,
necrostatin-1 (5-(indol-3-ylmethyl)-3-methyl-2-thio-hydantoin),
a compound inhibiting apoptosis, is used to further investigate
the cell death caused by compounds 166 and 167.

In Fig. 25, the fluorescence microscopy images of Hoechst/PI
stained A549 cells incubated with different concentrations of 166
and 167 and necrostatin-1 are shown [116].

In summary, the images suggest a necrotic cell death induced
by complexes 166 and 167, which can be blocked with

necrostatin-1. In combination with further investigations, the
results show that these complexes induce mitochondrial damage
and necrosis as evidenced by RIP1-RIP3-dependent ROS produc-
tion. Cell cycle analysis shows an arrest in the G1 phase [116].

Abram et al. evaluated the biological activity of complexes 168-
176 (Fig. 27) in MCF-7 breast cancer cells [117]. The activities of
these ‘3 + 1’ compounds were found to be strongly influenced by
the lability of the monodentate ancillary ligand Cl, CN or SCN;
the more labile the monodentate ligand, the more cytotoxic the
complex. Thus, the chloride and cyanide coordinated complexes
168 and 172, 173 have the lowest ICsq values (0.41 uM (168) and
0.6 uM (172 and 173); see Table 25). Coordination of chelating
ligands significantly increases the ICsq value to 376 uM for complex
176 [117].

Complexes 177-186 (Fig. 27) were examined in vitro and in vivo
for the binding affinity towards the 5-HT, serotonin receptor [118].
The most potent complexes are 182 and 183 (see Table 25). The
corresponding %*™Tc compounds exhibit comparable activity and
bio-distribution with high liver uptake, renal excretion and low
brain uptake. The bio-distribution of the Re compounds was not
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Table 19

ICso values [uM] determined for (CO)sRe(I) complexes 119-130 in different human cell lines.

Compound [ref.] Human cancer cell lines

Human non-cancer cell line

A549 A549cisR Hela

KinasePim 1 A375 K562 A431

MRC-5

119° 52+4.0
[69]

120° 9.7+4.1
[69]

121° 6.7+4.9
[69]
Cisplatin®
[69]

122° 0.084
[94]

123" 0.673
[94]

124" 0.058
[94]

125" 10.0/0.03¢ 0.075
[94]

126

[95]

127¢

[95]

128¢

[95]

129¢

[95]

130°

[96]

3.9+4.6 58+34

57+18 8.8+24

54+18 1.2+£0.2

3.0+18 124+85 3.0+£1.2

10.7+0.5

6.0+19

4109

043 +£0.14

0.9 34

0.7 3.0

1.3 7.5

1.8 7.8

2.0+£0.98

4 MTT assay read after 72 h of incubation time [69,96].
b

10 uM [94].

radioactive assay: measured by the degree of phosphorylated substrate peptide P70 S6 after 30 min of incubation at room temperature with an ATP concentration of

€ ECsq value; dark/ irradiated with 580 nm LED light; determined after 24 h incubation with MTT assay [94].

4 MTT assay read after 48 h of incubation time [95].

evaluated. However, compounds targeting the brain receptors
require the ability to cross the blood-brain barrier, which limits
the application of these complexes [118].

In Table 26, some examples of theranostic Re/**™Tc approaches
are presented. Jurisson et al. evaluated the binding affinity of
Bombesin-conjugates 187 and 188 (Fig. 28) in vitro. The ligand sys-
tem was studied for complexation of non-radioactive Re, ®™Tc and
carrier-added as well as non-carrier-added '6Re showing ade-
quate complexation properties and stabilities for these metals.
The very low ICsq values (see Table 26) and the biological profile
of the tested compounds are promising for the development of a
combination of imaging and therapeutic agent for prostate cancer
[119,120].

Cyclometalated complexes 189 and 190 (Fig. 28) were evalu-
ated for potential theranostic applications and biological activity
by Gilon et al. [121]. These complexes were designed to address
Gonadotropin-releasing hormone (GnRH) receptors. This receptor
is overexpressed on different cancer types, for example on breast,
prostate and ovarian cancers. In order to evaluate the potential of
these compounds, the ICsq values on rat pituitary cortex membrane
were determined. The highest affinity of 50 nM (see Table 26) was
found for 189. For comparison a higher affinity was found for
native GnRH (10 nM) [121].

Vomero et al. evaluated the biological application of peripheral
benzodiazepine receptor (PBR) targeting complexes 191 and 192
(Fig. 28). Although these complexes have very low ICso values
(see Table 26), the bio-distribution of the corresponding %°™Tc
complex show no distinct accumulation of these complexes. There-
fore, the properties of these complexes must be further optimized
to maintain this high affinity towards the receptor and simultane-
ously show a better bio-distribution [122].

Pirmettis et al. studied quinazoline coordinated complexes 193
and 194 (Fig. 29) for their ability to target epidermal growth factor
receptor (EGFR) [123]. The EGFR is known to be overexpressed on
certain solid tumors. The authors report that the Re compounds
significantly inhibit autophosphorylation of EGFR and have low
ICso values (see Table 27). Another interesting aspect mentioned
in the paper is the substitution of the chloride and one fluoride
in complex 193 with bromide and a proton, respectively. This
results in complex 194 and lead to significantly increased antipro-
liferative activity (see Table 27) [123]. It would be very interesting
to determine if the single exchange of the chloride by bromide
would similarly influence the biological activity.

The cytotoxicity of a metal-cyclized peptide has been presented
by Jurisson et al. [124]. The Re-core is coordinated to the thioacetic
acid modified terminal amino acid and a cysteine residue as deter-
mined by NMR studies with the stability of the complex being sup-
ported by quantum chemical calculations [124]. The authors
synthesized four different isomers of the Re(V) octreotide ana-
logues, but were only able to separate three of them, namely
195-197 (Fig. 29). Thus, one of the evaluated compounds is a mix-
ture of two isomers, where one of them is complex 196. The other
isomer could not be structurally characterized in similar detail as
the others due to overlapping signals in the NMR studies. Regard-
less, the compounds were evaluated for their binding affinity to the
somatostatin receptor overexpressing rat cells. The determined
ICsp values are in the high nanomolar range with the lowest value
being 130 nM for complex 196. The benchmark system In-DOTA-
Tyr3-octreotide, when tested in the same assay, has an ICsq value
of 8 nM. Importantly, these complexes have one of the lowest
ICso values reported for cyclized Re(V) octreotide analogues and
other Re compounds presented in this review. Furthermore, these
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complexes are more stable than non-cyclized metal-coordinated
peptides, and thus provide a good basis for theranostic approaches
with cyclized Re-peptides [124].

5. Re clusters, Re(VII) trioxo compounds and perrhenates

Finally, octahedral water-soluble hexarhenium cluster com-
pounds have been assumed applicable for medicinal purposes
due to their favorable properties. Based on their luminescence
and X-ray contrast properties, these clusters may be applied as
imaging agents in the future [125]. Moreover, Re clusters were
found to generate reactive singlet oxygen upon irradiation with
UV-light and therefore are studied for their potential in photody-
namic therapy of actinic keratosis or basal cell carcinoma [126].

Biological studies involving Re(VII) trioxo compounds have
been performed to evaluate potential (eco)toxic effects of methyl-

c
HO. ,‘; 126 R=p-Cl X=Cl ‘ b J@\
N € P -
N7 Neo 127 R=p-Me X = Cl oc. N HN Br
Ly N
Re =N

P 128 R=H X=Br
129 R=p-Me X=Br o,
oc™| “Br P
R co N
130

Fig. 20. Structures of (CO)sRe(I) compounds 119-130 bearing dinitrogen based
ligands. Corresponding ICs values are given in Table 19.

trioxorhenium (MTO), a widely applied homogenous epoxidation
catalyst [127]. In addition, perrhenate based ionic liquids (ILs),
which are promising catalysts for oxidation and epoxidation reac-
tions, have been studied in vitro to get insight in to potential (eco)-
toxic effects [128]. It had turned out, however, that in perrhenate
containing ILs the toxicity depends largely on the cations and
MTO is converted to perrhenate in aqueous, particularly basic envi-
ronments, reducing its toxicity relatively quickly [127,128]. The
area of ecotoxicity determines the influence of chemicals polluting
the environment and ecosystem. Chemical pollution is of big con-
cern in modern environmental risk management, as ecosystems
are still exposed to steadily increasing amounts of hazardous
chemicals eventually leading to chronic effects. First, pollutant
interactions can be observed on the cellular level e.g. by gene acti-
vation, activation of different signaling pathways or stress-specific
responses. Additionally, organisms and populations of different
species show different, complex reactions upon exposure to differ-
ent pollutants. To get insight into the effect of a compound that is
frequently exposed to an ecosystem by the industry, different spe-
cies and microorganisms are studied in in vitro tests. Additionally,
these results may give insights into the mechanism of action of
these compounds [129]. Furthermore, cancer cells are included in
these studies, since compounds previously declared as ‘toxic’ were
found to have anticancer properties depending on the applied dose
[130].

5.1. Re cluster compounds

Re clusters are increasingly investigated for their potential bio-
logical application in blue-light PDT (light irradiation up to
500 nm) due to their photosensitizing properties and the ability
to generate singlet oxygen. Blue-light PDT is widely used in treat-
ment of cancer affecting the skin like basal cell carcinoma and
squamous cell carcinoma [126]. For application in blue-light PDT,
cluster compounds should be stable, water-soluble, and lumines-
cent, have a high cellular uptake, show photo-induced cytotoxicity,
and low dark toxicity. The compounds described in the following
will be evaluated for such properties.

Studies on the cluster compounds Nay[{RegSg}(CN)s], Nay[{Res-
Seg}(CN)s] and Nay[{RegTeg}(CN)s] studied by Shestopalov et al.
[125,126] showed that the cytotoxicity and the cellular uptake
kinetics of the compounds are strongly dependent on the chalco-
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ICso values [uM] determined for (CO)sRe(I) heteroatom containing complexes 131-141 in different cell lines.

Compound [ref.] Human cancer cell lines Rat Human non-cancer cell
lines
Hela KB-31 KB-V-1 A2780 A2780cisR HepG2 c6° CCD-19Lu HEK293T
131° 7.75 £ 0.07 8.91+0.17 6.61+0.48
[97]
132° 19.04 +1.12 26.61 +2.37 15.76 £ 4.74
[97]
1337 2.02+0.19 429+0.27 22.24+1.07
[97]
134° 18.34+1.36 2497 +043 16.67 +1.34
[97]
135° 13.74+£0.53 20.40+2.55 15.84£3.31
[97]
136° 18.09 +0.77 48.45 +2.02 63.36+1.17
[97]
Cisplatin® 8.32+0.88 30.2+0.94 3.44+£0.48
[97]
137° >200/26.4+9.2° >200/4.6+14  >200/29.9+7.7
[98]
138° >200/5.9+ 1.4 >200/22+1.1°  >200/3.2+0.7
[98]
Cisplatin® 0.18 +0.07 514+1.1
[98]
139° 50.3+0.2 435+2.2 195+1 309+1.1 112+3
[99]
Cisplatin® 11.6+0.2 22.1+£3.6 39.1+£1.7 10.5+£0.5 1291
[99]
140° 10.6£0.3 19.1+£0.6 45+0.1
[100]
141°¢ n.d. n.d. 19.2+0.6
[100]
Cisplatin® 2904 9204 0.7+0.2
[100]
@ MTT assay read after 24 h of incubation time [97,99].
" 1h irradiation with light of wavelength 365 nm, MTT assay [98].
b Cell line with high expression of TSPO.
€ MTT assay read after 72 h of incubation time [100].
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Fig. 21. Structures of (CO)s3Re(I) heteroatom containing compounds 131-141. Corresponding ICso values are given in Table 20.

gen atoms. The cytotoxicity was found to decrease in the order
S > Se > Te whereas the cellular accumulation in contrast increases
in the order S < Se < Te in Hep-2 cells. However, photocytotoxicity
and reactive oxygen species (ROS) production increases in the
order Te < S < Se and thus breaks the periodic table trend. Never-
theless, the Se complex was able to reduce cell viability to 63% at
a concentration of 100 uM [125,126]. The hexarhenium cluster
Nay[{ResTeg}(CN)g], studied by Mironov et al., was found to be
completely non-toxic in vitro (see Table 28) and in vivo it was
not taken up by cells. The low toxicity of this cluster represents a

good start for the development of X-ray contrast agents based on
hexarhenium cluster complexes [131] although evaluating strate-
gies to get the compound into cells should be considered a high
priority. In conclusion, the reported data form a good basis for fur-
ther development of biological applicable cluster compounds
[125,126,131].

Other hexarhenium clusters K;Hg[{ResSeg}(P(CH,CH,CONH,;)
(CH,CH,CO00),)s] and Ka[{Regs(113-Seg}(BTA)s] having benzotriazo-
late apical ligands were photochemically and biologically evalu-
ated by Brylev et al [132]. The compounds display red
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Table 21

ICso values [uM] determined for (CO)sRe(I) complexes 142-152 in different human cancer cell lines.

Compound [ref.]

Human cancer cell lines

HeLa A549 HCT-15 HT-29 MCE-7 HepG2 K562
142° >100 95.72 £8.2 20.80£1.9
[104]
143° 5419 2.4 56.15+2.9 na.
[104]
144° 19.81£25 88.49+1.2 na.
[104]
145° 4049+19 65.23+7.2 na.
[104]
146° 64.50+1.9 29.65+1.4 30.53+1.3
[104]
Cisplatin® 39.84+6.4 25.89+1.8 23.93+28
[104]
147° 23414 >100 482+34 30.1+1.6 27313
[102]
148° 63.4+3.1 41422 422+3.1 233+1.2 >100
[102]
149° 22.8+25 >100 469+3.1 29.4+28 26419
[102]
150° 212427 247429 221423 273+26 241+1.7
[102]
Cisplatin® 20.94+2.1 18.63+3.8 17.92£2.9 21.91+34 23.65£2.2
[102]
151° 17.56 +5.7 18.2+5.7 na. 11.9+1.4 202+9.2 na.
[103]
152" 75.1 131.5 >500 475
[105]

(n.a. = not active).

¢ MTT assay read after 48 h of incubation time [102-104].
> No incubation time given; MTT assay [105].
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Fig. 23. Structures of an asymmetric binuclear Re(I) compounds and phenol containing monomeric complexes 153-159. Corresponding ICso values are given in Table 22.

Table 22

ICs0 values [uM] determined for asymmetric binuclear Re(I) compounds and phenol containing monomeric complexes 153-159 in different human cell lines.

Compound [ref.] Human cancer cell lines

Human non-cancer cell line

MOLT-4 MCF-7 MDA-MB-231 Fibroblast
153 24+6 >125 >125
[107]
154° 151 >125 >125
[107]
1557 151 >125 >125
[107]
156 73+04 24+4 >125
[107]
157° 1.0£0.1 354 9+1
[107]
1587 22+2 >125 >125
[107]
Cisplatin® 181 71+£8 28+2
[107]
159° 19.41 8.61
[108]
Tamoxifen” 11.20 13.40
[108]

@ MTT assay read after 24 h of incubation time [107].
b MTT assay read after 72 h of incubation time [108].
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Fig. 24. Structures of (CO)sRe(I) carbene or hydrazine compounds 160-165.
Corresponding ICsq values are given in Table 23.

Table 23

phosphorescence and high quantum yields, which is beneficial for
imaging applications. In addition, the compounds taken up by the
cells accumulate in the cytoplasm. The ICsq indicate no acute cyto-
toxicity although long-time toxicity of the complexes are possible.
Compared to Nay[{RegSg}(CN)s], Nay[{ResTeg}(CN)s], KyHg[{RegSes}
(P(CHZCHZCONHz)(CHZCH2COO)2)5] and K4[{R66(H3-Seg}(BTA)5]
these clusters are 4-7 fold more toxic [132].

Ramirez-Tagle et al. evaluated the biological activity of cluster
RegSegl2~ [133]. The authors determined the ICso and the ICpmax
value in healthy and cancer cells. Results show that the concentra-
tion, at which all cancer cells are killed (IC,.x see Table 28), is in
the same concentration range, where half of the healthy cells are

ICso values [uM] determined for (CO);Re(I) carbene or hydrazine complexes 160-165 in different biological systems.

Compound [ref.] Human non-cancer cell line Antimicrobial

Compound [ref.]

Human cancer cell lines Human non-cancer cell line

EA.hy926 T. cruzi (Dm28c strain) HPAF-II ASPC1 CFPAC HEK293T
160" 36.9+0.7 24+0.2 163" 6.0+2.0 79+14 6.0+£1.8 11.8+23
[109] [110]
161° 143106 1.3+03 164" 48+0.8 94+35 54+14 86+03
[109] [110]
162° 43.6+1.1 2.01+0.03 165" 56+06 4.0+1.2 57+28 14.8+2.4
[109] [110]
Nifurtimox® 20.1+0.8 - Carboplatin® 8.7+43 6.8+2.0 74+1.2 45
[109] [110]

@ MTT assay read after 24 h of incubation time [109].
b Resazurin assay read after 72 h of incubation time [110].



Table 24

ICsp values [uM] of Re(V) oxo based coordination compounds 166 and 167 tested in different human cell lines determined by MTT assay with an incubation time of 72 h.

Non-cancer cell line

PC3

Human cancer lines

A549

Compound

[ref.]

MRC-5

MDA-MB- MCF-7

Hela u20Ss NTERA-2 A2780 A2780CP70 DU 145 HT-29
231

A549

(confluent)

0.207 £0.004 8.61 +0.749

0.285+0.035 0.27+0.014 1.35+0.228

0.475 + 161

0.085+0.011

0.042 +0.015 2.840+0.381

0.67 £ 0.040

0.445+0.004 0.274+0.006 0.23+0.028

166

[116]

167

5.25+1.98 0.695+0.021 0.209+0.031 0.255+0.035 0.150%0.01 0.056+0.002 1.37+0.084  0.095 +0.02 1.74+0.275 0.805+0.021 0.78 +0.01 0.709 + 0.076

0.157 £0.015

[116]

43.6+7.07 9.74 £ 0.537 10.3+0.919 5.30 +0.600

29.6 £1.32

0.385+0.049 0.700+0.200 8.42 +0.205 >100

9.42+1.93 410+0.113  4.60+0.600

3.23£0.467

Cisplatin

[116]
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killed (ICsp value for healthy cells). Compared to the clusters dis-
cussed above, this cluster is the most cytotoxic. However, the clus-
ter displays good cellular uptake and non-intercalating DNA
interactions [133].

Hexahydroxohexarhenium clusters Ky[{RegSg}(OH)s], K4[{Res-
Seg}(OH)g] and the corresponding polymeric form (Re-cluster-
polymer hydride) were studied for their potential application as
imaging agents [134]. Choy et al. showed that they are not taken
up by the cells; however, K4[{RegSeg}(OH)s] can be internalized
by energy-dependent endocytosis. Conjugation of K4[{ResSes}
(OH)g] with an amphiphilic diblock co-polymer forming a Re
cluster-polymer hydride enhanced its cellular uptake. All three
clusters display high ICso values of 250-300 uM indicating no tox-
icity for 72 h (Table 28) [134].

A general schematic illustration of such hexarhenium cluster
compounds is given in Fig. 30.

5.2. Re(VII) trioxo compounds and perrhenates

The organometallic catalyst methyltrioxorhenium (MTO), its
tert-butylpyridine (TBP) conjugate and different perrhenate (ReOy)
based ionic liquids have been tested for their (eco)toxicity in differ-
ent biological systems like bacteria, algae, flea, rat and human cell
lines (see Table 29 and Fig. 31). Stolte et al. showed that MTO has
submicromolar to low micromolar ECso values in aquatic organ-
isms and therefore exhibits acute ecotoxicity. However, in mam-
mals there is moderate to no toxicity as reflected by the ECsq
values of 100 uM and 45.3 uM in rat and human cells, respectively
[128]. Furthermore, it is important to note that the acute toxicity of
MTO is time-limited due to hydrolysis to the non-toxic ReOz (ECsq
values > 100 uM) [127,135]. Investigations on perrhenate based
ionic liquids 202-205 indicate a strong influence of the corre-
sponding cation on the biological activity and no toxicity to the
polar and anionic perrhenate [128]. Among the tested ionic liquids,
204 has an ICsq value of 0.045 uM (see Table 29) presumably due to
a long alkyl sidechain appendage leading to a highly more lipophi-
lic compound. This explains, why for ammonium perrhenate,
which is evaluated in the same cell system, no toxicity was
observed for 48 h although chronic toxicity of ReOz has not yet
been eliminated [128].

6. In vivo studies of Re compounds

Once cell culture studies are completed, the compounds dis-
playing beneficial biological profiles are selected for in vivo studies.
Several appropriate in vivo animal model systems have been used,
including Wistar rats [116,136] and naive C57BI6 mice [69]. There
are several studies reported and some of them are addressed in the
following paragraphs. Two reviews focusing on '%¢/8%Re radio-
pharmaceuticals [137,138] and one discussing in vivo studies of
non-radioactive Re complexes were recently published [139] and
the reader is referred to these reviews for further information. Like
the discussion of the in vitro data, the compounds evaluated in
in vivo studies are ordered according to their oxidation state and
the nature of the Re-core. Re labeled biomolecules are not dis-
cussed in this work and therefore the reader is referred to other
publications [140-148].

6.1. (CO)3Re(I) based compounds

Compound 121, which is already discussed in Table 19, was fur-
ther evaluated in vivo. A simultaneous injection of 121 and the cor-
responding %°™Tc complex in the same mouse revealed a similar
bio-distribution of both compounds and their excretion through
renal and hepatobiliary pathway. Metabolite analysis showed the
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(A)

(D)

(€)

Fig. 25. Fluorescence microscopy images of: (A) untreated A549 cells, (B) cells treated with 20 uM 166 for 12 h, (C) cells treated with 20 uM 167 for 12 h, (D) cells treated with
necrostatin-1, (E) cells co-incubated with 166 and necrostatin-1, (F) cells co-incubated with 167 and necrostatin-1. Reprinted with permissions from J. Am. Chem. Soc., 137

(2015) 2967-2974. Copyright 2018 American Chemical Society.
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Fig. 26. Structures of Re(V) oxo based coordination compounds 166 and 167.
Corresponding ICsq values are given in Table 24.

presence of 121 (and its chloride analogue, where the axial water
ligand is substituted by chloride) up to 120 min in blood and urine.
Nevertheless, also two distinct metabolites formed, which were
not further analyzed. Overall, compound 121 displays sufficient
stability, fast blood clearance and no non-specific accumulation
in any organs, which makes this compound a promising candidate
for further in vivo tumor targeting studies [69].

Collery et al. extensively studied the in vivo effects of Re(I) dis-
elenoether complex 152 [106]. As shown in Table 21, complex 152
shows cytotoxicity in MCF-7 cells with an ICso value of 4.75 uM,
however, is non-toxic in A549 and HT-29 cells. Additionally, it
was shown that the compound is able to inhibit cell proliferation
of MDA-MB-231 cells at a concentration of 10 uM over a period
of 48 h and the effect is retained even after removal of the Re com-
plex. Therefore, the complex was evaluated in vivo in MDA-MB-231
bearing mice resulting in remarkably reduced tumor volume com-
pared to mice treated with cisplatin. After one month of treatment,
a complete cure of the mice was observed. The investigation on the
mechanism of action indicate a beneficial interaction of the redox
chemistry of the Se ligand, which is suggested to be liberated in the
cells. The Re core is proposed to interact with the DNA in a method
similar to cisplatin and therefore is able to induce cell death.
Experiments show that treatment with 152 (reducing the tumor
volume) resulted in significantly increased tumor growth upon
additional administration of a single dose of cisplatin at day 41
of the experiment. Therefore, it is assumed that the Re complex
is potentially replaced by cisplatin [106,149,150]. However, further

studies confirming this assumption are needed. Overall, the studies
show that 152 is a very promising candidate for breast-tumor
treatment.

6.2. Dirhenium(Ill) based compounds

Shtemenko et al. evaluated the biological activity of quadruple-
bonded dirhenium(IIl) carboxylates (see Fig. 32) [136,151-155]. A
recent review summarizes these findings in detail [156]. Neverthe-
less, dirhenium compounds are rarely studied in anticancer studies
and need to be mentioned in this review. Its absence from biolog-
ical studies is mostly due to low solubility and instability in aque-
ous solution. However, encapsulation of these clusters in
liposomes stabilizes the quadruple bond and therefore makes it
possible to evaluate these compounds in biological studies [156].
Shtemenko et al. were able to show that these dirhenium clusters
exhibit antihemolytic properties shifting the maximum rate of
hemolysis in vitro from about 1.5 min to 6 min [153]. Additionally,
co-encapsulation of dirhenium cluster and cisplatin in a ratio of 1:4
displays the highest antitumor activity compared to cisplatin and
the liposomal form of the rhenium cluster. During a 21 day exper-
iment in tumor-bearing mice, the rhenium-platinum liposome was
able to reduce the total tumor volume from 60—100 mm? to 0-
2mm? indicating its strong anticancer effect [136,154,156].
Increasing antitumor efficiency was shown by introducing differ-
ent substituents for the dicarboxylates in the order methyl (206)
< ethyl (207) < propyl (208) < butyl (209) [156]. Additionally, no
toxic effects were observed in kidneys, liver and on the production
in morphology of red blood cells during in vivo experiments. More-
over, it was shown that the dirhenium compounds were able to
bind covalently to DNA, like cisplatin and the investigations done
by Collery et al. [106] on Re(I) diselenoether complexes. However,
the Re cluster compounds display different redox behavior leading
to antioxidative properties in vivo in contrast to pro-oxidative
effect of cisplatin [156]. Furthermore, due to the §-component of
the quadruple bond, the cluster is able to scavenge an unpaired
electron and therefore reduce oxidative stress in cells. In summary,
the liposomal encapsulated quadruple-bonded Re cluster shows
synergistic effects with cisplatin leading to antihemolytic, antirad-
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Table 25

ICso values [uM] determined for complexes 168-186 in different human cell lines.

Compound Human cancer cell Compound Frontal cortical tissue

[ref] line [ref] for 5-HT, receptor
MCF-7 binding

168° 0.41+0.02 177° >100

[117] [118]

169° 1.51£0.17 178° 1.289

[117] [118]

170° 1.7+£03 179" 0.845

[117] [118]

171° 2.0£0.2 180° >100

[117] [118]

172° 0.6+0.3 181° 0.029

[117] [118]

1737 0.6+0.3 182° 0.019

[117] [118]

174° 23+03 183° 0.014

[117] [118]

175° 224+03 184" 0.023

[117] [118]

176° 376£2 185" 0.378

[117] [118]

Cisplatin® 1.6+0.1 186" 0.352

[117] [118]

2 No incubation time given; CV staining assay [117].
> Competition binding assay using [>H]ketanserine [118].

168 R = Me; R, = Ph; X = Cl
169 R; R, = (CHyp)g; X = Cl

170 R, = Me; R, = Ph; X = NCS
171 Ry R, = (CHy)g; X = NCS
172 R, = Me; R, = Ph; X = CN
173 Ry R, = (CHy)g; X = CN

(0]
S
e Wt
S S

=0
@,

174

ical, antioxidative and antitumor properties representing a new
perspective for the development of new potent anticancer agents
[156].

6.3. Re(V) based compounds

Re(V) oxo compounds 166 and 167 (Table 24), were tested
in vivo in C57BL/6 mice to evaluate toxicity and the side effects
of these compounds. After the administration of a single dose, mice
were monitored for further 6 days showing no acute toxicity or
weight loss. Although ICso values in MRC-5 cells indicate a higher
cytotoxicity compared to cisplatin (1.35 uM and 0.71 uM, respec-
tively; cisplatin 5.3 uM), the in vivo data indicates a lower toxicity.
Therefore, this study shows that ICsg values can be seen as indictor
of in vivo behavior, however, they do not display the complete tox-
icity profile of a compound [116]. The stability of 166 in whole
blood was evaluated at different time points over a period of 6 h
by analysis of octanol extracts from aliquots of blood incubated
with 166 at 37 °C using GFAAS. The determined half-life is
29.1 min, which is comparable to cisplatin (21.6 min). However,
decomposition of the investigated Re complex to water-soluble
perrhenate is not covered using this method and is a possible
explanation for the observed tolerance in mice.

175 R; = Me; R, = Ph
176 Ry R, = (CHo)s
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Fig. 27. Structures of compounds 168-186. Corresponding ICso values are given in Table 25.
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Table 26
ICso values [uM] determined for Re(oxo)-N,S-donor ligands coordination compounds 187-192 in different cell lines.
Compound [ref.] Human cancer cell line Compound [ref.] Rat Compound [ref.] Rat
PC3 [nM] Pituitary membrane [pM] Cerebral cortex membrane suspension [uM]
187° 2.0+0.7 189" 0.05 191° 0.127 £0.015
[119] [121] [122]
188* 1.0+0.2 190° 1.00 192°¢ 0.187 £0.019
[120] [121] [122]

3 Competition assay with ['2°I]-Tyr-BBN(NH,) [119].
b Competition assay with [*2°[]-GnRH [121].
¢ Competition assay with [*H]-PK11195 [122]

o) 0o H
D K SN
NON BBN(7-14)NH, OYEN/R"\ ]\(
[ Re ] H Hy HN j/NHQ
187 Tﬁ ‘

S o NH

OH o o AA-Trp-Ser-Tyr-D-Ala-Leu-Arg-| Pro
H
o N\‘Q/Nj(NkaH 189 AA = His
TN,RE\ ] o BBN(7-14)NH, 190 AA = none
b
\ 188 o)
o
o] 7AN\9 N
[N < [ re ]
N N s” s
N/ N.Q N N
ot )~
7 O »
191 192

Fig. 28. Structures of Re(oxo0)-N,S-donor ligands coordination compounds 187-192.
Corresponding ICsq values are given in Table 26.

6.4. Re cluster and Re(VII) based compounds

The sodium iodide symporter (NIS), a membrane glycoprotein,
transfers iodide from blood to cells and is mainly expressed
in the thyroid. NIS-mediated uptake is extensively studied for

193 R=F; R =ClI
194 R=H; R'=Br

196

99mTc0y, 1251 and '3'I for diagnosis and therapy of NIS expressing
tumors. A study by Li et al. published in 2016 used NIS transfected
Hela cells and studied '®Re0Oy uptake in vitro and in vivo [157]. It
was shown that 1®8Re0Q7 displays a better distribution and excre-
tion profile compared to '2°I. '®8Re0; reached a maximum uptake
level in NIS transfected tumor cells after 0.5 h and decreased faster
than '2°], however transferring a higher energy dose to the tumor.
Furthermore, '%®ReO; provides y-radiation for imaging and
B-radiation for therapy displaying a new possibility for NIS gene
therapy [157].

Non-toxic hexarhenium cluster (ICsq values given in Table 28;
about 400 uM) Nay[{RegSg}(CN)s], Nay[{ResSeg}(CN)g] and Nay[{-
RegTeg}(CN)s] were further evaluated for their toxicity in vivo in
BALB/C mice [158,159]. After applying a dose of 500 mg (Re)/kg
of the Te or S containing cluster, one mouse treated with the Te
containing cluster died whereas the others showed no sign of
intoxication. The Se containing cluster administered in the same
dose led to the deaths of two mice. The surviving mice did not
show signs of weight loss or intoxication. Morphological analysis
of the liver, kidneys, spleen, lungs and heart of the mice after
two weeks of injection showed adverse morphological changes in
the liver for the animals treated with Nay[{RegSs}(CN)g] and Nay{-
ResSeg}(CN)g]. This is contrary to the very high ICsq values of about
400 pM for these cluster compounds (see Table 28). For the Te con-
taining cluster, no morphological changes could be observed and

SRR

Re\s

H*Lf JIM

195
197: corresponding diastereomer

OH

Fig. 29. Structures of Re(Ill) and Re(V) based coordination compounds 193-197. Corresponding ICso values are given in Table 27.
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Table 27
ICsp values [uM] of Re(III) and Re(V) based coordination compounds tested in different
human cancer cell lines.

Compound [ref.] Human cancer cell lines Rat

A431 AR42]
193 64+18
[123]
194° 29+03
[123]
195" 1.5£0.7
[124]
196" 0.13+0.08
[124]
197" 0.4+0.1
[124]
196 + Isomer” 0.5+0.2
[124]
"atn-DOTA-Tyr*-octreotide” 0.008 +0.003
[124]

2 MTT assay read after 72 h of incubation time [123].
® 1 h incubation time using competition assay with ['2°I]-Tyr-somatostatin-14
[124].

therefore this compound is considered safe in application [159].
This low toxicity is also displayed by the higher ICsq values of
4500 uM in Hep-2 cells (Table 28). Bio-distribution studies in rat
using the K4[{RegSg}(CN)g] cluster showed the highest accumula-
tion in liver and kidney medulla. Moreover, accumulation in the
spleen was observed suggesting this compound is a suitable imag-
ing (e.g. as an X-ray contrast agent) and therapeutic agent for lym-
phoproliferative disorders [158].

7. Clinical trials

The ultimate goal of developing new Re-based anticancer com-
pounds is their application in therapeutic/clinical treatment. Cell
culture studies of anticancer Re compounds are often used as
important initial pre-screening steps ahead of animal and human
studies. Many steps of translational research are necessary before
studies in humans are possible. Although the field of Re based anti-
cancer agents may be in its infancy, some Re compounds have been
investigated in human beings and these will be summarized below.

After extensive studies in cell culture and animal model sys-
tems, some compounds show varying degrees of effectiveness

Table 28
ICs0 values in [uM] of Re based cluster compounds in different human cell lines.

Re=.
Q=
L= ©

Fig. 30. General scheme of hexarhenium Reg chalcogenide cluster compounds
discussed in Table 28. (Q = S/Se/Te; L = ligand) [132]

and selectivity in killing cancer cells and only a few compounds
are continued to human studies. Information on potential progress
on compounds being evaluated in human beings are thus relevant
to the topic of the current review. Studies in humans are referred to
as clinical trials beginning with Phase I and progressing to Phase II
and III trials. Phase I clinical trials focus on determining the safety
of the compounds in normal subjects, Phase II focuses on deter-
mining the proper dose to use in patients and involves a limited
number of subjects and a short time period. Phase III studies focus
on the treatment of patients for a specific clinical condition (e.g.
melanoma) and involves a larger number of subjects for longer
periods. The summary of Re compounds in clinical trials (Table 30)
shows that the compounds studied are mainly radioactive Re com-
plexes. This may be due to non-invasive dosimetry and imaging of
the radioactive compounds in vivo by well-established medical
equipment, the single photon emission computed tomography
(SPECT), as applied for °°™Tc imaging [160]. Since many reviews
that focus on Re and Tc radiopharmaceuticals are published
[5,11,137,159-175], this review focuses on characterizing the
effects of different classes of non-radioactive Re complexes. The
ultimate goal is to compare such studies with the compounds that
have been selected for clinical trials. Once the analysis of the com-

Compound [ref.] Human tumor cell lines

Human non-cancer

Hela Hep-2

HepG2

MRC-5 EA hy 926 HUVEC

Nagy[{ResSs}(CN)s]*

[126]

Nay[{RegSes}(CN)s]*

[126]

Nag[{ResTeg}(CN)s]*

[131]
K,Hs[{RegSes)}(P(CH,CH,CONH,)(CH,CH,C00),)6]”
[132]
Ka[{Reg(13-Ses}(BTA)s]”
[132]

RegSeglg P

[133]

Ka[{ResSs}(OH)s]”

[134]

Ka[{ReSes}(OH)s]”

[134]

Re cluster- polymer hydride”
[134]

401 +7 417+ 4
410+5 478 +8

4800+ 0.3
123.7+£0.8

122.6 £2.1

262.3+8.1

297.8+9.5

251.7+5.2

58.5+5/146.3 + 23¢

471+13

55121

88.7 +6/286.8 + 34° 147 +11/457.5 + 46°

@ MTT assay read after 48 h of incubation [126,131].
b MTT assay read after 72 h of incubation time [132-134].
¢ Determined ICpay.
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ECsp values [uM] of Re(VII) trioxo compounds and perrhenate tested in different cell lines. The corresponding structures are given in Fig. 31.

Compound [ref.] Marine bacteria Green algae aquatic plant Water flea AChE [ICsp] Rat cancer cell line Human tumor cell line
V. fischeri R. subcapitata L. minor D. magna IPC-81 HepG2
198 0.275 19.0 14.6 1.58 92.3 100 453
[135]
199 0.217 23.8 16.4 2.34 227 44.9 47.3
[135]
200 234 115 15.84 402 5600 5000 >6200
[135]
201 >11,000 >1500 420 >2500 >2360 >5150 >5150
[135]
202 59 41 124 194
[128]
203 6.3 21 38 112.2
[128]
204 0.096 0.045 9.5 2.5
[128]
205 146 199 134 1009
[128]
Table 30
Clinical trials involving Re compounds.
Year Class of Re Status Name of Clinical Trial Project Condition/ illness Treatment Study location/
started Compound Organization
2018  Re- Recruiting  Rhenium-188-HEDP vs Radium-223- Prostate cancer metastatic to  2?Ra'®®Re VU U Medical Center
bisphosphonate chloride in patients with advanced prostate  bone Amsterdam NL
cancer refractory to hormonal therapy
2013 Re(V)oxo Recruiting ~ Maximum Tolerated Dose, Safety, and GlioblastomaAsrocytoma 186Re- The Cancer Therapy and
BMEDA-labeled Efficacy of Rhenium Nanoliposomes in Liposomes Research Center at
liposomes Recurrent Glioblastoma UTHSCSA, San Antonio,
Texas, US
2010 Re-SSS Lipiodol  Recruiting 188-Re-SSS Lipiodol to Treat Hepatocellular ~ Hepatocellular Carcinomas 188Re Centre Eugene
Carcinomas MarquisRennes, France
2017 Re-poly-L- Recruiting  Treatment of non-responding to Liver Cancer 188Re Tongji University Eastern
lysine conventional therapy inoperable liver ImDendrim Hospital, Shanghai, China
dendrimer cancers by in suit introduction of ImDendrim
2004 Re(V)oxo Active - Rhenium Re-188 P2045 in Patients with lung Lung NeoplasmsCarcinoma, 188Re P2045 Iowa City, lowa, US
labeled-peptide  not cancer who have received or refused to Non-Small-Cell Baltimore, Maryland, US
recruiting receive prior chemotherapy LungCarcinoma, Small
CellNeoplasm Recurrence,
Local
2012 Re-sulfide Active - Multicenter Canadian study to measure the  Arthritis 186Re sulfide 12 locations in Canada
not safety and efficacy of radiosynoviorthesis
recruiting
2014 Re(I)MAGs- Completed  Bio-distribution study with 186 Re-labeled Adenocarcinoma 185Re BIWA 4
labeled MAB humanized monoclonal antibody BIWA 4 in
patients with adenocarcinoma of the breast
2014 Re(I)MAGs- Completed  Bio-distribution study with 186 Re-labeled Carcinoma, non-small-cell 185Re hMAB
labeled MAB humanized monoclonal antibody BIWA 4 in  lung cancer BIWA 4
patients with non-small cell lung cancer
2014 Re(I)MAGs- Completed  Dose escalation study with 99mTC - or 186  Head and Neck Neoplasms 185Re hMAB
labeled MAB Re-labeled humanized monoclonal antibody BIWA 4
(hMAB) BIWA 4 in patients with head and
neck cancer
2008 Colloidal Re Completed Intraoperative gamma camera for breast Breast cancer,Ductal Test CHRU, Hépital Civil,
sulfur cancer surgery carcinoma in situ performance  Service de Gynécologie-
of CarollReS obstétriqueStrasbourg,
camera France
2006 Re-sulfur Completed Identification of sentinel lymph nodes with  Infiltrative Breast Cancer 185Re sulfur Service de Gynécologie-
methylene blue and isotope and Obstétrique, Hopital
methylene CivilStrasbourg, France
blue
2008 Re-colloids Completed  Added-value of SPECT/CT in patients Cervical CancerVulvar Cancer  %°™Tc- 375, South Street Hospital
undergoing LM/SL for gynecological cancers cystein - Dpt. of Nuclear
rhenium MedicineLondon, Ontario,
colloids, Canada
2014 Re-sulfide Withdrawn Diagnosis of micro aspiration in intubated Critical illness 99mTc_Re ICU, Calmette Hospital,
critically Ill patients: Pepsin vs 99 m sulfide University Hospital of
Technetium nanocolloid LilleLille, France
2014 Re(V)oxo Withdrawn Phase I/II trial of rhenium 188-P2045 in Small Cell Lung Cancer (SCLC)  '®%Re P2045 U Maryland Marlene &

labeled-peptide

small lung cancer and other advanced
neuroendocrine carcinomas

Neuroendocrine (NE)
TumorsLarge Cell
Neuroendocrine (NE) Tumors

Stewart Greenebaum
Cancer Center, Baltimore,
Maryland, US
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pounds selected for the clinical trials was done, it became clear
that many of the Re compounds investigated for potential thera-
peutic applications were not selected for clinical trials yet. This
may suggest that the compounds in clinical trials are potentially
more promising, however, since the other compounds are not yet
tested in clinical trials, they are still interesting candidates.

At this time, 14 studies are listed on the NIH US National library
of Medicine (https://clinicaltrials.gov/, last accessed 27 Nov 2018)
and are documented in Table 30 showing that some Re compounds
are approaching application in the clinic. The Re compounds inves-
tigated in clinical trials make use of the two different radioisotopes
188Re and '86Re, except for three studies. These two radioactive iso-
topes are suitable for radiopharmaceutical application, because
they have B-emissions suitable for killing tumor cells and vy-
emission for imaging [161-163]. '88Re can conveniently be pro-
duced with high specific activity (high activity per unit mass) from
a generator and with a reasonable half-life 16.9 h, an emission
maximum energy of 2 MeV and an average energy of 764 keV
[161-163]. '®8Re has been used to radiolabel peptides for targeted
radiotherapy [120,164]. '8Re on the other hand has a longer half-
life (90 h) and a lower energy of emission than '%8Re. '86Re also has
B-emissions, and is produced at high specific activity in a cyclotron
or accelerator [165]. Two clinical trials including '®°Re based com-
pounds are currently ongoing with others having been completed
or recently withdrawn (see Table 30) [165].

The focus of the '®6Re labeled nanoliposomes ongoing clinical
trial [166] is to determine the maximum tolerated dose, safety
and efficacy of !%5Re administered in nanoliposomes using
brachytherapy for the ultimate use to treatment of recurrent
glioblastoma [165]. 86Re, like 9°™Tc, is not taken up by the bone
and is cleared by the kidney. The energy of the y-rays produced
by '®Re is suitable for external imaging using a gamma camera
and the B-emission has suitable energy to penetrate solid tumors
up to 2 mm. The 80-100 nm-sized nanoliposome is used as a
convection-enhanced delivery system, which is directly injected
into the tumor site. The liposome-encapsulated '8Re is thus main-
tained at the target site and the majority of radiation is released to
the tumor tissue making '#°Re labeled nanoliposomes desirable as
a potential agent for treating glioblastoma [165].

Two other ongoing clinical trials focus on treatment of liver can-
cers. The use of a 1®8Re coupled to an imidazole ligand and associ-
ated with a dendrimer, referred to as ImDendrim, is investigated to
treat previously non-responding inoperable liver cancers [167]. In
addition, application of '®¥Re-SSS Lipiodol (general structure of
Re-SSS is given in Fig. 33) is investigated for treatment of patients

206 R = CH3

o 207 R=CyHs
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Fig. 32. Dirhenium dicarboxylates showing synergistic effects with cisplatin when
encapsulated in liposomes.

with hepatocellular carcinoma. The hepatic intra-arterial adminis-
tration of the radiolabeled lipiodol could potentially replace the
1311 ]abeled lipiodol, and the results are expected to reduce hospi-
talization from the current eight days to one day and thus lower
costs and improve patient comfort [168].

A Re(V)oxo based compound of recent interest is the Re labeled
peptide P2045 (Fig. 33). P2045 is a somatostatin-derived peptide
targeting somatostatin receptor overexpressing cancers [161-
163]. After the '88Re labeled peptide binds to these receptors, the
radioactivity will kill the cancer cells [161-163]. Unfortunately,
the Phase I/II clinical trials of the '88Re P2045 to treat patients with
advanced small cell lung cancer that has recurred or in patients
with advanced neuroendocrine cancers has been withdrawn
[171]. However, a related clinical trial remains active involves
188Re labeled P2045 being evaluated in patients with several differ-
ent lung cancers [172]. The purpose of the study was to determine
the safe dose of the compound (Phase II), potentially resulting in a
larger Phase Il study against the cancer(s) for which this treatment
was most effective.

Another study (Phase I/II) that remains active is performed in
Canada exploring the potential for a colloid of °°Y citrate or a
186Re sulfide for treatment of persistent active synovectomy
[173]. Radiation synovectomy is considered a reliable and easy-
to-perform therapy and involves intra-articular injection of B-
emitting radionuclides of inflammatory joint disease. In addition,
the absence of harmful side effects for the %°Y citrate or '®®Re sul-
fide treatment make these potential alternative treatments to
cases that are resistant to systemic therapy and intra-articular cor-
ticosteroid injections.

Other Phase I clinical trials recently completed include intra-
venous administration of '®Re(I) labeled bivatuzumab to investi-
gate the bio-distribution, pharmacokinetics and safety of a '%6Re
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(I) labeled antibody in patients with adenocarcinoma of the breast.
This represents an example of a Re antibody labeled using the mer-
captoacetyltriglycine (MAG3;) chelate [174]. A similar study was
also proposed using '8%Re(I) labeled bivatuzumab in patients with
non-small cell lung cancer.

Finally, Re bisphosphonates and the corresponding °*™Tc ana-
logues are widely studied for their potential theranostics applica-
tions in bone metastases. The biological evaluation of this class
of compounds is often based on pharmacokinetic and bio-
distribution studies focusing first on safety and the diagnostic part
of the drug. Such studies are not included in the ICso-listing tables.
However, bisphosphonates are a prominent class of Re/Tc radio-
pharmaceuticals, which are currently used in the clinic and thus
should be mentioned in this review. These compounds have been
known to target bone cancer/metastases for over 30 years and clin-
ical trials are ongoing [175-181]. Specifically, a clinical trial initi-
ated in spring 2018 is currently recruiting patients and involve a
combination of ??>Ra chloride and '88Re-HEDP treatment. The
studied clinical condition is prostate cancer metastatic to the bone.
The study plans to involve 402 participants [182]. A detailed
review on treatment of bone metastases/cancer has been reported
by Finlay et al. [183] and the reader is directed there for more
details on this topic.

8. Summary of most effective compounds in various cell lines

After the in vitro studies carried out on different Re compounds
have been summarized in this work, it would be beneficial to com-
pare the effects of the compounds to evaluate their effectiveness
both in cell culture and in vivo.

In order to compare the results of the in vitro studies for evalu-
ation of the most effective compounds and to be able to interpret
the effects of the structure on cytotoxicity, the following issues
should be considered. First, the different (cancer) cell lines cannot
be directly compared since every cell line represents different
characteristics, receptors, and surroundings. Although, a particular
cell may originate from the same cancer tissue, the main character-
istic of cancer cells is their ability to adapt to cytotoxic conditions

and survive outside attacks, such as those from the body’s immune
system. Thus, independent evolution of separately treated cells
cannot be excluded and could explain some differences observed
in studies. While being aware of these factors, the enclosed data
compilation here provides a fast and informative tool to evaluate
biological effects of relevant compounds.

Importantly, comparison of ICsq values cannot be done across
different cell lines, and comparison should be done using the same
assay. Accordingly, a radioactive competitive binding assay is
hardly comparable to the colorimetric MTT assay; however, both
provide ICsq values, which can be compared within each assay. Fur-
thermore, when comparing ICso values obtained by the same assay,
the cell number/concentration (which is infrequently given in
experimental parts) and the incubation time (more frequently
given but not always) with the test compound are also crucial fac-
tors making both positive and negative controls in the assay sys-
tem relevant. Moreover, since the determination of the ICsg
values is dependent on the concentration of the test sample, it is
required for the compound to dissolve in the medium or DMSO.
Besides solubility, the speciation of the complex and its stability
under applied conditions is of great importance. Therefore, the bio-
processing and conversion/metabolism of the initially applied Re
complex to other Re-containing species through ligand exchange
and/or redox processes (referred to as the speciation of the com-
pound) must be evaluated [184]. If the Re-system in question is
not stable, other Re-derivatives will form and they may exert a
response. At radiotracer or therapeutic concentrations, the Re-
derivative that ultimately forms will be perrhenate due to its high
thermodynamic stability. However, depending on the system,
other Re intermediates may form before perrhenate is ultimately
obtained, whereas all these compounds may have different effects
on the cancer cells. Thus, the chemical processes occurring in the
cell culture and its medium are critical for what is observed
[37,184-186].

Table 31 gives a summary of the most cytotoxic compounds
surveyed in this review and serves to summarize the topic that
has been reviewed. For convenience of the reader, we have created
Fig. 34 that shows the most toxic compounds.
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Table 31
Most cytotoxic Re compounds and its ICso values for each cell line.
Cancer cell type Cell line Most active compound + ICsg Assay + incubation time Log P
value [uM] values
Cervical cancer Hela 52 1C50=0.106 MTT; no time given 1.05
125 IC50 = 0.03 MTT; 24 h after irradiation with

LEDS80 nm
Ovarian carcinoma cells A2780 167 1C50=0.150 MTT, 72 h 0.95
Cisplatin-resistant ovarian carcinoma cells A2780R 166 IC50 = 0.042 MTT, 72 h 1.20
Estrogen-positive breast cancer MCF-7 166 1C50=0.285 MTT, 72 h 1.20
Estrogen-negative breast cancer MDA-MB-231 97 1C50=0.248 Resazurin, 72 h
Mammary epithelial cell line MCF-10A 98 1C50=0.023 Resazurin, 72 h
Epidermoid carcinoma A431 130 1C50=2.0 MTT, 72 h
Malignant melanoma A375 14 1C50=12.5 MTT, 72 h
Lung adenocarcinoma epithelial cells A549 167 IC50=0.15 MTT, 72 h 0.95
Cisplatin-resistant lung carcinoma cells A549cisR 67e IC50=0.75 MTT, 48 h, dark
Murine lung carcinoma LLC 57 1C50=4.8 WST-1, 24 h 0.98
Colon carcinoma cells HT-29 166 ICso = 0.085 MTT, 72 h 1.20
Pancreatic adenocarcinoma PT-45 18 1C50=25.8 MTT, 72 h
Hepatocellular liver carcinoma HepG2 67b IC50=2.1 MTT, 48 h, dark 3.12
Murine skin carcinoma B16 10 IC50=9.82 Resazurin, 24 h
Myelogenous leukemia cell line K562 127 1C50=3.0 MTT, 48 h
Human acute T lymphoblastic leukemia MOLT-4 157 ICs0=1.0 MTT, 24 h

MOLT-3 115 IC5s0 = 3.01 Trypan blue; no time given
Leukemia monocytic cells THP-1 112 1C50=2.1 Trypan blue; no time given
Human Osteosarcoma u20s 167 1C50=0.209 MTT, 72 h 0.95
Prostate cancer cells PC3 166 1C50=0.27 MTT, 72 h 1.20
Healthy cell type
Hepatic cells LO2 67¢1C50=3.1 MTT, 48 h
Embryonic kidney cells expressing mutant SV40 large HEK293T 93 1C50=2.1 MTT, 48 h 3.63
T antigen
Lung fibroblasts MRC-5 167 1Cs = 0.709 MTT, 72 h 0.95
Fibroblasts (murine) Fibroblasts (like NIH/ 93 IC50=1.8 MTT, 48 h 3.63
3T3)

Most of the compounds listed in Table 31 are organometallic Re
(I) complexes, but there are also two Re(V)oxo complexes (166 and
167). The first part of the table lists different cancer cell lines and
the corresponding most cytotoxic compounds. It has to be noted
that the cell lines listed are those used in the studies reported
and not necessarily the most suitable cell line to use to study a
specific form of cancer. Cell culture studies will provide informa-
tion on cytotoxicity but results and interpretation will depend in
part on the cell line chosen. Cell culture studies provide some data,
which allows for analysis of effects prior to embarking on more
expensive and demanding in vivo studies. The second part of
Table 31 contains a few different non-cancerous cell lines and
the effects of Re compounds on these systems. A comparative eval-
uation of the compounds in healthy cells provides insight into the
compounds’ toxicity for healthy cells and therefore the possibility
of side effects. Thus, the compounds having the lowest ICsq values
in healthy cells, namely 67c, 93 and 167, are possibly too toxic for
in vivo applications, although only the performance of in vivo
experiments will demonstrate how toxic the compounds are. How-
ever, in the case of the Re(V)oxo complex 167 (IC5o = 0.709 in MRC-
5 lung fibroblasts) no weight loss or other signs of toxicity was
observed when administered to mice [116]. This important finding
was addressed in the in vivo studies of these compounds counter-
ing the expectations that they would be toxic to healthy cells.

Phenyl-phenanthroline ligands, as used for Re(V)oxo coordina-
tion complexes 166 and 167, are also used for Re(I) carbonyl
organometallic complexes, like 67b, 67c, 67e, 75, 87, 88 and 97,
which all have comparable ICsy values of 0.3 to 5uM in Hela,
MCF7 or A549 cells, respectively (see Tables 24, 12, 13, and 16).
Therefore, these phenanthroline based ligands were found to stabi-
lize Re in different oxidation states, like Re(I), Re(V) and Re(VII)Os,
however, the latter was not tested for its ICsq value in different cell
lines but in antibacterial assays, showing a certain amount of
antibacterial activity. Therefore, it would appear that complexes

with this ligand are very promising for the development of biolog-
ically highly active Re complexes. However, the toxicity of these
complexes should not be considered without examining the
phenanthroline ligands alone, as it is well-known that the phenan-
throline ligand by itself is cytotoxic [187]. In this case, the stability
and speciation of the compounds become very important in deter-
mining if the phenanthroline dissociates [184-186,188]. If so, the
observed toxicity of these metal complexes are much less interest-
ing and promising, because the likelihood that such systems would
be further developed is very low.

Most of the compounds shown in Fig. 34 contain the Re(I)(CO)3
unit. This demonstrates that most of potent effects have been
observed with organometallic Re compounds. Furthermore, in
large parts of the cell lines listed in Table 31, the more active Re
complexes are coordinated to phenanthroline-based ligands.
Moreover, 166 and 167 represent the most active compounds
reviewed in here, as they display the highest activity in 7 out of
21 different cancer cell lines listed in Table 31. Investigations on
the mechanism of action of these compounds suggest, among other
characterized effects, a necroptotic cell death with mitochondrial
damage. This is supported by a log P value between 0 and +5,
which is consistent with mitochondrial accumulation. The deter-
mined log P values are 1.2 and 0.95 for compounds 166 and 167,
respectively (see Table 31). Mitochondria are essential for energy
production in eukaryotic cells and therefore their survival. In addi-
tion, they regulate intrinsic pathways leading to apoptosis, necrop-
tosis and non-apoptotic cell death. Consequently, the mitochondria
regulate fundamental functions in healthy and cancerous cells.
Therefore, it is not surprising that attributes of cancer cells like
excessive proliferation are linked to mitochondrial dysfunction
and that anticancer research is developing mitochondria-
targeting compounds [189].

It is often observed that the higher the lipophilicity (positive log
P value) of the compounds, the lower the ICsy value will be (see
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Table 31). Nevertheless, an increased lipophilicity may lead to
decreased solubility, enhanced liver uptake and may cause lower
clearance from non-target tissues. However, the activity is also
highly dependent on cellular uptake, molecular size, charge, and
therefore speciation [184-186,188]. Even small changes in the con-

stitution of the compounds can have a big influence, as it is shown
for the compounds in Tables 12, 20 and 22. Accordingly, the com-
plexes listed in Table 22 show formation of dimers in solution after
loss of ancillary coordinated bromide, which results in increased
lipophilicity and cytotoxicity. These results are supported by previ-
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ous reports documenting that the speciation involved plays an
important role, because any bioprocessing of the administered
drug can affect uptake [185]. A possible explanation for increased
cytotoxicity by such small molecular changes might be the
increase in lipophilicity, and this is certainly the case for the com-
pounds in Table 16. However, a good systematic study of the cyto-
toxicity of different (CO);Re(I) compounds in ASCP-1 pancreatic
cells show that a greater influence is observed by the exchange
of the ancillary ligand. An increase in cytotoxicity was shown in
the order Br<NCS<Cl<1I in cancer cells. The order changed to
Cl ~Br <1< NCS in healthy cells (see Tables 19 and 20). Further-
more, for Re(V)oxo compounds, similar observations were made
by evaluating different structurally related ligands indicating that
chelating ligands increase the stability, leading to a decrease in
cytotoxicity (see Table 25). Therefore, for the development of
potent cytotoxic compounds, the right balance between stability
and lability as well as lipophilicity and hydrophilicity must be
found.

Although (CO)sRe(I) complexes have been extensively studied
in recent years, there are only a limited number of Re complexes
that are studied in vivo. The reviewed in vivo studies include two
studies on Re(I) tricarbonyl compounds, one study dealing with
dirhenium(Ill) complexes encapsulated in liposomes, one study
performed on Re(V)oxo complexes, two studies on hexarhenium
cluster compounds and one on NIS addressing ®8Re0y.

Re compounds, which are currently in or have previously been
in clinical trials include Re-bisphosphonates, Re-labeled liposomes,
Re-peptide or Re-protein complexes, Re-sulfide material and Re(V)
oxo complexes. The analysis shown in this work points to the fact
that the organometallic Re(I)(CO)s-containing compounds, particu-
larly those with phenanthroline ligands, are particularly potent in
cell culture work. However, none of these compounds made it to
clinical trials. Some studies indicate, that this might be due to
the high toxicity of the phenanthroline ligand, however, in other
cases, in vivo studies have been done suggesting that the toxicity
is not great for these systems.

9. Conclusions

The development of potent anticancer agents starts with the
selection of compounds based on their in vitro activity. This is com-
monly evaluated by the effect of the compounds on the growth of
appropriate cell lines and determination of the half-maximal inhi-
bitory concentration (ICsg) after treatment with a test compound.
Making use of results obtained by this method, this review focuses
on the cytotoxicity of Re compounds classified by their oxidation
state in order to identify the most cytotoxic Re complexes. In addi-
tion to providing ICso data, this review also highlighted correla-
tions and basic information on the systems and (if available)
modes of action. Furthermore, the few in vivo studies reported
for non-radioactive Re complexes are reviewed. Finally, the most
cytotoxic Re compounds reported are compared to the classes of
compounds that have made it to the 14 clinical trials, some of
which are currently active while others have been completed.
The compounds that have or are in clinical trials include Re-
bisphosphonates, Re labeled liposomes, Re-peptides or Re-protein
complexes, Re-sulfide materials and Re(V)oxo complexes. Surpris-
ingly, no (CO)3Re(I) compounds have made it to clinical trials. Con-
sidering that this class of Re compounds is the one most frequently
studied in cell culture, might be to expect that at least some one of
these compounds would have been considered for human studies.
As described in this review, the reasons for such discrepancy can be
attributed to the toxicity on healthy cells, bioprocessing, com-
pound stability, toxicity of the ligand itself or many other factors.
However, this review demonstrates that the area of Re chemistry

is of growing interest in medicine and provides guidelines for
future applications.
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