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30 years of the drug candidate NAMI-A and the myths in the field 

of ruthenium anticancer compounds: a personal perspective 

Enzo Alessio*[a] 

 

Abstract: As anticipated in the title, this contribution is basically 

divided into two, strictly connected, parts. The first contains a 

personal overview of the ruthenium drug candidate NAMI-A, almost 

30 years after its making and the discovery of its unprecedented 

antimetastatic properties in animal models at non-toxic dosages. The 

sections concerning the chemical and biological behaviors of the 

complex, and the hypotheses on its mechanism(s) of action, are kept 

to a minimum, whereas more space is devoted to discuss the results 

of the clinical investigations. The second part of this review treats in 

detail a number of undemonstrated commonplaces (or myths) that, 

over the years, have thrived around NAMI-A and other ruthenium 

drug candidates, thus affecting negatively the whole field of Ru 

anticancer drugs. 

1. Introduction 

NAMI-A, a Ru(III) coordination compound of formula [ImH][trans-

RuCl4(dmso-S)(Im)] (dmso-S = sulfur-bonded dimethylsulfoxide, 

Im = imidazole, Figure 1), was the first ruthenium anticancer 

compound to be studied on human beings: In 1999 a phase I 

clinical investigation was performed.[1] This was followed a few 

years later by a phase I/II therapeutic combination study with 

gemcitabine in patients with non-small cell lung cancer (NSCLC) 

after first line therapy.[2] To the best of my knowledge, at this 

moment NAMI-A is the only Ru compound to have reached the 

phase II stage. 

The first papers reporting the peculiar anticancer properties of 

this complex date back to 1992 and concerned the predecessor 

of NAMI-A, i.e. its sodium salt version Na[trans-RuCl4(dmso-

S)(Im)] (NAMI,[3] Figure 1).[4,5] They were preceded in 1991 by a 

report on the related neutral complex mer-RuCl3(dmso)2(NH3), 

investigated initially and later abandoned.[6] However, this class 

of Ru(III)-dmso complexes was patented as early as 1989 in 

Italy and in 1990 worldwide,[7] and of course the experimental 

work started a few years before. Thus, I thought it would have 

been appropriate – almost 30 years after its discovery – to give 

a personal critical account of this iconic complex. 

Even though I have been actively involved in the development of 

NAMI-A since the beginning, and I was the sponsor of the phase 

I/II clinical investigation, the major contributions have to be 

ascribed to two other scientists: Giovanni Mestroni, a chemist, 

and Gianni Sava, a biologist. It is by virtue of their intuition and 

tenacity that an unpretending coordination compound became a 

milestone in the field of anticancer metal compounds.  

Most of the initial work on NAMI/NAMI-A, both from the chemical 

and biological point of view, was performed at the University of 

Trieste. Along the way, other fundamental contributions came 

from around the world, the most relevant being from the groups 

of B. K. Keppler, L. Messori, P. A. Lay, and C. J. Walsby. 

Over the years several review articles, some of which are quite 

recent, have summarized in detail the main features of NAMI-A 

(or NAMI).[8-19] For the sake of avoiding unnecessary repetitions, 

I will keep to a minimum the parts concerning the chemical and 

biological behaviors of the complex, and the hypotheses on its 

mechanism(s) of action, whereas more space will be devoted to 

discuss the results of the clinical investigations. In the second 

part of my contribution I will extensively treat a number of 

undemonstrated commonplaces (or myths) that are affecting 

negatively the field of Ru anticancer drugs. This will give me the 

opportunity to discuss in more details some aspects of NAMI-A 

and of other ruthenium drug candidates. 

Figure 1. The most studied Ru(III) anticancer drug candidates. Depending on 
the publication, KP1019 is sometimes also called FFC14, or FFC14a, or 
FFC14A. The sodium salt of KP1019, besides KP1339, is also called KP-
1339, or NKP1339, or – more recently – IT139. 

2. The beginning 

It has to be made clear since the beginning that there has been 

no design in the synthesis of NAMI. At the time, while working 
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on Ru(II)-dmso complexes, we isolated the Ru(III) precursors 

(dmso)2H[trans-RuCl4(dmso-S)2] and mer-RuCl3(dmso)3 (Figure 

2).[20] Soon we found that in both species one of the two trans 

dmso-S ligands could be easily replaced by an N-donor ligand L 

(L = ammonia, pyridyl or azole ligand). Thus, NAMI was 

prepared together with a series of anionic Na[trans-RuCl4(dmso-

S)(L)] complexes with the same geometry and of structurally 

related neutral compounds of the general formula mer-

RuCl3(dmso)2(L).[21] Our findings proved to be very timely since, 

starting from 1986, B. K. Keppler and co-workers had reported 

that Ru(III)-azole complexes, such as (ImH)[trans-RuCl4(Im)2] 

(KP418) and (IndH)[trans-RuCl4(Ind)2] (KP1019, Ind = indazole) 

(Figure 1), have excellent anticancer activity in several animal 

models, including a platinum-resistant chemically induced 

autochthonous colorectal tumor model that resembles the 

human situation very closely.[22-27] The obvious structural 

similarities between the Keppler’s-type compounds and our 

newly developed Ru(III)-dmso-L compounds prompted us to 

investigate their anticancer properties. Among them, NAMI was 

eventually selected because of its activity and low toxicity (see 

below) and, at a later stage, replaced with the imidazolium salt 

NAMI-A, which is characterized by an improved synthesis, a 

better stability in the solid state, and maintains good water 

solubility.[28] 

  

Figure 2. The anionic (left) and neutral (right) Ru(III)-dmso precursors. The 

anionic complex is obtained from an acidic solution, with protonated DMSO as 

counterion. The sodium salt is easily obtained by cation metathesis.
[20] 

3. Main biological and chemical features of 
NAMI-A 

3.1. Anticancer activity 

Owing to the results published by Keppler and co-workers in the 

late 1980s,[22-26] NAMI and its congeners were firstly investigated 

in vivo. In mice NAMI/NAMI-A demonstrated excellent and 

selective activity against lung metastases of a number of solid 

metastasizing tumors, including a NSCLC of human origin 

engrafted in the nude mouse.[4,5,29-34] Most significantly, 

metastasis reduction (up to 100%) occurred in the absence of 

significant reduction of primary tumor growth, thus suggesting 

since the beginning the occurrence of a mechanism of action 

different from that of Pt anticancer drugs. 

It is fair to say that the main objective of cancer chemotherapy is 

the elimination of the residual tumor, often represented by 

disseminated metastases, after removal/reduction of the primary 

lesion by surgery and/or radiotherapy.[19] Thus, the success of a 

chemotherapy drug is strictly connected to its effectiveness 

against tumor metastases rather than the primary lesions. As a 

consequence, the selective antimetastatic activity of NAMI-A, 

together with its relatively mild toxicity in the animal models, 

were particularly exciting findings. 

3.2. Cytotoxicity and cellular uptake 

The peculiar in vivo activity of NAMI-A is mirrored by its in vitro 

behavior. Contrary to cisplatin and other Pt anticancer drugs, 

NAMI-A is basically non-cytotoxic against solid tumor cell lines. 

It showed no activity in the 60-cell line NCI panel for in vitro 

anticancer drug screening.[19] When compared with cisplatin on 

several tumor cell lines under the same incubation conditions, 

NAMI-A was on average more than 1000 times less cytotoxic.[35] 

Nevertheless, in sharp contrast with the above-reported findings, 

NAMI-A was recently found to inhibit strongly the proliferation of 

several leukemia cell lines, both myeloid and lymphoid, even at 

low micromolar concentrations.[36]  

The substantial lack of cytotoxicity against solid tumor cell lines 

is most likely related to the fact that NAMI-A undergoes rapid 

extracellular transformations and its metabolites interact 

predominantly with cell walls and are not significantly 

internalized by cells.[15,37] Consistent with this picture, 

experimental evidence suggests that the significant 

antiproliferative effects of NAMI-A in leukemia cells most likely 

are caused by the selective blockade of KCa 3.1 channels.[36]  

In addition, it must be taken into account that the cell lysis 

procedure does not allow to distinguish between Ru internalized 

and Ru associate with cell membranes.[35] Thus, even the 

modest cellular uptake of Ru observed when cells are treated 

with high concentrations of NAMI-A (> 100 M) might derive, at 

least in part, from a false positive. Indeed, when Ru was 

determined by X-ray fluorescence imaging of single cells it was 

found that the internalization of NAMI-A by cultured human 

cancer cells was negligible.[38]  
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3.3. Other in vitro properties related to antimetastatic 

activity 

Besides cytotoxicity, other cellular effects induced by NAMI-A 

are related to cellular uptake (i.e. to intracellular Ru 

concentration), such as the transient block of cell cycle 

progression at G2-M premitotic phase,[39] DNA and RNA 

binding,[35,40] and the inhibition of matrix metalloproteinase 

(MMP-2 and MMP-9) release.[41,42] They occur when cells are 

challenged with relatively high concentrations of the complex 

(typically > 100 M). Other properties, that concern the 

interactions between tumor cells and the extracellular matrix, 

such as increased cell adhesion, reduced cell motility, and 

decreased ability of cells to penetrate into collagen gels occur at 

much lower, and physiologically relevant, concentrations of 

NAMI-A (1 – 10 M), are unrelated to the penetration of the 

compound into cells, and are believed to be markers for the in 

vivo antimetastatic activity.[33,34,43-46] In addition, NAMI-A was 

found to block, at micromolar concentrations devoid of 

cytotoxicity, the key steps of angiogenesis, i.e. endothelial cell 

proliferation and migration stimulated by the vascular endothelial 

growth factor (VEGF).[47] 

It is worth noting that the substantial lack of cytotoxicity is not a 

feature shared by all the NAMI-type complexes that were tested. 

We found that, upon increasing the size and aromaticity of the 

nitrogen ligand (i.e. the lipophilicity of the complex), in vitro 

cytotoxicity increased. The most lipophilic complex among those 

tested, Na[trans-RuCl4(TMSO)Iq] (TMSO = 

tetramethylenesulfoxide; Iq = isoquinoline), showed significant 

cytotoxicity in vitro and greater Ru uptake by tumor cells, but 

was not antimetastatic in vivo.
[44]

 In other words, ruthenium 

uptake by tumor cells accounts for in vitro cytotoxicity but not for 

other in vitro actions connected to in vivo antimetastatic activity. 

In conclusion, it is fair to say that NAMI was not selected among 

the other complexes of the same class despite its lack of 

cytotoxicity, but – on the opposite – it was selected because of 

its lack of cytotoxicity, with the purpose of investigating a 

compound that was capable of reducing the metastases 

significantly at dosages that were moderately toxic in vivo in the 

animal tests. 

Activity disconnected from toxicity is an important goal. The 

literature shows that very often the efforts for finding novel 

metal-based anticancer drugs are over-simplified and become a 

quest for finding the most cytotoxic metal compound, thus 

forgetting the lesson taught by carboplatin.[48-50] The NCI 

Anticancer Drug Screen shows that carboplatin has a drug 

sensitivity profile similar to cisplatin (which means cross-

resistance), together with a positively lower average 

cytotoxicity:[51] apparently two good reasons for discarding this 

compound, that nevertheless is in successful clinical use 

worldwide since FDA approval in 1989. In other words, not 

necessarily strong cytotoxicity is a positive feature in the 

development of a successful anticancer compound. 

3.4. Chemical behavior 

Although NAMI-A is stable in the solid state, in solution it 

undergoes aquation processes that are strongly pH-

dependent.[8,9,11,32,52] At physiological pH and 37°C (phosphate 

buffer, NaCl 0.9%) stepwise dissociation of two chlorides from 

NAMI-A occurs within minutes. This process, accompanied by 

progressive release of the dmso-S ligand, eventually leads to 

the formation of uncharacterized dark-green polyoxo species. 

However, aquation processes are almost completely suppressed 

at room temperature and slightly acidic pH (3-5), where only 

slow dissociation of dmso (ca. 2 % per hour) occurs. These are 

the conditions selected for the administration of NAMI-A to 

patients by slow infusion. Owing to the presence of the 

moderate -acceptor dmso-S, NAMI-A has a relatively high 

reduction potential (E° +235 mV vs NHE).[21,32,53] Most of the new 

species formed during aquation of NAMI-A (except those without 

dmso-S) have a higher redox potential compared to the parent 

compound and should be more easily reduced.[54,55]  

The stability studies performed on NAMI-A in aqueous solution, 

other than allowing us to establish the best conditions for the 

administration, proved however to be scarcely relevant to 

describe (or even to predict) what happens in vivo. In fact, as 

discussed in more detail in the second part of this paper, the 

experimental evidence suggests that in vivo NAMI-A loses all 

the original ligands rather rapidly. In other words, NAMI-A can 

be considered as the ultimate prodrug, the typical example of 

what I earlier defined the “multistage rocket model” (Figure 3).[56] 

Platinum anticancer drugs are characterized by the presence of 

leaving ligands that – like the stages of a rocket – dissociate 

along the way to the target and open up coordination positions, 

and by supporting ligands that remain bound to the metal and 

contribute to tune its properties. When this behavior is brought to 

the extreme limit, as with NAMI-A, only the metal ion (the 

warhead of the rocket) reaches the target and all the original 

ligands are progressively lost. In other words, in this type of 

compounds there are no supporting ligands and there is no 

control on the timing and location of ligands release after 

administration.  

 

 

 

 

 

 

 Figure 3. The multistage rocket model. 
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2.3. Mechanism(s) of action 

Despite the numerous investigations performed, the mechanism 

of action of NAMI-A is still unknown. Indeed, the absence of 

identified target(s) as well as of clear activity markers are  

negative features of this compound.[19]  

NAMI-A is capable to bind to DNA and RNA, both in vitro and in 

cellulo (even though less effectively than cisplatin).[35,40,57,58] 

However, as said above, such interactions occur at 

concentrations that are not physiologically relevant and thus are 

considered to be scarcely significant for explaining the 

antimetastatic action of NAMI-A.[15,19,37] The binding to serum 

proteins will be treated in detail in the second part of the paper. 

As mentioned already, Ru metabolites from NAMI-A are not 

significantly internalized by cells, and interactions with actin-type 

proteins on the cell surface,[34,45] and with collagens of the 

extracellular matrix,[33,59] leading to reduced mobility of invasive 

cancer cells, are believed to be involved in the mechanism of 

action of the compound. In addition, NAMI-A was found to inhibit 

in vivo angiogenesis induced by VEGF.[47] 

 4. Results of clinical investigations 

The results of the clinical investigations are the most important 

outcome in the development of a drug candidate. Speculations 

and discussions about druggable targets and mechanisms of 

action are necessary and intellectually rewarding, but the clinical 

results are the real thing and determine whether a compound 

will proceed any further. They provide precious information and - 

as demonstrated by the history of Pt drug candidates - are 

largely unpredictable and often unrelated to the results obtained 

on animals in preclinical studies.[60]
  For this reason the outcome 

of the clinical investigations performed on NAMI-A will be 

summarized here in some detail.  

A phase I dose-escalation and pharmacokinetic study, started in 

1999 and reported in 2004,[1] was performed at the National 

Cancer Institute of Amsterdam (NKI) on 24 patients, with 

different types of solid tumors. NAMI-A, dissolved in 

physiological saline, was administered (with pre- and post-

hydratation) by i.v. infusion over 3 h daily for 5 consecutive days 

every 3 weeks. Patients were treated at 12 dose levels (2.4 – 

500 mg/m2/day). Overall, toxicity was rather moderate. Adverse 

events (mainly starting from doses > 76.8 mg/m2/day) were 

hypersensitivity reactions and phlebitis. Nausea, vomiting and 

diarrhea were significantly disabling, but nevertheless treatable. 

Mild renal disfunction (completely reversible) was observed at 

the highest doses. Hematological toxicity was negligible. Dose 

limiting toxicity (DLT) – in the very unusual form of persistent 

painful blisters that developed on fingers and toes – was found 

at 500 mg/m2/day. Intriguingly, ruthenium concentration in these 

blisters was below the limit of detection. The advised dose for 

further testing of NAMI-A with this schedule, i.e. the maximum 

tolerated dose (MTD), was determined to be 300 mg/m2/day. 

Consistent with the above toxicity profile, quite different from that 

of the platinum anticancer drugs, ruthenium-GG and -AG 

adducts could not be detected in DNA extracted from white 

blood cells, even at the highest doses.[61] On the other hand, in 

agreement with several in vitro studies (see below), NAMI-A was 

highly bound to plasma proteins, thus acquiring a relatively long 

retention time. One patient (out of the 20 that were found eligible 

for response evaluation) with pretreated and progressive 

NSCLC had stable disease for 21 weeks. This result, together 

with the pharmacokinetic analysis, suggested that future phase 

2 investigations on NAMI-A might include NSCLC and – in 

addition – that a better therapeutic index might be obtained with 

a weekly i.v. administration of the compound. 

In 2008 a phase I/II study was started at NKI in which NAMI-A 

was given in combination with gemcitabine to 32 patients with 

advanced NSCLC after first line treatment.[2] In addition to the 

above reported findings, the choice of NSCLC was suggested 

also by the excellent activity shown by NAMI-A against lung 

metastases in preclinical studies. The combination with 

gemcitabine was suggested by the fact that 

gemcitabine/cisplatin regimens are among the most widely used 

in Europe for first-line treatment of NSCLC.[62] In animal models 

the activity of NAMI-A had been found to have a synergistic 

behavior with conventional anticancer drugs such as 5-

fluorouracil,[29] cisplatin,[63] and doxorubicin,[64] and preclinical 

studies with NAMI-A and gemcitabine administered 

intravenously to mice gave very promising results. 

The phase I of the study was aimed at establishing the optimal 

dose of the combination of NAMI-A and gemcitabine (given at 

the typical dose of 1,000 mg/m2). Initial dose escalation of NAMI-

A was performed in a 28 day cycle. Subsequently, due to 

frequent neutropenic dose interruptions in the third week when 

NAMI-A dose was increased, the 28 day schedule was amended 

into a 21 day cycle. The MTD of NAMI-A was found to be 300 

mg/m2 in the 28 day cycle (3 h infusion on days 1, 8 and 15, 

gemcitabine given at days 2, 9 and 16) and 450 mg/m2 in the 21 

day cycle (NAMI-A administered at days 1 and 8, gemcitabine at 

days 2 and 9). These doses are similar to those tested in 

carboplatin/gemcitabile regimens.[65] A further dose escalation of 

NAMI-A to 600 mg/m2 was found to induce dose limiting toxicity. 

Besides neutropenia, the main non-hematological adverse 

events concerned elevated liver enzymes, transient creatinine 

elevation, nausea, vomiting, constipation, diarrhea, fatigue, and 

renal toxicity. Blister formation on fingers was observed only at 

600 mg/m2. Overall, many patients found the study as very 

exhausting. The 21 day regimen was used for the phase II part 

of the study, in which 15 patients were treated with the MTD of 

NAMI-A established in phase I with the aim of assessing the 

antitumor activity according to RECIST criteria for solid 

tumors.[66] Out of the 27 patients evaluable for response, partial 

remission was observed in 1 case (at 300 mg/m2 in the 21 day 

schedule) and stable disease for at least 6-8 weeks in 10 

patients. These results were not sufficient to warrant the further 

expansion of the phase II cohort with additional 12 patients. 

Overall, the efficacy of the treatment was lower than expected 

for gemcitabine alone and it was declared to be “insufficiently 

effective for further use”.[2] 

Many can be the reasons for the substantial failure of this clinical 

investigation (besides the obvious possibility that the compound 

is simply not good enough, or that a human being is not a 75 kg 
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mouse): the wrong tumor model was chosen, the wrong 

therapeutic combination was chosen, the wrong administration 

schedule…. In my opinion the main reason has a more 

philosophical, but nevertheless fundamental, nature: NAMI-A is 

not a classical “cisplatin-like”, straight cytotoxic agent, but it was 

treated as such, attempting to reach always the MTD. The 

schedule adopted has maximized the toxicity to the detriment of 

activity.[19] It might be argued that, being myself a chemist and 

not an oncologist or a biologist, mine is no more than a 

common-sense, uneducated opinion. Nevertheless, it is 

supported by experimental evidence. The cellular effects of 

NAMI-A that typically correlate with the in vivo anti-metastatic 

activity were detected at doses 100- to 1000-times below those 

inducing cytotoxicity. [33,34,43-47] Preclinical studies demonstrated 

that the effect of NAMI-A in metastasis inhibition was 

independent of the administered dose, frequency as well as 

route of administration.[67] Finally, in the clinical studies the 

cases of stable disease (phase I) and partial response (phase 

I/II) were all found at the lowest doses of NAMI-A. 

5. Undemonstrated commonplaces (myths) in 
the field of Ru anticancer compounds 

The field of ruthenium anticancer compounds is ridden by a 

number of undemonstrated commonplaces, scientific urban-

legends or myths, that can be found in the introduction of most 

papers (including some that have myself among the authors) 

and – above all – in most review articles.[8-14,68-74] Typically they 

are general statements that, despite not being supported by 

sound experimental evidence are nevertheless uncritically 

propagated to such an extent that they become universally 

accepted, i.e. they become – by all means – true. In the best 

cases, what has been experimentally demonstrated for one, or 

for a very limited number of specific ruthenium compounds, is 

uncritically extended to “all ruthenium compounds”. In other 

cases, what was originally proposed as a tentative hypothesis is 

promoted, by the sheer weight of repetition, to the level of an 

established truth in subsequent papers without being supported 

by any additional experimental evidence (despite being often 

accompanied by cautionary meek remarks such as it is believed, 

it seems, it is suggested…).  

If such commonplaces were acceptable, or at least admissible, 

in the early days of ruthenium anticancer drugs, the growing 

experimental evidence accumulated in the last decade makes 

them intolerable now. This section deals with the most relevant 

of such commonplaces (Figure 4), expanding the considerations 

previously done by Bergamo and Sava,[75] and by others.[16]  

Ru
1

2

3

54

 

Figure 4. The myths in the field of Ru anticancer drugs that, like a number of 

planets, orbit around ruthenium (and some also around one another): 1) Ru 

compounds have low toxicity because ruthenium mimics iron; 2) Ruthenium 

compounds have slow rates of ligand exchange, comparable to those of Pt(II) 

drugs; 3) Activation by reduction hypothesis; 4) Ruthenium compounds 

accumulate specifically in cancer tissues…. 5) …. because their uptake is 

mediated by transferrin 

5.1. Ru compounds have low toxicity because ruthenium 

mimics iron in binding to biomolecules  

First of all, the generalization that ruthenium compounds have 

low toxicity is untrue and often confuses toxicity with cytotoxicity, 

that are not necessarily clearly related. Indeed there are 

compounds, such as NAMI-A, that are poorly cytotoxic in vitro 

(see above) but, as the clinical investigations demonstrated, can 

become quite toxic in vivo (depending quite obviously on the 

dose administered). Conversely, the Keppler‘s compound 

Na[trans-RuCl4(Ind)2] (KP1339, Figure 1) is moderately more 

cytotoxic than NAMI-A against tumor cell lines,[76,77] but – when  

investigated in a phase I study – proved to be less toxic in vivo, 

and doses as high as 780 mg/m2/day were given to patients with 

very limited adverse effects.[78] On the other hand there are 

numerous examples of ruthenium compounds that have in vitro 

IC50 in the low micromolar range, i.e. comparable to – or lower 

than – that of cisplatin, depending on the cell line.[79-83] For 

example, the mean IC50 value of the [(η6-biphenyl)RuCl(en)][PF6] 

piano-stool compound (RM175, en = 1,2-diamminoethane) 

against a panel of 13 cell lines was 3 μM, with values in the sub-

micromolar range against some cell lines.[84,85] Most often the 

cytotoxicity is strictly connected to the lipophilicity of the complex. 

The title statement about ruthenium mimicking iron needs a 

detailed discussion. From textbooks it is well-known that, among 

transition metals belonging to a triad, the similarities between 

the one in the first row and its heavier congener (i.e. between Fe 

and Ru in this case) are indeed poor. Iron and ruthenium have in 

common not much more than the two main oxidation states and 

the octahedral geometry. Comparison of the ionic radii of 

Fe(II)/(III) and Ru(II)/(III) is a difficult – if not altogether 

impossible – task, since the radius of iron depends remarkably 

on the spin state. Nevertheless, according to available literature 

data,[86-88] the crystal ionic radius of six-coordinate Ru(III) (68 

pm) is significantly larger than that of Fe(III) in both spin states 

(55 pm l.s., 64.5 pm h.s.). Aside from the different dimensions, 

the redox, hard-soft, and kinetic properties of the two metals, not 

to mention their Lewis acidity and the pKa of coordinated water 

molecules, are quite different. Ruthenium, in both oxidation 

states, is much softer and kinetically more inert (being always 

low spin) compared to iron. Thus, to begin with, ruthenium is not 

such a good mimic of iron at all. In addition, the binding sites of 

iron proteins and enzymes (e.g. apo-transferrin) are specific for 

iron cations, and it is not easily understood how they should 

manage to bind efficiently ruthenium species if they have 

residual ligands and different net charge. Finally, and most 

importantly, replacement of iron in crucial biomolecules with an 

element that has different kinetic and thermodynamic 

parameters is expected to lead to the opposite outcome, i.e. to 

toxicity! This is believed to be the reason for the anticancer 
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activity of Ga(III), which indeed is a good mimic of Fe(III) in 

terms of charge, size, hardness and Lewis acidity but has no 

redox chemistry, thus its trafficking in the cell is expected to be 

different.[89] For example, Ga(III) binds specifically to apo-

transferrin (hsTf) and is transported actively into cells through 

the iron uptake route (see below). However, the release of 

Ga(III) from the endosome is thought to be blocked due to its 

inability to be reduced, resulting in the  depletion of available 

hsTf and starving cancer cells of vital Fe(III).[90] In addition, 

Ga(III) competes with Fe(III) for the same binding sites in 

enzymes such as ribonucleotide reductase, which is inhibited by 

the binding of this redox-inactive ion.[91] Thus, it is extremely 

unclear why, in the case of ruthenium, replacement of iron in 

crucial biomolecules should lead to low toxicity. Indeed, Harris 

and coworkers found modulation of iron distribution in cells 

treated with KP1019, and suggested that the toxicity of the 

ruthenium compound might be related to the perturbation 

induced in iron metabolism.[38]  

5.2. Ruthenium compounds have slow rates of ligand 

exchange, comparable to those of Pt(II) drugs  

According to this statement, metal compounds that have ligand 

exchange rates within the range of one to two hours, i.e. 

comparable to those of many cellular division processes, are 

likely to show high anticancer activity.[92-94] This is indeed the 

case of Pt(II) anticancer compounds, that have a slow ligand-

exchange behavior and high kinetic stability: in chloride-free 

phosphate buffer, pH 7, cisplatin has a half-life of 2.4 h, whereas 

carboplatin has a half-life of 268 h.[95] In textbooks, both Ru(II) 

and Ru(III) ions are classified as inert, without distinction 

between the two oxidation states.[96] Typically, such definitions 

derive from the investigation of simple, “Werner-type” 

coordination compounds and most often concern ligand 

exchange rates for metal-aqua complexes (every inorganic 

chemist is familiar with the textbook graph based on the work 

from Taube)[97] and should not be uncritically extended and 

generalized. First of all, the investigated anticancer ruthenium 

compounds have very diverse structures. Typically they have a 

net charge that ranges from -1 to +2 and bear different ligands, 

some of which can be very stable and inert whereas others are 

exchanged rapidly in solution. Curiously, among the most 

investigated and prototypal Ru anticancer drug candidates, only 

KP1019/KP1339 is relatively inert. The fact that NAMI-A is not 

inert towards ligand loss in physiological conditions has been 

mentioned already. It reacts even faster with biomolecules: for 

example, binding to histidine residues of serum albumin (hsA or 

bsA) occurs within minutes even at 25°C,[98,99] and in the same 

short time-range it was found capable to increase the pro-

adhesive activity when incubated with KB cells at 1 M 

concentration.
[45]

 Also the reaction of the more inert KP1019 

with hsTf and hsA was found to be complete in less than 5 

min.
[100]

 The Ru(II) organometallic lead compounds [Ru(6-

biphenyl)Cl(en)](PF6) (RM175) and  [Ru(6-p-cymene)Cl2(PTA)] 

(RAPTA-C, PTA = 1,3,5-triaza-7-phosphoadamantane) very 

rapidly (seconds to minutes) exchange the chlorides upon 

dissolution in water: The rate of aquation of RM175 (310 K, ionic 

strength of 0.1 M) is an order of magnitude faster than that of 

cisplatin,[101] whereas RAPTA-C releases the first chloride ca. 

two orders of magnitude faster than cisplatin, and also the 

second one is partially displaced.[102,103] Thus, even though 

aquation – as for cisplatin – is suppressed at high chloride 

concentrations (however this is not the case for NAMI-A, see 

above), the ligand exchange rates of these half-sandwich 

compounds are much higher compared to Pt(II) complexes, and 

similarly are the interactions of the corresponding aqua species 

with biomolecules: For example, RM175 and similar 

organometallic Ru(II) complexes bind to CT-DNA in cell-free 

medium an order of magnitude faster than cisplatin.[85]  

Thus, again, no generalization is possible and it is even unclear 

if slow exchange kinetics are a positive or a negative factor 

towards anticancer activity, since both relatively labile (e.g. 

NAMI-A) and relatively inert ruthenium compounds (e.g. 

KP1019) have anticancer activity, even though remarkably 

different. In general, it is fair to say that in Ru compounds no 

obvious correlation between the activity and aquation rate has 

been found.[104]   

In addition, it should not be forgotten that there are numerous 

examples of coordinatively saturated and inert compounds 

(structural compounds)[56] that remain intact and exert in vitro 

cytotoxic activity without a direct binding of the metal to any 

biological target.[105-113]  

5.3. Ru(III) compounds are more inert toward ligand 

exchange reactions than Ru(II) (and consequently need to 

be activated by reduction) 

This statement is often called the Activation by reduction 

hypothesis, and is largely misused in the literature. According to 

this principle, the hypoxic environment of solid tumors is 

expected to facilitate the reduction of Ru(III) to Ru(II) thus 

leading – in principle – to a certain selectivity for tumor over 

healthy tissues.[68] 

This hypothesis originates from seminal work that concerned the 

kinetics of halide aquation (i.e. release of anionic -donor 

ligands) in simple Ru coordination compounds (e.g. chloro-

am(m)ine complexes).[114,115] Quite obviously, however, the 

lability/inertness of Ru(III) and Ru(II) species depends on the 

nature of both the leaving and the carrier ligands, and on the net 

charge, and generalizations are very dangerous. Indeed, based 

on the electronic configuration and ligand field stabilization 

energy, Ru(II) complexes are expected to be – in general – more 

inert than Ru(III) species. Only when the leaving ligand is 

anionic (e.g. a chloride) the reduction of a Ru(III) complex to the 

corresponding Ru(II) species is expected to lead to an increased 

exchange rate because of the diminished net charge (for 

example, reduction of [RuCl2(NH3)4]
+ to [RuCl2(NH3)4]) and of the 

less favorable -donation to the full t2g orbitals. Conversely, 

neutral ligands, in particular if -acceptors (e.g. dmso-S), will be 

released more slowly upon reduction of Ru(III) to Ru(II).  

NAMI-A clearly shows that some Ru(III) compounds are not 

particularly inert. On the other hand, there are examples of 

Ru(II) compounds such as [Ru(6-arene)(azpy)I]+ (azpy = N,N-
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dimethylphenyl-azopyridine) that, despite having an halide as 

potential leaving ligand, are extremely inert.[106]  

The possibility that an administered Ru(III) species and/or its 

metabolites are reduced mono-electronically in vivo is certainly 

an event that can occur, provided that the reduction potential of 

each Ru(III) species – that depends on the ligand environment – 

has a biologically accessible value. We and others 

demonstrated that, in a test-tube at physiological pH and 25°C, 

stoichiometric amounts of naturally abundant reducing agents, 

such as ascorbic acid (11–79 M in blood plasma) and 

glutathione (0.5–10 mM inside the cell),[68.116] instantaneously 

and quantitatively reduce NAMI-A (E° = +235 mV vs NHE) to the 

corresponding dianionic Ru(II) species.[32,54] KP1019 (E° = +30 

mV vs NHE) behaves similarly, but reduction occurs at a slower 

rate, requires excess of reductants, and is accompanied by a 

precipitation process.[116] It has to be underlined that such test-

tube findings might turn out to be scarcely relevant, since under 

biologically relevant conditions the parent compounds undergo 

profound changes in the coordination environment (quite rapidly 

in the case of NAMI-A), originating metabolites of unknown E° 

and binding to serum proteins.[43,117] Indeed, several authors 

demonstrated that both NAMI-A and KP1019 (or their 

metabolites) are not reduced effectively while bound to serum 

proteins,[118-121] Thus the reduction would take place – at best – 

only after release from the protein inside the cell.  

In conclusion, there is no unequivocal and conclusive 

experimental evidence in the literature, also for the Ru(III) lead 

compounds NAMI-A and KP1019, that reduction – even though 

possible – actually occurs also in vivo.  

Finally, much less attention has been paid thus far to the 

possibility that the redox activity of Ru compounds might 

interfere with the cellular redox balance.[122] 

5.4. Ruthenium compounds accumulate specifically in 

cancer tissues…. 

This statement typically cites a few contributions from the 1980s, 

mainly from Srivastava and coworkers, that concerned the 

uptake of a number of -emitting 97Ru or 103Ru compounds.[123] 

Most studies, including a clinical investigation performed in the 

1970s,[124] focused on ruthenium chloride, but also other simple 

ammine complexes (including ruthenium red) and chelates (e.g. 

[103Ru(phen)3]
2+) were investigated. In general, these 

compounds showed modest tumor accumulation and non-

specific localization of a significant part of ruthenium activity 

remained in the blood and in other tissues (muscle, liver, kidney, 

and bone). Significant tumor uptake in mice and rats bearing 

gliomas and adenocarcinomas was found only using transferrin 

(hsTf) labeled with 97RuCl3 or 103RuCl3.
[123,125] Incidentally, similar 

results were found with 67Ga3+, that binds instantaneously to 

hsTf in vivo.[123] Such findings are not surprising since most 

cancer cells, having a greater requirement for iron than healthy 

cells, increase the number of transferrin receptors located on 

their surface.[126,127] Thus, the radio-labelling experiments 

provide no evidence supporting the preferential uptake of 

generic “ruthenium compounds” by tumors. In addition, Sava 

and coworkers demonstrated that in mice carrying Lewis lung 

carcinoma NAMI-A and KP418 give similar ruthenium 

distributions in tissues and organs, with no  preferential uptake 

in the tumor.[44,128]  

Thus, according to the data currently available, the often-

invoked high tumor selectivity of Ru compounds is not supported 

by experimental evidence, i.e. the activity/specificity of these 

type complexes (i.e. the minor side-effects) cannot be ascribed 

to a preferential localization in the tumor. On the contrary, the 

remarkably different tumor uptake results obtained using simple 

radio-labeled Ru compounds and pre-formed  – even though 

not-well defined – Ru-hsTf adducts clearly speak against the 

assumption that the uptake of any generic Ru compound (even 

at radio-imaging concentrations) is primarily mediated by 

transferrin (see next section). 

5.5. …. because their uptake is mediated by transferrin  

This is the second part, or corollary, of the previous statement, 

i.e. the so-called transferrin pathway.  

Human serum albumin (hsA) is the most abundant serum 

protein in blood plasma (ca. 600 μM), whereas the concentration 

of transferrin (hsTf) is ca. 15-20 times lower.[127,129,130] The 

sophisticated transferrin cycle responsible for iron uptake 

comprises several steps:[131] 1) The binding of Fe(III) in the two 

specific binding sites of apo-hsTf induces remarkable 

conformational changes; 2) The iron-loaded protein (but not apo-

hsTf) is specifically recognized by the transferrin receptors (TfR) 

located on the cell surface and internalized by endocytosis; 3) 

Once inside the cell, acidification of the endosomes to pH ca. 

5.5 leads to the release of Fe(III), that is then reduced to Fe(II) 

by the ferrireductase Steap3 and eventually pumped out in the 

cytosol by DMT1 (divalent metal transporter 1); 4) The unloaded 

nucleosomes merge again with the cell membrane and the TfR’s 

release apo-hsTf in the extracellular space, thus closing the 

cycle. Indeed, even though many metal ions bind to hsTf with 

affinities that are comparable to those for Fe(III), not necessarily 

the resulting adducts are recognized and internalized by the 

cell.[127] 

The fact that NAMI/NAMI-A[98,132-135] and KP1019/KP1339[136-140] 

under biologically relevant conditions bind rapidly and 

extensively (if not altogether completely) to serum proteins is 

well-established and supported by a large number of in vitro and 

in vivo results (including the clinical investigations[1,2,72,78]) from 

different groups and using different techniques. Both KP1019 

and NAMI-A bind very rapidly to hsA in a noncovalent manner, 

most likely in the hydrophobic binding domains of the protein. 

This is followed by coordination through ligand exchange with 

protein side chains, likely with histidine imidazoles.[37,120,121,141] In 

a very recent publication, Keppler and coworkers reported the X-

ray structure of KP1019 bound to hsA.[142] Under the soaking 

conditions used to grow the crystals (24 h, phosphate buffer 

solution pH 7.4, 20°C), two naked Ru ions were found 

coordinated at two histidine residues located within the 

hydrophobic binding pockets of the protein. The unexpected loss  

of all the original ligands from KP1019 matches the behavior of 

NAMI-A and NAMI-A-type complexes when crystallized with 

proteins such as human carbonic anhydrase,[143] hen-egg white 
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lysozyme,[144,145] and RNase A,[146] but contrasts with a previous, 

low-resolution, X-ray structure of the same complex with apo-

lactoferrin,[147] with the results of aquation studies (where 

KP1019 is remarkably inert than NAMI-A),[16] as well as with 

EPR, ENDOR,
[141]

 and XAS spectroscopy studies.[117] On one 

hand this discrepancy suggests that crystal soaking 

experiments may lead to different results compared to 

solution studies, on the other it raises questions about the 

opportunity of extending the results of test-tube aquation 

studies to biologically relevant conditions. 

Noncovalent interactions between KP1019 and apo-hsTf were 

not observed, and only slow binding via ligand exchange with 

the protein occurs.[120] This is not surprising since hsTf has no 

specific hydrophobic binding domains. Keppler et al. 

demonstrated that two equivalents of KP1019 bind specifically in 

the iron-binding pockets of the apo-hsTf, whereas additional 

amounts of the complex bind non-specifically.[148] In the case of 

NAMI-A, it has been shown that (in the absence of excess Fe(III) 

and albumin) apo-hsTf binds tightly at least two equivalents of 

Ru-metabolites, probably around the iron binding regions.[132] 

The results of these studies are not always unequivocal and 

strongly depend on parameters such as concentration and 

complex-to-protein ratio. For example, a detailed XAS 

investigation performed by Lay and coworkers, indicated that 

both NAMI-A and KP1019, at least at the high Ru and protein 

concentrations used in that study (50 mM), bind randomly to 

exposed donor groups of apo-hsTf, rather than specifically to 

the Fe(III) binding sites.
[117]

  

The next question that needs to be addressed is: does binding 

of NAMI-A and KP1019 to apo-hsTf occurs in blood serum? 

EPR and XAS studies performed by the groups of Walsby and 

Lay, respectively, showed that for both complexes the 

interactions with hsA are largely predominant in human serum 

and control their speciation, preventing the precipitation of 

KP1019 and the oligomerization of NAMI-A.[37,117] Competition 

studies performed by Keppler and co-workers established that 

less than 2% of KP1019 is expected to bind to hsTf in serum.[148] 

Consistently, the concentration of Ru–hsTf adduct in a plasma 

sample taken from a cancer patient treated with KP1019 was 

below the limit of quantification (i.e. <1%).[78,149]  

Even though in the serum the adducts formed by NAMI-A and 

KP1019 with apo-hsTf are quantitatively marginal, it remains to 

be established if they are instrumental to the cellular uptake of 

Ru. The question is less relevant for NAMI-A that, as evidenced 

before, is not significantly internalized by cells (unless when in 

high concentration) and interacts predominantly with 

extracellular components and cell walls. Nevertheless, Lay and 

coworkers recently showed that hsTf loaded with two 

equivalents of NAMI-A binds weakly to TfR, thus hsTf is unlikely 

to serve as a specific carrier of NAMI-A into cancer cells.[135] 

Despite some contrasting opinions in favor of a passive diffusion 

uptake,[37,117] Keppler and coworkers have strongly supported for 

many years the hypothesis that KP1019 enters cells mainly via a 

transferrin-mediated mechanism.[71,72,78,150] Experimental 

evidence to this regard came from in vitro experiments 

performed on the SW480 human colon cancer cell line: actually, 

Ru uptake was found to decrease by ca. 50% when cells were 

treated with a 2:1 KP1019/apo-hsTf adduct compared to 

KP1019 alone at the same concentration, suggesting that the 

conformation of the KP1019-loaded hsTf is unfavorable for 

recognition from the TfR. Ru uptake increased (ca. 2 fold 

compared to KP1019 alone) when cells were challenged with a 

KP1019-Fe(III)-transferrin pre-formed conjugate (1 : 0.3 : 1). 

These findings led to the suggestion that Ru uptake is mediated 

by hsTf partially loaded with Fe(III), which is supposed to have 

an appropriate conformation for TfR recognition. It was 

concluded that the degree of iron saturation is a fundamental 

factor for effective hsTf-mediated cellular uptake and for the 

antiproliferative activity of KP1019.[148] This conclusion is in 

partial agreement with previous findings of Kratz and co-

workers: Whereas Fe2-hsTf loaded with 2 – 8 equivalents of 

KP1019 is more cytotoxic than the free complex against SW707 

cells, the corresponding adducts with apo-hsTf are less active 

than the free complex.[151] It is unclear how such mixed Ru/Fe-

hsTf adduct is supposed to form under in vivo conditions, where 

the concentration of the Ru complex cannot be controlled.[152] In 

addition, the experiment provides no evidence that Ru is actually 

released in the cytosol from the internalized transferrin. Given 

the kinetic and thermodynamic differences between iron and 

ruthenium ions, and the complexity of the iron-release 

mechanism (see above the case of Ga(III)), this is not an 

unmotivated concern. Indeed, the release step has been much 

less investigated: Messori et al. demonstrated that – in cell-free 

experiments – Ru is released from KP1019-hsTf adducts at pH 

4-5 in the presence of a 100-fold amount of the chelating agents 

citric acid or ATP. No release was found in the absence of the 

chelator or upon addition of EDTA.[118,136]  

In conclusion, even for KP1019 – the only anticancer Ru drug 

candidate for which hsTf binding has been studied in great 

detail – the experimental evidence supporting the cellular 

uptake through the transferrin pathway is controversial at best. 

As a consequence, the extension of such results to the general 

statement that the uptake of Ru compounds is mediated by 

transferrin is indeed a gigantic leap forward.  

Very recently, Keppler and coworkers suggested for 

KP1019/KP1339 an alternative hsA-mediated pathway to 

support the presumed (see above) tumor selectivity of these 

drug candidates. Indeed, hsA accumulates in malignant tissues 

through the well-established enhanced permeability and 

retention (EPR) effect of solid tumors, due to a leaky capillary 

combined with an absent or defective lymphatic drainage 

system.[153-155] In addition, membrane associated gp60 receptor 

on the endothelial cells of tumor vessels allows transcytosis of 

albumin across continuous endothelium and accumulation in the 

tumor extracellular matrix. The possibility of exploiting hsA as a 

drug carrier has been extensively investigated.[156,157] 

Nevertheless, even assuming that indeed the Ru-hsA adducts 

accumulate in tumor tissues, this mechanism leaves 

unanswered the question on how ruthenium gets inside the cells. 

In fact, the Ru-imidazole bond is strong and inert in both 

oxidation states, thus the spontaneous release of histidine-

bound ruthenium seems unlikely, even in the mildly acidic pH of 

solid tumor tissue. Thus, it remains unclear if the adducts 



MICROREVIEW          

 

 

 

 

 

between hsA and the Ru drug candidates serve at least as  

“reservoirs” for ruthenium 

Regardless of the mechanism, it is also unclear what is the anti-

proliferative efficacy of the Ru-hsA adducts in comparison to that 

of the corresponding free complex. In the case of NAMI-A, an 

early study by Sava and coworkers showed that pre-formed 

adducts of the complex with both bsA and hsTf (prepared at a 

Ru:protein molar ratio = 4) have significantly reduced activity 

both in vitro and in vivo, which was attributed to reduced 

bioavailability[133] However, subsequent in vitro tests (effect on 

tumor cell adhesion and interaction with collagens that typically 

correlate with the in vivo anti-metastatic activity of Ru drugs) by 

the same group as well as by Lay and coworkers suggested that 

adducts of NAMI-A with bsA[43] and hsA[135,158] maintain – even 

though slightly reduced – the biological activity of the parent 

compound. Indeed, such results led Lay to suggest that Ru(III)–

hsA adducts are likely to be responsible for the anti-metastatic 

action of NAMI-A. I am unaware of any such investigation in the 

case of KP1019/KP1339. 

To be noted that also cisplatin binds extensively to serum 

proteins (4h post-injection of cisplatin over 90% of the platinum 

found in the blood is protein-bound),[100] but this fact is typically 

neglected when its mechanism of action is discussed. 

Occasionally it is associated to deactivation (the binding is 

largely irreversible, with only about 5% loss of protein-bound 

platinum after extensive dialysis), toxic side-effects or – 

hypothetically – to temporary storage/reservoir rather than to 

selective transport.[130,159-162] Conversely, the possibility of using 

pre-formed cisplatin-loaded Fe2-hsTf for the selective delivery of 

Pt into cancer cells has been investigated.[163,164]  

6. Conclusions 

No drug candidate can be labeled as a “promising compound” 

indefinitely. Almost 30 years after the making of NAMI-A, and 

the discovery of its unprecedented antimetastatic properties in 

animal models at non-toxic dosages, the time is perhaps 

appropriate to draw a balance and try to decide whether the 

promises have been fulfilled or not. On one hand, there is the 

huge corpus of preclinical sound experimental evidence that 

demonstrates the activity and the unique properties of NAMI-

A.[19] On the other hand, there are the disappointing results of 

the phase I/II therapeutic combination study with gemcitabine in 

NSCLC patients. Will NAMI-A have a second chance? In an 

ideal world, the lesson learned from the clinical investigation 

should allow us to plan more carefully the next one, taking into 

better account the peculiar features of this compound. However, 

it is realistically very difficult to think of raising again the scientific 

momentum (and – not less importantly – the financial support) 

necessary for launching another phase II study with NAMI-A.  

It is fair to say that NAMI-A has greatly contributed to increase 

the interest in non-platinum anticancer metal compounds and – 

above all – to broaden the rational approach to this field. It 

should not be forgotten that, until recently, the paradigm dictated 

by Pt drugs was almost undiscussed. In this respect NAMI-A, 

together with a few other metal compounds, has been a real 

“rule-breaker”.[165]  Thus, even though NAMI-A itself might not be 

given a second chance, it would be very unwise to discard its 

lesson. We, as chemists, should try to design new compounds 

that incorporate the positive features of NAMI-A and go one step 

further.[19]  

In the second part of my contribution I demonstrated that the 

numerous commonplaces that, like planets, orbit around 

ruthenium anticancer drug candidates (Figure 4), do not stand a 

critical examination and turn out to be myths rather than 

scientifically demonstrated facts. Such myths are the result of 

wishful thinking, the natural human desire for unifying concepts 

that unfortunately are at the moment missing in this field. In fact, 

contrary to platinum compounds – that have demonstrated a 

rather good homogeneity and predictability in their biological 

behavior – ruthenium compounds have shown a broad diversity, 

in terms of activity, toxicity, and mechanisms of action. Even 

compounds that are structurally very similar behave differently 

and, above all, have surprisingly different biological properties. 

Besides the already mentioned differences between NAMI-A 

and KP1019, another striking example concerns the half-

sandwich Ru(II) organometallic compounds: whereas 

compounds belonging to the “family” of RM175 are – in general 

– cytotoxic both in vitro and in vivo, including toward cisplatin-

resistant cancer cell lines,[85] those belonging to the RAPTA-C 

family are – in majority – only weakly active or inactive in vitro 

but have selective anti-metastatic activity in vivo.[102] In addition, 

the RAPTA-type compounds mainly target proteins, whereas the 

RM175-type compounds target DNA.[166] In conclusion, in this 

field the generalizations are more inappropriate than in others 

and should be avoided. Thus far, the only general – even though 

necessarily coarse-grained – framework that holds together 

most of the features of ruthenium anticancer compounds is the 

one suggested by Lay and co-workers in 2009.[15]  
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Almost 30 years after the discovery of 
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