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Abstract

Significance: Despite advances made in the treatment of cancer, a significant number of patients succumb to this
disease every year. Hence, there is a great need to develop new anticancer agents. Recent Advances: Emerging
data show that malignant cells have a greater requirement for iron than normal cells do and that proteins
involved in iron import, export, and storage may be altered in cancer cells. Therefore, strategies to perturb these
iron-dependent steps in malignant cells hold promise for the treatment of cancer. Recent studies show that
gallium compounds and metal-thiosemicarbazone complexes inhibit tumor cell growth by targeting iron ho-
meostasis, including iron-dependent ribonucleotide reductase. Chemical similarities of gallium(III) with iron(III)
enable the former to mimic the latter and interpose itself in critical iron-dependent steps in cellular proliferation.
Newer gallium compounds have emerged with additional mechanisms of action. In clinical trials, the first-
generation-compound gallium nitrate has exhibited activity against bladder cancer and non-Hodgkin’s lym-
phoma, while the thiosemicarbazone Triapine� has demonstrated activity against other tumors. Critical Issues:
Novel gallium compounds with greater cytotoxicity and a broader spectrum of antineoplastic activity than
gallium nitrate should continue to be developed. Future Directions: The antineoplastic activity and toxicity of
the existing novel gallium compounds and thiosemicarbazone-metal complexes should be tested in animal
tumor models and advanced to Phase I and II clinical trials. Future research should identify biologic markers
that predict tumor sensitivity to gallium compounds. This will help direct gallium-based therapy to cancer
patients who are most likely to benefit from it. Antioxid. Redox Signal. 18, 956–972.

Inhibition of Tumor Cell Growth with Gallium
Compounds–Iron Mimicry and Beyond

Introduction

Iron, iron proteins, and tumor growth. The role of iron
in cell viability and proliferation is well known; it has been

reviewed elsewhere in this forum and will not be reiterated
here. Coupled with advances in our knowledge of iron me-
tabolism has been an increasing appreciation that certain
malignant cells have a far greater requirement for iron than
normal cells do (126). This importance of iron in tumor cell
growth is exemplified by observations which show that the
expression of transferrin (Tf) receptors on lymphoma, breast
cancer, and bladder cancer cells is increased relative to normal
cells and that elevated levels of this receptor correlate with

adverse clinical outcomes (62, 86, 120). These changes in the
level of Tf receptors may also be associated with alterations in
the expression of ferritin, the iron-storage protein in cells
(136). The relevance of iron metabolism in cancer was recently
underscored by Pinnix et al., who reported on gene signatures
of iron-related proteins in biopsies from patients with breast
cancer and showed that breast cancer cells displayed a de-
crease in ferroportin, a protein involved in the efflux of iron
from cells (94, 104, 126). It is known that cell-surface ferro-
portin is down-regulated by hepcidin in the circulation (68).
These investigators demonstrated that increased serum levels
of hepcidin and decreased ferroportin in breast cancers were
associated with a more aggressive clinical behavior (increased
metastases and decreased survival) when compared with
breast cancers lacking these features (94, 104). The significance
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of the changes in these proteins in breast cancer is that an
elevation in Tf receptor expression along with a diminution of
ferroportin would favor an increase in intracellular iron nee-
ded to support the aggressive biological behavior of this tu-
mor. Iron-dependent proteins known to be altered in breast
cancer are summarized in Figure 1.

Targeting tumor iron homeostasis with gallium
compounds—multiple sites for gallium’s action

Perturbation of cellular iron transport and uptake by gal-
lium compounds. Given the increased iron requirements of
certain cancer cells, it is not surprising that chelators which
bind iron and limit its availability to cells may inhibit malig-
nant cell growth. However, the blockade of cellular iron utili-
zation may also be achieved through other strategies. Studies
have shown that iron homeostasis in cancer cells can be per-
turbed by gallium compounds, leading to an arrest in cell
proliferation and cell death. The growth-inhibitory effects of
gallium can be enhanced by decreasing cellular iron through
the exposure of cells to iron chelators before incubation with
gallium and can be diminished by elevating intracellular iron
content with soluble iron salts or Tf-iron (90). These interactions
of gallium with iron metabolism are possible, because galli-
um(III) shares certain properties with iron(III) with regard to its
ionic radius and its binding to Tf with high avidity in the cir-
culation. It is primarily incorporated into cells via Tf receptor1-
mediated endocytosis of Tf-gallium complexes (38, 87). Early
insights into the process of gallium uptake by cells were
provided by the studies of Harris and Sephton, who showed
that the cellular uptake of 67Ga citrate (used for tumor imag-
ing in humans) could be enhanced in vitro by Tf (66), a finding
that was confirmed by others (38, 87). Further studies dem-
onstrated that the cytotoxicity of gallium in malignant cell
lines in vitro could be enhanced by Tf and could be reversed by
iron salts (30, 108). The steps in cellular iron metabolism that
are targeted by gallium are summarized in Figure 2.

Evidence of the role of Tf receptor1 in gallium uptake was
demonstrated in an animal model bearing implanted mela-
noma cells; here, the tumor uptake of 67Ga was inhibited by a
monoclonal antibody to the Tf receptor (16). The cellular up-
take of 67Ga-Tf may also be modulated by the expression of
the wild-type (wt) or mutant hemochromatosis (HFE) gene.
HFE protein associates with newly synthesized Tf receptor1 in
the cell and, along with beta-2 microglobulin, trafficks to the
cell surface. Since Tf and HFE share overlapping binding sites
on the Tf receptor, the association with HFE may modify Tf
receptor1-mediated uptake of Tf-iron, especially when Tf
levels are low (113). With the HFE C282Y mutation (seen in
hereditary hemochromatosis), however, HFE protein is de-
graded within the cell, and the HFE regulation of Tf-iron
uptake is lost (112). In HeLa cells engineered to express the wt
HFE gene under the control of tetracycline (tet-off system), the
overexpression of wt HFE was shown to significantly de-
crease 67Ga uptake by cells (32). These observations raise the
intriguing question as to whether tumors in cancer patients
with HFE mutations will express mutant HFE and whether
these tumors will differ in their response to treatment with
gallium compounds when compared with individuals with
wt HFE. Given the high frequency of HFE mutations in the
general population (93), this is an important question to be
addressed in the clinic.

FIG. 1. Iron proteins in breast cancer cells. Under physi-
ologic conditions, iron is bound to transferrin (Tf) in the
circulation and is incorporated into cells by transferrin re-
ceptor1 (TfR1)-mediated endocytosis of Tf-Fe complexes. The
binding site of the wild-type hemochromatosis protein (wt
HFE) partially overlaps with the Tf-binding site on TfR1 and
can, thus, competitively inhibit Tf binding to its receptor.
This regulatory effect of HFE on Tf-Fe-TfR binding is lost
with the HFE C282Y mutation, as the latter is degraded
within the cell and no longer associates with the TfR to in-
terfere with its binding to Tf-Fe. The Tf-Fe-TfR complex
translocates from the cell surface to an intracellular acidic
endosome, where Fe(III) dissociates from Tf and is reduced
to Fe(II) by STEAP3 (six-membrane epithelial antigen of the
prostate 3) (not shown). Fe(II) exits the endosome through
divalent metal transporter1 (DMT1, not shown) to a labile
iron ‘‘pool.’’ From here, iron trafficks to different compart-
ments (mitochondria, ribonucleotide reductase [RR], and
others). Excess iron is stored in ferritin. Iron exits from the
cell through cell membrane-based ferroportin. Ferroportin
levels can be lowered by hepcidin, which binds to it and
translocates it to the lysosome for degradation. Cytoplasmic
iron regulatory proteins (IRPs) function as sensors of cellular
iron status and regulate the synthesis of Tf receptors, ferritin,
and ferroportin at the mRNA translational level by interac-
tions with iron response elements (IREs) present in the un-
translated regions of their respective mRNAs. Iron proteins
known to be altered in breast cancer are marked with an
asterisk (*) and include an increase in TfR and ferritin as well
as a reduction in ferroportin levels. In addition, the C282Y
HFE mutation may be associated with an increased risk of
breast cancer development. (To see this illustration in color,
the reader is referred to the web version of this article at
www.liebertpub.com/ars.)
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The concentration of gallium in the circulation appears to
be important for its speciation in vivo. Bernstein has suggested
that at a concentration of approximately 50 lM gallium,
greater than 99.9% of gallium in the circulation exists at Tf-
gallium; at gallium concentrations of 50 lM, *95% of gallium
is Tf bound. When gallium concentrations exceed Tf satura-
tion, however, the fraction of gallium bound to Tf decreases,
and gallium exists primarily as gallate [Ga(OH) -

4] in the cir-
culation (10). Although the Tf-transferrin receptor pathway
appears to be the primary mechanism of gallium uptake by
cells, it is clear that certain cells may also incorporate gallium
via a Tf-independent mechanism (38). Interestingly, this Tf-
independent gallium uptake pathway is similar to that used
by Tf-independent iron (29). However, while Tf-gallium in-
hibits the cellular uptake of Tf-iron, Tf-independent gallium
actually enhances the uptake of Tf-independent iron in HL60
cells in vitro (29). The relevance of Tf-independent gallium
uptake to the cytotoxicity of gallium is not clear. Possible

explanations include the possibility that this pathway may
enable cells to incorporate gallium when their endogenous
expression of Tf receptors is low. Alternatively, Tf-indepen-
dent uptake may enable cells to acquire iron when Tf receptor-
mediated uptake of iron is blocked by gallium.

Although there is no known physiologic role for gallium in
humans, gallium’s binding to Tf in the circulation enables it to
home in on Tf receptor-bearing cells and complete with Tf-
iron for binding to its receptor. This is possible in vivo, be-
cause, under physiologic conditions, approximately one-third
of Tf in the blood is occupied by iron leaving the remainder
available to bind gallium and circulate as Tf-gallium. This
mimicry of iron by gallium allows it to be initially handled by
cells as though it were iron. Unlike iron (III), however, galli-
um(III) is not reduced to gallium(II) and, thus, does not di-
rectly participate in redox reactions in the cell. Nonetheless,
the consequence of gallium incorporation into cells is the
disruption of iron homeostasis at various levels. In human

FIG. 2. Interaction of gallium with cellular iron metabolism. The potential sites of gallium’s interaction with cellular iron
metabolism are identified in the bordered boxes. Membrane transport: TfR mediated. In the circulation, gallium(III) is
transported and bound to Tf as Tf-Ga and is incorporated into TfR1-expressing cells by TfR1-mediated endocytosis of Tf-Ga
complexes. Tf-Ga inhibits cellular iron incorporation by interfering with TfR-mediated uptake of Tf-Fe and the release of Fe
from Tf within the endosome. Non-TfR mediated. Low-molecular-weight gallium and iron chelates in the circulation may also
be taken up by certain cells through a shared Tf-independent pathway. In this pathway, gallium may enhance cellular iron
uptake and vice versa. In cells, gallium can be detected in a low-molecular-weight pool. TfR1 and ferritin mRNA translation:
Consistent with the induction of cellular iron deprivation, cells exposed to gallium display an increase in TfR1 mRNA and
protein. This results from an increase in IRP-IRE mRNA interaction that leads to increased TfR mRNA translation. RR:
Gallium blocks iron incorporation into the R2 subunit and may itself be incorporated into this subunit, rendering it inactive.
Gallium also blocks RR enzyme activity more directly through competitive inhibition of substrate binding. This could result
from the formation of Ga-ADP/CDP complexes that compete with (Fe)-ADP/CDP binding to the enzyme. The inhibition of
RR activity contributes to gallium-induced cell death. Iron-dependent mitochondrial function: Gallium may perturb mito-
chondrial function by action on the numerous iron-containing proteins present in the citric acid cycle and the electron
transport chain (shown in Fig. 4). Upstream from the mitochondrion (mito), gallium may activate proapoptotic Bax, which
translocates to the mitochondria, produces a loss of mitochondrial membrane potential, and the release of cytochrome c and
apoptogenic factors to the cytoplasm. This triggers the activation of effector caspases-3 and -7, leading to apoptotic cell death.
ADP, adenosine diphosphate; CDP, cytidine diphosphate.
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leukemic HL60 cells, Tf-gallium inhibits the cellular uptake of
Tf-iron and blocks the dissociation of iron from Tf within
an acidic endosome (30). As a result, gallium’s action at this
level leads to the generation of cellular iron deprivation;
this is evidenced by a decrease in intracellular ferritin and an
up-regulation of Tf receptor mRNA and protein (30, 65).
Other studies have also confirmed the interaction of gallium
with iron metabolism. In murine erythroleukemia cells, Tf-
gallium inhibits the induction of hemoglobin production;
however, this block can be reversed by the co-incubation of
cells with Tf-iron or iron pyridoxal isonicotinoyl hydrazone, a
compound that delivers iron directly to reticulocytes for heme
synthesis (37). Consistent with in vitro studies, gallium ad-
ministered to patients binds exclusively to Tf in the circulation
(3, 129) and patients being treated with gallium nitrate may
develop microcytic anemia that is characterized by an ele-
vated erythrocyte protoporphyrin level, a marker of tissue
iron deficiency (116).

Effect of gallium on ribonucleotide reductase. Cellular
iron requirements for DNA synthesis are related to the iron-
dependent activity of ribonucleotide reductase (RR), the en-
zyme that is responsible for the reduction of ribonucleoside
diphosphates to deoxyribonucleoside diphosphates (Fig. 3).
The latter are converted to deoxyribonucleotides, the sub-
strate for DNA polymerase (44, 124). Since the activity of RR is
rate limiting for DNA synthesis, this enzyme holds a critical
position in cell division. Human RR consists of two hetero-
dimeric subunits termed R1 and R2 that are located on chro-
mosomes 11 and 2, respectively (52, 139). The R1 subunit
contains substrate- and effector-binding sites, while the R2
subunit contains a dinuclear iron center and a tyrosyl free
radical that can be detected by electron paramagnetic re-
sonance (EPR) spectroscopy (44, 60). The activity of the R2
subunit and the amplitude of the tyrosyl radical EPR signal
increase as cells enter the S-phase of the cell cycle (51, 54).
Destruction of the tyrosyl radical or interference with iron
incorporation in the R2 subunit results in a loss of RR activity
and an arrest in DNA synthesis. In proliferating cells, the R2
subunit has a half-life of 3 h, indicating that it should be
continuously regenerated to maintain DNA synthesis (54).
Hence, a steady supply of intracellular iron to the R2 subunit
is needed for RR activity (99).

Given the importance of iron in DNA synthesis, it is not
surprising that one consequence of gallium-induced cellular
iron deprivation is an inhibition of RR (25). Specifically, the
incubation of intact leukemic cell lines with Tf-gallium or
gallium nitrate results in a decrease in the activity of RR as
evidenced by a loss of the R2 subunit tyrosyl radical EPR
signal, a decrease in the levels of dNTPs, and a block in overall
enzymatic activity (25). A consideration in such analysis is
that under normal conditions, the magnitude of the R2 EPR
signal increases as cells transition from G1 to S phase of the cell
cycle; hence, any gallium-induced changes in cell cycle dis-
tribution could also impact the level of the EPR signal in cells.
However, in these studies, gallium-treated and control cells
were shown to display a similar cell cycle distribution at the
time of EPR analysis, indicating that the diminution in the
tyrosyl radical EPR signal in gallium-treated cells was not due
to cell cycle arrest in the G1 phase (25). That this was sec-
ondary to the inhibition of iron utilization was revealed by the
observation that the co-incubation of gallium-treated cells
with hemin as an iron source abrogated the gallium-induced
decrease in the R2 subunit tyrosyl radical signal (25). The
gallium-induced loss of the R2 tyrosyl radical EPR signal re-
sults from an interference of iron incorporation into R2 and
not a decrease in R2 protein. Other studies showed that the
EPR signal in cytoplasmic extracts from gallium-treated cells
could be regenerated within 10 min after the addition of iron
salts to the cell extract (96).

Although an interruption in the intracellular trafficking of
iron to the R2 subunit by gallium may be sufficient to inhibit
RR activity, this does not appear to be the sole mechanism at
play. Gallium nitrate directly inhibits RR (adenosine dipho-
sphate [ADP] and cytidine diphosphate [CDP] reductase)
activity when directly added to a cell-free assay (26). Inter-
estingly, the mechanism of inhibition appears to be due to the
competitive inhibition of substrate interactions with the
enzyme.

Further insights into the interaction of gallium with iron
homeostasis and RR have been obtained through studies by
the use of cell lines that are resistant to growth inhibition by
gallium nitrate. These cells were developed through contin-
uous exposure of the parental gallium-sensitive cell line to
incremental concentrations of gallium nitrate. HL60 cells with
acquired resistance to gallium nitrate display a decrease in Tf

FIG. 3. Ribonucleotide re-
ductase (RR). RR is responsible
for the reduction of ribonucle-
oside diphosphates (NDPs) to
deoxyribonucleoside diphos-
phates (dNDPs). The enzyme is
a heterodimer that consists of
an R1 and R2 subunit. The R2
subunit contains a dinuclear
iron center and a tyrosyl-free
radical (*Tyr) that is detected by
EPR spectroscopy to produce
the signal shown in the figure.
The amplitude of the EPR sig-
nal is closely correlated with
enzyme activity and is depen-
dent on the presence of iron in
the R2 subunit. EPR, electron
paramagnetic resonance.
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receptor 1 expression along with a diminished uptake of iron
and gallium relative to gallium-sensitive cells (45). Moreover,
gallium resistance leads to changes in the intracellular traf-
ficking and distribution of iron and gallium (45). With regard
to RR, in the absence of gallium, the amplitude of the tyrosyl
radical EPR signal is similar in both gallium-sensitive and
gallium-resistant HL60 cells; however, this EPR signal is
suppressed by gallium in gallium-sensitive cells but not in
gallium-resistant cells (40). In contrast, in human leukemic
T-lymphoma CCRF-CEM cells with acquired resistance to
growth inhibition by gallium, gallium-resistant cells display a
decrease in iron and gallium uptake and a decrease in their
basal activity of RR (31, 34). Hence, it would appear that al-
though gallium inhibits RR, the development of tumor cell
resistance to gallium nitrate does not uniformly involve
compensatory changes in RR expression and activity.

Overall, the inhibition of RR activity by gallium appears to
be due to a combination of an indirect (iron deprivation) and a
direct action of the metal on this enzyme. However, several
questions regarding the latter mechanism remain un-
answered: Is gallium incorporated into the R2 subunit in place
of iron? Although it appears reasonable that this could occur,
gallium substitution for iron in R2 protein has never been
demonstrated. Could the competitive inhibition of RR by
gallium suggested in the enzyme assay analysis result from
the formation of gallium-nucleoside complexes (Ga-CDP, Ga-
ADP) that compete with substrate (ADP or CDP) binding to
the enzyme? Gallium binding to nucleosides has been dem-
onstrated in other studies (91), thus providing support for the
latter mechanism.

Effect of gallium on iron-dependent mitochondrial func-
tion. Recent studies have suggested that the disruption of
mitochondrial function is central to gallium-induced cell
death in lymphoma cells. The incubation of lymphoma cells
with gallium compounds results in a loss of mitochondrial
membrane potential, release of cytochrome c to the cytoplasm
followed by the activation of effector caspase-3, and apoptosis
(35). In some cells, cell death induction by gallium nitrate
appears to involve the activation of proapoptotic Bax, a pro-
tein that translocates from the cytoplasm to the mitochondria
to initiate a change in mitochondria membrane permeability
and the release of cytochrome c (35). In contrast, gallium
maltolate appears to disrupt mitochondrial membrane per-
meability without Bax activation, thereby suggesting that
gallium may act directly on mitochondria (Chitambar and
Wereley, unpublished observations). This mechanism of gal-
lium’s action may be explained by the fact that several

enzymes of the citric acid cycle and electron transport chain
contain iron-sulfur clusters that are essential for mitochondrial
function (Fig. 4). Given the ability of gallium to interact with
metal-binding sites and to interfere with iron incorporation into
certain proteins, it is reasonable to speculate that gallium may
disrupt mitochondrial function by targeting iron-sulfur cluster-
containing proteins in this organelle. In this regard, gallium
nitrate was shown to block gene translation of mitochondrial
aconitase, an iron-sulfur cluster-containing enzyme, and inhibit
aconitase enzymatic activity in prostate cancer cells (127). Other
studies also lend support for an action of gallium on the mi-
tochondria. CCRF-CEM cells incubated with gallium maltolate
for 1–4 h displayed a decrease in their reduced glutathione
(GSH)/oxidized glutathione (GSSG) ratio and an increase in
intracellular reactive oxygen species (ROS). The latter was
blocked by mitoquinone, a mitochondria-targeted antioxidant,
thus suggesting that intracellular ROS induced by gallium
originated in the mitochondria and could possibly be the result
of gallium-induced inhibition of mitochondrial function (28).
Clearly, further studies are needed to advance our under-
standing of gallium’s action on the mitochondrion.

Action of gallium beyond iron metabolism. While the
cellular gallium and iron uptake occurs through similar
pathways and both metals can be found in the lysosome (13,
144), more recent studies indicate that gallium and iron differ
in other aspects of their intracellular trafficking (45). In HL60
cells, most of the iron incorporated is retained by the cell and
is stored in ferritin. In contrast, a significant amount of gal-
lium that enters cells by Tf receptor-mediated uptake cycles
back out of the cells, and only a small amount of gallium
associates with ferritin; the majority intracellular gallium can
be detected in a labile cytoplasmic pool (39, 45). Hence, while
iron homeostasis is the primary target for gallium com-
pounds, its action on other cellular process may also con-
tribute to its cytotoxicity.

The noniron targets for gallium are somewhat diverse. Early
studies showed that gallium could inhibit DNA polymerases
and tyrosine phosphatase (9, 131), but this effect could not be
correlated with an inhibition of cell growth and, hence, the sig-
nificance to cytotoxicity is unclear. On the other hand, gallium
has been shown to inhibit Mg-dependent ATPase and tubulin
polymerase; both these actions could contribute its growth-in-
hibitory effects (4, 100). More recently, novel gallium complexes
with pyridine and phenolate ligands agents have been described
(21, 117). These gallium complexes inhibit proteasome function
and block malignant cell proliferation in vitro and in a rodent
tumor model bearing prostate cancer xenografts (21). This

FIG. 4. Potential sites of
action for gallium in the
mitochondria. The iron-
sulfur cluster (Fe-S) proteins
in the citric acid cycle and
mitochondrial complexes are
potential targets for the cyto-
toxic action of gallium com-
pounds.
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mechanism of the action of gallium is important, as proteasome
inhibitor drugs have emerged as clinically important drugs for
the treatment of multiple myeloma, lymphoma, and other ma-
lignancies (20, 76).

Studies utilizing human CCRF-CEM lymphoma cells with
acquired resistance to growth inhibition by gallium nitrate
have yielded further information about the action of gallium
on iron-independent cellular processes. A comparison of
metal metabolism-related genes in gallium-resistant and
gallium-sensitive cells revealed that the resistant cells had a
higher level of expression of the metallothionein-2A and zinc
transporter-1 genes relative to gallium-sensitive cells (138).
Hence, it appears that the action of gallium in cells is not
limited to iron metabolism but includes zinc homeostasis. In
these studies, it was shown that a zinc-induced increase in
metallothionein in gallium-sensitive CCRF-CEM cells pro-
duced a partial reduction in the cytotoxicity of gallium nitrate;
this protection was lost when metallothionein levels returned
to baseline (138). Furthermore, the growth-inhibitory effects
of gallium nitrate in a panel of lymphoma cell lines were
shown to correlate with their endogenous levels of me-
tallothionein; here, gallium’s cytotoxicity was lower in cells
with the highest expression of metallothionein (138). While
these observations suggest an association of metallothionein
with lymphoma cell sensitivity to gallium nitrate, it is unclear
whether overexpression of metallothionein per se is sufficient
to confer tumor cell resistance to gallium nitrate. Under
physiologic conditions, metallothionein plays a central role in
zinc metabolism and also sequesters toxic divalent metals
such as cadmium to protect against their toxicity (46, 77).
However, since metallothionein is not involved in iron me-
tabolism, it would not be expected to play a role in the cellular
handling of gallium and, thus, a gallium-induced up-regulation
of metallothionein would not be expected. Recent studies,
though, provide at least a partial explanation for this obser-
vation. CCRF-CEM cells incubated with gallium nitrate dis-
play an increase in ROS and a decrease in the ratio of GSH/
GSSG within 4 h of gallium exposure; this is followed by
an increase in the expression of metallothionein and heme
oxygenase-1 (137). The gallium-induced up-regulation of
heme oxygenase-1 gene expression involves activation of the
transcription factor Nrf-2, while metallothionein gene up-
regulation involves a shift in intracellular zinc and the acti-
vation of metal transcription factor-1. Both these events ap-
pear to be triggered by ROS, as they can be abrograted by
the antioxidant N-acetyl cysteine. This suggests that the up-
regulation of metallothionein and heme oxygenase-1 by
gallium nitrate results from gallium-induced oxidant stress in
cells (137). While the mechanism by which gallium generates
ROS in cells remains to be determined, additional experi-
ments show that this increase in ROS can be blocked by
mitoquinone, a mitochondria-targeted antioxidant (28). The
latter finding supports a central position of the mitochondria
in gallium’s mechanisms of action.

Gallium-induced cell death is determined by the balance
between cytoprotective and cytotoxic events. Based on our
current understanding of the mechanisms of action of gallium
compounds, a model can be proposed in which the initial
response of a cell to gallium is to elevate proteins such as
metallothionein and heme oxygenase-1 that provide a level of
protection to the cell. These cytoprotective responses to gal-

lium may differ among cells and may play a role in determining
the clinical antineoplastic activity of gallium compounds in
various tumors. However, with continued exposure of cells to
sufficiently high concentrations of gallium, these cytoprotective
responses are overwhelmed and cell death eventually follows
(Fig. 5). Further investigation will undoubtedly unravel other
processes involved in tipping the balance between life and death
in cells exposed to gallium compounds.

Gallium compounds in the clinic

Gallium nitrate. As a first-generation therapeutic gallium
compound, gallium nitrate (Fig. 6A) has been extensively
evaluated for its toxicity and anticancer activity in preclinical
and clinical studies (22, 57). The clinical development of gal-
lium nitrate followed the discovery that 67Ga citrate, when
injected into tumor-bearing animals, accumulated in malig-
nant tissues to a greater extent than in normal tissues. The
latter observation led to the development of the gallium-67
scan for the detection of certain tumors in humans and
prompted further investigation into the antineoplastic activity
of nonradioactive gallium and other metal salts (1, 69). These
studies showed gallium nitrate to have significant antitumor
activity in tumor-bearing rodents (1). Following toxicology
studies in animals, gallium nitrate was advanced to the status
of an experimental drug (NSC 15200) by the National Cancer
Institute for further evaluation of toxicity and efficacy in
Phase 1 and Phase 2 clinical trials.

Several Phase 2 clinical trials have consistently demon-
strated gallium nitrate to have antineoplastic activity in
bladder cancer and non-Hodgkin’s lymphoma (23, 49, 122). In
an early Phase 1–2 clinical trial, the efficacy of intravenous
gallium nitrate infusion was evaluated in patients with
bladder cancer that had relapsed after treatment with con-
ventional chemotherapy; partial responses to treatment last-
ing 4–8 months were seen in 4 of 23 patients (115). These
encouraging results led to further clinical trials in which
gallium nitrate was combined with vinblastine and ifosfa-
mide and administered to patients with relapsed urothelial
malignancies; 44%–67% of the patients receiving this combi-
nation therapy responded to treatment (48, 50).

FIG. 5. Cytoprotection and cell death with gallium com-
pounds. Events that confer cytoprotection or cell death by
gallium compounds are summarized. The exposure of cells
to gallium nitrate produces an early increase in cellular oxi-
dative stress that leads to an increase in metallothionein-2A
(MT2A) and hemoxygenase-1 (HO-1) as a cytoprotective
reaction. The negative effect of gallium on cellular iron bal-
ance, RR activity, mitochondrial function, and other pro-
cesses tilts the balance toward cytotoxicity. Cell death ensues
when the cytoprotective responses are overcome. It is pos-
sible that cytoprotective responses to gallium may vary in
different cells and may, thus, contribute to differences in cell
sensitivity to gallium compounds.
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The efficacy of gallium nitrate in the treatment of non-
Hodgkin’s lymphoma that has progressed or relapsed fol-
lowing conventional therapy has been demonstrated in at
least five different clinical trials [reviewed in ( 23, 107, 122)].
These studies have demonstrated responses in 30%–43% of
patients treated with gallium nitrate by continuous intra-
venous infusion administered over 5–7 days. Interestingly,
some subtypes of lymphoma, such as diffuse large B-cell
lymphoma and mantle cell lymphoma, were found to be
more responsive to gallium nitrate than other histologic
subtypes (107).

The basis for the preferential sensitivity of certain lym-
phoma subtypes to gallium nitrate is not understood and is an
important area for future investigation. In this regard, the
potential ability of metallothionein to modulate lymphoma
cell sensitivity to gallium nitrate may be relevant to the clinic.
An examination of metallothionein in biopsies of lympho-
matous tissue from patients showed that its expression varied
in different histological types of non-Hodgkin’s lymphoma
(138). Other studies showed a correlation between me-
tallothionein expression and prognosis in non-Hodgkin’s
lymphoma (106). Thus, the identification of biologic markers
that may predict tumor sensitivity to gallium compounds
would be a major advance in the field, as it may allow for the
selective use of these agents to treat patients with lymphomas
that are more likely to respond. Of equal importance, it would
also help in identifying patients who are unlikely to benefit
from gallium compounds and, thus, spare them the toxicities
of unnecessary treatment.

Apart from its antineoplastic activity, gallium nitrate has
important action on bone metabolism. In early clinical trials
which evaluated the antineoplastic activity of gallium nitrate,
it was noted that this drug could block pathologic bone re-
sorption and lower blood calcium levels (132, 133). The
mechanisms of action of gallium on bone metabolism appear
to be independent of its interaction with iron and iron proteins
(15). Several clinical studies confirmed a benefit of gallium
nitrate in pathologic bone disease, and the drug was ap-
proved by the Food and Drug Administration for the treat-
ment of cancer-associated hypercalcemia (88, 125).

Although gallium nitrate has proved its efficacy in the
treatment of lymphoma, bladder cancer, and hypercalcemia,
its bioavailability when administered by the oral route is low.
This necessitates that it be administered to patients by con-
tinuous intravenous infusion over 5–7 days to achieve maxi-
mum efficacy with a low level of toxicity (133). Recent efforts
by the manufacturer of gallium nitrate (Genta Incorporated)
have focused on the development of an oral tablet formulation

of gallium nitrate, termed G4544, which employs a proprie-
tary drug delivery system (98). Pharmacokinetic studies of
G4544 in healthy human volunteers have shown that a single
oral dose of 30–150 mg produces plasma gallium levels as
high as 485 ng/ml, which is similar to those reported with
intravenous gallium nitrate (98).

Gallium maltolate. Gallium maltolate, tris(3-hydroxy-
2methyl-4H-pyran-4-onato)gallium (Fig. 6B) is an orally ad-
ministered gallium in clinical development; it consists of three
maltolate ligands that are bidentately bound to a central
gallium atom in a propeller-like arrangement (11). In vitro,
gallium maltolate induces apoptosis in hepatoma and lym-
phoma cell lines at lower concentrations than gallium nitrate
(28, 41). Pharmacokinetic studies in humans show that a sin-
gle oral dose of 100–500 mg gallium maltolate (equivalent to
15.7–78.4 mg gallium) produces maximum serum gallium
levels of 0.115 and 0.569 lg/ml, respectively (11). After its oral
administration, virtually all of the gallium present in the cir-
culation is bound to Tf with very little of it being unbound (3).
The clinical antitumor activity of oral gallium maltolate has
recently been demonstrated. Bernstein et al. reported on a
patient with advanced hepatocellular carcinoma who dis-
played a significant reduction in the size of his hepatic tumor
with improvement in symptoms after treatment with
1500 mg/day of oral gallium maltolate for 4 weeks (12).

Tris(8-quinolonato)gallium(III). Tris(8-quinolonato)gal-
lium(III) (KP46) (Fig. 6C) is a gallium complex with an organic
ligand 8-quinolinol that is involved in clinical trials as an oral
gallium compound (114). This agent has undergone extensive
preclinical evaluation in a variety of solid tumor cells, in-
cluding melanoma, ovary, breast, colon, and lung cancer cell
lines, where its IC50 was found to be lower than that reported
for gallium nitrate and ranged from 0.85–10.4 lM (128). Its
tissue distribution and pharmacology has been studied in
detail in mice (42). In patients, KP46 is reported to be well
tolerated at doses ranging from 30–480 mg/m2 daily for 14
days, and appreciable dose-limiting toxicities were not en-
countered (43, 70). Responses to treatment in patients with
renal cancer have been noted, a finding that warrants further
investigation (43, 70).

Drug synergy between gallium and other chemothera-
peutic agents. An important strategy in the treatment of
cancer is to use different drugs in combination with the goal of
enhancing antitumor activity through action on multiple cel-
lular targets. In clinical trials, gallium nitrate has been used in

FIG. 6. Chemical structures
of gallium compounds cur-
rently in use in the clinic.
The chemical structures of
(A) gallium nitrate, (B)
gallium maltolate, and (C)
Tris(8quinolato)gallium(III)
(KP46) are shown.
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combination with etoposide, mitoguazone, and hydroxyurea,
thus demonstrating that it can be safely administered to pa-
tients in combination chemotherapy protocols (36, 134). A
further assessment of its potential synergism with other che-
motherapeutic drugs in lymphoma and other cell lines in vitro
has been made using strict pharmacologic criteria. These
studies showed that gallium nitrate acts synergistically to
inhibit cell growth when it is combined with hydroxyurea,
fludarabine, interferon-alpha, gemcitabine, paclitaxel, or
bortezomib (25, 27, 33, 67, 90). Since these drugs are currently
in use for the treatment of cancer, it appears logical to combine
them with gallium compounds for further study in the clinic.

Gallium compounds in preclinical development

Pyridine and phenolate ligand complexes of gallium. A
number of interesting gallium compounds are in various stages
of preclinical development. Pyridine and phenolate ligand
complexes of gallium have been shown to possess antitumor
activity in a prostate cancer xenograft implanted in a rodent
tumor model (21). These compounds appear to induce cell death
through the inhibition of proteasome function in cells and, thus,
have a primary mechanism of action that is different from that of
other gallium compounds (21, 117). The proteasome has
emerged as an important therapeutic target in the treatment of
lymphoma and multiple myeloma (20, 56); thus, the inhibition of
proteasome function by these gallium complexes is highly rele-
vant to the clinical application of gallium.

Gallium complexes with thiosemicarbazones. The syn-
thesis of different 2-acetylpyridine thiosemicarbazones-
gallium complexes as potential therapeutic agents was first
reported by Kratz et al. (85). Enyedy et al. compared the for-
mation of high stability bis-liganded complexes of Triapine�

[3-aminopyridine-2-carboxylaldehyde thiosemicarbazone, 3-AP
(Fig. 7)] with gallium and iron and showed that at physiologic
pH, Triapine formed complexes with both metals (53). An-
other study comparing the cytotoxicity of gallium versus iron
complexes of Triapine in 41M (ovarian carcinoma) and SK BR
3 (mammary carcinoma) cell lines demonstrated that the cy-
totoxicity of this thiosemicarbazone was enhanced by gallium
but weakened by iron (81). The gallium(III) complexes were
found to be 210–3300-fold more cytotoxicity in 41M cells and
150–4000-fold more cytotoxic in SK-BR-3 cells than the cor-
responding iron complexes, respectively (81). Popovic-Bijelic
et al. have provided some insight into the mechanisms in-
volved in the enhanced cytotoxicity of the Triapine-gallium
complex with regard to action on the R2 subunit of RR (105).
Although Triapine-gallium was more potent than Triapine in
inhibiting the growth of 41M cells in culture, it displayed
similar kinetics as metal-free Triapine in inhibiting the tyrosyl
radical of R2 protein in solution (105). An explanation for this
is that in an aqueous solution at pH 7.6, gallium dissociates
from Triapine and the latter, in turn, is available to chelate iron
which is released from the R2 subunit (105). These observa-
tions suggest that the enhanced cytotoxicity of the Triapine-
gallium complex after its uptake by cells results from the su-
perimposed actions of gallium hydroxides or other gallium
complexes, free Triapine, and subsequent complexes formed
with Triapine. The antineoplastic activity and interactions of
Triapine with other metals are discussed further in the next
section of this review.

Other gallium complexes. Gallium compounds other
than those previously discussed have been reported to have
anti-proliferative activity against malignant cell lines. These
include gallium complexes with azole, thiolato, and pyridoxal
isonicotinoyl hydrazone ligands (7, 24, 58, 59, 74, 75, 78, 92,
111, 145). However, these gallium complexes have only been
examined in tissue culture cell lines in vitro, and a confirma-
tion of their antineoplastic activity in vivo remains to be
demonstrated.

Inhibition of Tumor Growth by the Iron Chelator
Triapine: A Critical Analysis of Its Action on RR
and Interaction with Metals

Introduction

Triapine�, T [3-aminopyridine-2-carboxylaldehyde thiose-
micarbazone, 3-AP (Fig. 7) is one of the many derivatives from

FIG. 7. Chemical structures of various thiosemicarba-
zones.
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the parent ligand 2-formyl pyridine monothiosemicarbazone, L.
Thiosemicarbazones and their anti-tumor activity have been
recently reviewed (140) and further reviewed elsewhere in this
issue. One of the intents of this review is to add new insights for
both Triapine and gallium-Triapine interactions in cells and to
interpret them, but citations are used as examples and do not
include all references. The reader is referred to these recent re-
views, which contain more comprehensive references (140, 141,
143) and references therein.

Triapine inhibits RR

The antineoplastic activity of thiosemicarbazones is gen-
erally attributed to an inhibition of RR, an enzyme that con-
verts ribonucleosides to deoxyribonucleosides (Fig. 3). An
obvious mechanism is that (i) iron from the di-ferric site in the
R2 subunit is removed by forming an iron complex with the
thiosemicarbazone or (ii) iron is not available to form the di-
ferric site. A thorough study of the inhibition of RR showed
that Triapine, T, plus RR formed Fe(III)T2

+ , but only 2.5 lM
from 30 lM RR (105), and the tyrosyl radical was partially lost
with T, but completely lost with FeT2

+ . With the addition of
dithiolthreitol (DTT), a reducing agent, and Triapine or the
Triapine metal complex, the tyrosyl radical is completely lost.
With Triapine alone, 7.9lM of Fe(II)T2 was formed, indicating
the removal of Fe from RR. Some of the formation of FeT2 on
the addition of T is probably the result of spontaneous loss of Fe
from RR. Considering that RR has a reserve capacity, it seems
possible that enough Fe is still bound to RR to provide enough
activity for cells to grow, but the activity is inhibited as indi-
cated by the loss of the tyrosyl radical. The tyrosyl radical from
RR is not lost with low concentrations of Triapine and Triapine
metal complexes [0.125 lM], except for FeT2 with DTT, sug-
gesting that preformed FeT2 is active and less FeT2 is formed
with a low concentration of T. In the next section, it is suggested
that the iron which forms FeT2 is readily available from iron
bound to Tf, Fe-Tf, competing with RR as a source of Fe for T. It
is concluded that a more effective mechanism for the inhibition
of RR is the generation of ROS with a catalytic amount of FeT2.

Inhibition of RR is not the only cellular interaction
for Triapine

It was shown that an Fe-thiosemicarbazone complex
plus ascorbate generates ROS and damages RR (118), but Fe-
thiosemicarbazone plus ascorbate would damage a lot of
enzymes. The Gräslund group has argued that Fe(II)T2 is an
efficient inhibitor of mouse R2, where catalytic amounts are
needed for loss of the tyrosyl radical and where bound cys-
teines from RR act as the reducing agent (105). The role of FeT2

is discussed further in the next section.
An alternative hypothesis is that thiosemicarbazones dep-

rivation of iron leads to an alteration in cell cycle control and
leads to G1/S phase cell cycle arrest (140). RR increases in the S
phase and decreases in other phases; so, a reduction in RR
could be due to a phase change. Clearly, in the future, it needs
to be determined whether cells are arrested in the S phase
when chelators are added.

While the depletion of iron through the formation of an iron
complex with a dipyridyl thiosemicarbazone, 25 lM di-2-
pyridyl-ketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT)
(Fig. 7) is highly effective at up-regulating NDRG-1, a growth
and metastasis suppressor gene, the IC50 is 0.1 lM (140). The

low IC50 suggests that other mechanisms are involved in cell
death. How FeT2 is involved still needs to be considered. The
up-regulation of NDRG-1 is an important goal, but it still
needs to be determined that the up-regulation of NDRG-1 is a
major mechanism for the anti-tumor activity of Triapine.
Nevertheless, the study with Dp44mT has opened the door for
the up-regulation of a growth and metastasis suppressor on
the addition of thiosemicarbazones.

Triapine or Cu-Triapine inhibits iron uptake and increases
the concentration of Tf receptor (19, 97, 110, 135). It is assumed
that ROS are generated after the formation of either FeT2 or
CuT, and ROS cause the inhibition. Difficult experiments in
which, for example, free radical quenchers such as spin traps
are taken up in the same compartments as FeT2 might mea-
sure the activity of ROS.

Derivatives of isatin-b-thiosemicarbazones (Fig. 7) were
evaluated for multidrug-resistant cells expressing P-glyco-
protein (63). Isatin-b-thiosemicarbazones were shown to kill
P-glycoprotein expressing cells more than nonresistant cells.
The strategy is to kill P-glycoprotein expressing cells, which
correlates with multidrug resistance and poor patient prog-
nosis (63). While certain isatin-b-thiosemicarbazones do not
appear to inhibit P-glycoprotein, the activity of the thiosemi-
carbazone correlates with the expression of P-glycoprotein.
From a bio-inorganic perspective, it seems that a step toward
understanding the mechanism is to understand whether iron
or copper isatin-b-thiosemicarbazones are involved in the
mechanism. Studies with other thiosemicarbazones including
Triapine need to be compared with isatin-b-thiosemicarba-
zone, where a parallel mechanism might exist.

Is iron-Triapine the active antitumor complex?

‘‘Hold me tight’’ hypothesis. Administration of the pre-
cursor to Triapine, 2-formyl pyridine thiosemicarbazone (L)
resulted in dark green urine that is often attributed to the iron
complex (47, 121). We have given the cupric complex of this
precursor to rats and obtained green urine, the color of the cu-
pric complex, which was confirmed by its EPR spectrum.
Fe(II)L2 is blue and EPR silent, so blue and yellow giving green
could also contribute to the color in urine. One conclusion is that
metal complexes of Triapine remain intact through excretion.

The binding constant for FeT2 is very high, as Triapine can
compete with DFO for iron, although the equilibrium occurs
slowly (140). Thiosemicarbazone derivatives were effective
for mobilizing intercellular 59Fe (109). If the binding constant
for the second Triapine ligand is greater than or about equal to
the binding constant for the first Triapine ligand in the for-
mation of FeT2, then FeT2, and not FeT, is the stable complex
formed. Using the parent ligand, 2-formyl pyridine mono-
thiosemicarbazone, L, the overall formation constant,
logKFe

FeL2 for Fe(II)L2 is 23.0 and logKFe
FeL2 + is 26.5 for

Fe(III)L2
+ (102). In this example, KFeL

FeL2 > KFe
FeL and there is

no evidence for the presence of FeL in solution. The active
form is most likely to be Fe(III)L2

+ and Fe(II)L2. Once formed,
FeL2

+ reacts very slowly in ligand substitution reactions
(102). That FeL2 is stable in a complex biological medium is
referred to as the ‘‘hold me tight’’ hypothesis.

It is argued that there is an equilibrium between Fe(II)T2 and
Fe(III)T2

+ in cells. A reaction of H2O2 with Fe(II)T2, the Fenton
reaction, gives a very reactive, but not very specific, hydroxyl
radical, �OH. What is the reducing agent for reducing Fe(III)T2

+
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to Fe(II)T2? If the reducing agent is thiol, then thiols from cys-
teine should be considered, because the concentration of cysteine
amino acids in proteins is greater than the concentration of GSH
(8). When the local environment of cysteine amino acids de-
creases the pKa value through, for example, the effects of nearby
positively charged amino acids, the thiolate form is a more re-
active reducing agent [(72) and references 55 and 56 therein].
Used as a model for protein thiols, cysteine can reduce Fe(III)T2

+

to Fe(II)T2 (95).

‘‘Kiss and run’’ hypothesis from the Richardson group
(71). Strong support for the hypothesis that Triapine and/or
FeT2 is localized in the mitochondria is that Triapine treat-
ment of human lung A549 cells (with T, presumably FeT2 was
formed, see sections below) caused an almost complete oxi-
dation of Trx2 and its dependent peroxiredoxin (Prx3), but
there was no effect on Trx1 redox status (95). The positive
charge for Fe(III)T2

+ may also favor transport to mitochon-
dria. If Triapine picks up iron from Tf, then it is possible that
after endocytosis, FeT2 is transported directly to the mito-
chondrion, that is, the ‘‘kiss and run’’ hypothesis (71).

Fe-thiosemicarbazone, for example Fe-Triapine, sometimes
exerts little effect on the cytotoxicity (83), but in at least one
case for bis(1-formylisoquinoline thiosemicarbazone), the iron
complex was 40 times more active than the ligand against
mouse ascites sarcoma 180 (2). If Fe(III)T2

+ is added to cells
instead of T, Fe may not be picked up from Tf and may not be
as well localized in the endosome. Therefore, a straightfor-
ward pathway to mitochondria is not as obvious.

Several derivatives of 2-formyl pyridine monothiosemi-
carbazone, L, were found to ‘‘possess considerable Fe chelation
efficacy and reduced liver, spleen and Tf Fe levels in Fe-o-
verloaded mice’’ (121). We have shown that the addition of 2-
formyl pyridine monothiosemicarbazone, L, and ascorbate to
Fe-Tf gives FeL2

+ with oxygen present (102). This is suggestive
that a source of iron for thiosemicarbazones is Fe-Tf and that the
formation of FeL2

+ occurs during endocytosis, where FeL2
+

may be readily reduced. Thiosemicarbazone chelators can di-
rectly remove iron from Fe-Tf (109), but the addition of ascorbate
better mimics the reaction in the endosome. These chelators also
inhibit the cellular uptake of Fe from Fe-Tf. One thought is that
as the concentration of Fe-thiosemicarbazone complexes in the
endosomes increases, ROS are generated that damage the TfR.
An increase in Fe-Tf signal is observed in peripheral blood
lymphocytes from patients with refractory solid tumors treated
with Triapine (79, 80). One explanation is that the uptake of Fe-Tf
is inhibited by the damage to TfR, resulting in more oxidized Fe-
Tf in peripheral blood lymphocytes.

Triapine free radical hypothesis. A third hypothesis for
the activity of iron-thiosemicarbazone complexes is that a free
radical from the ligand is formed, leading to free radical chem-
istry that leads to an attack on cellular targets (82). These in-
vestigators found that the redox potential for the ligand is very
low in physiological systems, that is, - 400 mv. Without free
radicals being generated by Triapine itself, the formation of a
metal-Triapine complex is the next option to generate ROS.

Fe-Triapine, FeT2, is redox active

Fe-thiosemicarbazone complexes (and Cu-thiosemicarba-
zone complexes) are redox active, and they affect cellular anti-

oxidant systems. Thiosemicarbazones significantly elevated
oxidized trimeric thioredoxin levels to 213% of the control and
decreased thioredoxin reductase, TrxR, activity to 65% (142).
Consistent with a decrease in TrxR, the glutathione/oxidized-
glutathione ratio and the activity of glutaredoxin that requires
glutathione as a reductant were reduced. It is suggested
that thiosemicarbazones could have effects on major thiol-
containing systems. These effects are dependent on the for-
mation of an Fe-thiosemicarbazone complex. As stated earlier
for the Fe complex with 5-hydroxy-2-formylpyridine thiose-
micarbazone (47), Fe-thiosemicarbazones are sometimes
more active RR inhibitors when added to cells as an iron or
copper complex than as the ligand alone (19, 55, 105, 118). The
treatment of A549 cells (human alveolar carcinoma epithelial
cells) resulted in the complete oxidation of Trx2, supporting a
mechanism involving thiols (95). Even more effectively, a
pronounced oxidation of Prx3 occurred. In contrast to Trx2,
the redox state of Trx1 was not altered suggesting little effect
on RR in the cytosol, while mitochondria are greatly affected
(95). One hypothesis is that Fe-Triapine is partitioned into the
mitochondria or Triapine enters the mitochondria and forms
Fe-Triapine. Here, Fe-Triapine possibly generates predomi-
nately two electron transfer of electrons or two one electron
transfers to form peroxides, including H2O2, which greatly
affects peroxiredoxin3 before other sites such as thioredoxin
and has a minimal effect on thiols in the cytosol, resulting in
little inhibition of RR until the concentration of Triapine in-
creases to where it affects all thiols in both mitochondria and
cytosol. The localization of Triapine in the mitochondria is
consistent with the ‘‘kiss and run’’ hypothesis discussed
earlier.

Copper Triapine, combination of effects
from released copper

Lessons from bis(thiosemicarbazones). The anti-tumor
properties of bis thiosemicarbazones and especially their
copper complexes (Fig. 8) have been recognized since the
1960s (101, 103). While toxicity has prevented their use in the
clinic, less toxic derivatives of the original bis thiosemicarba-
zones became viable radiopharmaceuticals as copper com-
plexes to measure blood flow (61). Later, copper complexes
of bis thiosemicarbazones, including CuATSM, copper(II)-
diacetyl-bis(N4-methylthiosemicarbazone) (Fig. 8), were used
to target hypoxia (130). High lipophilicity and low redox
potential are properties of copper(II)-ATSM that support
hypoxic regions of cells. Due to the low redox potential of
CuATSM, NADH-cytochrome b5 reductase and NADPH-
cytochrome P450 reductase in the microsomes reduce a large
fraction of CuATSM. In contrast, the redox potentials of Cu-
Triapine and Fe-Triapine are not low and could also be re-
duced in mitochondria, but it is useful to understand and
compare how thiosemicarbazone complexes are reduced in
cells. The mechanism for labeling hypoxic cells involves re-
duction to Cu(I)ATSM followed by release of Cu(I), whereby
Cu(I) is irreversibly trapped in a hypoxic region of the cell.
These studies with CuATSM by analogy provide an insight
into the mechanism for Triapine and vice versa. For example,
after unloading Cu(I), does ATSM pick up another metal, and
if ATSM picks up iron, what are the consequences of
FeATSM? Similarly, if Cu(I) is unloaded from Cu-Triapine, is
Fe-Triapine formed? Finally, is Cu(I) incorporated into copper
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metabolism or does Cu(I) contribute to other problems such as
Alzheimers disease?

CuPTSM2 (Fig. 8) is rapidly cleared from the brain, while
CuPTSM (Fig. 8) is retained to at least 2 h postinjection (14).
Myocardial uptake was highest for the PTSM complex. Only a
purified mitochondrial fraction reduced CuPTSM to give
Cu(I) (14), as found for CuKTS (17). Is it feasible that much of
the mono- and bis-thiosemicarbazone complexes, including
Cu-Triapine and Fe-Triapine, are localized and reduced in the
mitochondria? Others found that a cytosplasmic component
is responsible for the reduction of CuPTSM [(130) and refer-
ences therein]. In addition, there is little selectivity for a sub-
cellular compartment, and Cu(I) enters copper metabolism
pathways (130).

Cytotoxicity of CuT. The cytotoxicity of copper complexes
of L, and its derivatives, T, Dp44mT, and so on (Fig. 7), range
from about 50 nM to lM concentrations (73, 102) and their refs
therein. For a cupric complex bound to a single chelator,
Dp44mT, IC50 is 230 nM at 24 h and < 10 nM at 72 h (73). Of-
ten, the cupric complexes are very toxic. One hypothesis is
that CuT at low concentrations generates ROS through the
reduction of Cu(II)T by thiols in the cells to Cu(I)T or even to a
more stable Cu(I) complex followed by the oxidation of Cu(I)
to Cu(II)T by oxygen and hydrogen peroxide. This continues
until oxygen is depleted, thiols are oxidized, or Cu(I) is se-
questered by metallothionein and chaparones (84). It may be
that metallothionein and chaparones for Cu(I) are the most
influential factors in stopping the generation of ROS from Cu.
The mechanism for cytoxicity of CuT at nanomolar concen-
trations initially involves the generation of ROS through CuT.
However, cuprous ion is removed over time. One theme of
this review is that thiosemicarbazones, such as Triapine, form
an iron complex, FeT2. Thus, over extended periods of time,
that is, 72 h, the effect of both the preformed CuT after uptake
and FeT2 at a later stage combine to increase cytotoxicity.

An exception to the combined effect of Cu- and Fe-
thiosemicarbazones is when the Fe-thiosemicarbazone com-
plex inhibits antiproliferation activity. For example, the
Fe-thiosemicarbazone complex, where the thiosemicarbazone
is 2-pyridinecarbaldehyde N,N-bis(2-pyridinylmethyl) thio-
semicarbazone (Fig. 7), inhibits antiproliferation activity as
Fe(2 + ) with HL60 cells and as Fe(3 + ) with PC3 cells (64). The

Cu-thiosemicarbazone complex enhances activity almost
fivefold. For example, the IC50 values are 0.85 lM for the
thiosemicarbazone, 0.2 lM for the Cu(2 + )-thiosemicarba-
zone, 0.7 lM for the Fe(3 + )-thiosemicarbazone, and > 3 lM
for the Fe(2 + )-thiosemicarbazone (64). One complication
from the bio-inorganic standpoint is that 2 molar equivalents
of metal were added. A clean formation of metal complex
requires 1 molar equivalent of Cu and 0.5 molar equivalents of
Fe. With regard to the addition of iron as hemin, Tf, Fe(2 + ), or
Fe(3 + ), it is not clear what complexes are formed extracellu-
larly or intracellularly. For example, hemoglobin, as well as
the Fe in heme, has a strong binding site for Cu(2 + ) that will
compete with thiosemicarbazone for Cu(2 + ) (5, 6). It appears
that Cu-thiosemicarbazone is taken up by cells, generates ROS
for an unspecified time, then hypothetically, the Cu is re-
moved as Cu(1 + ), possibly Fe-thiosemicarbazone complexes
are formed, which appear to be less toxic than the Cu-
thiosemicarbazone. A twist to this hypothesis is that the re-
duced toxicity of Fe-thiosemicarbazone may be more effective
than the too toxic nanomolar toxicity of the Cu-thiosemicarbazone
or that preformed iron-thiosemicarbazone complexes are not
as effective as iron-thiosemicarbazone complexes formed in
the cell as previously discussed. However, mice tolerated both
the thiosemicarbazone and the Cu-thiosemicarbazone (64).
The uptake of Cu-thiosemicarbazone complexes is less com-
plicated in that Cu(II)-thiosemicarbazone complexes have no
charge if the counter-ion has a negative charge, which facili-
tates uptake. Nevertheless, studies determining the contrast
with cell lines, cell cycle analysis, and apoptosis and necrosis
discrimination as done for this thiosemicarbazone (64) need to
be performed with more thiosemicarbazones. The nanomolar
concentrations in this study suggest that the targets are low in
concentration, suggesting that the metal-thiosemicarbazone
complex acts as a catalyst. The authors of a recent study em-
phasizing the basis of the mechanism for Cu-thiosemicarbazones
report that Cu-Dp44mT localizes in lysosomes (89). First,
Dp44mT is retained in lysosomes at pH 5, because the ligand
is protonated. A Cu-Dp44mT complex is the active species,
resulting in the generation of ROS and apoptosis. While details
for metal metabolism in lysosomes (and mitochondria) are not
known, this is clearly a unique perspective, for which the role
of iron and copper complexes needs to be unraveled.

Insights

Given that K2, the binding constant for the second thiose-
micarbazone ligand bound, is greater than K1, the binding
constant for the first ligand, 2-formylpyridine mono-
thiosemicarbazone, the parent compound, for thiosemi-
carbazone derivatives where K2 > K1, the major complex is
FeT2 with little FeT or FeTX, where X is a ligand from the cell.
This favors the intact FeT2 complex in biological media.

At low concentrations, about 100 nM or less, thiosemi-
carbazone forms a stable iron complex, FeT2. FeT2, acting as a
catalyst, generates ROS and damages DNA. ROS are gener-
ated until either oxygen is consumed or thiols, including
cysteine amino acids, are oxidized. The consequences of DNA
damage are monitored by biomarkers, that is, cyclins, cdks,
altered expression of NDRG1, RR activating protein, and so
on and/or changes in the cell cycle. Damage at sites other than
DNA occurs, but this damage only partially inhibits enzyme
activity. Whether the damage is similar in different cells or

FIG. 8. Chemical structures for cupric complexes of bis-
thiosemicarbazones.
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cells from different individuals needs to be determined. This
model is taken from studies on Fe-bleomycin, where double-
strand scission is considered the mechanism of action. Since it
is difficult to study metal complexes at nanomolar concen-
trations, what has just been cited is considered a hypothesis.

At intermediate concentrations of about 10 lM, thiosemi-
carbazone forms FeT2, acts as a catalyst, decreases tyrosyl
radical in RR, inhibits iron uptake, causes mitochondrial
thiol redox stress, and so on. A case can be made for the
accumulation of FeT2

+ in mitochondria, which enhances the
concentration in mitochondria while decreasing the concen-
tration in the cytosol.

At high concentrations, thiosemicarbazone, in addition to
the effects at lower concentrations for iron complexes, results
in iron deprivation.

Challenges and Opportunities

Despite many advances in the treatment of malignancy, it is
estimated that 577,190 individuals in the United States will die
from cancer in 2012 (119). Hence, there is a great need to de-
velop new antineoplastic drugs to combat this disease. In an
ideal situation, an anticancer agent should be sufficiently se-
lective so that it kills malignant cells while sparing normal cells.
In reality, however, antineoplastic drugs are not highly selec-
tive and may, thus, act on both normal and malignant cells.
Nonetheless, treatment can be successful, because biologic
differences that exist between normal and cancer cells may
render the latter cells more susceptible to a particular drug. As
an example, our understanding of differences in signaling and
metabolic pathways between cancer and normal cells has
sparked interest in developing therapeutic agents that act
preferentially in these pathways (18, 123). There is an increas-
ing body of evidence that cancer cells require greater amounts
of iron and display changes in iron proteins, which give them a
proliferative advantage compared with normal cells. These
differences, therefore, provide an opportunity to exploit iron-
dependent tumor growth with drugs that disrupt cellular iron
homeostasis such as novel gallium compounds, metal-thiose-
micarbazone complexes, and iron chelators. This is an area of
cancer therapeutics that is underdeveloped and warrants fur-
ther research. Agents that appear promising in vitro should be
evaluated for their antineoplastic activity and toxicity in animal
studies and moved forward to clinical trials. These studies
should also explore strategies to reduce the toxicity of these
compounds to normal cells so that they can be safely admin-
istered to patients. In this regard, pharmacologic agents that
could provide protection to normal cells without diminishing
the cytotoxicity to cancer cells would be of great interest. Other
challenges in this field include the need to understand the basis
of tumor cell resistance to gallium, thiosemicarbazones, and
iron chelators, and to identify biological markers that can
predict sensitivity or resistance to treatment with these agents
in the clinic. The association between Tf receptor expression
and aggressive tumor behavior in lymphoma and other cancers
has been described (62, 86, 120). However, whether iron and
iron proteins in lymphoma cells in patients predict tumor re-
sponse to gallium compounds is not known and needs to be
studied in the clinic. Knowledge of biologic markers of gallium
sensitivity would be highly relevant to the design of clinical
trials and the selection of patients who are likely to respond to
treatment.

Conclusions

Exciting advances in our understanding of the importance
of tumor iron metabolism have provided an impetus for the
development of a group of anticancer drugs that target iron
homeostasis in malignant cells. Gallium has a unique mech-
anism of action in that it can interpose itself into proteins and
processes in lieu of iron and disrupt critical iron-dependent
steps in cell function. However, gallium’s activity is not lim-
ited to its functioning as an iron mimetic; it may also interfere
with other aspects of cell function. Thus, gallium’s mecha-
nisms of action include iron targeting and noniron targeting,
both of which act in concert to enhance its potency as an
antineoplastic agent. The next generation of gallium com-
pounds appears to have a wider range of antitumor activity
than gallium nitrate and, importantly, they inhibit the growth
of malignant cells that are resistant to gallium nitrate. As a
result of their unique mechanisms of action, drugs that per-
turb tumor iron homeostasis do not share cross-resistance to
conventional chemotherapeutic agents and are, thus, an im-
portant addition to the therapeutic armamentarium against
cancer. The gallium complexes with different ligands repre-
sent an important advance in the development of therapeutic
gallium-based drugs. Further investigation into their anti-
neoplastic activity and toxicity in tumor-bearing animal
models needs to be vigorously pursued to determine whether
these agents should be advanced to clinical trials.
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Abbreviations Used

ADP¼ adenosine diphosphate
ATSM¼diacetyl-bis(N4-methylthiosemicarbazone)

CDP¼ cytidine diphosphate
Dp44mT¼di-2-pyridyl-ketone-4,4-dimethyl-3-

thiosemicarbazone
DTT¼dithiolthreitol
EPR¼ electron paramagnetic resonance
GSH¼ reduced glutathione

GSSG¼ oxidized glutathione
KTS¼ 3-ethoxy-2-oxobutraldehyde

bis(thiosemicarbazone)
L¼ 2-formyl pyridine monothiosemicarbazone

NSC689534¼ 2-pyridinecarbaldehyde N,N-bis(2-
pyridinemethyl)thiosemicarbazone

NSC73306¼ 1-isatin-4-(4¢-methoxyphenyl)-3-
thiosemicarbazone

PTSM¼pyruvaldehyde bis(N4-
methylthiosemicarbazone)

PTSM2¼pyruvaldehyde bis(N4-
dimethylthiosemicarbazone)

ROS¼ reactive oxygen species
RR¼ ribonucleotide reductase

T¼Triapine� [3-aminopyridine-2-
carboxylaldehyde thiosemicarbazone,
3-AP]

Tf¼ transferrin
wt¼wild-type
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