
Abstract. Background/Aim: Rhenium(I)-diselenoether (Re-
diSe) is a compound combining a rhenium tricarbonyl(I) core
with a diselenide ligand. A high dose of 60 mg/kg had a pro-
tumor effect in a previous study, in non-immune deficient 4T1
tumor-bearing mice, while doses of 1 and 10 mg/kg did not affect
tumor growth, after repeated oral administrations. This study
aimed to examine the tumor effects of a lower dose of 0.1 mg/kg
with the same experimental design and to assay plasma Re and
Se concentrations. Materials and Methods: Syngenic BALB/cByJ
(JAX) mice were orthotopically inoculated with 4T1 mammary
breast cancer cells. Re-diSe was daily administered orally for 23
days at doses of 0.1, 1, and 10 mg/kg, whereas controls received
no treatment. Tumor and mice weights were measured at the end
of the experiment. Plasma Re and Se concentrations were
assayed by an inductively coupled plasma sector field mass
spectrometry instrument (ICP-sf-MS). Results: The weight of the
tumors did not vary in treated versus non-treated mice. The limit
of detection (LOD) of Re was 0.34 nmol/l. Plasma Re
concentrations were 14±20 nmol/l at doses of 0.1 mg/kg, and

increased at higher doses, up to 792±167 nmol/l at doses of 10
mg/kg. Plasma Se concentrations were significantly increased in
mice treated with the dose of 0.1 mg/kg (4,262±1,511 nmol/l)
versus controls (1,262±888 nmol/l), but not from 0.1 to 1 mg/kg,
nor from 1 to 10 mg/kg. Conclusion: The 0.1 mg/kg dose of Re-
diSe resulted in detectable plasma Re concentrations and
significantly increased plasma Se concentrations. In the future,
doses as low as 0.1 mg/kg of Re-diSe will be tested, exploring
its potential immune interest as a metronomic schedule of
treatment, but in mouse models that readily develop extensive
metastatic disease. 

Rhenium(I)-diselenoether (Re-diSe) is a metal-based drug,
combining a Re(I)tricarbonyl as d6fac-[Re(CO)3]+ moiety
with a diselenide ligand (two atoms of selenium, Se). This
(CO)3Re(I)(Se^Se) diselenoether complex, with the wide
range of oxidation states of the Re metal (–3 to +7) and of
the Se element (–2 to +6) may modulate the redox status of
cancer cells. Different tricarbonyl (CO)3Re(I) derivatives
have shown anticancer effects (1). Re-diSe showed excellent
selective inhibitory effects on malignant cells in culture (2-
4), but both pro- and anti-tumor effects of this compound
have been observed in animal experiments (5-8). The pro-
tumor effect was observed in an experimental model of 4T1
triple-negative breast cancer at the highest dose of 60 mg/kg
Re-diSe, but the weight of the tumors was not affected at
doses of 1 and 10 mg/kg (8). In this new experiment, with
the same design, we tested the dose of 0.1 mg/kg Re-diSe to
know if a lower dose could have a beneficial effect, as it is
known that anti-oxidants, like Re-diSe may have paradoxical
opposite effects according to the dose (9). 
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On the other hand, the use of frequent and uninterrupted
administration of low, but active doses of chemotherapeutic
agents over prolonged periods of time, as a low-dose
metronomic (LDM) schedule may be more beneficial than
the administration of high doses, with different mechanisms
of action, including anti-angiogenic, anti-proliferative, and
immunomodulatory activities (10-14). However, optimal
drug dosages and dosing intervals are not always easy to
identify. In a 4T1 model, a metronomic treatment with
nanocaged doxorubicin with targeted H-ferritin delivery had
a more potent antitumor activity than standard doses of free
or liposomal doxorubicin (15). Moreover, the schedule of
treatment with low repeated doses avoided the cardiotoxicity,
without decrease of reduced glutathione in heart tissues, in
contrast with free or liposomal doxorubicin. The most
important differences between standard chemotherapies at
the maximal tolerated doses (MTD) and the metronomic
approach could be on the effects on the tumor-
microenvironment (TME) with a selective antitumor immune
response allowed by the prolonged low doses (16). 

We compared the efficacy of Re-diSe dose of 0.1 mg/kg
to doses of 1 and 10 mg/kg after daily repeated oral
administrations. We also assayed plasma Re and Se
concentrations by inductively coupled plasma -sector field-
mass spectrometry (ICP-sf-MS) at the end of the experiment. 

Materials and Methods

Synthesis and analytical structure evaluation. The synthesis of the Re-
diSe was performed by Synthenova laboratory, Herouville Saint-Clair,
France, according to the already described procedure of synthesis, by
ligand exchange reaction of pentacarbonylchlororhenium (I) with 3,7-
diselena nonanedioic acid (8). The structure was verified by
LC/MS/MS on a Thermo Fisher Q Exactive Plus (Thermo Scientific)
and a Dionex Ultimate 3000 liquid chromatography (Thermo Fisher
Scientific) in Esi positive mode on a Synergi 4 μm Hydro-RP 80 Å,
250×2.0 mm column (Phenomenex). The molecular weight of the Re-
diSe drug was 668.5.

Animals, cell line and reagents. Female Balb/C J mice, 6-7 weeks old,
were purchased from Charles River (Charles River Laboratories, Saint-
Germain-Nuelles, France). The syngeneic 4T1 cancer cell line [mouse
triple-negative breast cancer, CRL-2539, (ATCC, Manavas, VA, USA)]
was maintained in DMEM (Lonza BioWhittakker DMEM with 4.5g/l
Glucose and L glutamine; Lonza, Visp, Switzerland) supplemented
with 10% heat-inactivated Hyclone FCS (GE Healthcare, USA), 50
u/ml streptomycin, 50 u/ml penicillin and 1 mg/ml neomycin (Lonza).

Tumor induction in mice. All the procedure involving animals and
their care were conducted in accordance with institutional guidelines
in the IRCAN animal facility (French Ministry agreement N˚ AO6-
08115). The study was approved by National and Institutional
Research Ethics Committees (respective numbers: APAFIS#17571-
2018103010485674, PEA538) and was performed in accordance
with the ethical standards as laid down in the 1964 Declaration of
Helsinki and its later amendments.

Experimental triple-negative breast cancer tumors were induced by
injection of 4T1 cells (5×104) into mammary fat pads as previously
described (8). The Re-diSe treatments were administered daily by oral
gavage for 23 consecutive days after tumor cell injection. There were
48 mice divided in 4 groups of 12 mice per group: the control group
received water placebo gavage and the three Re-diSe-treated groups
received doses of 0.1 mg/kg, 1 mg/kg, and 10 mg/kg. Toxicity was
evaluated twice a week (clinical examination, mice weights).

Twenty-three days after tumor cell injection, mice were sacrificed
by a lethal injection of Dolethal (Vetiquinol, Bern, Switzerland).
Plasma samples were collected and stored at –80˚C until use. After
dissection, the extent of tumor development was assessed by
weighing the tumor. 

Plasma Re and Se concentrations. The inductively coupled plasma
sector field mass spectrometry instrument (ICP-sf-MS) “ELEMENT
2” from Thermo Fisher Scientific (Bremen, Germany) was
employed for the determination of 77Se and 187Re. Plasma samples
were diluted 1:5 with Milli-Q water. No HNO3 was added to plasma
samples as this could have precipitated plasma proteins, leading to
loss of analytes, and clogging of the nebulizer. 103Rh and 193Ir were
administered to each sample at a concentration of 1 μg/l as internal
standards. Sample injection was carried out using a peristaltic pump
connected to a Seaspray nebulizer with a cyclon spray chamber. The
RF power was set to 1300 W, the plasma gas was 15 l Ar/min,
whereas the nebulizer gas was approximately 0.9 l Ar/min after
daily optimization.

Statistical analysis. The statistical analysis was performed using
SAS version 9.3 (SAS Institute Inc., Cary, NC, USA). A generalized
linear model (GLM) was applied to evaluate the differences between
the administered doses of Re-diSe. The least-squares means (LS
means) corresponding to the effects for the linear part of the model
were estimated. The p-Values (adjusted with the Tukey-Kramer test
for multiple comparisons) with the relative confidence limits were
then calculated after performing multiple comparisons. The results
were considered statistically significant at p<0.05.

Results

Quality-control of the compound. The quality-control was
satisfying. The schematic structure is depicted in Figure 1,
as previously published (5). 

Plasma Re and Se concentrations. The limit of detection
(LOD) of plasma Re concentrations was 0.34 nmol/l. The
plasma Re concentrations were below the LOD in non-
treated mice. However, in mice treated at the dose of 0.1
mg/kg, the plasma Re concentration was 14±20 nmol/l. It
was significantly increased (p=0.0032) to 92±29 nMol/l at
the dose of 1 mg/kg. The plasma Re concentrations were 10
times higher at the dose of 10 mg/kg, reaching values of
792±167 nMol/l, which were significant compared to those
measured mice treated with the dose of 1 mg/kg (p<0.0001).
The results are shown in Figure 2. 

The plasma Se concentrations were of 1,268±888 nMol/l
in controls. They significantly increased (p=0.0017) to
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4,262±1,511 nMol/l at the dose of 0.1 mg/kg. At the dose of
1 mg/kg Re-diSe, the plasma Se concentrations were
5,735±1,728 nMol/l and this increase was not significant.
The concentration was 6,253±2,017 nmol/l in mice treated
at the dose of 10 mg/kg Re-diSe and this value was not
significantly different compared to that at the dose of 1
mg/kg. The results are shown in Figure 3.

Tumor and mice weights. The tumor weights did not
significantly vary between groups, but large interindividual
variations were noted. The treatment had to be interrupted
after 23 days, as a consequence of an unacceptable tumor
weight in one mouse of the group treated with a dose of 10
mg/kg. Results are shown in Figure 4. There was no death
related to the treatment, as well as no clinical sign of toxicity
or loss of weight. Mice weights are shown in Figure 5. 

Discussion

Doses of 0.1, 1, and 10 mg/kg Re-diSe did not affect tumor
growth, but a longer duration of treatment should be
considered for further experiments. It was previously shown
that high doses of 60 mg/kg Re-diSe orally administered

daily for 23 days induced a protumor effect in the same 4T1
breast tumor experimental model (8). Lower doses of 1 and
10 mg/kg did not affect tumor growth. In this new study with
the same design, we examined a low dose of 0.1 mg/kg Re-
diSe, as it is known that anti-oxidants may have opposite
effects via dual roles in oxidative stress, either inhibiting or
favoring tumor growth (9). The low dose of 0.1 mg/kg was
compared to doses of 1 and 10 mg/kg. We did not observe
any significant effect on tumor growth. The treatment was
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Figure 1. Chemical structure of the Rhenium(I)-diselenoether (Re-diSe)
complex.

Figure 3. Dose-dependent effect of Rhenium(I)-diselenoether (Re-diSe)
on plasma Se concentrations. There was a significant increase of the
plasma Se concentrations in mice treated with the low dose of 0.1 mg/kg
versus controls (*p=0.0017), but no difference was observed between
the treated groups. 

Figure 4. Dose-dependent effect of Rhenium(I)-diselenoether (Re-diSe)
on tumor weights. No statistically significant difference was observed
between treated mice and controls. 

Figure 2. Dose-dependent effect of Rhenium(I)-diselenoether (Re-diSe)
on plasma Re concentrations. Plasma Re concentrations significantly
increased in mice treated with doses of 1 mg/kg versus 0.1 mg/kg
(*p=0.0032) and in mice treated with doses of 10 mg/kg versus 1 mg/kg
(**p<0.0001).



interrupted after 23 days of administration due to an
unacceptable tumor weight in one mouse at the dose of 10
mg/kg, that could have been considered as aberrant.
Therefore, a longer duration of treatment should be
interesting in these groups as it is known that the exposure
time, and not only its dose, is an important factor in
evaluating the efficacy of Re-diSe (5). 

Increasing the dose of Re-diSe did not correlate with an
increase in efficacy. In a previous study with Re-diSe in
MDA-MB231 tumor-bearing mice, Re-diSe showed an anti-
tumor effect, but there was no difference between doses of
10 and 40 mg/kg (7). In addition, increasing doses of Re
compounds did not result in a higher effect in another study
published by Konkankit et al. (17). They demonstrated that
a Re(I) tricarbonyl compound was very effective in an
experimental mouse model of ovarian cancer, but efficacy
did not differ by increasing the dose from 10 to 40 mg/kg.
Interestingly, they also showed that the Re concentrations
were lowest in the tumor than in many other healthy tissues,
with the highest levels in the kidneys and lungs. 

Dose-effects of the Re-diSe on plasma Re and Se
concentrations. In this study, there was a clear effect of the
dose of Re-diSe on the plasma Re concentrations. We did not
assay Re in tumors, but the tumor Re uptake was already
evaluated in a previous study, after repeated oral doses of 5
and 10 mg/kg Re-diSe for 6 weeks in MDA-MB231 breast
tumor bearing-mice, another model of triple-negative breast
cancer (6). In that experiment, tumor uptake of Re was
demonstrated with concentration of 63±34 μg/kg at dose of 5
mg/kg/24 h and 91±49 μg/kg at dose of 10 mg/kg/24 h, while
no Re was detected in controls. The plasma Se concentrations
were significantly increased in mice treated at the dose of 0.1
mg/kg versus controls, but not by increasing the dose from
0.1 to 1 mg/kg nor from 1 to 10 mg/kg. 

Importance of experimental model. Differences in the study
design may affect the results obtained using models of triple-
negative breast cancers. The importance of the experimental
model has been emphasized in a review by Franca et al. (18).
Some drugs may be active only when metastases are present.
It has been observed that the antioxidant genistein had
antimetastatic effects on spontaneous metastases of MDA-
MB-435 after a continuous oral administration and not on
the primary tumor growth rate (19). In fast growing tumors,
such as MDA-MB231 or 4T1 tumors, it may be necessary to
surgically remove the primitive tumors when they reach a
high volume, before metastases appear. Other examples are
given in the aforementioned review. Mice with locally
invasive tumors are more likely to develop metastases, and
they also tend to have a worse prognosis. The disparity of
response to therapy between primary tumors and advanced
metastases was attributed to the metronomic schedule of the
treatment. Differences observed with Re-diSe along the
experimental model could perhaps also be attributed to the
immune and the redox status of cancer and TME cells. 

Immune status. A pro-tumor effect has already been observed
in MDA-MB231 tumor-bearing nude mice orally treated
with Re-diSe (6). In that case, immune-deficient nude mice
were treated by a total body irradiation before transplantation
of the tumor cells, suggesting a role of immune cells. In fact,
it has been demonstrated that Re-diSe may induce a
significant dose-dependent decrease in the production of
cysteine cathepsins B and S by malignant MDA-MB231
cells in culture, but also by normal cells (4). Cysteine
cathepsins are proteolytic enzymes with roles in tumor-
associated immune cell functions, and on the degradation of
the extracellular matrix (20). Inhibition of the activity of
cathepsins B and S in cancer cells could induce antitumor
effects (21). Inhibition of these enzymes in immune cells of
the tumor microenvironment (TME), dendritic cells, B- and
T-cells, and macrophages, may result in an improvement of
cell immunity. For example, inhibition of cathepsins B and
S could induce a shift from the M2 macrophage phenotype
to M1-like phenotype (22), counteracting the immuno-
suppressive effects of cancer (23). However, cathepsins must
be strictly regulated as they are also essential for an optimal
immune function (24). The combination of total body
irradiation and Re-diSe in immune-deficient mice could have
a deleterious effect on the immune function. The aim should
be to normalize the levels of cathepsins, for example, when
they are produced in excess, as observed by Wan-Li et al.
(25). They showed that in gastric cancer patients serum
levels of cathepsins S were significantly (p<0.001) increased
in late stage III/IV (27.77±10.64 μg/l) by comparison with
early stage (16.67±6.19 μg/l) and reported that generally,
cysteine proteases are overexpressed at late stage of cancer
with metastasis (25). Furthermore, in a model of metastatic
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Figure 5. Dose-dependent effect of Rhenium(I)-diselenoether (Re-diSe)
on mice weights. No significant difference was observed between treated
mice and controls.



triple-negative breast cancer with lung metastases orally
administered repeated doses of Re-diSe showed a very
significant antitumor activity (5). It may be hypothesized that
Re-diSe could be more effective in metastatic models, with
an overproduction of cathepsins, than in models with only
primary tumors without metastases. 

Redox status. In vitro studies comparing the effects of Re-
diSe in MDA-MB231 breast malignant cells and in normal
cells in culture showed that doses of only 5 μM Re-diSe
induced selective cell death after an exposure time of 120 h,
but the amount of reactive oxygen species (ROS) produced
by the malignant cells was very high in comparison to normal
cells (3). Re-diSe significantly decreased the production of
ROS in malignant cells, but not in normal cells. Re-diSe
could be considered as an anti-oxidant in these conditions. 

In a model of 4T1 breast tumor-bearing non-immune
deficient mice, transplantation of tumor cells did not induce
an increase of oxidative stress plasma markers (8). It was
thus proposed that the efficacy of Re-diSe could mainly
depend on the redox potential of malignant and TME cells.
The status of a cancer type may be oxidative or reductive,
and, furthermore, the oxidative status of cancer and TME
cells varies with the stage of cancer, with an important
relationship between the extracellular redox state and cancer
cell aggressiveness (9). The Re-diSe could therefore be more
effective in metastatic models, considering that the redox
potential is greater in metastases than in primary tumors. 

Oxidation status of the targeted proteins. The redox couple
ReI/ReII is a characteristic of the fac-Re(I) tricarbonyl
compound (26). Metallomic studies performed by microwave
plasma atomic emission spectrometry showed that soluble
proteins were the main target of cationic tricarbonyl Re
compounds, and not DNA or RNA (27). If proteins are the
main targets of Re, reducing (ReI/ReII) or oxidizing effects
(ReII/ReI) could be observed according to the oxidative
status of the substrate. The tumor effects could therefore
mainly depend on the oxidation state of the targeted proteins
than on the plasma Re and Se concentrations. 

Concerning the effects of the Se component of the Re-diSe
compound, they may occur in a number of redox-regulated
proteins resulting in decreased activity of enzymes (28), and
could particularly depend on the redox state of cysteine
residues in proteins (29). Transcription factors having
regulatory cysteines can form Se adducts inactivating their
functions (30). According to Gopalakrishna et al. proteins
lacking cysteine clusters are unaffected by Se (31). Protein
kinase C (PKC) is a protein with cysteine clusters in its
catalytic subunit. These authors showed opposite dose-effects
of Se on this kinase in prostate cancer cell lines (32). Low
concentrations of Se inactivated isoenzymes of PKC (ε and
α), which have antiapoptotic functions. In that case, Se

reacted with the cysteine-rich regions in the catalytic domain
and selectively induced cancer cell death. In contrast, higher
concentrations of Se also inactivated other isoenzymes
(PKCδ and PKCζ), which are proapoptotic. In that case, Se
also reacted with the cysteine residues in the regulatory
domain within the zinc-fingers proteins. Consequently, the
tumor cells became resistant to apoptosis. This is a very good
example demonstrating that low doses of drugs reacting with
cysteine residues in proteins may have favorable antitumor
effects and that higher doses may have negative effects. 

Redox-active compounds (like the Re-diSe drug) may
either inhibit tumor progression, cell growth, invasion, and
metastasis, or, in contrast, induce resistance to apoptosis
(33). Therefore, biomarkers can be very helpful in treatment
management. 

Biomarkers for the Re-diSe treatment. It has been demonstrated
that Re-diSe decreased the production of reactive oxygen
species (ROS), Transforming Growth Factor-beta (TGFβ1),
Insulin Growth Factor 1 (IGF1) and Vascular Endothelial
Growth Factor A (VEGFA) in malignant MDA-MB231 cells
in culture (2). TGFβ1, IGF1, VEGFA are redox regulated. The
levels of all these markers produced by malignant MDA-
MB231 cells, were significantly higher than those produced by
HEK-293 cells. However, it is known that serum levels of
TGFβ1, IGF1 and VEGFA are increased in triple-negative
breast cancer patients and associated with metastasis (34).
ROS, TGFβ1, IGF1, VEGFA could thus be considered as
biomarkers for Re-diSe treatment, at least in triple-negative
breast cancer patients. We also showed the importance of
assaying cathepsins cysteine proteases in plasma. All these
markers are required for an optimal function of the cells, while
an excess of production favors tumor growth. Plasma levels of
these markers may be more helpful to manage the Re-diSe
treatment than plasma Re and Se concentrations.  

Conclusion

Spontaneous metastases are not often tested in preclinical
trials and selective antimetastatic drugs could be unexplored
(18). To avoid this error, we have thus to repeat the
experiment which showed the efficacy of Re-diSe in lung
metastatic MDA-MB231 mice (5). Detectable plasma Re
concentrations were observed after the daily oral
administration of only 0.1 mg/kg Re-diSe for 23 days.
However, Re-diSe doses higher than 1 mg/kg did not increase
plasma Se concentrations. Furthermore, increasing the doses
could not increase the efficacy. We shall thus evaluate the
effects of low doses Re-diSe, orally administered, daily, with
a longer duration of treatment. We shall focus on the immune
and redox effects. Plasma biomarkers should include
cathepsins cysteine proteases. They could better help optimize
Re-diSe treatment than plasma Re and Se concentrations. 
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