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ABSTRACT: Highly toxic bacterial ionophores are com-
monly used in veterinary medicine, but their therapeutic index
is too narrow for human usage. With the goal of developing
ionophores with a broader therapeutic index, we constructed
highly derivatized synthetic ionophores. The toxicities of
crown ether host-rotaxanes (CEHRs) against the SKOV-3 cell
line were measured. The effect of Mg2+ or Ca2+ on toxicity was
explored because changes in the intracellular concentration of
these cations can cause cell death through apoptosis. We found
that Boc-CEHR is highly toxic and Arg-CEHR is slightly less
toxic with IC50 values of 0.5 and 6 μM, respectively, in
standard growth medium. Increasing the concentration of Ca2+ resulted in greater toxicity of the CEHRs, whereas increasing the
concentration of Mg2+ was less effective on reducing IC50. Cell death occurs mainly through apoptosis. Although preliminary,
these results suggest that the CEHRs deliver Ca2+ and perhaps Mg2+ into cells inducing apoptosis.
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Bacterial polyether ionophores, such as salinomycin and
monensin, are currently used in veterinary medicine as

antibacterial and antiparasitic agents and growth promoters.
Their mode of action arises from the transport of alkali cations
across cellular membranes. The high toxicities and narrow
therapeutic index of bacterial ionophores, however, make them
unfit for human usage. Synthetic ionophores, such as crown
ethers,1 selectively bind cations based on their size and charge.
Early studies of unmodified crown ethers showed that they have
low toxicities in mice when taken orally,2 and hydrophobic
crown ethers displayed antiproliferative activity in the low
micromolar range against a few cancer cell lines.3 Promising
results from recent investigations of antitumor agents have
rekindled the pursuit of ionophores for human therapies.
Salinomycin was found to be a 100 times more effective killer of
breast cancer stemlike cells than Taxol.4 Additionally, it induces
apoptosis selectively in human cancer cells.5 Monensin killed
tumor cells established from a large range of malignancies6−9

and prevented the maturation of transforming growth factor β
(TGF-β), which is a key event in the pathophysiology of several
diseases.10,11

Our research group has developed highly derivatized
ionophores, based on the rotaxane architecture.12 These
crown ether host-rotaxanes (CEHRs) form complexes with
alkali and alkaline cations and transfer them from aqueous
solutions into CHCl3. Rotaxanes are a class of compounds
highlighting an interlocked wheel and axle with blocking groups
on the ends of the axle to keep the wheel threaded (Figure 1).13

We converted them into host-rotaxanes (HRs) by using a
synthetic host as one of the blocking groups.14 Using
fluorescein labeling, we showed that HRs deliver Fl-
pentapeptides into cells in an energy-independent process
since the level of Fl-peptide within the cells was not greatly
affected in most cases by lowering the temperature to 4 °C or
reducing the level of cellular ATP.15,16 Recently, Pt-rotaxanes
were constructed by attaching Pt to one blocking group.17 They

Received: July 30, 2012
Accepted: November 8, 2012
Published: November 8, 2012

Figure 1. Rotaxanes used in this study and the components of a
rotaxane.
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are cytotoxic at the low micromolar level and killed SKOV-3
cells through apoptosis.
In this study, we investigated the toxicities of the CEHRs

against SKOV-3 cells with the hypothesis that the CEHRs will
increase the intracellular concentration of metal ions, causing
cell death. We were especially interested in the toxicities of
CEHRs bound to Ca2+ because changes in the intracellular
levels of Ca2+ are linked to apoptosis (programmed cell
death).18−21 Furthermore, the toxicity of monensin depends on
the presence of Mg2+ or Ca2+22,23 even though it preferentially
binds Na+ over alkaline metals24 (salinomycin prefers K+25).
Mg2+ and Ca2+ are nontoxic at their normal concentrations
within the body. Ca2+ exists at a significantly higher
concentration outside cells than within cells. The blood plasma
level of Ca2+ is around 2 mM, and its intracellular concentration
drops to around 0.1 μM. The intracellular and extracellular
concentrations of Mg2+ are similarly maintained at approx-
imately 1 mM. The percentage of free cytosolic Mg2+, however,
is only 6%. A large increase in the intracellular concentration of
Mg2+ or Ca2+ leads to cell swelling and death through necrosis.
A moderate increase in the intracellular concentration of Ca2+

can lead to apoptosis. The role of Mg2+ in apoptosis is less
understood than for Ca2+.26−29 The goal is to develop CEHRs
that increase the intracellular concentration of the metal cations
to a level that initiates apoptosis but not necrosis.
Because CEHRs bind and transfer Na+, K+, and Mg2+ (likely

Ca2+ as well) into CHCl3, they will likely bind these cations in
the growth medium and possibly deliver them into the cells. To
determine the toxicity of Mg2+ and Ca2+ from the rest of metal
cations in the solutions, the cells were exposed to increasing
concentrations of Mg2+ or Ca2+. The toxicities of these
solutions with and without a CEHR were compared. A
correlation between the concentration of Mg2+ or Ca2+ and
the IC50 value for cells exposed to a CEHR would demonstrate
that the combination of a CEHR and Mg2+ or Ca2+ is
responsible for cell death. These studies do not provide
information on how the combined agents kill cells. It could
occur as envisioned via intracellular transport. Alternatively, a
CEHR could, for example, make the cells more leaky or effect
ion channels.
The cytotoxicities of t-butoxycarbonyl (Boc)-CEHR and the

newly constructed Arg-CEHR (see the Supporting Informa-
tion), which was made from Boc-CEHR, were determined.
Arginine moieties were attached to the CEHR because the
host-rotaxanes contained arginine moieties on the wheel, and
they are intracellular transport agents. CEHRs contain several
cation-binding sites; however, they only form very weak
complexes with metal cations in water. For example, 18-
crown-6 ether, which is used as a blocking group, binds Ca2+

with Kassociation on the order of 3 M−1 in water.1 The
concentration of added MgCl2 and CaCl2 was set as high as
possible to promote association without inducing a high level of
background (without CEHR) toxicity. The maximum value was
set at 40 mM since CaCl2 is moderately toxic at this level
(approximately 20% drop in OD). At this concentration, the
concentration of a CEHR−metal cation complex will be very
low in the aqueous solution. On the other hand, large
association constants exist for the CEHR−metal cation
complexes in CHCl3.

12 Therefore, association events between
a CEHR and a metal cation are more likely to occur closer to
the cell surface where the dielectric constant of the medium
drops. Standard growth media require Mg2+ (MgSO4, 98 mg/
L) and Ca2+ (CaCl2, 200 mg/L) so all assays solutions contain

a baseline level of these alkaline cations. The toxicity of the
blocking group (benzyl-18-crown-6 ether) was determined to
provide a measure of the importance of the rotaxane
architecture for toxicity.
SKOV-3 cells were exposed to low micromolar concen-

trations of CEHRs, and their proliferation was monitored over
5 days (details are given in the Supporting Information). MTS
assays were performed to determine cell viability at days 2, 4,
and 5 (Figure 2). The MTS assay is a colorimetric assay that

measures cell viability through the enzymatic reduction of a
tetrazolium dye. Changing the concentration of MgCl2 and
CaCl2, without the presence of a CEHR, altered the
proliferation rate of the cells, especially for higher concen-
trations of CaCl2. When compared to cells grown in standard
growth media, cells exposed to higher concentrations of MgCl2
showed a similar or a greater cell population (+20 to −10%
change in OD), whereas cells exposed to higher concentrations

Figure 2. MTS assays were performed to provide a measure of cellular
viability of SKOV-3 cells exposed to the CEHRs. The percent optical
densities were derived by calculating the ratio of optical densities of
solutions containing a CEHR and salts to the same solutions without
the CEHR and multiplying by 100%. Results represent the average of
four separate experiments.
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of CaCl2 showed a reduction in cell population (−10 to −20%
change in OD). Therefore, toxicities were determined by
comparing the number of cells still adhered after exposure to
solutions that contained a CEHR and an added salt to solutions
that contained the same concentration of added salt, giving
percent optical density values (% OD).
Arg-CEHR is toxic in the standard growth medium at the 5

μM level, giving a % OD of approximately 50%, which was
maintained over the 5 days of monitoring. Its concentration was
not increased since we wanted to observe the effect of added
alkaline salt. Increasing the concentration of MgCl2 lowered the
% OD of the cells. There is a consistent drop in % OD by day
4, but the cell population begins to recover by day 5. The
addition of CaCl2 resulted in a more toxic solution (except for
10 mM CaCl2 day 2) than with the addition of MgCl2.
Furthermore, the recovery in the cell population was not

observed by day 5. The lowest % OD value for Arg-CEHR was
observed for solutions that contained highest concentration of
CaCl2 at 40 mM.
Boc-CEHR is significantly more toxic than Arg-CEHR

against SKOV-3 cells. Only a 1 μM solution of Boc-CEHR
was required to give a % OD value of 50% after 2 days of
exposure. Increasing the concentration of MgCl2 in the
presence of Boc-CEHR correlates with an increase in the
toxicity of the solutions. Unlike with Arg-CEHR, solutions with
Boc-CEHR and added MgCl2 were toxic throughout the 5 days
of exposure. Increasing the concentration of CaCl2 greatly
increased the toxicity of Boc-CEHR to a point where the % OD
was essentially zero. Therefore, the concentration of Boc-
CEHR was lowered to 0.5 μM, and the assay was repeated. At
this lower concentration, the addition of MgCl2 did not
significantly increase the toxicity of Boc-CEHR, except at its

Table 1. IC50 Values for the Rotaxanes against SKOV3 Cellsa after 4 Days of Exposure

added MgCl2 (mM) added CaCl2 (mM)

rotaxaneb 0 10 20 40 10 20 40

Arg-CEHR IC50 (μM) 5.0 ± 0.2 2.8 ± 0.7 3.3 ± 0.5 2.6 ± 0.5 4.6 ± 0.6 4.5 ± 0.5 1.6 ± 0.1
Boc-CEHR IC50 (μM) 0.42 ± 0.03 0.33 ± 0.03 0.14 ± 0.04 0.10 ± 0.03 0.097 ± 0.005 0.08 ± 0.01 0.050 ± 0.007

aCells were grown in standard growth media. b[Arg-CEHR] = 5 μM, and [Boc-CEHR] = 1 μM.

Figure 3. Percent change in the number of induced apoptotic SKOV-3 cells caused by a 4 day exposure to (a) 0.2% DMSO, (b) added MgCl2 (20
mM), (c) added CaCl2 (10 mM), (d) Arg-CEHR (5 μM), (e) Arg-CEHR (5 μM) and added MgCl2 (20 mM), (f) Arg-CEHR (5 μM) and added
CaCl2 (10 mM), (g) Boc-CEHR (1 μM), (h) Boc-CEHR (1 μM) and added MgCl2 (20 mM), and (i) Boc-CEHR (1 μM) and added CaCl2 (10
mM). Cells were harvested and stained with Annexin V-FITC and propidium iodide (PI) and then analyzed with dual flow cytometric analysis.
Necrotic cells are in the upper left quadrant (Q1), late apoptotic/necrotic cells are in the upper right quadrant (Q2), living cell populations are
clustered in the lower left quadrant (Q3), and cells in early apoptosis are in the lower right quadrant (Q4).
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highest concentration of 40 mM by day 5. Adding 10 or 20 mM
CaCl2 increased the toxicity of Boc-CEHR, and this toxicity
increased linearly over 5 days. In the presence of 40 mM CaCl2,
Boc-CEHR was highly toxic at 0.5 μM. In the control study,
benzyl-18-crown-6 ether is not toxic up to 40 μM in normal
growth media. This shows the importance of the rotaxane
architecture for the observed toxicities of the CEHRs.
To obtain a more accurate measure on the effect of alkaline

cation concentration on the toxicities of the CEHRs, IC50
values were calculated for adhered SKOV-3 cells exposed to
Arg-CEHR (5 μM) or Boc-CEHR (1 μM) for 4 days (Table 1).
Raising the concentration of MgCl2 increased the toxicity of
Arg-CEHR; however, the toxicity levels out between 10 and 40
mM of added MgCl2. With the addition a CaCl2, a significant
drop in toxicity was only observed at the highest concentration
of CaCl2 added. The IC50 values for Boc-CEHR were lowered
consistently with an increase in the concentration of MgCl2 or
CaCl2.
Annexin V assays were performed to determine the cause of

cell death (Figure 3). Annexin V is a phospholipid binding
protein that when linked to a fluorophore is used to detect early
stage apoptotic cells, which involves the loss of plasma
membrane. The loss of membrane, however, also occurs with
necrotic processes. Thus, propidium iodide, which stains dead
cells, is used in conjunction with Annexin V. Viable cells are not
stained with Annexin V or PI, early apoptotic cells are stained
by only Annexin V, and cells in late apoptosis or dead cells are
stained by both agents.
Adhered cells were exposed to Arg-CEHR (5 μM) or Boc-

CEHR (1 μM) for 2 or 4 days. To set thresholds, a control
population of SKOV-3 cells was exposed to a small amount of
DMSO (0.1%). This was the highest percentage of DMSO in
the assay solutions, which occurred in the assay containing Arg-
CEHR at 5 μM. Each population of cells was harvested. The
relative fluorescence intensity of these cells was quantified by
multicolor flow cytometry (BD FacsAria). The threshold for
background fluorescence for Annexin V and PI was set at a
position that included 5% of cells incubated with 0.1% DMSO
alone and exposed to both Annexin V and PI (Figure 3A).
Debris was eliminated from analysis by a preset gate, which was
set by analyzing untreated and unstained cells. These thresholds
were then applied to each cell population.
We initially chose to investigate the cell death mechanism of

each rotaxane (Arg-CEHR, 5 μM, and Boc-CEHR, 1 μM) at
day 2 (Supporting Information) and day 4 (Figure 3) with
MgCl2 and CaCl2 at 20 mM. Exposing cells to 20 mM CaCl2,
however, showed significant cell death by day 4 (21% Annexin
V positive and 4% Annexin V/PI positive). Therefore, the
concentration of added CaCl2 was lowered to 10 mM. For all of
the conditions investigated, only a very small percentage of cells
were stained with PI only (0.5−2.2%) except for cells exposed
to Boc-CEHR and 10 mM CaCl2 at day 2 (4.1%). Similarly,
only a low percentage of cells were positive to both PI and
Annexin V (1.8−7.3%). Most cells when exposed to Arg-CEHR
or Boc-CEHR were either unaffected by the agents or harvested
in the early stages of apoptosis. By day 2, 25−50% of the cells
were in early stage apoptosis, and by day 4, this fraction
increased to around 75%. Boc-CEHR outperformed Arg-
CEHR, and it is slightly more toxic in the presence of added
MgCl2 or CaCl2. Thus, the number of dead and dying cells
roughly matches the results obtained through the MTS assay.
Herein, we demonstrate that CEHRs are cytotoxic toward

SKOV-3 ovarian cancer cells in the low micromolar range

within 2 days of exposure. The percentage of dead cells was
either maintained or increased throughout a 5 day period. The
toxicities of the CEHRs increased consistently with an increase
in the concentration of CaCl2. With the addition of MgCl2,
Boc-CEHR demonstrated enhanced toxicities, whereas Arg-
CEHR produced inconsistent results. The proliferation assay
showed that solutions of Arg-CEHR with added MgCl2 are
initially more toxic than standard growth medium, but the cell
population recovered by day 5. Thus, the enhanced toxicity of
Arg-CEHR caused by the addition of MgCl2 is more sensitive
to the exposure time than for solutions containing Arg-CEHR
and CaCl2. The majority of cells died through an apoptotic
mechanism. The percentage of cells in early state apoptosis
increased from day 2 (25−50%) to day 4 (58−84%), which is
consistent with the results obtained in the MTS assays. The
percentage of necrotic cells or cells undergoing late stage of
apoptosis stayed at 7% or less. These results show that the
CEHRs operate as expected: they enhance the intracellular
concentration of Mg2+ and Ca2+ to induce apoptosis without
necrosis. For drug development, the CEHRs will be built to
bind Ca2+ more tightly at physiological concentration of 2 mM
(not up to 40 mM as used in this study). The CEHRs will also
be further derivatized with a targeting agent to selectively guide
them to diseased cells.

■ ASSOCIATED CONTENT
*S Supporting Information
Synthetic protocols for the materials, plots used to calculate
IC50 values, and apoptosis results for a 2 day exposure. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*Tel: 513-556-9254. Fax: 513-556-9239. E-mail: david.
smithrud@uc.edu.
Author Contributions
All authors have given approval to the final version of the
manuscript.
Funding
The work was supported by the University of Cincinnati.
Biological materials were purchased with funds from NIH
(EB012122, ES006096, ES019480, and ES020988), DoD
(PC094619), and VA (BX000675).
Notes
The authors declare no competing financial interest.

■ ABBREVIATIONS
CEHR, crown ether host-rotaxane; Boc, t-butoxycarbonyl

■ REFERENCES
(1) Izatt, R. M.; Bradshaw, J. S.; Nielsen, S. A.; Lamb, J. D.;
Christensen, J. J. Thermodynamic and Kinetic Data for Cation
Macrocycle Interaction. Chem. Rev. 1985, 85, 271−339.
(2) Hendrixson, R.; Mack, M.; Palmer, R.; Ottolenghi, A.; Ghirardelli,
R. Oral Toxicity of Cyclic Polyethers-12-Crown-4, 15-Crown-5, and
18-Crown-6-in Mice. Toxicol. Appl. Pharmacol. 1978, 44, 263−268.
(3) Marjanovic, M.; Kralj, M.; Supek, F.; Frkanec, L.; Piantanida, I.;
Smuc, T.; Tusek-Bozic, L. Antitumor potential of crown ethers:
Structure-activity relationships, cell cycle disturbances, and cell death
studies of a series of ionophores. J. Med. Chem. 2007, 50, 1007−1018.
(4) Gupta, P. B.; Onder, T. T.; Jiang, G.; Tao, K.; Kuperwasser, C.;
Weinberg, R. A.; Lander, E. S. Identification of Selective Inhibitors of

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml3003204 | ACS Med. Chem. Lett. 2013, 4, 27−3130

http://pubs.acs.org
http://pubs.acs.org
mailto:david.smithrud@uc.edu
mailto:david.smithrud@uc.edu


Cancer Stem Cells by High-Throughput Screening. Cell 2009, 138,
645−659.
(5) Fuchs, D.; Heinold, A.; Opelz, G.; Daniel, V.; Naujokat, C.
Salinomycin induces apoptosis and overcomes apoptosis resistance in
human cancer cells. Biochem. Biophys. Res. Commun. 2009, 390, 743−
749.
(6) Ketola, K.; Vainio, P.; Fey, V.; Kallioniemi, O.; Iljin, K. Monensin
Is a Potent Inducer of Oxidative Stress and Inhibitor of Androgen
Signaling Leading to Apoptosis in Prostate Cancer Cells. Mol. Cancer
Ther. 2010, 9, 3175−3185.
(7) Park, W.; Kim, E.; Kim, B.; Lee, Y. Monensin-mediated growth
inhibition in NCI-H929 myeloma cells via cell cycle arrest and
apoptosis. Int. J. Oncol. 2003, 23, 197−204.
(8) Park, W.; Kim, E.; Jung, C.; Kim, B.; Lee, Y. Monensin-mediated
growth inhibition of SNU-C1 colon cancer cells via cell cycle arrest
and apoptosis. Int. J. Oncol. 2003, 22, 377−382.
(9) Park, W.; Jung, C.; Park, J.; Kim, K.; Kim, W.; Im, Y.; Lee, M.;
Kang, W.; Park, K. Monensin inhibits the growth of renal cell
carcinoma cells via cell cycle arrest or apoptosis. Int. J. Oncol. 2003, 22,
855−860.
(10) Basque, J.; Martel, M.; Leduc, R.; Cantin, A. M. Lysosomotropic
drugs inhibit maturation of transforming growth factor-beta. Can. J.
Physiol. Pharmacol. 2008, 86, 606−612.
(11) Blobe, G.; Schiemann, W.; Lodish, H. Mechanisms of disease:
Role of transforming growth factor beta in human disease. N. Engl. J.
Med. 2000, 342, 1350−1358.
(12) Wang, X.; Zhu, J.; Smithrud, D. B. Synthesis and Investigation of
Host-[2]Rotaxanes That Bind Metal Cations. J. Org. Chem. 2010, 75,
3358−3370.
(13) Sauvage, J.-P.; Dietrich-Buchecker, C. O. Molecular Catenanes,
Rotaxanes and Knots: A Journey through the World of Molecular
Topology; Wiley-VCH: Weinheim, Germany, 1999.
(14) Smukste, I.; Smithrud, D. B. Structure-function relationship of
amino acid-[2]rotaxanes. J. Org. Chem. 2003, 68, 2547−2558.
(15) Wang, X.; Bao, X.; McFarland-Mancini, M.; Isaacsohn, I.; Drew,
A. F.; Smithrud, D. B. Investigation of the intracellular delivery of
fluoresceinated peptides by a host-[2]rotaxane. J. Am. Chem. Soc. 2007,
129, 7284−7293.
(16) Zhu, J.; House, B. E.; Fleck, E.; Isaacsohn, I.; Drew, A. F.;
Smithrud, D. B. A host-rotaxane derivatized with carboxylic acids
efficiently delivers a highly cationic fluoresceinated peptide. Bioorg.
Med. Chem. Lett. 2007, 17, 5058−5062.
(17) Wang, X.; Smithrud, D. B. Pt-rotaxanes as cytotoxic agents.
Bioorg. Med. Chem. Lett. 2011, 21, 6880−6883.
(18) Arbabian, A.; Brouland, J.; Gelebart, P.; Kovacs, T.; Bobe, R.;
Enouf, J.; Papp, B. Endoplasmic reticulum calcium pumps and cancer.
Biofactors 2011, 37, 139−149.
(19) Moffitt, K. L.; Martin, S. L.; Walker, B. From sentencing to
execution - the processes of apoptosis. J. Pharm. Pharmacol. 2010, 62,
547−562.
(20) Barros, L.; Castro, J.; Bittner, C. Ion movements in cell death:
from protection to execution. Biol. Res. 2002, 35, 209−214.
(21) Duke, R.; Witter, R.; Nash, P.; Young, J.; Ojcius, D. Cytolysis
Mediated by Ionophores and Pore-Forming AgentsRole of
Intracellular Calcium in Apoptosis. FASEB J. 1994, 8, 237−246.
(22) Alexandrova, R. I.; Zhivkova, T.; Alexandrov, M.; Miloshev, G.;
Georgieva, M.; Pantcheva, I. N.; Mitewa, M. I. Cytostatic and cytotoxic
properties of monensic acid and its biometal(II) complexes against
human tumor/non-tumor cell lines. Cent. Eur. J. Chem 2012, 10,
1464−1474.
(23) Chirase, N.; Greene, L.; Schelling, G.; Byers, F. Effect of
Magnesium and Potassium on Microbial Fermentation in a
Continuous Culture Fermentation System with Different Levels of
Monensin Or Lasalocid. J. Anim. Sci. 1987, 65, 1633−1638.
(24) Mollenhauer, H.; Morre, D.; Rowe, L. Alteration of Intracellular
Traffic by MonensinMechanism, Specificity and Relationship to
Toxicity. Biochim. Biophys. Acta 1990, 1031, 225−246.

(25) Mitani, M.; Yamanishi, T.; Miyazaki, Y. SalinomycinNew
Monovalent Cation Ionophore. Biochem. Biophys. Res. Commun. 1975,
66, 1231−1236.
(26) Wolf, F. I.; Cittadini, A. R. M.; Maier, J. A. M. Magnesium and
tumors: Ally or foe? Cancer Treat. Rev. 2009, 35, 378−382.
(27) Anghileri, L. J. Magnesium, calcium and cancer. Magnesium Res.
2009, 22, 247−255.
(28) La Piana, G.; Gorgoglione, V.; Laraspata, D.; Marzulli, D.;
Lofrumento, N. E. Effect of magnesium ions on the activity of the
cytosolic NADH/cytochrome c electron transport system. FEBS J.
2008, 275, 6168−6179.
(29) Pereira, M.; Millot, J.; Sebille, S.; Manfait, M. Inhibitory effects
of extracellular Mg2+ on intracellular Ca2+ dynamic changes and
thapsigargin-induced apoptosis in human cancer MCF7 cells. Mol. Cell.
Biochem. 2002, 229, 163−171.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml3003204 | ACS Med. Chem. Lett. 2013, 4, 27−3131


