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Bis(thiosemicarbazones) and their copper (Cu) complexes possess unique anti-neoplastic properties. However,
their mechanism of action remains unclear. We examined the structure–activity relationships of twelve
bis(thiosemicarbazones) to elucidate factors regarding their anti-cancer efficacy. Importantly, the alkyl substitu-
tions at the diimine position of the ligand backbone resulted in two distinct groups, namely, unsubstituted/
monosubstituted and disubstituted bis(thiosemicarbazones). This alkyl substitution pattern governed their:
(1) CuII/I redox potentials; (2) ability to induce cellular 64Cu release; (3) lipophilicity; and (4) anti-proliferative
activity. The potent anti-cancer Cu complex of the unsubstituted bis(thiosemicarbazone) analog, glyoxal bis(4-
methyl-3-thiosemicarbazone) (GTSM), generated intracellular reactive oxygen species (ROS), which was
attenuated by Cu sequestration by a non-toxic Cu chelator, tetrathiomolybdate, and the anti-oxidant, N-acetyl-
L-cysteine. Fluorescence microscopy suggested that the anti-cancer activity of Cu(GTSM) was due, in part, to
lysosomal membrane permeabilization (LMP). For the first time, this investigation highlights the role of ROS
and LMP in the anti-cancer activity of bis(thiosemicarbazones).

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Copper (Cu) is an essential trace element that plays a key role in the
biochemistry of all living organisms [1]. Its unique electronic structure,
existing in both an oxidized (CuII) and reduced state (CuI), allows it to
serve as a co-factor for enzymes that are fundamental for cellular
growth and development [1]. Neoplastic cells have a higher require-
ment for Cu, as it plays an important role in promoting physiological
and malignant angiogenesis [2]. Thus, Cu is essential in the de novo for-
mation of blood vessels that enable tumor growth, invasion and metas-
tasis [2]. Further underscoring the importance of Cu in tumor growth is
the presence of elevated Cu levels in the serum and tumors of rats and
humans [3–5]. Elevated Cu levels in cancer patients have been observed
in a wide spectrum of tumors, including: breast [3], cervical [6], ovarian
[6], lung [7], prostate [8], colorectal cancer [9] and leukemia [10]. Most
strikingly, Cu levels were found to correlate with cancer stage and/or
progression [3,9].

Neoplastic cells also differ from their normal counterparts in terms
of their redox metabolism [11]. The environment of the tumor is often
characterized by increasedmetabolic activity [12], hypoxia [13] and en-
hanced intracellular reactive oxygen species (ROS) generation [14].
inowski),
Importantly, excess Cu is a potent oxidant and results in the generation
of cytotoxic ROS in cells [15]. Considering the key role of Cu in both
promoting angiogenesis and the generation of ROS, the development
of Cu targeting agents has become a promising anti-cancer strategy [15].

Thiosemicarbazones are one such class of promising anti-cancer
agents that have attracted extensive interest [16–21]. In particular, the
di-2-pyridylketone thiosemicarbazone (DpT) series (e.g., di-2-
pyridylketone 4,4-dimethyl-3-thiosemicarbazone; Dp44mT; Fig. 1A)
has demonstrated marked and selective anti-tumor activity in vitro
and in vivo against a variety of human tumor xenografts in mice [19,
22]. Themechanism of action of Dp44mT is partly dependent on the for-
mation of a redox active iron complex that generates cytotoxic ROS,
leading to damage of essential biomolecules [22–24]. More recently,
the Cu(Dp44mT) complex was identified to exhibit superior intracellu-
lar oxidative properties and anti-cancer efficacy relative to both the li-
gand alone and its FeIII complex [25]. Additionally, the Cu(Dp44mT)
complex was shown to target lysosomal integrity, leading to lysosomal
membrane permeabilization (LMP), the redistribution of the lysosomal
protease, cathepsin D, to the cytosol and ultimately results in apoptosis
[26]. Tumor cell invasion and metastasis involves changes in lysosomal
trafficking and increased expression of cathepsins, and it has been
suggested that this may sensitize tumor cells to LMP and lysosomal-
targeting anti-cancer agents [27,28].

Bis(thiosemicarbazones) are another family of ligands that have also
attracted considerable interest due to their broad pharmacological
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Fig. 1. (A) Line drawings of the chemical structures of: di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT), desferrioxamine (DFO), neocuproine (Neo), Triapine (3-AP), and
tetrathiomolybdate (TM). (B, C) Line drawings of the chemical structures of members of the bis(thiosemicarbazone) series of ligands and their copper complexes. Throughout the article
the unsubstituted/monosubstituted ligands/complexes are indicated in red, while the disubstituted and disubstituted cyclic ligands are denoted in green. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article.)
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efficacy [29–32]. Their anti-tumor activity was first demonstrated in
1958, after oral administration of glyoxal bis(thiosemicarbazone)
(GTS; Fig. 1B) was found to significantly reduce Sarcoma 180 tumor
burden in Swiss brown mice [30]. Following the synthesis and evalua-
tion of numerous analogs, kethoxal bis(thiosemicarbazone) emerged
as a promising candidate that consistently increased the lifespan of
Swiss brown mice with L1210 leukemia [29]. The anti-cancer activity
of these ligands was later confirmed in numerous in vitro and in vivo
studies [31–33].

Although not fully elucidated, the mechanism of action of these
bis(thiosemicarbazones) is believed to be dependent on Cu coordina-
tion, particularly CuII [32,34]. Co-treatment of bis(thiosemicarbazones)
with Cu has been shown to enhance their ability to inhibit DNA
synthesis in sarcoma 180 ascites cells [32], as well as their anti-tumor
activity against Walker 256 carcinoma in rats [35]. Coordination of Cu
by bis(thiosemicarbazones) leads to the formation of a neutral Cu-
II[bis(thiosemicarbazone)] complex, which is capable of rapidly enter-
ing cells [36,37]. Once inside the cell, it is proposed that intracellular
reduction of the neutral CuII[bis(thiosemicarbazone)] complex to a
charged CuI complex occurs, resulting in intracellular trapping [20].
The reduced CuI complex is then believed to either dissociate, or be
re-oxidized via a redox-dependent process to the neutral CuII complex,
which can be released from the cell [38]. This model is supported by
density functional theory [39] and X-ray crystallographic [40] studies
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of the ligands and their CuII complexes in cell-free investigations. How-
ever, to our knowledge, this reduction and dissociation, leading to intra-
cellular trapping, has not been demonstrated in cells.

Recent interest in bis(thiosemicarbazones) has centered around the
hypoxia selectivity of CuII diacetylbis(thiosemicarbazone) (Cu[ATSM];
Fig. 1B) and its potential as a radiopharmaceutical for imaging hypoxic
tissues [37,41]. In fact, Cu[ATSM] has demonstrated potential in
assessing tumor hypoxia, and thus, prognosis in cervical cancer [42]
and rectal carcinoma [43] by positron emission tomography. In fact,
the low oxygen tension of hypoxic cells is proposed to stabilize the
charged CuI complex, resulting in intracellular accumulation andhypox-
ia selectivity [20]. However, despite this new medical application, their
precise intracellular mechanism of action remains elusive.

Imaging of fluorescent analogs of bis(thiosemicarbazones) has
proved an attractive strategy for the study of their in vitro subcellular lo-
calization [44–47]. A fluorescent pyrene conjugated derivative of
Cu(ATSM) has revealed localization into distinct punctuate structures
that partially co-localized with lysosome/autophagic structures in
HeLa and M17 neuroblastoma cells [48]. In contrast, Cu(ATSM) analogs
with afluorescent napthenequinonebackbonewere dispersed evenly in
the cytoplasm of HeLa cells [46]. However, the significance of these lo-
calization studies on themechanismof action of the unconjugated com-
plexes is unclear and requires further investigation.

In the present study,we examined a series of bis(thiosemicarbazones)
and their CuII complexes (Fig. 1B, C) for their anti-proliferative activity
in SK-N-MC neuroepithelioma and mortal MRC-5 fibroblast cells. This
series of bis(thiosemicarbazone) ligands and complexes were synthe-
sized to investigate the effect of different structural features on electro-
chemical and intracellular behavior, including their ability to affect the
cellular retention of 64Cu. The bis(thiosemicarbazone) ligands vary in
their alkyl substitution pattern at their diimine backbone (R1 and R2)
and their terminal amines (R3; Fig. 1B, C). This substitution pattern at
R1 and R2, resulted in two major groups of ligands, namely: the
unsubstituted/monosubstituted group and the disubstituted group (de-
noted in red and green, respectively, throughout the study; Fig. 1B, C).

These two groups of ligands had distinct chemical and biological
activity that was linked to their CuII/I redox potentials, Cu mobilization
activity and lipophilicity. The unsubstituted/monosubstituted
bis(thiosemicarbazones) that were less lipophilic and had less negative
CuII/I redox potentials resulted in cellular 64Cu accumulation and greater
anti-proliferative efficacy relative to the disubstituted group, that were
more lipophilic and had more negative redox potentials. Furthermore,
the Cu complex of the unsubstituted bis(thiosemicarbazone) analog,
glyoxal bis(4-methyl-3-thiosemicarbazone) (GTSM), that exhibited
potent anti-cancer activity, demonstrated the ability to mediate intracel-
lular ROS generation and LMP. For the first time, we demonstrate the
anti-proliferative activity of the unsubstituted bis(thiosemicarbazone)
ligand, GTSM, is linked with the ability of the resultant Cu complex to
redox cycle and mediate LMP.

2. Materials and methods

All reagents were obtained commercially and used without
further purification. The chelators, Dp44mT and 3-aminopyridine-2-
carboxaldehyde thiosemicarbazone (3-AP; Fig. 1A), were prepared
and characterized according to previously described methods [23,49,
50]. All synthesized compounds were ≥95% purity.

2.1. Physical methods

1H NMR (400 MHz) spectra were acquired using a Bruker Advance
400 NMR spectrometer with DMSO-d6 as the solvent and internal refer-
ence (Me2SO: 1H NMR δ 2.50 ppm and 13C NMR δ 39.5 ppm vs. TMS).
Cyclic voltammetry was performed using a BAS100B/W potentiostat. A
glassy carbon working electrode, an aqueous Ag/AgCl reference and Pt
wire auxiliary electrode were used. All complexes were at ca. 2 mM
concentration in DMSO. The supporting electrolyte was Et4NClO4

(0.1 M) and the solutions were purged with nitrogen prior to measure-
ment. Partition coefficients of the free ligands were determined by
ChemBioDraw v.11.0.1. (PerkinElmer, Waltham, MA, USA) using
Crippen's fragmentation procedure [51].

2.2. General synthesis of ligands

The ligandswere synthesizedby the following commonprocedure, ex-
emplified by the synthetic route used for glyoxalbis(thiosemicarbazone)
(GTS). Thiosemicarbazide (10 mmol) was dissolved in ethanol
(10 mL) and the appropriate diketone (5 mmol) was dissolved in etha-
nol (5 mL) and the two solutions then mixed. Glacial acetic acid (5–6
drops)was added and themixture gently refluxed for 2 to 5 h. Themix-
ture was cooled to room temperature and allowed to stand at 4 °C over-
night to ensure complete precipitation. The productwas filtered off and
washedwith distilled water (2 × 10mL) and ethanol (10mL) and dried
in vacuo.

2.2.1. Glyoxalbis(thiosemicarbazone) (GTS)
Pale yellow powder (yield: 82.1%). Anal. Calc. for C4H8N6S2: C, 23.5;

H, 4.0; N, 41.1; S, 31.4%. Found: C, 23.6; H, 4.1; N, 41.2; S, 31.2%. 1H NMR
(DMSO-d6): 11.68 (s, 2H), 8.30 (s, 2H), 7.88 (s, 2H), 7.70 (s, 2H). MS
(ESI+) m/z 205.3 [M + H]+, 227.3 [M+ Na]+, 243.4 [M+ K]+.

2.2.2. Glyoxalbis(4-methyl-3-thiosemicarbazone) (GTSM)
Yellowpowder (yield: 85%). Anal. Calc. for C6H12N6S2: C, 31.0; H, 5.2;

N, 36.2; S, 27.6%. Found: C, 31.0; H, 5.4; N, 36.4; S, 27.9%. 1H NMR
(DMSO-d6): 11.74 (s, 2H), 8.49 (q, 2H), 7.71 (s, 2H), 2.95 (d, 6H). MS
(ESI+) m/z 233.4 [M + H]+, 255.4 [M+ Na]+, 271.4 [M+ K]+.

2.2.3. Pyruvaldehydebis(thiosemicarbazone) (PTS)
Pale yellow powder (yield: 74.3%). Anal. Calc. for C5H10N6S2: C, 27.5;

H, 4.6; N, 38.5; S, 29.4%. Found: C, 27.2; H, 4.8; N, 38.2; S, 29.6%. 1H NMR
(DMSO-d6): 11.66 (s, 1H), 10.38 (s, 1H), 8.35 (d, 2H), 7.91 (s, 2H), 7.65
(s, 1H), 2.13 (s, 3H). MS (ESI+) m/z 241.3 [M + Na]+, 257.4 [M+ K]+.

2.2.4. Pyruvaldehydebis(4-methyl-3-thiosemicarbazone) (PTSM)
Pale yellow powder (yield: 78.5%). Anal. Calc. for C7H14N6S2: C, 34.1;

H, 5.7; N, 34.1; S, 26.0%. Found: C, 34.0; H, 5.9; N, 34.0; S, 26.3%. 1H NMR
(DMSO-d6): 11.72 (s, 1H), 10.36 (s, 1H), 8.48 (q, 2H), 7.65 (s, 1H), 2.99
(d, 6H), 2.15 (s, 3H). MS (ESI+)m/z 247.4 [M+ H]+, 269.4 [M+ Na]+,
285.4 [M+ K]+.

2.2.5. Diacetylbis(thiosemicarbazone) (ATS)
Pale yellow powder (yield: 80.5%). Anal. Calc. for C6H12N6S2: C, 31.0;

H, 5.2; N, 36.2; S, 27.6%. Found: C, 31.0; H, 5.4; N, 36.2; S, 27.4%. 1H NMR
(DMSO-d6): 10.21 (s, 2H), 8.41 (s, 2H), 7.85 (s, 2H), 2.16 (s, 6H). MS
(ESI+) m/z 233.4 [M + H]+, 255.4 [M+ Na]+, 271.4 [M+ K]+.

2.2.6. Diacetylbis(4-methyl-3-thiosemicarbazone) (ATSM)
Pale yellow powder (yield: 82.2%). Anal. Calc. for C8H16N6S2: C, 36.9;

H, 6.2; N, 32.3; S, 24.6%. Found: C, 36.7; H, 6.3; N, 32.1; S, 24.5%. 1H NMR
(DMSO-d6): 10.22 (s, 2H), 8.37 (q, 2H), 3.01 (d, 6H), 2.20 (s, 6H). MS
(ESI+) m/z 283.4 [M + Na]+, 299.4 [M+ K]+.

2.2.7. 2,3-Pentanedionebis(thiosemicarbazone) (CTS)
Pale yellow powder (yield: 82.8%). Anal. Calc. for C7H14N6S2: C, 34.1;

H, 5.7; N, 34.1; S, 26.0%. Found: C, 34.3; H, 5.9; N, 34.0; S, 25.9%. 1H NMR
(DMSO-d6): 10.35 (s, 1H), 10.22 (s, 1H), 8.42 (s, 2H), 7.80 (d, 2H), 2.84
(q, 2H), 2.14 (s, 3H), 0.89 (t, 3H). MS (ESI+)m/z 269.4 [M+Na]+, 285.4
[M+ K]+.

2.2.8. 2,3-Pentanedionebis(4-methyl-3-thiosemicarbazone) (CTSM)
Yellow powder (yield: 91%). Anal. Calculated for C9H18N6S2: C, 39.4;

H, 6.6; N, 30.6; S, 23.4%. Found: C, 39.1; H, 6.9; N, 30.7; S, 23.2%. (DMSO-
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d6): 10.35 (s, 1H), 10.22 (s, 1H), 8.33 (q, 2H), 3.02 (d, 6H), 2.91 (q, 2H),
2.19 (s, 3H), 0.89 (t, 3H).MS (ESI+) m/z 297.4 [M + Na]+, 313.4
[M+ K]+.

2.2.9. 3,4-Hexanedionebis(thiosemicarbazone) (DTS)
Pale yellow powder (yield: 84.3%). Anal. Calc. for C8H16N6S2: C, 36.9;

H, 6.2; N, 32.3; S, 24.6%. Found: C, 37.1; H, 6.5; N, 32.0; S, 24.4%. 1H NMR
(DMSO-d6): 10.37 (s, 2H), 8.42 (s, 2H), 7.75 (s, 2H), 2.82 (q, 4H), 0.87
(t, 6H). MS (ESI+) m/z 261.4 [M + H]+, 283.4 [M + Na]+, 299.4
[M+ K]+.

2.2.10. 3,4-Hexanedionebis(4-methyl-3-thiosemicarbazone) (DTSM)
Yellow powder (yield: 91.6%). Anal. Calc. for C10H20N6S2: C, 41.6; H,

7.0; N, 29.1; S, 22.2%. Found: C, 41.4; H, 7.2; N, 29.0; S, 22.4%. 1H NMR
(DMSO-d6): 10.35 (s, 2H), 8.29 (q, 2H), 3.02 (d, 6H), 2.89 (q, 4H), 0.88
(t, 6H). MS (ESI+) m/z 289.5 [M + H]+, 311.4 [M + Na]+, 327.4
[M+ K]+.

2.2.11. 1,2-Cyclohexanedionebis(thiosemicarbazone) (CyTS)
Dark yellowpowder (yield: 80.5%). Anal. Calc. for C8H14N6S2: C, 37.2;

H, 5.5; N, 32.5; S, 24.8%. Found: C, 37.0; H, 5.7; N, 32.3 S, 25.0%. 1H NMR
(DMSO-d6): 10.60 (s, 1H), 9.99 (s, 1H), 8.39 (d, 2H), 8.01 (s, 2H), 2.52
(td, 4H), 1.66 (t, 4H). MS (ESI+) m/z 259.4 [M + H]+, 281.4
[M+ Na]+, 297.4 [M+ K]+.

2.2.12. 1,2-Cyclohexanedionebis(4-methyl-3-thiosemicarbazone)
(CyTSM)

Dark yellow/orange powder (yield: 87.2%). Anal. Calc. for
C10H18N6S2: C, 41.9; H, 6.3; N, 29.3; S, 22.4%. Found: C, 41.9; H, 6.4; N,
29.2; S, 22.1%. 1H NMR (DMSO-d6): 10.57 (s, 1H), 10.01 (s, 1H), 8.48
(q, 6H), 2.95 (d, 2H), 2.54 (td, 4H), 1.65 (t, 4H). MS (ESI+) m/z 287.4
[M+ H]+, 309.4 [M+ Na]+, 325.3 [M+ K]+.

2.3. General synthesis of [CuII(L)] complexes

The Cu complexes were prepared by the following general method
[14,20,36], exemplified by the preparation of Cu(GTS): GTS (1 mmol)
was dissolved in EtOH (10 mL). Copper chloride (1 mmol), dissolved
in EtOH (5 mL), was added and the reaction mixture gently refluxed
for 3 h. The mixture was cooled to room temperature and left to stir
overnight. The dark red/brown powder was collected by filtration,
washed with EtOH (2 × 10 mL) and diethyl ether (10 mL) and dried
in vacuo. The product was then recrystallized from EtOH/H2O or AcCN/
H2O.

2.3.1. Cu(GTS)
Yield: 72%. Anal. Calc. for CuC4H7N6S2Cl: C, 15.9%; H, 2.2%; N, 27.8%;

Found: C, 16.3%; H, 2.0%; N, 27.5%. MS (EI) m/z 266 [M]+.

2.3.2. Cu(GTSM)
Yield: 67%. Anal. Calc. for CuC6H10N6S2·0.25H2O: C, 24.2%; H, 3.6%; N,

28.2%; Found: C, 24.6%; H, 3.5%; N, 28.1%. MS (ESI+) m/z 295 [M+ H]+.

2.3.3. Cu(PTS)
Yield: 63%. Anal. Calc. for CuC5H8N6S2·0.25CH3CN·H2O: C, 21.4%; H,

3.5%; N, 28.4%; Found: C, 21.6%; H, 2.9%; N, 28.6%.MS (EI)m/z 280 [M]+.

2.3.4. Cu(PTSM)
Yield: 71%. Anal Calc for CuC7H12N6S2·0.25H2O: C, 26.9%; H, 4.0%; N,

26.9%; Found: C, 27.3%; H, 3.9%; N, 26.7%. MS (ESI+)m/z 309 [M+H]+,
330 [M+ Na]+.

2.3.5. Cu(ATS)
Yield: 59%. Anal Calc for CuC6H10N6S2·0.5H2O: C, 23.8%; H, 3.7%; N,

27.7%; Found: C, 24.2%; H, 3.3%; N, 27.4%. MS (ESI−) m/z 294 [M]−.
2.3.6. Cu(ATSM)
Yield: 67%. Anal. Calc. for CuC8H14N6S2·0.25H2O: C, 29.5%; H, 4.5%; N,

25.8%; Found: C, 29.9%; H, 4.3%; N, 25.6%. MS (ESI+) m/z 322 [M+ H]+.

2.3.7. Cu(CTS)
Yield: 70%. Anal. Calc. for CuC7H13N6S2Cl·0.25MeCN: C, 25.4%; H,

3.9%; N, 24.7%; Found: C, 25.5%; H, 3.6%; N, 24.8%.MS (EI)m/z 308 [M]+.

2.3.8. Cu(CTSM)
Yield: 78%. Anal Calc for CuC9H17N6S2Cl·0.75MeCN: C, 31.3%; H,

4.8%; N, 23.5%; Found: C, 31.1%; H, 4.6%; N, 23.6%. MS (ESI+) m/z 336
[M+ H]+.

2.3.9. Cu(DTS)
Yield: 64%. Anal Calc for CuC8H14N6S2Cl·0.25MeCN: C, 27.7%; H,

4.3%; N, 23.8%; Found: C, 27.4%; H, 4.0%; N, 23.4%. MS (ESI+) m/z 322
[M+ H]+.

2.3.10. Cu(DTSM)
Yield: 59%. Anal Calc for CuC10H18N6S2: C, 34.3%; H, 5.2%; N, 24.0%;

Found: C, 34.4%; H, 5.1%; N, 23.9%. MS (ESI+) m/z 350 [M+ H]+.

2.3.11. Cu(CyTS)
Yield: 73%. Anal Calc for CuC8H12N6S2Cl·0.66MeCN: C, 29.2%; H,

3.9%; N, 24.3%; Found: C, 29.1%; H, 3.9%; N, 24.4%. MS (ESI+) m/z 320
[M+ H]+.

2.3.12. Cu(CyTSM)
Yield: 79%. Anal Calc for CuC10H16N6S2·0.25EtOH: C, 35.1%; H, 4.9%;

N, 23.4%; Found: C, 34.7%; H, 4.6%; N, 23.5%. MS (ESI+) m/z 348
[M+ H]+.

2.4. Biological studies

2.4.1. Cell culture
Chelators were dissolved in DMSO as 10mM stock solutions and di-

luted in medium containing 10% fetal calf serum (Commonwealth
Serum Laboratories, Melbourne, Australia) so that the final
[DMSO] b 0.5% (v/v). At this final concentration, DMSO had no effect
on proliferation, as shown previously [52]. Human SK-N-MC
neuroepithelioma cells and mortal human MRC5 fibroblasts
(American Type Culture Collection, Manassas, VA) were grown by stan-
dard procedures [22,52] at 37 °C in a humidified atmosphere of 5% CO2/
95% air in an incubator (Forma Scientific, Marietta, OH).

2.4.2. Effect of the chelators on cellular proliferation
The effect of the chelators and complexes on cellular proliferation

was determined by the [1-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium] (MTT) assay using standard techniques [52,53]. The SK-N-MC
neuroepithelioma and MRC-5 fibroblast cell lines were seeded in 96-
well microtiter plates at 1.5 × 104 and 1.0 × 104 cells/well, respectively,
in medium containing chelators or complexes at a range of concentra-
tions (0.0015–25 μM). The cells were incubated at 37 °C in a humidified
atmosphere containing 5% CO2 and 95% air for 72 h. After this incuba-
tion, 10 μL of MTT (5 mg/mL) was added to each well and further incu-
bated for 2 h/37 °C. After solubilization of the cells with 100 μL of 10%
SDS-50% isobutanol in 10 mM HCl, the plates were read at 570 nm
using a scanningmulti-well spectrophotometer. The inhibitory concen-
tration (IC50) was defined as the chelator concentration necessary to re-
duce the absorbance to 50% of the untreated control. Using this method,
absorbance was shown to be directly proportional to cell counts, as
shown previously [52]. To examine the role of Cu chelation and redox
stress on anti-proliferative activity, SK-N-MC cells were incubated for
72 h/37 °C with chelators or complexes at a range of concentrations
(0–6.25 μM) in the presence of tetrathiomolybdate (TM; 5 μM), N-
acetyl-L-cysteine (NAC; 5 mM) or buthionine sulfoximine (BSO;
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100 μM) [54,55]. Cells were incubatedwith controlmedium,NAC, or TM
for 10 min/37 °C prior to incubation with chelators or their respective
copper complexes, while BSO was incubated for 16 h/37 °C prior to
the addition of ligands or their copper complexes.

2.4.3. Bis(thiosemicarbazone)-mediated 64Cu efflux from cells prelabeled
with 64Cu

The ability of chelators to mobilize 64Cu (ANSTO, Sydney, Australia)
from prelabeled cells were performed by standard methods [26,56].
Briefly, cells were prelabeled for 1 h/37 °C with 64Cu (10 μCi/mL;
64CuCl2),washed 4 times on ice and reincubatedwithmedium(control)
ormedium containing chelators (25 μM) for 1 h/37 °C. Radioactivitywas
measured in the cells and supernatant using a γ-scintillation counter
(Wallac Wizard 3; Perkin Elmer).

2.4.4. Release of 64Cu from cells prelabeled with the
64Cu[bis(thiosemicarbazone)] complexes

Complexes were prepared by adding equimolar equivalents of 64Cu
(10 μCi/mL; 64CuCl2; ANSTO) and bis(thiosemicarbazone) chelator.
SK-N-MC cells were incubated with the complexes (25 μM) for
1 h/37 °C, washed 4 times on ice, reincubated for 1 h/37 °C in control
media, and the percentage of 64Cu remaining cell associated assessed
[26]. Radioactivity was measured in the cells and supernatant using a
γ-scintillation counter (Wallac Wizard 3; PerkinElmer).

2.4.5. Intracellular ROS measurements
Intracellular ROS generation was measured using 2′,7′-

dichlorodihydrofluorescein diacetate (H2DCF-DA) [22,57]. H2DCF-DA
is hydrolyzed by intracellular esterases to the membrane impermeable
analog, 2′,7′-dichlorodihydrofluorescein (H2DCF), which leads to its ac-
cumulation within the cytosol. Cellular oxidants localized to the cytosol
oxidize non-fluorescent H2DCF to the fluorescent product,
dichlorofluorescein (DCF) [22,57]. SK-N-MC cells were incubated with
30 nM H2DCF-DA for 30 min/37 °C and then washed twice with ice-
cold PBS. The cells were then treated with either the positive control,
H2O2 (50 μM) for 30 min/37 °C, GTSM (2 or 25 μM), or Cu(GTSM)
(5 μM) for 1 h/37 °C. To examine the effect of Cu and Cu chelation, a
10 min/37 °C pre-incubation of cells with CuCl2 (5 μM) or TM (5 μM)
was used, respectively, prior to further chelator or complex incubation.
Cells were collected for flow cytometric assessment and intracellular
ROS was detected as an increase in green cytosolic DCF fluorescence
with a FACS Canto flow cytometer (Becton Dickinson, Lincoln Park, NJ,
USA). In these studies, 10,000 events were acquired for every sample.
Data analysis was performed using FlowJo software v7.5.5 (Tree Star
Inc., Ashland, OR).

2.4.6. Assessment of lysosomal membrane permeability
Distribution of acridine orange (AO; Sigma-Aldrich) was used to de-

termine LMP as previously described and was quantified with ImageJ
v1.48 (Wayne Rasband NIH, USA) [26,58]. Briefly, cells were incubated
for 15 min/37 °C with AO (20 mM) then washed 3 times with PBS.
The cells were then incubated for 1 h/37 °C with chelators (2 to
25 μM) with or without a 10 min/37 °C pre-incubation with CuCl2
(5 μM) prior to chelator addition. To examine the role of redox stress
in LMP, cells were pre-incubated with NAC (5 mM) or TM (5 μM) for
10 min/37 °C prior to treatment, while BSO (100 μM) was pre-
incubated for 16 h/37 °C [54,55]. Samples were examined with a Zeiss
Axio Observer.Z1 fluorescence microscope (Zeiss, Oberkochen,
Germany) equipped with FITC and Texas Red filters. Images were cap-
turedwith anAxioCam camera and AxioVision Rel. 4.7 Software (Zeiss).

2.4.7. Immunofluorescence studies of lysosomal membrane
permeabilization

Lysosomal permeability was examined using immunofluorescence
by following lysosomal cathepsin D release as previously reported
[58,59]. Lysosome-associated membrane protein 2 (Lamp2) was used
to examine co-localization with lysosomes as previously reported
[59–61]. Cells were plated on cover slips (1 × 105 cells/mL) and allowed
to growovernight. To examine the role of redox stress in LMP, cellswere
pre-treated with TM (5 μM), NAC (5 mM) and/or BSO (100 μM) [54,55,
62]. Cells were pre-incubated with NAC or TM for 10min/37 °C, or with
BSO for 16 h/37 °C, prior to chelator incubation. Following washing, the
cells were pre-incubated with CuCl2 (5 μM) for 10 min/37 °C followed
by incubation with GTSM (2 μM) and incubated for 1 h/37 °C followed
by paraformaldehyde fixation (4%/15 min) and digitonin perme-
abilization (100 μM/10min). After blockingwith 5% bovine serum albu-
min, immunocytochemistry was performed with anti-cathepsin D
(Abcam, USA) and anti-Lamp2 (Abcam, USA) antibodies. The cells
were examined with a Zeiss Axio Observer Z1 fluorescence microscope
(Zeiss, Germany) equipped with FITC, Texas Red and DAPI filters. Im-
ages were captured with an AxioCam camera and AxioVision Rel. 4.7
Software (Zeiss, Germany). Quantification of fluorescence was per-
formed with the image processing and analysis software, ImageJ v1.48.

2.5. Statistical analysis

Experimental data were compared using Student's t-test. Results
were expressed asmean±SD (number of experiments) and considered
to be statistically significant when p b 0.05.

3. Results and discussion

3.1. Preparation and characterization

All ligands were prepared by high yielding Schiff base condensation
reactions following a previous synthetic procedure for related
bis(thiosemicarbazones) [20]. These compounds were synthesized by
refluxing the appropriate thiosemicarbazide with the 1,2-diketone in a
2:1 molar ratio in an acidic EtOH solution. The resulting
bis(thiosemicarbazones) were found to be only sparingly soluble in
water. However, they exhibited greater solubility in polar aprotic sol-
vents such as DMF, MeCN and DMSO. The 1H NMR, mass spectrometry
and combustion analyses were consistent with their proposed struc-
tures (Fig. 1B). The CuII complexes were prepared by refluxing CuCl2
with the appropriate ligand in a 1:1 molar ratio in ethanol [20]. The
complexes showed greater water solubility than the ligand, and were
very soluble in polar organic solvents, such as DMF and DMSO.

3.2. Electrochemistry

The electrochemical properties of the Cu complexes of
bis(thiosemicarbazones) have important ramifications on their anti-
proliferative effects [14,20,36]. Previous structure–activity studies
[20,36,39,40] examining the cellular uptake of Cu(ATSM) and related
complexes have demonstrated that changes in backbone alkylation
can dramatically alter the biological properties of the resultant Cu
complex. This effect is believed to be largely due to changes to the
redox potential of the Cu complex [14,20,36]. Previous studies have
noted a redox potential-dependent rate of reduction, with more nega-
tive potentials favoring slower reduction rates, while more positive
redox potentials resulted in faster reduction rates [20,36,37]. In addi-
tion, computer modeling studies examining the competition between
dissociation and re-oxidation of the Cu complexes demonstrated that
Cu complexes with more negative redox potentials favored re-
oxidation, whereas those withmore positive potentials favored dissoci-
ation [20]. Thus, we investigated the electrochemical properties of the
Cu complexes of all synthesized ligands by cyclic voltammetry and the
results are summarized in Table 1 and presented in Fig. 2A. In these
studies, 0.1MEt4NClO4 in DMSOwas chosen as the solvent of choice be-
cause of the low aqueous solubility of some of the compounds.

All synthesized Cu complexes exhibited reversible, one electron CuII/I

couples (Fig. 2A). Ligands with no or one alkyl group at R1 and R2 (i.e.,



Table 1
Partition coefficients (Log Pcalc) and CuII/I redox potentials of the ligands andCu complexes,
respectively. Log Pcalc values were calculated using the program ChemBioDrawUltra
v11.0.1 using Crippen's fragmentation procedure [51].

Ligand Partition coefficient CuII/I redox potential

(Log Pcalc) (V vs. NHE)

Unsubstituted/monosubstituted
GTS 0.45 −0.43
GTSM 0.84 −0.43
PTS 0.53 −0.50
PTSM 1.45 −0.51

Disubstituted
ATS 0.65 −0.59
ATSM 1.48 −0.59
CTS 1.34 −0.59
CTSM 2.69 −0.58
DTS 1.69 −0.59
DTSM 2.34 −0.60
CyTS 2.15 −0.62
CyTSM 2.78 −0.62

Fig. 2. (A) Cyclic voltammogramsof 2mMsolutions of: [Cu(DTSM)], [Cu(CTSM)], [Cu(ATSM)], [C
bone alkyl substituents on the CuII/I redox potential. Sweep rate 10 mVs−1, solvent 0.1 M E
proliferative activity (IC50) of Cu[bis(thiosemicarbazones)].
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unsubstituted and monosubstituted ligands, respectively; Fig. 1B; denot-
ed in red) include Cu(GTS), Cu(GTSM), Cu(PTS) and Cu(PTSM). These
complexes exhibited more positive CuII/I redox potentials between
−0.43 and −0.51 V (Table 1; Fig. 2A). Of these Cu complexes, Cu(GTS)
and Cu(GTSM) possessed the most positive CuII/I redox potential of
−0.43 V (Table 1). The addition of a methyl group at R1 (i.e., Cu(PTS)
and Cu(PTSM)) resulted in more negative CuII/I redox potentials (−0.50
to −0.51 V; Table 1). Interestingly, previous studies examining the
redox active DpT series of thiosemicarbazones have observed CuII/I

redox couples in a similar range as these Cu[bis(thiosemicarbazones)]
derived from unsubstituted or monosubstituted ligands [24].

All complexes with alkyl groups at the R1 and R2 sites (i.e., disubsti-
tuted ligands; Fig. 1B, C; denoted in green), including Cu(ATS),
Cu(ATSM), Cu(CTS), Cu(CTSM), Cu(DTS), Cu(DTSM), Cu(CyTS) and
Cu(CyTSM), demonstrated completely reversible one electron reduc-
tions (CuII/I) between −0.58 and −0.62 V (Table 1). Alteration of the
length of the substituents on the diimine backbone, from methyl to
ethyl, did not appreciably affect CuII/I redox potentials (Table 1). The in-
corporation of a six-membered ring into the diimine backbone in CyTS
u(PTSM)], and [Cu(GTSM)] (from top to bottom), showing the impact of the diimine back-
t4NClO4 in DMSO. (B) The relationship between the CuII/I redox potential and the anti-
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and CyTSM (Fig. 1C) resulted in the lowest (most negative) CuII/I redox
potential obtained (−0.62 V; Table 1).

In summary, the Cu[bis(thiosemicarbazones)] complexes can be di-
vided into two groups: (1) those derived from unsubstituted or
monosubstituted ligands with more positive CuII/I redox couples
(−0.43 to−0.51 V; Table 1); and (2) those derived from disubstituted
ligands with more negative CuII/I redox couples (−0.58 to −0.62 V;
Table 1). These results suggest that the Cu complexes derived from
unsubstituted or monosubstituted ligands, with more positive CuII/I

redox couples, may be more easily and rapidly reduced to form the
charged CuI(L)− complex relative to Cu complexes of the disubstituted
ligands. The differences in the electrochemical behavior of the
Cu[bis(thiosemicarbazone)] complexes from unsubstituted and
monosubstituted versus disubstituted ligands will probably result in
important differences in their ability to mediate ROS formation and in-
duce anti-proliferative activity (examined below).

3.3. Biological studies

3.3.1. Anti-proliferative activity of the bis(thiosemicarbazone) ligands
against cancer cells

The ability of the bis(thiosemicarbazone) series to inhibit cellular
proliferation was assessed using SK-N-MC neuroepithelioma cells, as
the effect of other thiosemicarbazones and related aroylhydrazones on
these cells has been extensively examined [23,52,63]. Hence, they are
a well established model that enables comparisons to our previous
studies. These ligands were compared to a number of relevant positive
controls, including: (1) Dp44mT (Fig. 1A), a thiosemicarbazone with
potent anti-proliferative activity and chelation efficacy that has been ex-
tensively studied as an anti-cancer agent [22,64]; (2) desferrioxamine
(DFO; Fig. 1A), used for the treatment of Fe overload [64]; and (3) 3-
AP (Fig. 1A) that has been investigated as an anti-cancer agent in clinical
trials [65–67]. In these studies, SK-N-MC cells were treatedwith various
concentrations (0.0015–25 μM) of the ligands and incubated for
72 h/37 °C. The concentration of the ligands that reduced cellular prolif-
eration to 50% of the untreated control (IC50 value) was determined and
the results are presented in Table 2.

All bis(thiosemicarbazone) ligands derived from glyoxal and
pyruvaldehyde (i.e., the unsubstituted or monosubstituted ligands),
namely: GTS, GTSM, PTS and PTSM (Fig. 1B) demonstrated potent
anti-proliferative activity against SK-N-MC cells (IC50: 0.017–
0.021 μM; Table 2). The anti-proliferative activity of this subset of
Table 2
IC50 (μM) values of bis(thiosemicarbazone) chelators and their Cu complexes at inhibiting the g
the MTT assay after a 72 h/37 °C incubation. Results are mean ± SD (3 experiments). The p va
complex in normal and neoplastic cells. NS; not significant.

Ligand SK-N-MC IC50 (μM) MRC-5 IC50 (μM)

Ligand Cu(II)(L) Ligand

Controls
DFO 22.7 ± 1.6 – N12.5
Dp44mT 0.004 ± 0.001 0.004 ± 0.001 2.19 ± 0.07
3-AP 0.36 ± 0.03 – N12.5

Unsubstituted/monosubstituted
GTS 0.021 ± 0.002 0.016 ± 0.005 8.12 ± 0.48
GTSM 0.020 ± 0.004 0.009 ± 0.001 6.15 ± 0.66
PTS 0.017 ± 0.003 0.012 ± 0.001 4.73 ± 0.75
PTSM 0.017 ± 0.003 0.016 ± 0.001 4.91 ± 0.74

Disubstituted
ATS N12.5 0.68 ± 0.13 N12.5
ATSM N12.5 0.46 ± 0.17 N12.5
CTS N12.5 0.25 ± 0.04 N12.5
CTSM 11.2 ± 0.82 0.76 ± 0.04 N12.5
DTS N12.5 0.51 ± 0.04 N12.5
DTSM N12.5 1.83 ± 0.08 N12.5
CyTS N12.5 1.56 ± 0.13 N12.5
CyTSM N12.5 2.07 ± 0.23 N12.5
ligands was significantly (p b 0.001) greater than DFO (IC50: 22.7 ±
1.6 μM), but was significantly (p b 0.01) less than that of Dp44mT
(IC50: 0.004 ± 0.001 μM; Table 2). Importantly, these unsubstituted or
monosubstituted ligands demonstrated significantly (p b 0.01) greater
anti-proliferative activity than 3-AP (IC50: 0.36 ± 0.03 μM; Table 2). In
contrast, the analogs with alkyl substituents at both the R1 and R2

sites on the diimine backbone (i.e., ATS, ATSM, CTS, CTSM, DTS, DTSM,
CyTS and CyTSM), demonstrated very poor anti-proliferative effects
against SK-N-MC cells (IC50: ≥11.15 μM; Table 2).

3.3.2. Anti-proliferative activity of the copper complexes [CuII(L)] against
cancer cells

Previous studies have shown that complexation of
bis(thiosemicarbazone) ligands with metals results in marked changes
in biological activity [32,68,69]. To assess the importance of Cu chelation
on the anti-proliferative activity of the synthesized ligands, their CuII

complexes were prepared and their anti-proliferative activity was
assessed against SK-N-MC neuroepithelioma cells (Table 2). The Cu
complex of Dp44mT, [Cu(Dp44mT)]Cl, was also included as a control,
as its potent anti-proliferative activity has previously been character-
ized [24–26].

Similarly to their respective ligands, the CuII complexes derived from
unsubstituted or monosubstituted ligands (i.e., Cu(GTS), Cu(GTSM),
Cu(PTS) and Cu(PTSM)), possessed potent anti-proliferative activity
against SK-N-MC cells (IC50: 0.009–0.016 μM; Table 2). However, the
anti-proliferative activity of these complexes was significantly
(p b 0.01) less than that of Cu(Dp44mT), which resulted in an IC50 of
0.004 ± 0.001 μM (Table 2). Although Cu(GTSM) (IC50: 0.009 ±
0.001 μM; Table 2) showed significantly (p b 0.05) increased anti-
proliferative activity relative to the ligand alone (GTSM; 0.020 ±
0.004 μM;Table 2), the other CuII complexes derived fromunsubstituted
ormonosubstituted ligands (i.e., Cu(GTS), Cu(PTS), or Cu(PTSM)), dem-
onstrated comparable anti-cancer activity in comparison to their corre-
sponding free ligands (i.e., GTS, PTS and PTSM, respectively; Table 2).

In contrast, the CuII complexes of the disubstituted ligands (i.e.,
Cu(ATS), Cu(ATSM), Cu(CTS), Cu(CTSM), Cu(DTS), Cu(DTSM),
Cu(CyTS) and Cu(CyTSM)), displayed significantly (p b 0.01) increased
anti-proliferative activity (IC50: 0.25–2.07 μM) compared to their corre-
sponding free ligands (Table 2). In fact, Cu complexation resulted in a
greater than a 6-fold increase in anti-cancer activity. All Cu complexes
of the disubstituted ligands had significantly (p b 0.01) greater anti-
proliferative activity relative to DFO (Table 2). Excluding the three
rowth of SK-N-MC neuroepithelioma cells andmortal MRC-5 fibroblasts as determined by
lues were determined using Student's t-test and compare the activity of the ligand or Cu

p value Therapeutic Index

Cu(II)(L) Ligand Cu(II)(L) Ligand Cu(II)(L)

– – – – –
– – – – –
– – – – –

0.30 ± 0.04 p b 0.01 p b 0.05 387 19
0.27 ± 0.05 p b 0.01 p b 0.05 308 30
0.44 ± 0.05 p b 0.01 p b 0.05 278 37
0.65 ± 0.08 p b 0.01 p b 0.05 289 41

2.60 ± 0.30 – p b 0.05 – 4
2.13 ± 0.11 – p b 0.05 – 5
1.27 ± 0.22 – p b 0.05 – 5
2.09 ± 0.12 – p b 0.05 N1.1 3
1.56 ± 0.21 – p b 0.05 – 3
3.46 ± 0.23 – p b 0.05 – 2
3.74 ± 0.28 – p b 0.05 – 2
4.79 ± 0.40 – p b 0.05 – 2
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least active complexes, (Cu(DTSM), Cu(CyTS) andCu(CyTSM)), all other
Cu complexes of the disubstituted compounds demonstrated compara-
ble anti-proliferative activity to the ligand, 3-AP (IC50: 0.36 ± 0.03 μM;
Table 2).

In summary, Cu complexation greatly enhanced the anti-
proliferative activity of disubstituted ligands. On the other hand, the
anti-cancer effects of the Cu complexes of the unsubstituted or
monosubstituted ligands were either enhanced or comparable to the
free ligand. These findings suggest that Cu complexation by
bis(thiosemicarbazones) plays a critical role in their anti-proliferative
activity. Additionally, examining the correlation between anti-
proliferative activity of the Cu complexes and their CuII/I redox poten-
tials (R2=0.75174; Fig. 2B), demonstrated the existence of two groups,
namely: (1) the unsubstituted and monosubstituted group with high
anti-proliferative activity and CuII/I redox potentials clustered between
approximately−0.4 and−0.5 V (red symbols; Fig. 2B); and (2) the di-
substituted group, which demonstrated more negative CuII/I redox po-
tentials and decreased anti-proliferative efficacy (green symbols;
Fig. 2B).

3.3.3. Anti-proliferative activity against mortal cells
For a compound to be considered as a possible anti-tumor agent, it

must exhibit potent anti-proliferative activity against neoplastic cells,
and not markedly affect the proliferation of normal cells. To determine
whether these compounds exhibited selectivity towards neoplastic
cells, their effect on the proliferation of mortal MRC-5 fibroblasts was
assessed (Table 2). Their selectivity was measured using a calculated
in vitro therapeutic index (Table 2). This parameter represents the
ratio of the IC50 values of normal versus neoplastic cells (i.e., IC50 MRC-
5/IC50 SK-N-MC; Table 2), with higher values representing greater se-
lectivity against cancer cells.

The unsubstituted or monosubstituted ligands, GTS, GTSM, PTS and
PTSM, were significantly (p b 0.01) more effective in neoplastic cells
than normal MRC-5 fibroblasts, suggesting an appreciable therapeutic
index (Table 2). In fact, these ligands displayed IC50 values between
4.73 and 8.12 μM in MRC-5 cells, with therapeutic indices ranging
from 278 to 387 (Table 2). In contrast, therapeutic indices of the disub-
stituted ligands could not be determined, or were N1.1 (i.e., for CTSM),
due to their low anti-proliferative activity against both SK-N-MC and
MRC-5 cells.

Pre-complexation of the bis(thiosemicarbazone) ligands with Cu re-
sulted in an increase of anti-proliferative activity inMRC-5 cells relative
to the ligands alone (Table 2). This corresponded to a 2.6–27-fold
increase in anti-proliferative activity against MRC5 cells upon Cu
complexation. Importantly, the anti-proliferative efficacy of the CuII

bis(thiosemicarbazone) complexes were significantly (p b 0.05) de-
creased in normal MRC-5 cells relative to neoplastic SK-N-MC cells.
The Cu complexes of GTS, GTSM, PTS and PTSM displayed appreciable
therapeutic indices, ranging between 19 and 41, while the Cu
complexes of the disubstituted ligands were less selective, leading to
therapeutic indices between 2 and 5 (Table 2).

Collectively, the disubstituted ligands and their Cu complexes were
not particularly selective. In contrast, the unsubstituted or
monosubstituted ligands and to a lesser extent their Cu complexes pos-
sessed very high selectivity owing to their potent anti-proliferative ac-
tivity against neoplastic cells. Thus, GTS, GTSM, PTS and PTSM and
their Cu complexes have appreciable therapeutic indices in targeting
cancer cells over normal cells and show promise as potential anti-
cancer agents.

3.3.4. Bis(thiosemicarbazone)-mediated 64Cu Efflux from cells prelabeled
with 64Cu

To assess the role of Cu chelation in the anti-neoplastic activity of
these bis(thiosemicarbazone) analogs, their ability to mobilize cellular
64Cu from pre-labeled SK-N-MC cells was assessed (Fig. 3A). Briefly,
cells were prelabeled with 64Cu for 1 h/37 °C, washed, and then
reincubated with medium (control) or medium containing the chela-
tors (25 μM) for 1 h/37 °C. The efflux of 64Cu into the medium and the
levels of 64Cu remaining in the cells were then assessed. The release of
64Cu mediated by the bis(thiosemicarbazone) ligands was compared
to Dp44mT and the well characterized Cu chelators, TM (Fig. 1A), and
neocuproine (Neo; Fig. 1A) [26].

The three controls, TM, Neo andDp44mT all significantly (p b 0.001–
0.01) reduced cellular 64Cu release to 55 ± 6%, 11 ± 2% and 59± 7% of
the control, respectively (Fig. 3A). Similar results demonstrating the
ability of Dp44mT and TM to inhibit 64Cu release from SK-N-MC cells
has been reported previously [26]. The unsubstituted or
monosubstituted bis(thiosemicarbazone) ligands (i.e., GTS, GTSM, PTS
and PTSM) also led to significantly (p b 0.001) decreased cellular 64Cu
release relative to control medium (control) alone, reducing it to 16–
36% of the control (Fig. 3A). The cellular release of 64Cu mediated by
GTS (16 ± 0.5%) and GTSM (20 ± 1%) was similar to the Cu chelator,
Neo, but significantly (p b 0.01) less than TM or Dp44mT. In contrast,
three of the disubstituted bis(thiosemicarbazone) compounds (i.e.,
CTSM, DTSM and CyTSM) were significantly (p b 0.01) more effective
at mediating 64Cu mobilization relative to the control medium, increas-
ing 64Cu release to 146–161% of the control (Fig. 3A). In contrast, their
terminal amine (R3) unsubstituted counterparts (i.e., CTS, DTS and
CyTS) and the diacetyl bis(thiosemicarbazone) ligands (i.e., ATS and
ATSM) did not significantly (p N 0.05) alter 64Cu release relative to the
control (Fig. 3A).

Generally, the unsubstituted ormonosubstituted chelators possessing
high anti-proliferative activity (i.e., GTS, GTSM, PTS and PTSM; Table 2)
demonstrated a decrease in intracellular 64Cu release relative to the con-
trol (i.e., an accumulation of intracellular 64Cu). In contrast, the disubsti-
tuted ligands with poor anti-proliferative activity (Table 2)
demonstrated comparable or enhanced 64Cu release relative to the con-
trol in SK-N-MC cells (Fig. 3A). This observation is in agreement with a
study demonstrating the cellular accumulation of 64Cu complexes of
unsubstituted or monosubstituted bis(thiosemicarbazones), such as
GTS, GTSM, PTS and PTSM, and the release of 64Cu complexes of disubsti-
tuted ligands, including ATS and ATSM, using mouse mammary EMT6
tumor cells [20].

Plotting 64Cu release from cells against their one electron CuII/I redox
potentials yielded a correlation (R2 = 0.7861) and demonstrated the
existence of 2 groups, namely: (1) the unsubstituted and
monosubstituted bis(thiosemicarbazones) (green; Fig. 3B); and
(2) the disubstituted bis(thiosemicarbazones) (red; Fig. 3B). The en-
hanced lipophilicity of the terminal amine (R3) methylated disubstitut-
ed analogs (i.e., CTSM, DTSM and CyTSM; Log Pcalc 2.34–2.78; Table 1)
may have facilitated the passive diffusion of the ligand and their com-
plexes through the plasma membrane lipid bilayer relative to their ter-
minal amine unsubstituted analogs (i.e., CTS, DTS and CyTS; Log Pcalc
1.34–2.15; Table 1), resulting in enhanced cellular 64Cu release
(Fig. 3A). In fact, a plot of the 64Cu release vs. Log Pcalc values yielded a
correlation coefficient (R2) of 0.7536 (Fig. 3C). Collectively, these results
suggest the importance of the lipophilicity of these agents and also their
CuII/I redox potentials on their ability to mobilize cellular 64Cu. Indeed,
the ligands that formed Cu complexes with more biologically accessible
reduction potentials and thatwere relativelymore hydrophilic (i.e., GTS,
GTSM, PTS and PTSM; Log Pcalc 0.45–1.45; Table 1), led to less cellular
64Cu release (Fig. 3A) and potent anti-proliferative activity (Table 2).

3.3.5. Release of 64Cu from cells prelabeled with the
64Cu[bis(thiosemicarbazone)] complexes

As a comparison to cellular labeling using 64Cu alone (Fig. 3A), and to
further assess the ability of the bis(thiosemicarbazone) ligands to
mobilize intracellular 64Cu, SK-N-MC cells were prelabeled with
bis(thiosemicarbazone) 64Cu-complexes (1:1) and the release exam-
ined (Fig. 3D). Briefly, in these studies, SK-N-MC cells were incubated
for 1 h/37 °C with the preformed 64Cu[bis(thiosemicarbazone)] com-
plexes (25 μM). Then the cells were washed and re-incubated with



Fig. 3. The effect of bis(thiosemicarbazone) series ligands on: (A) 64Cu cellularmobilization from SK-N-MC neuroepithelioma cells prelabeledwith 64Cu; (B) the relationship between 64Cu
cellularmobilization and CuII/I redox potential; and (C) the relationship between 64Cu cellularmobilization and lipophilicity (Log Pcalc). The effect of bis(thiosemicarbazone) series ligands
on: (D) release of 64Cu from SK-N-MC cells prelabeledwith bis(thiosemicarbazone) 64Cu-complexes formed in situ; and (E) the relationship between 64Cu cellular release in (D) and CuII/I

redox potentials. Results are mean ± SD (3 experiments). *, versus control, p b 0.05; **, versus control, p b 0.01; ***, versus control, p b 0.001.
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media for 1 h/37 °C. The percentage of 64Cu released from cells was then
quantified, and expressed as a percentage of that found for cells incubat-
ed with medium alone (i.e., control). The release of 64Cu from cells after
labeling with the 64Cu[bis(thiosemicarbazone)] complexes were
compared to the preformed 64Cu complexes of Dp44mT, TM and Neo,
as relative controls (Fig. 3D).

The preformed 64Cu complexes of TM, Neo and Dp44mT, resulted in
significantly (p b 0.001) decreased 64Cu release that was 50%, 19% and
39% of the control, respectively (Fig. 3D). Cells incubated with the
64Cu complexes of GTS, GTSM, PTS and PTSM all demonstrated signifi-
cantly (p b 0.001) decreased levels of 64Cu release (20–27%) relative
to the control, and this was also significantly (p b 0.01–0.05) less than
the release of 64Cu complexes of TM and Dp44mT (Fig. 3D). In fact, the
64Cu complexes of GTS, GTSM and PTS mediated comparable levels of
cellular 64Cu release to that of 64Cu-Neo (Fig. 3D). Additionally, the
64Cu complexes of all disubstituted ligands, which previously
demonstrated poor anti-proliferative activity (Table 2), showed signifi-
cantly (p b 0.05) increased 64Cu release compared to the 64Cu
complexes of the unsubstituted or monosubstituted ligands (Fig. 3D)
that displayed potent anti-cancer effects (Table 2). However, the 64Cu
complexes of the disubstituted ligands, ATS, ATSM, CTS and DTS, dem-
onstrated significantly (p b 0.01–0.05) decreased 64Cu release compared
to the control. The 64Cu complexes of the remaining disubstituted li-
gands, namely, CTSM, DTSM, CyTS and CyTSM, mediated comparable
levels of 64Cu release relative to the control (Fig. 3D). Similarly to the
cellular 64Cu mobilization results above (Fig. 3A,B), a correlation (R2 =
0.8229) was observed between 64Cu release (Fig. 3D) and their CuII/I

redox potentials (Fig. 3E). Hence, irrespective of cellular prelabeling
with 64Cu or 64Cu-bis(thiosemicarbazone) complexes, a similar trend
in 64Cu release was observed with the unsubstituted/monosubstituted
and disubstituted analogs, with again these two groups demonstrating
distinctly different activity.
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Previous structure–activity relationship studies have proposed that
bio-reduction of the complexed CuII to CuI by intracellular reductants
was critical for their cellular accumulation [38]. Upon reduction, the
formed CuI complex (e.g., Cu(GTSM)−) was trapped within the cell,
owing to its negative charge and it was suggested that the fate of the
CuI complex was dependent on its ability to be re-oxidized [37]. For ex-
ample, the CuI complexes with more negative CuII/I redox potentials,
such as Cu(ATSM)−, were readily oxidized to regenerate the neutral
CuII complex (e.g., CuII(ATSM)), which can diffuse out of the cell [37].
In contrast, CuI complexes with more positive CuII/I redox potentials,
such as Cu(GTSM)−, were not readily oxidized, resulting in the intracel-
lular trapping of Cu [20]. Hence, the observed 64Cu accumulation by
complexes with more positive (i.e., more readily reduced) CuII/I redox
potentials (e.g., Cu(GTSM)) is in agreement with the proposed model
of redox potential-dependent intracellular reductive trapping [20].

3.3.6. Anti-neoplastic activity of potent bis(thiosemicarbazones) is
mediated by copper complexation

To further investigate the role of Cu chelation in the anti-neoplastic
activity of the bis(thiosemicarbazones), the ability of the well-known
Cu chelator, TM (Fig. 1A) [62], tomodulate the anti-proliferative activity
of the bis(thiosemicarbazones) and their Cu complexes was examined.
Notably, TM is a Cu specific chelator with low toxicity that forms Cu
complexes [62], andmarkedly decreases the cytotoxicity of other potent
thiosemicarbazones [26]. In these studies, we assessed the effect of TM
(5 μM)on the anti-proliferative activity of the ligands and Cu complexes
Fig. 4. Anti-proliferative activity of: (A) bis(thiosemicarbazone) ligands, GTSM, PTSM and ATSM
10min/37 °C pre-incubation with the non-toxic copper chelator, TM (5 μM). Anti-proliferative
copper complexes, Cu(GTSM), Cu(PTSM) and Cu(ATSM), with or without a pre-incubation
(3 experiments).
(Fig. 4A and B; Table 3) of two highly potent unsubstituted or
monosubstituted bis(thiosemicarbazones), namely GTSM and PTSM,
relative to a disubstituted ligand with low anti-proliferative efficacy,
ATSM (Table 2).

Incubation of SK-N-MC cells with TM resulted in an IC50 of N6.25 μM
(Table 3). Thus, TM alone at 5 μM did not result in any significant cyto-
toxicity. Interestingly, in the presence of TM, the anti-proliferative activ-
ity of GTSM or PTSMwas markedly decreased, leading to an increase in
the IC50 from 0.017–0.019 μM to N6.25 μM (Fig. 4A, Table 3). This alter-
ation represented a N329-fold decrease in the anti-proliferative activity
of GTSM and PTSM. In contrast, the anti-proliferative activity of ATSM
(IC50 N 6.25 μM) was greatly enhanced in the presence of TM, leading
to an IC50 value of 0.07 μM (Table 3). This represented a N89-fold in-
crease in the anti-proliferative activity of ATSM (Fig. 4A; Table 3). This
latter finding suggested that the addition of TM led to a synergistic in-
teraction with ATSM in regards to cytotoxicity via an unknown
mechanism.

Co-incubation of TMwith the pre-formed Cu complexes of GTSM or
PTSM also resulted in a marked and significant (p b 0.01) decrease in
their anti-proliferative activity from 0.037–0.039 μM to 0.19 μM,
which represented a 4.9 to 5.1-fold increase in their IC50 values
(Fig. 4B; Table 3). A smaller, but significant (p b 0.05), 1.6-fold decrease
in anti-proliferative activity was also observed for Cu(ATSM) upon co-
incubation with TM viz., from 0.31 μM to 0.50 μM (Table 3).

These data suggest the importance of chelatable Cu in the anti-
proliferative activity of theGTSM and PTSM ligands. It can be speculated
, and (B) their copper complexes, Cu(GTSM), Cu(PTSM) and Cu(ATSM), with or without a
activity of the: (C) bis(thiosemicarbazone) ligands, GTSM, PTSM and ATSM, and (D) their
with NAC (5 mM) for 10 min or BSO (100 μM) for 16 h/37 °C. Results are mean ± SD



Table 3
IC50 (μM) values of bis(thiosemicarbazone) chelators and their Cu complexes at inhibiting the growth of SK-N-MC neuroepithelioma cells in the presence of TM, NAC or BSO. Results are
mean ± SD (3 experiments). NS; not significant.

Compound IC50 (μM) + TM + NAC + BSO

IC50 (μM) p value IC50 (μM) p value IC50 (μM) p value

TM N6.25
GTSM 0.019 ± 0.004 N6.25 – N6.25 – 0.014 ± 0.001 NS
PTSM 0.017 ± 0.003 N6.25 – N6.25 – 0.014 ± 0.002 NS
ATSM N6.25 0.07 ± 0.005 – N6.25 – 0.26 ± 0.05 –
Cu(GTSM) 0.037 ± 0.005 0.19 ± 0.01 p b 0.01 1.14 ± 0.03 p b 0.01 0.015 ± 0.001 p b 0.05
Cu(PTSM) 0.039 ± 0.002 0.19 ± 0.01 p b 0.01 0.68 ± 0.03 p b 0.01 0.020 ± 0.001 p b 0.05
Cu(ATSM) 0.31 ± 0.027 0.50 ± 0.04 p b 0.05 0.74 ± 0.07 p b 0.05 0.12 ± 0.02 p b 0.05
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that TMmay not only be able to compete with GTSM and PTSM for cel-
lular Cu, but may also remove Cu from their pre-formed Cu complexes
to inhibit their anti-proliferative activity. Thus, Cu chelation by these
bis(thiosemicarbazones) is an important mechanism of their anti-
cancer activity.

3.3.7. Anti-proliferative activity is modulated by intracellular glutathione
levels

The electrochemical studies reported in Table 1 illustrate the poten-
tial ability of Cu complexes of bis(thiosemicarbazones) to cycle between
the oxidized (CuII) and reduced (CuI) states at potentials accessible to
biological oxidants and reductants. In fact, the complexes with the
most positive redox potentials (i.e., Cu(GTS), Cu(GTSM), Cu(PTS) and
Cu(PTSM); Table 1) also possessed the highest anti-proliferative activity
(Table 2), and resulted in decreased 64Cu release from cells (Fig. 3). The
presence of excess cellular Cu (both endogenous and as exogenous Cu
complexes) has previously been shown to be a potent oxidant, resulting
in the generation of ROS in cells [11,26]. Thus, we assessed whether the
anti-proliferative activity of the bis(thiosemicarbazones) and their Cu
complexes was related to their ability to generate oxidative stress. To
examine this, SK-N-MC cellswere incubated for 72h/37 °Cwith increas-
ing concentrations of GTSM, PTSM and ATSM, or their pre-formed Cu
complexes either: (1) in the presence of NAC (5 mM); or (2) with a
16 h/37 °C pre-incubation with BSO (100 μM) or media alone (Fig. 4C
and D). Notably, NAC is a well characterized anti-oxidant [54,55] and
is a precursor of glutathione (GSH), that has been shown to prevent
the redox-induced cytotoxicity of thiosemicarbazones (e.g., Dp44mT)
and their Cu complexes [26]. Conversely, BSO has been demonstrated
to increase the oxidative stress of Dp44mT by reducing cellular levels
of GSH through the inhibition of γ-glutamylcysteine synthetase, the
enzyme required for the first step of GSH synthesis [26,70].

The addition of the anti-oxidant, NAC, led to a marked and signifi-
cant (p b 0.01) decrease in the anti-proliferative activity of GTSM and
PTSM, increasing their IC50 values from 0.017–0.019 μM, respectively,
to N6.25 μM (Fig. 4C, Table 3). This represented a N329-fold decrease
in the anti-proliferative activity of GTSM and PTSM in the presence of
NAC. The IC50 of ATSM was not achieved in the absence or presence of
NAC (N6.25 μM; Table 3), although NAC slightly decreased the anti-
proliferative efficacy of ATSM relative to ATSM alone (Fig. 4C). A
16 h/37 °C pre-incubation of SK-N-MC cells with BSO prior to the addi-
tion of GTSM or PTSM resulted in a slight, but not significant (p N 0.05),
increase in their anti-proliferative activity (Fig. 4C; Table 3). However,
BSO pre-incubation resulted in a marked N24-fold decrease in the IC50
of ATSM relative to ATSM alone (i.e., a decrease in IC50 from N6.25 μM
to 0.26 μM; Table 3; Fig. 4C).

Incubationwith NAC also had a pronounced effect on decreasing the
anti-proliferative activity of the Cu[bis(thiosemicarbazone)] complexes
(Fig. 4D, Table 3). In fact, incubation of the Cu(GTSM), Cu(PTSM) and
Cu(ATSM) complexes with NAC demonstrated a significant (p b 0.01–
0.05) decrease in their anti-proliferative activity, resulting in a 31-, 17-
and 2.4-fold increase in their IC50 values, respectively (Table 3). Pre-
incubation with BSO to deplete cellular GSH led to an increase in anti-
proliferative activity of all the Cu[bis(thiosemicarbazone)] complexes
(Fig. 4D; Table 3). In fact, the anti-proliferative activity of Cu(GTSM),
Cu(PTSM) and Cu(ATSM), were significantly (p b 0.05) enhanced in
the presence of BSO, with IC50 values decreasing from 0.037–0.31 μM
to 0.015–0.12 μM (Fig. 4D, Table 3). This corresponded to a 2–2.6-fold
increase in anti-proliferative activity.

In summary, augmentation of GSH levels through incubation of cells
with the anti-oxidant, NAC, resulted in a decrease in the anti-
proliferative activity of the bis(thiosemicarbazones). This result was
observed for both the free ligands and pre-formed Cu complexes and
was most prominent for the more potent ligands, GTSM and PTSM. In
addition, attenuation of the ability of the cell to manage redox stress
by depleting cellular GSH with BSO potentiated the anti-proliferative
activity of the free ligands and their Cu complexes. These findings sug-
gest that bis(thiosemicarbazones) and their Cu complexes mediate
their anti-proliferative activity through the promotion of ROS
generation.

3.3.8. Copper complexation is required for bis(thiosemicarbazone)-
mediated ROS generation

To further examine the relevance of ROS generation on the anti-
proliferative activity of bis(thiosemicarbazones), and their Cu
complexes, we examined their ability to catalyze the oxidation of the
non-fluorescent redox probe, H2DCF-DA, to its fluorescent counterpart,
DCF, using SK-N-MC cells (Fig. 5). Importantly, DCF is a well-
characterized probe for assessing intracellular redox stress [22,57,71].
The SK-N-MC cells were incubated with GTSM (2 or 25 μM) or
Cu(GTSM) (5 μM) for 1 h/37 °C with or without a 10 min/37 °C pre-
incubation with CuCl2 (5 μM) and/or TM (5 μM). The concentrations
of chelators and complexes chosen represent the highest concentrations
that could be used without inducing excessive toxicity. For example,
pre-incubation of cells with CuCl2 (5 μM), prior to incubation with
GTSM (25 μM), resulted in loss of cell membrane integrity and the
DCF signal (data not shown). Thus, after pre-incubation with CuCl2
(5 μM), cells were incubatedwithGTSM(2 μM) to ensure cellular viabil-
ity. In parallel studies, hydrogen peroxide (H2O2; 50 μM) was used as a
positive control [22]. The results were assessed by flow cytometry
(Fig. 5A, B) and were quantified and expressed as a percentage of the
control (Fig. 5C).

The positive control, H2O2, led to a significant (p b 0.01) increase in
DCF fluorescence to 294 ± 17% of the control (Fig. 5C). In contrast,
pre-incubation of cells with CuCl2 (5 μM) alone did not significantly
(p N 0.05) alter DCF fluorescence (94 ± 7%) relative to control cells
(Fig. 5C). Incubation of cells with GTSM (25 μM) alone mediated a
small, but significant (p b 0.05), increase in intracellular DCF fluores-
cence to 112 ± 10% of the control (Fig. 5C).

Incubation with GTSM (2 μM) after CuCl2 (5 μM) pre-incubation led
to an increase in DCF fluorescence intensity, resulting in the peak being
shifted to the right relative to control cells (red shading; Fig. 5A). Quan-
tification of these results demonstrated a substantial and significant
(p b 0.01) increase in DCF fluorescence to 188 ± 16% of control
(Fig. 5C). Moreover, DCF fluorescence from SK-N-MC cells incubated
with GTSM (2 μM) after preincubation with CuCl2 (5 μM) was also sig-
nificantly (p b 0.01) increased relative to incubation with the GTSM



Fig. 5. Intracellular redox stress was measured using DCF in SK-N-MC cells and assessed with flow cytometry. Cells were incubated with medium alone (control) or: (A) GTSMwith a 10
min/37 °Cpre-incubationwith Cu (5 μM)and/or TM (5 μM); (B) Cu(GTSM),with orwithout a 10min/37 °C pre-incubationwith TM (5 μM); (C)Geometricmean of obtained peaks. Results
are mean ± SD (3 experiments). *, versus control, p b 0.05; **, versus control, p b 0.01; ***, versus control, p b 0.001.
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ligand (25 μM) alone, despite the greater than ten-fold higher concen-
tration of the ligand. To investigate the effect of Cu chelation on the
ability of the bis(thiosemicarbazones) to mediate ROS generation,
cells were also pre-incubated with TM. Pre-incubation of cells with
TM and Cu led to a significant (p b 0.01) decrease in GTSM (2 μM) and
Cu (5 μM)-mediated DCF fluorescence to 105 ± 10% of the control
(Fig. 5C).

The pre-formed Cu complex, Cu(GTSM), was also able to mediate a
significant (p b 0.01) increase in DCF fluorescence which was demon-
strated by a right shift in DCF fluorescence intensity (red shading;
Fig. 5B) and an increased in DCF fluorescence to 174± 6% of the control
(Fig. 5C). Importantly, pre-incubation with TM significantly (p b 0.01)
decreased the Cu(GTSM)-mediated DCF fluorescence to 107 ± 16% of
the control (Fig. 5C). This observation suggested that TMwas able to re-
move Cu from the pre-formed complex.

Collectively, these results usingDCF demonstrate the ability of GTSM
and its Cu complex to catalyze the formation of intracellular ROS. Impor-
tantly, this effect was reversed in the presence of the Cu chelator, TM,
demonstrating the importance of Cu chelation in GTSM-mediated ROS
generation.

3.3.9. Bis(thiosemicarbazones) target lysosomal integrity
Our previous studies revealed that the lysosome is an important

cellular target in the anti-cancer activity of the Cu thiosemicarbazone
complex, CuII(Dp44mT) [26]. This redox active Cu complex was found
to accumulate in lysosomes, inducing apoptosis by disrupting lysosome
integrity [26]. This mechanism of cell death has not been reported
for bis(thiosemicarbazones), and considering the reliance of
bis(thiosemicarbazones) anti-proliferative activity on cellular retention
of Cu (Fig. 3A, D) and Cu complexation (Figs. 4A, B; 5A–C), we examined
whether these agents could also target the lysosome. These studies
were initially performed using the lysosomotropic fluorophore, AO
(Fig. 6), which becomes concentrated in lysosomes and results in a
granular red fluorescence, while AO in the cytosol or nucleus
emits a diffuse green fluorescence [26,72,73]. A reduction in granu-
lar red fluorescence combined with an increased diffuse cytosolic
green fluorescence, indicates relocation of AO from the lysosomes
to the cytosol, following changes in lysosomal membrane perme-
ability [58]. To examine the ability of GTSM to affect AO localiza-
tion, SK-N-MC cells were incubated with GTSM for 1 h/37 °C with
or without a 10 min/37 °C pre-incubation with Cu (5 μM). Addition-
ally, these cells were also pre-incubated with TM (5 μM) or NAC
(2 mM) for 10 min/37 °C, and/or BSO (100 μM) for 16 h/37 °C,
prior to a 1 h incubation with GTSM. The red fluorescence intensity
was quantified with image processing and analysis software,
ImageJ v1.48 (Fig. 6).

Control SK-N-MC cells showed a granular red fluorescence consis-
tent with AO concentrated in lysosomes (Fig. 6A(a)) [74]. No significant



Fig. 6. (A) Acridine orange (AO) lysosomal stability study in SK-N-MC cells to assess lysosomal membrane permeabilization (LMP). (A) Cells were incubated with GTSM (2 or 25 μM) for
1 h/37 °C, with or without a Cu (5 μM) pre-incubation for 10 min/37 °C, and with pre-incubation with TM (5 μM) or NAC (5 mM) over 10 min/37 °C; or BSO (100 μM) for 16 h/37 °C.
(B) Quantification of AO (red fluorescence) using the image processing and analysis software, ImageJ v1.48. Results are typical of 3 experiments. **, versus control, p b 0.01. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(p N 0.05) alteration in red fluorescence was observed upon incubation
of cells with either TM, NAC, BSO, BSO + NAC, or CuCl2 (Fig. 6A(b)–(f),
and 6B). Incubation of cells with GTSM alone resulted in a marked
and significant (p b 0.01) decrease in red fluorescence to 49 ± 3%
(Fig. 6A(g), B) relative to the control (Fig. 6A(a), B). This was accom-
panied by an increase in cytosolic green fluorescence consistent with
relocation of AO from the lysosomes to the cytosol, indicating that
GTSM caused lysosomal membrane permeabilization (LMP;
Fig. 6A(g)).
Upon pre-incubation with the Cu chelator, TM (Fig. 6A(h)), or the
anti-oxidant, NAC (Fig. 6A(i)), the ability of GTSM tomediate the reloca-
tion of AO to the cytosol was significantly (p b 0.01) inhibited relative to
GTSM alone (Fig. 6A(g)). In fact, TM or NAC significantly (p b 0.01) in-
creased red fluorescence in GTSM-treated cells to 93% and 86% of the
control, respectively, and this was comparable to control cells
(Fig. 6B). Pre-incubation with BSO (Fig. 6A(j)), prior to the addition of
GTSM, led to a significant (p b 0.01) decrease in red fluorescence
(19 ± 8%; Fig. 6B) relative to the control (Fig. 6A(a)), or GTSM alone
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(Fig. 6A(g)), and resulted in marked changes in cellular morphology
(i.e., a clear decrease in cell size denoting possible damage). Co-
incubation of cells with GTSM, BSO and NAC (Fig. 6A(k)) resulted in a
significant (p b 0.01) increase in red fluorescence (56 ± 10%; Fig. 6B)
relative to cells incubated with GTSM and BSO alone (Fig. 6A(j)).
Hence, NAC decreased the pronounced effect of BSO and GTSM and
led to an increase in cell size, suggesting less toxicity.

Pre-incubation of cells with CuCl2 (5 μM), prior to the addition of
GTSM (25 μM; i.e., denoted as GTSM + CuCl2), led to a complete loss
of cells (data not shown) demonstrating the pronounced toxicity of
the combination, probably due to enhanced formation of the potently
cytotoxic, Cu–GTSM complex (Table 2). Thus, in these studies, the con-
centration of GTSM was decreased to 2 μM to obtain viable cells for ex-
amination. Despite the lower GTSM concentration, incubation with
GTSM + CuCl2 resulted in a significant (p b 0.01) decrease in red fluo-
rescence (19 ± 5% vs. control; Fig. 6B), and the near disappearance of
red granular fluorescence (Fig. 6A(l)). Simultaneous with this decrease
in red fluorescence, was an increase in green fluorescence, consistent
with the redistribution of AO from lysosomes to the cytosol following
the loss of lysosomal integrity (Fig. 6A(l)). Pre-incubation of cells with
TM (Fig. 6A(m)) or NAC (Fig. 6A(n)) significantly (p b 0.01) increased
red fluorescence to 88 ± 10% and 83 ± 9% of the control, respectively
(Fig. 6B). In fact, the level of red fluorescence observed in
GTSM + CuCl2-treated cells that received TM or NAC pre-treatment
was comparable to the control (Fig. 6A(a)) and there was only minimal
redistribution of AO to the cytosol (Fig. 6A(m), (n); Fig. 6B). This obser-
vation was consistent with TM or NAC preventing the ability of
GTSM + CuCl2 in disrupting lysosomal stability.

A 16 h/37 °C pre-incubation of cells with BSO, prior to GTSM and Cu
treatment (i.e., GTSM + CuCl2 + BSO), led to marked morphological
changes consistent with apoptotic budding (Fig. 6A(o)), a characteristic
sign of cell death [75]. This effect was accompanied by an almost com-
plete and significant (p b 0.01) loss of red fluorescence (9± 8%) relative
to the control (Fig. 6B), suggesting extensive LMP [76]. Relative to
GTSM+CuCl2 + BSO alone (Fig. 6A(o)), the addition of NAC prevented
the apoptotic changes (Fig. 6A(p)) and resulted in a significant
(p b 0.01) increase in granular red fluorescence (50 ± 11%; Fig. 6B) rel-
ative to BSO alone. Collectively, these results demonstrate that GTSM is
able to mediate LMP in SK-N-MC cells. This effect can be potentiated by
BSO that depletes cells of the anti-oxidant, GSH [70], or prevented by
NAC that supplements cellular GSH [55]. Importantly, the effect of
GTSM on LMP is potentiated by the addition of Cu and prevented by
the non-toxic Cu chelator, TM. Hence, together with the results from
Fig. 5, it can be deduced that a redox active GTSM–Cu complex can in-
duce LMP.

To elucidate the mechanisms involved in the selectivity of the
bis(thiosemicarbazones) towards neoplastic cells (Table 2), mortal
MRC-5 fibroblast cells were compared to SK-N-MC neuroepithelioma
cells using the lysosomotropic fluorophore, AO (Fig. 7). As shown in
Fig. 6 examining SK-N-MC cells, both SK-N-MC (Fig. 7A(a)) and MRC-
5 cells (Fig. 7A(e)) incubated with control medium only (control)
showed a granular red fluorescence consistent with AO concentrated
in lysosomes. Incubation of SK-N-MC cells (Fig. 7A(b)) or MRC-5 cells
(Fig. 7A(f)) with CuCl2 alone resulted in no significant (p N 0.05) effect
relative to the respective controls (Fig. 7A(a) and (e)). Examining SK-
N-MC cells, GTSM (25 μM) led to a significant (p b 0.01) decrease in
red fluorescence (56 ± 12%) relative to the control (Fig. 7A(c) cf.
7A(a); Fig. 7B). In contrast, using mortal MRC5 cells, GTSM (25 μM) re-
sulted in a slight, but not significant (p N 0.05) increase in red fluores-
cence to 146 ± 32% (Fig. 7A(g)) relative to the control (Fig. 7A(e);
Fig. 7B). These results demonstrate that neoplastic SK-N-MC cells
were more sensitive to LMP relative to mortal MRC5 cells.

Additionally, co-treatment of SK-N-MC cells with GTSM
(2 μM) + CuCl2 (5 μM) led to an almost complete loss of red fluores-
cence (Fig. 7A(d)) relative to the control (Fig. 7A(a)). This observation
corresponded to a marked and significant (p b 0.01) decrease in red
fluorescence to 21±6% of the control cells (Fig. 7B). In contrast, incuba-
tion ofMRC-5 cells with GTSM (2 μM)+CuCl2 (5 μM) did not result in a
significant (p N 0.05) change in red fluorescence (137 ± 6%; Fig. 7A(h);
Fig. 7B) and was comparable to the control (Fig. 7A(e)).

The investigation above in Fig. 7 is consistent with the cellular
proliferation studies where the bis(thiosemicarbazones) and their Cu
complexes showed selective anti-cancer activity against neoplastic
SK-N-MC cells relative to mortal MRC-5 cells (Table 2). Together,
these studies suggest that the mechanism of this selectivity of
bis(thiosemicarbazones) towards neoplastic cells is related to suscepti-
bility to lysosomal injury. It can be speculated that this could potentially
be due to: (1) the greater metabolic turnover in tumor cells relative to
mortal cells [11]; (2) enhanced intracellular ROS in cancer cells [15];
and (3) the abnormal autophagic pathways present in neoplastic cells
that are dependent on the lysosome [13,77].

3.3.10. Co-localization of Lamp2 and cathepsin D
To further examine the effect of bis(thiosemicarbazones) and their

Cu complexes on the lysosome, we examined the effect of incubating
SK-N-MC cells with GTSM (2 μM) and CuCl2 (5 μM) on the intracellular
distribution of a major lysosome membrane glycoprotein [60], namely
Lamp2, and the lysosomal protease, cathepsin D (Fig. 8) [58,78]. Lyso-
some permeabilization leads to the redistribution of cathepsin D from
lysosomes into the cytosol and results in the initiation of lysosome-
dependent apoptotic signaling pathways [59,79]. Cathepsin D release
is an early event in the apoptotic cascade, preceding destabilization of
mitochondria, and the subsequent release of cytochrome c and caspase
activation [78].

In these studies, SK-N-MC cells were incubated in 3 successive steps:
(1) for 10 min/37 °C with medium alone (control), or medium contain-
ing TM (5 μM), or NAC (2 mM); or alternatively, medium alone (con-
trol), or medium containing BSO (100 μM) for 16 h/37 °C; (2) medium
alone or medium containing CuCl2 (5 μM); and (3) GTSM (2 μM) for
1 h/37 °C. Immunofluorescence microscopy was then used to examine
the effects of GTSM in the presence of CuCl2 on the localization of
Lamp2 (red) and cathepsin D (green; Fig. 8A). To stain nuclei, 4′,6-
diamidino-2-phenylindole (DAPI; blue) was used and was not marked-
ly affected by any of the treatments (Fig. 8A). Green fluorescence inten-
sity was also quantified using the image processing and analysis
software, ImageJ v1.48 (Fig. 8B).

Untreated SK-N-MC control cells stained for Lamp2 and cathepsin D
displayed a granular/vesicular pattern consistent with the labeling of
lysosomes (Fig. 8A(b), (c)). Importantly, the overlay of Lamp2
(Fig. 8A(b)) and cathepsin D (Fig. 8A(c)) demonstrated a yellow punc-
tate pattern (Fig. 8A(d)) consistent with their co-localization [59]
and suggested the presence of intact lysosomes (Fig. 8A(d)). Previ-
ous studies have demonstrated that while Lamp2 is bound within
the lysosomal membrane as it is an integral membrane protein
[60], cathepsin D is a soluble enzyme within the lysosome [78] and
can be released into the cytosol upon LMP, providing an appropriate
marker for this event [59].

Incubation of SK-N-MC cells with CuCl2 alone also revealed a similar
pattern of punctate vesicles, showing co-localization of Lamp2 and
cathepsin D (Fig. 8A(h)). In fact, no significant (p N 0.05) difference in
green fluorescence was observed upon incubation with CuCl2 relative
to the control (Fig. 8B). However, GTSM in the presence of CuCl2 led to
a marked morphological alteration in Lamp2 (Fig. 8(j)) and cathepsin
D (Fig. 8(k)) fluorescence relative to the respective controls (Fig. 8(b),
(c)). In fact, the vesicular distribution of staining in Fig. 8(b) and
(c) disappeared, and was replaced by homogenous clumps of staining
(Fig. 8(j), (k)), suggesting marked damage. In fact, incubation with
GTSM and CuCl2 led to a significant (p b 0.001) loss of green cathepsin
D fluorescence to 47% ± 8% of the control (Fig. 8B). Importantly, the
overlay of Lamp2 and cathepsin D revealed a reduction in their co-
localization, leading to a decrease of yellow fluorescence (Fig. 8A(l))
relative to the control (Fig. 8A(d)). This observation indicates the



Fig. 7. (A) Acridine orange (AO) lysosomal stability assay comparing the sensitivity of SK-N-MC neuroepithelioma cells versus MRC-5 lung fibroblasts to lysosomal membrane perme-
abilization (LMP). (A) Cells were incubated with GTSM (2 or 25 μM) for 1 h/37 °C, with or without a 10 min/37 °C pre-incubation with CuCl2 (5 μM); and (B) Quantification of AO (red
fluorescence) with the image processing and analysis software, ImageJ v1.48. Results are typical of 3 experiments. **, versus control, p b 0.01. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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redistribution of cathepsin D from the lysosome to the cytosol following
LMP after GTSM and CuCl2 treatment (Fig. 8A(l)). These results strongly
support the previously described AO studies examining SK-N-MC cells
(Figs. 6, 7) and suggests the damaging effects of GTSM and CuCl2 on ly-
sosome integrity (Fig. 9).

Pre-incubation of cells with the GSH synthesis inhibitor, BSO, prior to
incubation with CuCl2 and GTSM incubation, also resulted in a pro-
nounced reduction in punctuate, vesicular staining of Lamp2 and cathep-
sin D (Fig. 8A(n), (o)) relative to the respective controls (Fig. 8A(b), (c))
and reduced co-localization of Lamp2 and cathepsin D when overlaid
(Fig. 8A(p)) versus the control (Fig. 8A(d)). Additionally, a significant
(p b 0.001) decrease in cathepsin D green fluorescence was also observed
(37± 12% of control; Fig. 8B). In contrast, pre-incubation of cells with the
anti-oxidant, NAC, prior to CuCl2 and GTSM incubation, helped to prevent
the loss of vesicular staining of Lamp2 (Fig. 8A(r)) and cathepsin D
(Fig. 8A(s)) relative to the respective controls (Fig. 8A(b), A(c)). Addition-
ally, the overlay of Lamp2 and cathepsin D demonstrated a yellow
punctate pattern consistent with their co-localization (Fig. 8A(t))
and suggested the presence of intact lysosomes. Moreover, the levels
of cathepsin D associated green fluorescence (84 ± 6% of control)
upon pre-incubation of NAC prior to CuCl2 and GTSM incubation
was only slightly reduced compared to the control (Fig. 8B).

As observed with NAC, pre-incubation of cells with the Cu chelator,
TM, led to similar protection from the GTSM and CuCl2-induced loss of
vesicular Lamp2 (Fig. 8A(v)) and cathepsin D (Fig. 8A(w)) staining,
and in fact, their co-localization was maintained (Fig. 8A(x)), relative
to the respective controls (Fig. 8(A)b–d). These observations were also
was in good agreement with the AO studies in Fig. 6. In summary,
these findings suggest that the cytotoxicity of GTSM is mediated
through the formation of redox active Cu complexes that generate intra-
cellular redox stress that can be prevented by supplementation of GSH
through NAC or chelation of Cu using TM. This redox stress results in
LMP resulting in the release of cathepsin D. A schematic of this mecha-
nism is shown in Fig. 9.



Fig. 8. (A) Immunofluorescence study examining the redistribution of soluble cathepsin D protein (green) from the lysosomes (labeled with Lamp 2 (red)) to the cytosol. SK-N-MC cells
were pre-incubated with medium alone or CuCl2 (5 μM), and/or BSO (100 μM) for 16 h, or NAC (5 mM) or TM (5 μM) for 10min/37 °C. Cells were then incubated with GTSM (2 μM) for
1 h/37 °C. Nuclei are labeled with DAPI (blue). (B) Quantification of cathepsin D (green fluorescence) with image processing and analysis software, ImageJ v1.48. Results are typical of 3
experiments. **, p b 0.01; ***, versus control, p b 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusion

Bis(thiosemicarbazones) and their Cu complexes have been the
focus of a variety of medical applications due to their wide range of
pharmacological effects, including their anti-cancer activity [29–32].
Despite extensive study, there is an incomplete understanding of their
intracellular mechanism of action. Knowledge of their mechanisms of
action is crucial to develop effective chemotherapeuticswith high selec-
tivity and minimal toxicity. In the current investigation, we examined
the relationship between bis(thiosemicarbazone) structure, electro-
chemical behavior and anti-proliferative activity, and propose a novel
mechanism of bis(thiosemicarbazone)-induced cytotoxicity.



Fig. 9. Schematic diagram demonstrating themechanisms of action of GTSM. GTSM is able
to form redox active Cu complexes that target the lysosome to induce lysosomal mem-
brane permeabilization, leading to the redistribution of cathepsins to the cytosol to induce
apoptosis.
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Synthesis of a series of bis(thiosemicarbazone) ligands and their Cu
complexes revealed the importance of the alkyl substitutions at the
diimine positions (R1 and R2) of the ligand backbone and yielded two
major groups, namely, the unsubstituted/monosubstituted and disub-
stituted bis(thiosemicarbazones), that had distinct electrochemical
and biological activity. The unsubstituted/monosubstituted ligands
(GTS, GTSM, PTS and PTSM), which demonstrated less negative CuII/I

redox potentials and were more hydrophilic, exhibited potent anti-
cancer activity with an appreciable in vitro therapeutic index and de-
creased 64Cu release from cells. In contrast, the disubstituted ligands
(ATS, ATSM, CTS, CTSM, DTS, DTSM, CyTS, CyTSM), which displayed
more negative CuII/I redox potentials andweremore hydrophobic, dem-
onstrated poor anti-proliferative activity and greater 64Cu mobilization
relative to their unsubstituted/monosubstituted counterparts. Signifi-
cantly, the alkyl substitution pattern at the diimine positions governed
their: (1) CuII/I redox potentials; (2) ability to mediate cellular 64Cu re-
lease; (3) lipophilicity; and (4) anti-proliferative activity.

Importantly, the anti-proliferative activity of these agents could be
inhibited by either: (1) Cu sequestration, using the non-toxic Cu chela-
tor, TM; or (2) supplementation of GSH levels, using NAC. Conversely,
GSH depletion using BSO potentiated their anti-proliferative effects.
These studies suggested the role of Cu chelation, CuII/I redox cycling
and generation of ROS in their mechanism of anti-cancer activity. This
conclusion was supported by flow cytometric studies with the redox
probe, DCF, which revealed significant cellular ROS generation by
GTSM, which was dependent on the availability of chelatable Cu.

Morphological studies using the lysosomotropic agent, AO, indicated
that the lysosomewas a potentially important target of the potent anti-
cancer bis(thiosemicarbazone), GTSM. Incubation of cells with GTSM in
the presence of supplemental Cu led to the disappearance of AO-stained
lysosomes, consistent with a relocation of AO from the lysosomes to the
cytosol, following LMP. Importantly, preservation of lysosomal integrity
was observed after supplementation of cellular GSH using NAC and Cu
sequestration by TM. Conversely, lyosomal injury increased upon the
depletion of the anti-oxidant, GSH, using the GSH synthesis inhibitor,
BSO.

These results observed using AO were further supported by
immunofluorescence studies examining the intracellular distribution
of the well characterized lysosomal markers, Lamp2 and cathepsin D.
Importantly, a decrease in co-localization of Lamp2 and cathepsin D
was observed with GTSM incubation in the presence of Cu. These
investigations are consistent with a redistribution of cathepsin D from
lysosomes to the cytosol following LMP. Significantly, cathepsin D re-
lease into the cytosol triggers apoptosis through their interaction with
well-documented downstream effectors [27,78].

Significantly, these results suggest that bis(thiosemicarbazones),
such as GTSM, behave in a similar manner to that of the
thiosemicarbazone, Dp44mT, to induce their anti-cancer activity by
forming redox active Cu complexes that target the lysosome tomediate
LMP (Fig. 9) [26]. However, distinct differences in the structure-activity
relationships of both classes of ligands are obvious [23,63,80]. Impor-
tantly, aromatic and aliphatic substitutions at the imine carbon and ter-
minal N4 atom that result in enhanced lipophilicity played a critical role
in increasing the anti-proliferative activity of thiosemicarbazones [23,
63,80]. In contrast, disubstitution of the diimine backbone of the
bis(thiosemicarbazones) was detrimental to their anti-cancer activity.
This suggests that the inductive effects of these substitutions on the
CuII/I redox potentials, rather than changes in their lipophilicity, played
a more significant role in their anti-proliferative activity.

In summary, we propose a mechanism for bis(thiosemicarbazone)-
induced cytotoxicity involving copper complexation and intracellular
ROS generation, leading to LMP, the redistribution of cathepsins, and
the initiation of lysosome-centered cell death pathways. Hence, lyso-
somal targeting of cytotoxic drugs, such as some members of the
thiosemicarbazone class, is an important new therapeutic strategy
that deserves further investigation.
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BSO buthionine sulfoximine
CTS 2,3-pentanedione bis(thiosemicarbazone)
CTSM 2,3-pentanedione bis(4-methyl-3-thiosemicarbazone);
CyTS 1,2-cyclohexanedione bis(thiosemicarbazone)
CyTSM 1,2-cyclohexanedione bis(4-methyl-3-thiosemicarbazone)
DCF dichlorofluorescein
DFO desferrioxamine
Dp44mT di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone
DTS 3,4-hexanedionebis(thiosemicarbazone)
DTSM 3,4-hexanedionebis(4-methyl-3-thiosemicarbazone)
GSH glutathione
GTS glyoxal bis(thiosemicarbazone)
GTSM glyoxal bis(4-methyl-3-thiosemicarbazone)
H2DCF-DA 2′,7′-dichlorodihydrofluorescein diacetate
H2O2, hydrogen peroxide
LMP lysosomal membrane permeabilization
NAC N-acetyl-L-cysteine;
Neo neocuproine
PTS pyruvaldehyde bis(thiosemicarbazone)
PTSM pyruvaldehyde bis(4-methyl-3-thiosemicarbazone)
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