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Abstract
We previously reported that the bismuth(III) dithiocarbamate derivative, bismuth diethyldithiocarbamate (1) exhibited greater 
cytotoxicity while inducing apoptosis via the intrinsic pathway in MCF-7 cells. We further evaluated the other bismuth(III) 
dithiocarbamate derivatives,  Bi[S2CNR]3, with R =  (CH2CH2OH)(iPr),  (CH2)4, and  (CH2CH2OH)(CH3), denoted as 2, 3, and 
4, respectively, in the same MCF-7 cell line. 2–4 were found to exhibit  IC50 values of 10.33 ± 0.06 µM, 1.07 ± 0.01 µM and 
25.37 ± 0.12 µM, respectively, compared to that of cisplatin at 30.53 ± 0.23 µM. Apoptotic promotion via the mitochondrial-
dependent pathway was due to the elevation of intracellular reactive oxygen species (ROS), promotion of caspases, release 
of cytochrome c, fragmentation of DNA, and results of staining assay observed in all compound-treated cells. 2–4 are also 
capable of suppressing MCF-7 cell invasion and modulate Lys-48 also Lys-63 linked polyubiquitination, leading to pro-
teasomal degradation. Analysis of gene expression via qRT-PCR revealed their modulation, which supported all activities 
conducted upon treatment with 2–4. Altogether, bismuth dithiocarbamate derivatives, with bismuth(III) as the metal center 
bound to ligands, isopropyl ethanol, pyrrolidine, and methyl ethanol dithiocarbamate, are potential anti-breast cancer agents 
that induce apoptosis and suppress metastasis. Further studies using other breast cancer cell lines and in vivo studies are 
recommended to clarify the anticancer effects of these compounds.
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Introduction

GLOBOCAN (2020) reported for the first time that breast 
cancer (BC) has become the most commonly diagnosed 
cancer in women, with an estimated 2.3 million new cases 
representing 11.7% of all new cases, surpassing lung can-
cer (11.4%). This is particularly due to its high prevalence 
in low- and middle-income countries (LMICs). Never-
theless, the number of deaths caused by the disease still 
comes top by lung cancer with 18%, and breast cancer 
comes fifth (6.9%) after stomach cancer (7.7%), liver can-
cer (8.3%), and colorectal cancer (9.4%) [80].

The major recent advances in breast cancer treatment 
can be summarized as follows: (1) implementation of 
minimally invasive surgery, (2) optimization of systemic 
treatment under the guidance of molecular diagnosis, 
and (3) establishment of a multidisciplinary team for 
decision-making [47].

During the last few decades, several advances in biolog-
ical targeted approaches for cancer therapy have occurred; 
however, despite recent progress, there remains a need for 
novel and effective anticancer agents for a variety of clini-
cal cases. For invasive diseases, such as triple-negative 
BC (TNBC) and other metastatic BCs, wide-spectrum and 
effective chemotherapy agents are still required. Currently, 
this clinical area is covered only by platinum(II) coordina-
tion complexes, including the worldwide approved cispl-
atin (cDDP), oxaliplatin and carboplatin, together with the 
restricted nedaplatin and lobaplatin [13, 76].

Moreover, cancer chemoresistance to platinum-based 
complex treatments is an increasing clinical concern for 
all chemotherapy regimens [34]. This has fueled the search 
for novel advanced therapeutics based on alternative met-
als and their coordination complexes, showing possible 
cellular selectivity but retaining bioactivity versus malig-
nancies as a function of unique mechanisms of action [77].
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Cisplatin is an effective broad-spectrum anticancer drug 
that originates from metals, such as platinum. The antitumor 
toxicities of platinum compounds and their clinical applica-
tion in the late 1970s were a milestone in the development of 
successful cancer chemotherapeutic agents. Patients usually 
have a good initial response to cisplatin-based chemother-
apy, but later relapse, because the development of cisplatin 
resistance, either acquired or intrinsic, markedly reduces its 
clinical effectiveness. Furthermore, the drug’s toxicity pro-
file, which is linked to various toxic side effects, including 
nausea, nephrotoxicity, cardiotoxicity, hepatotoxicity, and 
neurotoxicity [79], worsens the outcome of cisplatin in can-
cer treatment, including breast cancer.

Bismuth and bismuth-based materials have been utilized 
in pharmaceuticals, photocatalysts, and other solid-state 
materials because of their attractive properties, including 
non-toxicity, high thermodynamic stability, and low cost 
[2]. The medical use of bismuth can be traced back to the 
past 200 years, and it has been frequently used in various 
diseases before the discovery of antibiotics. The major appli-
cations of bismuth in medicine and health care are related to 
its high effectiveness in treating burns, intestinal disorders, 
and stomach ulcers as well as its potential activities against 
microorganisms, viruses, and malignant tumors [89].

Bismuth complexes, bismuth coordinated to the ligands, 
such as thiosemicarbazone/thiocarbohydrazone, hydrazine, 
dithiocarbamate and halide, have been widely found to 
exhibit potential antineoplastic activities against malignant 
tumor cell lines. Apart from its potential as an antiprolifera-
tive agent, bismuth has also been reported to exhibit anti-
microbial, antiulcer, and antiviral properties. Bismuth can 
ameliorate the side effects of cisplatin.

As a biological target, it has a higher affinity for binding 
to various ligands, such as N, S, and O, leading to stable 
bismuth(III) complexes of carboxylates and thiolates [39, 
85]. Various activities have been reported to be exerted by 
bismuth(III) complexes, including anticancer, antileishma-
nial, and antimicrobial activities [36, 39, 48]. As a ligand, 
dithiocarbamate can exert beneficial effects by inhibit-
ing certain enzymes in biological systems [3]. Further-
more, their high affinity for binding metal ions, especially 
bismuth(III), through various modes of coordination, has 
a strong tendency to form metal complexes (reviewed by 
Ozturk et al. [61]). On the other hand, bismuth compounds 
have been shown to have great medicinal potentials [26], 
however, bismuth complexes formed with dithiocarbamate 
ligands attached to various functional groups have not yet 
been extensively studied.

To investigate the molecular diagnosis of breast cancer 
as an in vitro model in cancer research, it is important to 
select suitable cell lines that act as important tools. MCF-7 
cell line is a potent candidate that can be used in studies to 
mimic the estrogen receptor (ER)-positive breast cancer and 

many sub-clones, which have been established for different 
classes of ER-positive tumors [19].

In this study, we first reported the antiproliferative and 
anti-invasive effects of various bismuth(III) dithiocarbamate 
complexes,  Bi[S2CNR]3, R =  (CH2CH2OH)[CH(CH3)2], 
 (CH2)4, and  (CH2CH2OH)(CH3), denoted as 2, 3, and 4, 
respectively, and the possible underlying apoptotic pathways 
in human breast adenocarcinoma MCF-7 cells. The findings 
were realized by measuring the cell membrane permeability 
and apoptotic rate, degree of fragmentation of DNA, amount 
of intracellular reactive oxygen species (ROS), release 
level of cytochrome c, magnitude of caspases, activities of 
invaded cells, and polyubiquitination of Lys63/Lys48 upon 
treatment with 2–4. In addition, various targeted human can-
cer gene expression analyses using polymerase chain reac-
tion (PCR) were conducted to support the findings obtained. 
It is of utmost hope that the current findings will add to the 
list of metal-based drugs acting as chemotherapeutics, as 
well as adjuvants, for the readily available platinum-based 
drugs used in hospitals.

Materials and methods

Chemicals

Cisplatin was used as the positive control and was purchased 
from Sigma-Aldrich, (USA). Bismuth(III) compounds, 
labeled 2, 3, and 4, were synthesized as described below. 
Chemical solvents, such as absolute ethanol and dimethyl-
sulfoxide (DMSO), were obtained from HmbG Chemicals 
(USA) and Merck (Germany), respectively. Other solvents 
used were of analytical grade and commercially available.

Synthesis of bismuth(III) dithiocarbamate 
derivatives

Preparation of compounds 2–4 was conducted following the 
protocol of [30]. The 1H and 13C spectra of the compounds 
were determined using nuclear magnetic resonance (NMR) 
spectroscopy (Bruker AVANCE 400, Germany) by dissolv-
ing the compounds in  CDCl3 at 0 h and in DMSO-d6 at 
25 °C for 24 and 36 h to mimic the solubility of the com-
pounds in the aqueous environment of the biological system. 
The functional groups in the synthesized compounds were 
determined using a Fourier-Transform Infrared (FTIR) spec-
trophotometer (Perkin Elmer RX1, USA) with KBr pellets. 
Chloroform or DMSO was used to dissolve the compounds 
analyzed using a Cary-60 UV–Visible Spectrophotometer 
(Agilent, Santa Clara, USA) and a Cary Eclipse Fluores-
cence Spectrophotometer (Agilent, Santa Clara, USA).

A melting point meter (Krüss KSP1N, Germany) was 
used to determine the melting point of the compounds. An 
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elemental analyzer (Perkin Elmer PE 2400 CHN, USA) was 
used to perform other elemental analyses.

The preparation of compounds 2–4 and their characteriza-
tion are included in the Results section, under the Chemistry 
subsection.

Cell culture

Cell line, MCF-7 (catalog no. HTB-22) were purchased 
from ATCC (USA). Cells were thawed and cultured as pre-
viously described [15]. 2–4, and cisplatin were dissolved in 
dimethyl sulfoxide (DMSO) (1 mL) to a concentration of 
 10–2 M, according to Ishak et al. [31], and stored as stock 
solutions. The DMSO solution, which was less than 1%, did 
not affect the stability of the compounds used in biological 
assays. Stock solutions of the compounds (2–4, cisplatin) 
were diluted in DMEM (ScienCell Research Laboratories, 
USA) and approximately 100 µL was added to the wells to 
obtain a final concentration ranging from 0 to 80 µM for the 
cell proliferation assay.

Cell proliferation assay

Following the protocol described by Mossman [56], MCF-7 
cells at > 90% confluence were incubated for 24 h under 
standardized conditions (37 °C, 5%  CO2) in 96-well plates. 
Upon treatment with 2–4 and cisplatin at concentrations 
ranging from 0 to − 80 µM, cells were further incubated for 
24 h, before adding 20 µL of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, 
USA) solution (5 mg/mL in PBS) to each well. Incubation 
was continued for another 4 h under standardized conditions, 
and the old medium was discarded and replaced with 100 µL 
of DMSO. A microplate reader (BIOTEK, EL808) was used 
to measure the absorbance of each well and compare it with 
that of the untreated control cells at 570/630 nm. The per-
centage of cells that survived the treatment was calculated 
using the following formula:

From the curve plot of cell viability vs. log compound 
concentration (Origin v7.5), the  IC50 values of the com-
pounds (2–4, cisplatin) were obtained.

Determination of the cell death mode

Detection of the mode of cell death upon treatment with 
2–4 and comparison with cisplatin were conducted via 
acridine orange/propidium iodide (AO/PI) double stain-
ing at the  IC50 values of the compounds, following previ-
ously described protocols [15]. Overnight incubation of 

Percentage of cell viability (% ) =
Absorbance of treated cells

Absorbance of untreated cells
× 100

MCF-7 cells (1 ×  106 cells/well) in a 6-well plate under 
standardized conditions (37  °C, 5%  CO2 allowed cell 
attachment. Next, further incubation for 24 h was con-
tinued with untreated (negative control and treated cells, 
which were then harvested and centrifuged for 5 min at 
1200 rpm. Continuous centrifugation was performed for 
another 5 min to remove the remaining medium, once the 
cells were washed (2× PBS, and the supernatant was dis-
carded. An equal volume of fluorescent dye (AO, 1 mg/L; 
PI, 1 mg/mL was added to each well before incubation 
for 20 min in the dark. Freshly stained cell suspensions 
were aliquoted onto glass slides and covered with cover-
slips. Glass slides containing stained cell suspensions were 
viewed using a fluorescence microscope (Olympus BX-51, 
Japan), and their microscopic images were captured.

DNA fragmentation study

MCF-7 cells (3.0 ×  106 cells/well per 6-well plate) were 
incubated overnight under standardized conditions (37 °C, 
5%  CO2) prior to treatment for 24 h at their  IC50. Untreated 
and treated cells were then incubated for 24 h. After trypsi-
nization of cells with PBS (2×), they were centrifuged for 
another 24 h, before extracting the DNA from the cells using 
a G-spin™ Total DNA Extraction Kit (iNtRON Biotechnol-
ogy, Korea) according to the manufacturer’s protocol. Cells 
were harvested, centrifuged, and washed with PBS (2 × ). 
Cell suspensions (1 mL in PBS) in a 1.5-mL centrifuge tube 
were centrifuged to discard the supernatant at 13,000 rpm 
for 1 min. The sample tube was added to lysis buffer, pro-
teinase K, and RNase (Sigma-Aldrich, USA) in a volume of 
200, 20, and 5 µL, respectively, and vigorously vortexed for 
an equal mixture before it was further incubated for 20 min 
at 56 °C in a water bath. Next, 200 µL of binding buffer 
was added to the lysate, followed by immediate incubation 
for 5 min at 70 °C in a water bath. Next, centrifugation at 
13,000 rpm was conducted on the mixture and absolute etha-

nol (200 µL) was added for 1 min to discard the filtrate. Fur-
ther centrifugation at 13,000 rpm was continued for 1 min 
after the addition of 700 µL of washing buffer to the spin 
column. The loading dye ((iNtRON Biotechnology, Korea) 
at a ratio of 6:1 (30 µL of DNA: 5 µL of loading dye) was 
then added (6× ) to the extracted DNA and mixed, before 
the samples were electrophoresed on a 1.5% agarose gel for 
2 h at 66 V in TAE running buffer (Bioneer, USA). The gel 
image was captured under UV light via a transilluminator 
(Alpha lnnotech, USA) prior to its staining and destaining 
processes.
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Apoptotic assay

Annexin V/Fluorescein isothiocyanate (FITC) assay (Chem-
icon/Millipore, USA) was conducted to quantify the number 
of apoptotic cells upon treatment with 2–4 and cisplatin, 
respectively. Cultured MCF-7 cells (1 × 106 cells/mL) were 
incubated overnight to allow adherence and further incu-
bated for another 24 h under standard conditions (37 °C, 5% 
 CO2) before they were treated with 2–4 and cisplatin, respec-
tively, at their corresponding  IC50 values. Next, the cells 
were re-suspended in 500 µL ice-cold 1 × binding buffer, 
harvested, and rinsed with ice-cold PBS 2 × . Cell suspen-
sions were added to 10 µL Annexin V-FITC and 8 µL PI 
(Sigma-Aldrich, USA), and a pipette was used to thoroughly 
mix the suspensions before they were incubated again for 
20 min in the dark at room temperature and placed on ice. 
Flow cytometric analysis was performed using a band pass 
filter for FITC (530 nm) and PI (600 nm). To remove debris 
and dead cells during calibration, forward scatter (FSC) and 
side scatter (SSC) were slightly altered.

Caspases assay (caspase 3/7, ‑8, ‑9 and ‑10)

CaspaTagCaspase 3,7 CaspaTagCaspase 8, and CaspaTag-
Caspase 9 In Situ Assay Kits (Chemicon/Millipore, USA) 
were used for qualitative assessment of caspase 3/7, -8, -9, 
and -10 activation, respectively. For quantitative analysis, 
Fluorometric Assay Kits consist of caspases-3/7, -8, -9, and 
-10 (Merck Millipore, Germany) were used. Qualitative and 
quantitative analyses followed the protocols described by the 
manufacturers, and a luminometer (Perkin Elmer HTS 7000, 
France) was used according to the manufacturer’s protocol. 
Cultured MCF-7 cells (1 ×  106 cells/mL/96-well plates) were 
treated with 2–4 and cisplatin in a final volume of 200 µL. 
Then, untreated and treated cells were incubated for 1 h at 
room temperature, immediately after adding 50 µL caspase 
reaction buffer, and measured.

Assessment of intracellular reactive oxygen species 
(ROS)

Prior to pretreatment with 2–4 and cisplatin at its respec-
tive  IC50 values for 24 h, MCF-7 cells (1 ×  105/well/96-well 
black plate) were incubated overnight. Next, further incu-
bation for 30 min was conducted on the cells with 10 µM 
5-(And-6)-carboxy-2′,7′-dichlorodihydrofluorescein diace-
tate (carboxy-H2DCFDA, Sigma, USA) in the dark, before 
the cells were then centrifuged for 5 min at 1200 rpm to 
remove its supernatant, and replenishment of prewarmed 
PBS 1 × (100 uL) in the wells. A fluorescence microplate 
reader (TECAN Infinite 200, Switzerland) was used to 
measure the wells at 488 nm (excitation and emission wave-
lengths of) and 525 nm (emission wavelength).

Detection of cytochrome c release

The  FlowCellect™ cytochrome c kit (Millipore, Germany) 
was used to detect cytochrome c release upon treatment 
with 2–4 and cisplatin on MCF-7 cells. Cells (1 ×  106 
cells/T-75  cm2 flask) were treated with test samples at their 
respective  IC50 values for 24 h before harvesting, permea-
bilization, and fixation. Anti-cytochrome c-FITC antibody 
(10 µL) was then added before 1 h of incubation in the dark 
at room temperature, and the staining process was contin-
ued. The cells were then washed with blocking buffer, and 
the supernatant was removed after centrifugation for 5 min 
at RCF < 280 g. The cell pellet was then re-suspended in 
200 µL blocking buffer before analysis using a flow cytom-
eter (FACSCalibur, BD Bioscience, US) with a band pass 
filter at 488 nm. The cell debris was removed by altering the 
FSC and SSC gates.

Lys48 and Lys63 polyubiquitination assay

Detection of Lys48 and Lys63 ubiquitination using Milli-
Mark™ anti-ubiquitin, Lys-48-specific-FITC, clone Apu2, 
Milli-Mark™ anti-ubiquitin, Lys-63-specific-Alexa  Fluor® 
647, and clone Apu3 (Millipore, Billerica, MA, USA) was 
conducted on MCF-7 cells after treatment with 2–4 and cis-
platin, respectively. Briefly, cells (1 ×  106 cells/mL/6-well 
plate) were incubated overnight under standard conditions 
(37 °C, 5%  CO2) to allow attachment before they were pre-
treated with test samples and incubated for another 24 h. 
The cells (untreated and treated) were harvested and cen-
trifuged at 1200 rpm for 5 min to discard the supernatant. 
The cell pellet was then suspended in 1 mL of 1 × PBS and 
transferred to a 1.5-mL microcentrifuge tube for centrifuga-
tion before being re-suspended in 90 µL of 1 × PBS. Next, 
the cell suspensions were added to the working antibody 
solution, prepared by dilution of the primary antibody with 
PBS (1:5), in a volume of 10 µL, to obtain a total reaction 
volume of 100 µL. Further, 30 min incubation of the reaction 
mixtures took place at room temperature in the dark before 
they were analyzed by illumination at 495/647 nm.

Cell invasion assay

Invasion of MCF-7 cells was assessed using the  BioCoat™ 
 Matrigel™ Invasion Chamber (BD Biosciences, San Jose, 
CA) by following the manufacturer’s protocol. Cells (5 ×  104 
cells/well) were pretreated with 2–4 and cisplatin before 
they were incubated for 24 h. The non-invading cells were 
removed by gently scrubbing the inserts with cotton tips. 
Next, the cells were fixed with methanol for 10 min, and 
hematoxylin and eosin (H&E) staining of the inserts was 
performed before rinsing with PBS and air-drying. Micro-
scopic images of the invaded cells were viewed using an 
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inverted microscope at 200 × magnification by placing the 
insert on a glass slide. The number of invading cells in each 
field from ten random selected fields was counted according 
to the following formula:

RT2 profiler PCR microarray (human cancer drug 
target)

RT2 Profiler PCR microarray [Human Cancer Drug Target 
(PAHS-507ZR)] (Qiagen, Germany) was used by follow-
ing the manufacturer’s protocol. MCF-7 cells (1 ×  106 cells/
mL/flask) in 25-cm2 culture flasks were incubated overnight 
to allow cell attachment. The RNeasy Mini Kit (Qiagen, 
USA) was used to extract total RNA from the cells, and a 
spectrophotometer (Eppendorf, BioPhotometer) was used 
to determine its purity and concentration by measuring its 
absorbance. The  RT2 profiler PCR array consisted of 84 tar-
get genes related to human cancer pathogenesis.

Percentage of cell invasion =
Mean number of treated cell invasion

Mean number of control cell invasion
× 100

Statistical analysis

Three independent experiments were conducted in tripli-
cate, and the calculated mean ± standard deviation (SD) was 

statistically analyzed using GraphPad Prism version 7 soft-
ware (GraphPad Software, La Jolla, California, USA). The 
software was also used for quantitative image acquisition. 
Pairwise multiple comparisons were performed using one-
way analysis of variance (ANOVA), followed by a post hoc 
Tukey’s HSD test. Statistical significance was set at p < 0.05.

Results

Scheme  1 illustrates the syntheses of compounds 2–4. 
Detailed methods are described in the chemistry section 
below.
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Scheme 1  Synthesis of bismuth(III) dithiocarbamate,  Bi[S2CNR]3. a: stirred for 3 h; recrystallized with acetonitrile: chloroform (3:1) overnight
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Chemistry

Preparation of tris(N,N′‑isopropylethanoldithiocarbamato)
bismuth(III),  Bi[S2CN(CH2CH2OH)(CH3CHCH3]3 (2)

Sodium salt of isopropylethanol dithiocarbamate 
 NaS2CN(CH3CHCH3)(CH2CH2OH) was priorly synthe-
sized by mixing 2-(isopropylamino)ethanol (0.05 mol, 
5.8  mL) in 52.0  mL acetone with carbon disulfide 
(0.05 mol, 3.0 mL) and sodium hydroxide, NaOH (50% 
concentration) in an ice-bath for 1–2 h. The white pre-
cipitates formed were collected and filtered before rinsing 
several times with distilled water. It was then left over-
night to air dry to yield 4.87 g of the ligand. Next, 2.02 g 
of the synthesized ligand (10.0 mmol) was dissolved in 
distilled water (38.0 mL). The salt was slowly added to a 
suspension of bismuth(III) chloride (3.39 mmol, 1.07 g) 
in ethanol (28.0 mL). After stirring for 3 h, the pale yel-
low precipitate was filtered and recrystallized using an 
acetonitrile:chloroform (3:1) solution overnight to yield 
1.93 g of  Bi[S2CN  (CH2CH2OH)  (CH3CHCH3)]3 (2) as a 
pale yellow powder.

Percentage yield: 62.4%; M.P = 163.7  °C. Ele-
mental analysis: Found C, 26.52; H, 5.63; N, 5.62. 
 C18H36O3BiN3S6 requires: C, 26.50; H, 5.89; N, 5.15. IR 
(KBr disk,  cm−1):1445 ν (C–N); 1037 v and 974 ν (C–S), 
1239 v (C–O), 3329 v (OH). 1H NMR: δ 3.65 (t,  CH2CH2, 
J = 5.18 Hz): δ 3.36 (m,  CH2CH2, J = 5.25 Hz), δ 4.92 (t, 
OH, J = 5.20 Hz); δ 1.24 (d,  CH3, J = 6.71 Hz): δ 5.21 (s, 
CH, J = 6.67 Hz) and 13C{1H} NMR: δ 202.5  (CS2); 54.9 
 (CH2CH2); 58.7  (CH2CH2); 20.1  (CH3); 49.8 (CH).

Preparation of (pyrrolidinedithiocarbamato)bismuth(III), 
 Bi[S2CN(CH2)4]3 (3)

Ammonium salt of pyrrolidine dithiocarbamate, 
 NH4[S2CN(CH2)4] (Sigma-Aldrich, USA) (10.0 mmol, 
1.68  g) in 38.0  mL of distilled water was added to 
bismuth(III)chloride (3.39 mmol, 1.12 g) in 25.0 mL of 
ethanol for 3 h. The precipitate was filtered to obtain yel-
low crystals in the filtrate after an overnight incubation. 
The crystals were harvested and air-dried. They were 
then recrystallized with acetonitrile: chloroform (3:1) 
solution to yield 2.21 g of yellow crystalline material, 
 Bi[S2CN(CH2)4]3 (3).

Percentage yield: 78.9%; M.P = 195  °C. Elemental 
analysis: found C, 27.94; H, 3.12; N, 6.27.  C15H24BiN3S6 
requires: C, 27.82; H, 3.74; N, 6.49. IR (KBr disk, 
 cm−1):1433 ν (C–N); 1041 v and 940 ν (C–S). 1H NMR: δ 
2.03 (tt,  CH2CH2CH2, J = 3.48 Hz): δ 3.91 (t,  NCH2CH2, 
J = 2.03 Hz) and 13C{1H} NMR: δ 199.0  (CS2); δ 54.0 
 (NCH2CH2); δ 26.0  (CH2CH2CH2).

Preparation of tris(N,N′‑methylethanoldithiocarbamato)
bismuth(III),  Bi[S2CN(CH3)(CH2CH2OH)]3 (4)

The ligand potassium methylethanol dithiocarbamate, 
 K[S2CN(CH3)(CH2CH2OH)], was first synthesized prior to 
the reaction with bismuth(III) chloride by mixing 2-(methyl-
amino)ethanol (0.01 mmol, 0.8 mL), 50% potassium hydrox-
ide, and carbon disulfide (0.01 mmol, 0.7 mL) in diethyl 
ether (1.0 mL). The mixture was stirred in an ice-bath for 
1–2 h. Subsequently, bismuth(III) chloride (3.39 mmol, 
0.77 g) in 38.0 mL distilled water was added to the mixture. 
The yellow precipitate was filtered and purified using an 
acetonitrile/chloroform (3:1) solvent system. Yellow–orange 
crystals were formed after a few days, harvested, and dried 
to yield 1.02 g of the crystalline material,  Bi[S2CN(CH3)
(CH2CH2OH)]3 (4).

Percentage yield: 61%; M.P. = 124 °C. Elemental anal-
ysis: found C, 22.0; H, 3.50; N, 6.36.  C12H24O3BiN3S6 
requires: C, 21.85; H, 3.67; N, 6.37. IR (KBr disk, 
 cm−1):1433 ν (C–N); 1056 v and 943 ν (C–S), 1255 v (C–O), 
3167 v (OH). 1H NMR: δ 3.84 (t,  CH2CH2, J = 5.79 Hz): δ 
3.70 dt,  CH2CH2, J = 5.64 Hz), δ 3.70 (s, OH); δ 4.93 (t, 
 CH3, J = 5.34 Hz) and 13C{1H} NMR: δ 202.4  (CS2); δ 58.4 
 (CH2CH2); δ 43.2  (CH2CH2); δ 59.0  (CH3).

All the synthesized complexes (2–4) showed a thioureide 
band (C–N) in the 1433–1445   cm−1 range and a (C–S) 
band at 940–1055  cm−1 in the IR spectra, proving the pres-
ence of dithiocarbamate groups in the compounds. Com-
pounds 2 and 4 showed broad and intense peaks at 3329 
and 3167  cm−1 respectively which indicating the presence 
of hydroxyl (OH) groups. These values are lower than the 
stretching of the free hydroxyl group at 3640  cm−1. This 
proves the possibility of intermolecular hydrogen bonding 
in the complex. The presence of metal–sulfur (M–S) bonds 
was observed at approximately 350–398  cm−1.

The 1H- and 13C-NMR spectral data of all complexes 
are shown in Tables S1 and S2, respectively. Deuterated 
DMSO-d6 and  CDCl3 solvents were used for the analysis. 
In compound 2, the two methyl groups of protons (6 H) give 
a chemical shift at 1.24 ppm. By applying the n + 1 rule, the 
adjacent single CH splits the  CH3 resonance into a 1:1 dou-
blet (n + 1 = 2), which indicates the presence of a CH group 
in isopropyl alcohol, while the lone methine proton (CH) 
was de-shielded by the presence of adjacent electronegative 
nitrogen atom, thus shifting the NMR signal downfield to 
5.21 ppm as a single peak. Protons on carbon adjacent to 
the alcohol oxygen appear in the region of 3.4–4.5 ppm. The 
electronegativity of the alcohol oxygen de-shields these pro-
tons, causing them to appear downfield compared to alkane 
protons. The position of the –OH peak varies dramatically 
depending on the conditions, for example, what solvent is 
used, the concentration, and the purity of the alcohol, espe-
cially on whether it is completely dry. Different sources 
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quote totally different chemical shifts for the hydrogen atom 
in the -OH group in alcohols, often inconsistently. In this 
case, the splitting of OH indicates that the complex is not 
completely free of water, which may be related to the rinsing 
of the compound during purification.

In compound 3, the methylene proton on the pyrrolidine 
ring shifted the NMR signal to 2.03 ppm. The adjacent 
methylene protons on both sides split the  CH2 resonance 
into (2 + 1) and (2 + 1); the triplet confirms its presence in 
the pyrrolidine ring. The methylene proton adjacent to the 
nitrogen atom was slightly deshielded, thus shifting its NMR 
signal to a lower downfield at 3.91 ppm as a triplet due to the 
splitting of neighboring methylene protons.

In compound 4, similar to the NMR signal in 2, the 
methylene protons in ethanol were observed in the region 
of 3.70–3.84 ppm. However, despite the multiplet displayed 
in 2, the  CH2 protons were resonated by their adjacent pro-
tons into triplet and doublet triplets, respectively. Addition-
ally, methyl protons adjacent to the nitrogen atom were 
deshielded and shifted to 4.93 ppm as triplet (due to three 
distinct  CH3 groups) in the complex. The free OH group in 
4 displayed a single peak at 3.70 ppm.

In the 13C spectra (Tables S3), the carbon in the  RCH2OH 
group displayed single peaks in the region of 50–65 ppm. 
In compound 2, their signals are still within the mentioned 
region; 54.9 and 58.7 ppm, respectively. However, in 4, one 
carbon was slightly decreased to 43.2 ppm, whereas another 
carbon was maintained at 58.4 ppm.

In addition, in 2, the carbon in the methyl groups appeared 
at 20 ppm, which is slightly higher than the normal region 
of 10–15 ppm. This was probably due to the presence of a 
nearby nitrogen atom. Its electronegativity involves pulling 
electrons away from the methyl groups and, which tends to 
slightly increase the chemical shift. On the other hand, the 
C-N chemical shift was in the range of 50–70 ppm, which 
validates the presence of carbon adjacent to the nitrogen 
atom in this molecule at 49.8 ppm.

In 3, the carbon in the methylene group,  R2CH2, is in 
the region of 15–25 ppm, which agrees with our data. The 
carbon atom in the methylene group adjacent to the N atom 
was slightly shifted to 54.0 ppm. Finally, in 4, apart from the 
carbon in the alcohol group, the carbon in the methyl group 
displayed a drastic increase in chemical shift to 59.0 ppm 
due to the higher influence of the neighboring nitrogen atom. 

All compounds also showed a signal in the 199–202.4 ppm 
that corresponded to the  NCS2 group.

UV–visible and fluorescence spectroscopy were per-
formed to obtain a molar absorptivity of 2–4, which was 
calculated using the Beer–Lambert law (Table 1). This value 
was used to determine the concentration of compounds 2–4 
for biological appraisal.

The UV–visible spectra of the compounds were 
recorded between 259 and 264 nm range, corresponding to 
all compounds having similar distorted octahedral geom-
etries. Based on the molar absorptivity value of more than 
 105  M−1  cm−1, 2–4 displayed strong spin–orbit coupling 
due to spin-allowed transitions (intra-ligand π → π* charge 
transfer) in their electronic arrangements, confirming the 
predicted distorted octahedral geometry of the compounds. 
The fluorescence wavelengths for 2–4 were measured to be 
between 359 and 407 nm range which can also be correlated 
to the similar electronic transition from the excited state to 
the ground state of the compounds [30].

Differential scanning calorimetry (DSC) analysis of the 
compounds revealed that the crystallization temperatures,  Tc, 
of 2–4 were 180.7 °C, 178.7 °C and 130.1 °C, respectively, 
without any evidence of polymorphism.

The stability of complexes 2–4 in DMSO-d6 was assessed 
over 24 and 36 h at room temperature and 40 °C. After 24 
and 36 h, the resulting 1H NMR spectra of 2–4 at both tem-
perature conditions remained unchanged from the initial 
spectra (t = 0), indicating that the complexes were stable 
toward decomposition or hydrolysis in DMSO during the 
timeframe used for biological assays.

Biological assay

Compounds 2–4 exhibited antiproliferative activity 
against MCF‑7 cell lines

We first evaluated the ability of compounds 2–4 to inhibit 
MCF-7 breast cancer cell proliferation, using cisplatin as a 
positive control. After 24 h, MCF-7 cell proliferation was 
significantly reduced in a concentration-dependent manner 
upon treatment with 2 starting from 1.25 µM till 10 µM. 
At higher concentrations (20–80 µM), the cells plateaued, 
with the maximum number of non-viable cells within 90% 
(Fig S1A).

Table 1  UV–visible and 
fluorescence spectroscopy data 
for 2–4 [30]

Compound Concentration, M Absorption wave-
length, nm

Molar absorptivity. 
 M−1  cm−1

Emission 
wavelength, 
nm

2 1 ×  10–5 264 9.5 ×  104 359
3 1 ×  10–5 259 1.2 ×  105 365
4 1 ×  10–5 263 1.3 ×  105 407
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Interestingly, 3 was shown to significantly reduce the 
number of cells to more than 50% at a lower concentration 
(1.25 µM). As the concentration increased, cells reached a 
plateau, with more than 90% of the cells already killed. (Fig 
S1B). However, 4 displayed a delayed response in reducing 
the cells independently. At 40 µM, compound 4 only started 
to significantly reduce the number of cells to 33%. As the 
concentration increased, the cells reached a plateau with less 
than 10% viable cells (Fig. S1C).

Cisplatin was observed to exhibit similar reduction 
pattern with 4 at higher concentration of 40 µM which 
straightly reached plateau state (Fig S1D) The  IC50 of 2–4 
and cisplatin, were then found to be at 10.33 ± 0.02 µM, 
1.07 ± 0.01 µM, 25.37 ± 0.12 µM and 30.53 ± 0.23 µM, 
respectively (Table 2). Compared that of cisplatin, the  IC50 
of compounds 2–4 were 2.9-, 28.5-, and 1.2-fold lower 
which ranked the cytotoxicity of the compounds as follows; 
3 > 2 > 4 > cisplatin.

Compound 2–4 promoted MCF‑7 cells apoptosis

We then determined the mode of MCF-7 cell death by apply-
ing AO/PI double staining to cells treated with 2–4 and cis-
platin, and examined them under a fluorescence microscope 
(Fig. 1). Apoptotic, necrotic, and viable MCF-7 cells were 
observed, manifested by different fluorescence colors; early 
apoptotic and viable cells are represented by bright green 
fluorescence color, late apoptotic cells by orange fluores-
cence color, and necrotic cells are shown by bright red fluo-
rescence under 488 nm excitation [50].

Upon treatment with 2–4, most cells turned into apoptotic 
cells manifested by a multiple-yellowish fluorescence color, 
blebbing of cell membranes, fragmented nuclei, and con-
densed chromatin within the cells (Fig. 1ii–v), indicating the 
common morphology of apoptosis observed. Control cells, 
however, exhibited bright green fluorescence, representing 
viable cells (Fig. 1i).

Compounds 2–4 induced DNA fragmentation in MCF‑7 cells

To further confirm that the cells underwent apoptosis 
upon treatment with 2–4 and cisplatin, we conducted a 

chromosomal DNA fragmentation study, which is believed 
to be a relatively late event in the apoptotic process [29]. 
Upon treatment with 2–4 and cisplatin at their respective 
 IC50 values, chromatin DNA is cleaved into multiples of 
approximately 180–200 base pairs (bp) of internucleosomal 
fragments, which can be detected by agarose gel electro-
phoresis as a typical DNA ladder pattern observed under 
ultraviolet (UV) light (Fig. 2L3–L6). Untreated cells showed 
no obvious DNA ladder (Fig. 2L2). The results demonstrated 
that 2–4 and cisplatin induced apoptosis in MCF-7 cells, as 
characterized by DNA fragmentation.

Compound 2–4 exerted early apoptosis in MCF‑7 cells

We further performed an Annexin V-FITC/PI binding assay 
to detect the different apoptotic stages of MCF-7 cells upon 
treatment with 2–4 and cisplatin. During apoptosis, mem-
brane phospholipids, known as phosphatidylserine (PS), 
strongly bind to annexin V in the presence of  Ca2+ ions and 
translocate from the inner side of the cell membrane to its 
outer side. PI can bind to DNA and can only enter necrotic 
or late apoptotic cells [41].

The qualitative assessment of the Annexin V-FITC/PI 
staining was conducted using flow cytometry to determine 
the cell distribution in four different quadrants: viable cells, 
early apoptosis, late apoptosis, and necrotic cells. The his-
togram illustrates the time course of Annexin V-FITC/PI 
binding to the phosphatidylserine (PS), in apoptotic cells 
(Fig. S2).

The untreated (negative control) group displayed more 
than 92% viable cells, indicating non-apoptotic character-
istics throughout the incubation periods of 6, 12, and 24 h 
(Fig. S2a). The treated groups showed an increase in the per-
centage of cells undergoing early apoptosis (EA) in a time-
dependent manner. The percentage of viable cells after treat-
ment with 2–4 eventually decreased, ranging from 89.3% in 
2, 83.1% in 3, and 88.3% in 4 at 6 h to 57.3%, 51.9%, and 
65.9% at 24 h, respectively. Similarly, viable cells treated 
with cisplatin were also significantly altered from 90.7% at 
6 h to 45.2% at 24 h. A noticeably higher rate of early apop-
tosis was observed in the 2–4-treated cells, which signifi-
cantly increased from 7.56% to 36.43% (Fig. S2c), 12.44% 
to 43.61% (Fig. S2d), and 9.74% to 23.62% (Fig. S2e) within 
24 h. Cisplatin significantly augmented early apoptosis from 
6.84% to 44.92% within 24 h. Additionally, there was not 
much difference in the percentage of necrotic cells in the 2–4 
and cisplatin-treated groups, ranging from 1.53% to − 3.82% 
to 2.37% to − 4.33%, within 24 h, respectively.

Compounds 2–4 activated caspases activities in MCF‑7 cells

To study the involvement of caspases in 2–4-induced apop-
tosis, the activation of important key caspases (3/7, 8, 9, and 

Table 2  IC50 value of 2–4 and cisplatin toward MCF-7 breast cancer 
cells at 24 h, respectively

Different letters indicate significant differences (p  <  0.05) between 
treatment groups

Treatment IC50 (µM)

Bi[S2CN(CH2CH2OH)(iPr)]3 (2) 10.33 ± 0.06a

Bi[S2CN(CH2)4]3 (3) 1.07 ± 0.01b

Bi[S2CN(CH2CH2OH)(CH3)]3 (4) 25.37 ± 0.12c

Cisplatin 30.53 ± 0.23c
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10) in apoptotic pathways was investigated upon treatment 
with 2–4 in MCF-7 cells and compared with cisplatin. Fluo-
rescence images of caspase-3/7, caspase-8, and caspase-9 

are shown in Figs. 3i, 4i, 5i. Quantification of caspases-3/7, 
-8, -9, and -10 is shown in Figs. 3ii, 4ii, 5ii and 6.

Caspase-controlled apoptosis involves a characteris-
tic enzyme cascade that involves multiple caspases at 

Fig. 1  Fluorescent micrographs 
of AO/PI double-stained MCF-7 
cells i untreated and treated 
with ii cisplatin and iii 2 iv 3 v 
4 at their respective  IC50 values. 
Viable cells are indicated by 
purple arrows, membrane 
blebbing is indicated by blue 
arrows, fragmented nuclei 
and condensed chromatin are 
indicated by yellow arrows, and 
late apoptotic cells are indicated 
by red arrows. Magnification A 
200 × and B 400 ×
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different stages and pathways [96]. Caspases-8, -9, and 
-10 (initiator caspases) initiate the propagation of apop-
totic signals, whereas caspases-3, -6, and -7 (effector 
caspases) execute apoptosis by cleaving numerous cel-
lular proteins [7]. Furthermore, the activation of effector 
caspase-3 or -7 sets off the explosive feedback amplifica-
tion of upstream apoptotic events, which is a key feature 
of apoptotic signaling essential for efficient apoptotic 
cell death [52]. In this study, significant increases in 
caspase-3/7, caspase-8, caspase-9, and caspase-10 lev-
els were observed in cells treated with 2–4 compared to 
the negative control. As shown (Fig. 3ii), the expression 
of caspase-3/7 in the treatment groups was significantly 
elevated by threefold compared with that in the negative 
control group. Cisplatin was shown to be significantly 
different (p < 0.05) from 2 and 4, but not from 3. In addi-
tion, there was only a significant difference between 2 
and 3.

All treated groups, including cisplatin, exhibited sig-
nificant elevation, by threefold in caspase-8 and 2.5-
fold in caspase-9 expression, compared to the negative 
(untreated) group. Nevertheless, no significant difference 
was found between any of the treated groups (Figs. 4ii 
and 5ii). In contrast, a significant comparison was ubiq-
uitously observed in all treatment groups, including 

cisplatin, with compound 3 displaying the most elevated 
caspase-10 expression (Fig. 6).

Compounds 2–4 raised intracellular reactive oxygen 
species (ROS) production in MCF‑7 cells

Activation of the mitochondrial (intrinsic) pathway is trig-
gered by the elevation of intracellular ROS upon treatment 
with anticancer agents. ROS concentration in cancer cells 
is critical for anticancer therapy. Elevated ROS levels tar-
get malignant cells by augmenting ROS generation through 
exogenous agents or inhibitors of the antioxidant system [4]. 
Thus, the production of cellular ROS (mainly  H2O2) was 
analyzed using DCFH-DA, a fluorogenic freely permeable 
tracer. Overall, compounds 2–4 demonstrated a significant 
elevation in ROS levels twofold with that the negative con-
trol (untreated cells) (Fig S3). In comparison to cisplatin, 
which exerted the lowest level of ROS, 2–4 significantly 
demonstrated higher ROS levels. Compound 4 had the 
highest ROS level compared to the other treatment groups, 
whereas compounds 2 and 3 generated comparable ROS 
production in MCF-7 cells (Fig. S3).

Compounds 2–4 promoted mitochondrial cytochrome c 
release into cytoplasm of MCF‑7 cells

We further investigated the type of apoptotic pathway upon 
treatment with 2–4 by quantifying the level of cytochrome c 
released from the mitochondria at 6, 12, and 24 h in MCF-7 
cells. The release of key mitochondrial proteins such as 
cytochrome c is an important hallmark of apoptosis and is 
considered a point of no return in the apoptosis process. 
The release of cytochrome c into the cytosol of apoptotic 
cells can be used to characterize the mitochondria-dependent 
pathway of cell death. Fluorescent signals were emitted upon 
binding of anti-cytochrome c (with secondary binding to 
FITC) to cytochrome c. Fig. S4 shows the shift in the fluo-
rescence population from the right (M2) to the left (M1) in 
MCF-7 cells.

In untreated MCF-7 cells, cytochrome c was mostly 
retained in the mitochondria and not released into the 
cytoplasm, as indicated by the location of the peak in the 
graph at M2 (Fig. S4a). The peak of the graph shifted to 
M1, indicating the induction of apoptosis due to the release 
of cytochrome c from the mitochondria into the cytoplasm, 
which was bound by anti-cytochrome c-FITC to form a fluo-
rescence signal. Cytochrome c release was observed as early 
as 6 h after treatment with 2–4, with a percentage ranging 
from 95.78 to 97.30%. Nevertheless, prolonged incuba-
tion only slightly increased cytochrome c release in cells 
treated with 2–4, indicating the time-independent effects of 
the compounds (Fig. S4c–e). In contrast, cisplatin elevated 
cytochrome c levels in the cells in a time-dependent manner, 

Fig. 2  DNA gel electrophoresis of the internucleosomal DNA frag-
mentation pattern in a 1.5% agarose gel in MCF-7 cells after 24  h 
exposure to the negative control (untreated cells) (L2) and the cor-
responding  IC50 of cisplatin (L3), 2 (L4), 3 (L5), and 4 (L6). Lane L1 
represents 1-kb DNA laddering markers
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Fig. 3  Detection of caspase-3/7 
in cultured MCF-7 cells for 
24 h i in situ in a untreated b 
cisplatin, c 2, d 3, and e 4 at the 
respective  IC50 concentrations. 
The MCF-7 cell morphology 
was viewed under (L) phase 
contrast and (R) fluorescent 
caspase-3/7 substrate (FAM-
DEVD-FMK). a Low cas-
pase-3/7 levels were observed 
in the control MCF-7 cells. b–e 
High levels of caspase-3/7 were 
detected in cells after treatment. 
ii Quantitative analysis using 
ELISA. The negative control 
was normalized to 100%. Sig-
nificant differences (p < 0.05) 
between experimental groups 
are indicated by different letters
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Fig. 4  Detection of caspase-8 in 
cultured MCF-7 cells for 24 h 
via i in situ in a untreated b 
cisplatin and c 2 d 3 e 4, at their 
respective  IC50 values. MCF-7 
cell morphology viewed under 
(L) phase-contrast and (R) 
fluorescent caspase-8 substrate 
(FAM-LETD-FMK). Notes: a 
moderate levels of caspase-8 
were observed in the control 
MCF-7 cells. b–e High levels 
of caspase-8 were observed 
in treated cells. ii Quantita-
tive analysis using ELISA: the 
negative control was normalized 
to 100%. Significant differ-
ences (p < 0.05) are indicated 
by different letters between the 
experimental groups
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Fig. 5  Detection of caspase-9 
in cultured MCF-7 cells for 
24 h via i in situ in a untreated 
b cisplatin and c 2 d 3 e 4, at 
their respective  IC50 values. The 
MCF-7 cell morphology was 
viewed under (L) phase contrast 
and (R) fluorescent caspase-9 
substrate (FAM-LEHD-FMK). 
Notes: a small amounts of cas-
pase-9 were detected in control 
MCF-7 cells. b–e High levels 
of caspase-9 were detected in 
treated cells. ii Quantitative 
analysis using ELISA. The 
negative control was normalized 
to 100%. Significant differences 
(p < 0.05) between experimental 
groups are indicated by different 
letters
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as evidenced by its release from 42.80% at 6 h to 87.66% 
at 24 h (Fig. S4b). From these results, we therefore con-
cluded that compounds 2–4 were able to induce cytochrome 
c release into the cytosol, which decreased the mitochondrial 
membrane potential (MMP), leading to mitochondrial per-
meability, thus suggesting the initiation of the mitochondrial 
apoptotic pathway.

Compounds 2–4 modulated both Lys48‑ and Lys63‑linked 
polyubiquitination

The ubiquitin–proteasome system (UPS) is essential for 
maintaining protein turnover, which can either trigger or 
inhibit apoptosis [1]. Lys48-linked chains are the predomi-
nant linkage type in cells and are primarily involved in 
proteasomal degradation [59]. In contrast, cellular Lys-63 
chains have less proteasomal accessibility and proteasome-
bound Lys-63 chains are more rapidly deubiquitinated, 
which could cause inefficient degradation of Lys-63 con-
jugates [32]. Compounds 2–4 were able to induce Lys-48 
release in MCF-7 cells as early as 12 h after treatment, 
with the percentage of Lys-48 ranging from 54.71% in 2, 
50.20% in 3, and 43.74% in 4. On the other hand, cisplatin 
had already shown more than 50% expression (59.46%) at 
the earlier hour, that is, at 6 h, but there was no significant 
increase in expression as the time was prolonged to 12 h 
(67.18%) and 24 h (67.38%) (Fig. S5b). Compounds 2–4 
demonstrated their ability to increase ubiquitinated Lys-48 
expression in a time-dependent manner, in which, at 24 h, 
higher expression was observed by 87.76%, 81.02%, and 
92.33%, respectively (Fig. S5c–e).

Notwithstanding, highly consistent ubiquitinated Lys-63 
expression (66.37%) was observed in untreated MCF-7 cells 
throughout the 24 h incubation period (Fig. 7a). Compounds 
2–4 and cisplatin significantly arrested ubiquitinated Lys-63 
expression, from 62.76%, 37.68%, 49.63%, and 64.02% at 

6 h to 44.65%, 34.08%, 32.98%, and 48.52% at 12 h, and 
eventually to 11.23%, 26.48%, 8.57%, and 15.07% at 24 h 
(Fig. 7b–e). All treatment groups, including cisplatin, were 
shown to significantly suppress Lys-63 ubiquitin activity in 
a time-dependent manner, except for 3.

Compounds 2–4 inhibited MCF‑7 cells invasion

Metastasis, the multiple process by which an original pri-
mary tumor develops into a distal secondary tumor, repre-
sents a hallmark of cancer and leads to treatment failure, 
resulting in the death of many patients. Metastasis is highly 
complex and involves multiple cellular mechanisms, includ-
ing division from the primary tumor, invasion, evasion of 
immune surveillance, and regulation of the tissue microen-
vironment [64]. Metastasis and invasion are the most impor-
tant biological characteristics of tumor cells. Thus, inhibition 
of metastasis and invasion is the most direct and effective 
method for tumor treatment. Compounds 2–4 exhibited sig-
nificant inhibition of MCF-7 cell invasion (Fig. 8c–e) by 
72.1%, 71.1%, and 71.7%, respectively, compared to cis-
platin (Fig. 8b) by 58.2%, as shown in Table 3. Neverthe-
less, the anti-invasive effects of 2–4 displayed comparable 
efficacy (p > 0.05).

Compounds 2–4 regulated several human cancer‑related 
genes in MCF‑7 cells

Finally, to support our earlier findings, we further explored 
the effects of 2–4 in modulating the targeted genes involved 
in breast cancer. Exposure of 2–4 on MCF-7 cells was 
found to significantly downregulate a number of impor-
tant cancer-related oncogenes responsible for apopto-
sis, survival and growth, metastasis, DNA damaged and 
repair and protein degradation in varying degrees i.e., 
ABCC1 (-10.63, -41.93, 1.28- fold), AKT1 (-2.5, -54.19, 
-5.13-fold), BIRC5 (-22.47, -834180.46, -122294.5 -fold), 
ERBB2 (-225067.78, -62866.33, -4.82-fold), ERBB3 (-9.51, 
-189258.69, -51063.33-fold), ESR1 (-10.48, -182.28, -9.19-
fold), FIGF (-6.23, -6746.86, -7.57-fold), FLT1 (-4.47, 
-4.53, -47643.77-fold), FLT4(-8.69, -64, -6.96-fold), HDAC1 
(-11.79, -3169.41, -37.27-fold), HDAC3 (-8.88, -430.54, 
-8.94-fold), HDAC4 (-2.89, -17682.08, -7.41-fold), HDAC6 
(-4.08, -122294.5, 8.22-fold), HSP90B1 (-4.35, -88.03, 1.29-
fold), IGF2 (-5.46, -855.13, -6.11-fold), KIT (-19483.97, 
-2.13, -4182.07-fold) MTOR (-16.56, -53.82, -41.93-fold), 
NFKB1 (-5.54, -1.54, -5.74-fold), PARP2 (-56.49, -4.96, 
-8.17-fold), PARP4 (-4.82, -584.07, -78.79-fold), PDG-
FRB (-15.56, -230.72, -803.41-fold), PRKCA (-120.26, -8, 
-9.19-fold), PRKCD (-7826848.02, -5690010.96, -3.43-
fold), PRKCE (-28808675.6, -74.03, -3.36-fold), RHOB 
(-13.55, -7383.04, -13.27-fold), TERT (-32.67, -1016.93, 

Fig. 6  Quantitative analysis of caspase-10 using ELISA. The negative 
control was normalized to 100%. Significant differences (p < 0.05) 
between experimental groups are indicated by different letters



232 JBIC Journal of Biological Inorganic Chemistry (2024) 29:217–241

Fig. 7  Flow cytometric analysis of ubiquitinated-FITC of Lys63 in 
MCF-7 cells a negative control, treated with b cisplatin c 2 d 3 and e 
4 at its respective  IC50 at the incubation period of 6 h, 12 h and 24 h, 

respectively. b–e Display the shift in fluorescence levels from M1 to 
M2 caused by binding of the anti-ubiquitin antibody
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-4.99-fold), TNKS (-4.89, -2310862.52, -2.95-fold) TOP2A 
(-8.46, -91.14, -182811.84-fold), TXN (-11.71, -225067.78, 
-2.11-fold) and TXRND1 (-4.06, -2.89, -1.36-fold).

While 3 and 4 significantly downregulated CTSB 
(-36865.92, -21321.18-fold), ERBB4 (-152.22, -199.47-
fold), HDAC2 (-18875349.2, -155.42-fold), HIF1A 
(-1287.18,-2592.27-fold), PARP1 (-7.26, -3492.39-fold), 
and 2 significantly downregulated HDAC7 (-186653.11-
fold), HDAC11 (-76331.98-fold).

In most of the downregulated genes, compound 3 was 
shown to exert its action more prominently than 2 and 4, 
indicating its higher potency as an antiproliferative agent.

Discussion

The sustained interest in dithiocarbamate complexes of bis-
muth could be attributed to several reasons. These include 
their structural diversity, which ranges from monomeric to 

Fig. 8  Qualitative analysis of 
MCF-7 cells in a the nega-
tive control and treated with b 
cisplatin and c 2 d 3 e 4 at their 
respective  IC50 values. Magnifi-
cation 100 ×

Table 3  Invasion rates of 2–4 and cisplatin (positive control)

The data represent the mean ± S.D. of three experiments. The nega-
tive control was normalized to 100%. Different superscript letters 
within the same column indicate significant differences (p < 0.05)

Treatment % of invasion % inhibition

Negative 100 ± 6.18a

Cisplatin 41.76 ± 6.30b 58.24
2 27.88 ± 5.97c 72.12
3 28.91 ± 1.88c 71.09
4 28.29 ± 2.04c 71.71
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polymeric supermolecular assemblies, their unique applica-
tion as biological agents/catalysts, and their utilization in 
materials and surface chemistry. In addition, straightforward 
synthesis has contributed to their increased attention [3].

Previously, we reported the antiproliferative activity 
of bismuth(III) diethyldithiocarbamate, labeled 1, against 
MCF-7 cells [15]. Diethyldithiocarbamate is a good free 
radical scavenger because of its ability to trap free radicals, 
in some cases, forming complexes or new radicals [88]. 
Ajiboye et al. [5] stated that dithiocarbamate ligands and 
complexes are useful for several applications. However, 
when both ligands and complexes were found to be relevant 
in similar applications, the complexes appeared to be more 
potent than the ligands, as evidenced by several studies [8, 
9, 62].

Although the DTC ligand alone has been reported to 
exhibit greater cytotoxicity, the functional groups linked to 
the ligand may either lower or augment the cytotoxicity of 
the metal complexes. As shown in Table 2, compound 3 
exhibited the highest cytotoxicity, followed by compounds 
2 and 4, respectively. These findings are in agreement with 
those of Lopez-Cardoso et al. [49] on the antiproliferative 
effects of new bismuth(III) complexes of pyrrolidinedithi-
ocarbamate of dithia-bismolane and bismane, and oxodithia- 
and trithia-bismocane, respectively, against breast cancer 
cell lines in vitro. Pyrrolidine dithiocarbamate (PDTC) 
exerts higher cytotoxicity against small-cell lung cancer 
cells (SCLCs) [81]. In another study by Zhang et al. [95], a 
copper–PDTC complex was reported to suppress the prolif-
eration of BE(2)C cells, a human neuroblastoma cell line, 
with an  IC50 of 8.0 μmol/L, which was more potent than 
that of cisplatin  (IC50 of 80 μmol/L). In addition to cop-
per, Li et al. [45] reported potent cytotoxicity of 3 against 
various cancer cell lines (ranging from 0.009 to 0.131 µM), 
specifically with an  IC50 of 0.006 µM against MCF-7. These 
findings demonstrate the potency of bismuth(III) bound to 
PDTC as its ligand.

Compound 3 showed a 30 times higher potency than cis-
platin in terms of cytotoxicity, and compound 2 showed a 
threefold increase in cytotoxicity compared to the  IC50 of 
cisplatin. In contrast, compound 4 did not show any signifi-
cant changes compared with cisplatin (Table 2). Compound 
2, with isopropyl ethanol as its functional group, increased 
the  IC50 to 3.5-fold that of compound 3. This finding agrees 
with that of Li et al. [45], who reported a higher  IC50 value 
for the isopropyl functional group bound to the DTC ligand 
in bismuth(III), with an  IC50 value of 8.489 µM in MCF-7 
cells.

In terms of the substitution pattern in bismuth(III) 
dithiocarbamate complexes, Li et  al. [45] ranked 
Me < Et > n-Pr > n-Bu for straight-chain alkyl potency 
and n-Pr > i-Pr, with smaller rings for N(CH2)n being more 
potent. Surprisingly, our current results for  IC50 values 

of 2 and 4 contradict the ranking generated by Li et al. 
[45]. This might be due to the –OH group attached to both 
the methyl and isopropyl chains in 2 and 4, respectively, 
which inevitably influences the cytotoxicity of the DTC 
ligands attached to bismuth(III). Increasing the polarity 
of the hydroxyl group to the central metal atom eventu-
ally leads to reduced biological activity of the metal-based 
complex [78], which is in agreement with our recent find-
ings on altered cytotoxicities manifested by bismuth(III)-
DTC complexes bound to the –OH group in its ligands, 2 
and 4. In another study by Turk et al. [87] on bismuth(III) 
halide complexes against MCF-7, higher cytotoxicity was 
observed for complexes containing thiophene-2-carbalde-
hyde thiosemicarbazone than for their ligands alone. Nev-
ertheless, similar complexes containing ethanol in their 
ligands exhibited lower cytotoxicity, which is in agreement 
with our findings. In fact, our findings showed that not 
only the metal ion but also the ligand type and geometry 
of the complex significantly affect the antiproliferative 
activity of the complex. In vivo, inclusion of the –OH 
group in the DTC moieties increases the solubility of the 
bismuth(III)-DTC complex, which in turn may increase 
the bioavailability of bismuth(III) complexes as antitumor 
agents.

Additionally, Yarar et al. [92] highlighted that the type 
of ligand coordinated to the bismuth(III) ion played a cru-
cial role in the activity of the compounds. The choice of 
dithiocarbamates compared to other related compounds is 
attributed to their poor solubility in water, ease of prepa-
ration under laboratory conditions, and formation of more 
stable compounds than several complexes made from other 
common analytical ligands [38]. Ozturk et al. [61] reported 
on higher cytotoxicity by bismuth(III) dithiocarbamate com-
plexes, {[BiCl(Me2DTC)2]n} (2) and {[Bi(Et2DTC)3]2} (3) 
against MCF-7 and HeLa cells, respectively.

Induction of early apoptosis in MCF-7 cells by 2–4 was 
evident from light microscopic observations of changes in 
cell morphology, minor loss of cell membrane integrity, 
shrinkage of cells, appearance of blebs, and the absence 
of apoptotic bodies (Fig. 1) [72]. The indication of early 
apoptosis manifested by 2–4 treatment in MCF-7 cells 
is shown in Fig.  1, revealing the pro-apoptotic activi-
ties of 2–4 in a time-dependent manner. In our study, the 
nuclear morphological and cell surface externalization 
staining results clearly revealed the relationship between 
the cytotoxic properties of a substance and the early and 
late events in apoptosis. Although both 2 and 4 exhibited 
higher  IC50 values than 3, all compounds induced apop-
tosis in proliferating cancer cells. Shakibaei et  al. [75] 
reported that bismuth nanoparticles induced late apopto-
sis and necrosis in HT29 cells at the  IC50 concentration, 
without affecting caspase-3 activity. A study comparing the 
activities of bismuth(III) and diorganotin(IV) complexes of 
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bis(2-acetylpyridine) thiocarbohydrazone in HepG2 cells 
showed that the bismuth(III) complex induced apoptosis via 
the mitochondrial pathway [23]. To date, only a few studies 
of bismuth(III) complexes have thoroughly discussed the 
mode of cancer cell death.

Early apoptosis signaling focuses on the activation of 
signaling molecules downstream of death receptors and/or 
activation of pro-apoptotic members of the B cell lymphoma 
2 (Bcl-2) pathway. Detecting early events in apoptosis allows 
for the identification of the pathway (extrinsic or intrinsic) 
by which apoptosis is induced.

Our recent findings demonstrated the activation of cas-
pases-8, -9, and -10 by 2–4 (Figs. 3, 4, 5 and 6), indicat-
ing that all compounds, 2–4, may induce apoptosis via both 
intrinsic and extrinsic pathways. To clarify this, we reported 
an increase in ROS levels by 2–4 (Fig. S2), indicating the 
compounds’ activation of oxidative stress, which applies to 
death signals originating from cellular stress, in turn activat-
ing the intrinsic apoptotic pathway mediated largely by the 
mitochondria.

DTC has also been reported to alter ROS concentrations 
and to exhibit antioxidant activity. The ROS-modulating 
ability of DTCs is associated with their metal-binding activ-
ity (reviewed in [88]. Metals and DTC–metal complexes 
can produce reactive oxygen species using the Fenton and 
Haber–Weiss reactions, ultimately leading to the regenera-
tion of metals and highly toxic hydroxyl species are conse-
quently produced [40]. Many studies revealed the impor-
tance of ROS playing a part of the mechanism in inducing 
cancer cell death after treatment with DTCs, with or without 
metal.

Interestingly, a variety of dithiocarbamic derivatives have 
been studied in cell culture models, demonstrating their 
effectiveness in the redox regulation of apoptosis as either 
prooxidants or antioxidants, depending on the environment 
in which the compound is administered. In our study, 2–4 
initially acted as a pro-oxidant by promoting ROS produc-
tion to initiate apoptosis.

The increase in cytochrome c by 2–4 (Fig. S3) is mani-
fested by its release via mitochondrial outer membrane per-
meabilization (MOMP), which induces the formation of a 
multiprotein complex called the apoptosome. Apoptosomes 
include cytochrome c, procaspase-9, and the adaptor pro-
tein Apaf-1 [43], which support the activation of caspase-9 
through enforced multimerization, which in turn cleaves and 
activates the effector caspase-3/7, resulting in the subsequent 
degradation of cellular death substrates. As caspase-3 is not 
detected in MCF-7 cells owing to the deletion of a certain 
gene in these cells [33], the activation of caspase-9 acti-
vates effector caspase-7. Figure 3 shows the activation of 
caspase-7 by compounds 2–4.

The cleavage of chromosomal DNA into oligonucleoso-
mal size fragments is an integral part of apoptosis [94]. Tang 

and Kidd [83] reported that activation of caspase-3 is essen-
tial for the initiation of DNA fragmentation. Nevertheless, 
in caspase-3 deficient cells, MCF-7 and caspase-7 have been 
shown to activate DNA fragmentation, as shown in Fig. 2, 
which suggests that caspase-7 may mediate this apoptotic 
hallmark. This also suggests that caspase-3 is not necessarily 
essential for DNA fragmentation associated with apopto-
sis [53]. Our study demonstrated that the effects of 2–4 on 
activating DNA fragmentation were mediated by the induc-
tion of caspase-7. Furthermore, in addition to caspase-7, 
non-caspase proteases, such as cathepsins or endonuclease 
G, may also participate in the apoptosis induced by these 
bismuth(III) complexes.

Ultimately, 2–4 were shown to induce intrinsic apopto-
sis of MCF-7 cells in this study, as evidenced by our find-
ings on the augmentation of ROS, release of cytochrome 
c, and DNA fragmentation by the compounds. Neverthe-
less, extrinsic apoptosis mediated by the compounds could 
not be clarified, as further investigation of other markers 
involved in extrinsic apoptosis was not conducted. Moreo-
ver, an important apoptotic marker, p53, encoded by TP53, 
was not upregulated by 2–4 (Table S3), indicating that it 
was not influenced by the compounds that induced extrinsic 
apoptosis. p53 promotes apoptosis mainly by inducing tran-
scriptional upregulation of pro-apoptotic proteins, such as 
death receptor 5 (DR5), TNFR1, and Fas, which results in 
the activation of caspase-8 [58].

Breast cancer metastasis and invasion are complex pro-
cesses that include tumor cell proliferation, extracellular 
matrix and basement membrane degradation, tumor cell 
migration, and microvascular formation [99]. Numerous 
deaths resulting from breast cancer are caused by cancer 
cell invasion into the surrounding tissues and metastasis to 
distal tissues. Breast cancer metastasis is a complex process 
that involves many genes that interact with and affect each 
other. Therefore, we further assessed the inhibitory effects 
of 2–4 on cell invasion, as shown in Table 3 and Fig. 8. 
Compounds 2–4 inhibited metastasis at equal percentages. 
These findings are in agreement with studies reporting that 
PDTC exerts antiproliferative effects in metastatic renal 
cancer cell lines [55]. Yang et al. [91] also reported the syn-
ergistic effect of PDTC when combined with paclitaxel in 
suppressing MCF-7 cell invasion. In addition, Ouyang et al. 
[60] reported the ability of bismuth(III)-based complexes to 
suppress colony formation and migration and significantly 
induce apoptosis in the human lung cancer cells A549 and 
H460, attributed to its metal, not the parent ligand, thus 
demonstrating the potency of the bismuth(III) metal itself 
in exhibiting therapeutic activities.

The roles of Lys48- and Lys63-linked polyubiquitins in 
protein degradation and cellular signaling are well charac-
terized. The K63-linked ubiquitin chain participates in vari-
ous intracellular signal transduction pathways, such as DNA 
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damage and immune responses, rather than degradation [18]. 
With the recognition of bortezomib, a proteasome inhibitor, 
in 2003, numerous efforts to search for new and structur-
ally diverse antiproteasome agents, unrelated to bortezomib, 
have focused on new potential metal-based complexes as 
proteasome inhibitors with reduced toxicity and improved 
clinical effectiveness. The DTC moieties of metal-complex-
ing compounds have become an emerging class of antican-
cer proteasome inhibitors with great potential to overcome 
the limitations of bortezomib [17, 25]. As dithiocarbamates 
have been found to inhibit proteasomes and NF-κB [20], 
we believe that bismuth(III) complexes bound to DTCs as 
ligands also act as proteasome and NF-κB inhibitors. This 
is the first study to report DTCs bound to bismuth(III) as 
proteasome inhibitors. Previously, we reported bismuth(III) 
diethyldithiocarbamate as a proteasome inhibitor [15], and 
diethyldithiocarbamate was previously reported to inhibit 
proteasomes [51]. Diethyldithiocarbamate, as well as pyr-
rolidine dithiocarbamate (PDTC), a synthetic antioxidant 
and inhibitor of NF-κB, have been reported to inhibit pro-
teasomes when bound to other metals, such as copper [27], 
other endogenous metals, such as Mn, Zn [73], gold(I), and 
gold (III) [16], but none has ever reported it on bismuth(III) 
yet. Therefore, compound 3, with its ligand PDTC, is ubiq-
uitously potentiated as a proteasome inhibitor by specifi-
cally inhibiting NF-κB and acting as an antioxidant agent; 
however, compounds 2 and 4 may also act similarly, as evi-
denced by the downregulation of the NFKB1 gene by all 
compounds (Table S3). Thus far, apart from DTC, diethyl-
dithiocarbamate, PDTC, isopropylethanol DTC, and methy-
lethanol DTC as ligands bound to bismuth(III) have not yet 
been reported as proteasome inhibitors.

To elucidate the potential mediators/pathways involved in 
the antiproliferative and antimetastatic effects, apoptotic pro-
motion, and DNA fragmentation of compounds 2–4, we per-
formed human cancer gene expression analysis upon treat-
ment with the compounds. ER-α, encoded by ESR1, plays a 
crucial role in breast epithelial cell proliferation and survival 
as well as in mammary tumorigenesis. Interestingly, a high 
correlation between ER-α, ErbB2, and ABCC11 expres-
sion was reported by Honorat et al. [28], which is in agree-
ment with the downregulation of these oncogenes by 2–4 
(Table S3). Pertaining to ER-α expression in breast cancer 
cells, MCF-7, RhoB is critical for the cells, suggesting their 
role as positive regulators in this model [54]. Compounds 
2–4 also downregulated RHOB gene expression (Table S3). 
Insulin-like growth factor (IGF)-1 and IGF-2 stimulate the 
growth, development, and proliferation of human cancer 
cells, including breast cancer cells. IGF-2 has been reported 
to promote cyclin D (CCND1) and CDK4 to induce MCF-7 
cell proliferation [84], which is in line with our finding that 
2–4 downregulate these oncogenes (Table S3).

Tables S3 shows the downregulation of ERBB2, 3, and 
4 oncogenes to varying degrees by 2–4, which agrees with 
a study by Ross and Fletcher [68], who concluded that 
alterations in ErbB2 alone are insufficient for breast tumor 
progression from a relatively benign to a more malignant 
phenotype. Paradoxically, a higher degree of ErbB2 over-
expression has been reported in early forms of breast cancer 
than in more advanced invasive carcinomas. As the activa-
tion of ErbB2 may require the presence of erbB3 protein, 
or alternatively, is stabilized by erbB3, downregulation of 
ErbB2 and erbB3 by 2–4 was shown to be in equilibrium, as 
both oncogenes are dependent on each other [46].

Dysregulation and mutation of several HDACs, including 
HDAC1, HDAC2, HDAC3, HDAC4, HDAC6, HDAC7, and 
HDAC11, has been reported in human breast cancer [44]. 
Overexpression of HDAC2 and HDAC6 is also associated 
with ErbB2 [57, 74], and 2–4 significantly downregulated 
all aforementioned oncogenes to varying degrees (Table S3), 
indicating that these compounds have antineoplastic effects. 
Interestingly, downregulation of HDACs may also correlate 
with downregulation of HSP90B [93].

In addition to cytochrome c, other mitochondrial proteins 
released during apoptosis include the second mitochondria-
derived activator of caspase/direct inhibitor of apoptosis 
protein (IAP) binding protein with a low pI (Smac/DIA-
BLO), endonuclease G (Endo G), apoptosis-inducing factor 
(AIF), HtrA2/Omi, and heat shock proteins (Hsps) reviewed 
in [70].

It has also been reported that HSP90B1 helps cells escape 
apoptosis and influences the functions of various proto-
oncogenes essential for breast cancer growth [82]. Inhibition 
of HSP90 binding to AKT results in loss of AKT activity 
and increased sensitivity to apoptosis [71]. Interestingly, 
this is in agreement with our current findings, in which 2–4 
downregulated HSP90B1 while simultaneously downregu-
lating AKT1 (Table S3), indicating that these compounds can 
suppress MCF-7 cell growth by inducing apoptosis.

HSP90 also plays an important role in the mitochondrial 
apoptotic pathway. Pandey et al. [63] reported that Hsp90 
binds to Apaf-1 and blocks activation of procaspase-3. 
The results also showed that Hsp90 inhibited cytochrome 
c-mediated oligomerization of Apaf-1, thereby activating 
procaspase-9. As shown in Fig. 5 2–4 activated caspase-9, 
indicating that Hsp90 downregulation enabled cytochrome 
c-mediated oligomerization of Apaf-1 in the presence of 
dATP to activate procaspase-9 to form apoptosomes. The 
CARD domain of Apaf-1 in the apoptosome interacts with 
the prodomain (also a CARD domain) of procaspase-9, 
resulting in the recruitment and subsequent activation of 
procaspase-9 zymogen, thereby forming a complex with 
caspase-9 [14]. Activated caspase-9 cleaves downstream 
caspases, such as caspase-3, -6, and -7, initiating the cas-
pase cascade.
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In most cases, activation of caspase-9 leads to activation 
of procaspase-3, thus activating caspase-3. This leads to the 
cleavage of PKCδ encoded by the PRKCD gene. However, 
as MCF-7 cells do not express caspase-3, the expression of 
PKCδ is altered, which is manifested by the downregulation 
of PRKCD by 2–4 (Table S3).

Additionally, hypoxia-inducible factor 1 alpha (HIF1α) 
is overexpressed in MCF-7 cell proliferation and invasion, 
confirming its role in cancer cell growth and metastasis [21, 
97]. This is in line with the ability of compounds 3 and 4 to 
downregulate HIF1A in this study, thus supporting the use 
of these compounds as antimetastatic agents.

The receptor tyrosine kinase (RTKs) family, which com-
prises growth factors, c-Kit, platelet-derived growth factor 
receptor (PDGFR), insulin growth factor receptor (IGFR), 
and epidermal growth factor receptor (EGFR), controls the 
main cellular events, such as cell migration, differentiation, 
apoptosis, and proliferation [37]. c-Kit signals the main cel-
lular functions, such as cell chemotaxis, survival, differen-
tiation, proliferation, and adhesion. Moreover, it promotes 
apoptosis and improves invasive potential by stimulating 
several signal transduction pathways, such as STAT3, the 
MAP kinase cascade, PLC, and PI3-K. Abnormalities in 
c-Kit expression have also been reported in breast cancer 
[69]. Our results showed that 2–4 downregulated c-KIT 
and PDGFRβ, encoded by the KIT and PDGFRB genes 
(Table S3), respectively.

Overexpression of thioredoxin (TXN) and its enzyme, 
thioredoxin reductase (TXNRD), results in increased VEGF 
production and excessive tumor angiogenesis [90]. Com-
pounds 2–4 also downregulated both TXN and TXRND1 
(Table S3), demonstrating the role of these mediators in 
the intrinsic apoptosis of MCF-7 cells induced by these 
compounds.

Furthermore, 2–4 mediated the downregulation of DNA 
repair gene expression, PARP1 and PARP2, and DNA rep-
lication gene, TOP2A, in MCF-7 cells, in which all genes 
play pivotal roles in DNA damage repair, chromatin struc-
ture modulation, and cause the breakage of double-stranded 
DNA [24, 66].

Interestingly, proteasome inhibitors have also been asso-
ciated with metastasis by suppressing NF-κB, as reported 
by Jones et al. [35] and Baritaki et al. [11]. Additionally, 
a part of the mechanism of action of bortezomib, the first 
proteasome inhibitor, is a decrease in angiogenic cytokines 
[65], in which metastasis plays a pivotal role in angiogen-
esis and tumor growth. Activation of NF-κB is attributed 
to its oncogenic state in several ways: by driving prolifera-
tion, enhancing cell survival, or promoting angiogenesis or 
metastasis [98].

Modulation of several genes by 2–4, which are respon-
sible for protein degradation and anti-angiogenic/anti-
metastatic activity (Table S3), confirmed the mechanistic 

pathway of these compounds as potential anticancer agents 
in vitro. Based on the variation in their active sites, cath-
epsins play a prominent role in cancer metastasis, and high 
expression of cathepsins is found in breast cancer patients. 
Interestingly, CTSB was highly downregulated in 3 and 4 but 
not in 2. Related metastasis-associated oncogenes, such as 
VEGF-D, encoded by its FIGF gene; VEGF receptor genes, 
FLT1 and FLT4 [6],and PARP4 [12], are downregulated by 
2–4 to varying degrees, indicating their roles as potential 
antimetastatic agents.

Owing to its multitude and target proteins, tankyrases 
denoted by its gene, TNKS has been implicated in various 
types of cancer, including breast cancer [10]. A strong corre-
lation was observed between protein expression responsible 
for both processes, that is, TNKS and TERT. Downregulation 
of both oncogenes by 2–4 was found to varying degrees, in 
which 3 downregulated both genes by multiple times-fold, 
indicating that 3 was a strong proteasome inhibitor in this 
study, followed by 2 and 4.

Since the ubiquitin proteasome system (UPS) plays a 
major role in regulating key apoptotic proteins, and 2–4 are 
found to act as proteasome inhibitors by degrading the target 
proteins, further studies should be conducted on compounds 
with ubiquitinating abilities. Advantages reported on the 
compounds with protein degradation include their ability in 
reducing systemic drug concentrations and, hence, possible 
cytotoxic side effects, which may improve the success of 
cancer therapy [1].

Interestingly, most of the therapeutic activities were 
potentiated by the metal complexes, not just by the ligand 
DTC alone. Both DTC ligands and complexes are useful for 
several applications. However, when both ligands and com-
plexes were found to be relevant in similar applications, the 
complexes appeared to be more potent than the ligands [5]. 
For instance, bismuth(III)–DTC complexes are more active 
against microbes than ligands from which they are formed 
[22]. This is in line with a report that MCF-7 cell growth 
was not suppressed by PDTC alone, as reported by Tu and 
Yao [86], which also agrees with our findings in clarifying 
the higher potency of bismuth(III)–DTC complexes than its 
ligands alone.

In vivo,  Bi3+ is a borderline metal ion; thus, the thio-
philic nature of  Bi3+ is a clear manifestation that thiolate-
containing biological molecules (e.g., cysteine residues) 
are likely to be their potential targets. According to Rosario 
et al. [67], thiol chelation generally improves the solubility 
and lipophilicity of bismuth-based compounds, thus result-
ing in the potentiation of antitumor activity, as observed for 
antimicrobial activity. The greater thermodynamic stability 
of Bi–S compounds compared to Bi–O compounds and the 
relatively low lability of Bi–S give thiobismuth compounds 
with broad biological applicability. Because thiobismuth 
compounds can promptly exchange with free thiols owing to 
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a kinetically labile Bi–S bond,  Bi3+ has high mobility inside 
cells, making it more suitable for reaching the desired bio-
logical targets. In a low-pH environment, chelation of metals 
by biologically compatible thiols or appropriate chelating 
ligands may represent a promising way to enhance the solu-
bility and permeability of a given cationic metal. In general, 
properties, such as solubility in organic and non-organic 
solvents, and the thermal decomposition pattern of dithi-
ocarbamate complexes are influenced by the nature of the 
dithiocarbamate ligand attached to the metal [5]. Regardless 
of the size of the dithiocarbamate-bound R groups, intermo-
lecular Bi … S interactions dominate the crystal packing in 
Bi(S2CNR2)3 [42].

Conclusion

The bismuth(III) dithiocarbamate derivatives,  Bi[S2CNR]3, 
with R =  (CH2CH2OH)(iPr) (2),  (CH2)4 (3), and 
 (CH2CH2OH)(CH3) (4), demonstrated higher cytotoxicity 
against MCF-7 breast cancer cells with potent antiprolif-
erative activity to that of cisplatin, which was used as the 
positive control. Compounds 2–4 also promoted apoptosis 
via a mitochondrial-dependent pathway and suppressed inva-
sion, which may potentiate their use as antimetastatic agents. 
Their ability to modulate Lys48-linked and Lys63-linked 
polyubiquitination results in proteasome degradation, sug-
gesting their roles as proteasome inhibitors. In addition to 
their role as NF-κB inhibitors, these compounds might also 
serve as mediators of the reactive oxygen scavenging system 
and have the potential to act as prooxidants and antioxidants, 
depending on the redox state of the biological environment. 
Modulation of cancer genes associated with cell growth 
and survival, apoptosis, DNA fragmentation, and invasion, 
including ABC111, CTSB, HSP90B1, HDAC2, ESR1, FIGF, 
IGF2, FLT4, NFKB1, PARP4, PRKCD, and TXN, further 
support these findings.
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