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Abstract: Disulfiram (DSF), also known as “Antabuse”, has been widely used in clinical 
practice to treat alcoholism. In the past decades, both in vivo and in vitro experiments 
showed that DSF has strong anti-cancer activity, there were some clinical studies indicated 
the administration of this drug was associated with favorable survival in breast cancer. It is 
also evident that DSF has a radioprotective effect on normal cells and could be utilized 
during the course of radiation therapy. Moreover, increasing evidences demonstrated the role 
of DSF in enhancing the radiosensitivity of tumor cells in number of alternative mechanisms. 
Recent studies have also elaborated the anticancer mechanism of DSF in tumor cells. This 
review summarizes the anticancer activity of DSF both in preclinical studies and clinical 
trials, focuses on the advances of this drug in radiobiology and the treatment of breast cancer, 
and reveals the promising of repurposing DSF as a novel radiosensitizer and radioprotector 
in further clinical trials. 
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Introduction
Breast cancer remains the most common cancer and the second leading cause of 
cancer-related death among women in the world.1 There was strong evidence that 
getting older, the present of genetic mutations and women contribute to the carcino-
genesis in human breast cancer.2 Primary treatment options for breast cancer including 
surgical resection, radiation therapy, chemotherapy, targeted therapy, immunotherapy 
and hormone therapy; and significant progress has been achieved. However, morbidity 
and mortality in breast tumor remains high, and thereby accelerating anticancer drug 
development is imminent. Generally, the development of new drugs has been esti-
mated to be costly and a time-consuming process, and drug developers are opting 
drug-repurposing strategies to pre-existing drugs with secondary anticancer activity.3 

Disulfiram (DSF), also called Antabuse, has emerged as a candidate for drug repur-
posing in anticancer therapy; the drug has been approved to treat alcoholism for more 
than sixty decades.4 Previous investigators have described the antitumor efficacy of 
DSF in breast cancer, and this drug has been reported to be well tolerated and with 
minimal severe side effects.4–6 Recently, the Danish-Czech-US research group retro-
spectively analyzed the Danish nationwide demographic and health registries, they 
found that there were more than 3000 patients diagnosed with cancer taking DSF 
between 2000 and 2013, and part of the patients were breast cancer; compared with 
patients who stopped taking DSF, it was reported to reduce the cancer morality by 
34% in individuals who stayed on taking DSF.7 Further investigation revealed that 
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DSF chelated copper (Cu) and convert into bis (diethyl-
dithiocarbamate)-Cu complex, this complex selectively tar-
geted nuclear protein localization protein 4 homolog (NPL4) 
dependent segregase, and inducing cancer cell death.7 NPL4 
is a component of the ubiquitin-proteasome system, this 
molecular is necessary for the export of misfolded proteins 
from the endoplasmic reticulum to the cytoplasm, and facil-
itates protein degradation.8 The misfolded protein degrada-
tion pathway played a crucial role in tumor cell radiation 
resistance.9 The cellular mechanisms of DSF in inducing 
cancer cell apoptosis have been well elaborated. Indeed, 
many studies demonstrated the process of DSF metabolized 
to diethyldithiocarbamate (DTC), DTC has antioxidant 
effects and can be served as a radioprotector in normal 
tissues; in addition, DSF was capable of enhancing radio-
sensitivity of breast cancer cells in number of alternative 
ways.10–13 This review elaborates the unique role of DSF in 
radiobiology and discussed its application in the treatment of 
breast cancer.

Radioprotective Effects of DSF on 
Normal Cells
One of the problems remains to be solved in radiobiolo-
gical research is the protection of living cells from radia-
tion induced damage, and various compounds have been 

investigated.14 The radioprotective effects of DSF have 
been extensively observed. Half a century ago, Stromme 
et al described the administration of DSF in mice, the drug 
metabolized to DTC and all of the animals were effec-
tively protected against ionizing radiation.15 Since then, 
other findings have identified that radiation exposure could 
produce highly reactive free radicals, and DSF was 
a potent antioxidant that protected deoxyribose against 
damage in normal cells.10,16 In the L-929 mouse fibroblast 
cell lines, DSF was efficient in increasing tumor cells 
radiosensitivity while reducing radiation induced toxicity 
in normal tissues, and this effect was concentration depen-
dent; further analyses revealed DSF’s radiation modifier 
effect was modulated by its major metabolite-DTC.17 

Although the molecular mechanism of DSF in normal 
tissue remains to be explored, these observations have 
led to enthusiasm that DSF could be used as 
a radioprotector (Figure 1). In addition, when exposed to 
gamma radiation, radiation induced damage in normal 
cells lead to the decreased quantity of the supercoiled 
form of plasmid pBR322 (deoxyribonucleic acid) DNA, 
especially the DNA strand broke; even irradiated at a dose 
of 300 Gy, the plasmid DNA acquired complete protection 
in the presence of DSF; when the radiation dose increased 
to 600 Gy, a nearly linear elevation of the membrane lipids 
peroxidation was detected, and the application of DSF 

Figure 1 Metabolic differences of disulfiram (DSF) in cancer vs normal cells.
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resulted in decreased damage; in mice model, DSF was 
utilized prior to whole-body irradiation, both decreased 
cellular DNA damage and reduced membrane lipids per-
oxidation were observed in mice liver.10 Overall, it 
appeared that DSF protects DNA from radiation induced 
damage in normal tissues. It has been suggested that the 
radioprotective activity of DSF due to its ability to sca-
venge free radicals.10 Further studies are required to inves-
tigate the underlying molecular mechanisms. Nevertheless, 
these excellent results pave the way for further progress in 
the utilization of DSF as a promising radioprotector.

DSF Sensitizes Breast Cancer Cells 
to Radiation Therapy
For decades, much progress has been made in radiation 
therapy. However, local-regional recurrence and distant 
metastasis remains a problem and warrant improved treat-
ment strategies in breast cancer.18 It is difficult to max-
imize the radiation dose administered to the tumor while 
minimizing unnecessary exposure to surrounding normal 
tissues. Radiosensitizers are compounds that make tumor 
cells more vulnerable to radiotherapy.9 The search for an 
effective and non-toxic radiosensitizer was a major con-
cern in radiobiologists. DSF was a drug that capable of 
overcoming radiation resistance of cancer cells in the 
following ways: formed a complex with metal ions, ele-
vated reactive oxygen species levels, inhibited the growth 
of cancer stem cells, and suppressed the activity of ubiqui-
tin-proteasome system.10–13,19 Below we detailed how 
these mechanisms influence the radiosensitivity of breast 
cancer cells.

DSF Binds to Metal Ions
The lack of metal ions decreased DSF’s antitumor activity. It 
has been reported that DSF chelated bivalent metals and 
formed complexes with Cu, and the DSF/Cu complex was 
much more effective than DSF alone.20 In patients with 
cancer, an elevated Cu level was detected both in tumor 
tissues and the serum, further investigation revealed Cu 
involved in the biological process of tumorigenesis and 
metastasis.7,21 These features made DSF an ideal antitumor 
compound. DSF penetrated into tumor cells and binded 
intracellular Cu to form the apoptosis-inducing Cu 
complex.20 Previous study showed DSF/Cu complex inhib-
ited breast cancer cell proliferation without significant 
toxicity.22 Likewise, there were synergistic interaction 
between Cu-complexed DSF and radiation therapy. In 

radiation-resistant breast cancer cell lines, the efficacy of 
radiotherapy was enhanced by DSF in a Cu-dependent man-
ner; moreover, radiotherapy alone only triggered a low level 
of immunogenic cell death, DSF/Cu complex was able to 
increase radiotherapy-induced immunogenic cell death; 
further investigation revealed reactive oxygen species 
(ROS) generation and IRE1α/XBP1 signal pathway were 
partially responsible for improving radiotherapy-induced 
immunogenic cell death.23 These findings suggested DSF 
as a novel radiosensitizer in the existence of Cu for breast 
cancer.

DSF Elevates ROS Levels
Superoxide radicals play a pivotal role in radiation- 
induced cell death; however, cancer cells only contain 
a low level of superoxide dismutase.24,25 DSF and one of 
its metabolites DTC have been demonstrated to rise up the 
oxidative stress in tumor cells.26 Consequently, there were 
some studies focusing on the dynamic change of intracel-
lular ROS levels when tumors were treated with radio-
therapy and DSF. In Chinese hamster cells model, DTC, 
a Cu chelating agent, was administered during the course 
of radiation therapy, final results suggested that DTC 
inhibited the enzyme superoxide dismutase, promoting 
superoxide radical mediated toxicity of radiotherapy, and 
enhanced the radiosensitivity of tumor cells.27 In inflam-
matory breast cancer cellular model, the redox adaptive 
response of cancer cells evolved to evade ROS-mediated 
death, DSF/Cu complex has emerged as a redox modula-
tor, inducing oxidative stress-mediated apoptosis and 
tumor cell radiosensitivity was improved; in addition, 
there was insignificant in vitro toxicity in normal cells.20 

Taken together, the current findings revealed DSF was 
capable of regulating intracellular antioxidative defense 
systems in breast cancer and harmless to normal tissues.

DSF Inhibits Cancer Stem Cells (CSCs) 
Formation
Previous studies implied CSCs contribute to inherently 
resistant of breast tumor cells to radiation therapy.28,29 

This suggested that targeting CSC may be an encouraging 
approach to killing tumor cells during radiation therapy. 
Aldehyde dehydrogenase (ALDH) belongs to the enzyme 
super family and catalyzes the oxidation aldehydes.30 Over 
the past few decades, there were evidences that ALDH1 as 
a marker of CSCs and tumor-initiating cells.31,32 As 
a result, ALDH could be served as a target in anticancer 
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therapy. DSF was approved to treat alcoholism because its 
ability to inhibit the enzymatic activity of ALDH.33 Recent 
studies indicated that DSF combined with radiation ther-
apy were efficient in suppressing CSCs.34,35 Radiation- 
induced CSCs were inhibited by the nuclear factor kappa 
B (NF-κB) stemness gene pathway with DSF/Cu com-
plexes in vitro; in a breast cancer xenograft mouse 
model, DSF induced cell apoptosis, prevented tumor 
growth and reduced the incidences of cell metastasis 
when combined with radiation therapy.35 These evidence 
implied a role of NF- κB signaling in the biology of CSC 
and suggested DSF may become a new radiation sensitizer 
in breast cancer.

DSF/Cu Suppresses 
Ubiquitin-Proteasome System (UPS)
The UPS is critical to cellular proteins catabolism and 
involves in signal transduction, cell cycle progression, 
apoptosis, chromosome maintenance as well as other bio-
logical processes.36 To date, there were several studies 
indicated UPS participated in radiation-induced cancer 
cell death.37,38 In human radiation-resistant breast cancer 
cell lines, DSF/Cu acted as an effective proteasome 
blocker in suppressing the NF-κB pathway and enhancing 
the efficacy of radiotherapy.35 DSF/Cu complexes have 
been shown to affect proteasome function and served as 
a radiosensitizer both in vitro and in vivo, and the evalua-
tion of DSF as an adjuvant agent in patients receiving 
radiation therapy was necessary.

Future Challenges
Currently, the evidence keeps accumulating that DSF 
involved in overcoming radiation resistance in cancer 
cells; and laboratory studies have also revealed the anti-
angiogenesis and epigenetic modifications of this 
drug.39,40 However, relevant studies in breast cancer 
were extremely rare, some of the studies have not been 
well investigated, and the underlying mechanism of DSF’s 
radiosensitization effect remains to be elucidated. The lack 
of large-scale, prospective, observational studies limited 
the application of DSF as a radiosensitizer and 
a radioprotector in daily clinical practice. Even though 
our knowledge of DSF and its molecular mechanisms in 
regulating cells response to irradiation has continued to 
grow, and this provided DSF as a promising drug that may 
reduce the adverse effect of radiation therapy and decrease 
the local failure rates of breast cancer.

Conclusion
DSF was an old, inexpensive and tolerable drug to treat 
alcoholism, and has already passed safety testing. The antic-
ancer activity of this drug was Cu-dependent and has been 
well elaborated in breast cancer. While the radioprotective 
effects of DSF in normal cells and radiosensitizing activity 
of this compound in breast tumor cells still needed full 
investigation, utility of DSF as a potential radiosensitizer 
was well recognized (Figure 1). Finding a new use for an 
approved drug was appealing. Currently, there were two 
clinical trials focusing on the application of DSF in meta-
static breast cancer (NCT04265274. NCT03323346), these 
results will convincingly contribute to clinical evaluation of 
DSF as a pre-existing drug that may increase the efficacy of 
radiation therapy.
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