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SUMMARY

Dithiocarbamates (DTCs) have been used for various applications, including as
hardening agents in rubber manufacturing, as fungicide in agriculture, and as
medications to treat alcohol misuse disorder. The multi-faceted effects of DTCs
rely mainly on metal binding abilities and a high reactivity with thiol groups.
Therefore, the list of potential applications is still increasing, exemplified by
the US Food and Drug Administration approval of disulfiram (Antabuse) and its
metabolite diethyldithiocarbamate in clinical trials against cancer, human immu-
nodeficiency virus, and Lyme disease, as well as new DTC-related compounds
that have been synthesized to target diseases with unmet therapeutic needs. In
this review, we will discuss the latest progress of DTCs as anti-cancer agents
and provide a summary of the mechanisms of action. We will explain the expan-
sion of DTCs’ activity in the fields of microbiology, neurology, cardiology, and
ophthalmology, thereby providing evidence for the important role and therapeu-
tic potential of DTCs as innovative medical treatments.

INTRODUCTION

Chemical structures containing dithiocarbamates (DTCs) as functional group began their life as catalysts in

the rubber vulcanization process in the early 1880s. In 1943, the first DTC derivative, nabam, was patented

as fungicide for agricultural use, followed by zineb, the first DTC to be coupled with a metal. The best

known DTC derivative, diethyldithiocarbamate (DDC), is the active metabolite of the anti-alcoholic drug,

disulfiram (DSF) (Bala et al., 2014). Notably, DTCs have recently resurfaced as potential drug therapies,

owing to (1) their ability to chelate metals and (2) their affinity for thiol groups present in human and micro-

bial enzymes (Sauna et al., 2005; Buac et al., 2012).

To date, a small number of articles have described the emerging importance of DTCs in medicine and the

potential of DSF for various biomedical applications. DSF and DDC represent interesting candidate drug

therapies, as they are inexpensive and have an excellent safety record (Viola-Rhenals et al., 2018). In the

past 20 years, DSF and DDC have been extensively investigated as cancer treatments, as antimicrobial

agents, and for their application in cardiology and neurology. In addition, new chemical structures with

DTC moieties have been synthesized and tested for their anti-cancer, antiviral, ophthalmic, and neurolog-

ical applications (i.e., for the treatment of Alzheimer disease) (Figure 1).
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DITHIOCARBAMATES: NEW ALLIES IN THE FIGHT AGAINST CANCER

According to theWorld Health Organization (WHO), in 2018, one in six deaths was caused by cancer world-

wide. Cancer is broadly defined as cells that display abnormal and uncontrolled growth. Treatment options

include chemotherapeutic agents that are usually associated with toxic side effects and limited therapeutic

activity due to the development of drug resistances in a significant number of patients (Gillet and Gottes-

man, 2010). Therefore, new anti-cancer drugs that display selectivity for cancer cells without the associated

development of resistance are urgently required.
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Current status of research on DTC in cancer

The anti-cancer activity of DSF was first observed when an alcoholic patient showed complete remission of

metastatic breast cancer when being treated with the anti-alcoholic drug DSF in 1977 (Skrott and Cvek,

2012). According to clinicaltrials.gov, DSF’s anti-cancer properties have seen these agents as the subject

of 21 clinical trials with the focus on metastatic breast, prostate, and pancreatic cancer; glioblastoma;
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Figure 1. Selection of DTC derivatives with highlighted DTC moiety (red) according to their application

(A) Agents for alcohol misuse disorder and other fields, (B) anti-cancer agents, (C) antimicrobial agents, (D) neurological

and ophthalmic application.
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and melanoma. In these trials, DSF was investigated alone, with copper (Cu2+) salts or as adjuvant to stan-

dard chemotherapy. Yang et al. (2019) reviewed the status of clinical trials involving treatment with DSF

against cancer. Accordingly, this review will only provide an update on the most recent clinical studies

and detail new treatment opportunities with other DTCs (Table 1).

Previously, the outcome of a phase IIb clinical trial indicated that combining DSF with cisplatin and vinor-

elbine prolonged progression-free and overall survival of patients diagnosed with phase IV non-small cell

lung cancer (Nechushtan et al., 2015). Based on these results, the National Cancer Institute in Slovakia initi-

ated a phase II study, evaluating the effectiveness of DSF-Cu with vinorelbine and cisplatin for the
Table 1. Clinical trials (from 2019 onward) involving DSF or DDC against cancer

Status NCT Date DTC/DSF as Disease Study Sponsor

Not yet

recruiting

NCT04521335 2020/12–

2025/12

DSF-Cu Multiple

myeloma

Phase I University of Utah,

United States

Recruiting NCT04265274 2020/01–

2023/01

DSF-Cu Metastatic

breast cancer

Phase II National Cancer

Institute, Slovakia

Recruiting NCT03714555 2019/10–

2021/07

DSF-Cu Metastatic

pancreatic

cancer

Phase II HonorHealth Research

Institute, United States

Recruiting NCT03950830 2019/05–

2022/12

DSF Germ cell

tumors

Phase II National Cancer

Institute, Slovakia

Recruiting NCT04234022 2020/04–

2023/04

DDC-Zn Multiple

myeloma

Observational The Royal

Wolverhampton

Hospitals NHS

Trust, United Kingdom
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treatment of metastatic breast cancer (NCT04265274). The inclusion of DSF-Cu was hypothesized to in-

crease the objective response rate in patients with refractory metastatic breast cancer by overriding

drug resistance in cancer cells and by inhibiting cancer stem cells through inactivation of aldehyde dehy-

drogenase (ALDH) (Nechushtan et al., 2015).

High ALDH levels have been observed in many cancer stem cells (Viola-Rhenals et al., 2018), including mul-

tiple relapsed germ cell tumors (Schmidtova et al., 2019) and metastatic pancreatic cancer cells (Kim et al.,

2013). Accordingly, phase II clinical study patients are being recruited to investigate the objective response

rate and patient survival when treated with DSF and cisplatin against multiple relapsed germ cell tumors

(NCT03950830). Furthermore, treatment of metastatic pancreatic cancer with DSF-Cu plus gemcitabine

alone, gemcitabine/nab-paclitaxel, and FOLFIRINOX is the focus of another phase II clinical study

(NTC03714555) initiated in 2019. The objective of this study is to determine if the addition of DSF-Cu leads

to a reduction of the tumor marker CA19-9.

Notably, DSF-Cu and DDC-Zinc (DDC-Zn) are the current focus of clinical trials to treat the hematological

malignancy, multiple myeloma. The primary outcome of the phase I study using DSF-Cu is the evaluation of

the dose-limiting toxicity rate of the DSF-Cu recommended phase 2 dose (NTC04521335). The observa-

tional study involving DDC-Zn aims to determine the in vitro efficacy and cytotoxicity of DDC-Zn alone

or in combination with lenalidomide or pomalidomide against bone marrow samples from patients with

multiple myeloma and those with acute leukemia (NCT04234022). The outcome of this study could lead

to a first interventional trial comprising DDC as cancer treatment.

Furthermore, many newly synthesized compounds, based on DTCs, are being investigated for their anti-

cancer activity in both in vitro and in vivomodels. By linking DTC with other functional groups, compounds

like diarylaminopyrimidine-DTC hybrids can inhibit a specific target, such as focal adhesion kinase (FAK).

FAK is a regulator of cancer cell survival, proliferation, and angiogenesis and represents a good target

for a chemotherapeutic drug owing to its multilateral affects. One diarylaminopyrimidine-DTC hybrid, syn-

thesized by Su et al. (2019) to target FAK, showed selectivity toward tumor cells and had good anti-prolif-

erative and anti-angiogenesis effects in vitro.

Additionally, some new active substances, based on the ability of DTCs to chelate metal ions, such as gold(III)-

DTCs exhibited excellent in vitro and in vivo anti-tumor properties with reduced systemic toxicity (Nagy et al.,

2012). In HER2-overexpressing cancer cells, the iron chelator dipyridylhydrazone-DTC exhibited anti-tumor ac-

tivity by upregulating the tumor and metastasis suppressor gene NDRG1 (Yang et al., 2018). Furthermore, a

newly synthesized DTC derivative, containing glucose and methionine, reduced cisplatin-induced nephrotox-

icity by binding platin without compromising the therapeutic activity (Ge et al., 2019). In addition, a new plat-

inum-containing compound, similar to cisplatin but based on a DTCmoiety, showed in vitro and in vivo activity

against a range of tumor cell lines without measurable nephrotoxicity (Nagy et al., 2012).

The well-known pyrrolidine dithiocarbamate (PDTC) has been investigated for anti-cancer effects against

adult T cell leukemia/lymphoma. PDTC administration in mice models was shown to inhibit adult T cell leu-

kemia/lymphoma cell growth and improved mouse survival (Nakamura et al., 2015).

Although both known and new DTCs are in different stages of development, an important question related

to their mode of action remains: What mechanisms underlie the anti-cancer activities of DTCs, DSF, and

their metal complexes?
Modes of action

Considerable progress as to the modes of action of DTC has been made by investigating different path-

ways, including their effects on the ubiquitin proteasome system (UPS), reactive oxygen species (ROS) gen-

eration, epigenetic factors, and cancer cell stemness (Figure 2). Many of these mechanisms have already

been described in recent reviews (Viola-Rhenals et al., 2018; Yang et al., 2019; Jiao et al., 2016), with

many of these articles focusing on the mechanisms of DSF and DDC with Cu2+, but not other DTCs.

Inducing apoptosis through inhibition of UPS

The UPS is a crucial mechanism for the degradation of key signaling molecules such as cell cycle regulatory

and apoptosis controlling proteins. Before their degradation, proteins are tagged with multiple ubiquitin
iScience 24, 102092, February 19, 2021 3



Figure 2. Different anti-cancer mechanisms of DTCs with and without metals
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molecules, which are then recognized by the 26S-proteasome and consequently hydrolyzed (Cvek and

Dvorak, 2008). Studies have shown that DTC copper complexes, such as DDC-Cu and PDTC-Cu, can inhibit

proteasome activity in different cancer cells by interacting with two main processes within the UPS (Pang

et al., 2007; Buac et al., 2012).

First, DTCs inhibit the 26S-proteasome by either binding to the 26S-proteasome or when complexed with

Cu ions, by inhibiting the catalytic 20S-core (Yang et al., 2019; Viola-Rhenals et al., 2018). DDC-Cu and

PDTC-Cu inhibit the 26S-proteasomes by interacting with the JAB1/MPN/Mov34 metalloenzyme domain,

which is responsible for de-ubiquitination of proteins (Skrott and Cvek, 2012; Cvek, 2011). Inhibition of 26S-

proteasome leads to the accumulation of ubiquitinated proteins and cytotoxic protein aggregates result-

ing in a disturbance of the protein homeostasis and leading to cell death (Cvek and Dvorak, 2008).

Second, Skrott et al. (2017) suggested that DDC-Cu interacts with the nuclear protein localization 4 (NPL4),

a key component of p97 segregase. As a result, the process of protein ubiquitination is inhibited and pro-

tein aggregates are rapidly formed (Skrott et al., 2017). A recent paper (Pan et al., 2020) described that only

cupric ions interact with NPL4, thereby immobilizing p97 segregase. DDC is then necessary to transport the

cupric ions into the cells.

Reactive oxygen species

ROS are highly reactive molecules that, at low levels, are crucial for the regulation of normal physiological

functions. An excess of cellular ROS activates its downstream c-JunN-terminal kinases and p38MAPK path-

ways, resulting in cell death (Yang et al., 2019).

DSF and DTCs, in combination with metal ions, can induce ROS production through the Fenton and Haber

Weiss reaction, and also by inhibiting antioxidants such as superoxide dismutase and glutathione (Marikov-

sky et al., 2002; Skrott and Cvek, 2012). A recent article showed that a dipyridylhydrazone DTC induced fer-

ritinophagy by mobilizing iron from ferritin and mediating the ROS/p53 pathway, resulting in the inhibition

of gastric cancer cell line proliferation (Feng et al., 2020; Huang et al., 2018).

Epigenetic factors

Certain cancer types, including prostate cancer or glioma, show high expression of genes involved in DNA

modifications. For instance, high levels of DNA-methyltransferases, which are responsible for DNA-methyl-

ation and leading to the silencing of genes, were observed in these cancer cell types. DSF is suggested to

interfere with the catalytic center of DNA-methyltransferase 1, therefore inhibiting its activity. Exposure to

DSF was found to lead to demethylation of hypermethylated genes and re-expression of silenced genes

(Lin et al., 2011).
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Another example is the overexpression of the O-6-methylguanine-DNA-methyltransferase gene in certain

cancer cells, which encodes for the DNA-repair protein O-6-alkylguanine-DNA-alkyltransferase. This pro-

tein repairs methylations caused by the chemotherapeutic compound temozolomide and therefore dimin-

ishes its therapeutic effect. PDTC and other DTCs reduced the expression levels of O-6-methylguanine-

DNA-methyltransferase in glioma cells (Tang et al., 2017).

Further epigenetic modifications within cancer cells leads to the overexpression of efflux pumps, such as

the ATP-binding cassette (ABC) family of proteins. ABC transport proteins, such as P-glycoprotein, remove

cytotoxic drugs from the cells, resulting in decreased intracellular accumulation of the drugs and thus lack

of activity (Loo and Clarke, 2000). DSF binds to either the ATP-binding site or the drug substrate-binding

sites of multiple ABC transporting proteins, potentially increasing the efficacy of other cancer drugs by in-

hibiting ABC activity or by blocking its maturation (Sauna et al., 2004).

Cancer cell stemness

Cancer stem cells are a subpopulation of cells within tumors, with the capability of differentiation and self-

renewal, and are associated with metastasis, cancer recurrence, and therapy resistance. The importance of

ALDH and HER-2 as marker for cancer stem cells and the inhibition through DSF was described in detail in

recent reviews (Jiao et al., 2016; Yang et al., 2019).

The protein complex, nuclear factor-kappa B (NF-kB), is involved in multiple pathways necessary for cell

survival and cancer cell stemness. NF-kB is a transcriptional regulator of proteins that inhibit apoptosis in-

hibitors, including XIAP, which are downregulated when exposed to DSF-Cu (Allensworth et al., 2015).

DTCs inhibiting properties of NF-kB can, in part, be attributed to NF-kB being dependent on the UPS

to split inhibitor-kB (I-kB) kinase and release the heterodimer p50:p65 for nuclear transcription (Cvek

and Dvorak, 2008). Other hypotheses include the obstruction of I-kB kinase and therefore the prevention

of the ubiquitination and the split of I-kB, along with the interaction of DTCs with various thiol groups pre-

sent throughout the NF-kB pathway (Cvek and Dvorak, 2007).

Furthermore, carbonic anhydrase (CA) 12 and its associated transporter anion exchanger (AE) 2 can also

play an important role in invasion and cell migration in both lung cancer and breast cancer cell lines. An

upregulation of AE2 has been observed in various cancer cell types, in which DSF reduced the surface

expression of both CA12 and AE2 (Hwang et al., 2019). Additionally, CA9 and CA12 are overexpressed

in hypoxic tumor cells and were inhibited by various DTC derivates. Especially CA9 was still inhibited

despite a high structural diversity of the DTC derives, including aliphatic, aromatic, aralkyl, and hetaryl moi-

eties (Carta et al., 2012a). Last, the vascular endothelial growth factor (VEGF) plays a key role in angiogen-

esis and therefore in abnormal vessel growth at the tumor site, thereby contributing to the progression of

solid malignancies. DSF-Cu showed improved inhibition of endothelial cell proliferation, migration, inva-

sion, adhesion, and tube formation by inhibiting the EGFR/Src/VEGF pathway (Li et al., 2015).

Through various mechanisms, DSF and DTCs inhibit angiogenesis and proliferation, overcome apoptotic

signals, and induce apoptosis in cancer cells. However, these targets are not only relevant in tumor therapy

but also play an important role in the virulence of microbial diseases.
Extension of dithiocarbamates’ activities to the microbial world

The WHO predicts that 10 million people will die from antimicrobial-resistant infections by the year 2050.

This is partly caused by the rise of microbial drug resistances, as well as by the reduced pace in the devel-

opment of new antimicrobials (Thakare et al., 2019). DSF and DTCs were investigated as antimicrobial can-

didates and showed activity against viruses, bacteria, fungi, and parasites, in some cases leading to clinical

trials, as described in Table 2.
Antiviral properties

Coronavirus

Considering that three coronavirus outbreaks have occurred in the past 20 years, including the current 2019

novel coronavirus pandemic, there is an urgent need for new antiviral therapies. It has been previously

demonstrated that DSF inhibits main protease and papain-like protease, which play an important role in

viral replication of Middle East respiratory syndrome (MERS) coronavirus and severe acute respiratory
iScience 24, 102092, February 19, 2021 5



Table 2. Clinical trials involving DSF against viruses and bacteria

Status NCT Date DTC/DSF as Disease Study Sponsor

Not yet

recruiting

NCT04485130 2020/09–

2021/09

DSF COVID-19 Phase II University of California,

United States

Terminated NCT03198559 2017/08–

2019/04

DSF HIV Phase I/II The Peter Doherty

Institute for Infection

and Immunity, Australia

Completed NCT01944371 2013/09–

2014/05

DSF HIV Phase I/II University of California,

United States

Completed NCT01286259 2011/01–

2014/05

DSF HIV-1 Not

applicable

University of California,

United States

Recruiting NCT03891667 2019/07–

2021/03

DSF Lyme

disease

Phase I/II Research Foundation

for Mental Hygiene Inc.,

United States
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syndrome (SARS) coronavirus (Lin et al., 2018). DSF and DDC-Cu have been shown to inactivate crucial viral

proteins of the 2019 novel coronavirus such as thio-protease and RNA replicase, by oxidizing the thiol/thi-

olate to disulfides (Xu, L., Tong, J., Wu, Y., Zhao, S. and Lin, B.-L. 2020. Targeted oxidation strategy (TOS)

for potential inhibition of coronaviruses by disulfiram— a 70-year old anti-alcoholism drug. ChemRxiv, un-

der review). DSF is now being investigated in the clinical trial DISCO (NCT04485130) to assess adverse

events and changes in the COVID-19 symptom severity score.

Human immunodeficiency virus

DSF and its metabolite DDC also display antiviral activities against human immunodeficiency virus (HIV)-1

and have been used in clinical trials (clinicaltrials.gov). The progression of HIV-1 can be controlled with

combination anti-retroviral therapy. However, to date no cure has been identified owing to the persistence

of replication-competent, latent provirus in long-lived resting T cells. A recent approach, termed the

‘‘shock and kill strategy,’’ aims to reactivate the virus reservoirs and destroy latently infected cells. In com-

bination with anti-retroviral therapy, this approach could lead to HIV-1 cure (Spivak and Planelles, 2018).

The possible mechanism of the viral reactivation properties of DSF has been attributed to the stimulation

of the protein kinase B signaling pathway. The protein kinase B pathway initiates NF-kB-dependent proviral

transcription, and consequently, reactivation of latent HIV-1 expression (Doyon et al., 2013; Spivak and Pla-

nelles, 2018).

Clinical studies performed in 2011 (NCT01286259) and 2013 (NCT01944371) showed that treatment with

DSF resulted in a dose-dependent increase of cell-associated unspliced HIV-RNA and plasma HIV-RNA

(Spivak et al., 2013; Elliott et al., 2015; Lee et al., 2019). However, a reduction of the size of the latent reser-

voir could not be achieved. It was postulated that this was the result of a lack of potency of DSF, the chal-

lenges of measuring the size of the reservoir, and the presence of additional viral reservoirs, such as in the

central nervous system (Knights, 2017). Another study (NCT03198559) investigating the changes in HIV-

RNA levels after treatment with DSF and another latency-reversing agent, vorinostat, had to be terminated

due to an increased risk for patients.

Nevertheless, these studies suggest that DSF is a promising treatment option to reactivate latent virus, but

methods to determine the size of the latent reservoir need to be optimized and the benefit of combination

therapy with anti-retroviral compounds requires further investigation.

Other viruses

Other DTCs, such as PDTC, were investigated against multiple viruses in numerous in vitro and in vivo infec-

tion models, as described in Table 3.

The antiviral activity of PDTC is related to the inhibition of NF-kB. Similar to its role in anti-cancer activity,

virus-induced NF-kB activation leads to inhibition of apoptosis and enhanced survival of the host cells. In

addition, NF-kB is important in the regulation of the innate and adaptive immune system, giving the virus

more time to replicate (Santoro et al., 2003).
6 iScience 24, 102092, February 19, 2021
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Table 3. PDTC antiviral effects against a range of viruses

Virus

Therapy

with Model Outcome References

Influenza A PDTC Infected

mice

Increased the survival

rate Reduced influenza

A virus-induced weight

loss Reduced viral replication

in lung tissue in a dose-

and time-dependant manner

(Wiesener

et al., 2011)

Dengue

virus 2

Gefitinib +

PDTC

In vitro Decreased virus

replication Decreased

antiviral cytokine production

(Duran

et al., 2017)

Rhinovirus PDTC In vitro Reduced virus

multiplication

(Nirwan and Kakkar,

2019; Krenn et al., 2005)

Enterovirus 71 PDTC In vitro Repressed viral

replication Reduced

protein production

(Lin et al., 2015)

Coxsackievirus

B3

PDTC-Cu

PDTC-Zn

In vitro Repressed viral

replication Reduced

protein production

(Si et al., 2005)

Herpes simplex PDTC-Zn In vitro Suppressed the

expression of herpes simplex

virus genes Suppressed the

production of viral progeny

(Qiu et al., 2013)
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The antiviral activity of PDTC is not only dependent on the inhibition of NF-kB, especially when complexed

with metals. For example, PDTC-Zn disturbed the RNA-polymerase enzyme function in rhinovirus by

increasing the cellular concentrations of zinc (Zn) ions (Nirwan and Kakkar, 2019; Krenn et al., 2005). In

addition, the antiviral activity of PDTC was also linked to the UPS, with PDTC-mediated inhibition of ubiq-

uitination, leading to repressed viral replication and protein production of enterovirus 71 in vitro without

leading to apoptosis of the cells (Lin et al., 2015). Similar results have already been described for coxsack-

ievirus B3 when exposed to PDTC-Cu and PDTC-Zn (Si et al., 2005) and for herpes simplex virus 1 and 2

when exposed to PDTC-Zn (Qiu et al., 2013).

These results suggest that PDTC, in combination with metals, has antiviral properties via inhibition of NF-

kB and UPS in a broad range of viral pathogens.

Although DTCs and DSF are expected to play an important role in the fight against viruses, their antimicro-

bial activity has been studied in other infectious diseases, such as bacterial infections.
Antibacterial properties

Bacterial infections can affect multiple human organ systems, including the mouth and teeth, the skin, and

the lungs (Figure 3). Some of these infections are caused by pathogens on the WHO’s global priority list of

antibiotic-resistant bacteria, such as Mycobacterium tuberculosis and Staphylococcus aureus, for which

there is an urgent need for research and development of new treatments.

In 1987, Taylor et al. (1987) were the first group investigating the antibacterial properties of DDC against

methicillin-resistant Staphylococcus aureus (MRSA). Subsequent to these studies, Phillips et al. (1991)

investigated the antibacterial properties of DSF against a range of Gam-positive and Gram-negative bac-

teria. They concluded that DSF inhibits the growth of Gram-positive bacteria, such as MRSA, but not

Enterobacteriaceae or Pseudomonas aeruginosa. Recent studies confirmed inhibition of growth in

Gram-positive bacteria through DSF, especially in MRSA (Frazier et al., 2019; Long, 2017; Sheppard

et al., 2018). However, DDC alone did not demonstrate significant inhibition of growth against Gram-pos-

itive bacteria (Frazier et al., 2019). PDTC showed some antibacterial activity against pathogens causing
iScience 24, 102092, February 19, 2021 7



Figure 3. DTCs’ activity against bacteria

ll
OPEN ACCESS

iScience
Review
periodontitis, such as Porphyromonas gingivalis and Actinobacillus actinomycetemcomitans; medium

sensitivity against S. aureus; and only low sensitivity against Escherichia coli (Kang et al., 2008).

Both DDC and PDTC were highly active against growing and nongrowing persister Mycobacterium tuber-

culosis and enhanced the activity of established tuberculosis drugs (Byrne et al., 2007). However, Dalecki

et al. (2015) demonstrated that the antibacterial properties of DSF and DDC in M. tuberculosis are strictly

Cu ion dependent. In contrast, other DTCs neither benefited nor required Cu ions for their antibacterial

activity. The addition of Cu ions reduced the antimicrobial activity of PDTC against Fusobacterium nucle-

atum and Porphyromonas gingivalis, whereas it was enhanced by the addition of Zn ions (Choi et al., 2010).

Moreover, the antibacterial activity of synthesized potassium morpholine dithiocarbamate against Gram-

positive and Gram-negative bacteria was higher than the antibacterial activity of this compound com-

plexed to nickel or copper ions (Balakrishnan et al., 2019).

To date, only a small number of articles have described the antibacterial properties of DDC or DSF com-

bined with Cu2+. In addition, little research has been done to investigate the activity of DTCs against bio-

films. Biofilms are clusters of bacteria embedded in a protective matrix (Costerton et al., 1999). Only Saputo

et al. (2018) highlighted that DSF and Cu2+ reached synergistic effects against biofilms and planktonic

Streptococcus mutans.

Based on the heterogeneity between different bacterial species, from the membrane constitution of Gram-

positive and Gram-negative bacteria to the expression of different proteins within a species, determining

the mode of action of DSF and DTCs with and without copper is challenging. The first hypothesis for DSF

was based on the metabolization to DDC, which chelates vital metals and inhibits enzymes (Phillips et al.,

1991). Later, it was suggested that the complex DDC-Cu acts like a ‘‘Trojan horse,’’ helping copper to enter

the bacteria, overcoming the bacterial resistance mechanisms, and inhibiting targets that usually were not

accessible to free Cu ions (Dalecki et al., 2015).

Despite the species specificity of copper resistance mechanisms, some similarities are found within all bac-

teria. The copper homeostasis consists of three main components: a copper-exporting ATPase, a copper

chaperone, and a copper-responsive regulator. These components differ within species and are particu-

larly expressed in Gram-negative bacteria (Solioz, 2018). Based on our experimental results (L. Kaul, A. Zan-

nettino, R. Süss, K. Richter (2021). The combination of diethyldithiocarbamate and copper ions presents

in vitro activity against staphylococci biofilms. Manuscript in preparation) we suggest that in Gram-positive

bacteria DDC-Cu inhibits at least one of these components, leading to accumulation of free toxic Cu ions.

In addition, the presence of glutathione in Gram-negative bacteria can lead to thiol-disulfide exchange be-

tween glutathione and DTCs and consequently reduce the antibacterial activity (Long, 2017; Sheppard

et al., 2018).
8 iScience 24, 102092, February 19, 2021
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Interestingly, recent studies have revealed antibacterial activity of these compounds against certain Gram-

negative bacteria. Following the high in vitro activity of DSF against the tick-transmitted Borrelia burgdor-

feri, the cases of three patients taking DSF daily for the symptoms of chronic relapsing neurological Lyme

disease and relapsing babesiosis were reported. All patients were able to discontinue antimicrobial treat-

ment and remained clinically well for 6 to 23 months (Liegner, 2019). A pilot study (NCT03891667) is

currently recruiting patients with persistent symptoms before antibiotic treatment for Lyme disease to

investigate the side effects, tolerability, and effectiveness of DSF (Younger and Murphy, 2020).

Furthermore, DDC inhibited the carbonic anhydrase (CA) in Legionella pneumophila (Nishimori et al.,

2014). DTCs displayed selectivity for the inhibition of bacterial CA over the host enzyme (Capasso and Su-

puran, 2017) with some derivatives demonstrating high inhibition of M. tuberculosis CA (Maresca et al.,

2013). Aspatwar et al. (2020) determined a DTC derivative with high in vitro activity againstM. tuberculosis

CA and minimal in vivo toxicity, making it a promising candidate for preclinical assays. Previously, the same

group investigated a piperazine-DTC induced growth inhibition of M. tuberculosis CA and M. marinum

in vitro. In addition, the compound showed growth inhibition of M. marinum in vivo and low toxicity in a

zebrafish larvae model (Aspatwar et al., 2017).

Considering that CAs are metalloenzymes playing a crucial role in most living organisms and that DTCs

interact with these enzymes in cancer and bacterial cells, a possible application for DTCs might also be

found in fungi and parasites.

Antifungal properties

A series of DTC analogs selected by Vullo et al. (2017) were tested against a subtype of CA from Malassezia

globosa. This fungus is considered to be one of the causes for dandruff, a condition affecting more than

50% of the population worldwide. Compared with the clinically used acetazolamide, all DTC derivates were

more potent inhibitors of the M. globosa CA. An aliphatic DTC with an alcohol moiety and a quinuclidine-3-

DTC showed the highest M. globosa CA inhibition (Vullo et al., 2017). A similar screening was previously per-

formed for DTC analogs against a CA subtype from different Candida species. Dimethyl- and diethyldithiocar-

bamate were the weakest inhibitors, whereas other derivatives with aryl, arylalkyl-, heterocyclic, and aliphatic

moieties led to potent fungal CA inhibition (Monti et al., 2012). The biochemical activities of other vital enzymes,

such as ALDH and urease were reduced by DSF, thereby inhibiting the growth of Pythium insidiosum, the oo-

mycete microorganism causing the life-threatening infection pythiosis (Krajaejun et al., 2019).

Furthermore, DSF showed fungicidal activity against yeast isolates, Aspergillus isolates and Candida iso-

lates (Khan et al., 2007). Similar to cancer cells, Candida spp. can overexpress ABC transporters, such as

Cdr1p supporting efflux of drugs and contributing toward the development of resistance. DSF inhibited

Cdr1p and increased the sensitivity of Cdr1p expressing S. cerevisiae to different antifungal drugs (Shukla

et al., 2004). However, neither synergy nor enhancement could be observed when DSF and fluconazole

were tested against resistant Candida albicans and other Candida isolates (Khan et al., 2007).

Interestingly, DDC showed high antifungal activity against several C. albicans and Candida tropicalis bio-

films (Harrison et al., 2007). The combination of DDC with amphotericin B resulted in a reduced biofilm

viability when compared with the compounds alone, as DDC inhibits the C. albicans biofilm persistence

mechanism superoxide dismutase (De Brucker et al., 2013).

Antiparasitic properties

Superoxide dismutase inhibition by DDC also enhanced Leishmania braziliensis killing by macrophages

in vitro through an increase of superoxide anion release while decreasing lesion size and parasite load

in vivo (Khouri et al., 2010). Similar results were observed when DDCwas incorporated in bacterial cellulose,

making it a promising topical formulation for chemotherapy of cutaneous leishmaniasis (Celes et al., 2016).

Likewise, DTC pesticides maneb, zineb, and propineb were investigated for their capacity to inhibit CA ac-

tivity in Leishmania species. Mammalian cells were unaffected by the three compounds, whereas exposure

to the external and motile form of Leishmania major led to apoptotic and necrotic death of the parasite, as

well as the reduction of the intracellular parasite burden (Pal et al., 2015).

Another organism relying on antioxidants is the parasite causing malaria. In chloroquine-resistant Plasmo-

dium berghei, higher levels of glutathione and glutathione-S-transferase were observed. The mechanism
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of chloroquine is based on the inhibition of the crucial biomineralization from hemoglobin to hemozoin. As

a result, toxic ferriprotoporphyrin IX accumulates in the membrane fraction of infected cells and binds to

membrane proteins. However, free ferriprotoporphyrin IX can be degraded by glutathione (Ginsburg et al.,

1998). Disulfiram interacts with GSH and decreases the reduced/oxidized GSH ratio in erythrocytes of un-

infected mice. DSF substantially potentiated the antimalarial activity of chloroquine and amodiaquine and

prolonged the survival of mice infected with chloroquine-resistant Plasmodium strains (Deharo et al., 2003).

DTCs also showed activity in Chagas disease caused by Trypanosoma cruzi and in sleeping sickness caused

by Trypanosoma brucei. Synthesized compounds with a DTCmoiety showed antiparasitic activity based on

the chelation of metals in the active center of enzymes responsible for the oxidation metabolism of proto-

zoa and therefore disturbing important functions in the parasite’s biology. Additional compounds were

synthesized by linking DTC with thiadiazine, which are known to inhibit vital parasitic cysteine proteases

(Oliveira et al., 2019).

Although newDTC derivatives are being investigated for their antimicrobial activity, DSF and its metabolite

DDC appear to be the key candidates. These two compounds inhibit crucial cellular mechanisms and are

predicted to play an important role in the battle against cancer, viruses, bacteria, fungi, and parasites.
From head to heart

Initially, DSF was used for the treatment of chronic alcoholism, but the research focus also expanded to-

ward the treatment of cocaine addiction among alcohol users (Suh et al., 2006). Cocaine use leads to

increased monoamine levels in the brain, by inhibiting monoamine transporters. It was suggested that

the increased synaptic dopamine levels and the norepinephrine levels were responsible for the addictive

effect. DDC inhibits the enzyme dopamine b-hydroxylase, which catalyzes the conversion from dopamine

to norepinephrine. Therefore, dopamine levels rise during DDC treatment, whereas norepinephrine levels

drop (De Sousa, 2019).

The efficacy of DSF for the treatment of cocaine addiction has been attributed to a decrease of the reward

mechanisms and an increase in cocaine aversion due to more side effects. In addition, DSF leads to higher

basal dopamine levels, thus restoring the reward function of hypodopaminergic addicts and preventing

stress-induced reinstatement of cocaine seeking (Devoto et al., 2012). In a study performed by Kampang-

kaew et al. (2019) patients with genetically higher levels of dopamine transporter, correlating with a lower

basal level of dopamine in the synapse, experienced better treatment outcomes with DSF than those with

lower dopamine transporter levels (Kampangkaew et al., 2019). In addition, a systematic review performed

in 2010 described a statistically significant difference in favor of DSF for the treatment of cocaine depen-

dence when compared with no pharmaceutical treatment. However, they concluded that there was insuf-

ficient evidence for the treatment of cocaine abuse with DSF (Pani et al., 2010).

Moreover, DTC pesticides also cause changes in dopamine levels. Maneb triggers dopaminergic cell loss

and has been associated with neurotoxic effects leading to an increased risk of developing Parkinson dis-

ease (Roede et al., 2011). In contrast, other DTCs have been investigated as treatment options for diseases

associated with neuroinflammation, as many have low molecular weight and good blood-brain barrier

permeability.

Neuroinflammation is considered a critical risk for the development of neurodegenerative diseases, such as

Alzheimer disease and psychiatric illnesses. Alzheimer disease is an irreversible, progressive neurodegen-

erative disorder that affects approximately 50 million people worldwide. Both the deficit of acetylcholine in

the brain region and the aggregation of amyloid-b to plaques can lead to cognitive impairment and de-

mentia (He et al., 2018; Jiang et al., 2018).

It was demonstrated that coumarins inhibit acetylcholinesterase by binding to the peripheral anionic site of

the enzyme and display potent monoamine oxidase B inhibitory activity. The DTCmoiety interacts with the

catalytic anionic site of acetylcholinesterase. To this end, a coumarin-dithiocarbamate hybrid synthesized

by He et al. (2018), displayed promising inhibitory activity against monoamine oxidase B and inhibition of

acetylcholinesterase through dual binding. Another coumarin-dithiocarbamate hybrid synthesized by

Jiang et al. (2018) exhibited potent inhibition toward acetylcholinesterase and self-induced b-amyloid
10 iScience 24, 102092, February 19, 2021
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aggregation. Both compounds demonstrated good ability to penetrate the blood-brain barrier, and no

acute toxicity could be observed in vitro and in vivo (He et al., 2018; Jiang et al., 2018).

Similar to coumarins, several phthalimide analogs were reported to exhibit high inhibitory activity against

acetylcholinesterase. Synthesized phthalimide-dithiocarbamate hybrids showed potent anti-acetylcholin-

esterase and anti-butyrylcholinesterase activity, as well as good blood-brain barrier penetration (Asadi

et al., 2019). Through innovative multitargeting, hybrids based on a DTCmoiety are promising compounds

in the research against Alzheimer disease.

In addition, activation of NF-kB pathways contributes to long-term neuroinflammation and epilepsy.

Studies focusing on treatment with the NF-kB inhibitor PDTC showed improved memory function in

different models of neuroinflammation and cognitive disorder (Kan et al., 2016; Li et al., 2012; Zhang

et al., 2014). Lv et al. (2014) demonstrated that pre-treatment with PDTC prevented neuroinflammation

through inhibition of the chemokine MCP-1 and attenuated microglial activation in a status epilepticus

rat model. Although PDTC enhanced the susceptibility to seizures, it reduced their frequency and their

severity, making it a promising agent for the treatment of status epilepticus (Lv et al., 2014).

Nevertheless, the anti-inflammatory activity of PDTC, through inhibition of NF-kB, is not restricted to neu-

roinflammation. Indeed, PDTC reduced collagen deposition in non-infarcted areas and improved sympa-

thetic nerve hyperinnervation in rat hearts, resulting in decrease of ventricular arrhythmia incidences and

improved myocardial remodeling after myocardial infarct (Wang et al., 2019; Jin et al., 2016). Treatment

with PDTC also attenuated pulmonary arterial hypertension and protected pulmonary endothelium in

rat models by preventing elevated lipid peroxidation and reducing collagen deposits (Yavuz et al.,

2013). Furthermore, PDTC-induced NF-kB inhibition led to reduced renal angiotensin 1 receptor expres-

sion and its mediated vasoconstriction, improved oxidative stress, attenuated proinflammatory cytokines,

and upregulated anti-inflammatory cytokines in hypertensive transgenic rats (Luo et al., 2015).

Finally, DTCs reduce the intraocular pressure by inhibiting CA2 and CA12, both enzymes playing an impor-

tant role in the development of glaucoma. First analyses of DTCs with hydrogen, alkyl, aryl, aralkyl, hetaryl,

and cyclic moieties by Carta et al. (2012a) resulted in two selected compounds with excellent human CA2

and CA12 inhibitory properties, which lowered the intraocular pressure over 4–8 h in a rabbit model. The

potent inhibitory activity of certain DTCs against CA2 was suggested by analyzing the crystallographic

structure of CA2. The thiol groups of DTCs bind the zinc in the active site and are further stabilized in

the active site pocket through multiple interactions of the tail groups, such as hydrophobic interactions

and hydrogen bonds with different amino acids (Bozdag et al., 2015; Carta et al., 2012b). In 2015, another

screening of multiple DTCs revealed a superior candidate, as the boc-piperidine-DTC selectively inhibited

CA2 and CA12 over the off-target isoform CA1. This DTC analog was also investigated in an in vivo model

and reduced the intraocular pressure significantly compared with the standard of care dorzolamide (Boz-

dag et al., 2015). Similar results were also observed with xanthate and trithiocarbamate analogs (Carta

et al., 2013).

CONCLUSION

In conclusion, the mechanisms of action of DTCs and DSF remain unclear and require further investigation.

However, recent studies have shed light on the interactions of DTCs with enzymes, intracellular metal con-

centrations, and oxidative processes, which represent important targets in various disease states. DSF,

DDC, PDTC, and many newly synthesized DTC derivatives have displayed encouraging results in in vitro

experiments, often leading to further in vivo assays. In addition, DSF and DDC are currently being investi-

gated in multiple clinical trials for applications in cancer, infectious diseases, and substance abuse. An

exciting path lies ahead unraveling the potential and pitfalls of DTCs as innovative medical treatments.
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