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Abstract: Thiourea and its derivatives have been recognized for their broad chemical versatility and
biological activity, which make them promising candidates for pharmaceutical applications, including
cancer therapy. The thiourea scaffold contains three reactive centers: a thionic group and two amino
groups capable of forming donor-acceptor bonds with metal cations and non-covalent bonds with
various functional groups of organic compounds. The article reviews recent advancements in the design
and synthesis of thiourea-based compounds, focusing on their interactions with key biological targets
such as DNA, enzymes, and cell receptors through hydrogen bonds and m-m-interactions. Molecular
docking studies, along with in vitro and in vivo tests, are discussed as tools for evaluating the antitumor
potential of these compounds. Modified thiourea derivatives exhibit potent anticancer properties by
inhibiting various enzymes involved in carcinogenesis. Their multi-targeted action makes them
attractive candidates for overcoming challenges such as drug resistance and side effects associated with
traditional cancer therapies. Thiourea derivatives hold great promise as next-generation anticancer
agents. The review highlights the role of molecular modifications, including functional groups and
lipophilic moieties, in improving their bioactivity, selectivity, and pharmacokinetic profiles. Further
research is needed to optimize these compounds for clinical use.

Keywords: anticancer chemotherapeutics; non-covalent interaction; drug discovery; drug targets;
enzyme inhibitors; molecular docking; thiourea.

© 2025 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Thiourea and its derivatives represent an essential class of organic compounds with
diverse chemical properties and broad applications in organic synthesis. These compounds are
widely used as reagents in analytical chemistry, catalysts in organic reactions, and selective
agents for metal cation separation in hydrometallurgical processes. In addition to these
industrial uses, thioureas are also valued for their biological activities, positioning them as
promising candidates for pharmaceutical and pesticide development. Their two amino groups
enable thiourea derivatives to bind with a variety of organic and inorganic entities, such as
carboxylic acid anions [1-4], carbonyl compounds [5-8], and inorganic anions like fluoride
(F) [9-14], chloride (CI) [15], cyanide (CN) [13,16,17], sulfate (SO4>) [18-20], and
dihydrogen phosphate (H2PO4") [9,10,14,21,22], through hydrogen bonding networks (Figure
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1). This versatility makes them particularly attractive for the design of molecules that can
interact with different biological targets.
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Figure 1. Hydrogen bonding interactions of thioureas with carboxylates, carbonyl compounds, chloride,
fluoride, cyan, hydrogen sulfate, sulfate, dihydrogen phosphate anions, and dimethyl methylphosphonate.

The versatility of thiourea derivatives has been demonstrated in numerous experimental
studies [2,3,9-17, 20] and two reviews [23,24], which have shown their potential as
chemosensors for detecting organic and inorganic anions [13,14,16,17,25], as well as
hazardous chemical substances in the environment, including chemical warfare agents [26—
29]. Moreover, thioureas are effective catalysts for various organic reactions, including
asymmetric catalysis, due to their binding ability to functional groups of organic compounds
[30-41]. Thiourea’s ability to form hydrogen or donor-acceptor bonds with biological targets
—including enzymes, proteins, DNA, and cell receptors — alongside its capacity to transport
anions through cell membranes explains its extensive biological activity. In addition, these
properties make the thiourea moiety a key pharmacophore for designing promising drug
prototypes [42—46].

Several drugs, including antituberculosis agents such as Thiocarlide and Thioacetazone
[47,48], antiseptic Noxythiolin [49], and histamine receptor antagonists like Burimamide [50],
Metiamide [51], and Thioperamide [52], incorporate thiourea into their structures.
Additionally, thiourea derivatives are being studied in advanced research stages for potential
anticancer activity, with compounds like Tenovin-1, Tenovin-6, SHetA2, and Triapine (3-AP)
showing promise as novel cancer therapies (Figure 2) [53-58]. Despite being sulfur-containing
analogs of urea as metabolites, only unsubstituted thiourea has been identified as a natural
substance in the seeds of Laburnum anagyroides [59], and thioureide structures are also present
in Zapotidine, a sulfur-containing alkaloid from Casimiroa edulis [60].

Beyond their significant anticancer properties, many thiourea derivatives display a wide
spectrum of biological activities, including antiviral [61,62], antibacterial [63,64], antifungal
[65], antiparasitic [66], insecticidal [67], antioxidant [68], herbicidal [69], and plant growth
regulatory effects [70]. Their anticancer activity may result from their ability to inhibit various
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enzymes, such as DNA topoisomerase-Il [71], sirtuins [72,73], vascular endothelial growth
factor receptor-2 (VEGFR-2), epidermal growth factor receptor (EGFR), and lysine-specific

demethylase 1 (LSD1) [74-76].
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Figure 2. Chemical structures of promising medications and natural thiourea derivatives.

The last comprehensive review on thiourea derivatives as anticancer agents was
published in 2015 [77], and since then, numerous studies have expanded our understanding of
their potential in cancer therapy. Cancer remains one of the leading causes of death globally,
second only to cardiovascular diseases [78, 79]. A critical challenge in cancer treatment is the
cytotoxicity of many antiproliferative agents to normal cells, which increases the risk of
secondary cancers. Moreover, the emergence of multidrug resistance (MDR) and severe side
effects limit the effectiveness of many current therapies, making single-target treatments less
effective or insufficient.

As a result, the development of multi-target anticancer agents has become increasingly
important. One promising strategy involves molecular hybridization, which combines multiple
pharmacophoric units in a single molecule. This approach has the potential to improve
selectivity, reduce side effects, minimize drug resistance, and enhance treatment efficacy [80,
81]. This review focuses on recent advancements in the design of antitumor agents based on
functionalized thioureas, highlighting their interactions with various biological targets and
molecular docking results, as well as in vitro and in vivo studies over the past eight years.

Numerous experimental studies demonstrated that the antitumor activity of thiourea
derivatives arises from their ability to target multiple pathways involved in carcinogenesis. The
thiourea scaffold is a valuable building block for designing new drug candidates with diverse
therapeutic applications. Researchers have modified the thiourea structure by adding functional
groups and structural fragments to improve ligand binding to biological targets. Combined with
high-throughput screening and molecular docking, this approach has developed novel and
potent antitumor agents.
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This review also highlights the ability of thiourea and its derivatives to form stable
donor-acceptor or non-covalent bonds with important biological metabolites. This property
underpins their high biological activity. By analyzing recent experimental studies, including in
vitro and in vivo results, as well as molecular docking simulations, we examine how different
substituents in thiourea derivatives influence their anticancer activity. Moreover, we emphasize
the role of lipophilicity — an essential physicochemical property in drug design — in
facilitating the penetration of compounds through cell membranes and their interaction with
lipophilic binding pockets in enzymes, proteins, and other receptors. At the same time, we
focus on the fact that incorporating lipophilic groups such as hydrocarbon substituents,
aromatic and heteroaromatic rings, and benzyl or aroyl moieties significantly enhances the
bioactivity of thiourea derivatives.

In conclusion, thiourea derivatives hold significant promise as multitarget anticancer
agents. Their ability to form stable interactions with key biological molecules, along with
structural modifications to enhance selectivity, reduce toxicity, and overcome drug resistance,
positions them as leading candidates in the search for new and effective cancer therapies.

2. Materials and Methods

A comprehensive literature search was performed using the following databases:
Reaxys, ScienceDirect, Web of Science, PubMed, Scopus, Google Scholar, and ScienceDirect
for articles published mainly from 2014 to 2024. The literature search was done without author
bias, and keywords were chosen.

The chemical structures of the identified compounds in this review were drawn using
ChemDraw 12.0 software.

3. Results and Discussion

3.1. N-Aryl and N, N'-diaryl substituted thioures.

Recent investigations have demonstrated that N-aryl and N, N’-diarylthioureas are
promising anticancer agents capable of effectively inhibiting tumor cell proliferation. EI-Atawy
et al. [82] synthesized two series of urea and thiourea derivatives as potential antitumor agents.
In vitro testing of the synthesized compounds revealed moderate antitumor activity of N, N'-
diphenylthioureas. Cytotoxicity results showed that compound 1 (Figure 3) was the most
effective in suppressing human MCF-7 cancer cell growth with an 1Cso value of 338 uM after
a 24-hour incubation period, indicating very low or even lack of antiproliferative activity. This
indicates that using diarylthiourea compound 1 is safe for living tissues.

It has been demonstrated that incorporating electron-withdrawing substituents, like
nitro or trifluoromethyl groups, into the benzene rings of N, N'-diphenylthioureas increases the
acidity of the NH groups. This change enhances their hydrogen bonding with anionic guests
[5, 20], thereby boosting the biological activity of these thiourea derivatives [83]. Yuan
Zhang’s team [84] developed a series of novel N, N'-diarylsubstituted thioureas as strong
inhibitors targeting the mutant K-Ras protein, a critical regulator of cell proliferation,
differentiation, and tumor survival. Biological tests showed that 1,3-bis(4-
(trifluoromethyl)phenyl)thiourea (2) was the most effective compound, significantly reducing
the proliferation of the A549 lung cancer cell line with an 1Cso value of 0.2 uM. In comparison,
the corresponding urea derivative 3 displayed much lower activity, with an 1Cso of 22.8 puM.

Docking studies indicated that this difference may stem from compound 2’s strong binding
https://biointerfaceresearch.com/ 4 of 37
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affinity for the hydrophobic pocket of K-Ras and its ability to form a hydrogen bond with the
Glu37 residue (Figure 3).
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Figure 3. Line drawings of compounds 1-3 and moiety of molecular docking of compound 2 and K-RasG12V
protein.

In an effort to develop new antitumor agents, Bielenica et al. [85] synthesized a series
of 3-(trifluoromethyl)phenylthiourea derivatives (4a-l, Figure 4). Their cytotoxicity was
evaluated in vitro against a panel of cell lines.
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Figure 4. Line drawings of compounds 1-4.
Among the compounds evaluated, 1-(3,4-dichlorophenyl)-3-[3-

(trifluoromethyl)phenyl]thiourea (4c) was identified as the most promising, showing the
strongest cytotoxic effect with 1Cso values of 9.0, 1.5, and 6.3 uM against human primary colon
cancer (SW480), metastatic colon cancer (SW620), and chronic myelogenous leukemia (K562)
cell lines, respectively. Remarkably, it also exhibited favorable selectivity compared to the
normal human keratinocyte cell line from adult skin (HaCaT), with an ICso of 24.7 uM [85].
This study highlighted that the most effective thiourea derivatives inhibit interleukin-6, a
cytokine known to drive inflammatory and autoimmune responses in diseases, including
pancreas, prostate, and colon cancers.

Introducing electron-withdrawing substituents like 4-nitrophenyl or perfluorophenyl
into the thiourea structure further increases the NH groups' acidity, facilitating their interactions
with acceptors by hydrogen bond and enhancing the biological activity of these derivatives. H.
Zou and colleagues [86] demonstrated that 1-(4-chloro-3-methylphenyl)-3-(4-
nitrophenyl)thiourea (5) suppresses the growth of eight distinct breast cancer cell lines with
I1Cs0 values between 2.2 and 5.5 uM (Figure 5).

Liu et al. [87] designed and synthesized a series of p-nitrodiaryl-substituted thioureas
6-15 as analogs of SHetA2 (Figure 5), which is known to be an effective antitumor agent that
functions without retinoid receptor activation, consequently avoiding retinoid toxicity when
tested in animal models.
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Figure 5. Line drawings of SHetA2 and compounds 5-15.

SHetA2 also exerts selective anticancer activity by regulating apoptosis, cell growth,
differentiation, and angiogenesis. However, it has two main drawbacks: excessive lipophilicity
and a complex, six-step synthesis. To address these issues, the authors modified the SHetA2
structure, drawing on prior structure-activity relationships. They substituted the thiochromane
ring with an alternative ring structure that adhered to Lipinski’s rule, retained drug-like
characteristics, and avoided producing reactive metabolites. Compounds 6-15 generally
resemble SHetA2 but vary in size and shape. These new compounds were evaluated for their
capacity to inhibit the growth of breast cancer cell lines (MCF-7, T-47D, and MDA-MB-453)
and prostate cancer cell lines (DU-145, LNCaP, and PC-3). Compounds 10 and 12 proved most
effective in this series, with Glso values as follows: 6.2/3.2 uM (MCF-7); 2.9/2.5 uM (T-47D);,
6.3/4.8 uM (MDA-MB-453); 13.7/21.8 uM (DU-145); 13.9/20.0 uM (PC-3); 6.1/3.5 uM
(LNCaP).

Ginn et al. [88] synthesized 1-(1-(naphthalen-1-yl)ethyl)-3-(4-nitrophenyl)thiourea
(20) in two enantiomeric forms, 10(R) and 10(S), to evaluate their distinct anticancer properties
(Fig. 5). The findings reveal that the 10(S) enantiomer exhibits a stronger growth inhibitory
effect (ICso 3.0-5.5 uM) compared to the 10(R) enantiomer (ICso 5-13 uM) against MCF7,
T47D, and MDA-MB-453 breast cancer cells. The authors attribute this increased activity of
the S enantiomer to its capacity to arrest cell cycle progression by suppressing the expression
of key cell cycle regulators.

N. Arshad's team synthesized a new adamantane-naphthyl thiourea conjugate, 1-
(adamantane-1-carbonyl)-3-(1-naphthyl) thiourea (compound 16), as a potential anticancer
agent [89]. The authors used molecular docking to explore the molecular mechanism and
strength of 16's interactions with DNA, discovering that it interacts spontaneously through a
mixed binding mode. The planar naphthyl group intercalates between DNA base pairs DA (A6)
and DC (B23), while the asymmetric structure shifts to interact with the minor grooves of DNA
around base pairs DA (A5) and DG (B24) (Figure 6a). Hydrophobic interactions between 16
and DNA are depicted with dotted lines in Figure 6a. Molecular docking also simulated
potential interactions of this thiourea with the enzyme urease, showing that compound 16 fits
well into the urease binding pocket, where it establishes interactions and inhibits the enzyme's
active site. The Ligand-protein interaction diagrams (Lig plot) present two types of interactions
in the urease pocket: (1) hydrophobic contacts between 16 and urease's amino acid residues
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and (2) arene-arene interactions between Methionine (Met 475) and the aromatic ring of 16
(Figure 6b).
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Figure 6. Line drawing of compound 16 and its interaction with residues of urease enzyme according to Lig plot
calculated at PM3 semi-empirical level of theory.

Further evaluation of compound 16 was conducted on the hepatocellular carcinoma cell
line (Huh-7) and normal human embryonic kidney cells (HEK-293). Compound 16
demonstrated considerable cytotoxicity against Huh-7 cells compared to normal HEK-293
cells, which may indicate selective cytotoxicity toward cancer cells [89], despite the fact that
the selective index of this compound was not determined by the authors.

In a recent study by Yesilkaynak et al. [90], two N-allylthiourea derivatives, 17 and 18,
were tested in vitro for their anticancer activity against MCF-7 breast cancer cells. N-
(Allylcarbamothioyl)-2-chlorobenzamide (17) demonstrated superior cytotoxic activity (ICso
of 2.6 uM) compared to N-(allylcarbamothioyl)-2-methylbenzamide (18) (ICso of 7 uM).
Molecular docking experiments were carried out to assess the interactions between the
synthesized compounds and BRAF (V600E) protein kinase. The results indicated that the
compounds demonstrated a strong binding affinity and an inhibitory effect on BRAF (V600E)
protein kinase. BRAF, a serine-threonine RAF kinase family member, is part of the RAS-RAF-
MAPK signaling pathway, which is critical for cell survival, proliferation, and differentiation.
Activating mutations in BRAF cause unchecked stimulation of the MEK-ERK pathway,
leading to neoplastic transformation.

The study confirmed that both compounds formed stable complexes through strong
interactions at the target protein's active site. Analysis of the compounds' interactions within
the active pocket of BRAF showed that hydrophobic interactions mainly facilitated binding.
Both compounds interacted with key BRAF residues — PHE595, ALA481, THR529, and
CYS532 — essential for stable binding to the ATP site (Figure 7). Since ATP's adenine binds
here via Van der Waals forces, the excellent compatibility of these compounds within the
hydrophobic pocket (CYS532and ALA481) that binds to ATP improves the binding affinity of
the compounds.

Thus, the antitumor activity of aryl-substituted thioureas can be linked to their
hydrophobic nature and capacity to participate in -7 interactions with proteins. Furthermore,
the aryl substituent affects thioureas' lipophilicity and membrane permeability, while its planar
structure facilitates DNA intercalation or binding to specific proteins.
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Figure 7. N-allythioureas 17 and 18 and their interactions with BRAF.

Studies on N-aryl and N,N’-diaryl substituted thioureas highlight their considerable
potential as anticancer agents. Their effectiveness is attributed to their interactions with key
proteins and DNA via hydrophobic and - interactions, along with their ability to impact
critical signaling pathways like RAS-RAF-MAPK. Structural modifications, especially the
addition of electron-withdrawing substituents, enhance these compounds' biological activity
and specificity toward cancer cells, positioning them as promising candidates for further
development as anticancer drugs. To advance these compounds from laboratory studies to
clinical use, extensive preclinical studies are necessary, including detailed toxicity assessments
and investigations of their mechanisms of action. Additionally, exploring these compounds in
combination therapies could open new pathways to overcoming resistance and improving
outcomes in cancer treatment.

3.2. N-Aryl-N'-heterocyclic substituted thioureas.

Introducing a heterocyclic substituent into the structure of thioureas enhances their
specificity in interacting with target proteins. Additionally, the heterocyclic substituent affects
the electron density distribution in the molecule and can participate in additional hydrogen
bonds with biological targets.

S.A. Elseginy and co-workers [91] have designed and synthesized a novel series of 1-
aryl-3-(pyridin-2-yl) substituted urea and thiourea derivatives as potent anticancer agents
(Figure. 8). Structural modification and subsequent testing revealed that urea derivatives are
less active compared to their corresponding thiourea derivatives (compounds 19-21). In vitro
evaluation demonstrated that thiourea derivative 20 exhibited the highest antitumor activity,
with 1Cso values of 1.3 and 0.7 uM against MCF-7 and SKBR3 breast cancer cells, respectively.
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Figure 8. Line drawings of compounds 19-21 and their interaction with HER2 protein.

The findings indicate that the potent activity of these thiourea derivatives is attributed
to their ability to inhibit the human epidermal growth factor receptor (HER2), a key family of
multidomain proteins involved in the progression of various cancers. The activity of
compounds 19-21 is linked to their capacity to form hydrogen bonds with the critical residue
Thr862, as well as an additional hydrogen bond with Asp863 (for compound 21) (Figure 8).
These compounds also engage in m-n T-shaped interactions with Phe864 and hydrophobic
interactions with several important hydrophobic residues, including Leu726, VVal734, Ala751,
Lys753, Leu785, Leu796, Leu800, and Leu852. These observations suggest that the short
linker and the presence of the bromopyridine group, along with the 2,4-substituted phenyl
rings, are crucial for their anticancer efficacy.

Ragab et al. [92] synthesized a series of 1,3,4-thiadiazinethiourea derivatives and
evaluated their in vitro cytotoxic activity against the A549 lung cancer cell line using the MTT
bioassay. Compounds 22, 23, and 24 demonstrated the highest cytotoxic activity, with ICso
values of 0.27, 0.30, and 0.32 uM, respectively, compared to Sorafenib (ICso0 3.85 uM) (Figure
9). These compounds were selected for further testing against key biological targets involved
in tumor cell survival and proliferation, including vascular endothelial growth factor receptor
2 (VEGFR2), B-RAF, and matrix metalloproteinase 9 (MMP9). All three compounds showed
promising inhibitory activity. Compound 24, in particular, demonstrated potent VEGFR2
inhibition (ICs0 0.11 uM), similar to Sorafenib, through hydrogen bonding with two key amino
acids in the active site (Figure 9a). The thiourea N-H group forms an H-bond with Asp1046
(2.7 A), and the aniline N-H group interacts with Glu885 (2.6 A) in the aC helix. Additionally,
the chlorophenyl group fits into a hydrophobic pocket formed by 11e888, Leu889, Val899,
Cys1024, and 11e1025 [92]. Compound 24 also exhibited strong inhibition of B-RAF (ICso
0.178 uM) and MMP9 (ICso 0.08 uM) (Figure 9b). B-RAF inhibition is attributed to n-n
https://biointerfaceresearch.com/ 90f37


https://doi.org/10.33263/BRIAC152.023
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC152.023

interactions between the phenyl group and His574, while MMP9 inhibition results from
hydrogen bonding with Glu402 and coordination of the catalytic zinc ion by His401, His405,
and His411, with the thiadiazine nitrogen atoms completing the coordination (Figure 9c).
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Figure 9. Line drawings of compounds 22-24 and the best docking pose of 24 in the active site of (a)
VEGFR-2; (b) B-RAF; (c) MMP9.

In general, compounds 22-24 exhibited significantly higher selectivity for A549 cancer
cells compared to the normal human fetal lung fibroblast cell line WI-38, with higher selectivity
indices compared to Sorafenib (22: 1Cs0 137 uM, SI = 507; 23: 1Cs0 89 uM, SI =297; 24: 1Cso
80 uM, SI = 249; Sorafenib: ICso 30 uM, SI = 8). Thus, compounds 22-24, especially 24, are
promising anticancer agents that warrant further preclinical and clinical trials.

Among receptor protein tyrosine kinases (RPTKSs), the epidermal growth factor
receptor (EGFR) plays a crucial role in cancer progression, and its dysregulation leads to the
development of various cancers. Therefore, designing selective HER-2 inhibitors with minimal
toxicity is essential. Yang et al. [93] synthesized a series of dioxin-containing pyrazoline
derivatives with thiourea scaffolds I and Il (Figure 10) to enhance HER-2 inhibition while
minimizing EGFR activity. The introduction of the oxygen heterocyclic ring was based on its
reported ability to inhibit HER-2.

& Y G N,

(Assy & |
(a) (b)

Figure 10. Compounds 25 I, 11 and their binding with corresponding targets: (a) 3PPO; (b) 1M17.
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Compound 25 (3-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-5-(3,4-dimethoxyphenyl)-
4,5-dihydro-1H-pyrazole-1-carbothioamide) exhibited potent HER-2 inhibition (1Cs0 0.03 uM)
and demonstrated activity against the MDA-MB-453 breast cancer cell line (Glso 0.15 uM). Its
potency was comparable to Lapatinib (1Cs0 0.01 uM, Glso 0.03 uM) and slightly more effective
than Erlotinib (ICso 0.16 uM, Glso 1.56 uM). Molecular docking studies revealed that the
compound binds to key residues in HER-2 (25 with 3PP0 and 1M17) through hydrogen bonds
formed by the carbothioamide group with ALA751 (N-H...O: 2.235 A) and LEU796 (N-
H...O: 2.242 A), likely explaining its high activity (Figure 10a).

These findings suggest that the interactions between both rings of compound 25 and
surrounding residues contribute to its strong binding to HER-2. Additionally, compound 25
binds to 1M17 via a hydrogen bond between the dioxin ring and THR766 (O...H-O: 2.109 A),
indicating its selectivity for HER-2 over EGFR (Figure 10b). Notably, compound 25 showed
over 900 times greater potency for HER-2 compared to EGFR, with 1Cso values of 0.19 uM for
Erlotinib and 1.00 uM for Lapatinib.

In conclusion, introducing heterocyclic substituents into thiourea derivatives
significantly enhances their specificity and interactions with target proteins, making them
potent anticancer agents. Thiourea compounds containing pyridine or thiadiazine rings show
strong anticancer activity, often surpassing traditional drugs like Sorafenib in potency and
selectivity. These compounds effectively interact with key cancer-related targets such as
HER2, VEGFR2, and B-RAF, modulating their pathways through hydrogen bonding and
hydrophobic interactions with a favorable safety profile for further development.

3.3. Hybrid thiourea derivatives.

D.R. Parmar and colleagues [74] applied molecular hybridization to create potent
antitumor agents by combining pharmacophore elements from clinically used drugs like
Sorafenib and Sunitinib with thiourea. This strategy aimed to improve HER-2 inhibition while
minimizing EGFR activity. The design included: 1) a planar heteroaromatic ring with a
hydrogen bond acceptor (preferably nitrogen) for interactions with Cys917 in the ATP-binding
site (Figure 11) [74]; 2) a central aromatic ring as a spacer between the ATP-binding and DFG
domains; 3) a pharmacophore with both hydrogen bond donor and acceptor groups (e.g., amide
or urea), interacting with Glu883 and Asp1044 in the DFG motif; 4) a hydrophobic group filling
the allosteric pocket. Using this approach, they synthesized several potent VEGFR-2 inhibitors
based on 3-(4-methoxyphenyl)azetidine-containing thiourea derivatives 26 and 27 (Figure 11),
tested against human cancer cell lines. The synthesized compounds were then assessed for their
in vitro inhibitory activity against a range of human cancer cell lines.

Among the compounds synthesized, 3-(4-methoxy-3-(2-methoxypyridin-4-yl)phenyl)-
N-(4-methoxyphenyl)azetidine-1-carbothioamide (27c¢) emerged as the most potent inhibitor
against prostate PC3, U251, skin A431, and kidney 786-O cancer cell lines, with ECso values
of 0.25, 0.60, 0.03, and 0.03 uM, respectively, surpassing Doxorubicin in potency. It bound
strongly to VEGFR-2, with a AG of -22.84 kcal/mol, forming hydrogen bonds with Glu883
and Aspl1044. The linker formed hydrophobic interactions with key residues, and the 2-
methoxypyridine moiety occupied the hinge region (Figure 12).
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Figure 11. Schematic rationale for the design of 3-(4-methoxyphenyl)azetidine-containing thiourea derivatives
26, 27.

Figure 12. 3-(4-Methoxy-3-(2-methoxypyridin-4-yl)phenyl)-N-(4-methoxyphenyl)-azetidine-1- carbothloamlde
docked into the active site VEGFR-2.

In a related study, V.R. Solomon and colleagues [94] used molecular hybridization to
combine Chloroquine (CQ), an antimalarial drug, with a piperazine ring, resulting in several 4-
aminoquinoline derivatives (Figure 13, compound A). These analogs exhibited strong
cytotoxicity against breast cancer cells, selectively targeting cancer cells. The authors further
enhanced their anticancer activity by adding an isatin moiety to the 4-piperazinylquinoline ring,
creating more potent analogs (compounds B and C).

They then merged the 4-piperazinylquinoline fragment with urea and thiourea
pharmacophores (compounds D, E), which are known inhibitors of human DNA topoisomerase
(Figure 13). These compounds showed greater antiproliferative activity than urea derivatives.
Among them, 4-(7-chloroquinolin-4-yl)-N-(2-morpholinoethyl)piperazine-1-carbothioamide
(28) demonstrated the most potent effects, with Glso values of 3.0, 4.6, and 4.5 uM against
MDA-MB231, MDA-MB468, and MCF7 breast cancer cell lines, respectively. The anticancer
activity of this compound was 7-11 times higher in cancer cells than in normal cells, suggesting
it could be a promising lead for breast cancer therapy.
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Figure 13. Line drawings of 4-aminoquinolines, obtained by a pharmacophore hybridization approach.

Thus, the bioactivity of thiourea derivatives is linked to three key features: nitrogen as
a hydrogen-bond donor, sulfur for complementary binding, and additional substituents that
enhance binding. The sulfur- and nitrogen-containing core structure allows the formation of
both hydrogen bond acceptors and donors, promoting interactions with various enzymes. While
thiourea derivatives can lack selectivity and act as PAINS (pan-assay interference compounds),
this is not always the case, and some may show targeted activity.

Future research should focus on optimizing the structural components of hybrid
thiourea derivatives to enhance their specificity and efficacy. Investigations into different
heterocyclic fragments and their effects on biological activity could lead to the development of
even more effective agents. Additionally, exploring these compounds' pharmacokinetics,
toxicity profiles, and potential resistance mechanisms will be crucial for their successful
clinical translation. Combining these hybrids with other therapeutic modalities may improve
their therapeutic outcomes and provide novel strategies for overcoming cancer resistance. This
chapter also demonstrated that molecular hybridization, which consists of combining two or
more pharmacophoric moieties in a single molecule to obtain the synergistic effect or to obtain
antitumor agents that have a novel mode of action, has become one of the most important and
successful strategies applied to the design of new drugs.

3.4. Hybrids benzo[d][1,3]dioxol-5-yl thiourea derivatives.

The results presented above emphasize that combining two or more pharmacophoric
groups into one molecule is a promising strategy for drug discovery, potentially leading to
synergistic effects and the development of antitumor agents with novel mechanisms. S.Y.
Abbas and colleagues [75] applied this approach by integrating thiourea and benzodioxole
moieties into a single molecule, creating a series of 1,2-disubstituted thioureas (29-31) as
potential antitumor agents (Figure 14). Most of these compounds showed superior cytotoxicity
compared to doxorubicin and inhibited the epidermal growth factor receptor (EGFR), a key
protein in the development of solid tumors. Molecular docking studies revealed that
compounds 29-31 bind to EGFR in a manner similar to Erlotinib, with binding affinities of -
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21.96, -24.99, and -19.70 kcal/mol, respectively. The benzodioxole core occupies a
hydrophobic pocket, interacting with Val702, Ala719, and Leu820, which enhances their
binding profile.
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Figure 14. Erlotinib and 1,2-disubstituted thioureas 29-31, and their interaction with EGFR.

Further studies showed that these compounds were non-toxic to normal human WI-38
cells and exhibited superior cytotoxic activity against HCT116, HepG2, and MCF7 cancer cell
lines compared to doxorubicin. For example, compounds 29-31 showed antiproliferative
activities with 1Cso values of 4.78/3.16/1.71, 7.03/3.79/2.14, and 13.41/16.96/4.63 uM/L,
respectively, whereas doxorubicin, lapatinib, and erlotinib showed higher 1Cso values.
Compounds 30 and 31 also demonstrated significant inhibitory activity against Wt-EGFR and
induced apoptosis in the HepG2 cell line.

The presence of the benzodioxole ring likely plays a crucial role in the antitumor
activity of these disubstituted thioureas. Compounds containing a 1,3-benzodioxole group are
known to exhibit various biological activities, including anti-inflammatory, anticonvulsant,
antidepressant, and anticancer effects. Safrole (5-(2-propenyl)-1,3-benzodioxole) (Figure 15)
is a natural product that has shown versatile uses as an efficient natural synthon [95].
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Figure 15. Hybrids benzo[d][1,3]dioxol-5-yl thiourea derivatives as antitumor agents.

The effectiveness of the 1,3-benzodioxole derivatives as antitumor agents is well-
documented. It is found in numerous bioactive natural products derived from plants and marine
organisms, such as nitidine chloride, liriodenine, berberine, sanguinarine, harringtonine,
podophyllotoxin, trabectedin, and homoharringtonine, all known for their potent antitumor
properties. Additionally, benzodioxole derivatives have been explored as potential anticancer
agents due to their favorable bioavailability and low toxicity.

Building on this, R.A.K. Al-Harbi and colleagues synthesized bis-thiourea derivatives,
each incorporating two benzo[d][1,3]dioxol-5-yl groups connected by various spacers between
the two nitrogen atoms. These compounds showed strong antiproliferative effects against
tumor cells (Figure 16) [95].

The antitumor activity of these bis-benzo[d][1,3]dioxol-5-yl thioureas was tested on
HepG2, HCT116, and MCF-7 cancer cell lines, with Doxorubicin as a control. Most
compounds demonstrated significant anticancer activity, with greater selectivity for HepG2
and HCT116 cells compared to MCF-7. The structure-activity relationship indicated that the
linker type between thiourea moieties significantly affected cytotoxicity. For example,
compounds without a linker (32) had lower activity, while those with ethylene (33) or thiourea
linkers (34) showed improved cytotoxicity. Compound 34 exhibited strong activity, with 1Cso
values of 6.7 uM for HepG2, 3.2 uM for HCT116, and 12.4 uM for MCF-7, outperforming
Doxorubicin (7.5, 8.3, and 4.6 uM, respectively).

In compound 35, the substituents on the ortho-phenylene linker were crucial in
modulating anticancer activity. Different C-3 position substituents resulted in significant
variations in cytotoxicity. A hydrogen atom (35a) produced moderate activity (ICso 109-118
UM). A methyl group (35b) slightly enhanced activity (ICso 71-89 uM). However, a nitro
group (35c) did not significantly improve activity (ICso 132-141 pM). Introducing a benzoyl
group (35d) at the C-3 position markedly increased cytotoxicity. Compound 35d exhibited
potent activity against HepG2, HCT116, and MCF-7 cell lines, with 1Cso values of 10.6 nM,
7.3 UM, and 13.2 uM, respectively. This suggests that the benzoyl group enhances hydrophobic
interactions, improving the compound’s ability to interact with target proteins and penetrate
the cell membrane, highlighting the importance of substituent size and hydrophobicity in
enhancing anticancer potency [95].
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Figure 16. Line drawings of bisbenzo[d][1,3]dioxol-5-yl thiourea derivatives 32-36.

The introduction of a para-phenylene linker in bis-benzo[d][1,3]dioxol-5-yl thiourea
compound 36 significantly improved its antitumor activity, making it one of the most cytotoxic
compounds in this study. It demonstrated stronger efficacy than doxorubicin, with 1Cso values
of 2.4 uM for HepG2, 1.5 uM for HCT116, and 4.5 uM for MCF7, compared to doxorubicin’s
ICs0 of 7.5, 8.3, and 4.6 UM, respectively. This highlights the key role of the para-phenylene
linker in enhancing cytotoxicity.

Most compounds tested, including compounds 33, 34, and 36, exhibited minimal
cytotoxicity against normal WI-38 cells (1Cso > 150 uM), indicating selective toxicity toward
cancer cells. The active compounds showed ICso values below 9.3 uM for HepG2 and HCT116
cells, supporting their preferential anticancer effects. Additionally, compounds 33, 34, and 36
inhibited wild-type EGFR (Wt-EGFR) and exhibited superior activity against EGFR mutants
(EGFRL858R and EGFRT790M), particularly compound 34, which was more effective than
lapatinib. Molecular docking studies revealed that the thiourea group formed strong hydrogen
bonds with Met769 and Arg819, while the benzo[d][1,3]dioxole rings interacted with
hydrophobic pockets Leu694 and Cys773. The binding energies ranged from -21.6 to -24.5
kcal/mol, indicating robust binding with their targets [96].

In conclusion, bis-benzo[d][1,3]dioxol-5-yl thiourea derivatives, especially those with
a para-phenylene linker, display potent antitumor activity and outperform doxorubicin,
highlighting the importance of linker selection in optimizing cytotoxic effects. These studies
highlight the potential for further optimization of benzo[d][1,3]dioxol-5-yl thiourea derivatives
to improve selectivity and reduce side effects. Investigating structure-activity relationships and
exploring different substituents on the benzo[d][1,3]dioxol-5-yl ring could lead to obtaining
more potent compounds. Additionally, detailed studies on pharmacokinetics, bioavailability,
and long-term safety are essential for advancing these derivatives toward clinical use.
Combining these hybrids with other therapeutic agents may also enhance their effectiveness
and provide new strategies for cancer treatment.

3.5. Bis-thiourea derivatives.

After exploring the impact of substituents in thiourea molecules on their binding to
biological targets, researchers began investigating the effect of an additional thiourea
pharmacophore on biological activity. Bis-thiourea compounds containing two thiourea units
were identified as having notable pharmacological potential. Shing et al. [96] focused on
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developing antitumor agents to overcome resistance mechanisms common to traditional
tubulin-binding drugs. Their compound, 1,1'-[1,3-phenylene]bis[3-(3,5-
dimethylphenyl)thiourea] (37), exhibited high cytotoxicity against various cancer and drug-
resistant cell lines, inducing apoptosis (Figure 17). Compound 37 inhibited the viability of
twelve tumor and drug-resistant cell lines with 1Cso values ranging from 161 to 2640 nM. It
also arrested cell growth in glioblastoma multiforme xenografts in mice at tolerable doses. It
overcame resistance due to 3-tubulin mutations and P-glycoprotein overexpression, positioning

it as a promising anticancer agent.
CH; CH;

PeBUeU el

Figure 17. Line drawings of compounds 37-39.

In a related study, R. Pingaew and colleagues synthesized two series of bis-thiourea
derivatives, 38 and 39 [97], and evaluated their anticancer activity against six cancer cell lines,
including HUCCA-1 (cholangiocarcinoma), HepG2 (hepatocellular carcinoma), A549 (lung
carcinoma), MOLT-3 (leukemia), MDA-MB-231 (hormone-independent breast cancer), and
T47D (hormone-dependent breast cancer). The meta-substituted bis-thioureas (38) were more
active than the para-isomers (39), with compounds containing electron-withdrawing groups
showing the highest potency. For example, 38f had an 1Cso of 1.20 uM against MOLT-3 cells,
and 38g had an 1Cso of 1.50 uM against HepG?2 cells. QSAR analysis revealed key factors, such
as molecular mass, polarizability, electronegativity, and specific bond types (C-N, F-F, and
N-N and van der Waals volume), as critical predictors of anticancer efficacy.

Another crucial component in the structure of thioureas is the presence of an alkyl
chain, which influences their lipophilicity, spatial orientation, metabolic stability, binding
specificity, and solubility. Optimizing the alkyl chain is crucial for developing biologically
active thioureas, particularly those with antitumor properties. For example, a polyamine analog
of alkylated bis-thiourea (40) showed antitumor activity as a lysine-specific demethylase
inhibitor [98].

Building on these findings, the authors of the tnext study [42] synthesized nitro-
phenylene derivatives of symmetrical bis-thioureas (41-43) and evaluated their DNA binding,
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urease inhibition, and anticancer potential (Figure 18). Molecular docking revealed that all
compounds interacted with DNA via partial intercalation and groove binding, with compound
43 showing the strongest interactions, including hydrogen bonding with DNA base pairs and a
higher binding affinity, indicated by binding free energy (AG) and binding constant (Kb)

values.
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Figure 18. Bis-thiourea 40-43 and their molecular docking with DNA.

In vitro experiments, these compounds displayed dose-dependent cytotoxicity against
the glioblastoma U87-MG cell line, with ICso values of 2.5, 2.7, and 2.5 uM, respectively.
Compounds 41 and 43 exhibited higher cytotoxicity against both tumor (U87-MG) and normal
(HEK-293) cell lines, while compound 42 had reduced effects on tumor cells at concentrations
above 200 pM and minimal effects on normal cells. These results suggest bis-thiourea
derivatives as promising drug candidates for further investigation.
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Figure 19. Line drawings and in vitro antiproliferative activities of compounds 44-46 toward MCF-7, HCT116,
and A549 cancer cells.
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Arafa et al. [99] expanded the N-naphthoyl thiourea library by synthesizing compounds
44-46 (Figure 19), which could serve as scaffolds for designing biologically active
heterocycles. The antiproliferative effects of these compounds were tested on MCF-7,
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HCT116, and A549 cancer cell lines. Most of the thiourea derivatives exhibited significant
cytotoxicity, some surpassing Doxorubicin in activity. The bis-thioureas showed notable
antitumor effects, with 1Cso values of 1.2, 1.3, 2.7, and 86.1 uM for compound 44; 1.1, 1.2, 2.4,
and 90.2 uM for compound 45; and 1.2, 1.4, 2.8, and 91.4 uM for compound 46, across cancer
and normal cell lines.

Future research should focus on optimizing these derivatives by adjusting linker lengths
and substituents to enhance specificity and reduce off-target effects. Further studies on their
mechanisms of action and in vivo evaluations are essential to explore their full therapeutic
potential. Combining them with other agents and developing targeted delivery systems could
improve their clinical efficacy and safety.

3.6. Sulfurarotinoid-containing thiourea derivatives.

By incorporating synthetic heteroarotinoid fragment into the thiourea scaffold, the
hybrid  anticancer  agent  [(4-nitrophenyl)amino][2,2,4,4-tetramethylthiochroman-6-
ylJlamino]methane-thione (SHetA2) was developed (Figure 20) [56, 100-102]. SHetA2 is the
lead compound in a flexible heteroarotinoids (Flex-Hets) class that induce apoptosis in cancer
cells independently of retinoic acid receptors while sparing normal cells. It causes G1 arrest
and apoptosis in ovarian cancer cells at 1Cso concentrations of 0.4-4.6 uM across 60 cancer
cell lines and shows effectiveness in vivo. In this regard, SHetA2, SHetA3, and SHetA4 induce
differentiation and apoptosis in cancer cell lines and primary cultures, with SHetA2 being the
most effective in many cancer types, including ovarian, lung, and kidney cancers [101, 102].
SHetA2 has low toxicity (maximum tolerated dose > 1500 mg/kg/day) and selectively targets
mitochondria in cancer cells, reducing Bcl-2 and Bcl-xL proteins to trigger apoptosis. Normal
cells only undergo G1 arrest without apoptosis.

Unlike retinoids, Flex-Hets, including SHetA2, induce apoptosis through the intrinsic
mitochondrial pathway, involving mitochondrial membrane disruption, ROS generation,
cytochrome c release, and caspase-3 activation, without relying on retinoic acid receptors or
being inhibited by receptor antagonists [101]. SHetA2 was the most potent, showing no
apoptosis or necrosis in normal human ovarian surface epithelial (HOSE) or endometrial (D1)

cells after 24 hours of treatment.
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Figure 20. The SHetA2 and its modified analogues 47-51.

Nammalwar et al. [102] synthesized a series of SHetA2 analogs (47-51) and evaluated
their activity against the A2780 ovarian cancer cell line. The analogs were developed by
modifying the pK/pD properties, and their activity was assessed using structure-activity
relationship (SAR) and diversity-oriented synthesis (DOS). SHetA2 interacts with the heat
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shock protein mortalin, and various analogs with different functional group substitutions on
Rings A and B were created to explore binding properties. Urea (47a-e) and thiourea (48a-n)
derivatives with functional groups (chloro, fluoro, methyl, methoxy, cyano, trifluoromethyl,
etc.) introduced at C4' of Ring B were synthesized to assess their binding affinity and biological
potency (Figure 20).

A series of N-benzylthiourea (49a-i) was developed to examine the impact of linker
flexibility on binding affinity [102]. To probe the structural features, hydrazines and hydrazide
derivatives (50a-e) were synthesized, and analogs with the C2 gem-dimethyl groups removed
(51a-d) were explored to assess their effect on drug scaffold and improve drug-like
features(Figure 20). Biological testing revealed that several analogs had activity similar to
SHetA2, with improved logP values. Notably, CFs (47b, 1Cso 3.8 uM) and OCF3 (47c¢, 1Cs0 1.9
KUM) outperformed SHetA2, with 47c¢ being the most potent against A2780 cells. C2’ and C3’
modifications reduced activity, while C4' substitutions enhanced binding to mortalin. Among
N-benzyl derivatives, 4'-CF3 (499g) showed promising activity (ICso 3.3 uM). Urea and thiourea
analogs with electron-withdrawing groups at C4' exhibited strong activity, with compounds
47b and 47c selectively targeting cancer cells due to interaction with mortalin.

Thus, integrating sulfur-containing heteroarotinoids into thiourea scaffolds
significantly enhances their interaction with biological macromolecules, potentially offering
more effective and selective anticancer agents. Future research should prioritize the
optimization of the chemical structure of these sulfur heteroarotinoid thiourea derivatives,
focusing on improving their pharmacokinetic and pharmacodynamic profiles. Comprehensive
studies on their mechanisms of action, including iidentifying specific molecular targets and the
pathways involved, are crucial for understanding their full therapeutic potential. Further
investigation should also explore the synergy of these compounds with existing cancer
therapies to enhance their efficacy, as well as evaluate their safety and efficacy through in vivo
models. Tailoring these derivatives to target specific cancer types and incorporating advanced
drug delivery systems will likely improve their clinical outcomes, making them more effective
as part of personalized cancer treatment strategies.

3.7. Pyrimidine and quinazoline-containing thioureas.

Pyrimidine and quinazoline are some of the most important pharmacophores in
medicinal chemistry, featured in many commercial drugs, including anticancer agents. M.B.
Alshammari and colleagues developed a method for synthesizing hybrid thiourea derivatives
(52a-f) containing a uracil moiety (Figure 21) [103]. These compounds were evaluated for in
vitro antiproliferative activity against four cancer cell lines, with compound 52c being the most
potent. It showed Glso values of 1.8, 1.4, 2.1, and 2.1 pM against cancer cell lines A-549
(epithelial), MCF-7 (breast), Panc-1 (pancreatic), and HT-29 (colon), respectively. The Glso
values for the other derivatives ranged from 3.7 to 9.1 uM.

Koca et al. [104] synthesized a series of pyrimidinyl acyl thiourea derivatives (53a-j)
to selectively inhibit oncogenic heat shock protein 90 (Hsp90) in MCF-7 (breast) and Saos-2
(osteosarcoma) cell lines (Figure 21). All compounds inhibited cell proliferation, with
compound 53h being the most potent, showing ICso values of 5.2 pM (MCF-7) and 1.3 uM
(Saos-2). The presence and positioning of side groups, particularly the alpha-naphthyl group,
were crucial for enhancing anticancer activity, as it mimicked adenine in the ATP-binding site.
The addition of a phenyl ring and methyl groups, as well as altering the methyl group's position
from para to ortho on the phenyl ring, reduced the anticancer activity.
https://biointerfaceresearch.com/ 200f37
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Figure 22. 1-(Quinazolin-6-yl)-3-phenyl-substituted thioureas.
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Molecular docking studies showed that these derivatives bind to the Hsp90 ATP-
binding site, with binding energies ranging from —7.5 to —9.2 kcal/mol [104]. Halogenated
compounds (53e, 53g), methoxy (53d), and alpha-naphthyl-containing compounds (53h) were
particularly effective, likely due to their ability to induce Hsp90 conformational changes,
promoting a more inactive state of the protein. These findings suggest new therapeutic
strategies for treating invasive ductal breast carcinoma and bone metastasis.

Activation of the NF-kB transcription factor is a key resistance mechanism triggered
by EGFR kinase inhibitors in non-small cell lung cancer and other tumors. To overcome this,
Hamed et al. [105] synthesized 1-(quinazolin-6-yl)-3-phenyl-substituted thioureas 54-57
(Figure 22), which inhibit both EGFR kinase and NF-kB. The 4-amino-phenylquinazoline
motif was crucial for strong kinase inhibition in the nM range, and quinazoline also served as
a scaffold for inhibitors of various enzymes.

Lipophilic substituents on the aniline ring were preferred, while polar groups (e.g.,
hydroxy, sulfonamide, pyridine) reduced activity. Halogens, particularly chlorine (54c), were
most favorable for NF-«B inhibition, while ethyl (54f), methyl (54d), and bromine (55a)
showed reduced potency. The position of substituents affected EGFR inhibition, with meta-
position providing the best activity, especially for hydrophobic groups like halogens. The
methylene spacer between the thiourea linker and the aromatic ring was non-essential, as
replacing it with phenyl (55a, 55d) did not alter activity.

The thiourea group was crucial for NF-kB inhibition, while the aromatic ring also
played an important role. Replacing the aromatic ring with methyl (56a) or other groups
significantly reduced activity. For EGFR inhibition, hydrophilic and heterocyclic substituents
(55e, 55f, 56b, 56d) were most potent, while bulky lipophilic groups decreased activity.
Compounds 55c¢ and 55h showed the best balance between EGFR and NF-kB inhibition [105].

In compound 57, the heterocyclic rings were modified with lipophilic groups to balance
polarity and lipophilicity. 3-Chloropyridine (57c¢) slightly reduced both activities, while
thiazole and thiadiazole derivatives (57d-g) decreased EGFR activity but preserved or
enhanced NF-«B inhibition. Thiazole rings improved water solubility compared to halogen-
substituted phenyl analogs. Compounds 57b, 57d, and 57e were the most effective, with 57b
showing the best NF-xB inhibition (ICso = 0.3 pM) and 57d exhibiting good NF-«xB activity
(ICs0 = 0.6 uM) and inhibiting MDA-MB-231 cell growth, despite lower EGFR activity. Both
compounds were nontoxic and well tolerated in pharmacokinetic and xenograft studies.
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Figure 23. 4-Arylamino-6-thioureido-quinazoline derivatives and their effect on EGFR/Her2 enzymatic activity
and antiproliferation against Ba/F3 expressing EGFRWT and L858R.

Mowafy et al. [106] synthesized a series of 4-arylamino-6-thioureido-quinazoline
derivatives (58, 59) as Gefitinib mimics, a first-generation EGFR inhibitor for non-small cell
lung cancer. Most compounds inhibited EGFR kinase with 1Csp values in the low nanomolar
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range (0.495-9.05 nM). Their antiproliferative effects were tested on gefitinib-insensitive
double mutant cell lines (Ba/F3 with Del19/T790M and L858R/T790M) (Figure 23).

In vitro results showed that urea derivatives had lower ICso values than thiourea
derivatives (58b), and the three-carbon linker (59b) was more potent than the two-carbon linker
(58a). A docking study revealed that the binding modes of the compounds resembled Lapatinib,
with the quinazoline scaffold forming a hydrogen bond with Met793 in the hinge region.
Thiourea derivatives formed an additional hydrogen bond with Cys797, enhancing binding
affinity compared to Gefitinib (Figure 24).
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Figure 24. Binding mode of compounds 58b, 58a, and 59b.

N-..
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Thiourea compounds showed weaker binding due to sulfur’s lower electronegativity
compared to oxygen (Cadocker €nergy = -24 kcal/mol). However, the three-carbon linker (59b)
exhibited stronger inhibition (1Cso < 0.5 nM) due to extra interactions with Arg841 and Ser720,
absent in the two-carbon linker compound (58a, I1Cso = 2.3 nM) (Figure 24). The authors
concluded that dual inhibitors targeting both EGFR and ErbB2 showed superior efficacy and
better selectivity against mutant cell lines compared to EGFR-only inhibitors like Gefitinib.
These dual inhibitors may also help counteract acquired resistance due to Her2 overexpression
and avoid the cytotoxicity of covalent inhibitors.

Tandutinib, a quinazoline-based anticancer agent, is a dual PDGFR/FLT3 inhibitor
currently under evaluation for acute myeloid leukemia treatment (Figure 25). Compound A is
a potent and selective PDGFR inhibitor, with the thiourea moiety enhancing water solubility
and pharmacokinetic properties [107]. Compound B and its analogs are novel FLT3 inhibitors,
effectively inhibiting cell growth in both FLT3 ITD-mutated and wild-type human leukemia
cell lines. These compounds feature a thiourea group and an N-heteroarene scaffold linked by
a conformationally constrained piperazine ring.

Li et al. [107] synthesized a series of [1-3]triazolo[4,5-d]pyrimidine/thiourea hybrids
(60a-r) through ring cleavage and scaffold replacement that should improve the flexibility of
these molecules. These compounds were tested for antiproliferative activity against various
human cancer cell lines (gastric MKN-45, MGC803, lung H1650, A549, and esophageal EC-
109). The hybrids showed potent antiproliferative effects, especially compound 60r, which was
highly effective against H1650 and A549 lung cancer cell lines (ICso = 1.9, 3.3 uM), with low
toxicity against the normal gastric epithelial cell line GES-1 (ICso = 27.4 uM). This compound
shows promise for the development of new antitumor agents.

Thus, the aromatic system, along with the position and nature of substituents on the
aniline ring, plays a key role in compound activity. Interactions with targets like EGFR and
Hsp90 indicate that derivatives with various substituents can effectively bind to these targets,
opening up new avenues for therapeutic development. Future research should focus on
optimizing these hybrid thiourea derivatives for improved efficacy and selectivity. Detailed
mechanistic studies are needed to clarify the pathways and molecular targets involved in their
anticancer activity. Additionally, preclinical evaluations of pharmacokinetic properties and
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safety profiles will be crucial for advancing these compounds to clinical trials. Exploring
combination therapies and developing novel drug delivery systems could further enhance their

therapeutic potential.
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Figure 25. A series of [1,2,3]triazolo[4,5-d]pyrimidine-thiourea conjugates.

3.8. Thiourea derivatives as Sorafenib analogs have the ability of both antitumor and
antiangiogenic activities.

Angiogenesis, along with uncontrolled cell division, plays a crucial role in cancer
progression, as tumors cannot grow beyond 1-2 mm without a blood supply [108]. Targeting
both antitumor and antiangiogenic pathways with a single agent is more effective than
combination therapies, creating a need for new drugs that can block both processes.

Receptor tyrosine kinases (RTKSs) are key cell proliferation, death, and differentiation
regulators, making them important targets in cancer therapy. Approved small-molecule RTK
inhibitors, such as Sorafenib, Regorafenib, Axitinib, Lenvatinib, and Sunitinib, are potent
antitumor agents (Figures 11 and 26). Sorafenib (BAY 43-9006; Nexavar), a multi-targeted
drug approved by the FDA, is effective against kidney and liver cancers by inhibiting kinases
involved in tumor growth and angiogenesis [109].

Among Sorafenib derivatives, thiourea compounds 6la-h, featuring a 3,5-
(trifluoromethyl)phenyl group, showed strong antitumor and antiangiogenic effects (Figure
26a) [108]. They were tested on various human cancer cell lines (lung NCI-H460, colorectal
Colo-205, colon HCT116, breast MDA-MB-231, and MCF-7, hepatocarcinoma HepG2 and
PLC/PRF/5) and normal endothelial cells (HUVEC). Compound 61e, with a phenylamino
group, exhibited the best results. It inhibited cell growth across all lines (ICso = 1.9-9.9 uM)
and demonstrated superior antiangiogenic activity. Moreover, 61e inhibited RTKs like
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VEGFR2, VEGFR3, and PDGFRI and showed enhanced effects on tumor formation compared
to Sorafenib. Its NH group forms a hydrogen bond with Glu885 in the kinase hinge region and
interacts hydrophobically with residues such as Leul035, Val899, and Phe918 (Figure 26b).
These flndmgs suggest that compound 6le could be a promising candidate for cancer therapy
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Figure 27. Modifications of Sorafenib.

Inspired by the bioisosteric approach, where thiopental replaces urea with thiourea in
pentobarbital, Jianwen Yao's group synthesized a series of diarylthiourea-based Sorafenib
derivatives (Figure 27a, b) [110-112]. These compounds exhibited stronger antiproliferative
activity against HCT-116 and MDA-MB-231 cells compared to Sorafenib. Some also inhibited
VEGFR phosphorylation and demonstrated antiangiogenic effects in rat aortic ring assays. Key
structure-activity relationships (SARs) include: 1) Replacing urea with thiourea enhances
antiproliferative activity, 2) Methyl groups on the terminal amide improve activity, and 3) 1,3-
substitution on the B ring enhances antiangiogenic effects.
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Building on these findings, Kong et al. [110, 112] synthesized a new series of
nicotinamide-containing thiourea analogs of Sorafenib (Figure 27). These compounds retained
the thiourea group, formamide terminal, and 1,3-substitution on the B ring while replacing the
C ring’s 2,4-substitution with 2,5-substitution, as nicotinamide improves drug-likeness.

Compared to Sorafenib, most compounds showed potent inhibitory activity against
HCT116, MDA-MB-231, PC-3, and HepG2 cells. Compounds 62a, 62e, and 62h, with
electron-withdrawing groups on the terminal phenyl ring, exhibited the highest activity, with
62h showing the best antiproliferative effects across all cell lines [110, 111]. In vitro HUVEC
tuber formation and in vivo rat aorta ring assays confirmed the excellent antiangiogenic
properties of compounds 62e and 62h, suggesting their potential as effective anticancer agents.

Tumor survival, growth, and metastasis depend on processes like cell proliferation,
differentiation, apoptosis, and angiogenesis, all regulated by protein kinases and signaling
pathways [112]. Inhibiting the Raf/MEK/ERK pathway, especially at the Raf-kinase level, can
target tumors driven by this pathway, such as melanomas, thyroid, ovarian, colorectal, and lung
cancers. Raf-1, A-Raf, and B-Raf isoforms, with the B-Raf'®%E mutation being common in
many cancers, are key targets. VEGFR-2, involved in metastasis and angiogenesis, is also
critical for tumor progression. Thus, targeting B-Raf'®®F and VEGFR-2 with multikinase
inhibitors is a promising cancer treatment strategy.

Sun et al. [112] synthesized Sorafenib derivatives with thioether and nicotinamide
moieties (compounds 63-65, Figure 28) to enhance antiproliferative activity through the
thiourea group.
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Figure 28. Thiourea, thioether, and nicotinamide-containing Sorafenib analogs.

Compared to Sorafenib, compounds 63-65 showed potent inhibition of B-Raf, B-
RafV%%°E and VEGFR-2 and strong antiproliferative effects against HCT-116 and B16BL6 cell
lines. Compounds with electron-withdrawing substituents (4-Cl, 4-F, 3-CF3) at the 3,4-position
on the phenyl ring exhibited the strongest activity. Notably, 63a, 64a, and 65d had ICso values
of 21, 27, and 17 nM for B-Raf, 29, 28, and 16 nM for B-RafV%E and 84, 46, and 63 nM for
VEGFR-2. These compounds also displayed significant antiangiogenic effects in the HUVEC
tube formation assay.
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In conclusion, the structural modifications to Sorafenib, including thiourea and
thioether groups, significantly improved its therapeutic activity. Compounds with electron-
withdrawing groups showed potent inhibition of B-Raf and VEGFR-2, suggesting the potential
for more effective cancer treatments. Future research should focus on optimizing these
molecules to enhance efficacy and minimize side effects, advancing them toward clinical use.

3.9. Thiourea derivatives as zinc-binding agents.

Zinc-dependent histone deacetylases (HDACs) play a key role in carcinogenesis and
are important targets in anticancer drug design. Acyl-substituted thioureas, which contain a
zinc-binding group (ZBG), are promising candidates for HDAC inhibitors. These inhibitors
typically include a ZBG, a linker chain mimicking acetylated lysine to fit into the cavity, and
a hydrophobic cap to interact with the enzyme’s outer surface. The FDA-approved inhibitor
suberoylanilide hydroxamic acid 1 (SAHA, vorinostat, Figure 29) serves as a classic example
[113].
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b

Figure 29. Line drawings of SAHA and acyl-substituted thioureas 66, 67.

Hydroxamates, while effective, suffer from poor pharmacokinetic properties and non-
specific enzyme targeting. To address these issues, the authors of Al-Amily et al. [114]
designed new compounds (66 and 67) that retain the hydrophobic cap and linker but feature a
novel ZBG. N-Adipoyl monoanilide thiourea (66) and N-pimeloyl monoanilide thiourea (67)
replace the typical N-hydroxyamide group with an acylthiourea moiety.

Table 1. Docking results of compounds 66 and 67 against HDAC2 and HDACY.

Isoform/ Pose Binding H-Bonds Distance
PDP Ligand Rank energy Ki Involved Involved Length | from Zn?*
Code (Kcal/mol) ligand atoms residue (A) (A

20:5.117
st _ -6
SAHA 1 7.1 6.2x10 1H Tyr 297 2.029 50: 2198
1H His 135 2.3
2N: 2.028
HDACZ/ | . 73 4410 3H Aspl70(0D1) | 2.326 | "o oo
4LXZ, 3H Aspl70(0D2) | 2.163 | 5 o
chain A 4H Asp 258 2.705 T
2N: 2.012
67 1t -7.1 6.2x106 1H Asp 170 2.483 S:3.889
60: 4.247
50 His 137 2.311 20:5.314
th - -6
SAHA |6 69 8.7x10 50 His 136 2180 | 50:2.224
| pmomn | 2 | v
rd - -6 ' -
3ZNR, 66 3 72 5410 1H Asp 268 2.308 680'.347:119
chain A 60 His 176 2.152 n
60 Gly309 1.986 2N: 2.555
67 2nd -7.2 5.4x106 1H His 176 2.353 S:3.693
S His 136 3.176 60: 4.267

Docking studies showed that compounds 66 and 67 bind to HDAC2 and HDAC7 with
affinities comparable to or better than SAHA. The sulfur atom of compounds 66 and 67 is
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positioned closer to the zinc ion in HDAC2 and HDAC?7 (distances of 3.693 A and 3.781 A,
respectively), suggesting strong coordination with the zinc ion, unlike the oxygen atom in
SAHA’s hydroxyl group (5.314 A), as shown in Table 1.

In vitro tests demonstrated that compounds 66 and 67 inhibited the growth of cancer
cell lines (human colon adenocarcinoma HRT-18, mouse hepatic carcinoma HC-04, and
epithelial cells from healthy human breast milk HBL-100) at micromolar concentrations. Both
compounds exhibited higher inhibitory activity in cancer cells compared to normal cells, with
ICs0 values differing by no more than 3 uM across the cancer cell lines [114]. The similar
binding energies in HDAC2 docking further suggest their selective inhibition of HDAC?2.
Moreover, their low toxicity against normal cells and high affinity for HDAC2 make them
promising selective HDAC?2 inhibitors, with the acyl thiourea group acting as a unique ZBG.

Thus, future research should further optimize these thiourea derivatives to enhance their
specificity and pharmacokinetic profiles. At the same time, exploring their effects in preclinical
models will be crucial for assessing their potential as therapeutic agents. Developing these
novel HDAC inhibitors is a promising avenue for creating more selective and effective
anticancer therapies.

4. Conclusions

Functionalized thiourea derivatives exhibit a broad range of biological activities due to
their involvement in non-covalent interactions (hydrogen, m-m, hydrophobic) with key
biological targets like proteins, enzymes, and receptors. Their high antitumor activity is
attributed to their ability to target multiple drug-related proteins involved in carcinogenesis.
Analysis of experimental data reveals that substituents in thiourea derivatives play a critical
role in their anticancer activity.

Recent studies highlight the promising potential of N-aryl and N, N'-diaryl thioureas as
anticancer agents. Notably, modifications such as introducing electron-withdrawing
substituents have been shown in Section 3.1, enhancing their biological activity and selectivity.
Compounds like 1,3-bis(4-(trifluoromethyl)phenyl)thiourea and 1-(3,4-dichlorophenyl)-3-[3-
(trifluoromethyl)phenyl]thiourea show strong activity against various cancer cell lines,
indicating their potential for drug development.

The introduction of heterocyclic substituents, like pyridine or thiadiazine, significantly
improves the activity of thiourea derivatives and their binding ability to target proteins,
increasing their antitumor potential (Section 3.2). These compounds effectively interact with
critical targets such as HER2, VEGFR2, and B-RAF, influencing their pathways through
hydrogen bonds and hydrophobic interactions. As a result, they often outperform traditional
drugs such as Sorafenib, exhibiting higher selectivity for cancer cells and promising safety
profiles.

Hybrid thiourea derivatives (Section 3.3), created by combining pharmacophore groups
of known drugs with thiourea moieties, demonstrate potent activity against key cancer targets
(such as VEGFR-2). For instance, 3-(4-methoxy-3-(2-methoxypyridin-4-yl)phenyl)-N-(4-
methoxyphenyl)azetidine-1-carbothioamide shows exceptional potency, surpassing traditional
chemotherapeutics like Doxorubicin. These hybrids highlight their effectiveness in inhibiting
tumor growth and angiogenesis.

As a continuation of this, Section 3.4 demonstrates that benzo[d][1,3]dioxol-5-yl
thiourea hybrids show potent antiproliferative activity against various cancer cell lines through
their ability to target key molecular pathways. They exhibited impressive 1Cso values. Further
https://biointerfaceresearch.com/ 280f37
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optimization of these derivatives could enhance selectivity and reduce side effects, with the
potential for combination therapies to improve efficacy.

Bis-thiourea derivatives (Section 3.5) exhibit enhanced biological activity, interacting
with multiple targets, including protein kinases and DNA. Quantitative structure-activity
relationship (QSAR) studies reveal that properties like mass, polarizability, and bond types are
crucial for anticancer activity. Such compounds as meta-bis-thiourea derivatives show
significant antiproliferative effects and could serve as potent agents in cancer therapy. As
follows, the dual thiourea groups in these derivatives facilitate robust binding and potential
synergistic effects, making them effective in combating tumor growth.

Sulfur heteroarotinoids containing thiourea derivatives represent a novel class of
anticancer agents that combine the bioactivity of thiourea with the unique properties of
heteroarotinoids (Section 3.6). Compounds like SHetA2 show significant apoptotic effects
against various cancers and potential inhibition of key targets. SHetA2 induces apoptosis in
cancer cells primarily through mitochondrial pathways, involving downregulating anti-
apoptotic proteins Bcl-2 and Bcl-xL. This selective induction of apoptosis in cancer cells, as
opposed to normal cells, is attributed to its ability to target mitochondria directly and influence
mitochondrial integrity and reactive oxygen species generation. A new series of SHetA2
analogs was evaluated for biological activity. These analogs were modified to enhance their
pharmacological properties and binding affinity to the target protein, mortalin. Notably, the
analogs with substitutions on Ring B, particularly those with CF3 and OCF3 groups, showed
enhanced potency compared to SHetA2. The structure-activity relationship studies revealed
that substitutions at specific positions on Ring B and modifications of the linker played crucial
roles in the potency of the compounds. Along with this, the flexibility of the linker in the
SHetA2 scaffold and the spatial orientation of substituents influence the binding affinity and
overall activity of the compounds. Thus, incorporating sulfur heteroarotinoids into thiourea
structures enhances their ability to interact with biological macromolecules, potentially leading
to more effective and selective anticancer agents.

Integrating pyrimidine and quinazoline pharmacophores (Section 3.7) into thiourea
derivatives improves their biological activity and selectivity against cancer targets. Modifying
these compounds with groups such as a-naphthol, methoxy groups, and halogens affects their
activity against targets, including Hsp90 and EGFR. In particular, halogens in the meta position
on the aniline ring effectively inhibit NF-kB. The absence of a methylene spacer between the
thiourea linker and the aromatic ring does not reduce activity, and compounds without an
aromatic ring show reduced activity. The presence of an aromatic system, as well as
optimization of the position and nature of the substituents on the aniline ring, is crucial for the
activity of these compounds. These investigations highlight the importance of optimizing
substituents for maximum anticancer efficacy.

Research on thiourea derivatives as Sorafenib analogs (Section 3.8) demonstrates
significant antitumor and antiangiogenic potential. Compounds with the phenylamino group
exhibit strong activity against various cancer cell lines, while their modifications improve
selectivity and potency. For example, introducing a nicotinamide substituent significantly
enhances these compounds' inhibitory activity and antiangiogenic effects. For example,
introducing a nicotinamide substituent significantly enhances these compounds' inhibitory
activity and antiangiogenic effects. Compounds with electron-withdrawing groups have
demonstrated notable inhibitory effects against B-Raf and VEGFR-2. In general, this Section
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highlights the importance of structural changes in improving the therapeutic properties of
compounds.

The development of thiourea derivatives as zinc-binding agents (Section 3.9) highlights
their potential as selective histone deacetylases (HDACS) inhibitors. These compounds show
promising antiproliferative activity and high selectivity, offering new avenues for cancer
therapy. Docking studies demonstrate that these derivatives have binding affinities comparable
to, or better than, the FDA-approved inhibitor suberoylanilide hydroxamic acid (SAHA).
Additionally, in vitro evaluations revealed their significant antiproliferative activity against
cancer cell lines and a good selectivity reflected in their binding affinity for HDAC2.

In conclusion, thiourea derivatives are an excellent foundation for developing new
anticancer agents. The introduction of various functional groups and structural modifications
has significantly improved their potency and selectivity, suggesting their potential for future
clinical applications. Molecular docking and high-throughput screening will continue to play
crucial roles in optimizing these compounds for cancer treatment.
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